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Numerically-aided experimental studies are conducted on a swirl-stabilized combustor to investigate the dilution
effects on flame stability, flame structure, and pollutant emissions of premixed CHy/air flames. Our goal is to provide
a systematic assessment on combustion characteristics in diluted regimes for its application to environmentally-friendly
approaches such as biogas combustion and exhaust-gas recirculation technology. Two main diluting species, N and CO»,
are tested at various dilution rates. The results obtained by means of optical diagnostics show that five main flame regimes
can be observed for N,-diluted flames by changing excess air and dilution rate. CO,-diluted flames follow the same pattern
evolution except that all the domains are shifted to lower excess air. Both N and CO; dilution affect the lean blow-
out (LBO) limits negatively. This behavior can be counter-balanced by reactant preheating which is able to broaden the
flammability domain of the diluted flames. Flame reactivity is degraded by increasing dilution rate. Meanwhile, flames
are thickened in the presence of both diluting species. NO, emissions are significantly reduced with dilution and proved to
be relevant to flame stability diagrams: slight augmentation in NO, emission profiles is related to transitional flame states
where instability occurs. Although dilution results in increase in CO emissions at certain levels, optimal dilution rates can

still be proposed to achieve an ideal compromise.
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1. Introduction

Recent years have witnessed a worldwide increasing dis-
cussion on energy and environmental issues. Efforts have been
directed towards fossil fuel saving and environment protec-
tion, giving birth to a new generation of technologies. Mean-
while, replacement of limited fossil fuel with renewable en-
ergy source, such as biomass fuel and natural gas, is of great
interest in order to keep pace with the rapid growth in the
global demand for energy. At the same time, more and more
stringent ecological constraints concerning pollutant emis-
sions have been imposed by both local regulations and inter-
national agreements such as the famous Kyoto protocol. In
this regard, not only carbon dioxide and other greenhouse ef-
fect gas emissions, but also NO, emissions that are responsible
for air pollution have to be reduced. Hence, it is expected that
environmentally-friendly combustion procedures would be de-
veloped.

Research driven by this dual challenge covers a wide
scope of real-world applications. Based on lean premixed
combustion, great progress has been made in the clean com-
bustion of biogas through the use of dry low emission tech-
nologies. Biogas is a renewable energy source that is com-
posed primarily of methane, along with such minor species as
carbon dioxide and nitrogen. In automotive industry, a grow-
ing interest in exhaust gas recirculation (EGR) of internal com-
bustion engines as a viable solution to clean combustion has
emerged in the past decades. It is achieved by recirculating
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hot exhaust gases, which is mainly carbon dioxide and nitro-
gen, in the fresh reactants. Thus, it can be concluded that, ei-
ther for the purpose of studying the biogas combustion, or for
investigating the combustion performance in diluted regimes
motivated by the EGR technology, it is reasonable to consider
N; and CO; as two major diluents that can be added into re-
actant mixtures. This is the motivating factor for choosing N,
and CO; as representative diluents in our experiments on the
diluted methane/air flames.

Depending on the diluent characteristics, dilution leads
to modification in the thermophysical properties and could
also affect the elementary chemical reactions. On the other
hand, the dilution of fresh gases influences the flame reac-
tivity, which can induce stability problems. Thus, it is of
paramount importance to enhance the knowledge about typ-
ical diluents, especially their impacts on the behavior of the
diluted combustion regime. The fundamental research on
diluted combustion with or without air preheating is not a
new topic. It can be traced back to the last century when
non-premixed diluted flames in both counter-flow and co-flow
configurations have been extensively investigated. Among
those studies, the flame characteristics, such as flammability
limits,[1?) flame stability,’] flame structure,®>! flame tem-
perature uniformity,!®! and NO, emission/®”! have been an-
Such
studies benefit from the existing database of diffusion flames
since simple reference flames can easily be found to compare

alyzed under various diluted combustion conditions.
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with. Another advantage of those experimental configurations
is that it is more conveniently accessible to laser diagnostics.
In the counterpart, fewer results have been reported concern-
ing the premixed or partially premixed diluted flames. Feasi-
bility studies were conducted in a first stage to provide guide-
lines for burner design.® Galmiche ez al.!®! reported an inter-
esting fundamental study in which laminar burning velocities
were determined for a large set of diluents (nitrogen, carbon
dioxide, water vapor, a mixture of these three previous gases,
helium and argon) and for different dilution levels. Consider-
ing that heat capacity seems to possess the predominant effect
on the laminar flame, an explicit correlation between the heat
capacity of the diluents and the laminar burning velocity was
proposed, allowing the prediction of the laminar burning ve-
locity, regardless of the diluents and the dilution levels. So
far, few prior studies have systematically examined the effect
of nitrogen and carbon dioxide on premixed methane/air flame
properties.

We aim to evaluate the effects of the main diluting species
(N2 and CO;) on methane/air flames in swirl-stabilized con-
figuration under lean premixed combustion conditions through
experiments and numerical simulations. This paper is orga-
nized as follows. Section 2 introduces the model combustor
and the instrumentation used to carry out optical diagnostics
and other measurements, and presents numerical implementa-
tions for both non-reacting and reacting flows. Visualization
and characterization of non-reacting swirling flows are pro-
vided in Section 3. Dilution effects on combustion stability
are detailed in Section 4 through the results of CH* chemi-
luminescence measurements. Dilution effects on flame struc-
ture are described in Section 5 with the help of planar laser-

induced fluorescence on OH radical (OH-PLIF) measurements
and Chemkin calculations. Dilution effects on pollutant emis-
sions are discussed in Section 6. Concluding remarks are sum-
marized in Section 7.

2. Experimental and numerical methods
2.1. Experimental setup

The fundamental experimental setup employed in this
work is composed of multiple components and subsystems, as
shown in Fig. 1. Air, Nj, and CO, streams are separately con-
trolled by mass flow meters (Bronkhorst EL-FLOW Select)
that are properly calibrated. N-diluted or CO;-diluted air
mixture is then delivered by a gas mixer commercially avail-
able. Since preheating impacts are planned to be discussed,
the diluted air passes through a homemade gas heater down-
stream the gas mixer. Considering the heat losses through
the pipelines, a thermocouple (T;) is placed at the exit of the
electric heater, while another one (T;) is located at the en-
try of swirl injector. The gas heater receives temperature sig-
nals from the thermocouple T, and automatically adjusts the
temperature setpoint (T;) with the help of a feedback circuit,
until that the temperature measured by the thermocouple T>
attains the expected preheating temperature. For safety con-
cerns, only the diluted air is preheated by means of the electric
heater. In order to achieve completely premixed conditions, a
homemade fuel-air mixer is employed upstream of the swirl
injector. The counter flow configuration of the mixer is proved
to promote the mixing process in our application. A Labview
interface is developed to globally control the gas supply sys-
tem according to the desired operating conditions.
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Fig. 1. (color online) Schematic diagram of experimental arrangements.
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It is anticipated that challenges to lean premixed burner
design is two-fold: achieving acceptable flame stability and
maintaining stability with varying fuel composition. As a pre-
dominant flow mechanism found both in premixed and non-
premixed practical combustion systems, swirl provides an ef-
fective means to control flame stability as well as the com-
bustion intensity.l'%'4l For premixed combustion, the recir-
culation zone generated by the sufficiently intense swirling
motion plays an important role in the flame stabilization pro-
cess, as it retains a steady supply of radicals and hot combus-
tion products to continuously ignite the fresh reactants. Flame
stabilization also benefits from the generation of a compact
swirling flame with much higher combustion intensity than
in a non-swirling case. With reference to an extensive re-
view given by Syred and Beér!!3 on the topic of the basic
processes and practical implementation of swirl combustors,
a swirl-stabilized combustor is designed for the present study.
An axial swirl injector of 18-mm outer diameter is mounted on
the base of the combustion chamber. The injector comprising
six helical vanes with a 50° angle to the flow axis surrounded a
center body of 10 mm diameter (Fig. 2). The geometry-based
swirl number!'?! is estimated to be 0.952. Premixed air and
fuel flows pass through angled vanes before they are injected
to the combustion chamber.

vanes (50°) o .
injection exit
R '
fuel— alr/\
mixture

bluff body
(10 mm diameter)

Fig. 2. (color online) Schematic of swirl injector.

The combustion chamber is equipped with a cylindrical
quartz tube (Herasil) with an internal diameter of 80 mm, a
height of 200 mm, and a thickness of 5 mm. The polished
surface of the quartz tube is of high quality, providing full op-
tical access to allow optical diagnostics. A conical gas outlet
is installed at the top of the tube as the exhaust port of the
combustion chamber, so that the combustor operates at ambi-
ent pressure. The flame ignition is achieved by a spark igniter
situated at the chamber exit. A water-cooling system is fixed
on the base to limit the strain of temperature.

Exhaust gas composition downstream the dilution air in-
jection are obtained from a five-gas analyzer HORIBA 1500.
NO, emissions are measured by a chemiluminescence sensor,
and CO emissions are detected by a non-dispersive infrared
(NDIR) sensor. The gas analyzer probe is located close to the
gas exit.

2.2. Large eddy simulations (LES) for non-reacting flows

2.2.1. Governing equations and sub-grid scale (SGS)

modeling
Navier—Stokes equations are filtered in order to perform
large eddy simulations for non-reacting flows. The complete
Favre-averaged formulations for mass, momentum, energy,
and species concentration are written as

o5 apin
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where i is the spatial coordinate index, j is the dummy index
to spatial coordinate, k is the species index, p is the density, u
is the velocity component, E is the total energy, T is the tem-
perature, p is the pressure, 7;; is the viscous stress tensor, Y is
the mass fraction of species k, Uy ; is the diffusion velocity of
species k, A is the thermal conductivity, and @y is the species
mass production rate.
The unclosed sub-grid scale (SGS) terms are defined as

T = puuj — pijd;, (5)
H:®® = (pEu; — pEi;) + (pu; — i), 6)
07 =T — T, ©)
@5 = (pYiu; —pYu;), ®)
0,8 = (PYiUk; — PYiUr. ), ©)

where ‘L'isjgs is the SGS stress term, H;*" is the SGS energy flux
term, G-S €5 is the SGS viscous work term, dﬁzgjs is the SGS

species ﬂux term, and @bg5

is the SGS species diffusive flux
term.

Most of the SGS models are based on an eddy-viscosity
type model. The sub-grid stress is associated with the large-

scale strain-rate tensor S;;

0;j
sgs
=28+ Lo, (10)
where vy is the sub-grid eddy viscosity, and
~ 1 [/du; du
Sii=x (=52 - 11
J 2 <8x,~ + 8xj> ( )
Based on the local equilibrium hypothesis, algebraic
Smagorinsky model is applicable
= (CsA)*IS], (12)
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where A is the filter width, and |S| = (25;;S;;)"/2. The coeffi-
cient C can be determined by the isotropic turbulence decay.
Erlebacher er al.!'>! extended the above model by taking

into account the effects of flow compressibility, which yields

< Sy L 2
T;jgs =-2vp (Sif o kl; U) + gﬁksgb&j’ )
v = CR(AD)2‘§|) (14)
k€ = C1(AD)?S;;S;;. (15)

The dimensionless coefficients Cr and Cj are two parame-
ters of the compressible Smagorinsky model. The Van-Driest
damping function D is applied to account for the inhomo-
geneities near the surface!'¢! and expressed as

D=1-exp(l-(y")*/26"), (16)

=2 (17)
1%

where u; is the friction velocity.
The calculation of the sub-grid energy flux term is

achieved by adopting the following expression:

1 9k
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The turbulent Prandtl number Pr; is set to 0.7.

The sub-grid convective species term is approximated as

g 0 M
k. SC[ axi ’

19)

where Sc; is the turbulent Schmidt number.

The SGS viscosity work term ;" and the SGS species
diffusive fluxes term @,f:éjs are both negligible considering their
minor contribution to the total energy.

2.2.2. Numerical implementation

Density-based finite volume method is adopted, with
dual-time stepping integrations, to solve the above described
Navier—Stokes equations with adequate sub-grid modeling. In
detail, third-order total variation diminishing (TVD) scheme
is applied to convective terms; second-order central difference
scheme is used in viscous terms; physical time step is cal-
culated by second-order back difference scheme; virtual time
step is carried out by the fourth-order Runge—Kutta scheme. In
all cases, second-order accurate boundary conditions are im-
plemented. Inlet and outlet conditions are specified using char-
acteristic boundary conditions. Inviscid and adiabatic condi-
tions are imposed at solid wall.['”] Other conditions are spec-
ified using second-order extrapolated values, leading to zero
normal gradients with respect to pressure, velocity, tempera-

ture, and species mass fraction.

2.3. Chemkin calculations for reacting flows

In order to evaluate flame structure, adiabatic laminar
flame speed SI(_) is computed with Chemkin code. The stan-
dard version of Chemkin code deals with the determination of
one-dimensional flame characteristics by solving steady ODEs
of Navier—Stokes equations. Concerning the closure of the
equations, a multi-component transport model introduced by
Dixon-Lewis!'®! is chosen to evaluate the transport property;
a kinetic mechanism from the GRI-Mech 3.0 data is used, "]
which involves 53 species and 325 reactions. In this study,
laminar flame speeds for different fuel mixture and the re-
lated temperature distribution are obtained by Chemkin cal-
culations.

2.4. Optical diagnostics for reacting flows

2.4.1. CH* chemiluminescence

Chemiluminescence of CH* radicals!*"! is carried out by
an intensified CCD camera (Princeton, 512 x 512 pixels) cou-
pled with a Nikkor lens (50 mm, f/1.8) in order to observe re-
action intensity and flame location in the combustion chamber.
A narrow band pass filter (Schott BG12) centered at 431 nm
allows the detection of CH* radicals. For each operating con-
dition, 300 instantaneous flame images have been recorded
consecutively (frequency = 10 Hz). Exposure time is set to
2 ms while the gain is adjusted to 100 based on the case cor-
responding to maximum level of collected CH* signal. These
two parameters are kept constant during all the measurements
so that the results from different experimental conditions are
comparable. Average and RMS images are also calculated so
as to characterize different combustion regimes.

2.4.2. OH-PLIF

In planar laser-induced fluorescence on OH radicals (OH-
PLIF) imaging, transient locations of the reaction zones are
identified by OH radical distributions. Figure 3 describes the
experimental setup of OH-PLIF measurements performed in
this study. To induce fluorescence in OH radicals, a laser sys-
tem consisting of an Nd:YAG laser (Spectra Physics, Quanta
Ray) and a tunable dye laser (Sirah Precision Scan) is em-
ployed. High-intensity pulse (450 mJ per pulse) is efficiently
frequency-doubled in the Nd: YAG laser to generate laser beam
at 532 nm, which is used to pump the dye laser operating with
Rhodamine 6 G dissolved in methanol solvent. The resultant
doubled beam is tuned to a wavelength of about 282.66 nm.
At the exit of the dye laser, the generated laser pulse is mea-
sured to be around 20 mJ of energy per shot, with a pulse
width of 10 ns. In this experiment, the Q;(5) transition in the
AZYt < = XL (v = 1 < —v” = 0) band of OH radical is
excited and fluorescence from the A-X(1,0) and (0,0) bands
(wavelength: 306-320 nm) can be collected. The laser beam
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is then shaped into a thin vertical sheet after passing through a
series of sheet-forming optics. The present optical arrange-
ment is composed of a UV fused silica plano-convex lens
(f = 1000 mm), a divergent cylindrical lens (f = —200 mm)
and a spherical lens (f = 100 mm). The cylindrical lens and
the spherical lens are served to control the height (~ 56 mm)
and the thickness (~ 200 um) of the laser sheet, respectively.
Thereupon, the created and optimized laser sheet is introduced
into the measurement section in order that a spatial map of
OH signals can be acquired and recorded with the help of a
detection system. In detail, two-dimensional OH fluorescence
signals are collected with a UV Nikkor lens (105 mm, f/4.5)

laser beam
Nd YAG laser

dye Laser

plano-convex lens

[ ¢——trigger signal

model 575

pulse/delay generator

divergent cylindrical lens

1

1 .

1 UV fused silica spherical lens \ i
1

I

1

and focused onto a 16-bit intensified CCD camera (Princeton
PI-MAX, 512 x 512 pixels) in the direction orthogonal to the
laser sheet. The ICCD camera is operated with a gating time
of 100 ns, and fitted with a combination of WG305 and UG11
filters (Schott glass) so as to reject the undesirable UV wave-
length and avoid detection of flame luminosity and spurious
light scattering. In general, the PLIF system affords a field of
view of 42.6 mm x 42.6 mm. To provide a sound basis for
analysis, 300 single-shot OH distributions are taken for each
experimental flame condition. Triggering and synchronization
of the lasers with the ICCD camera is ensured by a digital de-
lay/pulse generator (BNC, model 575).

laser sheet

!

WG305 & UG —b

ICCD

camera

Fig. 3. (color online) Experimental setup of OH-PLIF system.

2.4.3. Plane of measurement

CH* chemiluminescence imaging is performed to estab-
lish flame stability maps in order to put in evidence the dif-
ferent flame regimes. Accordingly, the field of view is set to
an appropriate size (90 mm x 90 mm), large enough to en-
able the visualization of the primary reaction zones, while not
large enough to maintain a good image resolution (5.7 pix-
els/mm). By contrast, OH-PLIF measurements are served to
explore detailed flame structures so that spatially resolved lo-
cal information is essentially required. An image scaling of
12.1 pixels per mm is obtained by limiting the total imaging
area to 42.6 mm X 42.6 mm.

Flames confined in the cylinder tube are considered to be
axisymmetric, so the median plane is chosen as the plane of
measurement for OH-PLIF. This plane of measurement is del-
icately positioned as shown in Fig. 4. Due to the global sym-
metry, only the right half of the swirling flame is captured. A
slight shift to the left of the centerline is intentionally adjusted,
with the goal of observing the whole injection section. An-
other benefit of this subtle modification is to avoid tube wall

interference, thus improving image quality. The lower edge

of the raw OH-PLIF images is approximately 2 mm down-
stream the exit plane of the swirl injector. Under some op-
erating conditions, corner recirculation zones are expected to
appear. With the current positioning strategy, the existence of
such recirculation zones can be identified.

—40

X/mm

Fig. 4. (color online) Comparison of planes of measurements (col-
ored image: averaged flame obtained by CH* chemiluminescence;
black-and-white image: instantaneous flame obtained by OH-PLIF;
dashed line: centerline of the combustion chamber).
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3. Non-reacting flow characterization

The importance of non-reacting flow characterization is
two-fold. On the one hand, quantitative information about the
velocity field allows us to determine the aerodynamic swirl
number, which serves to explain the observed recirculation
zones. On the other hand, knowledge on cold flow topology
is essential to validate the design of the swirl injector in this
study. This first step is indispensible to guarantee the appropri-
ate performance of the swirl-stabilized combustor under com-
bustion conditions.

For this purpose, LES simulations are performed at atmo-
spheric pressure (1 atm). The temperature is fixed at 300 K.
Even if the main flow topology obtained in the cold flow
will be slightly modified by heat release as the internal recir-
culation zone weakens, it is of interest to present the mean
flow properties within the combustion chamber. The compu-
tational domain downstream of the injector measures a length
of 60 mm and a radius of 30 mm, with an axisymmetric con-
figuration. The entire grid system consists 200 x 125 points
along the axial and radial directions, respectively. The mesh
size in the radial direction varies progressively so that local
refinement is achieved, close to the injector. The primary air
flow rate is fixed at 4.78 g/s in order to roughly achieve the
same injection velocity as the operating conditions for react-
ing flows.

The mean velocity field obtained by LES simulation is
displayed in Fig. 5. Meanwhile, radial profiles of the axial,
radial and azimuthal velocity components at different axial
locations are extracted and plotted in Figs. 6-8. According
to Fig. 5, the swirl flow can be characterized by three main
zones: an internal recirculation zone (IRZ), a corner recircula-
tion zone (CRZ), and a shear layer zone.
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Fig. 6. Mean radial profile of axial velocity at different axial loca-
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A straightforward definition of the aerodynamic swirl

number is the ratio between axial flux of the swirl momen-

Fig. 5. (color online) Mean velocity field (R: radial direction, L:
axial direction, color bar: velocity magnitude).
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the equivalent nozzle radius,

Gy

§S=_—9_,
G.d/2

(20)

In this study, the turbulent stress term and the pressure term
are neglected. Such simplification yields

" ugamrd
| uslto wredr
- — @1)
—9)on
./Ri (MZ 2) orar

Using this simplified expression and the velocity components
given by Figs. 68, aerodynamic swirl numbers (S) at differ-
ent locations can be estimated. For example, at 10-mm down-
stream the injector nozzle, S = 0.7332. Since for a swirl num-
ber greater than a critical value of 0.6, swirl motion can be
clearly identified.*!! The obtained swirl number confirms the
presence of the IRZ corresponding to axial recirculation in the
form of a central toroidal recirculation zone near the injector
exit. The azimuthal velocity grows linearly from the injector
center until reaching a maximum before decreasing inversely
proportional to the radius (Fig. 7), except for the far down-
stream location (L = 40 mm).

The appearance of a CRZ is usually caused by the sud-
den widening at the outlet of the injection system. The de-
gree of widening is evaluated by a containment ratio B, de-
fined as the ratio between the area of the flow injection and the
area of the combustion chamber. For this combustor, B is esti-
mated to be 0.035, which is much lower than the critical value
(B = 0.25).12%] This estimation is in fully agreement with the
observation of the CRZ in Fig. 5.

The intense shear layer zone is located between CRZ and
IRZ and characterized by a local counter-current flow. The
negative values observed in radial profiles of axial (Fig. 6)
and radial (Fig. 8) velocity give evidence to the existence of
IRZ, CRZ, and shear layer zones at near-injection regions
(L =10 mm and 20 mm).

4. Dilution effects on flame stability with or
without preheating

Experimentally, N, and CO, are often separately added
into fuel mixture in order to discriminate their individual im-
pact on the combustion mechanism. The flame stability dia-
grams are plotted for both N, dilution (Fig. 9) and CO; dilu-
tion (Fig. 10) at 300 K. The lean blow-out (LBO) limits are
determined by gradually increasing the excess air, denoted by
e, for a fixed dilution level until flame extinction is achieved.
It is emphasized that the measurements are limited by a max-
imum equivalence ratio of 0.75 (corresponding to e = 0.333)
to ensure safety; otherwise, the temperature of the combustor

wall becomes too high, which leads to explosion. The chemi-
cal reactions under consideration are listed below.

0-9 MR -
7t transition from lifted to
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- ——a— transition from anchored to
0.8f lifted flames
[N\g —©&— lean blow-out limits NB
!
0.7
: 0.6 - NC w
4 lifted
0.5k stable
s ND U
0.4fan
. 1 i 1 il e " L i n "
0 0.4 0.8 1.2 1.6 2.0 NE
b

Fig. 9. (color online) Stability diagram of Nj-diluted CHy—air
flames at 300 K (e: excess air, b: dilution rate) with corresponding
CH* chemiluminescence images of averaged flames (NA: anchored
stable flames; NB: A-L transient unstable flames; NC: lifted sta-
ble flames; ND: L-S transient unstable flames; NE: near-extinction
stretched flames).

1.0

transition from lifted to
stretched flames

0.9F —a— transition from anchored to
lifted flames

0.8k —— lean blow-out limits

[

0.7}

0.6

stable
flames N

| anchored
0.4} stable
flamesl

0 0.2

0.5

Fig. 10. (color online) Stability diagram of CO;-diluted CHy air
flames at 300 K with corresponding CH* chemiluminescence im-
ages of averaged flames (CA: anchored stable flames; CB: A-L
transient unstable flames; CC: lifted stable flames; CD: L-S tran-
sient unstable flames; CE: near-extinction stretched flames).

N, dilution:
CH4+42(14¢) (02 +3.78N2+bN>)
=CO, +2H,0+2(1+¢)(3.78 + b) Na+2€0,,
CO, dilution:
CH4+2(1+e€) (0243.78N2+bCO3)
=(14+2b(14¢))CO;z+2H,0+7.56(1 4 €) Ny +2¢0,,

in which the volumetric dilution rate, denoted by b, is defined
by the undermentioned expression
X (diluted Ny or CO,)
- X(0; in air)

By varying the dilution rate and the excess air, differ-

(22)

ent flame regimes are encountered, namely, anchored stable
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flames (flame NA in Fig. 9, flame CA in Fig. 10), A-L tran-
sient unstable flames (flame NB in Fig. 9, flame CB in Fig. 10),
lifted stable flames (flame NC in Fig. 9, flame CC in Fig. 10),
L-S transient unstable flames (flame ND in Fig. 9, flame CD
in Fig. 10) and near-extinction stretched flames (flame NE in
Fig. 9, flame CE in Fig. 10). The visualization of these rep-
resentative flames are achieved by CH* imaging, from which
the averaged flame images are obtained. In Figs. 9 and 10,
the evolution of flame shapes and the corresponding stability
domains are associated. A brief description of the observed
flame regimes is provided as follows.

Anchored stable flame The flame is relatively short and
exhibits a compact reaction zone. The anchorage on the edge
of the swirl burner is observed.

A-L transient unstable flame With a slight increase in
fluctuating light intensity, the flame becomes relatively unsta-
ble in comparison to the anchored flame. During the transi-
tion from anchored to lifted states, two separated CRZs ap-
pear shortly downstream the air—fuel injection. An extension
of reaction zone along the tube wall is also observed.

Lifted stable flame The combustion process occurs far
downstream the injection plane. The lean flame is stably lifted
in the cylindrical chamber and exhibits a large and intense
reaction zone, which indicates the flame restabilization. It
should be noted that increasing air excess tends to move the
reaction zone away from the burner, thus combustion does not
occur anymore in the CRZ.

L-S transient unstable flame The transition from lifted
to stretched states destabilize the flame. In a narrow equiv-
alence ratio range the flame becomes very unstable in terms
of intensity and position. Strong low-frequency oscillations of
flames are identified both visually and acoustically.

Near-extinction stretched flame Before lean extinction,
the flame takes a long stretched shape and gets anchored once
again on the swirl burner. In this regime, the flame does not
extend towards the near-wall regions, but remains in the cen-
tral flow.

Globally, N;-diluted methane flames and CO;-diluted
methane flames follow the same pattern evolution. Nonethe-
less, all the domains corresponding to five flame regimes de-
scribed above are shifted to lower excess air (higher equiva-
lence ratio) for CO,-diluted flames. For example, the dilu-
tion rate is chosen at b = 0.8: for N,-diluted flames, this dilu-
tion level corresponds to lifted sable flames; for CO,-diluted
flames, stretched flame regime is attained with this dilution
rate. According to the previous study of Schefer et al.,!>*! this
trend can be linked to the decrease of the fuel laminar flame
speed. In fact, higher laminar flame speed favors the burning
at leaner conditions (higher excess air).

It is noticed that both N5 dilution and CO, dilution affect
the lean blow-out (LBO) limits negatively. The same exam-

ple is taken (b = 0.8): the LBO limit of the N»-diluted flames
drops from 0.79 to 0.56, while that of the CO;-diluted flames
decreases from 0.79 to 0.4 (Fig. 11). The negative effect of
dilution on LBO limits can be compensated by reactant pre-
heating. Figure 11 points out that reactant preheating obvi-
ously broadens the flammability domain of the diluted flames.
The measured LBO limits in preheating cases extend towards
leaner conditions. Furthermore, CO, progressively disadvan-
tage the flame stability in comparison to N, when increasing
the dilution rate at fixed preheating temperature.

1.21
1

— © — LBO N, 300 K
1.17 2

— -4 — LBO N, 600 K
' ——<4— LBO CO, 300 K
——— LBO CO, 600 K

1.0
0.9
¢ 0.87
0.7
0.6

0.57

0.47

Fig. 11. (color online) Comparison of lean blow-out (LBO) limits
between N dilution 300 K, N, dilution 600 K, CO, dilution 300 K,
and CO, dilution 600 K.

5. Dilution effects on flame structure with or
without preheating

According to the preliminary results and discussion on the
representative regimes of diluted flames, four series of five op-
erating conditions are selected for further discussion on flame
structure evolution and summarized in Tables 1-4. For all the
cases, the excess air is kept constant (e = 0.333) so that the
only factors taken into account is the dilution rate and initial
temperature.

In order to discuss the dilution effects on flame structure,
laminar flame speed, and laminar flame thickness should be
calculated. As mentioned in Section 2.3, laminar flame speed
and temperature distribution are computed by using Chemkin
code. Then, we calculate the flame thickness 8, based on the
results of temperature distribution, applying the relation pro-
posed by DeGoey et al.[**!

T -1,
(VT)maX . (23)

=

The Karlovitz number can thus be estimated with the follow-

we(BB e

ing expression:
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where ' is the velocity fluctuation measured in a previous
study using the same experimental configuration.!?! Integral
length scale is estimated to be the diameter of the injector

(18 mm) according to Aldredge et al.?%)

Table 1. Summary of operating conditions of N, dilution without pre-
heating (T =300 K, P =1 atm, e = 0.333).

Flame b S2/em-s! 0/mm  Ka Re
NA 0.123 22.57 0.378 43 15242
NB 0.738 14.53 0.535 98 17071
NC 0.985 12.09 0.642 142 17833
ND 1.231 10.07 0.743 201 18557
NE 1.354 9.21 0.832 243 18928

Table 2. Summary of operating conditions of N dilution with preheat-
ing (T =600 K, P=1 atm, e = 0.333).

Flame b S2/ems™! 6/mm  Ka Re
NPA 0.123 22.61 0.342 41 9221
NPB 0.738 14.54 0.515 96 10328
NPC 0.985 12.15 0.633 140 10789
NPD 1.231 10.11 0.729 198 11227
NPE 1.354 9.24 0.823 241 11457

Table 3. Summary of operating conditions of CO, dilution without pre-
heating (T =300 K, P =1 atm, e = 0.333).

Flame b S2/ems™! O/mm  Ka Re
CA 0.157 19.64 0.414 55 15585
CB 0.470 12.39 0.605 133 17071
CcC 0.627 9.92 0.739 205 17833
CD 0.783 7.87 0.903 321 18557
CE 0.862 6.79 1.101 442 19548

Table 4. Summary of operating conditions of CO; dilution with pre-
heating (7' =600 K, P =1 atm, e = 0.333).

Flame b S2/ems™! 6/mm  Ka Re
CPA 0.157 19.68 0.407 54 9428
CPB 0.470 12.45 0.604 132 10328
CPC 0.627 9.94 0.727 203 10789
CPD 0.783 791 0.899 318 11227
CPE 0.862 6.82 1.092 437 11826

The Reynolds number (Re) is estimated by using bulk-
flow properties in non-reacting conditions (preheating or non-
preheating) of the incoming air flow and the internal diame-
ter of the quartz combustion chamber. Although Re are dif-
ferent, e and b in the preheating cases (Tables 2 and 4) re-
main the same values as in the non preheating cases (Tables 1
and 3) in order to facilitate the comparison. It is emphasized
that the flame regimes corresponding to the chosen operating
conditions for the preheating cases are not necessarily similar
to those discussed in Section 4, since the preheating impacts
should be accounted for.

The results shown in Tables 1-4 indicate that the increase
in dilution rate results in the decrease in laminar flame speed

for both N, and CO,, due to the degradation of the flame reac-
tivity with the presence of diluting species. Meanwhile, flames
are thickened by dilution. This dual effect of dilution leads to
increasing values of the Ka number. Compared to N», the Ka
number of CO,-diluted flames is more sensitive to the vari-
ation in dilution rates. For example, the highest Ka number
found to the most N, diluted flame at 300 K (b = 1.354) is
243, while that related to the most CO, diluted flame at 300 K
(b = 0.862) reaches 442. Since the higher the Ka number,
the more easily the turbulence can alter the flame structure.
In this sense, the Ka number is considered as a dominant pa-
rameter for extinction behavior, which further confirms the di-
lution effects on LBO limits discussed in Section 4. How-
ever, the fact that reactant preheating could extend LBO limits
to leaner conditions cannot be explained by the Ka number,
since the Ka numbers calculated at the same dilution rate and
different preheating temperatures are at the same level. For
example, for flame NE (Table 1), Ka = 243; for flame NPE
(Table 2), Ka = 241. Although reactants preheating is proved
to increase the reactivity of the mixture and reduce the flame
thickness (Tables 1-4), the variation of Ka number resulted
from preheating is negligible. The Re number is more af-
fected by the preheating temperature, and thus is more likely
to be responsible for the extension of LBO limits observed at
600 K. For example, the Re number for flame NE (7' = 300 K,
b = 1.354, Ka = 243) is 18928, but the Re number for flame
NPE (T = 600 K, b = 1.354, Ka = 241) drops to 11457. A
decrease of 39.5% is attained with initial temperature varying
from 300 K to 600 K. In fact, the augmentation in preheating
temperature results in the reduction in Re number, leading to a
decrease in turbulence intensity.

Another important aspect to evaluate the flame structure
is the analysis on flame curvature distribution and its statis-
tics. To achieve this, OH-PLIF measurements have been per-
formed. The recorded PLIF images are processed appro-
priately using a conditioned level-set method!>”! with block-
division strategy to extract the flame contour. It is essential
to smooth the contour edge before calculating the local curva-
ture. For this purpose, a Savitsky—Golay algorithm?®) is em-
ployed, using a subroutine introduced by Press et al.**! The
value of the coefficients in this algorithm was derived from
a least square fit of 13 neighboring points to a second-order
polynomial function. Overall, large-scale flame wrinkling is
well captured by the smoothed contours. Quantization noise
and experimental errors of small scales are removed.

In this study, the curvature for each flame-front pixel is

calculated using the following expression: 3!
dy d’x  dxd?y
ds ds?  ds ds?
H = 5 (25)

(&) +(@)]
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where the curvature is defined to be positive when the flame-
front is convex towards the reactants, x and y are Cartesian
coordinates, and s is the parameterized curve curvilinear coor-
dinate. Based on the imaging scaling of 12.1 pixels per mm,
the maximum curvature that can be measured with less than
20% error is approximately 2 mm~! which corresponds to a
radius of 0.5 mm. The bounds of resolvable curvature were
then set to be +2 mm™".

The calculated probability density functions for all the op-

1.0

flame NA
flame NB
flame NC
flame ND
flame NE

(a)

0.8F

PDF

flame NPA
flame NPB
flame NPC
flame NPD
flame NPE

0.8F

0.6

PDF

0.4F

0.2F

.......................

erating conditions (Tables 1-4) are illustrated in Fig. 12. It can
be seen that all the probability density functions (PDFs) have a
near-symmetric distribution with a near-zero mean. This gen-
eral behavior is in good agreements with the majority of ex-
perimental data reported previously.31=3% The results of other
studies suggest that curvature PDFs are not particularly sen-
sitive to variations in equivalence ratio.*®! This confirms our

choice of operating conditions under investigation.

1.0f
_E_ (b) flame CA
a flame CB
0.8F flame CC
- flame CD
flame CE
&3
A
sl
i (d) flame CPA
- flame CPB
0.8F flame CPC
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0.6
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a0 3
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() e e
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Fig. 12. (color online) Probability density functions of local curvature measured for different operating conditions: (a) N,-diluted
flames at 300 K; (b) CO,-diluted flames at 300 K; (¢) N,-diluted flames at 600 K; (d) CO,-diluted flames at 600 K.

To interpret the curvature shown in Fig. 12, the mean,
standard deviation, skewness, and kurtosis of the curvature
PDFs are calculated (Fig. 13) and plotted against the Reynolds
number which is closely related to the turbulence intensity.
The mean curvature is around zero and marginal positive at
lower Re. As turbulent velocity fluctuations increase and be-
come dominant, the PDFs become centered on zero. The in-
crease in the standard deviation of the mean local curvature is
brought about by an increase in the bulk Reynolds number for
each individual case of operating conditions as expected.31-3?]

Similar trends have been identified for premixed propagating

flame kernels by Haq et al.'*¥ using OH-PLIF. It is found
that the flames having similar values of Ka number exhibit
similar behavior in terms of standard deviation. For exam-
ple, flame NA (Ka = 43, Re = 15242), flame NPA (Ka = 41,
Re = 9221), flame CA (Ka = 55, Re = 15585), and flame
CPA (Ka = 54, Re = 9428): despite of the change in the Re
number, the Ka number is almost at the same level; the SDs
calculated for these flames have no remarkable differences.
Consequently, the comparison among all the four datasets re-
veals that the Ka number effect is more significant than the

Re number effect concerning the standard deviations. Gen-
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erally symmetric Gaussian distributions with approximately
zero skewness are encountered and justified by Fig. 13. The
similar results were observed by Bonaldo and Kelman!3* for
a weakly swirled burner using planar laser-induced Rayleigh
scattering (LIRS), and Tanahashi er al.'*>! for a confined axi-
ally swirled burner using simultaneous CH and OH-PLIF. All
the PDFs have a kurtosis close to 3.5, indicating a peaky dis-
tribution. The kurtosis is found to decrease with increasing
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bulk Reynolds number for each case. Theoretically, PDFs
should become increasing Gaussian with turbulence. In con-
clusion, all these factors deduced from PDF statistics support
a trend towards a more Gaussian distribution with increasing
bulk Reynolds number, provided that the initial temperature is
invariant. When the reactants are preheated, SD and Kurto-
sis do not vary monotonously with Re, which implies that Ka
number has dominating impacts.
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Fig. 13. Moments of the curvature PDFs (shown in Fig. 12) against Reynolds numbers: (a) mean; (b) standard deviation; (c) skewness;

(d) kurtosis.

6. Dilution effects on pollutant emissions

The main purpose of adding diluting species into reac-
tants is to achieve the reduction in pollutant emissions. This
part of the study is dedicated to evaluating how dilution im-
pacts pollutant emissions so as to assess their benefits and
drawbacks.

Considering the change of dilution due to the variation of
the equivalence ratio and the change of the fuel characteristics
with the injection of diluents in the fuel mixture, pollutants
emissions (x) are expressed (in units of mg/kWh) as

(i)

where LHVpjeng is the low heating value of the blended fuel

) ViBiend
mv) o Blen ’
(ppmv)px LHVgiend

__ .measured

(26)

(in units of MJ/kg), pﬁ“) is the density of the studied pollutant
(NOy or CO), and VF(Ss)lend the volume of the dry combustion
gases produced by 1 kg blended fuel. The exponent n indi-
cates normal pressure and temperature conditions. The repro-
ducibility of the measurements is less than 0.18 mg/kWh for
both NO, and CO emissions.

Firstly, it can be seen that the increase of excess air
leads to substantial decrease of NO, emissions at fixed di-
lution rates for both N, (Fig. 14) and CO; (Fig. 15). For
example, when the N; dilution rate is set to 0.2 (Fig. 14),
NO, emissions are reduced from 5.7 mg/kWh (e = 0.333) to
2.8 mg/kWh (e = 0.538). At the same dilution rate (b = 0.2)
for CO;-diluted flames (Fig. 15), the reduction of NO, emis-
sions is even more significant: from 6.6 mg/kWh (e = 0.333)
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to 2.5 mg/kWh (e = 0.538). It is known that thermal NO mech-
anism is directly linked to the adiabatic combustion tempera-
ture and is regarded as the main pathway of NO, formation.
High combustion temperature favors in particular the forma-
tion of thermal NO, and consequently low temperature limits
the NO production. As a result, less NO is produced when
the excess air is increased to attain fuel lean conditions, corre-
sponding to lower combustion temperature.
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Fig. 14. (color online) NO, emissions of N,-diluted flames.
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Fig. 15. (color online) NO, emissions of CO,-diluted flames.

Secondly, it is observed that dilution effects of N, and
CO;, on NO, emissions are more obvious for fuel-rich con-
ditions (for example, e = 0.333) than for fuel-lean conditions
(e = 0.538). It can be concluded that dilution rate becomes
the dominating parameter for NO, reduction when excess air
is low; combustion temperature plays a predominant role in
reducing NO, production when excess air is high. Neverthe-
less, for all the cases, the profiles of NO, emissions are quite
similar and repetitive. Great attempt has been made to corre-
late the NO, emission profiles (Figs. 14 and 15) with flame

stability diagrams (Figs. 9 and 10). NO, emission profiles
are in the wavelet form in the presence of two peaks. Thus,
they are not monotone. Tracing back to flame stability dia-
grams, the values of e and b corresponding to the divisions
between adjacent flame states can be noted and plotted in the
NO, emission profiles. By linking these plotted points, two
curves can be obtained, which are approximately around the
peaks. These two curves turn out to be related to ‘transition
from anchored to lifted flames’ and ‘transition from lifted to
stretched flames’, respectively. In fact, the transitional states
of flames are temporarily unstable so that a slight increase in
NO, emissions will be caused by the combustion-induced ther-
moacoustic instability.3”]

The results on NO, emissions are consistent with the fact
that using lean premixed combustion to reduce NO, produc-
tion is a favored approach. Unfortunately, this approach is
limited because the NO, reduction obtained with lean com-
bustion often induces increase in CO emissions due to local
extinction. Contrary to NO, emissions, CO emissions increase
along with the excess air (Figs. 16 and 17). It is noteworthy
that CO emissions of Nj-diluted flames (Fig. 16) are strongly
increased compared to that of the CO,-diluted flames (Fig. 17)
because of the thermal dissociation. Maximums of CO emis-
sions are noticed at LBO limits. This can be explained by the
fact that the flames under near-extinction conditions became
extremely unstable at that stage and the poor completeness re-
sulted in high CO emissions.

The augmentation of Ny or CO, dilution rate results in
global reduction of NO, emissions and increase of CO emis-
sions. Although these two trends seem to be contradictory,
optimal dilution rates can still be found to achieve an ideal
compromise. For N;-diluted flames (Figs. 14 and 16), optimal
dilution rate is found to be comprised between 0.3 (e = 0.538)
and 0.8 (e = 0.333); for CO,-diluted flames (Figs. 15 and
17), optimal dilution rate varies from 0.1 (e = 0.538) to 0.5
(e =10.333).

800
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600 — o ¢=0.493
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Fig. 16. (color online) CO emissions of N»-diluted flames.
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Fig. 17. (color online) CO emissions of CO,-diluted flames.

7. Conclusions

The present study focuses on a systematic assessment of
dilution effects on flame stability, flame structure and pollu-
tant emissions of premixed methane—air flames. Two main di-
luting species, N, and CO;, are taken into consideration. A
numerically-aided experimental approach is adopted to inves-
tigate the combustion in diluted regimes. In numerical aspects,
large eddy simulations are performed for non-reacting condi-
tions in order to gain knowledge about cold flow topology and
estimate aerodynamic swirl number; Chemkin calculations are
carried out, giving access to the information about main pa-
rameters of flame characteristics, such as laminar flame speed,
at various operating conditions. In experimental aspects, CH*
chemiluminescence measurements are conducted to establish
the stability diagrams of diluted flames; OH-PLIF measure-
ments are achieved to discuss the dilution impacts on flame
structure by means of statistical analysis on flame curvature
distributions; pollutant emissions are evaluated using a multi-
gas analyzer.

Although most industrial applications of combustion opt
for a premixed configuration, problems on combustion insta-
bilities due to premixing remain to be tackled. Flame stabiliza-
tion through swirl motion is a viable solution. In this context,
a swirl-stabilized combustion chamber is designed. Results
on non-reacting flows prove the existence of the recirculation
zones and thus validate the design.

According to CH* chemiluminescence results, five main
flame regimes are observed with Ny dilution: anchored stable
flame, A-L transient unstable flame, lifted stable flame, L-S
transient unstable flame and near-extinction stretched flame.
CO;-diluted flames follow the same pattern evolution, but
the domains are shifted to lower excess air (higher equiva-
lence ratio). Both N, dilution and CO, dilution affect the

LBO limits negatively. However, the negative effect of dilu-
tion on LBO limits can be compensated by reactant preheating
which broadens the flammability domain of the diluted flames.
The measured LBO limits in preheating cases extend towards
leaner conditions.

Dilution is found to have dual effects: the aerodynamic
aspect is linked to Re number; the chemical and thermal as-
pect is related to Ka number. Preheating is supposed to have
the same dual effects, since it results in reduction of Re num-
ber (aerodynamic aspect), increase of flame reactivity (chemi-
cal aspect), and decrease of flame thickness (thermal aspects).
Most phenomena observed in the current study, in terms of
flame stability and flame structure, can be explained by the
competition between Re number and Ka number. In other
words, it is of great importance to evaluate which one is the
dominant factor for a given phenomenon.

Concerning the dilution effects on pollutant emissions, a
correlation between NO, emission profiles and flame stability
diagram is established. Optimal dilution rates are estimated to
achieve positive influence on both NO, and CO emissions for
the operating conditions under discussion.

This study is driven by the need for environmentally-
friendly combustion approaches. The reported results serve
to make contribution to the fundamental database of dilution
effects on premixed methane/air flames. We have demon-
strated the feasibility of adding N, and CO; as diluents in a
swirl-stabilized combustor. This confirms the current indus-
trial trends of applying biogas or EGR technology to achieve
clean combustion.
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