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Flow and flame dynamics inside a trapped vortex combustor are analyzed from Large Eddy
Simulation (LES) results compared against measurements. The Navier–Stokes equations
are solved in their fully compressible form over a Cartesian grid resorting to immersed
boundaries to account for the complex geometry, composed of an annular flow impacting
a set of axisymmetric rods (flame holders) before interacting with a cavity. Various cases
are considered, varying the main flow rate, the length of the cavity, injecting secondary-
air and also adding a swirling motion. From these cases, three main cavity flow regimes
emerge. The modeling of molecular diffusion in LES with presumed probability density
function (pdf), as filter of premixed flamelets, is also discussed. It is shown that a dynamic
correction to molecular diffusion may be computed from the pdf control parameters to
ensure the correct laminar flame speed, whatever the mesh used. Finally, studying the
turbulent flame evolution within the cavity in the various cases, suggests that swirling
motion is mandatory to favor the global burner stability.

© 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The interaction between a main flow and a cavity has been the subject of multiple studies addressing a large variety of
flow geometries [1–7]. Gas flow with cavities are usually characterized by large fluctuations of pressure, density and velocity
components, sometimes followed by large flow instabilities and acoustic noise. On the other hand, flame stabilization may
be mainly achieved through recirculation zones carrying burnt gases or against pilot flames, both bringing the energy for
igniting the fuel/air mixture, or, in wakes behind obstacles within the low velocity zone in the vicinity of flame holders.
Among wall-bounded flow geometries, a cavity provides a simple way to establish a permanent recirculation zone, vortices
and turbulent structures are trapped within the cavity and a flame may thus in principal be stabilized above, or downstream
of it. Obviously, the strong unsteady character of cavity flows may easily become a limitation if combustion instabilities
appear. However, Trapped Vortex Combustor (TVC) have been developed with success [8], in which the flame is stabilized
by a recirculation zone ‘trapped’ within a cavity. The main motivation is to provide a constant reservoir of burnt gases for
flame stabilization; a recirculation zone which could be less sensitive to the main flow regime than the kernel of burnt
gases ensuring flame stabilization in swirling burners, specifically when approaching lean blow out conditions.

The drag induced on the flow by a cavity has been thoroughly studied in the literature, it was found that the optimal
cavity length in terms of drag reduction is associated with the appearance of quasi-stable vortices within the cavity [9,10],
linked with a pseudo-stagnation of the shear layer at the downstream cavity corner [11,12]. On these grounds, various TVC
(Trapped Vortex Combustor) have been discussed and studied [8,13,14].
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Fig. 1. Picture (left) and schematic (right) of the CORIA Trapped Vortex Combustion chamber [16].

Fig. 2. Sector view of 1/4 of the combustion chamber.

Unsteady numerical modeling of an experimental setup designed in the laboratory CORIA [15,16] to study trapped vor-
tex combustion, is reported in this article. Large Eddy Simulation is used for solving the Navier–Stokes equations in their
fully compressible form. The cold flow is first analyzed, before discussing an improvement of presumed probability density
function modeling for turbulent flames and simulating the reacting trapped vortex flow. The flame and flow dynamics ob-
served in the numerical results are systematically analyzed against the available measurements. It is shown that swirling
the main flow allows for strongly reducing flame oscillations, thus potentially avoiding combustion instability, which can
easily develop in burner geometries featuring cavities.

2. Experimental TVC, numerics and modeling

2.1. Experiments

The studied experimental set up is composed of a main annular lean premixed methane–air flow at equivalence ratio
0.85, encountering a cavity located toward the axis of symmetric of the system (to limit the size of the full chamber, which
is within a quartz cylinder allowing for optical access [15,16]). Fig. 1 shows a picture of the system without the quartz
tube and a schematic of the various elements. The exit of combustion chamber is equipped with a nozzle, to operate at
pressures up to 3 atmospheres, for a maximum inlet velocity of about 15 m/s. Flame holders are located right upstream of
the cavity, this axisymmetric set of rods contributes to flame stability in many ways: the blockage accelerate the main flow,
favor a depression above the cavity ensuring mixing between fresh gases and cavity-trapped burnt product; they also help
homogenize the flow downstream of the cavity through wake turbulence, temperature in the exit plane being then more
uniform.

Previous analyses have discussed the presence of two main vortex cores inside a cavity as an ingredient for flame
stability [17]: burnt gases are more easily transported toward the upstream cavity wall, to be then entrained within the
lower pressure zone downstream of flame holder. Another direct effect of a two vortex stable mode is the better cooling of
the upper corner of the downstream cavity wall, with eventually the appearance of a recirculation zone in the vicinity of
this corner. Also, to favor this two-vortex regime and feed the cavity with burnt gases, two additional annular injections are
in the cavity of the CORIA TVC (Fig. 2); on the upstream wall at 1 mm of the bottom end of the cavity, a rich premixing
of fuel/air mixture at equivalence ratio 3 is injected and on the downstream wall, at 2/3 of the cavity depth, air is injected
inside the cavity (Figs. 1 and 2).

The flame-holder flow section is composed of 20 rods of diameter 3 mm, regularly distributed around the axis of sym-
metry (Fig. 2). The height of the annular main flow is 10 mm, the cavity is 19.5 mm depth and 22 mm long. The properties
of the case studied, where a stable flame is observed in the experiment, are summarized in Table 1, PIV and LDV were
previously conducted along with CH chemiluminescence [15,16].
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Table 1
Baseline case parameters.

Main annular flow Rich premixed cavity Air cavity

Air flow rate (g/s) 20 0.7 1
Equivalence ratio 0.85 3.0 0
Velocity (m/s) 8 8 6

2.2. Numerics and modeling

The simulations are performed using the SiTCom parallel flow solver [18–20], which is based on an explicit Finite Vol-
umes (FV) scheme for Cartesian grids. The Navier–Stokes equations are solved in their fully compressible form together
with scalar balance equations. The convective terms are computed resorting to a fourth-order centered skew-symmetric-
like scheme [21], while the diffusive terms are computed using a fourth-order centered scheme. The 3D-NSCBC boundary
conditions [22,23] are used at inlet and outlet.

Two different approaches have been used for LES; the first relies on explicit modeling of the unresolved turbulent fluxes
expressed with the Vreman closure [24], a second set of calculations has been carried out with implicit Large Eddy Simu-
lation [25], based on the fact that SGS modeling mostly plays a dissipative role in the simulations. An artificial dissipation
scheme was selected [26], which introduces second and/or fourth-order dissipative terms whose global contribution is
somehow similar to subgrid scale modeling [25]. Both calculations (implicit or explicit LES) need moderate second-order
dissipation. However in the implicit LES, the fourth-order dissipation term is increased, to damp high frequency modes
appearing in the centered scheme [27]. As these modes develop at small scales, they are naturally dissipated by the SGS
model in explicit LES, then the additional fourth-order dissipative terms are not needed.

The non-dissipative skew symmetric scheme [21] is thus completed by an addition of second- and fourth-order artificial
dissipation terms [28,27,26], involving an additional numerical convective flux that is controlled by four parameters α1,
α2, β1 and β2. The coefficients α1 = 0.5 and α2 = 0.5 are for the second-order terms, β1 and β2 for the fourth-order
contribution [28]. α1 controls up-winding fluxes, while α2 pilots the switch to upwind diffusion for a threshold value of
a sensor based on pressure fluctuations [26]. β1 characterizes the strength of the fourth-order damping and β2 = 1 is
set to switch off the fourth-order damping in case of strong discontinuities. LES with explicit SGS modeling is performed
with β1 = 0.032 and β1 is fixed at 0.3 for implicit LES. It has been verified that slightly modifying these values does not
profoundly impact on results.

One quarter of the full geometry is computed, with annular periodicity on the lateral sides of the domain. An Immersed
Boundary Method [29] is used in a fully compressible formulation to represent this complex geometry on a Cartesian mesh.
The computational domain is composed of 3L × 1.9L × 1.9L, where L is the cavity length. The Cartesian mesh is composed
of 10 853 864 cells with 43% devoted to fluid and the remaining to solid, the LES resolution in the three Cartesian directions
is 188 μm < �x < 462 μm (streamwise) and �y = �z = 209 μm.

A transient from initial condition is computed over 8 flow-characteristic times (estimated from the bulk annular velocity
and streamwise length of the computational domain), then statistics are collected over 30 characteristic times. Simulations
have been performed with and without injecting synthetic turbulence [30], for comparison.

3. Cold flow analysis

In this section, air is injected through all inlets and the baseline case of Table 1 is considered. Downstream of the flame
holders, the overall flow topology may be decomposed in three main parts (Fig. 3):

• In planes located between the rods, the annular flow is only weakly affected (Fig. 3(a)), with a limited penetration of
the flow coming from the cavity. Behind rods, however, the wake of the flame holders strongly interacts with the cavity
motion (Fig. 3(b)), leading to mixing the fluid coming from the main annular flow with the one recirculating in the
cavity.

• This cavity recirculation is decomposed in two subparts: a strong recirculation zone located deep inside, with a much
smaller one at the downstream bottom corner. This second vortex strongly interacts with the main flow behind rods,
with a major contribution to the flushing of the cavity.

• The flow resulting from the main annular stream mixed with the cavity fluid, then impacts on the downstream corner,
before it reattaches further downstream.

The streamwise velocity has been averaged in LES, in planes where PIV measurements are available [15]. The simulation
captures both the quite complex flow topology and velocity amplitudes seen in the experiment (Fig. 4). This comparison
against measurements is refined in Figs. 5 and 6, showing profiles of averaged and rms streamwise velocity for various x
locations (x = 0 at the upstream cavity corner of L = 22 mm long). Results from the three LES procedures employed are
given (SGS modeling, MILES, MILES with forced turbulence at inlet). Considering the complexity of the geometry, making
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Fig. 3. In plane averaged velocity magnitude.

Fig. 4. Average streamwise velocity in a plane. Top: behind a rod. Bottom: between two rods.

both measurements and simulations quite challenging, the results are rather good. The mean flow is more than reason-
ably well captured. Moving from the cavity bottom-wall up to the annular main flow at x = 2 mm, Fig. 5(a) shows the
secondary fuel/air injection, the almost stagnant flow inside the cavity and then the main annular flow. Further down-
stream, the motion inside the cavity develops, with a penetration of the cavity fuel/air jet still visible at x = 10 mm. The
slopes of the velocity profiles in the recirculation zones are accurately captured, with however, an overestimation of the
negative recirculation velocity, whatever the modeling used and this overestimation becomes larger using the SGS clo-
sure.



C. Merlin et al. / C. R. Mecanique 340 (2012) 917–932 921
Fig. 5. Radial profiles of averaged streamwise velocity in a plane between two rods. - - - MILES; — MILES with turbulence injection; · · · LES with explicit
SGS closure [24]; ◦ experiments [15].

Streamwise velocity fluctuations are given in Fig. 6, overall the levels are also reproduced, with an underestimation of
the secondary fuel/air jet turbulence at x = 2 mm, which then evolves into an over estimation downstream, except with the
MILES approach bringing the results closest to experiments. This approach is thus adopted for the rest of the study.

3.1. Impact of main flow rate

From the baseline case of Table 1, the mass flow rate of the main flow, initially at 20 g/s, is varied to take the values of
10 g/s, 30 g/s and 60 g/s. Fig. 7 displays comparisons against experiments for the cases at 10 g/s and 30 g/s, the additional
case at 60 g/s is investigated with the simulation only. The first of these cases (10 g/s) features similar properties in both
experiment and numerical simulations. Compared to the baseline case of Fig. 3, the size of the vortical coherent structures
are reduced, with the appearance of an additional recirculation zone at the leading edge of the upstream cavity corner,
which ensures some mixing between the incoming flow and the cavity motions. Examining velocity fluctuations (not shown
for brevity), they are lowered of about 20% compared to the reference case, but the flow is overall much less stable at
large scales. Thus decreasing the flow rate below the nominal regime, may not favor stable combustion in this particular
configuration.

Increasing the flow rate at 30 g/s (Fig. 7(c) and (d)) reinforces vorticity in the upper part of the cavity, to entrain more
fluid inside it, as seen in both experiments and simulation in the plane behind a rod; the bottom cavity vortex is down-
sized in favor of the upper one, which is intensified. The mixing between the main stream and the cavity is then globally
enhanced. Notice also that the sign of rotation of the vortices inside the cavity is modified with the increase of the flow
rate. The maximum velocity fluctuation is up 20% compared to the baseline case. Finally, increasing the flow rate up to
60 g/s in the simulation, a single vortex is found in the cavity with more flow entrainment inside this single trapped
vortex.

The axisymmetrical set of rods leads to a partial flow blockage, with acceleration followed by a pressure drop behind the
rods, thus favoring mixing between the main annular stream and the fluid recirculating inside the cavity. Looking at 〈V 〉,
the averaged radial velocity in the vertical direction, its magnitude increases with the mass flow rate: At 10 g/s, 〈V 〉 is of
the order of 1.8 m/s; at 20 g/s, 〈V 〉 ≈ 4.4 m/s; at 30 g/s, 〈V 〉 ≈ 7 m/s and at 60 g/s, 〈V 〉 ≈ 16 m/s (not shown for brevity).
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Fig. 6. Radial profiles of rms streamwise velocity in a plane between two rods. - - - MILES; — MILES with turbulence injection; · · · LES with explicit SGS
closure [24]; ◦ experiments [15].

Therefore, the change in main flow rate is followed by a significant enhancement of fluid exchange between the cavity and
the annular flow.

3.2. Impact of cavity length and secondary-air injection

The length of the baseline case cavity is L = 22 mm (19.5 mm depth), it is varied to study two cavity flows with
L = 11 mm and L = 44 mm, preserving the depth (Fig. 8). For L = 11 mm (Fig. 8(a) and (b)), the vortex above the secondary-
air injection is more pronounced to fill out all of the upper part of the cavity, which is still mainly flushed through its
upstream corner. The stronger interaction between the vortices and the upstream cavity wall, is followed by an increase of
the velocity fluctuations, which is visible up to the main annular flow behind the flame holders. However, because of this
localized intense and efficient zone of fluid exchange between the cavity and the main flow, the downstream fluctuations
are lessened compared to the baseline case.

Increasing the cavity length profoundly modifies the flow patterns (Fig. 8(c) and (d)). The secondary injectors promote
the development of vortices close to the bottom cavity wall, with strongly intermittent contra-rotating vortices in the upper
cavity zone. Overall, increasing the length leads to less efficient mixing with the cavity and higher fluctuations in the shear
layers downstream of it.

The secondary-air injection has been removed to estimate its role in the cavity flow patterns (Fig. 9). Starting from the
baseline case, secondary-air in the cavity is turned off. The downstream and upper vortices are then enlarged to become
the main source of connection between the cavity motion and the main flow; however, its sign of rotation is changed
and the turbulence level is decreased by about 30%; confirming the key role played by this additional injection of air in
trapped vortex combustor. This air-jet has a dual impact on equivalence ratio and flow structure within the cavity, bringing
flammable mixture (together with its opposite jet-fuel) and favoring mixing between both main and trapped cavity flows.

3.3. Impact of swirl motion

Many fuel injection systems operate with swirling flows [31–43]. In the present burner, a swirl motion is added to the
main flow with S = 1.5, a swirl number defined as the ratio between momentum fluxes in the azimuthal and streamwise
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Fig. 7. Velocity magnitude for various mass flow rates.

directions. The overall impact of swirl is visible in Fig. 10, comparing the baseline case with the swirling one for a main
flow rate of 30 g/s, a strong modification of the flow dynamics is seen. Two major coherent structures of same size are
driving the flow within the cavity, with its emptying mainly controlled by the upper vortex. Without swirl, between rods
the radial mean flow expelling fluid from the cavity is weak compared to planes behind rods, this is not the case with swirl.
The shear layer topology at the merging of the main and the cavity flows, becomes much less dependent on the position
considered, in the sense that almost similar flow patterns are observed in planes located either downstream of a rod (flame
holder) or between two rods Fig. 11.

In summary, varying the parameters of this specific TVC burner, the flow may be classified in three main regimes
(Fig. 12). For high flow rate, here about 60 g/s in the lean premixed annular flow, a single coherent structure develops
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Fig. 8. Velocity magnitude. (a)–(c) Between rods; (b)–(d) behind a rod.

Fig. 9. Velocity magnitude without secondary-air injection.

Fig. 10. Q -criterion (Q = 9 × 107 s−2) colored by the velocity magnitude (m/s).
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Fig. 11. Velocity magnitude with swirled main annular flow.

Fig. 12. Schematic of the cavity flow regimes.

in the cavity, which is then emptied by its upstream corner (Fig. 12(a)). This regime is of very limited interest, indeed in
this particular case, flame stabilization should mainly result from a usual flame holder effect induced by the rods and the
cavity would not play a major role. Decreasing the main flow velocity (about 20 g/s in the present experiment), a second
unsteady vortex develops at the downstream corner, which is more or less amplified and coherent depending on the depth
and length of the cavity (Fig. 12(b)); typically, the shorter the cavity length the stronger this secondary vortex. The shear
layer is then very unsteady at the largest scales, with efficient fluid exchange between the main flow and the recirculating
cavity motion. Adding swirl leads to an even more efficient mixing, with two strong main vortices and much fluid exchange
between the cavity and the main flow (Fig. 12(c)).

4. Preserving flame speed in presumed-pdf modeling

In Large Eddy Simulation of turbulent flames, the sub-grid scale and unresolved transport by velocity fluctuations along
with the impact of unresolved fluctuations of species and temperature on chemical reactions must be modeled. This has
been addressed in the literature in many different ways [44]. For the chemical source in premixed turbulent combustion,
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Fig. 13. Iso-F and iso-temperature.

Fig. 14. Left: CH∗ and PIV (2D). Right: LES. Baseline case (20 g/s).

one approach consists of tabulating chemistry from laminar flamelets using Yc(ξ, t), a progress of reaction defined versus ξ ,
a coordinate through the flame, so that all thermochemical quantities ϕ(ξ, t) may be cast as a unique function of Yc :

ϕ(ξ, t) = ϕ
(
Yc(ξ, t)

)
(1)

This trajectory in progress variable space is sometime called a ‘manifold’ and the corresponding tabulation technique Flame
Generated Manifold [45] or FPI (Flame Prolongation of Intrinsic low-dimensional manifold) [46], methods which may also be
extended to operate with more than a single parameter for the tabulation [47,48]. These approaches to downsize chemistry
have been coupled with LES using various strategies, some based on presumed probability density function (pdf) of Yc , or
other parameters involved in the tabulation. Further details concerning the coupling between these methods and LES flow
solvers may be found in [18,42,49,19,50,43].

A balance equation is solved for Ỹc , the filtered value of the progress of reaction, which takes the form with usual
notations:

∂ρ Ỹc

∂t
+ ∇ · (ρũỸc) = ∇ · (−τ Yc + ρD∗

Yc
∇ Ỹc

) + ˜̇ωYc (2)

ρ is the Reynolds space-filtered density, ũ is the mass-weighted (or Favre) velocity vector, τ Yc = ρuYc − ρũỸc is the
unresolved turbulent transport expressed, either with the Vreman closure [24] or set to zero in the case where MILES is
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Fig. 15. Left: CH∗ and PIV (2D). Right: LES. Baseline case (20 g/s).

adopted, as done here (see Section 2.2). D∗
Yc

is a diffusion coefficient to be determined, and, ˜̇ωYc is the filtered chemical

source computed with P̃ (Y +
c ; x, t), the presumed pdf [18]:

˜̇ωYc (x, t) =
Y Eq

c∫
0

ω̇Yc

(
Y +

c

)
P̃
(
Y +

c ; x, t
)

dY +
c (3)

where Y Eq
c is the equilibrium burnt gases value and ω̇Yc (Y +

c ) is expressed from the flamelet tabulation (Eq. (1)). In practice,

this pdf is parameterized with Ỹc and the variance Ycv = ˜Yc Yc − Ỹc Ỹc , both obtained from balance equations [18], then the
filtered burning rate becomes a simple function of Ỹc and Ycv : ˜̇ωc = ˜̇ωc(Ỹc, Ycv ); when Ycv → 0, the flame is expected to
be fully resolved over the mesh.

So far, in the simulations performed with such modeling, D∗
Yc

was taken in a more or less arbitrary manner, for instance
as the diffusion coefficient which provided the proper flame speed S L for fully resolved laminar flame simulations performed
under the constraint Ycv = 0 [42], to be subsequently applied for any level of SGS variance found in the turbulent flame.
As done in the Thickened Flame LES (TFLES) approach [51], it is discussed how this diffusion coefficient should in fact be
calibrated dynamically in the turbulent flame, here according to the local Ỹc and Ycv .
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Fig. 16. Left: CH∗ and PIV (2D). Right: LES. Baseline case (20 g/s).

In the one-dimensional and steady laminar reference flame, the Yc budget reads:

ρo SL
dYc

dξ
= d

dξ

(
ρDYc

dYc

dξ

)
+ ω̇Yc (4)

where ρo is the density in fresh gases, SL is the laminar flame speed and DYc the molecular diffusion coefficient, which
may be computed from the species properties (for instance using Eq. (15) of [48]). The balance equation for Ỹc should
preserve some features of Eq. (4), as ensuring flame propagation at the correct speed and also capturing the proper order of
magnitude of the flame thickness, a point that was also discussed in the case of a swirl burner and flame propagation after
sparking in [52,53].

It is proposed in this article to determine the diffusion coefficient D∗
Yc

of Eq. (2), so that the flame indeed propagates
at a speed that tends towards SL , either with the MILES approach or in flow zones where the modeling of τ Yc returns low
level of SGS eddy viscosity, i.e. highly resolved LES or weakly turbulent flame computed over a coarse mesh. As in the TFLES
closure [51], let us consider a new coordinate ξ+ = F ξ , with F > 0, then Eq. (4) becomes:

ρo SL
dYc

dξ+ = d

dξ+

(
ρDYc

dYc

dξ+

)
+ Ω̇Yc (5)

with DYc = F DYc and Ω̇Yc = ω̇c/F . The molecular diffusive coefficient DYc preserving the flame speed may thus be written
for any value of F :

DYc =
(

ω̇c

Ω̇c

)
DYc (6)

This shows that applying the factor F = ω̇c/Ω̇c to the molecular diffusive coefficient used to compute the reference flame,
ensures that the flame propagates at SL , if ω̇c is the burning rate of the reference laminar flame and Ω̇c an expression used
for modeling the burning rate over a coarse mesh. Within the context of above modeling, the burning rate of the laminar
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Fig. 17. Left: CH∗ and PIV (2D). Right: LES. Swirling case (30 g/s).

flame is obtained setting the SGS variance Ycv to zero, then F = ˜̇ωc(Ỹc, Ycv = 0)/˜̇ωc(Ỹc, Ycv ). Therefore, D∗
Yc

to be used in

Eq. (2) for recovering the local flame speed in the turbulent simulation1 reads:

D∗
Yc

= F DYc =
[˜̇ωc(Ỹc, Ycv = 0)˜̇ωc(Ỹc, Ycv )

]
DYc (7)

This last relation features strong similitudes with the TFLES approach [51], the present formulation may be seen as a
thickening of the flame front with a dynamically computed thickening factor F that is determined from the variance, Ycv ,
convoluted with the chemical source response, ˜̇ωYc , which does not take here the form of an Arrhenius law versus Ỹc when
Ycv is non-zero, as expected from DNS results [43]. The addition of a wrinkling factor [51] was not found necessary in the
present simulations, this point may require further studies if the model is to be used with a very coarse mesh.

The relation (7) is used to simulate the Trapped Vortex Combustor with a beta-presumed pdf and a premixed flamelet
tabulated chemistry, other details pertaining to this turbulent combustion closure may be found in [19]. The fully detailed
methane–air mechanism GRI-3.0 [54] is used for building the chemical lookup table. Fig. 13 shows that F varies between 2
and 5 in the TVC simulations.

1 Notice that this is only verified with no SGS transport, which is never exactly the case in LES, where physical or numerical SGS modeling impact on
the actual propagation speed.
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Fig. 18. Left: CH∗ and PIV (2D). Right: LES. Swirling case (30 g/s).

5. Reactive TVC analysis

Flame structure was visualized in the experiment from CH∗ emission [16], collecting a signal that is spatially integrated,
hence flame structure isolated in a given plane are out of reach at this stage. To mimic the measurements technique, maps
of heat release rate have been averaged in LES over a set of planes in the azimuthal direction.

Figs. 14–16 show a typical sequence of the turbulent flame dynamics for the baseline case, as it was recorded both in
the experiment and in the simulations; this sequence is decomposed into 7 stages in these figures according to a cycle of
360°. During this cycle, combustion first develops in the cavity, the recirculation zone is progressively filled out with burnt
gases, hot gases expansion will then promote the transport of these gases downstream and the cycle can start again. The
position θ = 40° in the cycle (Fig. 14(a)) is characterized by a flame located close to the downstream wall, with some weak
flushing of the cavity at its downstream corner. At θ = 109° (Fig. 14(b)), the annular main flow is strongly perturbed, and
fluid flows from the cavity in the vicinity of the rods. Then, at θ = 149° (Fig. 15(a)), the flame further develops to fill out
all of the cavity, with some burning zone observed even upstream of flame holders. At θ = 189° (Fig. 15(b)), burning is still
found upstream of the rods with enhanced cavity flushing by the downstream corner, then the flow is accelerated and the
flame progressively leaves the cavity at θ = 229° (Fig. 15(c)), to end-up with almost no burning at θ = 289° (Fig. 15(a)); the
cycle is then ready to resume at θ = 349° (Fig. 15(b)).

These results suggest that controlling the stability of combustion in the baseline case may not be that obvious; also
following the cold flow study, the flame is now analyzed with the addition of a swirling motion in the main annular flow.
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Figs. 17 and 18 show the experimental and simulated flame behavior with swirl. First, in opposition to the previous case,
the burning zone mostly stays within the cavity, avoiding intermittent flash-back upstream of the flame holders. At θ = 29°
(Fig. 17(a)), the flame is located close to the upstream wall, the flow cavity is decomposed into two main vortices, one in
the bottom part of the cavity and the other in the shear layer. The bottom vortex growths to become a central and burning
recirculation zone at θ = 89° (Fig. 17(b)). At θ = 149° (Fig. 17(c)), the flame is fully developed and starts to be convected
downstream of the cavity; this process continues at θ = 209° (Fig. 18(a)), where the flame is close to the downstream cavity
wall, with fresh fluid entering the cavity, to completely feed the cavity with reactants at θ = 269° (Fig. 18(b)); finally, a new
flame kernel appears again at θ = 209° (Fig. 18(c)). Both experiment and simulation therefore provide an overall cycle that
is much more encouraging in terms of overall flame stability; an observation confirmed by maximum pressure fluctuations
recorded in the simulations and in the experiments of the order of 4000 Pa in the swirled case, against 10 000 Pa in the
baseline one.

6. Summary

A trapped vortex burner has been discussed, analyzing results from Large Eddy Simulation compared against mea-
surements. The Navier–Stokes equations are solved in their fully compressible form over a Cartesian grid, with immersed
boundaries to capture the complex geometry including the cavity and an axisymmetric set of rods used as flame holders.

Three cavity flow modes have been reported, which controls the feeding of the cavity with reactants along with its
flushing. The impact of varying the main flow rate, the cavity geometry and adding a swirl have been examined. The
swirling case is found to be the best candidate for practical use of such burner, since it avoids strong pressure fluctuations
resulting from the interaction of combustion with the cavity flushing modes.

In terms of sub-grid scale modeling, a novel strategy is proposed to calibrate dynamically the diffusion coefficient of the
progress variable used in a presumed probability density function approach with premixed flamelets, in order to preserve
the laminar flame speed value, over coarse meshes.
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