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ABSTRACT

We have recently shown that premixed CHg/air flames anchored behind flame holders can stabilize in
two flame stabilization regimes characterised by the presence or absence of a recirculation vortex [1].
Focus of the present work is on the underlying mechanisms governing flames anchored without the
presence of a vortex for methane-air flames. We revisit the definition of the flame anchoring location
and define a new anchoring location which results from flame stretch considerations rather than heat
loss considerations. This location can be unambiguously defined for flame holders of different sizes. It is
argued that such an anchoring location is more relevant for flames stabilized behind flame holders with
sharp corners and do take into account the multi-dimensional nature of heat transfer with the flame
holder as well. A quantitative assessment of heat transfer, stretch and preferential diffusion effects is
then carried out at the anchoring location for elucidating their impact on the flame speed as a function
of the flame holder size. New insights into flame blow-off, flashback and emergence of a recirculation

vortex are obtained as a result of this investigation.

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The manner in which a premixed CHy/air flame stabilizes is
crucial for our understanding and the design of burners for differ-
ent fuels. In practice, one common way to stabilize flames is to use
flame holders with sharp corners such as bluff bodies, perforated
plates, etc. In our recent work [1], two stabilization regimes have
been identified for flames stabilized behind cylindrical flame hold-
ers characterized by the presence/absence of a recirculation zone
(RZ). We discussed trends of heat loss to the flame holder, flame
curvature and flow strain for each of the stabilization regimes.
Flames stabilized with a RZ have been discussed widely in the lit-
erature [2-13]. In the current study, our objective is to investigate
in detail the flame anchoring mechanisms in the absence of a RZ
for the cases presented in Ref. [1]| in the case of CHy-air flames
and this will contribute to the formation of a generalized overview
of the flame anchoring process. This motivation follows the pio-
neering works by Lewis and von Elbe [14] on the stabilization of
premixed flames on flame holders of various sizes. Critical velocity
gradient theory of Lewis and von Elbe, however, did not take into
account the effects of flow strain, flame curvature, conjugate heat
transfer with the flame holder and preferential diffusion effects. As
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such, researchers are now focusing on numerical simulations for
extracting detailed information and understanding the flame an-
choring process.

In the stabilization regime characterized by the absence of a
RZ, three limit scenarios are of particular interest: 1) flame flash-
back, 2) flame blow-off, and 3) the emergence of a RZ resulting in
the transition to the RZ stabilization regime. In literature, flames
stabilized without a RZ received attention in the context of rod
stabilized inverted flames, flames stabilized on perforated plates,
etc. [14-19]. However, such flames have never been analyzed while
taking into account the stabilization regime and for a large varia-
tion of flame holder sizes. Such flames can be identified by the
following characteristics:

» Merged (continuous) flame fronts at the axis of symmetry near
the flame holder,

 High flame curvature at the axis/plane of symmetry,

+ Heat loss having the dominating influence on the flame dis-
placement speed at the flame leading edge along the axis of
symmetry.

In most of these studies, the geometrical length (radius, distance
between slits) of the flame holder is comparable to the flame thick-
ness and consequently merging of the flame fronts at the axis of
symmetry results from geometrical considerations. Another conse-
quence of the burner geometry is the presence of higher curva-

0010-2180/© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license
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Nomenclature

r Radial coordinate

z Axial coordinate

Y; Mass fraction of species i

w; Species source term

Dim Diffusivity of species i

T Temperature in Kelvin

A Mixture thermal conductivity

Cp Mixture specific heat

P Mixture density

uw Mixture viscosity

h Absolute enthalpy

h; Sensible enthalpy of species i

h? Formation enthalpy of species i

\' Velocity vector

p Pressure

E Total energy

wr Heat release rate

T Stress tensor

M; Molar mass of species i

Ji Diffusive flux of species i

Le; Lewis number of species i

D Flame holder diameter

R Flame holder radius

R Flame holder radius scaled with flame thickness

F Radial coordinate scaled with flame thickness

z Axial coordinate scaled with flame thickness

Vin Inlet flow velocity

1% Scaled average flow velocity in the region between
wall and flame holder

Vrg Flashback limit velocity

VBo Blow-off limit velocity

Vrrz Regime transition limit velocity

1) Fuel equivalence ratio

Zxmax Axial location of the anchoring location where
stretch is the maximum

2IE Axial location of the leading edge

K Flame stretch rate

ug Velocity tangent to the flame

n Flame normal vector

Q4 Flame displacement speed

Ka Karlovitz integral

K Flame curvature

o Flame surface area

Ks Flame stretch due to strain

Ifc Flame stretch due to flame curvature

h Scaled total enthalpy

Y Reaction progress variable

St Unstretched adiabatic flame speed

Ain Inlet area of tube

Arim Area between the flame holder and the wall

Z; Mass fraction of element j

¢j Sensitivity coefficients

vy State at the burnt side

s Flame normal coordinate

ture at the flame base. At this anchoring location, which is also the
flame leading edge, the flame speed is affected largely by heat loss
effects as it is the closest location to the flame holder. As such any
hypothesis that takes into account this point as the anchoring lo-
cation will conclude that the flame stabilization conditions are met
as a result of heat loss, which decreases from the flashback to the
blow-off limit. Also, such a location misses the multi-dimensional
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Fig. 1. An illustration of flames stabilized without a RZ with merged (a) and sepa-
rated (b) flame leading edges at the axis of symmetry near the flame holder. Flame
reaction layer location is colored in blue and streamlines in red. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

nature of the flame interaction coupled with heat transfer with the
flame holder. Counter arguments have already been introduced in
Ref. [15] where it is argued that the stabilization of a flame near
blow-off with negligible heat loss shows that an adiabatic inverted
flame can be stabilized. This paves the way of thinking that flame
stretch (strain and flame curvature) is the key influencing factor
on flame speed for such flames. An explanation which takes into
account one of these effects (i.e. flame curvature) is provided by
Kawamuara and co-workers [16,19] and is also favoured by Kedia
and Ghoniem [18]. But this reasoning does not take into account
the flow strain effects along with the heat circulation through the
flame holder. Conditions at flashback are not considered in these
studies and as such an analysis from limit (flashback) to limit
(blow-off) is missing in the literature.

We have shown in Ref. [1] that near flashback, the contribution
from flame curvature dominates the total stretch rate while near
blow-off, stretch is caused by both flow strain and flame curvature.
Another question that arises is related to the difference between
flames with merged and separated leading edges. Two examples
are shown in Fig. 1 for a flame holder with a diameter comparable
to the flame thickness (Fig. 1a) and a flame holder with a diam-
eter much larger than the flame thickness (Fig. 1b). It can be ob-
served that the flame leading edges are merged for the former case
while they are separated in the latter case at the axis of symmetry
near the flame holder. When the flame fronts are merged, flame
curvature is higher at this location, while it is lower when they
are separated. Apart from this difference, the manner in which the
flames lose heat to the flame holder could be different. Flames
with merged leading edges could lose heat in the flame normal
direction while for the separated edges, flames could lose heat in
flame normal as well as tangential directions in addition to heat
loss from the burnt gases. Apart from these two differences, it can
be argued that the two cases are not fundamentally different from
each other and as such represent the same stabilization mecha-
nism with differences resulting from flame holder geometry. These
arguments serve as the basis for Section 3 of this paper, where jus-
tifications for a different flame anchoring location are presented,
which gives a clearer idea about the flame stabilization process.

In order to analyze such flames, we first identify the region
at the flame base that governs the flame anchoring process when
a RZ is not present. Then we use the flame stretch theory of de
Goey and ten Thije Boonkkamp [20] for a quantitative assessment
of different contributions from direct stretch, enthalpy changes and
preferential diffusion terms to the density weighted flame dis-
placement speed Sp;, (at the burnt side of flame) for flame hold-
ers of varying radii. This separation is our guide for further under-
standing the flame stabilization mechanism. The main objectives of
this study are to:
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Fig. 2. Left side: Flame stabilized on a cylindrical flame holder. Flame is repre-
sented by heat release rate contour (colored), streamlines by black lines and bluff
body by the grey cylinder. Right side: Computational model used in this study with
D=8 mm.

- Identify a physical and consistent location in the flame that
governs the mechanism of flame anchoring for flame holders
of various sizes. We will call this location as the anchoring lo-
cation.

« Understand the role of different contributions to the flame dis-
placement speed Sp j, at the anchoring location when approach-
ing flame flashback, blow-off and transition to the RZ stabilized
regime limits for flame holders of different sizes.

The structure of this paper is as follows: In Section 2 the nu-
merical model is introduced. In Section 3 the location of the flame
anchoring point is discussed. Section 4 introduces the flame stretch
theory used to analyze flames at the anchoring location and an
analysis of the contributions to the flame speed at the anchoring
location for flame flashback, blow-off and regime transition limits
is presented.

2. Numerical model

The numerical model used in this study is the same as em-
ployed in our previous study [1] on stabilization regimes and a
schematic of this setup is shown in Fig. 2. A brief description is
given here and other details can be found in Ref. [1,12,21]. The ge-
ometry consists of a cylindrical bluff body with radii R = D/2 vary-
ing from 0.5 mm to 4 mm, placed concentrically inside a cylin-
drical glass tube with radius of 10.5 mm. An axi-symmetric 2D
slice of this geometry is modelled for the solid (flame holder) and
fluid domains. The wall of the enclosing tube is modelled as an
isothermal no-slip wall with a temperature of 300 K. The outlet is
modelled with a Neumann type boundary condition implying that
there is no change in the field variables in the normal direction.
Conjugate heat transfer of the fluid with the solid bluff body (ther-
mal conductivity, k =109 W/K m) is also modelled. The steady
equations are solved using the SIMPLE solver with a finite volume
solver and a second-order upwind discretisation scheme using the
commercial software package Ansys Fluent [22]. The mixture con-
sists of a CHy/air and the fuel equivalence ratio ¢ is fixed at 0.68
throughout this study. The chemistry for CHg/air flames is mod-
elled using the DRM19 mechanism [23] which contains 21 species
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Table 1

Lewis numbers used in the numerical simulation for CH,-air flames at ¢ = 0.68.
Species Le
H, 0.317
H 0.189
(6] 0.712
Orm2 1.087
OH 0.736
H,0 0.854
HO, 1.078
CH, 1.023
CH3 1.022
CH; 1.049
CHy 1.043
co 1.171
CO, 1.404
HCO 1314
CH,0 1.329
CH;0 1.360
CHy 1.402
CHs 1.550
CyHs 1.546

and 84 reactions. Constant Lewis number based mixture properties
are used [24,25]. Constant Lewis numbers are calculated by simu-
lating one-dimensional flat flames using mixture-averaged proper-
ties using CHEM1D [26] are shown in Tab. 1. For a steady, laminar,
reactive flow, the following equations are solved for an axisymmet-
ric domain:

V.- (pv) =0, (M
V(o) +V -] = w;, (2)
V.(pw)=-Vp+V.1T (3)
V- ((0E + p)V) = V - (AVT) = V - (Z;ih;) + wr. (4)

In the above equations, the velocity vector, density, the species
mass fractions, the species source terms, pressure, temperature and
species sensible enthalpy are represented by v, p, Y;, w;, p, T, and
h; respectively. The stress tensor, total energy, enthalpy and ther-
mal heat release rate are represented by 7, E, h and wr, respec-
tively and are given by

T =pu[(Vv+ W) — %v v, (5)
_p_P_ VvV
E=h 5 + 5 (6)
h=>"Yh; (7
i
T
h,’ :/ Cp,,'dT, (8)
T;'ef
ho
wr = Z': Mliwi- 9)

Here, formation enthalpy and molecular weight of species i is
represented by h? and M;, respectively. J; represents the Fickian
diffusion flux and is given by

Ji=—pDin VY. (10)

Here D;,, are the mixture averaged Fickian diffusion coefficients
for species i. Diffusion due to thermal gradients has been ignored
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in this study. The transport properties are calculated based on the
following relations [25]:

A =258e— SCP(%)O»Gg[Wm*K*]} (11)
T 0.51 -1.-1
u=1.67e— 8cp<ﬁ> =lkgm™ s (12)

Here the mixture viscosity, conductivity and the specific heat ca-
pacity is represented by w, A and cp, respectively. The reacting
flow equations are solved on an equidistant structured grid with a
100 um global grid resolution. A two-level grid refinement is ap-
plied based on the temperature gradient resulting in a local reso-
lution of 25 um in the flame zone. These mesh resolutions proved
to give well resolved and grid independent solutions [1,12]. Flames
are established by igniting a high temperature patch near the rear
end of the flame holder for one case for each flame holder and
then using this result as an initial condition for increasing (for
finding the blow-off limit) and decreasing (flashback limit) inlet
flow velocities. We have previously validated our model with ex-
periments in Ref. [12] by comparing flame shape and burning pro-
files. A further validation of the numerical model is provided here
by comparing velocity profiles from numerics with that measured
using Particle Image Velocimetry method (PIV) at different loca-
tions above the bluff body flame holder. The mixture was seeded
with Al,03 particles with an average size of approximately 1m
using a custom-made fluidized bed seeding system. The flame re-
gion was illuminated by a 0.5 mm thick light sheet of an Nd:YAG
dual pulsed laser (Brio, Quantel) with a wavelength of 532 nm, and
images were taken by a 1 megapixel PIV camera. In order to elim-
inate the background reflection of the laser light, the back part of
the inner wall of the protective quartz tube was painted with ther-
mal resistant black paint. Mass flow controllers used in the exper-
iment have an accuracy of 1%. A comparison between axial and
radial velocity profiles at different axial locations from the top of
the flame holder is presented in Fig. 3 for a mixture velocity of
1ms~! and flame holder with R =4 mm. We can observe an ex-
cellent agreement between the axial velocity profiles from numer-
ics and PIV measurements. The flow profiles confirm the symmet-
ric nature of the flow in the presence of the flame although the
non-reacting flow would be unsteady as the Reynolds number is
about 500. Another observation can be made for the absence of
any significant negative axial velocity near the flame holder, show-
ing that an recirculation zone is absent. For radial velocity profiles,
a mismatch between simulation and experimental results can be
observed at z/D = 0.05 possibly caused due to the difficulty in ex-
periments in measuring flow near walls. For the locations further
downstream, a good agreement can be observed again. It can be
concluded from this section that results from numerical simulation
and PIV measurements are in excellent agreement with each other
and the model can be used with confidence for further investigat-
ing flame stabilization mechanisms.

The blow-off limit is characterized by the flame convecting out
of the domain and the flashback limit is characterized by stabiliza-
tion of the flame at an undesired location upstream of the flame
holder. The transition to recirculation zone (RZ) stabilized flames
is characterized by an immersion of the flame base inside the vor-
tex above the cylinder once it emerges at higher velocities. The
eight cylindrical flame holders of different sizes studied in this pa-
per are presented in Table 2. Blow-off Vg, flashback Vgg velocity
limits and the limit Vrg; at which flame transitions to the RZ stabi-
lized regime are also shown in Table 2. They are defined as the last
Vi, for which a stable flame without a RZ is observed using the nu-
merical model. The velocities at which flashback and blow-off were
observed, respectively, are shown in brackets. A non-dimensional
radius of the flame holder is also defined in Tab. 2 as R = % with
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Fig. 3. A comparison between axial (top) and radial (bottom) velocity component
from numerical simulations and experimental PIV measurements for ¢ = 0.68 and
Vi = 1ms~! and D = 2R = 8 mm. Solid lines show the results from numerical sim-
ulations and o mark PIV measurements. Heat release rate contours for the corre-
sponding flame is added in the bottom figure.

Sr = 0.635 mm, being the flame thickness computed using the def-
inition based on maximum temperature gradient [27] for a corre-
sponding 1D flat flame at ¢ = 0.68. It can be observed that flash-
back limits are almost the same for all flame holders while the
blow-off limit increases as the radius of the flame holder is in-
creased. Regime transition velocity Vrgz also remains constant even
though Reynolds numbers are different for each flame holder. This
indicates that the regime transition is a function of V;,/S; rather
than the Reynolds number. The global analysis of limits of sta-
bilization when a RZ is not present from Table 2 indicates ma-
jor trends but what is of interest here is the underlying mech-
anisms that cause these limits to exist in terms of contributions
from stretch, preferential diffusion and heat transfer with changing
flame holder radii. For this purpose, in the next section, a compre-
hensive discussion on a consistent and physical anchoring location
is presented.

3. Flame anchoring location

In this section, an anchoring location is identified that takes
into account the multi-dimensional nature of the flames presented
here. In the literature of inverted rod stabilized flames, the posi-
tively curved flame leading location is usually taken as the anchor-
ing point [15,16,18,19,28] for explaining unstable flame behaviour.
However, in such analyses, no discussions are provided for the
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2]
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20 percent of Wnax
———40 percent of Wnax
Y=0.9
z L ZKmax
r O ZLeading edge
1]
&

Fig. 4. Various isolevels of heat release rate along with isolevels of reaction
progress variable Y in the inner layer of the flame structure. Location where stretch
is maximum is marked with + symbol while the leading edge is marked with o
symbol. wmax is the maximum heat release rate. Top plot: R=0.79, V = 3.40. Bot-
tom plot: R = 6.30, V = 6.10.

choice of this point and it is usually assumed to be the flame an-
choring location, possibly due to the simpler 1D nature of the flow
profile at the axis of symmetry. Another problem is related to the
situation when there is no clear flame leading edge as the flame
base has separated fronts for larger radii of the flame holder.

In order to define a flame leading edge, various isolevels of
heat release rate are plotted in Fig. 4 for merged and separated

flame leading edges. Iso-levels of progress variable (defined as Y =
Yr=Yru
VoY,

of the flame structure with Y = 0.9 are also plotted. It can be ob-
served that when the flame fronts are fully merged at the base of
the flame, the leading edge is easy to define as the most upstream
point on the isocontour Y = 0.9 near the flame holder, marked by
o. Here, the flame leading edge location can be specified by a z
axial coordinate location. For separated flame fronts, this flame in-
ner layer isolevel is not aligned with the reaction rate fronts due
to flame tangential fluxes in the quenching region. The flame lead-
ing edges in this case are defined as the most upstream location
in the flame inner layer where it intersects the isocontour of 10%
of the maximum heat release rate. This point is marked by o in
the right panel of Fig. 4. It is noted here that other values of heat
release rate could also be used resulting in a arbitrariness in selec-
tion of the flame anchoring location due to vanishing of heat loss
and stretch effects at downstream locations. The leading edge loca-
tion for separated flame fronts is characterized by r and z coordi-
nates and forms a circle due to the cylindrical geometry. However,
the flame leading edge where the heat loss dominates other effects
and flame curvature reaches its maximum level, is not the only lo-
cation that can act as the flame anchoring location. Another loca-
tion which can govern the flame anchoring process is the location
at the inner layer of the flame where the stretch rate is maximum
Kmax along the axial length. This location is marked by + symbols
in Fig. 4 and is the focus of this section. This is a clear and unique
location and therefore, more relevant to flame anchoring.

where Y; is the methane mass fraction) in the inner layer
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Fig. 5. Total stretch K, contributions from flow strain Ks and flame curvature K¢
and enthalpy at the inner layer of the flame. The location of maximum stretch is
marked with + symbol while leading edge location is marked by o for flashback and
blow-off limit flames for R = 0.79 and R = 6.3.

In order to analyze further, a plot of normalized enthalpy and
stretch rate (along with strain and curvature contributions) at the
inner layer of the flame are shown in Fig. 5 for flashback and blow-
off limit flames for the smallest R = 0.79 and largest R = 6.3 flame

holders presented in Ref [1]. Here V = %‘gﬂ is the average flow
rim  °L

velocity in the region between the flame holder and the wall, nor-
malized with the adiabatic unstretched flame speed. Here A;;,; and
A;im are the area of the tube inlet and area between flame holder
and tube outer wall. The enthalpy, h is made dimensionless as

h_hin

h= _—, 13
cp, (T2 = Ty) (13)
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where h is the local total enthalpy, T is the unburnt mixture tem-
perature, cp, the specific heat capacity of the unburnt mixture and
TbO is the burnt temperature for the corresponding adiabatic un-

stretched flame. The difference Ah between h at the inner layer of
the flame, i.e. the non-ideal 2D flames presented here and h for
1D ideal flat flame, is shown in Fig. 5. The stretch rate, K, calcu-
lated for stationary flames using K = V; . u;, where V; is the flame
tangential component of the V operator, v and n are local flow ve-
locity and flame normal vector with u¢ being the tangential com-
ponent of the gas velocity [27]. The flame stretch rate K contains
contributions from flow strain Ks along with flame curvature ef-
fects Kc. Curvature K- and strain contribution Ks are calculated fol-
lowing Ref. [27,29]:

Ke = —S4(V; -m), (14a)

Ks=V;-v, (14b)

where S; is the local displacement speed given as S; = —v - n. To-
tal stretch K, stretch due to flow strain Kg and curvature induced
stretch K¢ is plotted in Fig. 5. It can be observed that for rela-
tively small flame holders like R = 0.79 at the flame leading edge,
heat loss and curvature-induced stretch rate are maximum for each
case. The enthalpy is more negative for the flashback limit case
than for the blow-off limit case. There is also a negative flow strain
rate, which decreases the total stretch rate. Just downstream of
this leading edge, the flame stretch rate reaches a maximum value
along the flame front because the flow strain becomes slightly pos-
itive. This location of maximum stretch rate Kmax is present in all
the flames observed in this and our previous study [1] and can be
of universal nature for flames stabilized behind cylindrical flame
holders without a recirculation zone. For the larger R = 6.3 flame
holder, at the flashback limit, similar trends for strain and enthalpy
can be observed as well. However, at the leading edge, the curva-
ture contribution is negative and reaches a maximum value at the
location of Kmax coupled with the maximum value of Aﬁ, indicat-
ing strong pre-heating effects at this location. For V = 8.5, at the
transition to the RZ regime limit for R = 6.3, strain and flame cur-
vature contribute to the total stretch in similar magnitudes and the
Kmax location shifts further downstream.

From the discussion above, it seems that the location where
the stretch rate is maximum in the inner layer of the flame along
the flame length is inherent to flames stabilized behind bluff body
type flame holders along with the quenching point/leading edge.
As such, it gives sufficient reason for continuing our investigation
about this location as the flame anchoring location in the next sub-
sections.

3.1. Stabilization of an adiabatic but stretched flame

In order to further investigate the importance of stretch com-
pared to heat loss in the stabilization of premixed flames behind
flame holders presented here, a numerical simulation is performed
with no heat loss to the flame holder for V = 3.4, R = 0.79, which
is the blow-off limit case for the respective flame holder. This is
done by applying a zero heat flux boundary condition on the flame
holder geometry in the numerical simulation. The simulation with-
out heat loss is carried out to give an indication about the im-
portance of stretch on flame stabilization. If heat loss is of prime
importance, the flame should not stabilize and blow-off instead in
this scenario. Otherwise, if stretch is of primary interest, then the
flame will find a new anchoring location in order to compensate
for contribution from heat loss, resulting in a stable flame.

Results of heat release rate with locations of the flame leading
edge and Knax are shown in Fig. 6 for the two cases. Stabilization
of the flame without heat loss shows that it is possible to stabilize
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Fig. 6. Heat release rate contours for the blow-off limit flame for R = 0.79 and V =
3.4 without and with heat transfer to the flame holder. The location of maximum
stretch is marked with + symbol while leading edge location is marked by o.

an adiabatic flame, which puts emphasis on the argument that the
stretch rate is the primary contributor towards lowering flame dis-
placement speed at the anchoring location near the flame holder.
It can be observed that without heat loss, the flame leading edge
stabilizes on the corner of the flame holder and the Knax location
lies immediately downstream of this location. The close proximity
of these two points shows that without heat loss the flame anchor-
ing location can be solely described by the Knax location.

Local plots of the flame stretch rate are shown in Fig. 7 for the
flame without heat loss. This plot can be compared with the sec-
ond from top plot in Fig. 5 where heat transfer with the flame
holder was enabled. It can be observed that the stretch rate is
maximum in close proximity to the flame leading edge. Stretch
consists almost entirely out of flame curvature while a small flow
strain part is also present. The enthalpy decreases because of slight
Lewis number effects present in lean CHy-air flames.

This subsection shows that in the case of no heat loss, the flame
can adjust its flame speed by moving closer to the flame holder
and stabilize solely due to flame stretch. This result can be in-
terpreted to show that flame stretch acts as a primary factor for
non-flat flames stabilized on bluff bodies and thus an anchoring
location defined based on such considerations can result in a more
physical outlook of the stabilization process.

3.2. Visualization of the anchoring location and heat transfer with
the flame holder

In this subsection, the changes in the flame leading edge loca-
tion along with the location of maximum stretch with respect to
heat circulation through the flame holder are visualized. Main ob-
jective is to show that the location of maximum stretch can also
take into account effects of heat loss as well as pre-heating from
the side walls. The heat release rate along with markers for differ-
ent anchoring points as well as a pre-heating iso-level and a heat
loss iso-level are plotted in Fig. 8. The top row shows results for
the smallest flame holder with R = 0.79. It can be observed that
with increasing V, the flame moves away from the flame holder
resulting in less heat loss to the flame holder marked by the red
line. The pre-heating iso-level marked by the blue lines, shows the
resulting heat transferred back to the flame via the flame holder.
The area occupied by the blue line decreases from the flashback
to the blow-off limit in accordance with the decrease in net heat
loss with increasing V. Consequently, the flame front at the Kmax
location is less supported by the pre-heating at higher velocities.

Results for the R = 1.57 flame holder are shown in the second
row of Fig. 8. A similar trend can be observed for the flame stand-
off distance and anchoring locations along with stretch rate and
enthalpy contribution as for R = 0.79. In this case, the flame moves
further away from the flame holder when increasing the mixture
velocity. The blow-off limit for R = 1.57 is higher than that for R =



EH. Vance, Y. Shoshin, L.P.H. de Goey et al. Combustion and Flame 235 (2022) 111690

| T 0.06
800 [
+10.04
600
. 400 s
2 <
= >
- 200 Al
L <
[} - 1-0.04 <
b -~ - ~
— op TN ——— e —— = =
@ " o 2 1-0.06 M
——-Kg R=0.79 V=34 :
200 K
¢ 1-0.08
4 L + Kmax
-400 Enthalpy 1-0.1
QO  Leading edge
-600 1 ! -0.12
0 5 10 15
2

Fig. 7. Total stretch K, contributions from flow strain Ks and flame curvature K- and enthalpy at the inner layer of the flame for V = 3.4, R = 0.79 without heat loss to the
flame holder. The location of maximum stretch is marked with a + symbol while the leading edge location is marked by o.

R=0.79 R=0.19
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Fig. 8. Flame anchoring locations for increasing V from flashback to blow-off. Heat releasg rate contours are shown alpng with the leading edge location (o symbol) and
Kmax location ( + symbol) for R = 0.79, 1.57,3.15 and 6.3 flame holders. Pre-heating (blue) (h = 0.01, 0.02, 0.04, 0.08 for R = 0.79, 1.57, 3.15, 6.3) and heat loss (red) iso-levels

are also shown (E =-0.1,-0.2, -0.4, —0.6 for R = 0.79, 1.57, 3.15, 6.3). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 9. Variation of anchoring location where the stretch is maximum Zj,, for all
the flames presented in Table 2 as a function of scaled velocity V.

0.79. This difference results from an increase in the surface area
of the burner resulting in higher heat transfer which provides pre-
heating support to the Kmax flame region for a wider range of V
values than for R = 0.79.

Similar observations can also be made for R=3.15 and 6.3
flame holders in Fig. 8 where =0.04 and 0.08 isolevels are
shown for marking pre-heating while = —0.4 and —0.6 isolevels
are shown for marking heat loss, respectively. In these cases, the
flame leading edges are clearly separated due to a flame holder ra-
dius which is larger than the flame thickness. Despite this, a sim-
ilar behaviour of the flame leading edge (moving away from the
flame holder) and Kmax region (also moving away from the holder)
can be observed when compared with the joint flame fronts for
smaller flame holders. The heat loss contours (red lines) appear to
change less with V than they did for smaller flame holders. This
difference is caused by the presence of burnt gases in between the
separated flame leading edges, that lose heat to the flame holder.
This heat loss from the burnt gas is directly proportional to the
surface area of the flame holder top surface [1]. For the flame
holder with the lowest radius in our study, bluff body tempera-
ture decreases from 369 K at flashback limit to 313 K at the blow-
off point while for the largest flame holder, temperature decreases
from 734 K at the flashback limit to 457 K at the regime transition
limit.

3.3. The flame anchoring location

It has been argued in the previous subsections that the pres-
ence of a maximum stretch location is of key importance to the
flames stabilized behind flame holders with sharp angles at cor-
ners due to geometrical considerations and flow behaviour. The
maximum value of the stretch rate Kmax results from a combi-
nation of flame curvature and flow strain effects and exists just
downstream of the flame leading edge. It is also argued that the
location where the stretch rate is maximum is physically more rel-
evant as the anchoring point than the leading edge and describes
flame stabilization for flame holders of all investigated sizes thus
resulting in a more consistent definition as well. It also takes into
account the heat transfer with the flame leading edge via circula-
tion through the flame holder. Therefore, this location is adopted
as the anchoring point for the investigation of the limits of flames
stabilized without a RZ. The spatial position of this anchoring point
Zkmax 1S shown in Fig. 9 as a function of scaled velocity V for
all the cases simulated in this study. The lowest V represents the
flashback limit while the highest value of V represents either the
blow-off or regime transition limit. It can be observed that Zy;x
is a strong function of flow velocity as also observed in Fig. 8. The
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Table 2
Flashback, blow-off velocity and regime transition limits for flame holders of differ-
ent diameter (D) at ¢ = 0.68. R = %. Values outside of brackets represent the lim-
its while values inside the brackets indicate velocities at which flashback, blow-off
and regime transition occurred, thus indicating the accuracy of the limit calculation
process.

D [mm] R Vep [ms~'] Vgo [ms~!] Vrgz [ms~1]
1 0.79 0.51 (0.50) 0.675 (0.70) -
15 118 0.50 (0.45) 0.9 (1.00) -
2 1.57 0.50 (0.45) 1.3 (1.40) -
2.5 1.97 0.50 (0.45) - 1.375 (1.50)
3 236 0.50 (0.45) - 1.375 (1.50)
4 315 0.50 (0.45) - 1.375 (1.50)
6 47 0.55 (0.50) - 1.375 (1.50)
8 6.3 0.50 (0.45) - 1.375 (1.50)

l Heat loss from burnt gas
l Heat loss from flame
L Pre-heating from flame holder

o Anchoring location

L)L) Gy

Fig. 10. An illustration of heat transfer around the anchoring location where stretch
rate is maximum.

flame anchoring location moves closer to the flame holder almost
monotonically for all flame holder sizes, as the flow velocity is de-
creased and vice versa when the velocity is increased. It is to be
noted that the value of Zx,. is a consequence of the flame-flow
kinematic balance for a set of conditions. If these conditions are
changed, the flame is expected to move in the vicinity of the flame
holder to find a new balance (if it cannot find a new balance it will
flashback, blow-off or transit to the RZ regime). Our hypothesis in
this study is that the movement of the maximum stretch location
can represent the dynamics of the flame anchoring process result-
ing from underlying changes in the flame speed.

It is to be noted here that it is not argued in this study that heat
loss is not important in flame stabilization, rather it is argued that
stretch is the primary contributor towards flame stabilization and
heat loss acts as secondary contributor. The flame anchoring loca-
tion model is illustrated in Fig. 10 for a case with separated flame
fronts, focusing on the heat transfer around the anchoring loca-
tion where flame stretch is maximum. The effect of heat transfer
is more manifest at the location of maximum stretch, which takes
into account the associated pre-heating support (or lack of it) from
the flame holder side walls. It is also to note that the maximum
stretch location could still be largely affected by a net heat loss. In
the next sections, we will use the flame stretch theory to separate
individual contributions from stretch, preferential diffusion and en-
thalpy changes at the anchoring location for eight different flame
holders presented in Tab. 2.
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4. Separating contributions to the flame speed using flame
stretch theory

For steady flames, flame displacement speed can be calculated
from the kinematic balance m = —p(v-n) = pS;, where p is the
density, v is the local gas velocity, n is the flame normal vector
and S, is the local flame displacement speed [30]. For taking into
account the density variation in the flame zone, S; is weighted
with the density change inside the flame front Sp = %Sd, where
the subscript u indicates the unburnt side of the flame. The flame
displacement speed Sp can be affected by heat loss, flow non-
uniformities (i.e. strain), flame curvature and the changes in local
elemental composition [20]. These changes can significantly alter
the flame speed which consequently can result either in a stabi-
lized flame or in a flashback/blow-off situation. In order to char-
acterise these changes, de Goey and Ten Thije Boonkkamp intro-
duced a quantitative flame stretch theory [20] which takes into
account the effects of stretch, heat loss and preferential diffusion
on the displacement speed at the burnt side of the flame. Using
integral analysis, they showed that the displacement speed at the
burnt side of the flame front of stretched flames, Sy, is derived
as [31]:

Sp.b = SL(¥p) (1 - Ka), (15)
where ¥, = (Zy p, . --+ZN, -1, hy) represents the state at the burnt
side of the flame in terms of elemental atomic composition
for j=1,...,Ne—1 elements in the mixture, and the enthalpy.
Eq. (15) describes that the displacement speed at the burnt side
Spp of a stretched flame can be described by the flame speed of
a stretchless flame S;(v,) with enthalpy and composition on the
burnt side of such a stretchless flame and direct stretch effects in-
dicated by the Ka term. This relation holds for weak as well as
strong stretch rates. The Karlovitz integral Ka is a non-dimensional
stretch rate and given by:

1 S
Ka = 7[ oYKpds, 16
ousy) )i, TTKP (16)

where K is the mass based stretch rate and is linked to the dis-
placement speed S; via the continuity equation as V- (pSgn) =
—pK in the flame coordinate system [30]. The Karlovitz integral
Ka is an integral from the unburnt s, to the burnt side of the
flame sb Y is a normalized reaction progress variable given as

-y
Y= 7 {;f with Yy = Ycy, in the present study. « is the curvature

of the flame, related to the curvature of a small flame segment o

by k =V.-n= la—” Linearisation of Eq. (15) around the adiabatic

O

undistorted state ¥ = (Z;.’b, h9) with laminar flame speed S; = p—b,
results in an expression that is valid only for weakly stretched

flames:

(In mb)

Sob B]
Db _ 1 _Ka+ Ahba—hg(lnmb) + Z AZ "azo

St
The first two terms on the rlght hand side of Eq. () describe
the direct stretch effect on the flame displacement speed. The third
term describes the effect of the change in enthalpy resulting from
heat loss/gain and Lewis number effects while the fourth term de-
scribes the effect of changes in Z; caused by preferential diffu-
sion. Thus, Eq. () gives an explicit relation combining the effects
of stretch rate, heat loss and preferential diffusion on the flame
displacement speed. Eq. () can be further written as:

Spbp e
S—L_1—1<a+2j:mp,.c,. (17)

0
The so-called 3;“# with ¢ =
J

(Z4,...,ZN,—1.h), are computed by varying the inlet composition

sensitivity coefficients ¢; =
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Table 3

Sensitivity coefficients for ¢ = 0.68 for CH4/air flame.
calgl '] cc C o
25 133 165 1.4

and temperature of unstretched adiabatic one-dimensional flames
and solving the overdetermined system Aty c;= %}3,0) -1,
by using a least squares fit [31]. The sensitivity coefficients are
presented in Table 3 for enthalpy and the three elemental mass
fraction changes at ¢ = 0.68 for methane-air flames. The sen-
sitivity coefficient of oxygen cop has a small value as compared
to the hydrogen and carbon sensitivity coefficients. This results
from the fuel lean conditions implying that changes in H and C,
which make up the fuel composition, have more impact on the
flame displacement speed. These sensitivity coefficients will allow
the quantitative separation of contributors to flame displacement
speed, as presented in the next subsections.

4.1. Validation of prediction of flame speed using theory with
simulations

In order to evaluate the changes in enthalpy and elemental
mass fractions, reference values need to be computed. These refer-
ence values are taken from the undistorted adiabatic unstretched
flat flame inside the reaction zone of the flame. For evaluating the
Karlovitz integral Ka, the flame structure needs to be resolved and
local flamelet paths have to be constructed. Such a construction
results in profiles of o, pK, S4/S; and Y along the flamelet paths.
Using Eq. (17) with sensitivity coefficients from Table 3 and val-
ues of >; Ay; and Karlovitz integrals from numerical solutions

for flashback cases for R = 0.79 and R = 6.3 flame holders, a val-
idation of the theoretical estimation along the flame length is pre-
sented in Fig. 11. First, for R = 0.79, it can be observed that there
is an excellent agreement between Sp;/S; from numerical simu-
lations and theory. Flame speed at all axial locations is predicted
well. Second, we can observe the contributions from stretch, en-
thalpy and preferential diffusion effects. Stretch contribution first
increases, reaches a peak, and then decreases towards the down-
stream locations. Negative enthalpy contribution is present for a
small region near the leading edge and quickly rises to the adia-
batic value. Preferential diffusion contribution decreases from the
leading edge towards the downstream location. For R = 6.30 flash-
back flame, again an excellent comparison between numerics and
theory throughout the flame length can be observed. Contributions
to the flame speed follow similar trends as for R = 0.79 except for
the enthalpy contribution, which after a highly negative contribu-
tion at the leading edge, increase to a net positive contribution
at the location of maximum stretch. This happens as a result of
stronger pre-heating effects for wider flame holders.

The displacement speed at the burnt side Spj, at the anchoring
location is plotted for almost 38 stable cases for 8 flame holder
sizes presented in Fig. 12. It can be seen that Sp,/S; for various
flame holders varies from 0.4 to 1.03. It can also be observed that
there is an excellent agreement between prediction from the the-
oretical relation using separate contributions and from direct nu-
merical simulation results. This indicates that the theoretical rela-
tion can be used for a deeper understanding of underlying contri-
butions to the flame speed, especially at the limit conditions.

4.2. Contributions to the flame displacement speed for different flame
holders

In this subsection, the contributions to Sp,/S; from stretch,
preferential diffusion and enthalpy changes are analyzed at the an-
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Fig. 11. Comparison between Sp,/S; from numerical simulations and predicted
from Eq. (17) at various axial locations for flashback limit of R = 0.79 (a), bottom:
R =6.3 (b) flame holders.
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Fig. 12. Comparison between Sp,/S; from numerical simulations and predicted
from Eq. (17) at the location of maximum stretch (anchoring location) for all the
flames presented in Table 2.

choring location. Quantification of the different terms in Eq. (17) is
shown in Fig. 13 for R = 0.79 — 6.3 with varying normalized rim
velocity V. Results are plotted from the flashback to the blow-off
limit for R = 0.79 — 1.57, and from flashback to the regime transi-
tion limit for R = 1.97 — 6.3. Here, it can be seen that for R = 0.79,
with increasing V, the Karlovitz integral Ka increases. This negative
contribution from direct stretch to Sp, is countered by stretch in-
duced preferential diffusion effects which increase with V. The net
effect of these contributions is dominated by the direct stretch ef-

10
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fect (—Ka) which reduces Sp . The heat loss to the flame holder,
which decreases with an increase in flow velocity for flames sta-
bilized without a RZ [1], also results in less pre-heating reaching
the flame anchoring location as observed in Fig. 8. This causes a
diminishing support to the anchoring location just downstream of
the heat loss affected leading edge and results in a flame that is
still subjected to a net heat loss as evident from the negative en-
thalpy contribution at the anchoring location. It is to be noted here
changes in enthalpy contribution from Lewis number effects are
small compared to that from heat transfer. With further increase
in the inlet velocity, the flame blows off. Similar trends can be
observed for R = 1.18 — 1.57 where the velocity at which blow-off
happens increases with an increase in flame holder size. For these
cases, the flame near blow-off is subjected to an increasing stretch
contribution while the enthalpy contribution tends to flatten when
approaching the blow-off limit.

For flames stabilized on flame holders with R = 1.97 — 6.3, the
different contributions to Spj, are also shown in Fig. 13. With in-
creasing mixture velocity from the flashback limit, blow-off does
not happen here but the flame enters the RZ stabilization regime.
For R = 1.97, trends similar to that for flames stabilized on R < 1.6
flame holders are observed for stretch, preferential diffusion and
enthalpy. The stretch contribution —Ka increases with an increase
in V but the increase is less than that was observed for R = 1.57.
The enthalpy contribution then decreases towards the emergence
of a RZ in a similar manner as for the R < 1.6 stabilized flames. For
R =236 — 6.3, a higher pre-heating effect is observed at the flash-
back limit, corresponding to a higher heat loss to the top face of
the flame holder. The impact of these changes on flashback, blow-
off and transition to RZ stabilization regime limits is discussed in
the next subsections as a function of normalized flame holder ra-
dius R.

4.3. Flashback mechanism

In this subsection, the changing trends of stretch, enthalpy and
preferential diffusion contributions at the flashback limit for dif-
ferent flame holders are summarized. These contributions at the
flashback limit are plotted together in Fig. 14 for the eight radii an-
alyzed in this study. These results can be analyzed together with
those from Fig. 13 for a more detailed understanding of flame
flashback for the presented cases. Linear fits for each data line is
also represented as some scatter exists possible due to uncertainty
in the limit calculation.

It can be seen in Fig. 14 that the stretch contribution (—Ka)
for all flame holders is almost constant at the flashback limit.
The contribution of stretch induced preferential diffusion is high-
est for R = 0.79 and decreases with an increase in R but the slope
of this change is small. The most drastically changing contribu-
tion, however, is from the enthalpy change, which changes sign
as R is increased and correlates in a good manner with change
in Spj shown by the black curve. This happens as more heat is
lost to the flame holder for higher R, resulting in stronger pre-
heating of the anchoring region. This effect is less profound for
lower R. It can be argued from this discussion that for flame
holders of varying sizes, displacement speed at the flame flash-
back limit is a strong function of enthalpy change contribution i.e.
(Sp.p)Fp o CyAhy.

In summary, extrapolating from Fig. 13, and using Fig. 14, with
further decrease in mixture velocity, flashback happens:

- for smaller flame holders, because the local Sp; becomes
higher than the flow velocity primarily due to lack of stretch.
In other words, if the stretch rate could be further increased,
flame flashback would happen at a lower mixture velocity. Due
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Fig. 13. Different contributions to displacement speed Sp /S, as per Eq. (17) at the location of maximum stretch near the flame base region for flames stabilized without
RZ.— — —, ... and —. lines represent computed conditions at which flashback, blow-off and regime transition occurs.

to relatively low heat loss because of the small flame holder
top surface area, Sp, is not enhanced in a significant manner

by the pre-heating effect.

« for larger flame holders, the local Sp , becomes higher than the
flow velocity due to an increase in enthalpy (change) contribu-
tion (by pre-heating) to the flame speed as the flame and burnt
gases lose heat to the burner with larger surface area coupled

with low stretch rates.

1

4.4. Blow-off mechanism

In this subsection, blow-off (in the absence of a RZ) for R < 1.6
flame holders is analysed. Contributions to Sy, at the anchoring
location at blow-off limit are plotted in Fig. 14 as a function of R.
Note that blow-off velocities increase with increase in flame holder
radius. We can observe that the contribution from enthalpy change
almost remains constant with changing flame holder radius. This
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Fig. 14. Different contributions to displacement speed Sp /S, as per Eq. (17) at the
flame anchoring location for flashback (top) and blow-off (bottom) limit flames as
a function of flame holder radius.

happens due to the observed flattening of the enthalpy contribu-
tion curve in Fig. 13 at the blow-off limit. The stretch contribu-
tion at the flame anchoring location increases due to an increased
flow strain rate [1] along with an increase in preferential diffusion
contribution. The result of these two contributions determines the
trend of flame speed at blow-off for various flame holders.

Extrapolating from Fig. 13 and using Fig. 14, with further in-
crease in mixture velocity, blow-off occurs because:
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 The stretch rate near the flame base increases due to an in-
creased flow strain rate, and the heat loss to the burner de-
creases.

This results in less pre-heating support to the region of highest
s}retch rate such that the flame speed decreases with increasing
V.

Blow-off occurs as a result of any further increase in stretch
rate and a decrease in heat loss causing the pre-heating flame
support to become insufficient.

With increasing flame holder radius, the flame experiences a
higher stretch contribution near the flame anchoring location,
while the blow-off limit is extended. This extension is caused
by the flattening of the enthalpy contribution at a higher flow
velocity due to the higher flame holder top surface area. In
other words, pre-heating support to the flame anchoring loca-
tion, which increases with an increase in flame holder radius,
pushes the blow-off limit to a higher flow velocity.

It must be stressed here that blow off for the presented cases
does not happen in an anomalous manner such as observed in
Ref. [12,17,32,33] (for flame neck location), but due to a decrease
in flame speed caused by the stretch rate. It should be clear from
the discussion presented here that blow-off behaviour without a
RZ is dominated by an interplay between heat loss, pre-heating
and stretch (including preferential diffusion) near the flame base
region varying with inlet velocity and flame holder radius. Their
combined effect makes the flame blow off with an increase in the
mixture velocity but stretch rate appears to strike the final blow in
pushing the flame away from the flame holder.

4.5. Transition to RZ stabilization regime

In this subsection, (apart from flashback and blow-off) a third
scenario is discussed, i.e., the emergence of a RZ with an increase
in mixture velocity and transition to RZ stabilized regime. In the
previous subsection, we discussed how an increase in the flame
holder radius can delay flame blow-off to a higher velocity by in-
creased pre-heat support (resulting from an increased heat loss
with an increase in flame holder top surface area). For cases when
the flame holder radius and flow velocity are large enough, blow-
off is prevented by the transition to the RZ stabilized regime [1].
For R = 1.96 — 6.3 flames, at the regime transition limit, contribu-
tions to flame displacement speed at the anchoring location are
plotted in Fig. 15 along with linear fits as a function of flame
holder radius. Here, Ka decreases with an increase in the flame
holder radius, contrary to the blow-off cases. Consequently, the
preferential diffusion contribution also decreases with an increase
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Fig. 15. Different contributions to displacement speed Sp /S, as per Eq. (17) at the location of maximum stretch near the flame anchoring location for flames transitioning

to RZ stabilized regime.
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Fig. 17. Axial shear stress on the side wall for cases presented in Fig. 16 for R = 6.3
flame holder.

in R The enthalpy contribution again appears to be constant for
all limit cases. Due to the decreasing heat loss to the flame holder
with an increase in V, less pre-heating support reaches the flame
base, similar to the blow-off scenarios for the R < 1.6 flames. This
increases the flame stand-off distance from the top face of the
flame holder. Instead of blowing-off, a RZ appears due to an ad-
ditional flame-flow interaction, causing the flames to remain stabi-
lized. This flame-flow interaction that results in the emergence of
a RZ, is discussed next.

The flow structure near the flame leading edge for R = 6.3, is
shown in Fig. 16(a-f) for increasing velocities from the flashback
limit to the point where a RZ emerges. It can be observed from
the flow vectors for the low velocity case (V = 3.1) in Fig. 16(a)
that due to the close proximity of the flame to the flame holder
corner, the flow does not separate and results in suppression of the

13

RZ due to thermal expansion of the gas in the flame represented
by temperature contours.

With increasing mixture velocity in Fig. 16(b-c), the flame lead-
ing edge moves away from the flame holder and the tempera-
ture gradient between them causes a weaker thermal expansion
than for V = 3.1. This decreases the diversion of the flow in ra-
dial direction towards the axis of symmetry, but this diversion is
still enough for the suppression of a RZ even when the cold flow
Reynolds number increases. In Fig. 16(d), a RZ (bubble) can be ob-
served to emerge at the flame holder corner because the inertial
forces which start to dominate the flow divergence in the thermal
boundary layer. At this velocity (V = 7.6), the flame leading edge is
outside the RZ and thus it is stabilized without any significant in-
terference to the stretch and heat loss stabilization mechanism de-
scribed in the previous sections. For a higher inlet velocity, the RZ
becomes larger as the flame stand-off distance increases further.
For V = 8.5, the flame leading edge starts to interact with the RZ.
A further increase in V allows the flame to enter the RZ-stabilized
flame mechanism as observed in Fig. 16(f) reversing the heat loss
trend with an increase in V. Axial shear stress on the side wall is
shown in Fig. 17 for the same V as in Fig. 16. It can be observed
that for V =3.1 to V = 6.8, axial shear stress on the side wall is
negative at almost all locations indicating that no flow-separation
has occurred. For V > 6.8, positive axial shear stress on the up-
stream side of the wall can be observed indicating that flow sepa-
ration is present at the side wall. This flow separation coupled with
thermal expansion near the corner of flame holder determines if
the flame stabilizes in the RZ stabilized regime or not.

The emergence of a RZ can be summarized (based on Figs. 13,
15 and 16) as follows: As the velocity V is increased from the flash-
back limit,

« the heat loss to the flame holder decreases, causing the flame
stand-off distance to increase.
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The thermal boundary layer between the flame holder and
flame suppresses flow separation at the flame holder corner
due to flow acceleration.

With further increasing V, inertial forces dominate and a RZ
emerges causing the flame to switch stabilization mechanism.
The regime transition velocity is found to be a function of
Viim/Sy for different flame holder sizes rather than the Reynolds
number, as would be the case with non-reacting flow situa-
tions.

5. Summary and conclusions

In this study, a systematic analysis of the stabilization of pre-
mixed flames in the absence of a RZ is presented. An anchoring
location where the stretch rate is maximum along the flame front
is identified as a more representative anchoring location than the
flame leading edge. Near the flashback limit, flames stabilized on
flame holders of different radii were found to be stable without
the presence of a RZ, even when the radius of the flame holder is
6 times greater than the flame thickness. For high velocities, flames
are found to blow-off for R < 1.6, while for R > 1.6 they transition
to RZ stabilized regime with increasing mixture velocity.

The mechanisms leading to flame flashback, blow-off and tran-
sition to RZ regime are analyzed quantitatively by using flame
stretch theory. Contributions to the flame displacement speed from
stretch, stretch induced preferential diffusion and enthalpy changes
at the anchoring location are used for interpretation of different
limit mechanisms. Flames stabilized on flame holders of smaller
radius show flashback as a result of a decrease in stretch rate,
while for larger radii, flashback happens as a result of stronger pre-
heating effects, when the flow velocity is decreased. Flame speed
at flashback as a function of flame holder radius is found to corre-
late well with enthalpy changes.

Blow-off happens in a more complicated manner. With increas-
ing inlet velocity, flame stand-off distance increases resulting in a
decrease in heat loss to the flame holder. With decreasing heat
loss, pre-heating by conduction through the flame holder decreases
and the flame is not supported at the locations of high stretch. A
further increase in the inlet velocity results in an increase in the
stretch rate, thus reducing the flame speed and resulting in flame
blow-off.

For flame holders with larger radius, due to higher heat loss
and thus higher pre-heating support to the anchoring location,
the flame does not blow-off. This, coupled with flame stand-
off distance increasing along with inertial forces, allows for the
emergence of recirculation zone behind the flame holder. Beyond
this velocity, the flame transitions to recirculation zone stabilized
regime.

The major outcome of this study is the presentation of an
in-depth understanding of the flame stabilization mechanism of
CHy/air flame when a recirculation zone is not present. Results
from this study are expected to contribute towards the develop-
ment of a generalized flame stabilization theory that can take into
account the specific physical effects associated with flame holder
geometries of various sizes.
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