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Stabilization and emissions characteristics of CH,~H, blends in a premixed
jet stabilized combustor

Rishikesh Sampat* ®, Niek Goselink ®, Kaushal Dave @, Ferry Schrijer, Arvind Gangoli Rao

Flow Physics and Technology, Faculty of Aerospace Engineering, TU Delft, Kluyverweg 1, Delft, 2629 HS, the Netherlands

HIGHLIGHTS

» CH,/H, admixtures from 0-100 % H, and lean equivalence ratios.

» Two main recirculation zones, where the PRZ has a higher recirculation ratio than the CRZ.

« Temperature, CO and NO mole fraction measurements in the reaction zone.

« Higher NO for higher H, % for the same ¢, but lean stable limit with higher H, %.

« Higher NO for higher H, % for the same ¢, but lean stable limit with higher H, %.

« Shift in reaction zone stabilization mechanism from autoignition to flame propagation when H, % increases or ¢ increases.

ARTICLE INFO ABSTRACT

Keywords: Low emissions and fuel flexibility are two important criteria required for gas turbine combustors to facilitate the
Jet recirculation energy transition to low-carbon fuels for propulsion and power applications. A jet-stabilized combustor, having
Flameless/MILD

both these characteristics, was operated with CH,-H, fuel mixtures with H, varying from 0 to 100 % and with
varying equivalence ratios (¢). Comprehensive measurements were carried out of the velocity field using Particle
Image Velocimetry (PIV), temperature and gas composition by traversing probes in the chamber, and flame
topology using chemiluminescence imaging. The flow field in this combustor consists of a jet that undergoes
recirculation, generating Central and Peripheral Recirculation Zones (CRZ and PRZ). The recirculation ratio in
the PRZ is found to be twice that of the CRZ. Increasing H, % for the same ¢ leads to higher NO,. Ultra-low
¢ flames could be stabilized only at H, >50 %, which in turn leads to low NO, due to low adiabatic flame
temperatures. The combination of temperature, gas composition (CO/NO), and chemiluminescence images is
used to identify the extent and location of the reaction zone. Distributed reaction zones, stabilizing at around
30 % of the length of the chamber, are achieved at lean conditions, whereas an increase in H, % makes the
reaction zone more compact and shifts upstream towards the burner head. Flame kernels are extracted from the
instantaneous chemiluminescence images, and probability distribution functions for their aspect ratio and axial
location are constructed. It is seen that reducing ¢ leads to low aspect ratio kernels that tend to occur further
downstream, whereas increasing H, % leads to higher aspect ratio kernels, stabilizing upstream. These flame
kernel statistics are also used to identify ignition modes (autoignition/flame propagation) for varying fuel H, %
and inlet ¢ based on a hypothesis of flame stabilization mechanisms.

Autoignition
Emissions
H, admixture

1. Introduction challenges, including an increased risk of flashback, combustion in-
stabilities, and potentially higher NO, emissions [3,4]. Moreover, the
near-term availability of green hydrogen is projected to be limited,
potentially insufficient to meet current energy demands [5]. To ad-
dress these constraints while still leveraging the benefits of hydrogen,
a viable strategy involves blending conventional fuels with hydrogen

Hydrogen has emerged as a promising energy carrier for reduc-
ing carbon emissions from combustion devices, aligning with global
efforts to mitigate climate change [1,2]. However, the direct substi-
tution of conventional fuels with hydrogen presents several technical
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Nomenclature

x Mole fraction

At Time interval between the successive PIV frames
6, Laminar flame thickness

€ emissivity

¢ Equivalence ratio

o Stefan-Boltzmann constant

o, standard deviation of velocity

t Time scale

AR Aspect Ratio

BPTRZ Broadened Preheat Thin Reaction Zone
COM Center of Mass

CRZ Central Recirculation Zone

D Diameter of fuel/air mixture nozzle (mm)

d Diameter of fuel nozzle (mm)

FOV Field of View

h Convective heat transfer coefficient

L, Characteristic length scale

LIF Laser Induced Fluorescence

N Number of samples

PDF Probability Density Function

PIV Particle Image Velocimetry

PLIF Planar Laser-Induced Fluorescence
PRZ Peripheral Recirculation Zone

PSR Perfectly Stirred Reactor

R, Radius of combustion chamber cylinder
rean Radial distance from wall

RR Recirculation Ratio

S; Laminar flame speed

T.I Turbulence Intensity

UV —-RAS Ultraviolet Resonant Absorption Spectroscopy
W SR Well Stirred Reactor

X Axial distance from burner head

Y Distance along the diameter of the chamber

to incrementally reduce carbon footprints. While hydrogen admixing
does reduce the carbon emissions, there is still an issue of high NO,
emissions. The flameless combustion regime is one possible combustion
strategy that can be exploited as it has good potential for the reduction
of NO, emissions, which makes it an attractive technology for gas tur-
bine engines [6]. It is also associated with autoignition as the primary
stabilization mechanism, as opposed to flame propagation [7,8], which
makes it important to analyze the ignition mechanism of different fuel
admixtures under varying operating conditions for optimal design.

A jet-stabilized combustor is a configuration within which
Flameless/MILD (Moderate or Intense Low-oxygen Dilution)
Combustion regime can be achieved in premixed/partially pre-
mixed fuel-air mixtures [9-11]. This configuration consists of reactants
entering the combustion chamber through high-velocity jets at speeds
that are typically much higher than the turbulent flame speed. These jets
are located off the axis of the combustor such that a strong recirculation
zone is established, thereby supplying hot combustion products back
to the reactant stream, which causes it to ignite and thus stabilize a
reaction zone in the chamber. The mixing of reactants and recirculated
hot products provides suitable conditions, i.e., high temperature of
reactants and dilution of O, content by the addition of diluents, leading
to Flameless/MILD combustion regime [12,13]. Studies such as [9]
and [10] experimentally analyzed CH,-H, flames in a jet stabilized
combustor, with a maximum H, admixture of 40 % (by volume) with
natural gas. The authors demonstrated the suitability of Flameless com-
bustion at gas turbine conditions by preheating the air and operating
at 20 bar. A combination of OH-PLIF and OH* chemiluminescence was
used to characterize the reaction zone and emissions were measured at
the exhaust using an exhaust gas analyzer. Low NO, emissions were
achieved when the reaction zone was homogeneously distributed over
a large volume, and the equivalence ratio (¢) was < 0.5. Further, it
was postulated that by increasing jet velocity, the mixing between fresh
fuel/air and recirculated burnt gases was enhanced and the residence
time was reduced. [14] investigated the flame stabilization mechanism
in a single jet stabilized combustor, operating on a CH, air mixture at
¢ = 1, T;;=473 K, Re=5640. This resulted in a visible, lifted flame
which was measured by OH-LIF, PIV, and OH* chemiluminescence, all
at 5 kHz, thus yielding time-resolved information of the phenomenon.
Vortices were generated in the shear layer, but only on the side where
there was enough distance between the jet and the wall. These vortices
induce the mixing of the recirculated hot products and fresh reactant
stream, leading to a series of events in which the mixture ignites, there
is a flame wrap-up, flame expansion, and finally, a merger into the main
flame body. While flame propagation was attributed to cause most of

the flame expansion, autoignition could not be ruled out. Autoignition
was seen to occur through isolated flame kernels at the bottom of the
flame body at high frequency, which had a significant effect on the
lift-off height. Although the relative weightage of autoignition and
flame propagation was difficult to quantify based on these diagnostics,
it was clear that the mixing of hot products of combustion and fresh
reactants led to the formation of flame precursors, which may enable
both flame propagation and autoignition further downstream. Liu et al.
[15] investigated the effect of H, addition to CH, in a mild combustor,
which was a jet-stabilized FLOX burner similar to the one in the current
study. They explored H, mixtures up to 50 % (by volume). The authors
presented measurement results from direct imaging by DSLR and OH*
chemiluminescence to image the flame topology. Further, the exhaust
flue gas temperature and composition were measured using a type B
thermocouple and an exhaust gas analyzer, respectively. The combustor
was also modeled using a Chemical Reactor Network. Ultra-low NO,
(< 5 ppm) was reported and the addition of H, led to a reduction
in reaction zone lift-off height. The authors also found it difficult to
stabilize a reaction zone above 50 % H,.

While the above are examples of premixed/partially premixed sys-
tems, the literature also encompasses flameless combustion systems
wherein the fuel and air are injected through separate streams and in-
teract in the combustion chamber. The operational characteristics of a
small-scale combustor were studied by Verissimo et al. [16]. The com-
bustor was non-premixed, with a central air nozzle surrounded by fuel
nozzles. Emissions were measured for ¢ <1.0, and NO, first increased,
peaked at ¢=0.5 with a value of 9 ppm, and then decreased. On the
other hand, CO first decreases and then increases below this value of
¢. Further studies were done to assess the effect of inlet air velocity
[17], thermal power input [18] and air preheat temperature [19]. The
effect of increasing air velocity by changing nozzle diameter, i.e., keep-
ing all mass flows constant, resulted in lowering of NO, and increasing
CO. This is attributed to higher entrainment of fuel and recirculating
product gases into the air jet, which helps in the onset of flameless com-
bustion. Increasing thermal power implied increasing velocity of all inlet
streams while keeping the equivalence ratio constant. This had a signifi-
cant effect on residence time, thus higher thermal power cases had lower
residence time. This led to higher CO at the exit; however, the NO, re-
mained constant. This was attributed to the suppression of the thermal
NO,. pathway under FC regime and it is stipulated that the N,O pathway
may have a more important role.

Ayoub et al. [20] performed measurements on a reverse flow non-
adiabatic combustor where all the combusted product gases are recir-
culated and exhausted through the burner head where fuel and air are
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injected. There are cooling tubes in the combustor which extract heat to
emulate a process load. They performed OH* chemiluminescence imag-
ing and exhaust gas measurements to characterize the reaction zone
optically and the resultant net emissions. The furnace was operated with
methane as well as methane-hydrogen mixtures by Ferrarotti et al. [21],
and they observed that NO, increased with increasing H, % from O to
100 %. Decreasing the fuel injector diameter from 25 to 16 mm led to
a reduction of NO,, from 175 ppm at 3 % O, to 60 ppm at 3 % O, for
100 % H,. By increasing the length of the fuel lance protruding into
the chamber from 0 to 50 mm, the NO, could be further reduced from
60 to 30 ppm for 100 % H,. This was attributed to the extra residence
time available for the air to mix with the exhaust gases before interact-
ing with the fuel stream. The pure CH, case showed negligible levels of
NO,..

The jet-in-hot-coflow (JHC) has emerged as a popular choice to em-
ulate conditions created locally in a flameless/mild combustor in the
laboratory while allowing for high-fidelity laser diagnostics. Medwell
et al. [22] observed that for cases with hot coflow, high levels of
formaldehyde (CH,0) were also seen in the preignition zone, i.e., much
upstream of the actual lift-off height. This suggested that MILD com-
bustion conditions lead to a different flame stabilization mechanism.
Gordon et al. [23] identified a series of temporally successive phe-
nomena based on previous experiments and numerical simulations that
indicated the existence of autoignition. The events are:

1. Build up of precursor pool: where the mole fraction of CH,O
increases significantly and that of OH remains low.

2. Initiation of reaction: CH,O and OH mole fractions reach a
maximum in a very short period of time.

3. Formation of a steady flame: CH,O peak decreases while the OH
peak mole fraction does not change.

The authors took simultaneous OH, CH,O PLIF, and Rayleigh tem-
perature measurements in a flame of methane in vitiated coflow and
identified the existence of these events. They concluded that they ob-
served a high percentage of autoignition events at the base of the lifted
flame, and thus, it was highly likely to be the stabilization mechanism
for such a flame.

Oldenhof et al. [24] tracked ignition kernels in the Delft jet-in-hot-
coflow (DJHC) and analyzed the lift-off behavior. The trends for the
sensitivity of lift-off height to jet Reynolds number were completely dif-
ferent for hot and diluted coflow compared to conventional lifted flames.
The addition of higher alkanes and increasing the coflow temperature
had similar effects, leading to lower axial location where ignitions first
occur, higher ignition frequencies, and reduced lift-off height. A quan-
titative analysis of entrainment of coflow gases into the central jet [25]
revealed that the rate at which oxidizer is transported to the shear layer
between the jet and the coflow, where mixing occurs, is critical to flame
stabilization. Specifically, in the case of the DJHC, there is a positive
radial temperature gradient, and an increase in jet velocity leads to in-
creased entrainment of hot coflow, which leads to the initial drop in
lift-off height with jet velocity.

To study autoignition, one must be able to identify and distinguish it
from flame propagation, which is the stabilization mechanism for a con-
ventional flame. Several researchers have worked on developing criteria
for the same. Gordon et al. [7] have developed two indicators based on
numerical modelling. The first one is a budget of convection, diffusion,
and the reaction of key species wherein it was shown that for a conven-
tional flame, diffusion plays an important role, whereas for autoignition,
the convection and reaction terms mostly balance out each other. The
second is the build-up of HO, prior to autoignition followed by the
creation of H, O, and OH, whereas, in conventional premixed flame prop-
agation, all radicals would build up simultaneously. On the other hand,
Schulz et al. [26] derive an autoignition index solely based on the chem-
istry. HO, is denoted as a critical intermediate specie in the heat release
reactions, and it is found that the consumption occurs through two main
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reactions: HO,+H 2 OH +OH (R6) and HO,+OH = H,0+0, (R8).
The relative extent of each reaction turns out to be a good indicator of
whether the reaction is stabilized by flame propagation(R6 >R8) or au-
toignition(R8 >R6). This criterion is used to identify autoignition events
in a turbulent lifted methane-air flame, and it is shown that premixing
and opposed mixing mode autoignition are the prominent mechanisms
of stabilization in the outer shear layer and at the flame base. Aditya
et al. [27] extended the Chemical Explosive Mode Analysis (CEMA) to
distinguish between autoignition and flame propagation. The ratio of the
non-chemical to the chemical source term (@ = ¢,/¢,,), projected to the
left eigenvector of the Chemical Explosive Mode, indicates the relative
importance of diffusion to chemical kinetics. The value of this parameter
is used to denote assisted ignition, i.e., flame propagation, where diffu-
sion plays a significant role, autoignition, and local flame extinction.
This indicator is used to identify in the Direct Numerical Simulation
(DNS) of a reheat combustor that most of the fuel is consumed via the
autoignition process.

While jet-stabilized combustors are suitable for low NO,, combustion,
there have been limited studies on the nature of the flame stabilization
mechanism (autoignition/flame propagation) under varying hydrogen
admixture conditions. Further, to the best knowledge of the authors,
there are no studies of this configuration providing temperature and
gas composition within the reaction zone, leaving much of the detailed
reaction kinetics to informed extrapolation or entirely derived from
simulations.

This study bridges a critical research gap on premixed jet-stabilized
combustors operating on CH,/H, fuel admixtures by providing a com-
prehensive experimental dataset that includes velocity fields, temper-
ature, composition, and flame chemiluminescence for varying equiva-
lence ratios and H, content, varying from 0 to 100 % H, by volume,
in the fuel mixture. Our extended PIV measurements cover both Central
and Peripheral Recirculation Zones, offering a more complete flow field
view, which is used to quantify the recirculation ratio based on the de-
tected interfaces. Detailed temperature and composition measurements
in the reaction zone provide unprecedented insight into chemical reac-
tion progress within the chamber. We present an innovative approach to
analyzing low-fidelity chemiluminescence data to distinguish between
autoignition and flame propagation modes and the mode of ignition and
stabilization of the reaction zone is observed to shift based on reactant
composition. Integrating these multi-parameter analyses offers a unique
characterization of this combustor configuration.

2. Experiment setup
2.1. Setup and operating conditions

The experiments were conducted in a jet-stabilized combustor,
shown in Fig. 1 the burner head of which consists of 12 nozzles of diam-
eter, D=6.67 mm each. Each nozzle has a fuel nozzle of d=1 mm inner
diameter located upstream in tandem, such that the air and fuel mix in
a channel of length ~5D/33 d before entering the combustion chamber.
The combustor was operated with two configurations, the first was with
a cylindrical quartz combustion chamber (inner diameter, I.D = 208 mm,
thickness, th=3 mm), to allow complete optical access and the sec-
ond was with a stainless steel 304 combustion chamber, which had six
access ports, to allow for intrusive temperature and gas composition
measurements [28].

The massflow rates of CH,4, H, and pilot burner air were controlled
by Bronkhorst El-flow flow controllers which have an accuracy of + /-
0.5 % of reading plus +/-0.1 % of full scale. The main and cooling air
flow rates were controlled by Bronkhorst In-Flow meters with Badger
RCV Control valve leading to an accuracy of +/-1 % of full scale. The
combustor was operated for fuel mixtures with H, % from 0 to 100 %
and equivalence ratio (¢) varying from 0.3 to 1.0 at a constant inlet air
temperature of 350 °C and constant nozzle bulk velocity of ~100 m/s.

When operating the facility, a fixed startup procedure was followed;
the system was preheated by allowing a nominal main air flow rate, set
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Fig. 1. Combustor setup where access ports are indicated as P1-6. All dimensions are in mm.

to a temperature of 350 °C, till the temperature registered on the outer
wall of the burner head was around 80 °C. At this point, the pilot burner
was ignited and then the main burner was started at a nominal power
of 20 kW at 100 % CH,4, ¢ =0.8. After the massflow rates and exhaust
temperature stabilize, the pilot burner was turned off. The main burner
power was slowly increased to 30 kW and the system was allowed to
heat up until it reaches a steady state, noted by the temperature of the
external wall of the burner head. Once this was achieved, the parameters
were set to the desired operation conditions, and the measurements were
taken once the system reached a steady state. The facility is designed to
be able to operate up to a maximum of 200 kW thermal power, however,
in this study, it was operated between 30 and 80 kW. Although the pilot
burner was turned off, a nominal air flow of 62 Inpm was maintained to
prevent damage by overheating. This served as a dilution stream in the
combustor, thereby altering the effective equivalence ratio.

Detailed settings of the operating conditions are listed in Table 1.
The H, %, equivalence ratio (¢), heater temperature (set to 350 °C) and

thermal power (Q;,) were given as inputs to the control system. The
value of ¢ specified was that for the main burner. The massflow rate set
points were obtained by calculation and the values listed in the table are
the average of those that were measured by the massflow controller. The
temperatures listed are the average of the uncorrected measured values
from Inconel sheathed K-type thermocouples.

2.2. Measurement techniques

The velocity field was measured using PIV in the quartz combustion
chamber under reacting flow conditions for a mixture of H, =0 % at a
thermal power of 60 kW, T,;.=350°C for ¢=0.6 and 0.8. TiO, parti-
cles of an average particle diameter of 0.5 pm were used to seed the
flow through the fuel stream in the top nozzle of the burner head, as
shown in Fig. 1. The particles were illuminated with an Evergreen dou-
ble pulse laser with 200 mJ pulse energy and a pulse width of 9 ns
at 532 nm emission, formed into a sheet with an average thickness of
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Table 1
Time averaged operating conditions.
Hy% ¢ Tar CO  Tpa OO Ty OO sty Anpm) sy, (Inpm) - singy, (Inpm) Uy (M/5)  Qy Teoot O Tewhause  Mpitovaic  Meooling air
(kW) [§9) (Inpm)  (Inpm)
0 0.6 371 19 301 1133.7 71.5 0.0 102.3 42.6 4 519 62 2129.2
0 0.7 378 19 298 1131.5 83.2 0.0 102.4 49.6 4 547 62 2607.4
0 0.8 373 19 294 1131.3 94.8 0.0 102.7 56.6 3 566 62 3088.7
0 0.9 371 19 290 1123.0 106.4 0.0 102.4 63.5 2 581 62 3598.7
0 1 371 19 287 1121.5 117.8 0.0 102.6 70.3 2 590 62 4018.4
10 0.6 363 20 300 1133.3 69.3 7.7 102.5 42.8 4 522 62 2134.1
10 0.7 364 20 296 1127.0 80.6 8.9 102.4 49.7 4 544 62 2548.5
10 0.8 367 20 293 1123.5 91.9 10.1 102.4 56.7 4 563 62 3046.8
10 0.9 366 20 289 1122.1 103.0 11.4 102.7 63.5 3 575 62 3528.1
10 1 372 19 285 1115.9 114.1 12.6 102.5 70.4 2 592 62 4061.9
50 0.35 366 20 307 1050.0 30.8 30.8 95.2 23.9 4 452 62 1166.1
50 0.5 365 20 299 1113.7 46.9 46.9 102.0 36.4 4 496 62 1816.3
50 0.6 366 20 294 1108.5 56.0 56.0 102.2 43.5 3 528 62 2215.3
50 0.7 367 20 289 1103.7 64.9 64.9 102.4 50.4 3 548 62 2636.9
50 0.8 369 20 284 1096.8 73.8 73.8 102.5 57.3 2 564 62 3103.8
50 0.9 372 20 280 1093.0 82.5 82.5 102.8 64.1 2 578 62 3603.0
50 1 371 20 275 1086.5 91.1 91.1 102.8 70.7 2 591 62 4115.2
80 0.3 368 20 303 1110.9 17.5 70.1 102.0 23.1 5 437 62 1130.7
80 0.5 368 20 289 1090.4 28.6 114.4 102.4 37.7 4 503 62 1912.7
80 0.6 367 20 283 1077.9 34.0 135.9 102.4 44.7 4 533 62 2286.4
80 0.7 367 20 276 1064.8 39.2 156.9 102.4 51.6 3 552 62 2698.6
80 0.8 367 20 271 1054.7 44.4 177.5 102.5 58.4 3 562 62 3105.5
80 0.9 365 20 265 1048.9 49.4 197.6 103.0 65.0 3 571 62 3539.1
80 1 363 20 260 1032.4 54.3 217.3 102.6 71.5 3 575 62 3939.6
100 0.3 369 20 293 1082.6 0.0 136.9 102.0 24.6 5 436 62 1238.4
100 0.6 365 20 266 1032.3 0.0 259.6 102.9 46.7 4 535 62 2440.4
100 0.8 368 20 250 993.8 0.0 334.7 102.7 60.2 3 569 62 3316.0
100 1 369 19 237 965.4 0.0 405.0 103.2 72.8 3 582 62 4172.5

1 mm using a series of optics. Two LaVision Imager sCMOS cameras
with Micro Nikkor 105 mm lenses with f# 11 were used in planar two
component mode. Each camera had a pixel size of 6.5 um and field
of view 131 mm as shown in Fig. 1, denoted as FOVpy. Their frames
overlapped by 24.7 mm along the axis of the combustor. Approximately
2000 images were acquired for each case at 15 Hz with a At of 3.5 and
6 us for the cases of ¢ = 0.6 and 0.8, respectively. The uncertainty,
based on Gaussian distribution, of the mean is 4 %o, (c,/ v/N) and of
the root mean square (RMS) is 3 %o, (c,/ \/ﬁ ) for 95 % confidence
interval, where ¢, is the standard deviation of velocity. Polarisation fil-
ters were placed in front of the lens to reduce noise from reflections of
the laser from the surfaces of the quartz pipe, and a 532 nm bandpass
filter was used to minimize background noise and the effect of flame lu-
minescence. The images were processed in DaVis 8.4 using an iterative
multi-grid approach such that the final pass was done by a 24x24 pixel
window with 75 % overlap. This resulted in a vector spacing of 305.6
um and a window size of 1222.4 um. While the resolution is relatively
coarse, it is the best possible trade-off to capture the relevant field of
view to observe the overall flow field.

The gas analyzer and thermocouple measurements were done using
the steel chamber by inserting the probes through access ports P1-P6, as
shown in Fig. 1. Each probe had a bushing such that the probe slid within
the inner bore of the bushing while keeping minimal clearance. The in-
ner bore diameter was 0.5 mm larger than the respective probe. Due to
the pressure drop across the exhaust duct of the combustor, the pres-
sure within the chamber exceeded that of the surrounding atmosphere.
Consequently, gas could have leaked out of the chamber through the
gap between the bushing and the probe, while the reverse flow was not
possible. This condition ensured that the composition and temperature
measurements were not diluted by the surrounding air. The measure-
ments were done by traversing the probe radially at a constant speed
such that a distance equal to twice the characteristic length (equal to
the diameter of the probe) was traversed while acquiring 100 and 200
samples for the gas analyzer and thermocouple, respectively. The values
were spatially averaged to reduce measurement noise by taking a sliding
average with a convolution filter of the size of the characteristic length.

An S-type thermocouple with a platinum (10 %) sheath was used
to probe the temperature within the chamber. The thermocouple
measurements in the chamber were corrected using an energy balance
equation,

e,E(z)'eng4 + aewa,,T;a”) +h(T, - T,) - Ue,CTti =0, 1)
where ¢,, was the emissivity of the thermocouple sheath, ¢, the emis-
sivity of the combustor inner wall, ¢, the emissivity of the gas around
the thermocouple measurement point, T, the temperature measured by
the thermocouple, 7, the temperature of the gas around the thermocou-
ple measurement point and 7, the temperature of the inner wall of
the combustor as measured by the thermocouple at r=0.0. Details on
the parameters used for the corrections can be found in Appendix B.1 in
supplementary data.

A suction-based system was used to extract gas samples to measure
composition in terms of NO, CO, CO,, CH,, and O,. The probe was an
Inconel pipe with an outer diameter of 6 mm and an inner diameter
of 3 mm. The temperature just before the heated line of the gas an-
alyzer was measured to ensure that the gases were quenched but not
cold enough to allow for the condensation of water vapor. An ABB
Limas21 HW process photometer (UV-RAS) (0.1 ppm accuracy) was
used to measure NO under hot-wet conditions, i.e., the water vapor was
not condensed out of the gas stream. This was ensured by maintain-
ing the heated hose at 180 °C and the Limas21 module at 80 °C. The
remaining gases were measured on a dry basis by condensing out the
water vapor using a cooler. CO,, CO, and CH, were measured using a
Uras26 IR absorption analyzer (0.1 % vol/ 10 ppm/ 0.01 %vol accu-
racy), and O, was measured in the Magnos28 paramagnetic analyzer
(0.1 % vol accuracy). The gas analyzer was calibrated daily using Air
Liquide calibration bottles with a certified accuracy of 1 %. NO was
calibrated with a bottle of NO/N, (8.46 ppm/balance), CO and CH,
on a bottle of CO/CH4/N, (801 ppm/3.99 %vol/balance), CO, on a
bottle of CO,/N, (59.8 % vol/balance) and O, on laboratory air. The
respective bottles were used for span calibration, while zero calibra-
tion was done using a bottle devoid of the species. Gas composition
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measurements are corrected to a standard value of 15 % O, using the
equation:

100

Zj@15%0y = XJpeas [—0.2096 m_—
2

0.2096 —
} , (2)

where ; is the mole fraction of species ’j’ and ), is the measured mole
fraction of oxygen.

Chemiluminescence imaging of the flame was done using a Nikon
D7500 DSLR and the field of view is shown in Fig. 1, denoted as FOV ;...
The exposure time ranged between 100 and 800 ps, and for ¢ < 0.4, the
value was 2.5 ms due to a fainter signal. The “blue” component of the
acquired images, which has a peak around 455 nm and a full width at
half max (FWHM) of ~100 nm [29], is extracted and used for further
processing. This correlates with the CH* emissions (431 nm) for flames
with CH,; however, a significant blue spectrum is also seen for H, en-
riched flames up to 100 %, as was characterized by [30]. Flame kernels
were identified for the instantaneous fluctuation images using an algo-
rithm based on a combination of the Density-Based Spatial Clustering
of Applications with Noise (DBSCAN) [31] and Otsu thresholding al-
gorithm [32]. The detailed procedure is explained in Appendix B.2 in
supplementary data.

3. Results and discussion
3.1. Flow field

Fig. 2a and b show the mean axial velocity field for the reacting flow
at 60 kW, H, =0 % with ¢=0.6 and 0.8 respectively, to visualize the
flow fields of two different nozzle bulk velocities and fields of varying
levels of temperature due to the influence of ¢. The high-velocity jet exits
the nozzle and forms two recirculation zones, one towards the center of
the combustion chamber, the Central Recirculation Zone (CRZ), and one
towards the wall, the Peripheral Recirculation Zone (PRZ). The PRZ is a
more compact region than the CRZ. The jet flow impinges on the wall at
X~130 mm (X/D=19.5), closing off the PRZ, and continues as a wall-
bounded flow with further development of the CRZ downstream. This
is a typical feature in wall offset jets parameterized by an offset ratio
[33,34].

The jet entrains fluid from the recirculation zones, the extent of
which is determined by tracking the inflow at the interface between the
jet and the surroundings. This was done by first determining the jet cen-
terline, which was defined as the location of maximum axial velocity for
every X-coordinate. Next, the interface was detected, which was defined
as the location perpendicular to the centerline where the tangential ve-
locity changed sign. The interface and jet centerline are shown overlaid
on the flowfield in Fig. 2. Finally, the velocity component perpendicu-
lar to the local interface was used to compute the entrained flow. The
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local entrainment ratio (ER) ((dQ/dx)/Q;,, where dQ/dx was the vol-
ume flow entrained per unit length of the interface and Q;, is the inlet
volume flow at the nozzle) is computed for the CRZ and PRZ as shown
in Fig. 3a and b. One can observe that the ER for the CRZ is high in the
initial part of the chamber(up to X~50 mm) after which it becomes neg-
ative, indicating a detrainment. The PRZ, on the other hand, continues
to have a positive value up to X~100 mm. The total recirculation ratio
(RR) is computed by integrating this data along the interface and is listed
in Table 2 along with the contributions from the PRZ and CRZ. Further,
the PRZ contributes more than the CRZ to the recirculation ratio by a
factor of 2-2.5.

This combustor has a high recirculation ratio (~2.5) on a volume
basis, with a split of ~3.5 in the PRZ and ~1.5 in the CRZ. Combining
this with the temperature measurement information presented ahead
in Section 3.2, one can estimate the density ratio of the recirculated
products to the incoming reactants. Estimating an average value from
the measurements, the products from the PRZ are at 1250 K, from the
CRZ are at 1500 K, and the inlet reactants are at 623 K. This results in
a density ratio of ~0.5 and 0.4 for the PRZ and CRZ, respectively. Thus,
the recirculation ratio on a mass basis is approximately 1.75 for the PRZ
and 0.6 for the CRZ, resulting in a total RR of ~1.2. This would provide
conditions for significant dilution of the fresh reactants and raise the
temperature, making it suitable for Flameless/MILD combustion.

The turbulence intensity, shown in Fig. 4 has a similar distribution
and magnitude for both cases. There is a peak value between 25 and
30 % closer to the jet exit, while further downstream in the region where
recirculation begins, it reduces to around 15 %. In the downstream re-
gion beyond where the flow impinges on the wall, the value drops to
10 % and lower for ¢ = 0.6, while it maintains a higher value, 10-15 %
for ¢ =0.8. The lower jet velocity in the latter case may lead to less
turbulence dissipation. The central recirculation zone has higher turbu-
lence intensity than the peripheral recirculation zone due to dissipation
at the wall. The high turbulence region, ~ 15 % extends as a bulge to-
wards the central recirculation zone in the region of 50 < X < 125 mm
and -20 < Y < —40 mm.

The turbulence intensity obtained from PIV is a guideline for esti-
mating the magnitudes under varying operating conditions. The two
critical regions where reactive mixtures may be formed are at the in-
terface of the jet and recirculation zones close to the jet exit (T.I=25 %)
and further downstream, where the jet slows down and reverses to
recirculate (T.I=15 %). These values are used to plot the operating con-
ditions on the Borghi diagram and predict the behavior of premixed
flames under varying inlet composition conditions. The laminar flame
speed was calculated using the FreeFlame model in Cantera [35] for a
mixture consisting of 50 % fresh reactants, by mass, and the remain-
der being burnt products. The POLIMI_ C1C3_HT NO,_1412 chemical
kinetic mechanism [36,37] was used (referred to as C1C3 in this article),
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Fig. 2. Axial velocity contour map with vectors overlayed for H, =0 %, P=60 kW, (a)$=0.6 (b)¢=0.8.
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Fig. 3. Entrainment ratio along the combustor axis at the CRZ and PRZ for H, =0 %, P=60 kW, (a)$=0.6 (b)¢=0.8.
Table 2 The case of 0 % H, could reach a minimum of ¢=0.5, below which a
Recirculation ratio and contributions from PRZ and CRZ. converged solution was not possible.
Power (kW) b Recirculation Ratio PRZ CRZ
RR RR RR
(RR) 3.2. Temperature measurements
60 0.8 2.56 3.68 1.49
60 0.6 2.52 3.45 1.6 The temperature within the combustion chamber was measured by

which is a detailed mechanism of the pyrolysis, partial oxidation, and
combustion of hydrocarbon fuels up to 3 C atoms with NO,. It ac-
counts for 115 species and 2141 reactions. Sabia et al. [38] showed
that the C1C3 mechanism (also called the Ranzi mechanism in the lit-
erature [36,37]) captured the low-temperature chemistry and Negative
Temperature Coefficient (NTC) region of methane-air combustion the
best amongst the openly available mechanisms compared in the study.
As this study encompasses methane-hydrogen admixtures under vitiated
conditions, requiring ignition at moderate temperatures, this mecha-
nism was chosen. The fresh reactants were initiated at a temperature
of 623 K and the burnt products were calculated for the fresh reactant
mixture using a Perfectly Stirred Reactor (PSR) model. The operating
conditions at various turbulence levels are plotted in Fig. 5, where it
can be seen that most of the points lie in the Broadened Preheat Thin
Reaction Zone (BPTRZ) region. Increasing the percentage of H, seems to
shift the point towards the bottom right, i.e., more corrugated flamelets.
Increasing the turbulence intensity from 15 % to 25 % pushes the con-
ditions into Broadened Reactions (BR), although this is achieved only
under the leanest equivalence ratio conditions with H, =50 % and 80 %.

X (mm)
U2 U

0.00 0.05 0.10 0.15

(@

0.20 0.25 0.30

traversing an S-type thermocouple radially through access ports on the
wall of the steel chamber. Temperature measurements vs radial location
are shown in Fig. 6, for H, = 0, 50, 80, and 100 % at Port 2, 3, 5, and 6,
the locations of which are shown in Fig. 1. The radial locations are rep-
resented as the distance from the combustion chamber wall, normalized
by the radius of the chamber. The measurements have been corrected
for radiation and convection based on the velocity field. The vertical
lines indicate the radial location of the jet centerline (-.) and interface
with the recirculation zones (- -), obtained from the flow field presented
in Section 3.1.

The temperature magnitude increases with equivalence ratio, as
expected. The peak values increase from Port 2 to Port 3 and then
decrease at Ports 5 and 6, which indicates that heat release by com-
bustion primarily occurs up to Port 3, and then further downstream,
heat loss dominates. However, for the leanest cases of each H, %, i.e.,
H,=0% ¢=0.6, H, =80 % ¢=0.3, H, =100 % ¢ =0.3, this trend dif-
fers with peak values increasing from Port 2 to Port 5, indicating a more
distributed heat release zone which is shifted further downstream. From
the location of the peaks, it seems that the point of highest heat release
is concentrated near the interface of the jet and the recirculation zones
(PRZ and CRZ). For the CRZ, side, the peak is shifted into the CRZ at
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Fig. 4. Turbulence intensity for H, = 0 %, P = 60 kW, (a) ¢ = 0.6, (b) ¢ = 0.8.
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Fig. 5. H, admixture conditions plotted on the Borghi diagram for «' /U, = (a) 0.15, (b) 0.25 for a jet of U, = 100 m/s. The symbols indicate H, percentage in the
fuel mixture and colours indicate the equivalence ratio. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

Port2 and moves inward towards the jet center at successive Ports. The
peak near the PRZ interface is lower than that near the CRZ at Port2
except for in the case of H,=0 % ¢=0.6 and H,=80 % ¢=0.3. In
these exceptions, the lower or almost equal level of peak near the CRZ
indicates a delay in ignition on the CRZ side, possibly due to lower en-
trainment, as shown in Section 3.1. Further downstream, at Port 3, the
peak near the PRZ vanishes as the interface line shifts closer to the wall,
resulting in higher heat loss from the reaction zone. This corresponds to
the region where recirculation towards the wall initiates. The flow im-
pinges on the wall around Port 5, where the PRZ interface is no longer
present, and the jet centerline is exposed to direct heat loss at the wall. At
Ports 5 and 6, even the peak near the CRZ is negligible. There is a steep
drop in temperature near the wall (0 < r,,,;; /Ry < 0.1 —0.25) due to heat
losses. Interestingly, the temperature values remain similar for varying
H, content. This may be due to backflow from the cooling system, which
is discussed in detail in Appendix A.1 supplementary data.

3.3. Gas composition measurement

The gas composition was measured by extracting samples through a
probe traversing radially through access ports on the wall of the steel
chamber. This provides an overview of the spatial distribution of the
reaction zone and NO formation sites. The radial distribution of CO is
shown in Fig. 7 and that of NO in Fig. 8. There are vertical lines, similar
to those in the temperature plots, that indicate the location of the local
jet center (-.) and the interface with the PRZ and CRZ (- -), obtained from
the flow field presented in Section 3.1.

The typical pathway for combustion of CH, is, CH4 — CH; — CH,0
— HCO — CO — CO,. Thus, in this study, CO measurements are consid-
ered a marker of a progressing reaction zone for fuel mixtures ranging
from O to 80 % H,. The reader can refer to Appendix C.2 in supplemen-
tary data for CH, and CO, to verify the reaction progress. For H, =0 %,
there is a high level of CO at Port 2. For ¢=1.0, a single peak is seen
close to the jet centerline, while ¢)=0.6 and 0.8 show two peaks. The
two peaks in ¢ =0.8 are less separated than those in ¢ =0.6 and occur
between the jet centerline and the CRZ interface. In the case of ¢=0.6,
one peak is between the PRZ interface and the jet centerline and the
other lies within the CRZ. Further, the CO peak is higher near the CRZ
than the PRZ. This biasing of the peaks may be explained based on the
information on the velocity field in Section 3.1.

It is observed that the entrainment of fluid into the jet is stronger
at the interface on the PRZ side in 0 < X < 100 mm than the
CRZ. This results in more recirculated combustion products at elevated

temperatures and containing radicals entering the jet and mixing with
fresh reactants on the PRZ side, resulting in more dilution of the fresh
reactants and earlier reaction progress. On the CRZ interface side, the ig-
nition and resulting heat release reaction are slower due to less dilution
with recirculated hot products, resulting in less reaction progress and
higher CO. In the case of H, =0 % ¢ =0.6, the CO peak lying in the CRZ
suggests that the process is driven by turbulent diffusion at the interface,
where some fresh reactant mixes with the hot products, resulting in a
low fresh mixture fraction that ignites. This is also the observation at
Port 3.

At Ports 3 and 5, for Hy, =0 % ¢=0.8 and 1.0, there is lower CO to-
wards the chamber center, and the value increases near the wall due to
a slowing down of reactions because of heat loss, as seen in the temper-
ature profiles in Fig. 6. The CO value is comparatively low (<100 ppm)
at Port 3 and 5, indicating that most heat release reactions occurred up-
stream. Thus, the recirculated gases can be considered to be fully burnt
products. On the other hand, for ¢ =0.6, there is a significant CO value
at Port 3, thus leading to some unburnt mixture being recirculated in the
PRZ. This can also be seen through high CO values in the PRZ at Ports
2 and 3 for this case.

The 50 % and 80 % H, cases with ¢=0.6 and 1.0 have a very low
level of CO in all Ports with a single peak at Port 2 and the magnitude
decreases in Port 3 and 5 successively. This indicates that the reaction
initiated and progressed significantly before the axial location of Port 2.
For 80 % H, and ¢ =0.3, CO has a uniform radial distribution at Port 2,
and the value increases at Port 3 and decreases at Port 5, indicating a
distributed reaction zone centered around Port 3. The biasing of the CO
peak towards the CRZ interface at Port 2 and 3 is also seen for ¢=0.6,
H, =50 and 80 % at Port 3 and H, =80 % at Port 2. At Port 5, $=1.0
has higher CO than ¢ =0.6. This may be due to the CO-CO,, equilibrium
shift in the backward direction due to the lack of excess O, and higher
adiabatic flame temperature. CO values are higher near the wall due to
flame quenching due to heat losses and decrease towards the center due
to higher temperatures.

The NO radial distribution at Ports 2, 3, and 5 is shown in Fig. 8.
For the case of 0 % H,, for ¢=1.0 and 0.8, there is a trough in NO at
Port 2, the region within the jet. At Ports 3 and 5, the distribution in-
creases from the wall to the chamber center. NO is also higher for higher
¢. In the cases of 50 and 80 % H,, the trough at Port 2 is somewhat
visible for ¢=1.0, but for the rest of the cases and Ports, the values
are either increasing from wall to centerline or almost constant. This
is opposite to the CO trend but may be expected as the temperature
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Fig. 6. Temperature vs radial location at Ports 2, 3, 5 and 6. The vertical lines indicate the local jet center (-.), PRZ, and CRZ (- -) on the left and right of the jet

centerline, respectively.

increases towards the centerline. However, the temperature does not
rise monotonically and has peaks around the edge of the jet, but the NO
profile does not respond accordingly. This may be due to low oxygen
levels in the recirculated products and the slow NO formation rate in a
fast-moving flow.

The NO, measured at the exhaust of the quartz chamber configu-
ration and compared for all operational conditions, is shown in Fig. 9a.
Ultra-low levels of NO (< 5 ppm) were achieved at extremely lean condi-
tions (¢ < 0.6), and these conditions were only achievable, i.e., possible
to stabilize in the chamber, with higher levels of H, in the fuel mixture.
However, for H, = 50 % ¢ <0.4, the corresponding CO levels are high
~1000 ppm, as shown in Fig. 9b. This indicates that for these condi-
tions, a lower jet velocity would be preferred to increase the residence
time for CO consumption with possibly minimal impact on NO, which
is already ultra-low. NO increases with ¢ and seems generally higher
for higher H, content in the fuel for the same ¢. One can also observe
that the case of 80 % H, goes off trend and does show higher NO than
the 100 % case at ¢»=0.3 while having lower NO than the 50 % case

=]

at ¢ =1.0. If one observes the adiabatic flame temperature of these fuel
mixtures in Table 1, the value is higher for higher H, content. However,
the difference is minimal, i.e., < = 100 K. Thus, other factors may be
responsible for the NO trend with respect to H, %. CO levels at the
exhaust increase with equivalence ratio and also increase suddenly at
¢ <0.4. The addition of H, decreases CO for the same ¢.

The temperature throughout most radial locations is less than
1800 K, avoiding the typical temperature range of thermal NO, for-
mation. NO of a similar order of magnitude in the outer and inner
recirculation regions may also indicate that although the thermal path-
way is subdued, other pathways of NO,, such as N,O and NNH
pathways, may play an important role, such that they are more depen-
dent on gas composition than temperature. In all of the NO formation
pathways, H and OH radicals play an essential role, as shown in the
following equations:

N+OH = NO+H 3)
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Fig. 7. CO mole fraction vs radial location at Ports 2, 3, and 5. The vertical lines indicate the local jet center (-.), PRZ, and CRZ (- - on the left and right of the jet

centerline, respectively).

N,O+H = NO+NH 4
H + Ny(+M) = NNH(+M) (5a)
NNH+0=NH+NO (5b)

In the thermal pathway, OH is responsible for the final production of NO
(Eq. (3). In the N,O pathway, the H radical leads to conversion of N,O
to NO (Eq. (4)). In the NNH pathway, H radical leads to NNH formation
which is later oxidized to NO (Eq. (5)). Thus, the increasing concentra-
tion of H/OH radicals would aid in NO production, which would be the
case for higher H, % in the fuel mixture.

3.4. DSLR results

Fig. 10 shows the average flame chemiluminescence, where the
columns represent the variation of H, %, from 0 to 80 % in the fuel
mixture, while the rows represent different equivalence ratios. The ultra-
lean cases of H, =50 and 80 % are shown in Fig. 11a and b, respectively,
and the case of H, =100 % is shown in Appendix C.4 in supplementary
data. The field of view along the X axis ranges from the burner head
up to X=300 mm, whereas the Y axis ranges over almost the entire
diameter of the chamber, leaving out some regions near the wall. For
H, =0 and 10 %, as ¢ increases from 0.6 to 1.0, the flame zone center

10

shifts upstream towards the burner head, from X~150 mm to X~90 mm
and transitions from spatially distributed to compact. Similarly, increas-
ing H, content to 50/80/100 % makes the flame more compact and
stabilizes upstream at X~25 mm. For higher H, content, 50/80/100 %,
the average flame zone is less sensitive to the equivalence ratio due to
enhanced reaction rates, which also leads to the flame attaching to the
nozzle. The images towards the lean limits, i.e., ¢ =0.6 at H, =0 % (Fig.
10), ¢=0.35 at H, =50 % (Fig. 11a) and ¢=0.3 at H, =80 % (Fig.
11b), have the most visually distributed regime. For each of these cases
of H, %, the reaction zone could not be stabilized within the chamber
for a lower ¢ at the same nozzle bulk velocity. The case of ¢ =0.3 and
H, =80 % shows a dual flame nature with a concentrated flame region
closer to the nozzle and a distributed flame region further downstream
in the chamber. This data shows that the addition of H, can enable the
stabilization of a reaction zone at significantly leaner equivalence ratios.

3.4.1. Flame kernel statistics

The statistical behavior of instantaneous ignition kernels is captured
by detecting clusters in the variance images as explained in Section 2.2.
The characteristics of these clusters are quantified by assembling prob-
ability distribution functions (PDFs) for specific parameters, collected
over clustered samples from ~200 images. The 100 % H, PDFs are
not constructed as the signal-to-noise ratio of the variance images was
too low to identify kernels from the background. The first parameter
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is the aspect ratio (AR) of the smallest area rectangle enclosing a clus- Fig. 12a shows a comparison of PDFs for H, =10 % for varying equiv-
ter. Larger AR indicates longer, elliptic flame kernels, while smaller AR alence ratios. Increasing ¢ leads to a shift in the PDF peak from lower
indicates more circular ones. aspect ratios to higher values. Further, the PDF tails are also extended
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Fig. 11. Average normalized chemiluminescence images for H, = (a) 50 % (b) 80 %. Colorscale same as in Fig. 10.
to much higher values. Fig. 12b compares PDFs at ¢ =0.6 for varying types of flame kernels and thus indicates a transition case of stabilization
H, % along with two ultra-lean cases, which have an in-fill under the mechanism.
curve. Increasing H, % leads to a clear increase in aspect ratio with a Next, PDFs of the axial location of the center of mass of a cluster
prominent extension of the tails. In the H, =50 % case, the leanest con- (Xcom) are extracted. This provides information on the probable loca-
dition of ¢ =0.35 shows a compact PDF with a peak around 1.75, which tion of flame kernels along the axial direction of the combustor. A lower
is lower than the location of the peak for ¢=0.6, indicating a shift to value of Xy, means that the kernels are stabilizing in the initial regions
rounder flame kernels. In the H, =80 %, the leanest condition of ¢=0.3 of the jet where there is a high mean axial velocity and high turbulent
sows a distributed PDF with two peaks, one around AR =2 and the other fluctuation, and this is only possible if these mixtures have a high con-
at AR =6. There is certainly a shift in structure from the ¢ = 0.6 case, but sumption speed or low autoignition delay time. This can be ascertained
it also corroborates well with the observation of a dual flame structure as the inlet velocity of the nozzle was kept constant across cases. Fig.

in the mean image in Fig. 11b. The AR PDF shows that this case has two 13a compares the PDFs for H, =10 % at varying ¢. Reducing ¢ leads

12
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to a clear shift in the peak towards a larger Xgy. For ¢ =1.0, the peak
occurs at Xcoy ~40 mm; for the leanest case of ¢=0.6, it moves to-
wards 110 mm. Thus, correlating with the flow field, the higher ¢ cases
have kernels distributed in a region dominated by a recirculation inflow
from the PRZ and where the jet has a “belly” towards the centerline.
The leaner cases stabilize kernels downstream in the region where the
jet deviates towards the wall, and there is an outflow into the PRZ from
the jet. Thus, the reactants may already be mixed with the recirculated
gases in the lean cases and comprise a diluted mixture.

Fig. 13b compares the PDFs at ¢»=0.6 for varying H, % along with
two ultra-lean cases, which have an in-fill under the curve. For constant
¢, there are clearly two flame stabilization regions. Higher H, % cases
(50/80 %) stabilize upstream indicated by lower Xy (25 mm) while
lower H, % cases stabilize downstream(~100-125 mm) with a wider dis-
tribution, indicating a wider spatial region of flame kernel occurrence.
The ultra-lean cases, which occur at higher H, %, show separate char-
acteristics. While the H, =80 %, ¢ =0.3 case shows a concentrated PDF
peak at lower Xy with a long tail having significant area under the
curve, the Hy =50 %, ¢=0.35 shows a peak at around 110-140 mm
with a wide distribution similar to the low H, % cases.
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3.4.2. Flame stabilization mechanism

The recirculating hot products serve as an “igniter” for the fresh
reactant jet stream, as shown in Fig. 14. They interact at a turbulent—
turbulent interface. Suppose the gases from the two streams mix com-
pletely before igniting. In that case, it leads to the formation of an
autoignition kernel that would evolve evenly in all directions, thereby
leading to a low aspect ratio (~ 1) flame kernel. On the other hand,
if the ignition occurs by diffusion of heat and radicals across the inter-
face, i.e., flame propagation, the mixture ignites before complete mixing,
leading to a flame kernel that would align with the interface, leading
to longer, larger aspect ratio kernels. From the observed results, cases
with lower AR tend to have larger X, and are located near the region
where recirculation outflow from the jet begins. In comparison, higher
AR are located more upstream, where there is an influx of recirculating
gases. Thus, although not a sufficient condition, larger aspect ratio flame
kernels indicate a higher probability of flame propagation, while lower
aspect ratio kernels indicate autoignition stabilization. Thus, H, addition
shifts the CH, flame from distributed and autoignitive to concentrated,
flame propagation dominated stabilized. This is also consistent with
Fig. 5, where the flame regimes are indicated on the Borghi diagram,
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where the mixtures tending to flame propagation lie in the lower lim-
its of the BPTRZ region while the autoignition ones lie closer to the
WSR/Broadened Reaction region. The case of Hy =80 %,¢ = 0.3 presents
a dual nature, having both flame propagation and autoignition play sig-
nificant roles in the stabilization. Thus, it represents a transition case
where a further reduction in equivalence ratio would push it completely
to autoignition stabilization, and an increase in H, % would push it
towards flame propagation.

4, Conclusion

The stabilization of the reaction zone and ensuing emissions in
a premixed jet-stabilized combustor were investigated for CHy—H,
fuel admixtures. The combustor was operated at constant jet veloc-
ity, and air preheat temperature while varying the equivalence ratio
(¢) and H, content in the fuel mixture from 0 to 100 %. PIV mea-
surements were done to measure the flowfield; the temperature was
measured using an S-type thermocouple, the gas composition was
measured by a suction probe attached to a gas analyzer unit, and
chemiluminescence imaging was done using a DSLR camera to im-
age the average flame as well as build PDFs of the fluctuating flame
kernels.

This paper shows results on the flow field and reaction zone charac-
teristics which can be used as guidelines by engineers when designing
a jet-stabilized combustor. The results show that this combustor can
stabilize a wide range of CH,-H, mixtures, facilitating fuel-flexible
operations. However, to obtain minimum NO, and CO emissions, the
equivalence ratio for each H, % needs to be specifically chosen. A
higher H, % allowed for stabilizing a leaner fuel-air mixture before lean
blowout occurred. Further analysis was done to identify the flame stabi-
lization mechanisms involved in this combustor based on flame kernel
properties, which were shown to vary with H, % and ¢. The following
are the main conclusions:

(i) The measured flow field of this combustor reveals a jet interact-
ing with a Peripheral and Central Recirculation Zone (PRZ and
CRZ) with an overall recirculation ratio estimated to be ~1.2 on
a mass basis. The PRZ recirculation by volume is about 2 times
that of the CRZ. There is a higher entrainment on the PRZ side
than on the CRZ side, which leads to a different rate of reaction
progress on the two sides of the jet due to variation in the dilution
of fresh reactants in the jet by hot products, as is seen in the CO
and temperature distributions.

(i) The heat loss from the walls influences the temperature and gas
composition profiles. Quenching of the flame at the wall leads to
higher CO and lower temperature in the PRZ.

(iii) H, % and ¢ had a significant effect on the flame stabilization
location and mechanism.

(a) Theoretically, by plotting the operating conditions on the
Borghi diagram, it is seen that most conditions lie in the
Broadened Preheat Thin Reaction Zone regime. The addition
of H, pushes the conditions towards the corrugated flamelet
regime while decreasing equivalence ratio pushes them to-
wards the Well Stirred Reactor/Broadened reaction regime.
However, for successful stabilization of very lean mixtures, a
higher H, % is required.

(b) Chemiluminescence imaging reveals the average flame posi-
tions, where the addition of H, pushes the flame upstream,
towards the nozzle, and makes it compact, while a leaner
equivalence ratio leads to one stabilized downstream in a
distributed manner.

(c) The ignition mechanism is interpreted from the probability
distributions of aspect ratio (AR) and axial location (X;0p,) of
the flame kernels identified from the chemiluminescence im-
ages. Higher aspect ratio kernels stabilizing upstream are seen
for higher H, content and higher equivalence ratios, indicating
flame propagation dominant stabilization. On the other hand,
lower aspect ratio kernels are seen for lower H, content and
lower equivalence ratios, indicating an autoignition dominant
stabilization mechanism.

(iv) Effect of H, % and ¢ on emissions:

(a) NO levels increase with increasing H, in the fuel mixture for

the same ¢. A higher H, % leads to a higher concentration
of H/OH radicals that enhance the N,O/NNH pathway and
play a role in the final steps of the thermal pathway. Further,
longer effective residence time of hot gases due to upstream
stabilization of the reaction zone for higher H, content leads
to higher NO. However, increasing H, % allows for the stabi-
lization of a leaner fuel-air mixture, which leads to lower NO
at the exhaust.
Distributed reaction zones are formed at the leanest conditions
of each H, % case. For ¢ <0.5, this leads to ultra-low NO but
also high values of CO, even at Port 5 and the exhaust. These
cases also tend to have flatter/distributed temperature pro-
files. In these cases, operating at lower jet velocities might
be more suitable for providing a longer residence time to
reduce CO.

(b

-
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