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a b s t r a c t 

The mechanisms controlling laminar flame anchoring on a cylindrical bluff-body are investigated using

DNS and experiments. Two configurations are examined: water-cooled and uncooled steel cylinders. Com- 

parisons between experimental measurements and DNS show good agreement for the flame root loca- 

tions in the two configurations. In the cooled case, the flame holder is maintained at about 300 K and

the flame is stabilized in the wake of the cylinder, in the recirculation zone formed by the products of

combustion. In the uncooled case, the bluff-body reaches a steady temperature of about 700 K in both

experiment and DNS and the flame is stabilized closer to it. The fully coupled DNS of the flame and the

temperature field in the bluff-body also shows that capturing the correct radiative heat transfer from the

bluff-body is a key ingredient to reproduce experimental results.
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. Introduction

The burnt gas temperatures reached in combustion chambers

sually exceeds the maximum temperatures which can be sus-

ained by most materials, especially metals used in engines. There-

ore, cooling these walls as well as all chamber elements in con-

act with the flame is mandatory for combustion chamber design-

rs. While cooling is obviously needed to preserve walls, its effects

n the flames themselves has received less attention and is usu-

lly neglected in many CFD approaches. Flame/wall interaction, for

xample, is a field of combustion which has not been investigated

et with sufficient care [1–6] . In most cases, authors measure or

ompute the maximum wall heat fluxes induced by the flame but

o not investigate the effects of the wall on the flame itself. 

In the field of simulation, most models [7–11] assume adiabatic

ows. For premixed flames, the famous BML (Bray Moss Libby) ap-

roach, for example, which is the workhorse of many theories for

urbulent premixed flames [12,13] assumes that a single variable

the progress variable c ) is sufficient to describe the flow: this is

rue only when the flow is adiabatic. In the same way, many usual

ethods for chemistry tabulation such as FPV [14] , FPI [15] or FGM
∗ Corresponding author.

E-mail address: mbrebion@imft.fr , miguel.brebion@gmail.com

(M. Miguel-Brebion).

e

s

ttp://dx.doi.org/10.1016/j.combustflame.2016.06.025
16] assume that chemistry can be described using only two vari-

bles, the mixture fraction z and the progress variable c , which im-

lies that the flames must be adiabatic. 1 Considering that wall heat

uxes in most chambers correspond to approximately 5–40% of the

hamber total power, assuming adiabaticity is clearly not compati-

le with the high-precision methods which are sought today. Note

hat computing the interaction between the flame and the wall re-

uires to compute both the flow and the temperature within the

alls simultaneously: the LES code must be coupled with a heat

ransfer code within the combustor walls. This task is not simple

19,20] because time scales are usually very different (a few mil-

iseconds in the flow and a few minutes in the walls). 

Among all walls present in a chamber, flame holders play a

pecial role because they control the most sensitive zone of the

hamber: the place where the flames are anchored. Any temper-

ture change of the flame holder will induce a change of posi-

ion for the flame roots and therefore a change in stability and

fficiency. The coupling mechanisms between heat transfer within

ameholder and flame stabilization have not been analyzed in de-

ail yet. In a series of recent papers [21–23] , the MIT group has

umerically studied the stabilization of premixed flames on square
1 Non adiabatic effects can be included in (Z,c) tabulation as done by Marracino

t al. [17] or Fiorina et al. [18] but this increases the complexity of the tabulation

ignificantly.

http://dx.doi.org/10.1016/j.combustflame.2016.06.025
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Fig. 1. Transverse cut of the burner.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1

Operating conditions for the CBB and UBB cases.

Name Quantity Value

� Equivalence ratio 0.75

u b Bulk velocity 1.07 m s −1 

s l Laminar flame speed 0.24 m s −1 

T u Injection temperature 292 K

T adia Adiabatic flame temperature 1920 K
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flame holders and shown that the location of the flame roots but

also the blow-off limits were strongly affected by the temperature

of the flame holder. 

The present study focuses on a similar question: which differ-

ences in flame anchoring are observed when the temperature of

the flame holder varies from a low (typically 300 K) to a high

value (700 K). To obtain such a large variation in temperature, a

premixed laminar methane/air flame is stabilized on a cylindrical

flame holder. Two flame holders are used, with exactly the same

external shape. The first one has an internal water cooling system,

leading to a surface temperature close to 300 K. The second one is

a full, solid cylinder which is uncooled, leading to a surface tem-

perature close to 700 K. 

Both experiments and DNS are used to analyze the differences

in flame structure near the flame holder. Simulations are per-

formed in dual mode: the flow is computed with DNS using a 13

species kinetic scheme for CH 4 /air flames [24] while the tempera-

ture in the solid is computed with a heat transfer solver, coupled

to the flow solver. The simulations, performed for cooled and un-

cooled flame holders, reveal drastic differences in flame root loca-

tion and flow topologies. They also show that radiative heat trans-

fer must be taken into account to predict the flame topology for

the uncooled case. 

Section 2 presents the experimental setup. The tools used for

the coupled flow/solid simulation are described in Section 3 . Re-

sults for the cooled flame holder are discussed in Section 4 before

presenting the uncooled case in Section 5 . Finally Section 6 dis-

cusses the influence of radiative heat fluxes on the flame stabiliza-

tion when the flame holder is uncooled. 

2. Experimental configuration

The experimental rig is shown in Fig. 1 : a lean premixed

methane-air V-flame is stabilized over steel cylindrical bluff body

(radius of r = 4 mm ). The burner has a constant cross section of

h = 34 by l = 94 mm so that the flame remains two-dimensional.

Individual mass flow meters are used to control air and methane

flow rates. Fuel and oxidizer are premixed before entering the in-

jection chamber though six holes. Glass wool, small glass balls

and two honeycombs panels are used to laminarize the flow. The

flow passes through a water-cooled plenum to ensure a constant

fresh-gases temperature. Hot wire measurements downstream of

the plenum show that the flow is laminar: the fluctuation level re-

mains below 1% everywhere in the chamber. After the plenum, the

flow enters the combustion chamber where the flame holder is lo-

cated. Two different bluff-bodies have been used to stabilize the

flame. The first one is a cooled steel cylinder ( Fig. 2 , left) main-

tained at 285 K by a 37 g s −1 mass flow rate of cooling water. The

second flame holder is a solid steel cylinder, which has exactly the
ame external geometry as the cooled one ( Fig. 2 , right). In the

ollowing, these cases will be denoted as CBB (Cooled Bluff-Body)

nd UBB (Uncooled Bluff-Body) respectively. Finally, the combus-

ion chamber has a quartz window in the front, and one on each

ateral side wall, for visualization. 

The operating conditions are given in Table 1 . In these condi-

ions, the flame is steady for all cases and the power of the burner

s 7 kW for � = 0 . 75 and u b = 1 . 07 m s −1 . In both cases, dimen-

ionless flow parameters are identical. The Reynolds number based

n the bluff-body diameter Re bb ≈ 520 is low and the flow remains

aminar. Without combustion, a Kármán vortex street is obtained

t f = 40 Hz in the wake of the cylinder. For reacting mixtures, the

ow becomes fully steady for all cases tested here. Similarly, the

atio between the laminar flame velocity and the bulk speed s l / u b 
0.22 is sufficiently low to avoid flashback events. 

Flames are imaged on an intensified PCO-Sensicam camera

quipped with a CH 

∗ narrow band-pass filter and a f /16,180 mm

elecentric lens [25] ( Fig. 2 ). 

In the UBB case, the full cylinder is attached at only one side of

he combustion chamber. On the other side, there is a gap of ap-

roximately 3 mm between the cylinder and the quartz window.

his gap drops to 1 mm at steady state because of thermal ex-

ansion. The flame holder temperature has been measured with a

-type thermocouple: T UBB 
cyl

= 670 ± 40 K. A temperature difference

f about 70 K has been measured between the two extremities of

he cylinder. This corresponds to a gradient of ∂ T / ∂ x ≈ 750 K m 

−1 .

he corresponding heat transfer is below 2 W so that axial heat

ux is not taken into account in the DNS. This allows to run both

he DNS and the heat transfer code on 2D meshes. 

In the CBB case, the temperature elevation of the water used for

ooling is equal to �T = 0 . 15 ± 0 . 05 K so that the cooling water

emperature can be assumed to be constant. It leads to a total flux

aken from the flame �xp 
s → w 

= ˙ m C p �T = 24 W.

The thermal properties of the steel used in both UBB and CBB

ases are recalled in Table 2 . The emissivity of the bluff body is di-

ectly linked to its surface state. In the present experiments, the

luff-bodies are oxidized so that an emissivity of ε = 0 . 9 is re-

ained. The effects of ε are discussed using DNS in Section 6 . 



Fig. 2. Experimental fields of CH 

∗ for CBB: cooled bluff-body (left) and UBB: uncooled bluff-body (right). 

Table 2

Thermal properties of the steel used for the bluff-bodies.

The emissivity ε ranges from 0.2 for polished surfaces to

0.9 for oxidized surfaces.

Material ρc p [ K −1 m 

−3 ] λ [W/m/K] ε

35NCD16 3.5 10 6 32 0.2–0.9

Fig. 3. Laminar flame speed comparison between the LU13 analytical mechanism,

GRI-3.0 detailed mechanism and experimental results extracted from [31] .
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. Numerical strategy

To capture the effects of flame holder cooling on the flame, a

oupled DNS of the flow and of the temperature field within the

ame holder is performed. 

.1. Fluid and solid solver 

The Navier Stokes equations are solved with the AVBP solver

sing a third-order scheme for spatial differencing on a two-

imensional hybrid mesh combined with an explicit two-step

cheme for time advancement [26,27] . The NSCBC [13,28] formu-

ation is used for the boundaries while the molecular transport is

ased on the Hirshfelder Curtis approximation [29] . 

A multistep analytical mechanisms, referred to as LU13 has

een used to describe the chemical kinetics of the methane-air

ombustion [24] . Laminar flame velocities obtained with LU13 are

hown in Fig. 3 : T = 298 K and P = 101 , 300 Pa. The LU13 scheme

s compared with the detailed GRI-3.0 mechanism [30] but also

ith experimental results of Dirrenberger et al. [31] . The error bars

n the experimental measurements correspond to the envelope of
our different measurements performed by different authors. These

easurements were realized using counter flow flames [32,33] or

pherical flame [34] . The laminar flame velocity from the LU13

cheme is 4% higher than the one from the GRI-3.0 mechanism.

owever, a difference of about 15% is observed between the mean

f the experimental measurement and the LU13 analytical mecha-

ism at � = 0 . 75 . 

The resolution of the heat transfer equation in the bluff-body

elies on an implicit [35] first-order forward Euler scheme for time

ntegration and a second-order Galerkin scheme [36] . Local heat

uxes φs are imposed in the solid solver at the boundary shared

etween the solid and the fluid domains. The solid solver then

ends skin temperature back to the DNS code for the next itera-

ion. 

.2. Coupling strategy 

Both codes are coupled with a software called OpenPALM

37] which exchanges the thermal information at the external face

f the bluff-body. The local temperature obtained by the solid

olver on the cylinder surface solver is applied through an isother-

al NSCBC boundary condition [28] in the fluid solver whereas

he local heat flux is imposed in the solid solver. The characteristic

ow time τ f is of the order of 50 ms while the solid characteristic

ime τ s is of the order of 10 3 s. The simulation of the flame for

everal τ s is impractical. The coupling strategy to accelerate the

onvergence towards steady state is that each domain (flow and

olid) is advanced at its own characteristic time using a time step

f τ f for the fluid and αs τ s for the solid with αf = αs [19] . This is

quivalent to decreasing the heat capacity of the solid while pre-

erving the conductivity. 

Moreover, radiative heat losses from the flame holder must be

ccounted for when relatively high temperatures are reached. They

re taken into account in the local flux condition imposed on in

he solid solver by adding a radiative flux φrad : 

rad = σε(T 4 − T 4 ext ) (3.1) 

here T is the local temperature at the cylinder surface. Radiation

rom the gas ( H 2 O , CO 2 ) and from the hot walls downstream of

he combustion zone is neglected. Furthermore, walls at the same

eight of the flame holder are assumed to have a temperature

lose to the fresh gas and to behave as black bodies: T ext = T u . 

.3. Meshing strategy 

An unstructured hybrid mesh is used to accurately capture the

onjugate heat transfer between the solid and the reactive flow



Fig. 4. Illustration of the hybrid meshes in both fluid and solid region with a temperature field extracted from the UBB case. Left: the main mesh used. Right: the finer mesh

used for validation. Velocity streamlines are represented by solid thick lines.
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[38,39] . Five layers of quad elements are used outside of the cylin-

der boundary (flow region) and ten are used inside (solid region).

The remaining parts of the geometries are meshed with triangles

( Fig. 4 , left). The meshes for solid and fluid domains are not coinci-

dent on the flame holder skin and a second-order space interpola-

tion is performed to transfer information between the two solvers.

A mesh resolution of 70 μm is retained. First, it allows to cor-

rectly resolve the flame front. The flame thickness is defined by:

δth = 

T adia − T u 

max ( d T /d x ) 
(3.2)

For a methane-air premixed flame at � = 0 . 75 and with T u =
292 K : δth = 580 μm so that at least 8 cells are obtained in the

flame region. At this resolution, all transported species are accu-

rately resolved across the flame front. The mesh size of 70 μm

also allows to capture both dynamic and thermal boundary lay-

ers along the cylinder. The thermal boundary layer thickness at

the stagnation point is L th = 700 μm and is thickened as the flow

passes around the cylinder. It is meshed with at least 10 cells. The

dynamic boundary layer is thicker than the thermal one (Prandtl

number below unity). Finally, mesh independence was assessed by

testing a finer mesh ( Fig. 4 , right), with a typical cell resolution of

40 μm, which resulted in negligible changes in the flame front po-

sition and velocity field. For instance, the small recirculation zone

observed in the UBB case is identical on the two meshes. 

4. CBB configuration

Since the bluff-body temperature is controlled by a water flow

which is not computed, a boundary condition at the inner diam-

eter of the flame holder is required. The convective inner flux

φs → w 

( Fig. 2 ) is modeled through a Newton law at the solid/water

boundary: 

φs → w 

= h turb (T s − T w 

) (4.1)

where T s is the local inside skin temperature of the cylinder, T w 

is the mean temperature of the cooling water in the outer passage

and h turb is the heat transfer coefficient. The water flow is turbu-

lent with a Reynolds number of Re ≈ 5800 > Re c ≈ 2400 according

to [40] . The heat transfer coefficient h turb for a turbulent flow in an

annulus obtained by a correlation [41] : 

h turb = c p ρv 
0 . 023 

Re 0 . 2 P r 2 / 3 
, P r = 

μc p

λl 

(4.2)

where c p and μ refers to the specific heat at constant pressure and

the dynamic viscosity of the cooling water respectively and v is
he bulk velocity in the outer annulus. The corresponding turbulent

eat transfer coefficient is h turb ≈ 3 10 4 W m 

−2 K 

−1 .

Experimental and DNS results are compared by superposing

so-contours of the heat release rate (20% of maximum) and CH 

∗

eld obtained in the experiments ( Fig. 5 , left). The location of

he flame root is accurately reproduced in the DNS. Flame angles

 
) from DNS and experiments are close to each other: 
DNS =
 . 076 π ± 0 . 006 π and 
XP = 0 . 067 π ± 0 . 006 π . This result is co-

erent with the differences in laminar flame velocity: Fig. 3 shows

hat LU13 overestimates experimental flame velocities by 10–15%. 

In this configuration, the flame roots are located 3 mm down-

tream of the bluff-body at the angle of θCBB ≈ 0.15 π . Figure 5 ,

ight shows the normalized heat flux entering the cylinder: φ∗
r =

�
 

fluid . � n / (ρu Y CH 4 
s l Q ) where ρu = 1 . 2 kg m 

−3 and Y CH 4 
= 0 . 042 are

he gas density and methane mass fraction in the unburnt side

espectively, Q = 50 , 100 J g −1 is the mass heat of reaction for

ethane/air combustion and 

�
 n is the normal vector pointing in-

ide of the cylinder. This flux is positive at all angles as the cylin-

er remains cooler than the unburnt mixture. It peaks at φ∗
r = 0 . 1 ,

 value comparable to maximum fluxes reached during SWQ (Side

all Quenching) flame/wall interaction where reduced fluxes can

each 0.15 [13] . 

The flame root is located in the recirculation zone ( Fig. 6 ) in the

ake of the cylinder. Similar results were previously observed by

edia et al [22] for a flame stabilized behind a square bluff-body

n ceramic. The temperature is quasi uniform inside of the flame

older. It ranges between 285.15 K, the temperature of the cooling

ater, up to 291 K. The DNS data can be used to compute the total

eat transfer between the cylinder and the cooling water: 

s → w 

= 

∫ 
θ
φr (r int ) lr int d θ (4.3)

here r int = 3 mm is the radius of the inner boundary of the

ooled flame holder. This flux is equal to 31 W and is consistent

ith the experimental measurement based on the cooling water

eating: �exp 
s → w 

= 24 W.

The ratio between the heat losses along the cooled cylinder

31 W) and the total power of the burner (7 kW) shows that less

han 0 . 5% of the thermal energy released by combustion is trans-

erred to the cooled flame holder. The flame structure can be anal-

sed by visualizing the maximum of the heat release rate along the

ame front ( Fig. 7 ). 

This quantity has been normalized by the heat release rate of

he equivalent laminar un-stretched adiabatic flame. Three differ-

nt zones can be identified: 

• The adiabatic zone ( A z ). Downstream of the cylinder ( z >

16 mm), the heat release rate goes to unity showing that the



Fig. 5. Left: Comparison between DNS (solid line: iso-contour of heat release rate) and experimental ( CH ∗ field) flame fronts in the CBB configuration. Right: Normalized 

wall heat flux along the cooled cylinder external boundary.

Fig. 6. Temperature (iso-contours, solid and lower part of the fluid) and flow (stream lines, upper part of the fluid) visualiation in the CBB case. The flame front location is

marked by the iso-contour of 20% of the maximum heat release in the upper part and by its centreline in the lower part.

Fig. 7. Normalized maximum heat release rate along the flame front (dashed line

in Fig. 6 ) for the CBB case. z = 4 mm corresponds to the cylinder end. 
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a  

v  
flame has forgotten its stabilization zone and is not affected by

the cooled flame holder. Typical profiles of mass fractions of

one reactant ( CH ), one product ( H O ) and one reaction inter-
4 2 
mediate ( CH 3 ) are displayed in Fig. 8 along the path [ CD ] of

Fig. 6 . 

• The extinction zone ( E z ). Close to the bluff-body ( z < 5.3 mm),

the flame is quenched. In this region (path [ AB ] in Fig. 6 ), the

flow is dominated by diffusion processes since no production

nor consumption of reaction intermediates is observed. The re-

actants present away from the wake of the cylinder (point A ,

Fig. 6 ) are mixed with the products of combustion convected in

the recirculation zone (point B ).

• The mixed zone ( M z ). This zone is located downstream of the

center of the recirculation zone ( z ∈ [5.3, 16] mm). Here, the

combustion is less intensive because the fresh mixture has been

mixed with products of combustion so that the local equiv-

alence ratio is decreased. This is the zone where the flame

roots are located. Figure 7 shows that the transition from the

quenched state (zone E z ) to the fully burning state (zone A z )

is progressive in the zone M z and takes place over a length of

approximately 1 cm.

. UBB configuration

For the uncooled flame holder, a steady symmetrical flame is

lso observed. The comparison between DNS and experiments is

ery good ( Fig. 9 , left). Compared to the CBB case ( Fig. 5 , left),



Fig. 8. Mass fractions of CH 4 , CH 3 and H 2 O along the paths [ AB ] ∈ E z (curve with 

markers) and [ CD ] ∈ A z (curves). The mass fraction of CH 3 is multiplied by a factor 

100.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

(  

 

u  

o  

l  

a

�  

w  

a  

p  

0  

�  

T  

s  

�

�  

 

a  

�  

f  

s  

c  

t  

t

 

 

the flame is much closer to the flame holder. The radial heat flux

in the fluid region can be used to determine its angle. The an-

gle θUBB corresponds to the azimuthal point where the heqt flux

changes sign: θUBB = θ / � φfluid . � n = 0 where �
 n is the normal unit

vector pointing inside of the cylinder. As shown in Fig. 9 , right:

θUBB = 0 . 4 π . Furthermore, the flame roots are located at 0.3 mm

of the flame holder. 

Temperature and velocity fields obtained in DNS for both solid

and fluid zones are displayed in Fig. 10 . Color scales used to vi-

sualize the temperature fields have been separately adapted for

both regions. At steady state, the mean temperature of the bluff-

body is closed to 700 K with a minimum of 696 K at the stagna-

tion point and a maximum of 711 K at the trailing edge. This re-

sult is consistent with experimental measurements of 670 ± 40 K

realized with a thermocouple just after stopping the flame. Close

to the cylinder, the temperature field in the fluid region indicates

that the fresh gases are heated by the hot cylinder on the up-

stream side. Two small recirculation zones are observed. The first

one ( RZ 1 ) is located upstream of the flame front, where the lam-

inar unburnt flow separates. Its temperature is very close to the

one of the bluff-body. The second one ( RZ 2 ) is located behind the

wake of the cylinder but it is much smaller than it was for the CBB

case ( Fig. 6 ) due to the flow expansion. Contrary to the CBB case,
Fig. 9. Left: Comparison between DNS (iso-contours of heat release rate) and experimen

the uncooled cylinder.
he flame roots are located ustream of the back recirculation zone

 RZ 2 ) showing that this stabilization follows different mechanisms.

The DNS data can be used to establish an energy balance for the

ncooled flame holder. To do this, it is useful to separate the skin

f the bluff-body into two zones: upstream ( θ > 0.4 π in Fig. 9 ), a

arge part of the bluff-body is cooled by the incoming gases, taking

 flux �s → g away from it: 

s → g = 

∫ 
φr < 0

φr lrd θ (5.1)

here φr = 

�
 φfluid . � n is the radial heat flux in the fluid region taken

t the boundary of the bluff-body and 

�
 n is the normal unit vector

ointing inside of the cylinder. Downstream of the bluff body ( θ <

.4 π ), the burnt gases heat up the cylinder, injecting a flux �g → s :

g → s = 

∫ 
φr < 0

φr lrd θ (5.2)

he separation of the two zones is simply obtained from the

ign of the local heat flux. The radiative flux lost by the cylinder

rad is: 

rad = −
∮ 

εσ (T 4 − T 4 ext ) lrd θ (5.3)

DNS results show that �g → s = 66 . 5 W while �s → g = −36 . 9 W

nd �rad = −29 . 5 W so that the global budget is closed: �g → s +
s → g + �rad = 0 . The input heat transfer �g → s is larger than it is

or the CBB case (31 W) due to the vicinity of the flame. Figure 11

hows the flux line inside the bluff-body. One can see that heat

oming from the burnt gases is participating to the heating up of

he fresh gases. Similarly to the CBB case, three zones can be iden-

ified for the flame front structure ( Fig. 12 ): 

• The adiabatic zone ( A z ). Here, the fresh reactants have not been

heated by the hot bluff-body or diluted by burnt gases. As a

consequence, an adiabatic, almost un-stretched laminar flame

is observed and the heat release rate values are similar to

the equivalent one-dimensional adiabatic flame. The adiabatic

zones encountered in both the UBB and the CBB cases are sim-

ilar in terms of flame dynamics.

• The over-reactive zone ( O z ). Here, the flame is more intense

than the corresponding un-stretched adiabatic flame. The ex-

cess in burning rate is about 25% since the unburnt mixture is

heated by the hot cylinder ( Fig. 11 ). This increases the burning

rate by accelerating kinetics: the peak mass fraction of CH 3 is

20% greater than in the adiabatic zone as shown in Fig. 13 on

the path [ GH ].

• The quenching zone ( Q z ). Close to the bluff-body, the flame is

quenched due to the conjugate heat transfer from the fluid to
tal ( CH 

∗ field) flame fronts in the UBB case. Right: normalized wall heat flux along 



Fig. 10. Temperature (iso-contours in the lower part of the flow and the solid) and flow (stream-lines in the upper part of the flow) visualization in the UBB case. The flame

front location is recalled by the iso-contour of 20% of the maximum heat release and by its centerline.

Fig. 11. Thermal budget of the uncooled cylinder (all fluxes are counted positive

when entering the cylinder). Flux lines are represented inside of the cylinder.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Normalized maximum heat release rate along the flame front centreline

(curvilinear abscissae). Three regions of interest are denoted: the quenching zone

( Q z ), the over-reactive zone ( O z ) and the adiabatic zone ( A z ).

Fig. 13. Mass fractions of CH 4 , CH 3 and H 2 O along the paths [ EF ] ∈ Q z (curves 

with markers) and [ GH ] ∈ O z (curves) plotted against their normalized curvilinear 

abscissae in the UBB case.
the bluff-body. This region may be compared with the academ-

ical flame/wall interaction zone discussed in both experimen-

tal and theoretical studies by Von Kármán et al. [42] , Lu et al.

[1] and more recently by Buckmaster [43] and Vedarajan and

Buckmaster [44] , who introduced the concept of edge flame.

Flame/wall interaction has also been investigated numerically

in Head On or Side Wall quenching configurations [4,45] and

more recently in a turbulent channel [5,46] . The mass fraction

profiles of CH 4 , CH 3 and H 2 O are displayed in Fig. 13 along

the path [ EF ], described in Fig. 12 . The presence of the reac-

tion intermediate CH 3 proves that chemical reactions are still

occurring close to the cylinder. Furthermore, the flame front is

thicker in the quenching zone than the adiabatic or the over

reactive zones. This is due to thermal losses which slow kinet-

ics down. Finally, the normalized heat flux between the fluid

and the solid φ∗
r is shown in Fig. 9 , right, along the cylinder.

It reaches a maximum of 0.24, which is coherent with values

obtained during stagnation quenching events on a cold wall:

φ∗
SQ 

≈ 0 . 33 [47] . It is also much higher than it was for the CBB
∗
case φr = 0 . 1 ( Fig. 5 ).



Fig. 14. Flame shapes for emissivity ranging from εmin = 0 . 1 to εmax = 1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Flame root angle θ and normalized temperature (T − T u ) / (T adia − T u ) for 

cylinder emissivity between 0.02 and 1. The temperature predicted by the model

6.1 and its approximation 6.2 are also displayed when the flame is stabilized up- 

stream.
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6. Influence of the cylinder emissivity

Section 5 showed that radiative heat transfer represents 45%

of the bluff-body heat losses for the UBB case. This suggests that

changes in stabilization mechanisms may be induced by changing

the flame holder emissivity and its temperature. Different compu-

tations have been carried out with emissivity ranging between 0.02

and 1. 

DNS results show that the flame root position ( Fig. 14 ) is

roughly independent of the emissivity between ε = 0 . 8 (weakly

oxidized bluff-body) and ε = 1 . 0 (perfect black body). The corre-

sponding averaged temperatures of the bluff-body computed in the

DNS are T ε=0 . 8 = 724 K, T ε=0 . 9 = 705 K and T ε=1 . 0 = 693 K. All these

results are contained within the upper bound of the confidence

interval of the experimental measurement of the uncooled bluff-

body temperature. 

Once the emissivity of the flame holder decreases below ε =
0 . 8 , the flame roots move upstream. For a low emissivity ( ε =
0 . 15 ), the flame is stabilized at θε=0 . 15 ≈ π/ 2 . In this case, half of

the bluff-body is immersed in the burnt gases and its mean tem-

perature increases to T ε=0 . 15 = 1075 K. A dramatic change occurs

when the emissivity goes below 0.15: the flame jumps ahead of

the cylinder. In this case, the temperature of the bluff-body, which

is completely immersed in the burnt gases ranges between 1500

and 1900 K, depending on the emissivity. Flame root angles and

the corresponding normalized mean cylinder temperature are dis-

played in Fig. 15 for ε ∈ [0.02, 1]. The temperature of the cylinder

increases with the flame root angle as the cylinder is surrounded

by more burnt gases. When the flame is “upstream stabilized”,

the bluff-body mean temperature can be predicted by a simple

model by assuming a uniform temperature in the cylinder: T cyl . Us-

ing a constant heat transfer coefficient measured in the DNS: h ≈
100 W m 

−2 K 

−1 and neglecting the radiative fluxes absorbed by the

hot cylinder: 

σεT 4 cyl + h (T cyl − T adia ) = 0 (6.1)

The temperature T cyl of the cylinder is solution of the fourth order

polynomial in Eq. (6.1) . In the limit where ε < 0.1, the temperature

of the cylinder remains close to the adiabatic flame temperature. A

Taylor expansion of (T adia − T cyl ) /T adia provides : 

T adia − T cyl 

T adia 

≈ 1 / 4 

1 + h/ (4 σεT 3 
adia 

) 
(6.2)

According to Eq. (6.2 ), an increase of the emissivity decreases the

cylinder temperature as expected. Mean temperatures in the UBB
ase for the DNS, the model of Eq. (6.1) and its approximation ( 6.2 )

re displayed in Fig. 15 where ε goes from 0.002 to 1. This figure

onfirms the topology discontinuity at ε = 0 . 15 and shows that the

imple Eq. (6.2) is sufficient to predict the variations of the flame

older temperature with ε when the flame is stabilized upstream

f the flame holder. 

. Conclusions

A comparison between DNS and experiments has been car-

ied out to study the anchoring mechanism of a flame attached

n a cylindrical bluff-body. Two distinct configurations have been

crutinized. In the cooled bluff-body case (CBB) the flame holder

emperature is about 300 K and the flame is stabilized approxi-

ately one radius downstream of the cylinder at an angle θCBB ≈
.15 π and attached at the center of the recirculation zone in which

roducts and reactants are mixed. In the uncooled bluff-body case

UBB), the temperature reaches 700 K and the flame is attached

loser to the cylinder at θUBB ≈ 0.4 π . A good agreement between

NS and experiments is obtained for the shape for both cases. Fi-

ally, it has been shown that this temperature is controlled by the

quilibrium of the convective and radiative heat fluxes occurring

long the bluff body: the emissivity of the flame holder can change

he flame stabilization location (upstream or downstream of the

ame holder). A change of emissivity (a decrease) can lead to a

ame jumping upstream of the flame holder and its destruction.

ore generally, these results show that the temperature of flame

olders has a major effect on the flame topology and must be in-

luded in simulations as an important parameter. 
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