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a b s t r a c t

The objective of this work is to investigate the mechanism of the laminar premixed flame anchoring near
a heat-conducting bluff-body. We use unsteady, fully resolved, two-dimensional simulations with
detailed chemical kinetics and species transport for methane–air combustion. No artificial flame anchor-
ing boundary conditions were imposed. Simulations show a shear-layer stabilized flame just downstream
of the bluff-body, with a recirculation zone formed by the products of combustion. A steel bluff-body
resulted in a slightly larger recirculation zone than a ceramic bluff-body; the size of which grew as the
equivalence ratio was decreased. A significant departure from the conventional two-zone flame-structure
is shown in the anchoring region. In this region, the reaction zone is associated with a large negative
energy convection (directed from products to reactants) resulting in a negative flame-displacement
speed. It is shown that the premixed flame anchors at an immediate downstream location near the
bluff-body where favorable ignition conditions are established; a region associated with (1) a sufficiently
high temperature impacted by the conjugate heat exchange between the heat-conducting bluff-body and
the hot reacting flow and (2) a locally maximum stoichiometry characterized by the preferential diffusion
effects.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

In practical combustors, the inlet velocity of the premixed reac-
tants are typically much higher than the unstretched adiabatic
laminar flame speed of the mixture. Bluff-bodies are often used
to furnish the necessary mechanism for flame stabilization and
continuous burning in such combustors. They provide a low-veloc-
ity region for the aerodynamic anchoring of the flame. There is of-
ten significant flame-wall interactions due to the conjugate heat
exchange between the hot products and the nearby heat-conduct-
ing flame-holder. Furthermore, in these systems the length scales
vary from the meter-scale combustor geometric details to the thin
sub-millimeter scale flame fronts. The time scales span the slow
conjugate heat exchange processes and the rapid radicals’ diffusion
and reaction phenomena. In our recent work in [1], we developed a
numerical method to accurately capture these wide spectra of spa-
tial and temporal scales using an operator-split projection algo-
rithm (for the multi-time-scales) coupled with a block-structured
adaptive mesh refinement (SAMR) framework (for the multi-
length-scales) and immersed boundary formalism (to incorporate

the flame-wall interactions). When coupled with a detailed chem-
ical kinetics mechanism, fully-resolved simulations using this tool
can provide valuable insight into the complex underlying physical
mechanisms of fundamental processes like flame stabilization,
extinction and blow-off.

Blow-off of bluff-body stabilized premixed flames has been
widely investigated in the literature, primarily using experiments.
Shanbhogue et al. [2] comprehensively review these investigations.
However, there does not exist any literature (experimental or
numerical) describing the mechanism of bluff-body flame anchor-
ing or the simultaneous dynamic and heat transfer interactions be-
tween the reacting flow and the bluff-body, to the best of our
knowledge. Experimental investigations face severe limitations
such as optical diagnostics issues, harsh combustion environment
and lack of detailed species-field data near flame-holder walls.
Numerical simulations have not yet been performed in the litera-
ture incorporating detailed chemical kinetics and accurate descrip-
tion of the flame-wall interactions due to the large computational
expense. In fact, artificial flame anchoring conditions are often
used in direct numerical simulations (DNS) such as a high temper-
ature hot-spot [3], isothermal flame-holders [4] or hot combustion
products co-flowing with reactants at the inlet used in the slot-
burner simulations in [5]. As a result, most DNS investigations
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are limited to the flow-field far away from the anchoring region. In
our recently developed numerical method [1], no artificial flame
anchoring boundary conditions were imposed. We allowed the
flame to naturally choose an anchoring location by accurately solv-
ing for the flame-wall conjugate heat exchange. We also elucidated
the laminar stabilization and blow-off mechanism of perforated-
plate stabilized premixed flames and highlighted the coupled role
of curvature and conjugate heat exchange with the plate in [6].

Soteriou and co-workers [7,8] studied the physics of the bluff-
body stabilized premixed flame at high Reynolds number using
an unsteady two-dimensional vortex element method. They ana-
lyzed the role of baroclinic vorticity generation, wall-generated
vorticity and the dilatation due to the combustion heat release in
shifting the asymmetric non-reacting flow in the von-Karman re-
gime to a symmetric shedding field. An adiabatic boundary condi-
tion at the bluff-body was imposed in these simulations thereby
forcing an artificial flame anchoring condition. Furthermore, the
influence of the multi-species transport on flame anchoring cannot
be investigated with their tool due to the kinematic flame-sheet
modeling of the reacting flow.

In this paper, our objective is to use our high fidelity numerical
tool to study the hitherto unexplored flame anchoring mechanism
on a bluff-body and investigate the impact of conjugate heat ex-
change and preferential diffusion on it. We will also show the exis-
tence of an unconventional flame structure in the anchoring
region. We focus on laminar flames only, thereby decoupling the
additional complexities of flow unsteadiness and vortex shedding
associated with turbulent flames. We summarize the governing
equations in Section 2 and the numerical method in Section 3.
We present our numerical simulations in Section 4 and the conclu-
sions in Section 5.

2. Governing equations

In this section, we briefly summarize the governing equations
that are numerically integrated. At the low-Mach number limit,
the continuity, momentum and scalar equations are written in
compact form as

r � v ¼ � 1
q

Dq
Dt

ð1aÞ

@v
@t
¼ � 1

q
rpþ CU þ DU ð1bÞ

@T
@t
¼ CT þ DT þ ST ð1cÞ

@Yk

@t
¼ CYk

þ DYk
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k ¼ 1;2; . . . ;Ns ð1dÞ

where v is the velocity vector, q the density, T the temperature, Yk

the mass fraction of species k;p is the hydrodynamic pressure, and
Ns is the number of chemical species. The D

Dt operator represents the
material derivative, D

Dt ¼ @
@t þ v � r. The system of governing equa-

tions is closed with the equation of state for an ideal gas

P0 ¼
qRT

W
¼ qRT

XNs

k¼1

Yk
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where P0 is the thermodynamic pressure, R is the universal gas con-
stant, Wk is the molecular weight of species k, and W is the molec-
ular weight of the mixture. The thermodynamic pressure is spatially
uniform in the low-Mach number limit. Further, restricting our fo-
cus to flows in open domains, P0 is constant. Radiation is ignored.

The convection and diffusion terms in (1) are given by

CU ¼ � v � rð Þv; DU ¼
1
q
r � s ð3aÞ

CT ¼ � v � rð ÞT; DT ¼
1

qcp
r � krTð Þ �

XNs

k¼1

cp;kYkVk

 !
� rT ð3bÞ

CYk
¼ � v � rð ÞYk; DYk

¼ � 1
q
r qYkVkð Þ ð3cÞ

and the source terms by
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where s is the stress tensor given by sij ¼ l @ui
@xj
þ @uj

@xi
� 2

3 dijr � v
� �

;l is
the dynamic viscosity, and k is the mixture thermal conductivity.
Further,
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Yk
rYk þ

Yk

W
rW

� �
ð5Þ

is the diffusion velocity of species k, where Dk;m is the mixture-aver-
aged diffusivity of species k. Finally, cp and cp;k are the specific heats
at constant pressure for the mixture and species k, respectively, and
hk and _xk are the specific enthalpy and molar production rate,
respectively, of species k. The equation of state (2) is used to derive
an expression for the right hand side of the continuity Eq. (1a)
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The Soret and Dufour effects are not included in the transport
model, also assumed in many previous investigations [9] (and ref-
erences within). Further, these effects were shown to be less
important in [10] for pure methane–air lean premixed flames. A
mixture-averaged formulation is used to compute the transport
properties of the gas mixture. The domain boundary conditions
are presented in [11].

There is thermal contact between the immersed solid body and
the surrounding fluid. This conjugate heat exchange between the
solid and the fluid is incorporated by simultaneously integrating
the equations governing the reacting flow with the transient heat
conduction equation inside the solid:

@T
@t
¼ 1

qfhcfh
r � kfhrT

� �
ð8Þ

where qfh is the density, kfh is the thermal conductivity and cfh is the
heat capacity of the solid. Additionally, the no species-penetration
condition, continuity of the temperature field and the heat-flux con-
servation are imposed at the solid–fluid boundary at each time step
using the buffer zone method introduced in [1].

3. Numerical methodology

In this section, we briefly summarize the numerical methodol-
ogy used to integrate the governing equations. The sequential
stages of the numerical algorithm are described in [1]. In that pa-
per, we introduced a buffer zone immersed boundary method
and coupled it with a block-structured adaptive mesh refinement
(SAMR) framework and a low-Mach number operator-split projec-
tion algorithm. We thoroughly validated the numerical method
using benchmark simulations documented in the literature. We
also demonstrated its overall second-order spatio-temporal
convergence.
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