Fuel 195 (2017) 113-122

Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full Length Article

Towards colorless distributed combustion regime

@ CrossMark

Ahmed E.E. Khalil, Ashwani K. Gupta ™

Department of Mechanical Engineering, University of Maryland, College Park, MD 20742, USA

HIGHLIGHTS

« Investigated the flowfield under swirl and distributed combustion conditions.
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« CDC major controllers include flame thickness, velocity and controlled low O, conc.
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Colorless distributed combustion (CDC) is a novel method for efficient and environmentally benign clea-
ner energy conversion of fossil and biofuels. CDC has been investigated in different configurations and
geometries, with support to seek near zero emissions, uniform thermal field, energy savings, low pressure
drop, and reduced combustion noise. In this paper, distributed combustion is investigated with focus on
the flame-flowfield interaction and the different quantities that affect distributed combustion. The veloc-
ity field was obtained using particle image velocimetry (PIV) with focus on mean and fluctuating quan-
tities. The flowfield information helped differentiate between the impact of increasing Reynolds number
(through air dilution) and the impact of lowering oxygen concentration (through modeled entrainment).
The flowfield information was further processed to give the integral length scale at the flame boundaries.
The integral length scale along with the fluctuating velocity is critical to determine turbulence Reynolds
number and Damkohler number. Together these numbers identify the combustion regime at which the
combustor is operating. This information clearly distinguishes between traditional swirl flames and dis-
tributed combustion and helps explain the significant benefits of distributed combustion as it operates in
a well-stirred reactor regime. The results revealed that major controllers of the reaction regime are flame
thickness and laminar flame speed; both are significantly impacted by lowering oxygen concentration
through entrainment of hot reactive species from within the combustor, which is important in dis-
tributed combustion. Understanding the controlling factors of CDC is critical for the development and
deployment of this novel method for near zero emissions from high intensity combustors and energy sav-
ings using fossil and of biofuels for sustainable energy conversion.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The quest for cleaner energy sources have motivated combus-
tion researchers to develop novel technologies that can deliver
high combustion efficiency with favorable environmental perfor-
mance using available traditional and derived fuels, such as biofu-
els. To that end, colorless distributed combustion (CDC) offers most
promise for near zero emission to conform to the increasingly
stringent pollutants emission regulation. The performance of CDC
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has been the focus of investigations for the last decade over a wide
variety of geometries, heat release intensities, and fuels [1-4], with
the goals of near zero pollutants emission and overall enhanced
performance. Laboratory scale experiments on CDC revealed fuel
flexibility for both liquid and gaseous fuels including biofuels
[4,5]. The use of biofuel without the need to change any of the
combustor components as a “drop-in” fuel is critical to increase
the deployment of biofuels in current and future high intensity sta-
tionary gas turbine engines. Laboratory scale experiments have
revealed that different biofuels can be used directly as a “drop-
in” fuel with no change to the fuel injectors/combustor geometry.
These experiments have also shown that biofuels (Butyl Nonanoate
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and Hydrogenated Renewable Jet Fuel) can have lower pollutants
emission compared to fossil liquid fuels (kerosene, JP-8) [5]. The
results on much reduced emission is an addition to the benefits
of biofuels in reducing the life cycle greenhouse gas emissions by
some 60-80% (Switchgrass Fischer-Tropsch fuel [6] and Camelina
hydrogenated renewable jet fuel [6,7]). Other researchers have also
focused on tackling these issues concerning combustion and emis-
sions with more focus on furnaces than gas turbine applications
[8-12].

The CDC technology shares some of the basic principles on
which high temperature air combustion (HiTAC) was built [13].
HiTAC has demonstrated ultra-low emissions, uniform thermal
field, and significant energy gains for near atmospheric pressure
furnace applications. In HiTAC, low oxygen concentration air, pre-
heated to high temperatures along with reactive gas species are
used for combustion. This method resulted in combustion gases
temperature that is some 50-100 °C higher than that of the pre-
heated low oxygen concentration fuel-air mixture just prior to
ignition. The low oxygen concentration in the reactants (2-5% by
volume) is achieved through the internal/external entrainment of
combustion gases, which also increases the air temperature [13].

On the other hand, in CDC, decrease in oxygen concentration
and increase in temperature of the fresh mixture stream is
achieved through internal entrainment of hot reactive species from
within the combustor. This entrainment and the subsequent ade-
quate mixing prior to ignition are critical components in dis-
tributed combustion that results in volume-distributed reaction
over the entire volume of the combustor. The volume distributed
combustion is much different than normal combustion that pos-
sess a thin concentrated reaction zone characterized by high reac-
tion rates and presence of local hot spots. It is noteworthy that the
same amount of fuel is consumed but with a lower temperature
rise in the combustor. This low reaction rate is achieved through
increased dilution with hot reactive species that also lowers the
oxygen concentration in the reactants, and simultaneously
increase temperature of the reactants. The term colorless stems
from the lack of visible emission from the flame under normal
conditions.

The distributed combustion regime avoids the formation of thin
reaction zone and the hot spot zones in the flame. This significantly
helps in mitigating thermal NO, formation and emission from the
Zeldovich thermal mechanism [14]. The overall temperature of the
flame is low so that there is less or no need to dilute the hot gases
before introducing them to the turbine. This reduces power
requirements of the gas turbine’s compressor to directly enhance
the gas turbine efficiency and simultaneously enhance both com-
bustor and turbine lifetime.

The enhanced thermal field uniformity can also allow the com-
bustor to fire at higher average temperature since there will be less
temperature deviation from the average temperature and lower
risk of burnout along with minimal or none air cooling require-
ments for turbine blades. Mitigation of the cooling air require-
ments will help increase the amount of gases available for work
through the turbine or use of smaller size compressor. Alterna-
tively, the increased work can be used to power the carbon capture
and storage equipment. The deployment of carbon capture and
storage technologies is critical for continued use of hydrocarbon
fuels while minimizing the resultant carbon footprint and comply-
ing with the envisioned increase in pollutants emissions regula-
tions. These potential benefits of deploying CDC add to the
importance of investigating CDC in more details for wider
deployment.

There is plenty of literature investigating distributed combus-
tion in terms of pollutants emission demonstration [1-5], require-
ments to achieve distributed combustion for methane fuel [15] and
other fuels as well [16], that offer much insight on the role of
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entrainment. However, critical questions still remain concerning
the nature of distributed combustion and its regime with focus
on flame interaction with the turbulence field. In a previous inves-
tigation, the velocity flowfield under swirl flames and distributed
combustion conditions was investigated with focus to extract the
difference in flowfield under the two conditions of swirl assisted
combustion and distributed combustion. The information obtained
from PIV was coupled with OH-PLIF to qualitatively outline the
reaction behavior. It was concluded that under distributed com-
bustion, the OH zone resided farther away from the entry jet and
high turbulence region. This is much different than that found in
swirl flame as previously shown by the authors [17]. In this paper,
the interaction between flame characteristics and flow characteris-
tics are compared with focus on turbulent quantities (integral
length scale and turbulent Reynolds number) and reaction time
scale quantities (flame speed and thickness), which have not per-
formed before. This helps to identify and establish combustion
regime for colorless distributed combustion.

Flame regimes are characterized by the reaction time scale and
flow time scale. The distributed combustion regime is character-
ized by low Damkéhler number, where the integral length scale
is equal to or less than the flame thickness such that the combus-
tion behavior is dictated by turbulent behavior rather than the
molecular transport. High turbulence insures rapid mixing
between entrained gases with the fresh stream, while high injec-
tion velocity prevents flame anchoring. Thus, the distributed com-
bustion regime is different than traditional reaction sheets or
flamelets in eddies regime. Fig. 1 shows the different regimes on
adapted Borghi diagram [18-20], outlining the relative location
of colorless distributed combustion along with the HiTAC and
other flames.

Several researchers have combined different diagnostics to
obtain the velocity field, and flame location and thickness for dif-
ferent flame configurations [21-28], resulting in useful insights
for the different cases investigated in their respective investiga-
tions. However, limited data is available for distributed combus-
tion simulating gas turbine conditions. A focus of this paper is to
fill this gap.

2. Experimental facility
2.1. Experimental setup
The experiments were performed using a swirl burner under

different configurations. Details of the swirl burner can be found
elsewhere [29]. The experimental set-up, diagnostics, and flow
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Fig. 2. Percentage change in mean and fluctuating velocities vs. number of image
pairs.

control system used for the different gases along with their accura-
cies are given elsewhere [17]. The Swirl number (S) for the swirler
used can be calculated using the equation S = 2/3[(1-(dy/d)*3)/(1-
(dp/d)*2)]tan®, where d is the swirler diameter, d;, is the swirl
hub diameter, ® is the swirl angle. For the shown configuration,
with dp/d =0.5, and ® =45, the swirl number was estimated to
be S=0.77.

2.2. Laser diagnostics

Particle image velocimetry (PIV) system was used to obtain the
flowfield. Further details about the setup and initial processing are
given elsewhere [17]. The number of image pairs were determined
based on the point were further increase in the number of pairs did
not yield significant change in the measured quantities (<5%) as
shown in Fig. 2. Based on this, the minimum number of pairs
was 300. The PIVLab output was further processed in Matlab to
obtain mean and fluctuating velocities and other statistical quanti-
ties [30].

OH radicals were excited using a dye laser system with ultra
violet tracking (UVT) targeting the Q;(6) line with the wavelength

Table 1
Experimental parameters.

chosen based on the work of Dieke et al. using LIFBASE software
[31,32]. Details of the PLIF system are available elsewhere [17].

3. Experimental conditions

The experimental investigations reported here were focused on
obtaining the velocity field and turbulence quantities, as well as
OH* distribution for all the cases examined. The first examined
case focused on confined swirl burner as a baseline case. A mixture
of nitrogen and carbon dioxide was added to simulate entrained
gases from within the flame with different amounts, lowering
the oxygen concentration of the ready to ignite mixture (cases 2-
4). The amounts of N,-CO, mixture and their impact on emissions
have previously been examined [15]. Conditions demonstrated dis-
tributed combustion were compared to this baseline case with
focus on turbulence and flame interaction (cases 3 and 4); case
two represented transition between regular swirl and distributed
combustion. The fifth case was designed to result in the same Rey-
nolds number as cases 3 and 4 but with excess air rather than dilu-
ents. This fifth case was studied to substantiate the impact of
oxygen reduction as opposed to dilution and increased flow veloc-
ities. The gases were fed to the combustor at room temperature.
The N,/CO, mixture, simulating entrained gases from within the
flame, has been examined at higher temperature where the overall
behavior on reaction distribution and emission reduction was
found to be similar to that of the non-preheated case [15]. How-
ever, in this investigation preheating was not used as it severely
affected the seeding quality and distribution as the seeding parti-
cles were fed through the N,/CO, mixture for cases 2-4. The seed-
ing particles can be fed through the air line, as in case 1 and 5,
however, following that approach for cases 2-4 led to reduced
number of usable frames for PIV diagnostics, as it took longer time
for the flame to reach the desired experimental conditions. This
limited the time available for data acquisition prior to seed depo-
sition on the quartz windows. Table 1 summarizes the operating
conditions for each of the experimental cases investigated herein
while Fig. 3 shows the flame images for these cases with a filter
to minimize the impact of the seeding. It is noteworthy that the
change did not only occur to the flame shape as seen here and in
previous publication [33], but also on the pollutants emission,

Equivalence ratio Reynolds’ number

Flowrates (I/min)

Diluents (I/min) Oxygen Conc. (%)

Air CHq4 N, O,

1 0.9 ~4450 63.9£0.9 6+0.1 - - 21%

2 0.9 ~5640 63.9+0.9 6+0.1 15+0.23 1.67 +0.03 16.65%
3 0.9 ~6430 63.9+0.9 6+0.1 25+0.38 2.78 £0.04 14.64%
4 0.9 ~6800 63.9£0.9 6+0.1 30+0.45 3.33£0.05 13.8%
5 0.6 ~6450 952+1.4 6+0.1 - - 21%

Case 1

Case 2

Case 3

Case 4 Case 5

Fig. 3. Flame images of the cases investigated. Red filter is used to remove the impact of seeding particles.
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thermal field uniformity, and local equivalence ratio distribution as
shown in previous investigations [15,33,34]. The fuel flow rate was
kept constant for all the experiments to result in a constant ther-
mal load.

4. Results and discussion
4.1. Velocity flowfield

The first experimental step was to obtain the flowfield under
reacting flow conditions for cases 1-5. Fig. 4 shows the velocity
vectors for cases 1-4 along with the mean velocity values, where
the white band (zero velocity) marks the recirculation zone bound-
ary. As the diluents amount increased, the velocity magnitude
increases in the entry jet (positive) as well as the central recircula-
tion zone (negative). It is noteworthy that the investigation win-
dow covered up to 2.7 cm of radius while the full radius of the
confinement was 3.9 cm. This area was not included due to the
high noise from quartz reflections and particle deposition. In addi-
tion, the two vertical white bands mark high noise area that was
masked to eliminate erroneous vectors.

Fig. 5 shows the stream-trace lines, outlining the movement of
the flow for the different cases. As the oxygen concentration was
decreased (through dilution), the angle of the streamlines in the
recirculation zone become more steep, with the streamlines being
more vertical as one progressed from case 1 to case 4, indicating a
stronger recirculation. One can conjecture that this increase in
recirculation and the resultant change in reaction shape and
behavior (see Fig. 3, as well as previous publications examining
the behavior of the discussed case in terms of emission, OH* distri-
bution, thermal field, and local equivalence ratio [15,33,34]) is a
result of increased flow rates (Reynolds number) with no or mini-
mal involvement from the change in oxygen concentration.

To examine this effect, cases 3 and 4 are compared to case 5,
which exhibits the similar Reynolds number, however, the main
difference is the amount of oxygen concentration.

Fig. 6 shows a comparison between cases 3-5. This comparison
clearly indicates the impact of oxygen concentration. Though the
three cases have similar Reynolds number (varying by less than
6%), the flowfield is significantly different. The low oxygen concen-
tration cases (case 3 & 4) exhibited a closed recirculation zone
(where the recirculation zone widens as one moves downstream
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Fig. 4. Velocity flowfield for cases 1-4 with focus on velocity vectors. [For illustration, recirculation zone is outlined by white band].
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then gets thinner). This was not seen in case 5. In addition, case 5
exhibited lower recirculation as seen from the lower negative
velocities at the center of the recirculation zone, as well as the
streamlines traces being less steep in the normal oxygen concen-
tration case (case 5) as compared to the cases with low oxygen
concentration (cases 3 & 4). These results conclude that lowering
oxygen concentration has a significant effect on the flowfield as
opposed to increasing Reynolds number, outlining the flame-flow
interaction. Moreover, the adiabatic flame temperature for these
scenarios only differ by 2.5% from case 5 (1693 K, 1627.8 K, and
1665.5 K for cases 3, 4, and 5 respectively), limiting the impact of
thermal expansion. This supports the previous studies that showed
that lowering oxygen concentration, not increasing the velocity,
helps to achieve distributed combustion and thermal field unifor-
mity [17,33]. In addition, this significantly differentiates the phe-
nomenon investigated here (distributed combustion) from the
so-called M-shape flame demonstrated in some swirl designs as
that on its own did not result in distributed combustion while
cases 3 & 4 did. Arndt et al. examined a swirl combustor where,
under certain conditions, the flame transitioned between V-shape
(seen here without dilution, O, = 21%) and M-shape unpredictably

[27]. However, the flame shape demonstrated herein (under
distributed combustion cases 3 & 4) is extremely stable and did
not move back to traditional swirl flame unless the oxygen concen-
tration was significantly increased (amount of N,/CO, mixture sig-
nificantly decreased). Oberleithner et al. also demonstrated an M-
shaped flame under low equivalence ratio and increased heat loads
[28]. However, our previous investigations showed that decreasing
the equivalence ratio or increasing the heat load did not result in a
flame shape change, confirming that the flame shown here is dis-
tinctively different [15,17]. To further investigate the flame-flow
interaction, turbulence quantities were also characterized.

4.2. Turbulence characteristics

The flowfield velocities were further analyzed to obtain the
fluctuating velocity values (root mean square velocity). Fig. 7
shows the velocity fluctuations (in m/s) for cases 1-5.

As the amounts of diluents were increased from the baseline
case until distributed combustion was achieved, the velocity fluc-
tuations remained similar in the entry region (V-shaped) corre-
sponding to the high velocity region. On the other hand, the
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Fig. 6. Velocity flowfield for cases 3-5 with focus on velocity vectors (top) and streamline traces (bottom). [For illustration, recirculation zone is outlined by white band].

fluctuation velocities in the core decreased significantly with tran-
sition to distributed combustion condition (cases 3 & 4). This was
not caused by the increased velocity but rather because of change
in flame behavior. This is confirmed through comparing cases 3-5
in Fig. 7. The three of them have the same Reynolds number
(within 6%), however, case 5 demonstrates much higher velocity
fluctuation in the entry jet (the v-shaped higher velocity region)
as well as higher fluctuations in the central recirculation zone as
compared to the distributed combustion (cases 3 & 4).

To calculate turbulence Reynolds number, the integral length
scale needs to be quantified in addition to the velocity fluctuation,
which is shown in Fig. 7. To obtain the integral length scale, the
velocity fluctuations were analyzed using two-point correlations
[35,36], where the integration of the correlation coefficient results
in the integral length scale [37,38].

Pii = [V(Xo, 1) # V(Xo + T, )]/ ({V(Xo)) * (V(X0))) (1)

A= /Ow padr (2)

In these equations, p; represents the correlation coefficient, v
(X0, t) represents the velocity at a certain position X, and time t,
v(X, + 1, t) represents the velocity at a certain position (Xg+r)
and time t, (v(X,)) represents the average velocity over the all

the frames at this position. The square brackets represents ensem-
ble average of the instantaneous velocity fluctuation multiplica-
tion. Fig. 8 gives a sample of the correlation coefficient value
with distance.

Using the above equations, along with knowledge of velocity
fluctuations, one can calculate the turbulent Reynolds number for
various locations. However, the locations of interest are those at
the reaction zone boundaries and in the reaction zone. To establish
this, the reaction zone needs to be identified.

4.3. Reaction zone quantities

To outline the reaction zone, OH-PLIF have been performed on
the different cases outlining the reaction zone location. OH-PLIF
was chosen over OH* chemiluminescence as OH-PLIF gives OH sig-
nal in the laser sheet thickness only, while OH* chemiluminescence
provides a line of sight data showing all the excited OH in the flame
at that temperature. Though one can use mathematical techniques
to obtain a representation of the radial distribution of OH, i.e. Abel
conversion, however, this did not yield satisfactory results under
distributed combustion conditions.

Fig. 9 shows the OH-PLIF signal (activated through the Q;(6)
line) for case 1, 3 and 5 for illustration. To outline the flame bound-
aries, an edge detection algorithm was used based on the work of
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Canny [39]. The white lines represent this edge. The data presented
in this figure represented the average of the images obtained in 1
each case to result in a general location where the flame boundary 09
sits. Averaging was performed as PLIF and PIV data were not £ 08
obtained simultaneously, preventing instantaneous comparisons :E 07
of both fields. It is noteworthy that cases 1 and 5 presented a V- g 06
shape flame, which was not demonstrated for case 3, outlining 2 os
the difference between both flames. 2 04
From the detected flame boundary, one can calculate the turbu- o3
lence Reynolds number at these positions. However, if one were to S o2
use Borghi diagram for flame classification, Damk&hler number 01
needs to be characterized. Damkdhler number is given by: 0 .
D t 3 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
a=te/t G) Distance [m]

where t; is the flow time scale, t. is the chemical time scale. Both of
these time scales can be given by

tr = 7‘/ Vims (4)

te = ¢ /ur 5)

where A is the integral length scale, Vs is the velocity fluctuation,
¢ is the flame thickness, and us is the flame speed.

In the context of this work, for Borghi diagram calculations,
laminar flame speed was used following the definitions of Peters

Fig. 8. Sample data for correlation coefficient vs. distance.
[40]. To calculate the flame thickness, the following equation was
used
8 = 2k/(py * Cp * uy) (6)

where k is the thermal conductivity of the mixture, p, is the
unburnt gases density, C, is the specific heat capacity [41]. These
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= Confined Diluted Mean: Case 3

€ Confined Phi=0.6 Mean: Case 5

Case 1, Phi=0.9, Re=4450,
0,=21%

Case 3, Phi=0.9, Re=6420,
0,=14.64%

Case 5, Phi=0.9, Re=6450,
0,=21%

Fig. 9. OH-PLIF signal with flame boundary detection.

Table 2
Calculated values for laminar flame speed and thickness.

Case Equivalence ratio Reynolds number Oxygen Conc. (%) Laminar flame speed (m/s) Flame thickness (mm)
1 0.9 ~4450 21% 0.346 0.491
3 0.9 ~6430 14.64% 0.0808 2.06
4 0.9 ~6800 13.8% 0.0595 2.813
5 0.6 ~6450 21% 0.116 1.45
1.E+00
Flamelets
i i 1.E+03
_ in Eddies . Phi=0.9 Phi=0.6  X02-14.64% 02-13.8%
9 1E-01 Phi=0. Well-Stirred Reactor A
€ Phi=0.6 (Distributed Combustion) e Yae~
§ 1.E+02
= .0 ©02=14.64% X =1
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Fig. 10. Combustion regimes for cases 1, 3, 4, and 5 at the different flame boundary
locations examined.
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Fig. 11. Damkohler number Vs. Turbulent Reynolds number for Combustion
Regimes for cases 1, 3, 4, and 5.

quantities can be determined knowing the temperature at the
desired location. The thermal field of this burner under the cases
investigated here has been previously characterized [33], and the
temperature values obtained were used herein for this calculation.

I/l

Fig. 12. Normalized rms velocity Vs. Integral length scale for Combustion Regimes
for cases 1, 3, 4, and 5.

The remaining quantity for these calculations was the laminar
flame speed. The flame speed for the different conditions examined
herein was calculated using CHEMKIN-PRO flame speed library
[42] using the GRI 3.0 mechanism [43]. These calculated values
agreed favorably with the available literature on flame speed using
nitrogen and carbon dioxide dilution [44,45]. Table 2 shows the
calculated flame speed and thickness for the cases examined. It is
noteworthy that the velocities and thicknesses were calculated
based on the inlet conditions, which may vary from the actual case
due to internal recirculation and mixing, however, it was reason-
able to assume that these velocities/thicknesses will scale equally
compared to each other, providing useful input for these
calculations.

Multiple points across the reaction zone boundary were
selected for Reynolds number and Damkohler number calculations.
These calculations were performed for case 1, 3, 4, and 5. These
points are plotted on a Borghi diagram (Reynolds-Damkd&hler num-
ber plane) in Fig. 10 showing the line separating flamelets in eddies
regime and distributed regime.
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The average of each of the cases were calculated and pre-
sented in Fig. 11. The plotted data showed clearly that upon
reduction of oxygen concentration, distributed reaction was
established in the combustor. On the other hand, operating the
burner with no dilution resulted in a flame that lies in the flame-
lets in eddies regime. Air dilution, lowering the equivalence ratio
and increasing Reynolds number, demonstrated lower Damkd&hler
number, however, the reaction was still in flamelets in eddies
regime. The Damkohler number was only significantly reduced
upon lowering the oxygen concentration, to achieve distributed
combustion, where the integral length scale was less than the
flame thickness, indicating significant impact of the turbulence
on mixing.

Further insights can be obtained if the data was plotted in a A/
8¢ — Vims/U¢ plane, see Fig. 12. This plot shows that the major con-
tributor was the integral length scale along with the flame thick-
ness. For the cases discussed, the turbulence Reynolds number
varied around 100, while Damkohler number varied by two orders
of magnitude between case 1 and case 4. If one were to look on the
integral length scale to flame thickness, this ratio varied by an
order of magnitude, while the velocity ratio varied between 10
and 50.

For all the cases (and different points examined here), the inte-
gral length scale varied by 21% (from 1.14 mm for case 1 to 0.9 mm
for case 4), while the fluctuating velocity varied by 26% (from
4.32 m/s for case 5 to 3.2 m/s for case 3). On the other hand, the
laminar flame thickness varied by an order of magnitude (from
0.49 mm case 1 to 2.8 mm case 4), as well as the laminar flame
speed (from 0.346 m/s case 1 to 0.0595 m/s for case 4). Both of
the latter quantities are function of the constituents, where flame
thickness is significantly increased while the laminar flame speed
significantly decreased by lowering the oxygen concentration.
These attributes help in establishing the distributed combustion
regime, as demonstrated here.

5. Conclusions

Colorless distributed combustion was investigated in a swirl
burner with focus on flame-flow interaction under relevant gas
turbine conditions. Velocity flowfield data showed that lowering
oxygen concentration through diluents for achieving distributed
combustion is essentially different as compared to air dilution
(lowering equivalence ratio). Though both had the same Reynolds
number, the recirculation zone strength was much different, as
well the flowfield turbulence. Distributed combustion
demonstrated higher recirculation and lower fluctuating velocity
in the reaction zone as compared to that of lower equivalence ratio
case.

The reaction zone was established using OH-PLIF with focus on
identifying the reaction boundary to calculate turbulence Reynolds
number and Damkéhler r number at these boundaries. These cal-
culations revealed that upon achieving distributed combustion,
the reaction occurs in a distributed regime that resembles a well-
stirred reactor, characterized by low Damkoéhler number. Further
analysis revealed that the major controllers are the flame thickness
and laminar flame speed. Lowering oxygen concentration, which is
the essence of colorless distributed combustion, results in a much
lower flame speed and thicker flame. If the integral length scale is
small enough, the reaction occurs in the distributed regime as
demonstrated here.

Understanding the controlling factors to achieve colorless dis-
tributed combustion, as provided herein, is key to achieve near
zero emissions and enhance performance using traditional and
biofuels with minimal or mitigated carbon footprint for sustainable
energy conversion.
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