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The design challenge of reliable lean combustors needed to decrease pollutant emissions has clearly progressed with
the common use of experiments as well as Large Eddy Simulation (LES) because of its ability to predict the interactions
between turbulent flows, sprays, acoustics and flames. However, the accuracy of such numerical predictions depends
very often on the user’s experience to choose the most appropriate flow modeling and, more importantly, the proper
spatial discretization for a given computational domain. The present work focuses on the last issue and proposes a static
mesh refinement strategy based on flow physical quantities. To do so, a combination of sensors based on the dissipation
and production of kinetic energy coupled to the flame-position probability is proposed to detect the regions of interest
where flow physics happens and grid adaptation is recommended for good LES predictions. Thanks to such measures a
local mesh resolution can be achieved in these zones improving the LES overall accuracy while, eventually, coarsening
everywhere else in the domain to reduce the computational cost. The proposed mesh refinement strategy is detailed and
validated on two reacting-flow problems: a fully premixed bluff-body stabilized flame, i.e. the VOLVO test case, and a
partially premixed swirled flame, i.e. the PRECCINSTA burner, which is closer to industrial configurations. For both
cases, comparisons of the results with experimental data underline the fact that the predictions of the flame stabilization,
and hence the computed velocity and temperature fields, are strongly influenced by the mesh quality and significant

improvement can be obtained by applying the proposed strategy.

I. INTRODUCTION

Few decades ago, Large Eddy Simulation (LES) had
demonstrated its capability in predicting complex flows at
Reynolds numbers that could not be reached by Direct Numer-
ical Simulation (DNS), opening the opportunity of improving
the understanding of turbulence in simple geometries'. Nowa-
days, thanks to the progress in computer technology and the
significant advances in flow modeling (e.g. SGS models>>,
near-wall models), LES has become a reference method also
for simulating flow physics in complex geometries, including
swirling reacting flows in combustors*~’. In the aeronautical
sector, together with experiments, because of its ability to ac-
curately predict the interactions between turbulence, acoustic,
spray and flame, the LES approach has been widely used®? to
study unsteady combustion thermoacoustic instabilities'®!!,
lean blow-off'>!3, extinctions!*!> or even to address pollu-
tant emissions!®!7.

However, the accuracy of these predictions often relies on
the user’s experience in choosing the most appropriate flow
modeling along with the proper spatial discretization for a
given computational domain. Sensitivity of the solution to
the mesh is in fact a well-known issue in Computational
Fluid Dynamics (CFD) both for non-reactive!®2° and reac-
tive flows>2!. In the context of Reynolds Averaged Navier-
Stokes (RANS) prediction independence of the mesh is often
requested and homogenous mesh refinement is commonly ap-
plied but it is also found to be computationally expensive and,
therefore, not often practical®?.

To circumvent such a challenge, Adaptive Mesh Refine-
ment (AMR) methods have been developed in an attempt to
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locally adapt a mesh. Two different philosophies are at the
basis of AMR: Static Mesh Refinement (SMR) and Dynamic
Mesh Refinement (DMR). SMR is more suitable for quasi-
steady problems. It relies on computed flow statistics (e.g.
mean field, RMS etc.) from which it is possible to identify
flow regions where refinement is of interest. In these zones, h-
refinement methods are usually applied subdividing the cells
of a given mesh isotropically or anisotropically?>** until an
optimised grid is obtained. On the contrary, DMR is more
appropriate for unsteady cases where flow statistics have no
specific physical meaning because the flow is in full transi-
tion: i.e. it evolves drastically in space and time (e.g. in ex-
plosion). This second strategy relies on an ’on-the-fly’ eval-
uation of the important flow regions so that the spatial dis-
cretization of the computational domain changes as the com-
putation proceeds. The optimized mesh can be obtained using
p-refinement so that the order of discretization is locally in-
creased avoiding changes in mesh topology. An alternative is
to use a r-refinement in which cells of a given mesh are redis-
tributed within the computational domain, clustering them in
the zones of interest?. All of these different AMR methods
have been developed and successfully applied to RANS for
both non reactive flows?®?7 or reactive cases?®. Applications
to LES are clearly more difficult and rare mainly due to the
only recent maturity of such an unsteady turbulence modeling
approach?’.

For non-reactive turbulent flows, AMR for LES has been
assessed on structured meshes making use for example of
the multi-scale decomposition theory>®. Following RANS,
anisotropic mesh adaptation using an Hessian-based error in-
dicator considering small scale energy has also been recently
proposed with the idea of identifying the optimal spatial res-
olution by minimizing the solution sensitivity>'. The main
limitation of these applications is linked to the use of struc-



tured mesh which can hardly manage complex geometries,
leaving the method to be applicable only to turbulent channel
flows or to flows on backward-facing steps and only recently
to swirling flows’?. The simulation of complex geometries
indeed require unstructured grids. In this context, a double
criterion ensuring both correct discretization of the mean field
and a sufficient LES quality to ensure enough explicit predic-
tion of the turbulent scale motions} has recently been pro-
posed for iso-thermal flows in a complex meso-combustor>*.
Swirling flow have also been investigated®>. In this case, the
adopted AMR strategy consisted in defining regions where a
mesh refinement was to be applied making use of a sensor
based on the dissipation rate of kinetic energy, achieving an
improvement on the prediction of the pressure losses through
the swirlers.

For reactive flows, a grid sensitivity analysis has been re-
cently obtained in the DNS framework for a turbulent hy-
drogen jet flame using a structured grid®®. However, and to
the author’s knowledge, AMR of reactive LES is quasi inex-
istent even though literature does not lack of works where the
impact of the mesh on the accuracy of the numerical predic-
tions is addressed. For example, the VOLVO academic test-
bench®’-3, in which a fully premixed flame is stabilized be-
hind a bluff-body, has been shown to be strongly sensitive
to numerics*?, chemical mechanisms*!, thermal radiation*?
and also mesh refinement level*’, making this configuration
very well suited for a first application of LES AMR meth-
ods. A first application going in this direction was proposed
by Drennan et. al** with a structured grid. Following the ex-
perience with Hessian-based AMR methods in RANS, cells
were added in regions of large flow shear and temperature
gradients in an attempt to obtain a grid independent LES pre-
diction. Complementarily, systematic analysis of the solution
mesh sensitivity for turbulent reactive flows has been recently
performed on the partially premixed swirled flame in the well-
known PRECCINSTA test bench® . Bénard et al.*® compared
solutions obtained on different unstructured meshes with in-
creasing homogeneous refinement levels, evidencing how the
flame stabilisation and lift-off is impacted by the mesh qual-
ity. This last work however did not propose an AMR strategy
to efficiently refine the mesh in the required regions.

This paper aims at filling this gap of knowledge by propos-
ing a SMR methodology so as to allow to refine a mesh and
increase the accuracy of LES prediction while reducing the
solution sensitivity to the grid. The method is based on three
physical quantities (or Quantity of Interest, QOI’®) computed
from mean flow data, namely the dissipation rate of resolved
kinetic energy, the production rate of the resolved turbulent ki-
netic energy and the probability to find the flame in a certain
region. Once these fields are evaluated, it is possible to de-
fine the Region of Interest (ROI) where important flow physics
happens and where higher mesh refinement level is required.
To do so, QOIs are obtained and time-averaged during the
computation (i.e. according to the SMR approach). They are
provided to the MMG3D library*’ that refines the mesh in the
ROI thanks to a h-refinement method. A new computation is
then carried out on the refined mesh and QOI are again aver-
aged to re-apply the refinement procedure if needed, follow-

ing the idea of iterative refinement proposed by Daviller et
al.3>. This strategy is applied and validated on the two previ-
ously mentioned configurations: the VOLVO and PRECCIN-
STA test-rigs.

The article is organized as follows. Criteria and strategy
for the mesh refinement are detailed in Sec. II. Results on
the VOLVO test case are discussed in Sec. III followed by the
PRECCINSTA flame in Sec. IV.

Il. CRITERIA FOR MESH REFINEMENT

The proposed mesh adaptation strategy relies on a static
mesh refinement procedure which aims at generalizing the
original contribution proposed by Daviller et al.?3 to complex
turbulent reacting flows. The idea behind this procedure is
that the criteria at the basis of the mesh refinement should
represent the important physics of the problem*®. This can be
done by selecting certain Quantity of Interests (QOIs) which
flag the flow regions where physics happens and potentially
require mesh refinement. Once a proper QOI is selected, the
SMR procedure is applied. Note that the approach is iterative:
(1) LES prediction is produced on an arbitrary initial mesh to
compute average fields for a given QOI. (2) Starting from the
QOI field, a metric field is computed containing the informa-
tion on the desired local mesh refinement (or coarsening). (3)
LES is performed on the new mesh, resulting in a novel eval-
uation of the QOIs. Such steps can then be repeated until the
LES accuracy is deemed satisfactory.

To tackle turbulent reactive flows and define proper QOT’s,
the retained strategy divides the complexity of the problem
into two distinct parts: the aerodynamics and the flame. The
justification of this choice is twofold. First, from a practical
point of view, what typically happens in reactive computations
is that preliminary validations are conducted on corresponding
non-reactive cases, so that aerodynamics should be first cor-
rectly captured. Second, from a physical point of view, it is
evident that if aerodynamics is not well predicted, the flame
cannot be correctly predicted since flame stabilization and dy-
namics are primarily driven by aerodynamics.

A. Aerodynamics criteria

To point out the physical mechanisms that generate pres-
sure losses in swirlers, Daviller et al.>> proposed to look at
the conservation equation for kinetic energy E. = 1/2pu;u;
which for constant-density flows*’ reads:
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In Eq. (1) terms (1), (2), (3) and (4) correspond to the tem-
poral variation of the kinetic energy, the mechanical energy
flux (i.e. advection of total pressure P;), the viscous diffusion



and the viscous dissipation respectively. The viscous dissi-
pation term (4) & controls the losses of total pressure P, and
hence the swirler pressure losses:
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® plays also an important role in turbulence theory since it
corresponds to the fluid friction irreversibilities and controls
the dissipation rate of the small scales®®. Indeed, if consid-
ering a steady flow subject to no external force, it is possible
to integrate Eq. (1) over the computational domain to express
the pressure losses directly as a function of the integral of the
volumetric dissipation rate:

QAP = / D av 3)
flow domain

where the first term represents the product of the volume
flow rate Q, and the pressure loss between inlet and outlet
sections AP;,. From Eq. (3) it is evident that to correctly pre-
dict the pressure loss across a swirler, LES should properly
capture the dissipation rate. & could then be used to construct
the first QOI. However, while the equations above are exact
for DNS, LES only solves for filtered velocity i;°'>. This
results in two contributions when evaluating the total resolved
kinetic energy transport equation namely the laminar viscosity
U and the turbulent viscosity f, which takes into account the
SGS model. Following these considerations, Daviller et al.
proposed the definition of the metric LIKE constructed start-
ing from the adimentionalized time-average dissipation rate
QOI field (®*):
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In Eq. (5) « is a smoothing parameter while € in Eq. (6)
allows limiting the new cell volume (A) which is reduced up
to €A if ® = ® ;. This is fundamental to avoid drastically re-
ducing the time-step in explicit compressible LES codes sub-
ject to CFL condition. Note also that this formulation does not
take into account dilatation dissipation due to compressibility
effects® but it can be considered as a first order approxima-
tion for compressible flows.

While the LIKE criterion has been showed to be well suited
to improve flow pressure loss predictions (more details in
Ref.®), in order to completely characterise a turbulent flow
in LES including the turbulent activity, the adequate unsteady
velocity field should also be properly captured. Recalling
the Reynolds decomposition to differentiate mean velocity u;
from its fluctuation u}, performing the Favre and time aver-
aged of Eq. (1), it is possible to obtain a balance equation for
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the mean specific kinetic energy K = %(uﬁ)z and the turbulent

specific kinetic energy k = %(u/ )2 for constant-density flows
reads:
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The terms (1) in Egs. (7), (8) correspond to the temporal
variation of mean specific kinetic energy K and turbulent spe-
cific kinetic energy k, respectively. Terms (4) relate to the flux
of mechanical energy. These terms disappear in the integral
formulation over the fluid domain if the flow is subject to no
power of external viscous forces. Terms (3) are the dissipa-
tion of the mean kinetic energy (®,,) and of the turbulent ki-
netic energy (®;), respectively, their sum being ®. Note that
the contribution of ®,, and ®; to the temporal evolution of
mean and turbulent kinetic energies is always negative mean-
ing that they drain energy from the fluid and they dissipate
the mechanical energy into heat. With the exception of the
sign, terms (2) in Egs. (7), (8) are equal and refer to the pro-
duction of turbulent kinetic energy (P;). The P contribution
can be either positive or negative, meaning that it represents
a transfer of energy from the mean kinetic energy to the tur-
bulent one and vice-versa. Adding Egs. (7), (8) the conserva-
tion equation for the total specific kinetic energy averaged in
time is obtained K, = %(ui)z = %(uﬁ-)z + %(u,-’)z =K+k In
such a case, terms (2) cancel each other and the dissipation
of total kinetic energy (formulated in Eq. (4) for LES) used
in the previously defined LIKE criterion (Eq. (6)) is retrieved.
These considerations highlight a possible limitation on the use
of LIKE to capture the full dynamics of a turbulent flow, i.e.,
while the evolution of the total kinetic energy is well captured
by LIKE, the same cannot be said for its distribution between
mean and turbulent kinetic energy. The dynamics of the flow
is therefore not guarantied unless the absolute level of ® is
known which is not the case in LES due to modelling.

To address this issue, it is interesting to look at the three
different fields ®,,, ®, and P, in the filtered LES formulation.
These can then be used as QOI to identify the flow regions
where the variation of turbulent and mean kinetic energy is
maximum. Note that density is taken into account to be co-
herent with Eq. (4).
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A constructed field @,,;,, is hereby proposed as a combi-
nation of these three QOI:



P+ (1) +&)

= = (1)

(11+®) —(1F|+%)
max

1 2

min

Term (1) in Eq. (12) corresponds to the non-dimensional
dissipation rate of mean kinetic energy ®,,, while the term (2)
is the non-dimensional sum of the absolute production | 2 |

and the dissipation rate of turbulent kinetic energy ®;. While
the first term looks for regions where variations of mean ki-
netic energy are more important, the second one underlines
regions where variations in turbulent kinetic energy are large.
To balance the two contributions, the coefficients § and y are
here introduced. To choose their values, after the first refine-
ment iteration in which they can be equal to 1, it is possible
to look at the convergence rate of the mean (f8) and the tur-
bulent () kinetic energies in the flow field with respect to the
previous refinement iteration. Once the field ®,,, , is defined,
it is possible to limit its variation in [€ : 1] following the same
procedure as in Egs. (5), (6).

B. Flame criterion

Flames are usually too thin to be fully-resolved in numer-
ical simulations. A combustion model is thus usually used
to overcome this limitation. While multiple models could be
found in the literature (see Ref.>* for an exhaustive review)
this work will deal with the Thickened Flame model (TFLES)
in which flames are artificially thickened to be resolved on the
mesh, without modifying their flame speeds>>~®. The thick-
ening process is done by multiplying diffusion terms and di-
viding reaction rates by a local thickening factor . In case of
a turbulent flame, since a thickened reactive layer is less sen-
sitive to turbulence, an efficiency function E, is introduced
to compensate for the corresponding reduction of flame sur-
face>67,

The value of the thickening factor F is chosen in order to
guarantee ng points (usually between 5-8 depending on the
complexity of the chemical description*!) in the flame thermal
thickness (87) and can be locally evaluated as:

F(X,1) = m, (13)

where A,is the characteristic mesh size. Note that the local
applied thickening factor F varies both in space ¥ and time t
since A, is usually not uniform and varies in space and the
thermal flame thickness 07 depends mainly on the equivalence
ratio ¢ and on the temperature T of the fresh gases which can
vary as well both in space and time.

Following these definitions, to build a proper flame refine-
ment criterion two data are needed: the time-averaged flame
position and the local mesh size. The first can be easily com-
puted using a flame sensor S. This sensor is equal to unity in
the region where the flame is present and is zero elsewhere. It
is straightforward to understand that the time-averaged field S
represents the local probability of finding a flame.

FIG. 1. Example of S and F fields. Flame has different position in
the two instants #; and #, and different instantaneous F. It is evident
how S corresponds to the probability to locally find the flame and F'
under-estimate the local thickening required.

In the regions detected by this sensor, a target flame res-
olution Fy4ree can then be defined. By comparing this value
with the time-averaged thickening F, according to Eq. (13),
the information on the characteristic mesh size is retrieved.
However, F may locally underestimate the thickening needed
for the calculation. This is explained hereafter with the help
of the schematic shown in Fig.1: (1) combustion being an un-
steady process, the flame may not always be locally present
in a specific region. (2) Local variations of equivalence ratio
(e.g. in partially premixed flames) may furthermore induce
variations in flame thickness and hence in instantaneous lo-
cally applied F. To take into account these local variation
of F, an effective thickening field F, sy can be reconstructed
from the time-averaged field F and its standard deviation Fy:
Fopp =F + Fy 5!

Once the field F, s is computed and a suitable Fyqrge; cho-
sen, it is possible to build the Flame Effective Thickening
(FET) metric as follows:

if > Stimir and Ftarget < Feff

14
elsewhere, (14
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where S;;,;; is a threshold value on the flame sensor. The

refined mesh is then obtained by multiplying each cell charac-

teristic size A, by the FET metric achieving the desired reso-

lution (i.e. desired thickening F') in the region where the prob-

ability to find the flame is higher or equal to Sj;;,;;. Using the

FET metric, it is also straightforward to compute an a priori

(i.e. before refinement) estimation of the required number of

cells of the refined mesh (N, fineq) as a function of Fiyg.r and
Stimit:
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Note also that this approach can be easily extended to cover
other sub-grid combustion models. In fact, the flame sensor
S, and hence the flame probability S, can always be defined
independently from the sub-grid combustion model used. For
example, starting from the heat release rate field ¢ one can
choose to set S =1 in the region where ¢ is larger than a
certain threshold value. Equivalently an iso-C (i.e. progress
variable) or iso-Z (i.e. mixture fraction) values can be intro-
duced in place of S (any combustion marker would work). In



this way the reactive ROI can be defined following the same
procedure. The only difference stays in the refinement level
which cannot be chosen on the base of the thickening factor F
for other specific turbulent combustion models. However, it is
straightforward to select the refinement level in order to have
the desired mesh size with respect to the characteristic length
of the problem, for example the thermal flame thickness Jr.

C. Refinement procedure

The two previously defined QOI’s for aerodynamics and
flame are now combined following the two procedures
schematized in Fig. 2 to either build an optimal mesh or op-
timize an existing one (to avoid waste of computational re-
sources).

The procedure to optimize an existing mesh is straightfor-
ward: first LES is computed on the reference mesh to evaluate
the QOI’s b, d,, P, and S. Then it is possible toiidentify
the ROI by defining limits on the QOI: for example d’ml@z =
0.01 % ci)mmux, d‘Dtlimit =0.01x d)tmwc and ﬁklimit =0.01 Pkmax
to identify the ROI where most of mean kinetic energy dissi-
pation and production or dissipation of turbulent kinetic en-
ergy happen while a Sj;,;; = 0.01 defines the ROI where there
is a large probability to find the flame. The ROI can be defined
as the union of these regions, as follows,

ROI = (‘i)m > ci:’mlimit) U <$t > gtlimit>
(16)
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A uniform metric D (larger than 1) can be then defined in the
rest of the domain to derefine the mesh. LES is performed on
the new mesh reiterating the described procedure if needed.

The building of an optimal mesh starting from an arbitrary
initial mesh follows the initial step of computing the QOI’s.
At this point, due to the possible additional difficulty of a to-
tally wrong initial solution, a check on the accuracy of the
aerodynamics prediction is needed. If accuracy is not sat-

isfactory, based on an analysis of the fields ®,,, ®;, B, it is
possible to decide to use the LIKE metric with proper o pa-
mt,p etric if ®;, P, happen in different regions
of the domain. The refinement step brings to a new mesh on
which LES can be computed and accuracy of the aerodynamic
field checked until it becomes satisfactory. At this point, if
the flame prediction is not accurate, the FET metric can be
evaluated and used to refine the mesh in the flame region.
The iterative refinement procedure finally leads to an optimum
mesh with the desired solution accuracy. In the following both
proposed strategies are first applied and validated on the aca-
demic VOLVO test case (Sec. III). The methodology is then
applied to the PRECCINSTA rig (Sec. IV) showing that the
method can be successfully applied to more complex config-
urations.

rameter or ®*

lll. A FULLY PREMIXED BLUFF-BODY STABILIZED
FLAME: THE VOLVO TEST CASE

Well-known as a benchmark for turbulent reacting sim-
ulations®?-%*, the VOLVO combustor3’3° consists in a 3D
propane-air turbulent premixed flame burning in a straight
rectangular cross-section channel (0.12 m x 0.24 m). A bluff-
body flame-holder is used to stabilize the flame. Fresh gas
conditions are T = 288 K and P = 101325 Pa. The computa-
tional domain shown in Fig. 3 has the exact longitudinal and
transverse dimensions as the original burner. LES are per-
formed using the AVBP solver developed by CERFACS.%
It solves the fully compressible Navier-Stokes multispecies
equations on unstructured grids. The flow is integrated us-
ing the fully compressible explicit Lax-Wendroff (LW) con-
vection scheme®® (second order in time and space). Inlet
and outlet boundary conditions are treated with Navier-Stokes
Characteristic Boundary Conditions (NSCBC)?!'. These two
boundary conditions are modeled as non-reflecting sections
to avoid exciting a particular acoustic mode. At the inlet,
gaseous propane is premixed with air at an equivalence ratio
equal to 0.65 and injected at an inlet bulk velocity Uy = 17.3
m/s. Turbulence is injected at the inlet using the method of
Guezennec et al.%” to recover the turbulence intensity mea-
surements®’. As the wall temperature is not provided in
the experiments®’, the walls are modeled as adiabatic no-slip
walls. The TFLES model with the Charlette model®’ and a
coefficient fBc;, = 0.5 is used.

A. Results and discussion

Validation of the proposed methodology is hereafter de-
tailed for the optimization of an existing mesh (Sec. III A 1)
and afterward to look for an optimal mesh (Sec.IIl A 2).

1. Optimizing an existing mesh

The previously proposed strategy (Fig. 2) is at first as-
sessed. To do so, the previous calculations of this flame using
the same solver performed by Rochette et al.*! is used as a
reference. Figure 4 reports the averaged field of heat release
rate ¢ and the thickening factor F fields predicted by Rochette
et al.*' superimposed on the computational grid. With this
grid the flame is anchored to the flame-holder between the re-
circulation zone and the high sheared fresh gas region. It is
wrinkled by the eddies generated by the bluff-body and burns
until the end of the combustion chamber. The grid consists of
68 million tetrahedral elements for which the mesh has been
manually refined in shear and combustion regions achieving a
Ay =500 pum just downstream of the flame-holder. This re-
sults in a near wall region of the flame holder dimensionless
wall distances of y© = 25, versus y* = 80 near the combustor
walls. It is possible to notice that the mesh exhibits clusters
of cells where no important physics occurs. Following the
strategy, the ROI are identified using the previously described
QOls.



Goal 1. Optimize existing mesh

l

Reference mesh and accurate solution

!

input

Goal 2. Build optimum mesh
input Arbitrary initial mesh and solution ]

!

step O LES simulation

Compute QOI: ®,,, ®,, P, S

step O LES simulation

Compute QOI: ®,,, ®,, P, §

|

Identify ROI by isocontours of QOI fields

4 I

Derefine everywhere else by a D factor I
LES simulation on new mesh Reduce D /
extend ROI

Same
accuracy?

No

n steps

Increase D/

reduce ROI

Enough cost
saving?

\_

output
Lighter mesh with same accuracy

l

Aerodynamics
accurate?

/

Compute metric LIKE/®y, , , and adapt mesh

LES simulation on the new mesh

n steps

Flame prediction
accuratez

Compute metric FET and adapt mesh

LES simulation on the new mesh

\ /

output
Optimum mesh with desired accuracy

FIG. 2. Scheme of the two mesh adaptation procedures: optimization of existing reference mesh and building of optimal mesh from initial

arbitrary one.
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FIG. 3. Overview of the computational domain. The flame is
represented through an iso-contour of progress variable ¢ = 0.5
(orange line). Measurements were made on seven longitudinal
(x1,X2,%3,%4,%),x5 and xs5) and one (z) transverse locations.

Regions of large mean and turbulent Kinetic energy dissi-
pation rate are respectively identified by ® (Eq. (4)) and ®,,

FIG. 4. Overview of the reference mesh (68M) used by Rochette
et al.*'. The flame is represented through an averaged field of heat
release rate . The averaged thickening factor field F is also shown.
The white iso-contour delimits the recirculation zone (U, = 0 m/s).

(Eq. (9)) as presented in Fig. 5. The @ field activates in shear
regions just downstream of the flame-holder as well as at the
boundary of the recirculation zone and in the boundary-layer

nearby the walls. The ®,, field well detects the dissipation of
mean kinetic energy that happens in the wall boundary-layers
and in the shear region downstream of the bluff-body. The
magnitude of these two fields is comparable, confirming that
most of the kinetic energy dissipation acts on the mean form
in the shear-region downstream the bluff-body. The gray and



FIG. 5. QOI fields of ® and ®,, for case 68M. The grey and the
white iso-contour delimit the ROI where most of the kinetic energy

dissipation happen with the values of & =0.01 gmx and ®,, = 0.01

D,,max TESpectively. Note that log scale is used.

FIG. 6. QOI fields of Fk and a for case 68M. The gray and the ﬁhite

iso-contours correspond to | I'?k | =0.01 | Fk |max and @, = 0.01 &;,,,4,
and identify the regions where large production and dissipation rates
of turbulent kinetic energy happen respectively. Note that log scale

is used only for d, field.

the white iso-contours correspond to &=0.01 gmax and gm =

0.01 ®,,,,, and identify the ROI where most of the dissipation
happens.

The QO fields of B, (Eq. 10) and ®; (Eq. 11) are compared
in Fig. 6. The gray and the white iso-contours correspond to
| P, | =0.01 | B |jax and &, = 0.01 &;,,,,, and identify the re-
gions where large production and dissipation rates of turbulent
kinetic energy happen, respectively. Production is positive in
the region upstream the bluff-body’s corner where the flow
axially accelerates and turbulent kinetic energy is converted
into mean kinetic energy, reducing the turbulence activity in
the flame region. In the downstream shear-layer production is
negative, indicating that turbulence and eddies are produced
by the bluff-body. In the latter, ®; is also activated and its in-
tensity reduces moving downstream as turbulence is no more
produced and dissipated. Analysis of the QOI magnitudes

suggest that &, is much lower than P and ®,,. Therefore,
when it is added to ®,,, the resulting ® field is very simi-

lar to the &,,. This explains why, when an o value of 1 in
the LIKE criterion is imposed, the mesh is refined just in the

region where gm is present. On the contrary, if a large o
value is used, more effort is concentrated to smaller & values
which correspond to regions where g, is present. Note also
that regions of large negative fT’k and large a largely corre-

FIG. 7. QOI field of S for case 68M and number of matching criteria
delimiting a ROI. The white iso-contour correspond to S = 0.5

spond (i.e. shear-layer downstream the bluff-body and mid-
dle region) since when turbulence is produced its dissipation
also increases. On one side, the analysis of these fields sug-

gest that, for the present case, taking into consideration a P

=0.01 ®,,,, defines a sufficiently large ROI that includes re-
gions where large dissipation of mean and turbulent kinetic

energy happen (gm and 3,). On the other side, while the re-
gion where Py is negative is well captured by the ® = 0.01

D, iso-contour, in the region where production is negative
no dissipation happens and it must be taken into account by
defining a ROI delimited by the | B | = 0.01 | B; |;uqx for ex-
ample. In the present case the union of the regions delimited
by ® and | B, | are able to identify a ROI where most of the
aerodynamics activity happens.

For the reactive part, the time-averaged flame sensor S is
shown in Fig 7. The bluff-body region exhibits a S equal to
unity suggesting an attached flame. Moving downstream, S is
more spread indicating oscillations of the reactive layer due
to interaction with the eddies generated by the bluff-body. A
value of S = 0.5 is sufficient in this case to flag the ROI (i.e.,
where the probability to find the flame is higher than 50% ).
Finally, the bottom part of Fig. 7 shows the number of QOI’s
which are locally activated simultaneously. The zone where
no QOI is active will be coarsened (by an iso-factor D of 2),
whereas the remaining mesh will be untouched. Observing
the entire ROI, the only zone where all three QOIs are ac-
tivated locates in the shear-layer region after the bluff body
where large aerodynamics activity and flame are both present.
Otherwise only one QOI seems at once underlining the impor-
tance of using all three quantities of interests to capture all the
physics of the problem.

The resulting optimised mesh shown in Fig. 8 consists of
45M cells, i.e., 33% lighter with respect to the reference

ne®. As expected the mesh is finer in the shear and flame
regions and coarser in fresh and burnt gas zones.

The time-averaged heat release rate ¢ and thickening factor
field F for the optimized mesh case (45M) can be compared
to the reference mesh of Fig. 4. The heat release rate fields
are very similar, while looking at F, it is possible to observe
an increase of the thickening factor along the axial direction
with respect to the reference mesh. This behaviour is linked
to the increasing cell sizes. Such maximum thickening val-
ues are not pathological for the simulation, but obviously the



FIG. 8. Overview of the 45M optimized mesh obtained by coarsen-
ing regions where no important physics occurs. The flame is rep-
resented through an averaged field of heat release rate ¢. Time-
averaged thickening factor field F is also shown. The white iso-
contour delimits the recirculation zone (Uy = 0 m/s).

FIG. 9. QOI fields of flame probability S and the effective thickening
F,yy for case 45M. The white iso-contour correspond to § = 0.3

bigger are the cell sizes, the lower the accuracy of the LES in
predicting flame-turbulence interaction.

A second possible exercise could be to further refine this
45M elements mesh up to the same cost as the one of the ref-
erence mesh (i.e., >~ 68M), to verify if better results can be ob-
tained. Since the aerodynamic field is now well-captured, the
FET criterion is hereby used. The flame probability S and the
effective thickening field F, sy for the optimized 45M mesh
are presented in Fig. 9. The ROI where the probability to find
the flame is higher than 30% can then be easily flagged by
the line where S=0.3 (white iso-contour), top part of Fig. 9.
The field F, rr can then be used to build the FET metric as
explained in Sec. IIB. However, in the present application,
the idea is to improve the reference mesh without overcoming
a fixed computational cost. To do s0, Fge is fixed follow-
ing Eq. (15) in order to have very similar number of cells as
in the reference mesh. In that case, the a priori evaluation of
cells number leads to Fiareer = 40 and to a refined mesh with
67M of cells which is comparable to the reference mesh. The
resulting mesh (67M) in shown in Fig. 10. It has the same
cost as the reference mesh but with a better resolution in the
ROL. As expected the mesh is finer at the end of the burner in
combustion regions.

The time-averaged heat release rate ¢ and thickening factor
field F for the refined mesh case (67M) are superimposed to
the grid in Fig. 10. The averaged flame and the recirculation
zone (white iso-contour) downstream the bluff-body are very
similar to the 45M and 68M cases. However, it is evident that
F is much more homogeneous, especially in the region far

FIG. 10. Overview of the 67M optimized mesh obtained by refin-
ing in high thickening regions using the FET criterion. The flame is
represented through a time-averaged field of heat release rate . The
time-averaged thickening factor field F is also shown. The white
iso-contour delimits the recirculation zone (Uy = 0 m/s).

downstream as expected and the instantaneous applied thick-
ening F is statistically always lower than F e

A comparison of the three aerodynamic predicted fields and
the experiments is finally presented to further validate the re-
finement procedure in Fig. 11. The axial profiles of the mean
axial velocity component are reported in Fig. 11(a). It is ev-
ident how the reference mesh and the optimized 45M mesh
give very similar results, confirming that the ROI where im-
portant physics happen are well identified by the proposed
procedure. The 67M mesh instead shows improved results
in the prediction of the recirculation zone and also in the ac-
celeration of the burnt gases, which is a direct result of the
increased resolution in the last part of the combustion cham-
ber. The mean normalized axial velocity component is well
captured in all cases, as showed by the transverse profiles at
different measurement planes in Fig. 11(b), confirming that
the optimized 45M mesh does not worsen the LES prediction
of the reference mesh. Same conclusions can be deduced by
looking at transverse profiles of normalized RMS of the ax-
ial and transverse velocity fluctuations from x; to x5 shown in
Fig. 11(c-d), respectively. The optimized 45M mesh gives the
same solution accuracy as the reference case and the refined
mesh (67M) shows closer results to the experimental data, for
example in the prediction of low turbulence activity (low U,
values) far from the axis.

2. Building an optimum mesh

The second refinement strategy proposed in Fig. 2 is now
discussed. It consists in building an optimum mesh from an
arbitrarily (coarse) one which in this case is the 10M mesh
shown in Fig. 12 together with the predicted time-averaged
heat release rate ¢ and thickening fieldF. Due to a poor mesh
resolution, the flame shape is totally wrong compared to the
reference case: the flame is short and burns inside of the
wake of the flame-holder and the recirculation zone (white
iso-contour) is too long. The objective is thus to converge to
a correct solution starting from a wrong one through the mesh
refinement strategy.

Following the mesh refinement procedure, all QOI’s are
computed on the coarse mesh. Total dissipation rate of ki-



FIG. 11. Comparison between experimental velocity profiles and LES for the 45M, 67M and 68M (reference) cases. Mean axial velocity
evolution along the central axis (a). Transverse profiles at measurement planes x| - x5 of the mean normalized axial velocity (b), the normalized
RMS axial velocity component (c) and the normalized RMS transverse velocity component (d).

FIG. 12. Overview of the initial 10M coarse mesh obtained by coars-
ening by a factor of two everywhere in the domain the reference
mesh. The flame is represented through an averaged field of heat
release rate ¢. Thickening factor field F is also shown. The white
iso-contour delimits the recirculation zone (Uy = 0 m/s).

FIG. 13. QOI fields of & and gm for case 10M. Note that log scale
is used.

netic energy @ and its mean part &, are presented in Fig. 13.
The field structure already observed on the reference mesh
(Fig. 5) is recovered also on the coarse mesh with the only
difference being the magnitude of dissipation which is (as ex-

FIG. 14. QOI fields oka and CN}TZ for case 10M. Note that log scale is
used only for @, field.

pected) higher with the coarse mesh. As a result, dissipation
of mean kinetic energy happens mainly at the wall boundary-
layer and in the shear-layer of the bluff-body.

Dissipation rate of turbulent kinetic energy 3; is presented
in Fig. 14 together with the production rate Py. As on the refer-

ence mesh, @, is large in the wake of the bluff-body and P, ex-
hibits a negative (red) region at the flame-holder corner (where
turbulent kinetic energy is transferred to the mean field) and a
positive (blue) region in the shear-layer (where mean kinetic
energy is transferred to turbulence).

From the aerodynamics QOI fields, the LIKE criterion
(Eq. (6)) is at first used to build a refinement metric. As a
results from the comparison between the different QOI’s, a
value of o of 1 is selected, together with a € of 0.5 to avoid
refining too much in small regions. The resulting mesh of
17M did not provide satisfactory accuracy in the aerodynamic
field prediction (results not shown) and the same procedure is
applied again resulting in the 29M mesh shown in Fig. 15. A
correct prediction of the flame shape which now extends once



FIG. 15. Overview of the 29M mesh obtained after the acrodynamics
second refinement step using LIKE criterion. Time-averaged heat
release rate ¢ and thickening factor field F are superimposed to the
grid. The white iso-contour delimits the recirculation zone (U, = 0

m/s).

FIG. 16. QOI fields of flame probability S and the effective thick-
ening F, s for case 29M. The white iso-contour correspond to § =
0.1.

again until the end of the combustion chamber is achieved as
it is possible to observe from the averaged heat release rate ¢
and thickening factor field F. This indicates that the refine-
ment of the shear-layer achieved with the aerodynamic QOI’s
increases the accuracy of the prediction of the velocity gradi-
ents in these regions allowing the presence of the flame as in
the experiments. Nevertheless, the maximum thickening fac-
tor obtained with this 29M mesh is still too high if compared
to the reference case especially at the end of the burner. This
may cause an incorrect estimation of the flame-turbulence in-
teraction especially if the characteristic length of turbulence
across the computational domain is changing due to turbu-
lence production/dissipation*!.

As before, to improve the resolution in the flame region, the
FET flame criterion is used. QOI fields of flame probability
S and the effective thickening F, /s are showed in Fig. 16 and
used to build the FET criterion.

The a priori estimation of the number of cells (Eq. (15)) is
then used to chose Earge, and Sj;,;:. The obtained curves are
showed in Fig. 17. With the objective to achieve the same cost
as the previously discussed optimized 45M mesh, a f,a,ge, of
15 and a Sj;,,;;0f 0.1 are selected. Note that for low values
of Syimir the cells number do not change significantly because
the region where F,y/ is large (i.e. where refinement is of
interest) corresponds to a region where S is large (see Fig. 16)
and it is always identified if S};,,; is sufficiently small.

The resulting 46M mesh is shown in Fig. 18, together with
the averaged heat release rate ¢ and thickening factor field F.
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FIG. 17. A priori computation of the refined mesh cells number for
case 29M ad a function of Fyapger and the Syjpyq.

FIG. 18. Overview of the 46M mesh obtained after the combus-
tion refinement step mesh by using the FET criteria (fm,ge, =15,
Stimir = 0.1). Averaged heat release rate ¢ and thickening factor field
F are superimposed to the grid. The white iso-contour delimits the
recirculation zone (Uy = 0 m/s).

Comparison with the 29M mesh (Fig. 15) shows a large im-
provement in the resolution of the flame in the last part of
the domain, visible as a much more homogeneous and small
thickening factor F.

The improvement of the LES accuracy thanks to the re-
finement procedure is clearly visible if comparing the data
against the LES using the 10M (coarse), 29M (only aero-
dynamic refinement), 46M (optimum mesh) and 68M (ref-
erence) meshes in Fig 19. Axial profiles of the mean axial
velocity component are presented in Fig 19(a). The accuracy
of the axial velocity prediction increases with the refinement
steps. Starting from an incorrect solution where the recircula-
tion zone length is over-predicted and the burnt gas accelera-
tion is under-predicted (cf. case 10M), the method is able to
recover both the correct mean aerodynamic and reactive fields
and provides as accurate results as the reference case with a
much lighter mesh. The mesh refinement quality is valid for
the entire extension of the computational domain and not only
at the center line of the burner as observed in Fig 19(b) where
the transverse profiles of the mean normalized axial velocity
are reported. Another key feature concerns the turbulent be-
haviour of the flow. Obviously, the 10M mesh is not able to
accurately predict the turbulence activity. Figure 19(c-d) re-
ports the transverse profiles of normalized RMS of the axial
and transverse velocity from x; to xs respectively. The re-
finement process is able to recover the turbulent activity of
the flow as well as for the mean aerodynamic field. Also note
that the refinement quality is homogeneous since the axial and
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FIG. 19. Comparison between experimental data and LES for the 10M, 29M, 46M and 68M (reference) cases. Mean axial velocity evolution
along the central axis (a). Transverse profiles at measurement planes x;- x5 of the mean normalized axial velocity (b), the normalized RMS
of axial velocity component (c) and the normalized RMS of transverse velocity component (d). Transverse profiles of normalized mean
temperature (e) at measurement planes x4, xﬁl and x’5 and its normalized RMS (f) at measurement planes x;, x4 and xs.

transverse turbulent fluctuations are evenly accurate. In addi-
tion to the velocity results, the averaged transverse tempera-
ture profiles presented in Fig. 19(e) confirm the good predic-
tion of the mean reactive flow. Note that the correct profiles
are only recovered at the ultimate refinement step, i.e using the
flame criterion, while the aerodynamic refinement shows good
accuracy just downstream the bluff-body. Finally, Fig. 19(f)
shows the normalized RMS transverse temperature profiles.
The flame/turbulence interaction is also well predicted with
the optimum mesh, i.e., the one where the FET criterion is
used.

IV. A PARTIALLY PREMIXED SWIRLED FLAME: THE
PRECCINSTA TEST BENCH

The proposed mesh refinement strategy is here applied
to the gas turbine model combustor PRECCINSTA, a well-
known gas turbine model combustor derived from an indus-
trial design by Safran Helicopter Engines and operated by
DLR.% A schematic of the experimental test bench is shown
in Fig. 20(a)®, presenting the injector with the combustion
chamber together with an image of the flame. Dry air is fed
at ambient temperature trough the plenum and a swirl mo-

tion is imposed before the combustion chamber thanks to 12
radial swirler vanes. The test bench is a partially (i.e. techni-
cally) premixed case, since the fuel gas (CHy) is injected into
the air stream through small holes within the radial swirler.
The high momentum ensures good mixing before entering the
combustion chamber even if local equivalence ratio variations
have been reported in the literature.*> The combustion cham-
ber has a 85 mm large squared section and it is delimited by
large quartz windows of thickness 1.5 mm which allow for op-
tical access for diagnostics. Finally the hot gases exit through
a cone-shaped exhaust pipe.

This configuration has been widely described and stud-
ied both experimentally®-72 and also numerically*>#6:73-80
Most of the studies refer to the two regimes experimentally
observed by Meier et al.%°: for a global equivalence ratio
of ¢ = 0.7 ( thermal power P;;, = 25 kW) an unstable flame
with a thermoacoustic limit cycle at 290 Hz is detected while,
for a global equivalence ratio of ¢ = 0.83 ( P, = 30kW
) a quiet and stable flame is obtained. The thermoacous-
tic behavior of the flame has been numerically analyzed via
compressible LES by Franzelli er al.’”> who also analyzed
the impact of detailed chemistry on the LES accuracy’*. A
fully-compressible LES-pdf approach, originally developed
by Gao and O’Brien®!, comprising the Eulerian stochastic



a) b)

FIG. 20. Schematic of the experimental test bench: injector with
combustion chamber and photo of the flame (a)*>. Computational
domain used in LES (b). Note that in LES the atmosphere is taken
into account and the inlet fuel geometry is simplified to the 12 small
tubes without the fuel plenum.

fields methods has been proposed by Friendrich et al.”>%0
to detect the thermo-acoustic instability. A mesh refinement
study has been only recently proposed by Bénard et al.*®. The
latter focuses on the stable case ¢ = 0.83 and analyses via in-
compressible LES the effect on the flame structure of 4 homo-
geneously refined meshes ranging from 1.7 M cells (the coars-
est mesh) to 110M and 877 M cells (the most refined ones),
which leads to a F;,,, of 5.7 and 3.3, respectively. Following
the choice of Bénard et al.*S in this section the proposed mesh
refinement strategy is applied to the stable flame, avoiding ad-
ditional complexities due to thermoacoustic oscillations. Note
that the method is perfectly suitable for applications to unsta-
ble flames if the defined QOI are time-averaged for longer
times if compared to thermoacoustic oscillations.

The good quality and the extensive amount of experimen-
tal data available for the selected operating case in addition to
its industrial-like design makes the PRECCINSTA test bench
very suitable for the application of the proposed mesh refine-
ment strategy. In particular, for what regards the aerodynamic
field, measurements of the three velocity components were
performed in one vertical plane along radial profiles at the
heights h = 1.5, 2.5, 5, 15, 25 and 35 mm from the back-
plane using Laser Doppler velocimetry®. The uncertainty of
the velocity measurements is typically 1.5-2% for the mean
value and 2-2.5% for the RMS value. To check the accu-
racy of flame prediction, Laser Raman scattering experimen-
tal data® are available providing quantitative measurements
of major species (CH4, O, N», CO, CO,, H>O and H;) and
temperature in the vertical xy plane at different sections down-
stream the backplane (h = 6, 10, 15, 20, 30, 40, 60 and 80
mm). The systematic and statistical uncertainties are less than
4% and 2.5% respectively for temperature and less than 5%
and 7% respectively for all species, except for CO and H»
for which the statistical uncertainty is between 20% and 50%.
In addition, PLIF of OH radicals was applied to visualize the
flame structures together with line-of-sight integration of OH*
chemiluminescence, which represents a qualitative indicator
for the heat release rate for lean premixed flames.

LES are performed considering the computational domain

12

a)

b)

FIG. 21. (a) Overview of the 3M coarse mesh. The characteristic
mesh size Ax of 1.2 mm corresponds to the coarse mesh resolution
proposed by Bénard et al.33. The flame is represented through an
averaged field of heat release rate ¢. (b) Experimental normalized
time-averaged OH PLIF image®.

shown in Fig. 20(b) and using the same numerical method as
for the VOLVO test case (Sec.Il). Thermal boundary condi-
tions are imposed by fixing a reference temperature T,.r and a
suitable thermal resistance. At the bluff-body and at the back-
plane, thermal resistances are imposed based on experimental
work by Yin et al.”? that provided the surface temperature for
operating conditions of thermal power P,;, = 20KW and equiv-
alence ratio ¢ = 0.7. The latter condition has been simulated
in AVBP and the thermal resistances have been tuned to match
the experimental thermal profiles, assuming that the thermal
resistance does not change while changing operating condi-
tions (while surface temperature of course does). The same
procedure has been applied for the chamber walls, based on
the flow thermal profiles measured by Meier ez al.%”. The oth-
ers walls are assumed to be adiabatic since no heat transfer is
expected and no-slip conditions are imposed for all the walls.
Since the current approach does not take into account the ex-
perimentally observed pre-heating of the flow in the plenum, a
temperature of the flow of 320K is imposed at the inlet as gen-
erally proposed in the literature and also as T,.r for the walls
thermal boundary conditions. The flame is modeled with the
Thickened Flame model (TFLES), as in the VOLVO test case.
In order to better take into account the local equivalence ra-
tio variation due to the partially premixed case, the CHy4-Air
chemistry is described by an ARC mechanism comprising 20
species, 166 reactions, and 9 quasi-steady state species de-
rived from the GRI-Mech 3.0 and validated by Laera et al.?2.

A. Results and discussion

The starting mesh is shown in Fig. 21. It is composed by
2.8M of cells and it is homogeneously refined in the com-
bustion chamber and in the swirler zone with a characteristic
mesh size Ax of 1.2 mm which corresponds to the coarse mesh
resolution proposed by Bénard er al.®3. Note that the small
tubes for technically premixed fuel injection are discretized
with 8 cells in the diameter (i.e. 0.125 mm of characteristic



FIG. 22. QOI fields of ® and gm for 3M coarse mesh. Note that log
scale is used.

size), corresponding to the smallest cells in the domain and
to the largest CFL number. To avoid decreasing too much
the timestep At of the compressible LES code, no mesh re-
finement is allowed in this region of the domain, assuming
that a sufficient resolution for computing the jet penetration
in the air flow is achieved with the current mesh size. The
averaged heat release rate ¢ is superimposed to the mesh in
Fig. 21(a). Due to a poor mesh resolution, the flame shape
is totally wrong compared to the experimental time-averaged
OH PLIF image (b): the flame has an M-shape, as opposed
to the experimental data which show a clear V-shape, with the
flame attached to the bluff-body and detached from the back-
plane. The wrong shape prediction is due to double effect
induced by the low resolution. On one side the velocity field
prediction is not accurate enough and, on the other side, the
flame has an artificial thickness which is of the order of the
bluff-body tip diameter: therefore the flame cannot stabilize
close to the bluff-body tip since the two flames branches typ-
ical of a V-shape touch each other and merge in a M-flame.
Temperature boundary condition does not impact the flame
shape transition since increasing the T,y of the bluff body
does not lead to a V-shape flame.

As shown in the VOLVO test case, starting from this initial
arbitrary mesh and solution, an optimum mesh with improved
accuracy can be obtained by following the proposed mesh re-
finement strategy (Sec.IIl A 2). First, aerodynamics QOI are
computed. Total dissipation rate of kinetic energy & and its
mean part @, are presented in Fig. 22. &,, happens mainly in
the small tubes and at the bluff body and swirler walls. Im-
portant dissipation is present also at the jet shear-layer. ® field
is as expected very close in terms of magnitude and structure
to its mean part, the only difference being the region at the
bluff-body tip and in the jet core which correspond to region
of dissipation of turbulent kinetic energy ®,. The latter is pre-
sented in Fig. 23 together with the production P. &, is large
in the wake of the bluff-body and P, exhibits a negative (red)
region at the bluff-body tip (where turbulent kinetic energy is
transferred to the mean field) and a positive (blue) region in
the shear-layer (where mean kinetic energy is transferred to
turbulent one).

From the comparison between the different QOI’s, a value
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FIG. 23. QOI fields o@ and 3; for 3M coarse mesh. Note that log
scale is used only for ®; field.

FIG. 24. Overview of the 10M mesh. The flame is represented
through an averaged field of heat release rate ¢.

of o of 5 is selected in order to flag regions of dissipation and
production of turbulent kinetic energy which cannot be iden-
tified with a lower « parameter, due to the different order of
magnitude of the different QOI’s. Also in this case, a € pa-
rameter of 0.5 is used to avoid over-refining in small regions.

Fig. 24 shows the mesh obtained after two refinement steps

using aerodynamics & field as QOIL An intermediate mesh
of 5M is obtained after one iteration which, however, was
not sufficient to guarantee a satisfactory accuracy in the aero-
dynamic field prediction. The achieved 10M mesh exhibits
smaller cells and hence higher accuracy near the swirler and
the bluff-body walls and also in the jet shear-layer and jet-core
where most of the aerodynamics activity happens.

The resulting averaged heat release rate ¢ corresponds to a
correct V-shape flame, confirming that the refinement of the
mesh in the shear-layer with the aerodynamic QOI is able to
increase the accuracy of aerodynamics field prediction and to
recover the correct flame shape. The LES prediction of the
velocity field is in very good agreement with the experimental
data (see Fig. 27). However, in order to improve the resolu-
tion in the flame region, the FET flame criterion is used to re-
fine the 10M mesh in the reactive region. QOI fields of flame
probability S and the effective thickening F, s/ are shown in in
Fig. 25 and used to build the FET criterion.

The white iso-contour corresponds to an Sj;,; of 0.1 that
delimits the flame region where the FET criterion is applied.
As there is no special target in terms of mesh cells number, the
fm,get is chosen in order to directly compare with the resolu-
tion of Bénard ez al.*®. The higher resolution achieved in their
analysis bring to a F,,, applied of 5.7 and 3.3 with 110M
and 877 M cells respectively. By using the FET criterion with
a f,a,ge, of 3.3 and 5.7 will bring to meshes of ~22 M and




FIG. 25. QOI fields of flame probability S and the effective thicken-
ing F, for case 10M. The white iso-contour corresponds to § = 0.1.

FIG. 26. Overview of the 22M mesh. The flame is represented
through an averaged field of heat release rate g. The Fyarger 0f 5.7 as-
sures same resolution in the flame region as in the 110 M cells mesh
by Bénard et al.*

~100 M cells respectively, following the a-priori calculation.
For the present analysis, an Fmrge, of 5.7 is selected in order
to have the same resolution of the NAD3 mesh*®. The result-
ing mesh is showed in Fig. 26 and is composed by 22M of
cells, underlying how it is possible to efficiently build high
resolution meshes by using a mesh refinement strategy based
on physical QOL.

The final mesh shows very good agreement with the exper-
imental data, both in terms of velocity field and flame pre-
diction. In particular, profiles of velocity components at dif-
ferent measurement planes for the 3M, 5M, 10M and 22M
meshes are showed in Fig. 27. Mean axial velocity Fig. 27(a)
is wrongly predicted only by the coarse case (3M), which
predicts a shorter recirculation zone. Some differences be-
tween LES and experiments remain visible at h = 15 and 25
mm downstream the backplane, suggesting that the opening
angle is slightly under-predicted, and can be explained by
taking into consideration the uncertainty of the experimen-
tal data. The corresponding RMS instead are over-estimated
also by the 5M case, while the 10M and the 22M case are
in good agreement with the experimental data. For what re-
gards the mean radial velocity Fig. 27(c) and tangential ve-
locity Fig. 27(e) again the coarsest mesh is the only one that
does not provide very accurate results, indicating the first step
of aerodynamic mesh refinement (i.e. SM mesh) is able to im-
prove the mean aerodynamic flow prediction. On the contrary,
by looking at the radial velocity Fig. 27(d) and tangential ve-
locity RMS Fig. 27(f), it is evident that the SM case over-
estimates the turbulent activity and that a second refinement
step (i.e. 10M mesh) is mandatory to recover the experimen-
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tal behavior.

The accuracy of flame prediction can be inferred from
Fig. 28 where the profiles of temperature and selected species
at different measurement planes are shown for the 3M, 5M,
10M and 22M meshes. Mean temperature profiles Fig. 28(a)
show good accuracy of the 10M and 22M meshes with exper-
imental data, only marginal agreement of the SM case and
wrong prediction of the 3M case since the predicted flame
shape is wrong. Some differences between LES and exper-
iments remain visible also in this case at h = 15 and 25 mm
downstream the backplane and can be explained by taking into
consideration the uncertainty of the experimental data and the
tuning procedure of the imposed thermal boundary conditions
at the chamber walls. The RMS Fig. 28(b) are perfectly recov-
ered by the refined meshes, confirming that two steps of aero-
dynamic refinement are needed for good prediction of aero-
dynamic activity. Selected species are H,O and CO (but the
same trend apply to the others). Mean Fig. 28(c) and RMS
Fig. 28(d) of H,O mass fraction show good agreement of the
refined meshes (10M and 22M). Mean Fig. 28(e) and RMS
Fig. 28(f) of CO mass fraction instead show that the 10M
mesh is not able to correctly predict the minimum of mean
value and activity along the axis while the 22M mesh is able
to correctly recover the experimental data. This shows that
when considering weak species (note the magnitude of mass
fraction) the mesh resolution in the flame can play an impor-
tant role for the LES accuracy prediction.

Finally, in Fig. 29 the instantaneous flames computed on the
3M (a), SM (b), 10M (c) and 22M (d) meshes are presented.
The flames are identified by iso-surfaces of ¢ = 10% ¢;;4x col-
ored by the instantaneous thickening field F (on the left) and
the temperature field T (on the right). The difference of pre-
dicted flame-shape and length for the different mesh resolu-
tion is evident. The coarse 3M mesh (a) predicts an M-shape
flame that does not touch the bluff-body tip and that is very
close to the chamber backplane. The applied thickening is in
the order of 16, bringing to an artificial flame thickness which
is comparable to the bluff-body tip. As a consequence, the
flame is detached and a large-scale hydrodynamics structure
(the Precessing Vortex Core) can be detected by an iso-surface
of low pressure®34. The PVC spiral structure is often detected
in the PRECCINSTA burner when the flame has an M-shape
while when a V-shape is present no PVC is detected®>8¢. In
experiments, depending on the operating conditions (i.e. ther-
mal power P, and equivalence ratio ¢) the flame can either as-
sume an attached V-shape with no PVC, a detached M-shape
with PVC or a bi-stable behavior alternating intermittently be-
tween V- and M-shape. In the current operating conditions,
the flame has a V-shape: it is therefore interesting to notice
that the predicted M-shape is due to the poor mesh resolu-
tion and that the PVC is fictitious. The correct flame shape is
recovered just after the first step of aerodynamic refinement
with the 5SM mesh (Fig. 29(b)), with the suppression of the
PVC. The applied thickening factor is now halved in the re-
gion where mesh refinement has been applied, bringing to a
lower artificial flame thickness. As the mesh refinement pro-
cedure goes on, the new 10M mesh Fig. 29(c) exhibits lower
applied thickening and more accurate flame-turbulence inter-
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action and turbulent activity prediction. The final step of the
22M mesh (Fig. 29(d)) shows that the instantaneous thicken-
ing is lower than the F4,¢.; = 5.7 except for the small portion
of the flame near the backplane where the flame goes only
for less than the 10% of the time (i.e. Syju; = 0.1). Finally,
the resulting mesh exhibits a much more homogeneous ap-
plied thickening, and hence resolution in the flame, confirm-
ing that the method takes into account possible local variation
in equivalence ratio due to the technical injection (see the in-
stantaneous iso-surface of CHy mass fraction in (Fig. 29(d)).
Note that an effect of the mesh resolution on the flame lift-
off is visible. In particular, as observed in literature*®, an in-
crease of the mesh resolution brings to an increase of the flame
lift-off from the backplane, due to the improved prediction of
flame response to stretch when an improved-resolution mesh
is used.

V. CONCLUSIONS

A new static mesh refinement strategy based on physical
Quantities of Interest (QOI) has been proposed in LES of
turbulent reactive flows. To define the regions of interest
(ROI) where relevant flow physics happens, different QOI’s
have been defined for the aerodynamic field and for the flame.
Analysis of the balance equation for the mean and the turbu-

lent kinetic energies have shown that the dissipation rate of the
mean and the turbulent kinetic energy together with the pro-
duction of turbulent kinetic energy have to be taken into ac-
count to correctly capture the flow activity. In addition, from
the reactive flow point of view, a criterion based on the flame-
position probability and on the effective applied thickening
has been defined to obtain the desired mesh resolution in the
flame region. At first, this mesh refinement strategy has been
successfully applied and validated on the VOLVO test case:
an academic fully premixed bluff-body stabilized flame. The
method was able to correctly define the ROI where important
physics happen: it was possible to locally refine the mesh in
this region to improve the LES prediction accuracy or, alter-
natively, to fix the mesh size in this region and coarsen every-
where else in the domain to reduce the mesh size and hence
the computation cost while keeping the same LES accuracy
of a reference mesh. By comparing the results with the ex-
perimental data, it was evident that the prediction of the flame
stabilization, and hence the computed velocity and tempera-
ture fields, are strongly influenced by the mesh quality that
can be significantly improved by applying the proposed mesh
refinement strategy. On the starting mesh, the flame was short
and burnt inside the wake of the flame-holder and a long recir-
culation zone was predicted. The final mesh instead predicted
a long flame which burned for the whole combustion chamber
downstream the bluff-body, as in the experiments. Second,
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FIG. 29. Iso-surfaces of ¢ = 10% ¢y colored by thickening field F (on the left) and temperature field T (on the right) for the 3M (a), SM (b),
10M (c) and 22M (d) meshes. For the 3M case, an iso-surface of pressure at 101 kPa (colored by temperature field) evidences the Processing
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the method has been applied to a partially premixed swirler =~ M-shape flame. The key point of the proposed method re-
flame which is closer to the real industrial configurations, the lies in its versatility: in both the test cases the strategy was
PRECCINSTA test bench. Also in this case, it was possible able to lead to a correct solution in very good agreement with
to obtain a predicted V-shape flame in very good agreement  the experiments starting from a totally wrong initial solution.
with the experimental data starting from a wrong predicted  Therefore, the proposed mesh refinement strategy is found to



be able to identify the relevant physics of turbulent reacting
flows that are essential for the overall LES accuracy.
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