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Effects of Wall Heat Loss
on Swirl-Stabilized Nonpremixed
Flames With Localized
Extinction
Large eddy simulation (LES) with three-dimensional conditional moment closure (CMC)
subgrid model for combustion is applied to simulate a swirl-stabilized nonpremixed meth-
ane flame with localized extinction, with special focus on the effects of heat loss to the
burner surface. The convective wall heat loss is modeled through introducing a source
term in the conditionally filtered total enthalpy equation for the CMC cells adjacent to
the wall. The mean heat flux is high on the middle surface of the bluff body, but relatively
low near its edges. The turbulent heat flux based on the gradient of the resolved tempera-
ture is relatively low compared to the laminar counterpart, but increases with the turbu-
lent intensity. The heat loss facilitates the occurrences of extinction and re-ignition for
the CMC cells immediately adjacent to the wall, evidenced by comparing flame structures
in the near-wall CMC cells. This can be directly linked to the increase of the mean condi-
tional scalar dissipation near the wall in the heat loss case. Furthermore, the degree of
local extinction near the bluff body measured by conditional reactedness at stoichiometry
is intensified due to the wall heat loss. However, the results also show that there is negli-
gible influence of wall heat loss on the probability density function (PDF) of the lift-off
height, demonstrating the dominance of aerodynamic effects on flame stabilization. The
results are in reasonable agreement with experimental measurements.
[DOI: 10.1115/1.4040516]
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1 Introduction

Flame–wall interaction is a physicochemical process in which
flames and wall surfaces affect each other through the coupling of
chemical kinetics, momentum, and heat transfer [1]. For instance,
when flame fronts approach the vicinity of walls or propagate in
tubes, the former are cooled and the latter are heated with strong
heat fluxes, accompanied by the variations of near-wall flame
reactivity and flow properties like density and viscosity.
Flame–wall interactions exist in meso- and microscale combus-
tion devices [2,3], laboratory burners [1], industrial combustion
systems such as internal combustion engines and gas turbine com-
bustors [4], and building fires [5].

The underlying physics of flame–wall interactions in laminar
flows as well as how flame extinction is induced and influenced
by walls have been studied extensively in different aspects. As
one of the most critical quantities for flame–wall interaction, the
quenching distance was investigated theoretically and numerically
with one-step global chemistry [6–8]. In addition, how the chemi-
cal kinetics (e.g., chaining-branching and radical recombination
reactions) behaves during near-wall flame extinction was studied
in terms of temperature dependence [9] and the radical kinetics
[10,11]. The strong coupling between the wall and flame also
leads to the flame bifurcations with respect to the varying parame-
ters like wall temperature, equivalence ratio, and strain rate
[12–14]. The effects of the laboratory scale burner geometries
(e.g., curved and slit burners as well as perforated-plates) on the
heat exchange and relevant flame dynamics (e.g., flash-back) were
examined [15–17] and the correlations between wall temperature

and heat flux were also reported [18]. All the above studies con-
tribute to understanding flame–wall interactions for laminar pre-
mixed combustion with simplified flame configurations and/or
chemical mechanisms. However, investigations for nonpremixed
flames interacting with walls are quite few and, furthermore, the
existence of turbulence in realistic burners renders the interactions
more complicated: the turbulence can stretch the flame fronts and
the flame can dampen the local turbulence [1], while the wall
would modify the temporal and spatial turbulence scales near the
wall [19]. Therefore, it is of practical significance to account for
the turbulence effects on flame–wall interaction and the incurred
flame extinction. This is of particular importance for burners
where flames are anchored close to walls such as bluff-body sta-
bilizers, which is the topic studied in this paper.

Concerning modeling the flame–wall interactions, the heat
transfer between the turbulent flame and chamber wall has been
studied in the large eddy simulation (LES) context. For instance,
wall functions based on the temperature logarithmic law were
used for predicting the wall heat fluxes [20,21]. However, the
inclusion of wall heat loss into advanced combustion models is
not straightforward due to the implementations needed to solve
the energy equation. The enthalpy defect concept was first pro-
posed by Bray and Peters [22] and used for defining the enthalpy
deviation from the adiabatic profiles in mixture fraction space,
caused by radiation and/or boundary heat loss. It was introduced
into the flamelet model for wall heat loss by Hergart and Peters
[23] and a similar approach was adopted by Song and Abraham
[24] to improve the near-wall flame structure calculations in mod-
eling of diesel combustion. The enthalpy defect approach was also
adopted in conditional moment closure (CMC) modeling for a
three-dimensional turbulent nonpremixed syngas flame with a
cooling wall [25]. The additional source term representing the
wall heat loss was included into the governing equations of condi-
tional mean temperature in three-dimensional CMC method by
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De Paola et al. [26] who simulated combustion in a direct-
injection heavy duty diesel engine. The above were based on
Reynolds-averaged Navier–Stokes and therefore could not ana-
lyze the unsteady heat transfer between the wall and flame and
how the wall heat loss affects the transient flame dynamics. For
flames stabilized by bluff-body stabilizers approaching blow-off,
it has been shown by Kariuki et al. [27] that flame elements lie
very close to the bluff body in a bluff body recirculating premixed
flame, and similar observations were made by Cavaliere et al. [28]
for nonpremixed flames close to extinction. The effects of the
wall heat loss on the local extinction and lift-off of swirl nonpre-
mixed flames close to the bluff body need to be examined and to
be included in the simulation method. Recently, we incorporated
the heat loss from chamber wall in simulating the blow-off tran-
sient in swirling flames [29]; however, focused analysis about the
heat loss effects was not made there.

The goal of the current study is to apply LES with a three-
dimensional CMC combustion subgrid model to a swirl-stabilized
nonpremixed methane flame. The wall heat loss is modeled by
introducing a source term in the conditionally filtered total
enthalpy equation. The mathematical formulation, LES/3D-CMC,
numerical implementations, and the information about the flow
investigated are given in Secs. 2 and 3 presents the main results
and discussion, followed by the conclusions in Sec. 4.

2 Mathematical Formulation and Flow Considered

2.1 Large Eddy Simulation and Conditional Moment
Closure Modelling. The LES governing equations for mass,
momentum, and mixture fraction are derived through Favre filter-
ing their corresponding instantaneous equations. The constant
Smagorinsky model by Fureby [30] is used to close the aniso-
tropic part of the subgrid stress tensor eS in the LES equations, i.e.,eS�2qkI=3 ¼ �2lt

eDdev. Here, q is the filtered density and k is the
subgrid scale kinetic energy. I is the identity tensor and eDdev is the
deviatoric part of the filtered strain rate tensor eD. The subgrid
scale dynamic viscosity lt is calculated as

lt ¼ ckDqk1=2

(1)

where D is the filter width taken as the cube root of the LES cell
volume VLES and the constant ck¼ 0.02. Based on the local equi-
librium assumption, the algebraic relation is obtained for k as
shown below:

eS :eDþqe ¼ 0 (2)

in which the symbol : denotes the double inner product of two ten-
sors and the dissipation rate e is modeled as e ¼ cek

3=2=D with
ce ¼ 1:048:

The filtered scalar dissipation rate eN is calculated as [31]

eN ¼ eNresþ eNsgs ¼Dren �ren|fflfflfflfflfflffl{zfflfflfflfflfflffl}
resolved

þ cNlt
en00=2qD2|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

subgrid

(3)

with eNres and eNsgs being the resolved and subgrid scalar dissipa-

tion, respectively. Their individual models have been formulated
in Eq. (3). D denotes the mass diffusivity and is calculated
through D ¼ l=qSc with Schmidt number Sc¼ 1. l is the molec-
ular dynamic viscosity calculated through Sutherland’s law. Here,
the constant cN ¼ 42 is used for the subgrid scalar dissipation
model in Eq. (3), following calibration against measurements in

jet flames [32]. en and
fn002 are the resolved mixture fraction and its

subgrid variance. In the present investigation, the latter is modeled
as [33]

fn002 ¼ cvD
2ren�ren (4)

in which cv¼ 0.1.

The conservative 3D-CMC equations for nonpremixed combus-
tion are [25,34–38]

@Qa=@t|fflfflfflffl{zfflfflfflffl}
unsteady

þr�gUjgQa|fflfflfflfflfflffl{zfflfflfflfflfflffl}
convection

¼Qar�gUjg|fflfflfflfflfflffl{zfflfflfflfflfflffl}
dilatation

þgNjg@2Qa=@g
2|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

micromixing

þ gxajg|ffl{zffl}
chemistry

þ ef|{z}
turbulent

diffusion

(5)

where Qa ¼ gYajg is the conditionally filtered mass fractions of ath
species and g is the sample space variable for mixture fraction n.gUjg, gNjg and gxajg are the conditionally filtered velocity, scalar
dissipation rate, and reaction rates, respectively. The assumptiongUjg �eU is adopted here. The amplitude mapping closure model
[39] is used for the conditionally filtered dissipation rate,gNjg ¼N0G gð Þ, where N0 and G(g) are N0 ¼ eN= Ð 1

0
eP gð ÞG gð Þdg

and G gð Þ ¼ exp �2 erf�1 2g� 1ð Þ
� �2� �

, respectively. The first-

order CMC model is applied such that gxajg ¼xaðQ1;…Qn;QTÞ
where n is the number of species and QT ¼ fTjg represents the

conditionally filtered temperature. eP gð Þ is the filtered probability

density function (FDF) assumed to be beta-function shape and is

calculated with en and
fn002 . The turbulent subgrid diffusion term in

Eq. (5) is ef ¼ �r � qjg eP gð Þ gUYajg�gUjgQa

� �
�=qjg eP gð Þ

h
and

modeled as ef ¼ r � DtrQað Þ [40]. Dt is the turbulent subgrid dif-
fusivity and modeled as Dt ¼ lt=qSct with the turbulent Schmidt

number Sct¼ 0.7. qjg is the filtered density.
The equation for the conditionally filtered total enthalpy Qh ¼fhjg has the same form as Eq. (5) excluding the chemistry term. To

include the convective wall heat loss in the CMC model, the fol-
lowing term is introduced into the RHS of Qh equation for CMC
cells adjacent to a wall [23,26,29]

gqw;Xjg ¼ �hðQT � TWÞ (6)

in which gqw;Xjg is the conditionally filtered volumetric heat loss
and TW is the wall temperature. The heat transfer coefficient h in

Eq. (6) is predicted through h ¼ eqW;X=qjg
Ð 1

0
QT � TWð ÞeP gð Þdg.eqW;X (in units of W/m3) is the filtered volumetric heat loss, which

is calculated through volume-averaging of the magnitude of the
wall surface heat flux eqw;S (in units of W/m2) aseqW;X ¼

Ð
@X eqw;SdS=VLES where @X denotes the faces of the LES

cell XLES. Here, the surface heat flux magnitude eqw;S is estimated

from the LES as

eqw;S ¼ �eqw;S
l � eqw;S

t ¼ krn
eTþktrn

eT (7)

In Eq. (7), eT is the filtered temperature. The gradient of the fil-
tered temperature rn

eT is aligned with the wall normal direction.eqw;S
l

and eqw;S
t

denote the individual heat fluxes from laminar and
turbulent heat transfer. eqw;S

t
has been modeled using the classical

Reynolds analogy in Eq. (7). k ¼ cPl=Pr and kt ¼ cPlt=Prt are
the laminar and turbulent thermal conductivities, respectively, and
cP is the specific heat capacity at constant pressure. The molecular
and turbulent Prandtl numbers are assumed to be Pr¼ 1 and
Prt¼ 0.7, respectively, over the entire flow field.

2.2 Large Eddy Simulation/Conditional Moment Closure
Data Coupling Strategy. Considering the relatively small spatial
variations of the conditional reactive scalars Qa, the CMC govern-
ing equations, i.e., Eq. (5), are solved on a coarse mesh different
from the fine LES mesh [40,41]. In the present investigation, finite
volume discretization is employed for both LES and CMC equa-
tions and the CMC cells are reconstructed based on the CMC
nodes (red squares in Fig. 1) through selecting the CMC faces
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from the LES faces. This selection is based on the criterion that the
owner and neighbor LES cells of one face must have different host
CMC cells while the CMC boundary faces are directly duplicated
from LES faces. For each LES cell, its host CMC cell is exclusive
and identified based on the minimal distance between the LES cell
centroids and CMC nodes. In turn, each CMC cell consists of a
number of LES cells, which are highlighted in the same color in the
mesh inset of Fig. 1, and for these LES cells, conditional reactive
scalars Qa are uniform and obtained from their shared host CMC
cell. It should be highlighted that the above strategy ensures the
uniqueness of the whole reconstructed CMC meshes and the
geometrical completeness of individual polyhedral CMC cells (see
Fig. 1). No singleton LES cells would be left due to the mapping
between the initially specified LES cells and CMC nodes.

The data coupling between the fine LES and coarse CMC
meshes is illustrated in Fig. 1 as well. In particular, the condition-
ally filtered scalar dissipation rate for Eq. (5) in the CMC resolu-

tion, gNjg�, is estimated through FDF-weighted integrating the

conditional scalar dissipation, gNjg, over each LES cell constitut-
ing the host CMC cell

gNjg� ¼LFDF

�gNjg� (8)

and the filtered volumetric heat loss in the CMC resolution for cal-
culating h in Eq. (6) is obtained through

eq�W;X ¼ L eqW;XÞ
�

(9)

For the CMC cells, en� and
fn002 � are necessary to calculate the

FDF. They are estimated as [40]

en� ¼ LðenÞ (10a)

fn002 � ¼ L�en2
�
þL fn002� �

� L2ðenÞ (10b)

In Eqs. (8)–(10), LFDF xð Þ and L xð Þ are formulated as

LFDF xð Þ ¼
ð

XCMC

q eP gð ÞxdX
.ð

XCMC

q eP gð ÞdX (11a)

L xð Þ ¼
ð

XCMC

qxdX
.ð

XCMC

qdX (11b)

denoting the FDF-weighted Favre averaging and Favre averaging
operators, respectively.

In addition, as shown in Fig. 1, the volume fluxes eU � dS (S is
the CMC face normal vectors) and turbulent diffusivity Dt at the
CMC faces are interpolated based on the flow and turbulence

properties at their neighboring and owner LES cells. eU � dS and
Dt should be provided from LES solver to the CMC solver for the
flux calculations of convection and turbulent diffusion terms in
Eq. (5). Emphasis should be laid here that the interpolations and
flux predictions in discretizing Eq. (5) should be performed based
on the LES cell centroids (black circles in Fig. 1) instead of CMC
nodes since the latter are not necessarily the geometrical centroids
in the present implementations. In this sense, the topology (e.g.,
mesh nonorthogonality and skewness) of reconstructed CMC cells
would not constitute the mesh-induced error source when discre-
tizing Eq. (5). Instead, the flux conservation for the CMC cells
can be ensured here since the current strategy does not introduce

any kind of averaging for eU and therefore gUjg, which is of great
importance in accurately predicting the transport between CMC
cells in physical space. In addition, the local refinement of CMC
nodes would be beneficial in capturing the large spatial variations
of Qa, e.g., near the bluff body and chamber walls. In principle,
the approach used in Ref. [25] for flux prediction (i.e., directly
discretizing the terms of convection, dilatation, and diffusion on
the faces from the original meshes using these nodes as the cent-
roids) can also be applied here but the potential inaccuracy in
terms of flux conservation and mass inconsistency would be
introduced.

The unconditionally filtered quantities ef (including

q; eTandotherscalars) at the LES resolution are obtained throughef ¼ Ð 1

0
gfjg� eP gð Þdg. gfjg� is the conditionally filtered scalars (e.g.,

qjg�1
;QT and Qa) provided by the corresponding host CMC cells.

2.3 Flow Considered and Numerical Implementations.
Figure 2 is a schematic of the burner studied experimentally at the
University of Cambridge [28]. A bluff body (see Fig. 2(b)) with
diameter Db¼ 0.025 m is fitted concentrically in a pipe with
Dp¼ 0.037 m. The fuel injector lies at the center of bluff body top
with diameter Df¼ 0.004 m. The size of the rectangular chamber
is 0.095� 0.095� 0.15 m3. The air bulk velocity Ua,b at the annu-
lar pipe outlet is 19.1 m/s while that of the nonswirling pure meth-
ane jet Uf,b is 29.2 m/s. The temperature for both gases is 294 K.
The swirl number SN is 1.23 following Beer and Chigier’s formula
[42], i.e.,

SN ¼
2

3

1� Dhub=Dp

� �3

1� Dhub=Dp

� �2
tanh (12)

Here, Dhub¼ 0.011 m is the swirler hub diameter and h ¼ 60deg
is the swirler vane angle with respect to the streamwise direction.
The Reynolds number for the air stream based on the annular
opening, i.e., Dp�Db, and Ua,b is about 17,700, while that for
fuel jet based on Df and Uf,b is about 4500. The stoichiometric
mixture fraction is nst¼ 0.055.

Mixture fraction space is discretized by 51 nodes clustered
around nst. In physical space, the Cartesian coordinate origin lies
at the center of the circular fuel injector and x is the streamwise
direction. y and z are normal to the side chamber walls. The LES
domain includes the swirler, annulus, chamber, and a downstream
hemisphere far field (not shown in Fig. 2) while the CMC domain
consists of a partial annulus (without swirler) starting 0.02 m
upstream of bluff body top, combustor and far field. Around 10
million tetrahedral LES cells (see the distribution in Fig. 3) are
used while the number of the reconstructed polyhedral CMC cells
is about 140,000. Within the flame region (0< x/Db< 2.4), the
distribution of the number of LES cells contained by one CMC
cell is plotted in Fig. 4(a). The mean of LES cells for one CMC

Fig. 1 Schematic showing CMC cell reconstruction and cou-
pling between LES and CMC solvers [29]. The two-dimensional
mesh denotes the slice through a three-dimensional unstruc-
tured LES mesh. Lines enclosing the continuous grey cells are
CMC edges while other lines are LES ones. Circles denote cent-
roids of LES cells while squares CMC nodes. The cells
enclosed by CMC edges are the reconstructed CMC cells.
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cell is about 95. Figure 4(b) presents the number of CMC faces
constituting one CMC cell. The number of the CMC faces is about
4,800,000 accounting for 23% of the LES faces and is roughly
16.5 times the face number (about 300,000) when these CMC
nodes are used as cell centroids for generating purely tetrahedral
cells. The mean of the CMC face number per CMC cell is 66.

For CMC boundaries in g-space, air and fuel with temperature
294 K are specified at g¼ 0 and g¼ 1, respectively. All the CMC
cells are initialized by the fully reactive 0D-CMC solutions (here,
0D-CMC calculations refer to solving Eq. (5) only with unsteady,
micromixing, and chemistry terms, with a prescribed constant sca-
lar dissipation) with an intermediate value for the peak scalar dis-
sipation N0¼ 50 1/s. Inert mixing solutions in g-space are injected
into fuel and air inlets. For the wall boundaries in the CMC
domain, inert mixing solutions are specified, implying full
quenching at the wall is being assumed.

For the LES boundary conditions, at all inlets, zero pressure
gradient conditions are applied. For velocity and mixture fraction,
Dirichlet conditions are enforced. Random noise with 5% inten-
sity is imposed for the velocities at both air and fuel inlets. The
total pressure is fixed to be atmospheric at the far-field outlet. No
slip condition for velocity and zero gradient for mixture fraction
are enforced at the walls. Also, the walls are assumed to be chemi-
cally inert and cold (TW¼ 298 K). It should be emphasized that
the assumed wall temperature is below the typical wall tempera-
ture values for most hydrocarbon combustion devices, which
might be in the region 400–600 K [1]. However, it is expected
that this would not qualitatively affect the conclusions in the

Fig. 2 (a) Schematic of the burner and (b) the swirler as well as
the bluff body

Fig. 3 Schematic of LES mesh distribution in the annulus and
combustion chamber

Fig. 4 Reconstructed CMC mesh statistics: number of (a) LES
cells and (b) CMC faces constituting one CMC cell

121506-4 / Vol. 140, DECEMBER 2018 Transactions of the ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/140/12/121506/6370139/gtp_140_12_121506.pdf by N
ational U

niversity of Singapore user on 12 June 2020



present paper. yþ< 4 for near-wall LES mesh is basically satisfied
to accurately predict the near-wall temperature gradient. In this
paper, only the bluff body wall heat loss effects are investigated,
which are more relevant to the lift-off and local extinction. The
instantaneous flow and mixing fields are initialized by the results
from an LES where the conditional profiles of reactive scalars are
from a steady 0D-CMC calculation.

The LES and CMC governing equations are solved by OPEN-

FOAM and in-house codes, respectively. The time-step for both
solvers is Dt¼ 1.5� 10�6 s. Low Ma number assumption is
applied in LES. The PISO algorithm is used for the
velocity–pressure coupling and a second-order implicit Crank–
Nicholson scheme for time marching. In the CMC solver, the con-
vection term is discretized with first-order upwind scheme while
the modeled turbulent diffusion term with second-order central
differencing. The conditional dilatation term in Eq. (5) is discre-
tized as a source term here. Full operator splitting strategy is
employed for solving Eq. (5) and the conditional chemical source

term gxajg is solved with VODPK [43]. The ARM2 mechanism by
Sung et al. [44] is used for the methane/air combustion. The simu-
lations were run on 80 2.53 GHz Xeon CPUs with 3 GB RAM for

each processor and around 24 h were needed for 0.001 s of physi-
cal time.

3 Results and Discussion

3.1 Velocity Statistics. The axial and swirl velocity statistics
at four streamwise positions are compared with the corresponding
experimental results [45] in Figs. 5 and 6 and the mean and rms
from the simulations reasonably reproduces the main features of
the flow (e.g., confined corner and long inner recirculation zones,
i.e., CRZ and IRZ, as well as the solid-body rotating regions
within �0.8 � r/Db � 0.8 and x/Db< 1 shown in Fig. 6). How-
ever, the fuel jet penetration is underpredicted in the LES, which
can be observed by the underprediction of the central mean axial
velocity at x/Db¼ 0.6 and 2.2 in Fig. 5. This may be caused by the
fact that the streamwise adverse pressure gradients along the cen-
terline are overestimated, which is related to the overprediction of
mean swirl velocities at x/Db¼ 0.4 and 0.6 shown in Fig. 6. In
addition, the rms of both axial and swirl velocities at x/Db¼ 0.4
and 0.6 from the LES is overpredicted. The higher rms quantities
in LES may be affected by the overprediction of the turbulence

Fig. 5 Radial profiles of mean (left) and rms (right) axial velocity at x/Db 5 0.4, 0.6, 2.2
and 4.4. These locations are indicated in Fig. 3.

Fig. 6 Radial profiles of mean (left) and rms (right) swirl velocity at x/Db 5 0.4, 0.6, 2.2
and 4.4. These locations are indicated in Fig. 3.
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near the annulus exit. Generally, the statistics of axial and swirl
velocities from the simulation show reasonable agreement with
the experimental results.

3.2 Wall Heat Flux and Local Extinction. Figure 7 shows
radial profiles of the mean heat flux qw;S and the temperature gra-
dient on the bluff body surface, i.e., 0.08 � r/Db � 0.5. Here, the
averaging is performed both in time and in the azimuthal direc-
tion. As the radius increases, the mean wall surface heat flux qw,S

and temperature gradient sharply increase at 0 � r/Db< 0.15 and
reach their individual plateaus at r/Db¼ 0.15, and eventually
decrease at r/Db> 0.4. Clearly, the high values on the middle sec-
tion of the surface (0.15< r/Db< 0.4) are attributed to the contact
between the cold surface and the flames as well as recirculating
hot gases in IRZ while the relatively low heat fluxes at low and
large radii result from the cold streams of air and fuel jets.

Figure 7 also presents radial distributions of the mean laminar
and turbulent heat fluxes, i.e., qw;Sl and qw;St . qw;St is much lower
than qw;Sl on the whole surface and the fraction of the mean turbu-
lent heat flux, qw;St=qw;S

, monotonically increases from about 15%
at r/Db¼ 0.08 to about 45% at r/Db¼ 0.5. The laminar heat flux
qw;Sl basically follows the temperature gradient variations while,
interestingly, qw;St increases monotonically with the radius.
Clearly, the turbulent heat flux qw;St is directly linked to the turbu-
lent viscosity lt shown in Eq. (7) and therefore to the subgrid
kinetic energy k shown in Eq. (1). Since the velocity rms close to
bluff body (e.g., x/Db¼ 0.4 in Figs. 5(a) and 6(a)) is overpre-
dicted, it should be acknowledged that qw;St close to r/Db¼ 0.5 is
accordingly over-predicted.

Figure 8 demonstrates the probability density function (PDF) of
the instantaneous bluff body surface wall fluxes eqw;S based on the
whole surface at all simulated time instants. The PDF is close to a
Gaussian distribution, although clipped at zero, implying that cold
air and fuel streams are occasionally present at the wall. This fea-
ture is different from the results reported in Wang and Trouv�e
[46] with two-dimensional direct numerical simulation of ethyl-
ene/air nonpremixed flames near a wall, where the PDF of wall
heat fluxes is quite narrow and very few samples can be seen near
zero. This discrepancy can be attributed to the existence of the
cold air and fuel inlets near the bluff body and also the recirculat-
ing fresh gas from downstream in IRZ. Furthermore, the mean
and peak heat fluxes in Fig. 8 are approximately 1.5� 105 and
5� 105 W/m2, respectively. They show good agreement with the
heat flux estimation in Lataillade et al. [47] where the order of
magnitude of 5� 105 W/m2 was obtained from methane/air flames
at 1 bar pressure and 300 K wall temperature.

Figure 9 shows the variations of the conditionally filtered volu-

metric heat loss gqw;Xjg and total enthalpy Qh from one CMC cell
near the bluff body. Each curve is from one instant and in

Fig. 9(a) large fluctuations of gqw;Xjg can be seen with respect to

its mean profile (denoted as the symbols) in the whole mixture
fraction space. The introduction of the volumetric heat loss into
the conditionally filtered total enthalpy equations makes Qh devi-
ate from the adiabatic profiles, which is a straight line between
g¼ 0 and g¼ 1. The considerable fluctuations of Qh occur at

about g¼ nst resulting from the large fluctuations of gqw;Xjg there
as shown in Fig. 9(a).

The time records of some important conditionally filtered sca-
lars, scalar dissipation rate, and volumetric heat loss at g ¼ nst are
presented in Fig. 10. Between t¼ 0.04 s and 0.04125 s, the flame

is burning based on the values of gqjnst ,
gYOHjnst and gTjnst shown in

Figs. 10(a)–11(c). However, at around t¼ 0.04125 s, the flame is

quenched (low gqjnst ,
gYOHjnst and gTjnst ) due to the large scalar dis-

sipation as shown in Fig. 10(d). The extinction continues until

t¼ 0.043 s when the stoichiometric scalar dissipation gNjnst

becomes very low and the re-ignition occurs. Based on Fig. 10(e)

and similar results from other near-wall CMC cells, gqW;Xjnst basi-

cally follows the evolutions of gTjnst but with some high-frequency
oscillations. It also shows the pronounced decrease/increase dur-
ing the onsets of extinction/re-ignition. This can be expected to
facilitate the occurrence of these two critical flame behaviors
based on the present results.

Fig. 7 Radial profiles of mean heat flux and temperature gradi-
ent on the bluff body surface (0.08 £ r/Db £ 0.5)

Fig. 8 Probability density function of the bluff body surface
heat flux. The data are extracted both in time and space over
the whole bluff body surface.

Fig. 9 Variations of conditionally filtered (a) volumetric heat
loss and (b) total enthalpy. Symbols: mean conditional heat
flux. The data are from a CMC cell immediately adjacent to the
bluff body surface (CMC cell centroid coordinate: x/Db 5 0.012,
y/Db 5 0.4 and z/Db 5 0).
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3.3 Near-Wall Conditional Flame Structures. To investi-
gate the wall heat loss effects, LES/3D-CMC simulation with adi-
abatic wall conditions (termed as adiabatic case hereafter) was
also conducted in which all the other numerical implementations

were exactly the same as those of the present case (termed as heat
loss case hereafter). The statistics about the velocities and local
extinction from the adiabatic case have been discussed by Zhang
et al. [34].

Fig. 10 Time records of conditionally filtered (a) heat release rate, (b) OH mass fraction, (c) temperature, (d) scalar dissi-
pation, and (e) volumetric heat loss at g 5 nst from the same CMC cell as in Fig. 9

Fig. 11 Comparisons of the mean conditional mass fractions of (a) CH4, (b) O2, (c) H2O,
and (d) CH2O between adiabatic (dash-dot lines) and heat loss (solid lines) cases. The
same CMC cell as in Fig. 9.
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Figures 11 and 12 show the comparisons of mean flame struc-
tures in mixture fraction space predicted from heat loss and adia-
batic cases. These results are extracted from the same CMC cell
as that in Fig. 9. The mean conditional mass fractions of reactants
(i.e., CH4 and O2 in Figs. 11(a) and 11(b))/products (e.g., H2O in
Fig. 11(c)) are higher/lower in the heat loss case than those in the
adiabatic simulation, indicating incomplete reactions when wall
heat loss is included. The conditional mass fraction of CH2O in

Fig. 11(d) is higher in the heat loss case. The mean profiles of OH
mass fraction in g-space, heat release rate and temperature are
shown in Figs. 12(a)–12(c). Compared to the adiabatic results,gYOH gj and fT gj in the heat loss case are obviously lower and, con-

versely, f_q gj is much higher within 0.025< g< 0.075. In addition,

the inclusion of wall heat loss term in Eq. (6) leads to a consider-
able enthalpy defect around g¼ nst as shown in Fig. 12(d).

Fig. 12 Comparisons of the mean conditional (a) OH mass fraction, (b) heat release rate,
(c) temperature, and (d) total enthalpy between adiabatic (dash-dot lines) and heat loss
(solid lines) cases. The same CMC cell as in Fig. 9.

Fig. 13 Probability density function of reactedness at g 5 nst from (a) temperature, mass
fractions of (b) OH, (c) CO, and (d) NO. Dash-dot lines: adiabatic case, solid lines: heat
loss case.
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The conditional reactedness [48], gba gj , is calculated in the
CMC cell investigated in Figs. 11 and 12 through

gbajg¼ gYajg � Ya;m g
			 �= Ya;b g� Ya;m g

			 �			


(13)

In Eq. (13), Ya;b gj and Ya;m gj are the fully burning 0D-CMC solu-

tions with N0¼ 5 1/s and inert mixing ones, respectively. The

extinction solutions are indicated by gba gj ¼ 0 while the fully burn-

ing profiles are reached when gba gj is close to or larger than unity.

Figure 12 presents the PDF of reactedness at g¼ nst,
gba nstj , from

temperature and mass fractions of OH, CO and NO from the heat

loss and adiabatic cases. Clearly, in both cases, gbOH nstj and gbT nstj
in Figs. 13(a) and 13(b) show the peaks when they are close to

unity. However, in the heat loss case, the peaks of gbOH nstj and

gbT nstj are shifted toward smaller values, which imply weakened

reactivity. For gbOH nstj , another peak appears approaching zero,
indicating the instantaneous extinction at the present CMC cell

when wall heat loss is considered. However, for gbCO nstj andgbNO nstj in both cases, the distributions are wide. The PDF ofgbCO nstj is negligibly affected by the heat loss while that of gbNO nstj
move toward smaller values when wall heat loss is included. The
results in Figs. 11–13 only correspond to one selected CMC cell
but similar findings can also be obtained from other near-wall
CMC cells.

The mean conditional scalar dissipation rates Njgh i from the
adiabatic and heat loss cases are compared in Fig. 14. For all three
CMC cells corresponding to different radial positions (i.e., y/
Db¼ 0.18, 0.4, and 0.49), adjacent to the bluff body, Njgh i in the
heat loss case is always larger than that in adiabatic one. This dif-
ference concerning Njgh i explains the comparisons of mean flame
structures in Figs. 11 and 12. Also, the difference of Njgh i
between two cases increases with the increased y/Db. This implies
that the wall heat loss greatly influences scalar dissipation near
the outer part (with relatively large radii) of the bluff body

Fig. 14 The mean conditional scalar dissipation rates of three
near-wall CMC cells (x/Db 5 z/Db 5 0) from adiabatic and heat
loss cases

Fig. 15 Comparisons of mean conditional OH mass fractions between adiabatic (dash-
dot lines) and heat loss (solid lines) cases at four streamwise positions x/Db 5 (a) 0.03, (b)
0.17, (c) 0.8, and (d) 1.6 with y/Db 5 0.4 and z/Db 5 0

Fig. 16 Iso-surfaces of instantaneous stoichiometric mixture
fraction colored by conditional (a) OH mass fraction and (b)
temperature at stoichiometry
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surface, where the iso-surfaces of instantaneous nst and the flame
base are occasionally attached to. However, the peak values of
Njgh i in these three CMC cells are still well below the critical

peak value from 0D-CMC calculations (N0 � 170 1/s). This is
consistent with the previous finding [32,34] that in LES/CMC the
emergence of local extinction is not a simple function of the local
and instantaneous scalar dissipation, but also a result of physical
transport.

3.4 Lift-Off. The streamwise variations of the mean condi-
tional mass fraction of OH, YOHjgh i, are shown in Fig. 15 through
comparing the heat loss and adiabatic results. It can be observed
that YOHjgjh in the adiabatic case is higher than in the heat loss
case but the difference becomes negligible at x/Db¼ 1.6. Iso-

surfaces of instantaneous mixture fraction nst colored by gYOH nstj
and gT nstj (from the host CMC cells of the local LES meshes) in

the heat loss case are plotted in Fig. 15. At the iso-surfaces close

to the bluff body, large flame holes quantified by low gYOH nstj
(<0.001) and gT nstj (<1200 K) can be observed. This explicitly
manifests the instantaneous extinction in g-space at the flame base
regardless of the local mixing state, which can also be observed in
the experiment [28].

The localized extinction close to the bluff body surface indi-
cated in Fig. 16 is also seen in the adiabatic case as discussed by
Zhang et al. [34] where it is attributed to the strong convection
approaching the swirling air inlet. To appreciate how the wall heat
loss affects the flame reactivity close to the bluff body, Fig. 17
presents the PDFs of reactedness at stoichiometry from tempera-

ture and OH mass fraction, i.e., gbT nstj and gbOH nstj . Here, the sam-
ples include 50 time instants and each instant is extracted from
about 3000 CMC cells enclosing the three-dimensional iso-
surfaces of the instantaneous stoichiometric mixture fraction near
the bluff body, i.e., 0 � x/Db � 0.8 (marked in Fig. 16(a)). In the

adiabatic case, gbT nstj has a single peak which is centered at 0.92
with some negative skewness, indicating some degree of instanta-
neous extinction at the flame base. The extinction is also charac-

terized by the pronounced bimodality in PDF of gbOH nstj in
Fig. 17(b). In the heat loss case, the negative skewness of the PDF

of gbT nstj is intensified and the PDF of gbOH nstj tends to have a sin-

gle peak around zero. Both features concerning gbT nstj and gbOH nstj
statistically indicate the weakened reactivity in the local CMC
cells at the flame base when the bluff body heat loss effects are
taken into account.

The PDF of the lift-off height hL extracted from the xoy plane is
presented in Fig. 18(a). Similarly to the definition in the experi-
ment [28] and previous LES/3D-CMC simulations considering
wall heat loss [34], hL is the streamwise distance between the bluff
body surface to the position along the nst iso-line where eYOH is
critically larger the 0D-CMC threshold (i.e., 0.00024). 200 sam-
ples are extracted equally from both left and right flame branches
close to the bluff body edge and 188 samples of those showed
lifted flame. Only the snapshots with hL> 0.5 mm are considered
here for calculating the PDF of hL. The counterpart results from

Fig. 17 Probability density function of reactedness at g 5 nst

from (a) temperature and (b) OH mass fraction corresponding
to the three-dimensional stoichiometric iso-surface within 0 £
x/Db £ 0.8

Fig. 18 Probability density functions of lift-off height from simulations with (a) heat loss
and (b) adiabatic walls [34]. Line: experimental results [28].
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the simulations with adiabatic bluff body [34] are also given in
Fig. 18(b) for comparison. From Fig. 18(a), it can be seen that the
PDF of hL from the simulation agrees reasonably with the meas-
ured results. However, an overprediction around hL¼ 3 mm and
7 mm< hL< 14 mm exist and actually the overprediction of hL is
also observable for the range 10 mm< hL< 20 mm as shown in
Fig. 18(b). In general, the influence of wall heat loss on the PDF
of lift-off height hL is relatively small, which implies that although
heat losses reduces reactivity, the flame stabilization mechanism
is a stronger function of the aerodynamic straining than the heat
loss to the bluff body. This is broadly consistent with the measure-
ments in Ref. [49] where the leanest equivalence ratio for blow-
off in a premixed flame stabilized on a metal bluff body was
smaller by only about 10% compared to the blow-off condition
with a ceramic bluff body.

4 Conclusions

Large eddy simulation with three-dimensional conditional
moment closure combustion model is applied to a swirling non-
premixed methane flame with local extinction. The convective
wall heat loss is included as a source term in the conditionally fil-
tered total enthalpy equation for the CMC cells adjacent to walls.
The mean heat flux is high on the middle bluff body surface but
low near its edges. The turbulent heat flux based on the resolved
temperature gradient is relatively low compared to the laminar
counterpart but increases with the turbulent intensity. For the
CMC cells immediately adjacent to the bluff body, the heat loss
facilitates the occurrences of extinction and re-ignition. It has a
significant influence on the mean flame structures, which is
directly linked to the changes of the conditional scalar dissipation
near the wall. Furthermore, the degree of local and instantaneous
extinction measured by conditional reactedness at stoichiometry is
intensified due to the wall heat loss. However, the wall heat loss
shows a small impact on the lift-off near the bluff body surface.
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