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A B S T R A C T

Colorless distributed combustion (CDC) combustion technology offers significant advantages of ultra-low pol-
lutants emission, stable operation and improved pattern factor for high intensity stationary gas turbines appli-
cations. Detailed knowledge on distributed combustion behavior is required to further deploy this technology.
This paper reports the evolution of swirl flame shape, flame expansion and pollutants emission characteristics
using propane, methane, and 20% and 40% hydrogen enriched methane fuels. The entrainment of hot reactive
gases was simulated by diluting the inlet air stream with inert nitrogen or carbon dioxide. OH* chemilumi-
nescence signatures, captured at different dilution levels, manifested gradual reduction of flame luminosity
when CDC was approached. Flame boundaries derived using image threshold technique helped to visualize the
broadened reaction zone under CDC conditions, which had much reduced chemiluminescence signal intensity.
The rms to mean OH* signal variation at different dilution levels were analyzed to detect the initiation of CDC.
The higher flame lift-off observed with CO2 dilution was due to higher heat capacity of CO2, resulting in greater
flame speed reduction. Flame expansion, evaluated from the area encompassed within the flame boundary at
different dilution levels showed a power-law behavior with both the diluents. Expansion of 4 to 5 times of initial
flame volumes was observed under CDC using CO2 and N2 dilution, respectively. Significant reduction of NO and
CO emission achieved under CDC was due to reduction of overall flame temperature, hotspot mitigation, and
widened reaction zone occupying large flame volume, which makes it favorable for many practical combustor
applications.

1. Introduction

One of the biggest challenges of the 21st century is to harness clean,
efficient and sustainable energy production for all propulsion and
power generation applications. Unrestrained usage of fossil fuel re-
sources to meet the burgeoning energy demand over the past several
decades has resulted in serious concerns on the depletion of conven-
tional energy resources, alarmingly increased global warming, and
depletion of the ozone layer that directly impact human health and
environment. Increased needs of carbon footprint reduction and strin-
gent regulations by the environmental agencies worldwide for the
continued decrease of pollutants emission have led engine manu-
facturers to focus on new and innovative combustion technologies
[1,2]. Besides air pollution and climate control issues, fuel flexibility is
another important motivation towards technology innovation in the
area of gas turbine research [3]. Of the different available combustion
techniques, rich-burn, quick-mix, lean-burn (RQL) [4], lean premixed
(LP) [5], flameless oxidation (FLOX) [6,7], moderate or intense low-
oxygen dilution (MILD) [8,9], the Colorless Distributed Combustion
(CDC) offers good potential for stable combustor operation, nearly zero

pollutants emission, noise reduction, fuel flexibility, and superior pat-
tern factor [10–12]. The term ‘colorless’ is accredited to distributed
combustion due to very low visible signatures as compared to the
conventional flames. The condition of MILD combustion is achieved
when the temperature of the inlet reactant mixture is higher than the
self-ignition temperature of the mixture and that the maximum tem-
perature increase with respect to inlet temperature is lower than mix-
ture self-ignition temperature. However, in HiTAC, the inlet tempera-
ture is higher than the self-ignition temperature at much lower oxygen
concentration that results in relatively small increase in flame tem-
perature during combustion. The CDC technique is governed by the
similar fundamental principle of high temperature air combustion
(HiTAC) [13]. The HiTAC technology is now widely used in industrial
furnaces for significant energy saving and ultra-low emission including
noise, and compact size of the equipment. In HiTAC technique, normal
air is mixed with the hot gases (via internal or external entrainment) to
raise the temperature of fresh reactants above the autoignition tem-
perature before allowing them to mix with fuel. The concentration of O2

is low in HiTAC so that high temperature of reactants increase only by a
small amount depending on the fuel-air mixture strength and air
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preheats. In CDC a uniform mixture of air, fuel and hot reactive gases
are reacted at high intensity in a very short residence time (~1 to 3ms)
to avoid the formation of thin reaction zones and hot-spot zones in the
flame [14]. The increase in temperature of the reactants and overall
reduction in oxygen concentration of the reactive mixture is achieved
by internal entrainment of hot combustion products from within the
combustor. However, the important criterion is to ensure that the en-
trainment occurs with a mixing time scale much shorter than the che-
mical time scale (Damkohler number< 1), so that no chemical reaction
initiates before a certain dilution level. In lab scale, such entrainment of
reactive gases within the fresh mixture can be simulated by diluting the
incoming normal air with inert gases (N2 or CO2) [15]. In FLOX, the fuel
and air jets are mixed with strongly recirculating combustion products
before the onset of chemical reactions. Preheating air is not mandatory
in CDC or FLOX combustion. Unlike conventional flames with steep
temperature gradient and localized reaction rate and hot-spot zones,
the distributed flame possesses a relatively slower reaction rate with
flame volume extended over a much larger volume of the combustor.
CDC gives rise to a uniform and significantly reduced (in magnitude)
temperature field within the combustor. The distributed reaction zone
helps to avoid hot-spot formation in flames and mitigate the thermal
NOx generation [16]. These attributes of distributed combustion make
it favorable for gas turbine applications.

Different studies have been conducted to understand the physics
and chemistry of distributed combustion. Duwig et al. [17] employed
laser based diagnostics to image the reaction zone of flameless and
distributed turbulent combustion at high resolution. The change of re-
action layer structure in relation to distributed (some call it MILD)
combustion was investigated by Dally et al. [18]. Pope and Anand [19]
made a comparison between the progress variable pdf of distributed

and flamelet combustion. A significant contribution has been made by
Arghode and Gupta [20–23] towards understanding different aspects of
distributed combustion with relevance to gas turbine combustion.
Previous studies investigated the effectiveness of distributed combus-
tion for different operating parameters as well as combustor geometries
[24,25] for gas turbine applications. In a prior investigation on dis-
tributed combustion [26], improved pattern factor along with sig-
nificant reduction of pollutants emission (NOx and CO) was reported.
Notably, a very high thermal intensity in the range of 156–198MW/m3-
atm without flame blowout was achieved during this study. Such high
thermal intensity signifies the applicability of CDC technology to a wide
range of thermal loadings (2–200MW/m3). Other technologies such as
MILD and FLOX have also shown emission reduction potential at var-
ious thermal loading to some extent [27,28]. The effect of flow field
configuration was investigated to derive the correlation between the
concentrations of pollutants with the given entrainment amounts using
particle image velocimetry (PIV) [29]. The initiation of CDC mode in
swirl flame was investigated in terms of O2 concentration in ref. [30].
Several studies were conducted to visualize the global flame shape and
OH* chemiluminescence signatures during transition to CDC from a
characteristic air-combustion mode [31–33] from a swirl-stabilized
burner. However, the extent of the volumetric distribution of flame
inside the combustor under CDC mode was not addressed in detail in
these studies. The OH* signature reported in the above studies showed
a gradual change in flame signature when the flame approached the
distributed combustion. Visualization of the exact heat release location
was difficult at lower O2 concentrations due to the very low intensity of
OH* signal [34,35]. Such poor visibility was aggravated by the pre-
sence of high degree of image noise especially at lower O2 concentra-
tions (near CDC). Problems of imaging flames with significantly low

Fig. 1. 3-D representation of (a) swirl burner, and (b) burner cross-sectional view.
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OH* signal intensity limit researchers to gain insightful knowledge of
the flame shape and location, lift-off distance from the burner exit and
the distribution behavior of flames at various flow dilution levels to-
wards CDC. This information is useful to develop a detailed under-
standing of the distributed combustion process and its suitability for
practical combustor design.

This paper presents the flame structure, pollutants emission and
spatial location of flames under distributed combustion regime using
different gaseous hydrocarbon fuels using a swirl-stabilized combustor.
Advanced image filtering technique was employed for noise reduction
to derive the flame boundary from the filtered OH* chemiluminescence
image. OH* signal intensity variation with O2 concentrations was ex-
amined to detect the initiation of CDC mode. Analysis of the flame area
contained within the calculated boundary provided quantification on
the extent of flame distribution in the combustor volume at various O2

levels. The flame lift-off heights were measured to explore the nature of
different flames when approaching CDC condition. The NO and CO
emissions were evaluated in conjunction with the distributed behavior
of flames to provide a better perception of the swirl stabilized dis-
tributed flames.

2. Experimental details

A 20mm inlet diameter, swirl stabilized burner (having 45° swirl
angle), fitted to a 200mm long quartz tube having an internal diameter
of 60mm was used for this study (see Fig. 1). A detailed description of
the burner is given in Ref. [36]. Instrument-grade (99.5% pure) pro-
pane, chemically pure grade methane and pre-purified H2 were used to
examine flames fueled with propane, methane, 20% and 40% H2 en-
riched methane (HEM). Gravimetric flow controllers with an accuracy
of 1.5% of full scale were used to meter the fuels and the flow diluent,
CO2. Laminar flow controllers with an accuracy of± 0.8% of
reading±0.2% of full scale leading to an overall accuracy of about
1.5% of the reading were used to control the air and the diluent N2 flow
rates. During experimentation, the fuels were injected along the central
longitudinal center axis of the swirler in a non-premixed configuration.
OH* chemiluminescence images of flames were obtained using an in-
tensified charge-coupled device (ICCD) camera fitted with a narrow
band filter, centered at wavelength 307 nm having FWHM (full width at
half maximum) of± 10 nm. The emissions of NO and CO were mea-
sured using a gas analyzer having an accuracy of± 1% of full scale. The
NO and CO concentrations were corrected to standard 15% oxygen
concentration. The uncertainty in concentrations was estimated to
be± 0.5 PPM for NO, and± 10% for CO. The reported results were
average of three readings for each configuration to assure good re-
peatability (0.5% of full-scale reading) of data. The reduction of overall
O2 concentrations using inlet flow dilution of air provided the desired
conditions of distributed combustion. Table 1 shows the experimental
conditions reported here. During the experiments, the heat load, heat
release intensity, inlet mixture temperature, and global equivalence

ratio (ϕ) of the fuel-oxidizer were held fixed at 3.25 kW, 5.72MW/m3-
atm and 300 K, and 0.9, respectively. No preheating of air or fuel
stream was done prior to their feed into the burner.

3. Results and discussion

Results on the spatial distribution of heat release rate in flames
provide vital information to unravel the different thermal and flow field
instabilities, noise as well as pollutants emission during combustion
[37–39]. The OH* is one of the most important, spontaneously gener-
ated radicals in the chemiluminescence spectrum of any hydrocarbon-
air flame which indicates the heat release zone and OH* concentration
[40–42]. The location and global structure of the swirl-stabilized flame
at different O2 concentrations corresponding to different flow dilution
levels were determined from the OH* chemiluminescence signatures.
The derived flame outer boundary was used to evaluate the flame lo-
cation and distribution inside the combustor during the transition to
CDC mode. The primary objective here was to seek further under-
standing of the distributed nature of different gaseous hydrocarbon
flames, obtained from calculating the approximate expansion of the
flame boundary (at different O2 concentration) from the chemilumi-
nescence images. The approach used for the derivation of flame
boundary from the OH* chemiluminescence image is given in section
3.1. The evolution of flame shape with N2 and CO2 diluents at different
concentrations of O2 (during transition to distributed combustion) is
presented in section 3.2. Section 3.3 provides the OH* signal intensity
analysis for the detection of CDC mode. The calculation of flame dis-
tribution ratio is given in section 3.3 while the pollutants emission
characteristics of different fuels is provided in section 3.4.

3.1. Extraction of flame boundary from OH* chemiluminescence image

The flame boundary was calculated from the binarized OH* che-
miluminescence image set, generated by using the Otsu thresholding
algorithm similar to Sweeney and Hochgreb [43]. The Otsu method is
basically an adaptive thresholding technique where the threshold value
is decided automatically from the gray-level image histogram analysis.
The threshold value is optimized using the discriminant criterion to
maximize the separability of the background and foreground pixels
[44]. Roy [45] has recently demonstrated a user-defined threshold-
based flame boundary detection technique for V-shaped turbulent
premixed flames. The resultant OH* chemiluminescence image was
filtered with a nonlinear anisotropic diffusion filter [46] modified by
the diffusivity model proposed by Perona and Malik [47] for image
noise smoothing and edge enhancement. Such image filtering is dis-
played in Fig. 2 from sample OH* chemiluminescence image of swirling
propane flame at two different conditions (O2~ 21% and 15%). This
helps to perceive the noise level and its subsequent reduction (from
filtering) under normal air combustion and diluted flow conditions
when approaching CDC. Fig. 2a shows the raw and nonlinear filtered
OH* chemiluminescence signal of propane-air flame (O2 ~ 21%) in
color map representation (showing an array of red, green and blue in-
tensities). Fig. 2b shows similar images of propane flame at O2~ 15% in
N2 diluted flow field. The overall quality of the image improved sig-
nificantly with diffusion filtering. The flame boundary became more
defined with the edge smoothing (see the zoomed window in Fig. 2a).
The effectiveness of such a noise-filtering technique was further as-
sessed in the context of distributed combustion by measuring the
change in image noise levels at different O2 concentration using the
approach of Liu et al. [48]. The corresponding signal to noise ratio
(SNR) was also evaluated at different O2 levels. Fig. 3 represents the
noise levels and SNR for the raw and nonlinear filtered chemilumi-
nescence signals at different dilution levels towards distributed com-
bustion. The mean noise level in the raw signal reduced from 39.67 a.u.
to 19.35 a.u. using this filter (see Fig. 3a). A remarkable increase of SNR
for every O2 concentration using nonlinear filtering can be observed

Table 1
Experimental conditions.

Gaseous Fuels Diluent Air
[L/
min]

Diluents Oxygen
Concentration
[%]CO2 [L/min] N2 [L/min]

Propane (C3H8) CO2 52.84 0–16.51 0 21–16
N2 0 0–26.42 21–14

Methane (CH4) CO2 52.20 0–16.31 0 21–16
N2 0 0–26.10 21–14

20% H2+80%
CH4 (20%
HEM)

CO2 51.47 0–16.09 0 21–16
N2 0 0–25.74 21–14

40% H2+60%
CH4 (40%
HEM)

CO2 50.23 0–15.70 0 21–16
N2 0 0–30.91 21–13
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(see Fig. 3b). The image noise filtering technique is therefore effective
for flame visualization in this particular study since the OH* signal level
continued to reduce with the decrease in O2 concentration. The ob-
served trend of decrease in SNR is attributed to gradual reduction of
chemiluminescence signals at lower O2 concentrations. The nonlinear

diffusion filtering coupled with Perona and Malik diffusivity model
provided effective edge enhancement and image noise reduction for
better flame visualization while preserving essential flame features and
edges of the actual image. Hence, the results calculated from the de-
rived flame boundary are not influenced by the image filtering.

Fig. 2. (a) Unfiltered, raw OH* chemiluminescence signal (left) and nonlinear diffusion filtered signal (right) of propane flame (at ϕ=0.9) in air combustion
(O2 ~ 21%). (b) Unfiltered raw OH* chemiluminescence signal (left) and nonlinear diffusion filtered signal (right) of propane flame (at O2~ 15%) using N2 as the
flow diluent (at ϕ=0.9).

Fig. 3. (a) Noise levels and (b) SNR at different O2 concentrations of propane flame using CO2 and N2 as the inlet flow diluents.
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For the OH* boundary detection, the filtered image at each O2

concentration was converted into a binary map of background (un-
burned region) and foreground (burnt region) pixels by calculating
corresponding ‘Otsu’ threshold values. The final flame boundary was
traced by tracking the intensity jump (from 0 to 1) across the entire
span of the binarized image using Matlab© software. The boundary
detection process was performed in a specific region near the edge of
propane-air flame (at O2~ 21%) (see Fig. 4a) to help assist in histogram
analysis for the image pixel counts. The calculated value of the Otsu
threshold was verified by locating it on the histogram distribution. The
spatial resolution of imaging was measured as 5 pixels/mm. This
technique was also verified on the other side of the flame, which
showed good compatibility with the former side. The calculated Otsu
threshold (represented by the vertical solid line) lies within the first two
modes (of the intensity distribution) of the histogram representing the
background and flame (OH*) signals, respectively. A reasonable flame
boundary can be identified when the threshold value was visually
compared in the zoomed flame front (middle image of Fig. 4a). Fig. 4b
and 4c represent the calculated flame boundary (magenta outlined)
overlaid on the grayscale (normalized between black=0 and
white= 1) and color map appearance for the propane-air flame. A well-
defined boundary that precisely matched with the observed contour of
OH* emission in both the cases signifies the effectiveness of this tech-
nique to examine swirl stabilized flames. We used this approach to
extract the flame boundary at different O2 concentration. The sensi-
tivity analysis of the flame edge location with respect to the image
binarization threshold showed an approximate flame area change of 4%

for every 10% offset of binarization threshold from the calculated Otsu
threshold value. Some apparent discontinuity of the flame boundary
near to the uppermost part of the flame is attributed to the presence of
nearly flat flame at that region, for which the computational code was
unable to find the above-stated intensity jump (0–1) and that con-
tributed to discontinuity in that region.

3.2. Flame structure evolution while approaching distributed combustion
regime

The spatial and structural evolution of different gaseous hydro-
carbon flames along with their distributed behavior in the swirl com-
bustor was investigated using the flame boundary approach. Flame
shapes at different O2 concentrations were examined using propane,
methane, and hydrogen enriched methane-oxidizer compositions. Fig. 5
shows different flame shapes using normal air (at O2~ 21%) without
any diluent. The spatial distribution of OH* chemiluminescence in-
tensity is presented in a color bar with a scale of 0–1000 a.u. The results
depict the expected luminosity of propane-air swirl flame to be higher
than the corresponding methane or hydrogen-enriched methane flames.
Higher energy release per unit volume of propane-air flame than the
methane-air flames [49] provided high OH* chemiluminescence signal
intensity (strongest at the center), see Fig. 5 (a) and (b). Hydrogen
enriched methane flames showed a gradual decrease in flame length, as
compared to propane and methane flames. This is attributed to en-
hanced reactivity and higher flame speed of the combustible mixture
associated with the increase in hydrogen content to methane. Similar

Fig. 4. (a) Otsu threshold (fx1) overlaid on the histogram of filtered propane-air flame (ϕ=0.9, O2~ 21%) image. (b) Flame boundary (fx2) overlaid on normalized
(black=0, white= 1) and (c) jet color map signal of OH* chemiluminescence of the similar propane-air flame.
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observations of reduced flame length were reported in the previous
studies [50,51] of hydrogen enriched methane swirl flames. To further
understand the flame shape and size, the two-dimensional flame area
was evaluated from the chemiluminescence images of different fuel
mixtures under normal air-combustion condition (O2 ~ 21%). The re-
sults are shown in Table 2. The results on flame area shown in Table 2
manifest that the burning area (or volume in three dimensions) for the
propane-air composition is highest among all the different hydrocarbon
flames reported here.

The gradual transition of flames to CDC mode was examined using
OH* chemiluminescence imaging at different flow dilution levels (using
CO2 or N2). Fig. 6 exhibits the shape and relative location of the dif-
ferent flame boundaries for each O2 concentrations using CO2 as the
diluent. The decrease in O2 concentrations provided a gradual broad-
ening of the flame area. Such widening of the flame is accompanied
with a gradual decay of the concentrated OH* zone (red) near the
central part of the flame (see Fig. 6a, at O2 ~ 21%) to a uniformly
distributed low intensity signal extended over the entire flame volume
(see last column of flames in Fig. 6). This indicates that the flame
gradually approached the distributed combustion regime. Similar ob-
servations on flame widening and near colorless swirl flame in dis-
tributed combustion were reported in ref. [52]. The reduction in spatial
concentration gradient of OH* with the decrease in O2 level in the fresh
mixture signifies a gradual reduction of reaction rate per unit flame
volume to increase the net burning volume of the flame. The similarity
in the evolutionary pattern of different hydrocarbon flames is observed
in Fig. 6; however, the O2 concentration at which the OH* signal dis-
tribution began to change to an overall uniform intensity distribution,
varied with the fuel composition. A nearly uniform OH* signal dis-
tribution for propane flame occurred at O2~ 17%, whereas it occurred
at 18% for methane flame. The flame images at O2= 16%, correspond
to final unextinguished state in the reactive flow field. Global flame
extinctions were observed at O2 < 16% with a slight change in blow-
off equivalence ratios (ϕbo) among the fuel-oxidizers examined. The ϕbo

for propane flame was observed to be higher than methane and HEM
flames. The reduction of reaction rate due to the addition of diluent
caused decrease in flame speed and hence, the flame lifts off from the
burner exit plane. Lift-off caused the shape of the flame base to gra-
dually change from point shaped flame to a nearly flat shape. For the
propane and methane flames, the pointed base was observed up to
O2= 16%, which is attributed to near blow-off flame quenching. A
similar flame evolution was demonstrated in Fig. 7, using N2 as the

diluent gas. Gradual flame broadening with a decrease in visible flame
signature, flame lift-off with flow dilution (or decreasing O2 con-
centration) are consistent with the previous observations made using
CO2 as the diluent gas. The flame blow-off limits extended with N2

dilution (see Fig. 7). The stable flame was observed until O2=14%
(while it was 13% for 40% HEM fuel) unlike CO2 dilution case where
the flame sustained only up to O2=16%. This was conjectured to
higher heat capacity value of CO2 as compared to N2 [53], which pro-
vided a greater reduction of flame speed as well as the overall tem-
perature [54] at a relatively higher O2 concentration. Hence, the N2

diluted flow field provides stable flames over an extended range of O2

concentration due to its delayed transition to CDC mode as compared to
the CO2 dilution case.

The flame lift-off heights (h) at different O2 concentration using the
two different diluents are presented to help understand the stability and
reactivity of swirl-stabilized flames. The normalized lift-off heights
(with respect to the burner exit diameter, D) were evaluated from the
distance between the burner exit and the flame base (mean altitude
value of the base) as marked by the derived flame boundary for each
flow condition. The results are represented in Fig. 8. The results show
that below a certain threshold value of O2 concentration (~20% for CO2

and 19% for N2 diluted cases) all flames exhibited some lift-off from the
burner exit. The lift-off heights for the CO2 diluted flow field are higher
than the N2 diluted flow field. As mentioned earlier, the higher heat
capacity of CO2 provided greater reduction of flame speed and subse-
quently, higher flame lift-off heights than the N2 dilution case were
observed. The methane flame revealed the highest lift-off value for both
the diluents. This was conjectured to be associated with the reduction of
mixture reactivity, which was highest for methane as compared to other
fuels for every O2 concentrations reported here. The reduction in flame
speed for methane mixture was highest among the fuels that resulted in
the largest flame lift-off distance for all O2 concentrations examined.
Hydrogen enriched methane flames showed less flame lift-off height
than pure methane flame. This is directly attributed to increased re-
activity and the flame speed due to the addition of H2 with methane,
which helped to stabilize the flame close to the burner exit.

3.3. OH* signal intensity based CDC mode detection

Chemiluminescence signal intensity variation at different O2 con-
centrations was analyzed to detect the initiation of CDC. The ratio of
rms to mean OH* signal intensity (Irms/Im) was measured for every O2

level and presented in Fig. 9. Propane flame images are overlaid on the
plot to compare the spatial intensity variation corresponding to dif-
ferent O2 levels. The highest intensity fluctuation (rms=20–25% of
mean intensity) is observed in air combustion conditions (O2~ 21%)
for different flames. Propane flames have the highest Irms/Im values,
signifying a relatively higher spatial OH* intensity variation than other
flames. The value of Irms/Im gradually decreased with decrease in O2

Fig. 5. Representation of undiluted (a) propane (b) methane (c) 20% HEM, and (d) 40% HEM flames using normal air as the oxidizer (at O2 ~ 21%).

Table 2
Calculated flame area of different flames using normal air as oxidizer.

Fuel-air Propane-air Methane-air 20% HEM 40% HEM

Area (mm2) 1034.91 ± 10 895 ± 7 888 ± 5 712 ± 5
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concentration of the fresh reactant mixture for both CO2 and N2 diluted
flow cases. Such reduction in rms intensity fluctuation was expected
from the gradually diminishing spatial gradient of OH* distribution to
form uniform spatial distribution approaching CDC (see Figs. 6 and 7).
The slope of the Irms/Im curves gradually changed to zero at O2≤ 17%
and 15% for CO2 and N2 dilution cases, respectively. The corresponding
rms intensity values of different flames were found to become less than
2% of their mean intensity. This indicated an almost negligible spatial
variation of OH* signal in flames below the above given O2 levels. The
uniformity of OH* concentration gradient in CDC is confirmed from the
overlaid propane flame images. The results infer that distributed com-
bustion starts at O2~ 17% and 15% for CO2 and N2 diluted flow fields
and exists until the flame blow-off.

3.4. Calculation of distribution ratio

A quantitative analysis of the OH* chemiluminescence image help
assists to understand the distribution behavior of flames in a swirl
burner. Distribution Ratio (DR) is defined as the ratio of the observed
flame area (Af) from the chemiluminescence image at any particular O2

concentration to the initial flame area (Ai) at normal air condition,
O2~ 21%, so that:

=Distribution ratio, DR A
A

f

i (1)

The magnitude of Af was obtained by measuring the area within the
flame boundary derived from the chemiluminescence image. The Ai

values are given in Table 2. The concept DR is important to understand
the distributed behavior of different swirl flames at the transition to
CDC. Simultaneous examination of DR and OH* intensity fluctuation
(Irms/Im) is useful to detect the CDC regime in terms of flame expansion.

Fig. 10 shows the variation of DR and Irms/Im with different O2 con-
centrations for CO2 and N2 diluted flow field. A gradual increase in DR
value was observed with a decrease in O2 concentrations for both di-
luent gases. The results show the following power-law behavior of
flame expansion for both CO2 and N2 diluted flow fields:

= ∗ =−DR 445762 [O ] ; R 0.9998CO2 2
4.273 2 (2)

and

= ∗ =−DR 9414.4 [O ] ; R 0.9960N2 2
3.021 2 (3)

At the initiation of CDC mode determined from the OH* signal in-
tensity analysis (in section 3.3), the DR possesses a value of ~2.5 for all
the flames. This signifies that flames undergo an expansion of at least
2.5 times of their initial volumes (in normal air combustion) before
transitioning to CDC. The different combustion modes for these flames
can be expressed by the following DR values:

=

⩾

DR for air combustion O
DR for distributed combustion

1 ( ~21%)
2.5

2

The final values of DR showed a significant volumetric expansion of
flames under distributed combustion conditions. Expansion of nearly
three times of the initial volumes (in air combustion) was found for
different flames using CO2 as diluent while it was more than 3.5 for the
N2 dilution case. Approximate flame distribution can be measured using
the above-stated DR models for different diluents. The DR values are
more sensitive to the flame edge location at lower O2 concentration. In
CDC mode, an average change of 10.5% of DR value for every 20%
offset of the threshold value (from Otsu threshold) was noted from the
sensitivity analysis.

The above calculation of distribution ratio, DR is based on 2D flame
areas. Flame areas were obtained by imaging the flame in its mid-plane.

Fig. 6. OH* chemiluminescence with overlaid flame boundary for (a) propane, (b) methane (c) 20% HEM, and (d) 40% HEM flames at different O2 concentrations
using CO2 as diluent.
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It may not always provide a true measure of the volumetric distribution
of flames. We also calculated the actual volume of the flames by solid
revolution of 2D images in Matlab® to calculate a volume-based dis-
tribution ratio, DR. A multiplication factor (Mc) to convert the mean DR
(area) values to mean DR (volume) was calculated, such that:

= ∗DR (volume) M DR (area)c (4)

The DR (volume) and the Mc values are reported in Table 3 along
with the DR (area) values for different flow dilution cases. The volume-
based DR from Table 3 manifests that the flame expands more than 4
times (for CO2) and nearly 5 times (for N2) of their initial volumes
under CDC mode.

Note that DR may vary with swirl distribution in the burner. The DR

values of methane and 20% HEM flames in CDC are higher than the
propane flame. This is due to relatively lower Ai values and comparable
sizes of these flames to those of propane flame under CDC. The 40%
HEM flame showed a slightly different expansion nature (especially
with N2 dilution) due to its significantly smaller flame shape (Af) at
every O2 level. Such smaller shape is from the result of high mixture
reactivity and flame speed due to higher H2 content in the mixture.
Stable OH* chemiluminescence image for 40% HEM mixture was re-
corded with up to O2= 13% as compared to 14% for other fuel-oxidizer
mixtures examined using N2 dilution. Such extension of flammability
limit can be explained using the concept of DR and corresponding lift-
off information shown in Fig. 8. The lifted flame is more unstable than
an attached flame and the degree of instability increases with an

Fig. 7. OH* chemiluminescence with overlaid flame boundary for (a) propane, (b) methane (c) 20% HEM, and (d) 40% HEM flames at different O2 concentrations
using N2 as diluent.

Fig. 8. Normalized lift-off heights for different fuel-oxidizer flames at different O2 concentrations with (a) CO2, and (b) N2 as inlet flow diluent.
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increase in lift-off heights [55]. The normalized lift-off height for 40%
HEM with N2 (see Fig. 8b) dilution is seen to be lower than other flames
under consideration. At O2=14%, the lift-off distance of this flame was
less than 50% of the other hydrocarbon flames. This revealed that the
flame stabilized relatively close to the burner exit. The lowest magni-
tude of DR (at O2=14%) among different hydrocarbon flames

describes a relatively narrow shape of this flame due to energetic and
stable burning characteristics. Such stable burning behavior even at
O2=14% helps this particular flame to sustain for longer time.

3.5. NO and CO emission

The emission of NO and CO under normal air combustion and dis-
tributed combustion were obtained. The concentrations of NO and CO
corrected to 15% O2 concentration (ppm) under air combustion (at
O2~ 21%) are given in Table 4. The flame temperature has a pro-
nounced effect on NOx formation [56]. The NO emission from methane-
air flame is seen to be lower than the propane-air flame which has a
higher flame temperature. The concentration of NO gradually increased
with an increase in hydrogen enrichment to methane. In Ref. [51], this
increase of NO was attributed to the increase in local flame temperature
from hydrogen addition as well as broadening of post combustion zone.
The formation of NO and CO was examined in relation to DR at each O2

concentration to understand the pollutants emission when approaching
CDC. The NO and CO concentrations were normalized with respect to
their initial concentrations (given in Table 4) and expressed as NO* and
CO*. Fig. 11 shows the NO*, CO*, and DR at different O2 levels using
CO2 as the flow diluent. The variation of DR, NO* and CO* helps to
understand the effectiveness of combustion at different O2 levels. The
NO* decreased for every fuel with an increase in flow dilution when
approaching towards distributed combustion regime. An average re-
duction of 90% (96% for propane and 40% HEM flames) of the initial
NO concentration (under normal air combustion mode) was observed
when the flame transitions to CDC. The gradual reduction of NO level is
related to the drop in overall adiabatic flame temperature with in-
creasing flow dilution as found in our previous studies [32,35]. The
adiabatic flame temperatures at various flow dilution level was sup-
ported by performing simulation in Chemkin-Pro® coupled with GRI-
3.0 [57] for different hydrocarbon flames considered here. The results
on the adiabatic flame temperature of these fuels are shown in Fig. 12
for both the diluents. As expected the adiabatic flame temperature
gradually decreased with increase in flow dilution for both the diluents.
The rate of temperature decrease was higher for the CO2 diluted flames
(than N2 diluted flames) due to the higher heat capacity value of CO2

resulting in greater reduction of temperature with flow dilution. In
addition to NO*, the CO* levels were also reduced to about half of their
initial values, when flames transitioned to CDC. This is attributed to the
gradual reduction of varying stoichiometry and sharp temperature
gradient (that exist in conventional fuel-air flames) with decrease in O2

Fig. 9. RMS to mean OH* signal intensity (Irms/Im) variation with O2 concentrations for different flames with (a) CO2, and (b) N2 as inlet flow diluent. (Propane
flames are overlaid).

Fig. 10. Distribution Ratio (area-based) for different hydrocarbon flames at
different O2 concentrations using (a) CO2 and (b) N2 as the diluent.
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level. Subsequently, improved mixing and uniformity in combustion are
fostered across the combustor volume [33] which results in reduction of
CO*. Note that CO* suddenly increased at some intermediate O2 levels.
This is primarily attributed to the dissociation of CO2 to CO at high

temperature. Such sudden rise in CO level was further investigated
using simplified chemical analysis of the present flame. The analysis
was performed in Chemkin-Pro (with GRI 3.0) for a sample case of 20%
hydrogen enriched methane where such rise (in CO level) was promi-
nent. A similar trend of high CO level at intermediate O2 level was
demonstrated by the Chemkin simulation. Analysis of reaction path-
ways revealed the presence of a particular reaction step: CH2(s)+CO2

←→ CO+CH2O for the diluted flow cases. Here the CH2(s) represents
singlet methylene [58]. This specific reaction step was absent in normal
combustion mode with pure air as the oxidizer. Additionally, this re-
action step was gradually prioritized with increase in flow dilution

Table 3
DR (volume) and Multiplication factor (Mc) at different flow dilution levels.

O2 (%) CO2 dilution case N2 dilution case

DR (area) DR (Volume) Multiplication factor (Mc) DR (area) DR (Volume) Multiplication factor (Mc)

21 1 1 1 1 1 1
20 1.228 1.430415 1.164833 1.109152 1.296279 1.168712
19 1.47 2.058124 1.400085 1.27 1.523972 1.199978
18 1.94 2.673674 1.378182 1.48849 1.999213 1.343114
17 2.48 3.501241 1.411791 1.770545 2.434335 1.374907
16 3.12 4.145295 1.32862 2.11 3.096282 1.467432
15 – – – 2.55 3.713924 1.456441
14 – – – 3.41 4.861688 1.425715
13 – – – 4.12 4.880121 1.184495

Table 4
NO and CO (corrected to 15% O2) concentrations in normal air-combustion.

Fuel-air Propane-air Methane-air 20% HEM 40% HEM

NO (ppm) 20.29 13.23 13.44 13.93
CO (ppm) 56.44 52.12 24.6 28.64

Fig. 11. Normalized NO (or NO*) and CO (or CO*) and DR (area-based) for (a) propane, (b) methane, (c) 20% HEM and (d) 40% HEM flame at different O2

concentrations using CO2 as flow diluent.
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levels. For the O2 concentrations corresponding to the sudden rise of
CO, the direction of the above-stated reaction was found to be in the
forward direction that favored the CO formation. The same reaction
step was also reported by Leung and Lindstedt [59] for CO formation.
Such observation suitably supports the role of this particular reaction
step in enhanced CO production.

The effect of flow dilution with N2 on NO and CO emission was also

examined. Fig. 13 shows the NO* and CO* emission behavior at dif-
ferent O2 concentrations with N2 dilution. The observation commen-
surate with the CO2 diluted flow field case. The decrease in the O2 level
decreased the NO* and CO* while increasing the DR. The additional CO
production from the dissociation of CO2 at intermediate O2 levels was
absent in N2 dilution case. A comparison of Figs. 11 and 13 show that
larger flame distribution inside the combustor as well as extended
flammability limit with ultra-low NO and CO emission can be achieved
using N2 as flow diluent.

4. Conclusions

An experimental investigation on distributed combustion in a swirl
burner was carried out using four different gaseous fuels, namely,
propane, methane, 20% hydrogen enriched (80% methane) and 40%
hydrogen enriched (60% methane) methane. The primary motivation of
this study was to understand the global flame behavior and pollutant
emission in distributed combustion. Flames were recorded by imaging
the OH* chemiluminescence signatures. Nonlinear diffusion filtering
was employed for noise smoothing and flame edge enhancements of the
chemiluminescence images. The flame boundary was extracted from
the binarized version of the filtered chemiluminescence images by ap-
plying the Otsu thresholding algorithm. Resulting flame images were
examined at different O2 concentrations (corresponding to different
dilution levels) when approaching distributed combustion condition.
Analysis of OH* signal intensity variation with O2 concentrations
helped to detect the onset of CDC mode. The rms OH* signal intensity

Fig. 12. Adiabatic flame temperature of different hydrocarbon flames at var-
ious O2 concentrations with CO2 and N2 as flow diluents.

Fig. 13. Normalized NO (or NO*) and CO (or CO*) and DR (area-based) for (a) propane, (b) methane, (c) 20% HEM and (d) 40% HEM flame at different O2

concentrations using N2 as flow diluent.
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fluctuation reduced from ~20–25% to less than 2% of mean intensity
when CDC mode was achieved. Flame expansion with respect to their
initial volume (in air combustion) provided a better understanding on
the role of chemical composition of different fuels under CDC. The re-
sults showed a power law growth behavior of different flames for both
the diluents. Normalized flame lift-off height revealed the different
combustion behavior of flames. The lift-off height for CO2 diluted flow
field was observed to be higher than the N2 diluted flow field. Higher
heat capacity value of CO2 promoted greater reduction of flame speed
that subsequently caused in higher flame lift-off to occur. The pollu-
tants emission (normalized NO and CO concentrations) showed a sig-
nificant reduction when the flames approached distributed combustion
mode. The use of CO2 diluent provided an increase in CO concentration
at intermediate O2 levels primarily due to the dissociation of CO2 to CO
at high temperatures. Such observation of increased CO level was ad-
ditionally supported by simplified chemical analysis in Chemkin-Pro®
coupled with GRI 3.0, which manifested good agreement with the CO
levels observed during experiments. The results on flame volumetric
expansion with reduced pollutants emission help in the design and
development of next generation ultra-low emission gas turbine com-
bustors.
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