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A Dynamic Thickening Strategy
for High-Fidelity Computational
Fluid Dynamics Analyses of
Multi-Regime Combustion
In this study, a dynamic thickening strategy for dynamic thickened flame model for large
eddy simulations (DTFLES) application to multi-regime combustion is proposed. The main
idea lies in using the numerical solution of an ordinary differential equation (ODE) as a
thickening factor. The equation relates the time derivative of the local thickening factor to its
production and destruction rates, which are proportional to the gap between the
instantaneous value and optimal target values. The smoothness of the thickening factor in
time is ensured by the ODE solution, while in space it is achieved through a mathematical
function defined in a continuous flame index space. The equation is numerically integrated
with a semi-implicit scheme by making use of the backward Euler formula. The strategy has
been implemented in a commercial computational fluid dynamics (CFD) solver and it has
been tested by performing LargeEddy Simulations of the hydrogen/air flameproduced by the
HYLON injector, which has been individuated as an interesting test case for the proposed
dynamic strategy. Turbulence-chemistry interactions are recovered by means of a well-
assessed subgrid efficiency model. Numerical results are compared with the experimental
ones obtained at Institut de M�ecanique des Fluides de Toulouse (IMFT).
[DOI: 10.1115/1.4066212]
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1 Introduction

In turbulent combustion, the premixing level between fuel and
oxidizer controls the combustion regime that can be premixed or
diffusion-controlled. These two regimes exhibit very different flame
characteristics. Indeed, while a premixed flame front has a
propagation nature, a diffusion flame front cannot propagate and
its stabilization is solely controlled by the mixing. Most of the
combustion strategies utilize both these combustion regimes
exploiting their diverse but complementary characteristics. In
particular, the premixed combustion regime boasts an effective
control of the emissions, since it allows a direct flame temperature
regulation and contains the NOx formation. In contrast, the diffusion
combustion regime is often used to enhance the flame stability. From
this perspective, themodeling ofmulti-regime combustion becomes
a strategic element to support the development of novel designs.
Even if the multi-regime combustion is a very common scenario

its modeling still represents a challenge [1]. Indeed, the combustion
models often rely on “a priori” assumptions regarding the
combustion regime, thus limiting their application flexibility. The
prediction of multi-regime combustion requires the combustion
models to extend their predictivity on widespread conditions and

flame configurations. For tabulated chemistry combustion models,
several efforts have been made to extend and validate their
predictive capabilities to the treatment of multi-regime combustion
[2–6]. Nevertheless, using tabulated chemistry becomes increas-
ingly complex when multiple different phenomena have to be
accounted for. In particular, in the literature can be found works
addressing the inclusion of differential diffusion or flame heat
losses, but the simultaneous inclusion of all these aspects in the
context of multi-regime combustion is nontrivial. Differently, the
thickened flame model for large eddy simulations (TFLES),
belonging to the category of the species transport combustion
models, includes the heat losses and species differential diffusion
even if it has been developed for perfectly premixed conditions.
TFLES [7] relies on the artificial thickening of the flame front to
allow its resolution on a mesh oriented toward the large eddy
simulation (LES) application. The use of the TFLES has become
state-of-the-art, especially when H2 is considered as fuel, thanks to
its intrinsic capability to account for the species differential
diffusion. Thereafter the original TFLES introduction, a dynamic
extension of the model has been proposed for the treatment of the
partially premixed combustion. With respect to the original model,
the dynamic TFLES (DTFLES) [8] leverages a flame sensor X for
the identification of the flame front where the artificial thickening is
applied. Thereby the species and energy diffusivities are altered only
in the flame region leaving unaffected the non-reactive mixing.
Despite the introduction of this dynamic thickening, the DTFLES is
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still not suitable for modeling multi-regime combustion. Indeed, in
the diffusion combustion regime the flame front cannot be thickened
as in the premixed one [9], and its treatment must be addressed
differently. In this sense, the identification of the local combustion
regime becomes pivotal for the proper flame front treatment. To
accomplish this task, a local marker known as the flame index W is
commonly adopted, serving to identify the ongoing combustion
regime based on local information. A proper definition of this
marker is not a trivial task, as it may be based on gradients alignment
[10] or other quantities [11]. Among the flame indices, one of the
most widely used is the one proposed by Yamashita et al. [10].
A common strategy to treat the diffusion flame front, whenever it

is identified by the flame index, is to disable the thickening leaving
its resolution to the local grid [12,13]. Thereby the mesh sizingmust
ensure a proper discretization of the flame front that requires the use
of sufficiently fine grids. Another possibility that allows the
relaxation of the static grid refinement requirements is the adoption
of a dynamic refinement acting locally on the diffusion flame front
[12]. Ultimately, the artificial thickening is inhibited through the
flame sensorX and the flame indexW: while the first one performs a
smooth transition when crossing the boundary of the reaction zone
[8,14], the second one is generally applied without any regulariza-
tions [12].
Anyway, an abrupt change in the thickening entity, ultimately

controlled by the thickening factor value F, has an instantaneous
effect on the chemical kinetic rates. In contrast, the impact of any
diffusivities modification on the flame front thickness requires a
characteristic diffusion time to be observed. Thereby, an instanta-
neous switch in the thickening factor value F could lead to a
potential local extinction. Furthermore, numerical discontinuities at
the interface between the two flame regimes would be introduced
with a directmodel application [13]. In order to avoid such undesired
effects, this transition of the artificial thickening between premixed
and non-premixed regions needs to be numerically smoothed.
In this study, a computationally efficient, smooth dynamic

thickening strategy for DTFLES application to multi-regime
combustion is proposed and tested against the hydrogen/air flame
produced by the HYLON injector [13,15]. The numerical results are
compared with detailed experimental data involving reactive and
non-reactive particle image velocimetry (PIV), and OH* chem-
iluminescence measurements. Two different test points have been
investigated: in the first one, the flame is anchored and controlled by
diffusion, while in the second one the flame is lifted and partially
premixed. This second test point exhibits a multi-regime flame
stabilization which is particularly interesting for the application of
the proposed dynamic model.
The paper is structured as follows: the dynamic thickening

strategy is presented in Sec. 2. Then, the test case and the numerical
setup are presented in Sec. 3. Cold flow results are shown here in
order to validate the setup. In Sec. 4, the results of the application of
the thickening strategy to the test case are presented and discussed,
along with a comparison to the standard approach for DTFLES in
multi-regime combustion. Final considerations are reported in
Sec. 5.

2 Dynamic Thickening Strategy

The dynamic thickening strategy for DTFLES application to
multi-regime combustion is here presented. Such a model is based
on a serial application of cell-based spatial and time regularizations,
which evolve based on the quality of local mixing and the grid
properties.
Consider a computational cell c at the current time-step tn, which

can be referred to with the superscript ð�Þ½n�. By defining a flame
index W½n�ðcÞ assuming positive or negative values in cells where
premixed or diffusion combustion may occur, respectively, one can
determine the local combustion regime in cell c at time-step tn [12].
In a diffusion flame region no thickening has to be applied, and a
local optimal thickening factor Fopt,D can be trivially defined for
diffusion flames as

F
½n�
opt,DðcÞ ¼ 1 (1)

If this is not the case, premixed combustion is potentially occurring
inside cell c at time-step tn and the optimal thickening factor Fopt,P

for premixed flames is calculated [8] as

F
n½ �
opt,P cð Þ ¼ 1þ N Dx cð Þ

d0L
n½ � cð Þ � 1

" #
X n½ � cð Þ (2)

whereN is a global user input expressing the required number of grid
points inside the flame front in order to accurately integrate the
reaction zone when DTFLES is applied, DxðcÞ expresses the
characteristic length of the computational cell c, i.e., the local grid
size, and d0L

½n�ðcÞ expresses the local laminar flame thickness. This
last quantity can be sampled in a 1D chemical kinetics solver as a
function of the chemical composition and can be imported in the
CFD solver through a piecewise polynomial fit. The flame sensor
X½n�ðcÞmultiplies the optimal thickening factor to consider a smooth
transition to unity when crossing the interface between no flame
regions and premixed flame regions, in order to avoid diffusion
coefficients modifications in regions where combustion is not
occurring. By referring to a global optimal thickening factorF

½n�
optðcÞ,

Table 1 summarizes all cases. Variations in Fopt can be due to local
mixture reactivity, local mixture composition, and local premixing
level.
In order to lighten the notation, the reference to the computational

cell c is omitted from now on.

2.1 Spatial Smoothing. With a direct application of the

optimal thickening factor F
½n�
opt, numerical discontinuities persist

since the multiplication by X in Eq. (2) removes finite jumps
between no-flame and premixed flame regions but does not remove
internal jumps between diffusion flame and premixed flame regions,
as shown in Fig. 1.
A regularization is thus needed leading to the spatially smoothed

thickening factor Fs

Table 1 Optimal thickening factor

Fopt

Diffusion flame 1

Premixed flame 1þ N Dx

d0L
� 1

" #
X

Fig. 1 Multi-regime reaction zone
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F n½ �
s ¼ 1þ F

n½ �
opt,P � 1

� �
1

2
1þ tanh Ks

W n½ �

maxV jWjð Þ n½ �

 ! !" #
(3)

whereV is the computational domain, andKs is a constant regulating
the steepness of the regularization. The square brackets term in the
RHS of the equation represents the regularization term for the
internal jump in the reaction zone. It is appropriately scaled and
adjusted through the other terms in RHS to restore the correct
variation limits of the thickening factor. Equation (3) describes a
smooth evolution of the thickening factor when crossing the
interface separating premixed from diffusion flame regions (Fig. 2).
Again, referring to Fig. 1, this regularization has no effect while
crossing the interface between no-flame and premixed flame regions
since flame index W is always positive, and X sensor smoothing is
applied instead. The regularization has no effect even crossing the
interface between no-flame and diffusion flame regions, since flame
index W is always negative and no discontinuities appear.

2.2 Time Smoothing. An example of time regularization for
premixed flames is provided in Ref. [16] where a proportional
controller continuously measures the gap between the target and the
current number of grid elements occupied by the flame front
providing corrections to the thickening factor at each time-step.
Following a similar proportional approach, a differential

formulation for the regularization in time of the thickening factor
evolution is given by the following ordinary differential equation
(ODE):

_F tð Þ ¼ 1

2
Kt,P fþ Fopt,P � Fð Þ þ Kt,D f� 1� Fð Þ� �

(4)

whereKt,P andKt,D are two constants controlling the evolution speed
of the model in the premixed zone and in the diffusion zone,
respectively, while

fþ ¼ 1þ sgnðWÞ , f� ¼ 1� sgnðWÞ (5)

with sgnð�Þ referring to the sign function.
Equation (4) relates the time derivative of variable F, which is the

thickening factor in the computational cell, with its evolution speed
that is proportional to the gaps between the current value of the
thickening factor and two optimal target values. The latter are equal
to Fopt,P for the premixed regime and Fopt,D ¼ 1 for the diffusion
regime, respectively, and are selected according to the value
assumed by sgnðWÞ.
An asymptotic analysis of Eq. (4) leads to multiple equilibrium

points uniquely defined by the sign of the flame index. The
equilibrium points of the ODE are reported in Table 2. In case of
W ¼ 0, the model provides a weighted intermediary value between
the other two equilibrium points.
Equation (4) is an ODE involving time-dependent variables F,

Fopt,P, and W. Since Fopt,P and W are influenced by chemical,

convective, and diffusion phenomena, thus by F itself, and vice
versa, a fully implicit integration schemewould be required to know

F
½nþ1�
opt,P and W½nþ1� or to integrate a system with dedicated equations

for the three variables accounting for their reciprocal interactions,
which are not cell-based. In order to solve the ODE without adding
much computational cost, and since an explicit treatment of
quantities W and Fopt,P ultimately results in a single time-step
desynchronization of the equilibrium points, Eq. (4) is integrated
through a semi-implicit scheme, meaning that W and Fopt,P are

evaluated at time-step tn while calculating F½nþ1�. This is possible
since the quantities Fopt,P andW are available from the current CFD
solution. Moreover, assuming Fopt,P and W as known quantities,
Eq. (4) can be treated, at the time-stepDt time scale, as a linear ODE
in variable F and the implicit integration can be, for linearity,
obtained through a single algebraic calculation involving known
variables, without requiring subiterative techniques.
Two different linear multi-step formulae (LMF) have been

compared for the integration of Eq. (4): the backward Euler formula
and the trapezoidal rule. These two implicit schemes are both single-
step methods and have different convergence orders and stability
properties.
Figure 3 shows the time regularization applied on a computational

cell subjected to impulsive changes in combustion regime, chemical
reactivity, and composition. While the backward Euler formula
shows good results in smoothing the transition to the equilibrium
points, the trapezoidal rule suffers from numerical spurious
fluctuations. This is essentially due to the absence of the L-
stability property in the trapezoidal rule.
To avoid such fluctuationswhich lead to high overestimations and

underestimations in the numerical solution of the ODE, and in order

Fig. 2 Regularization of the discontinuity at the interface
between premixed and diffusion reaction zones

Table 2 Equilibrium points of the ODE

Case Equilibrium point

W > 0 F ! Fopt,P

W ¼ 0
F ! Kt,PFopt,P þ Kt,D

Kt,P þ Kt,D

W < 0 F ! 1

Fig. 3 Simulation of the time smoothing strategy on a fixed
computational cell and comparison between the considered
semi-implicit integration schemes (top). Combustion regime
detected by the flame index (bottom).
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to ensure a smooth solution, the backward Euler formula has been
finally chosen for the numerical integration of Eq. (4). This is
achieved through the following algebraic expression, which only
makes use of available quantities:

F nþ1½ � ¼
F n½ � þ Dt

2
Kt,P f

n½ �
þ F

n½ �
opt,P þ Kt,D f n½ �

�
� �

1þ Dt
2

Kt,P f
n½ �
þ þ Kt,D f n½ �

�

� � (6)

where Dt is the time-step size and

f½n�þ ¼ 1þ sgnðW½n�Þ , f½n�� ¼ 1� sgnðW½n�Þ (7)

2.3 Combined Smoothing. The two complementary
approaches can be combined to obtain a regularization in both
space and time. This can be achieved by simply substituting terms
Fopt,P and 1 in Eq. (4), corresponding to the premixed and diffusion
equilibrium points, with term Fs obtained through the spatial
smoothing, as reported in Fig. 4.
This way, the number of equilibrium points reduces from three to

only one, corresponding to value Fs.
The numerical regularized solution can be calculated as

F nþ1½ � ¼
F n½ � þ Dt

2
F

n½ �
s Kt,P f

n½ �
þ þ Kt,D f n½ �

�

� �
1þ Dt

2
Kt,P f

n½ �
þ þ Kt,D f n½ �

�

� � (8)

Before its application, the updated thickening factor is filtered
through the sensorX as in Eq. (2) in order to avoid modifications of
the diffusivities out of the flame region.
Note that the regularization does not depend on the specific

definitions of sensor X and flame index W. Only a continuous
variation of the latter is required for the spatial regularization.

3 Test Case and Numerical Setup

The proposed regularization has been implemented in the
commercial solver ANSYS FLUENT 2023 R1 through user defined
functions (UDFs) and it has been tested against a multi-regime
combustion burner. The individuated test case is the hydrogen/air
flame produced by the dual-swirl coaxial HYLON (HYdrogen
LOw-NOx) injector [13,15] which, showing multi-regime combus-
tion and different stabilization regimes, has been individuated as an
interesting benchmark for the presented dynamic model.
Anyway, a proper validation of the model may require

investigations on a different test case characterized by more
complex features of the combustion regime. A comparison between
the standard DTFLES model and the proposed regularized model is
reported in Sec. 4.
Geometrical details about the injector and the combustion

chamber, together with the experimental results from Institut de
M�ecanique des Fluides de Toulouse (IMFT), are available for two
different operating points [15] named flames A (attached) and L
(lifted), respectively. The version of the database used for
comparisons is HYLON_TNF_2023_04, updated on April 2023.
For both flames, the burner is operated in very lean conditions with a
global equivalence ratio /g ¼ 0:45 and reactants are injected
separately through coaxial channels. The two flames differ in

reactants mass flow rates and, thus, in thermal power. For flame A,
the burner is operated at 3.89 kW and a triple flame is able to
propagate along isosurfaces of stoichiometric mixture fraction Zst
since flow velocities are smaller than the triple flame propagation
speed Sd , leading to a flame configuration attached to the injector.
For flameL, the burner is operated at 9.73 kWandflowvelocities are
higher than Sd , leading to a flame liftoff and, thus, a different
stabilization regime [17–19].
Table 3 summarizes operating conditions for flames A and L.
Both flames have been investigated through high-fidelity LES

analyses, for cold and reactive flow conditions.
In this section, the numerical setup is presented and only cold flow

results are shown in order to first validate the adopted numerical grid
and the turbulence model. Following a previous work [13], a mesh
with dedicated refinements in regions interested by non-premixed
combustion has been considered. Furthermore, the domain has been
extended by including a downstream hemisphere to dampen
pressure fluctuations. The grid accounts for 18.6 million polyhedral
and prismatic cells.
Figure 5 shows details of the burner geometry, the combustion

chamber, the downstream hemispherical extension, and the
numerical grid, while in Table 4 the grid sizings are reported.
Cold and reactive flow LES calculations of both flames A and L

have been run on ANSYS FLUENT 2023 R1 with the pressure-based
solver, by adopting a constant time-step size Dt ¼ 5� 10–6 s and by
performing a constant number of 10 subiterations inside each time-
step. In order to handle statistically converged solutions, all the

Fig. 4 Combined regularization in space and time

Table 3 Operating conditions for flames A and L

Case _mair (g/s) _mH2
(g/s) pop (Pa) Tu (K) Pth (kW) /g

A 2.41 0.032 101325 298 3.89 0.45
L 6.03 0.080 101325 298 9.73 0.45

Fig. 5 Extension of the geometry with a hemisphere (top left).
Geometry of the burner and combustion chamber (bottom left).
Numerical grid (right).
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simulations have been flushed for a sufficient amount of time, and
then statistics have been collected. The Smagorinsky-Lilly model
with dynamic stresses [20–22] has been chosen as subgrid-scale
turbulent closure for the momentum equation. Chemical kinetics
and species transport rely on the skeletal Boivin mechanism [23]
comprising 8 species and 12 reactions, together with the addition of
molecular nitrogen whose properties were imported from the UCSD
detailed mechanism [24]. The species laminar diffusion coefficients
have been calculated with the mixture-averaged diffusion model. In
cold flow conditions, all the walls have been considered adiabatic
walls, while in reactive flow conditions, a heat loss has been
considered by imposing the experimental temperature profiles
available in Ref. [15] as boundary conditions on the fused silica
walls, the metallic pillars walls, and the nozzle walls. Since
thermocouples on fused silica walls and stainless steel pillars have
been applied on the cold side for themeasurements, a 1D steady heat
conduction equation is solved in those cases to account for a wall
thickness, and the temperature profile is imposed on a virtual 1D
extrusion of the wall. For the fused silica, a thermal conductivity
kfs ¼ 2:07Wm�1K�1, a specific heat Cfs

p ¼ 1214 JKg�1K�1, and a
thickness lfs ¼ 8 mm have been considered, while for the stainless
steel such properties have been setup as kss ¼ 20:66Wm�1K�1,
Css
p ¼ 581 JKg�1K�1, and lss ¼ 11:8 mm. On the backplate, a

constant temperature of 450K has been applied in reactive flow
conditions as in Ref. [13]. For the momentum equation, the no-slip
condition has been applied on all the physical walls, while a free-slip
condition has been imposed on the bottomwall of the hemispherical
extension. The mass flow rates and fresh gases temperature
indicated in Table 3 have been imposed at the air and hydrogen
coaxial inlet channels, respectively, while the operating pressure has
been imposed on the top surface of the hemisphere, which has been
considered the outlet.
Cold flow simulations have been performed by solving both air

and hydrogen diffusion-transport equations. For this reason, the
numerical cold flow results can be directly compared with the
experimental ones available in Ref. [15].
Perfect reactants mixing at fresh gases temperature Tu and global

equivalence ratio /g have been imposed as an outlet boundary
condition to handle potential backflow in cold flow simulations,
while chemical equilibrium backflow temperature and composition
have been imposed in reactive flow simulations, for the same reason.
Laminar flame properties have been sampled by solving 1D freely

propagating flames in Cantera [25] and they have been imported in
the commercial solver through a fit by making use of piecewise
polynomial functions.
A user input ofN ¼ 10 grid points inside the flame front has been

chosen in reactive flow simulations, meaning that the F
½n�
opt,PðcÞ,

which is automatically calculated by the solver when the thickened
flame model is enabled, is asked to reach this requirement.
Since the flow is turbulent, also a model to recover turbulence-

chemistry interactions is needed. The subgrid efficiency model
presented in Ref. [7], with the formulation for unstructured grids
discussed inRef. [26], has been adopted in reactive flow simulations.
The dynamic thickening strategy presented in Sec. 2 has been

applied to reactive simulations of both flamesAandLwith constants
Ks ¼ 1� 107, and Kt,P ¼ Kt,D ¼ 2� 105 s–1.
The choice of the latter two has been based on a sensitivity

analysis and will be discussed in Sec. 4.
Since the model does not explicitly depend on the definitions of

the flame sensor X and flame index W, a clarification on which
quantities have been used is necessary. Regarding the flame sensor
X, the defaultmodel implemented in the commercial CFDsolver has
been adopted, whose definition relies on [8]

X n½ � ¼ tanh 10
jRj n½ �

maxV jRj
� � n½ �

0
B@

1
CA (9)

with jRj the spatially filtered absolute value of the reaction rate.
Regarding the choice of the flame indexW, it is required to assume

positive or negative values where premixed or diffusion combustion
occurs, respectively. The Takeno index with molecular hydrogen as
fuel andmolecular oxygen as oxidizer [10] has been chosen for such
purpose

W½n� ¼ rY
½n�
H2

� rY
½n�
O2

(10)

3.1 Cold Flow Results. Figures 6 and 7 report the axial and
radial velocity profiles on different axial planes for cold flow
conditions of flame A and flame L, respectively, both in terms of
mean values and root-mean-square (rms) fluctuations. Experimental
data was linearly interpolated by the PIV measurements available
in the database [15], while numerical data was extracted on the
XZ plane. Both have been evaluated on isolines defined by
y ¼ 0 mm and z ¼ 5mm, z ¼ 10mm, z ¼ 15mm, and z ¼ 20mm,
respectively.
The peaks of both axial and radial velocities immediately

downstream of the swirlers are well captured, meaning that the
numerical model correctly characterizes the internal and external
shear layers which could play a key role in flame stabilization during
the subsequent reactive simulations.
Moving along the axial direction, the inner recirculation zone

(IRZ) is well reconstructed, even if a slight overestimation of the
IRZ intensity is visible in Fig. 6 for flameA, and in Fig. 7 for flameL,
especially at z � 10 mm.
The goodness of the numerical model is underlined by the

prediction of the rms fluctuations, which confirms a correct
characterization of the local turbulence intensity.
Figures 8 and 9 report the same velocity and fluctuations

components through contour plots whose radial and axial limits
coincide with the experimental PIV validity ranges indicated in Ref.
[15]. This allows a direct comparison between the experimental PIV
measurements and the numerical results extracted on the same
plane.
The agreement between experimental and numerical results is

confirmed, leading to the conclusion that the numericalmodel is able
to predict correctly the cold aerodynamic flow fields for both flames

Table 4 Numerical grid sizings

S1 S2 S3 S4 S5 S6 S7 S8

mmÞð 0.50 0.30 0.15 0.10 0.40 0.70 1.50 5.00

Fig. 6 Mean and rms velocity profiles for flame A—cold flow on
different axial planes
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A and L. A numerical overestimation in radial velocity rms
fluctuations can be observed near the backplate, at z � 10 mm.
Anyway, the agreement between the numerical and experimental
decay of fluctuations at z > 10 mm suggests a correct prediction in
the growth and decay of the turbulent eddies.

Figure 10 reports a comparison between experimental and
numerical results in terms of cold flow hydrogen molar fraction
distribution. Again, the peaks and the maximum and minimum
points are well predicted by the numerical model.While for flame A
(left, red) the agreement over the entire radial distribution is almost
perfect on all axial planes, for flame L (right, blue) the distribution
along the z axis at r ¼ 0 mm is slightly underestimated. This could
be due to the numerical overestimation of the IRZ intensity.
Experimental and numerical cold flow results are in good

agreement: the adopted numerical model correctly predicts the
aerodynamic fields and the species diffusion in the combustion
chamber for both flames A and L, thus it can be validated.

4 Application of the Thickening Strategy in Reactive

Flow Conditions

Figures 11 and 12 show the comparison between experimental
data and numerical results for the axial and radial velocity
components on different axial planes for flames A and L in reactive
flow conditions, both in terms of mean values and rms fluctuations.
The agreement between experimental and numerical results is very
good and, as for cold flow conditions, the peak values and their
locations are correctly predicted by the numerical model for axial
and radial velocity components.
Again, the model is able to predict the peak values downstream of

the swirler and the axial decay of the rms fluctuations, proving to be
capable of an accurate reconstruction of both the reactive flow field
and the turbulent eddies evolution, a fundamental requirement in
order to preserve the accuracy of the subgrid efficiency model.
On flame L, the numerical peaks of rms fluctuations of axial

velocity are reached at a slightly smaller radial coordinate on the
axial plane z ¼ 20 mm, with respect to experimental results.
Furthermore, a small overestimation of the IRZ intensity is
confirmed on flame A and flame L, especially for z � 5 mm.
Figures 13 and 14 show the reactive aerodynamic flow field

through contour plots whose radial and axial limits again coincide
with the validity ranges of the experimental PIV data. The smaller

Fig. 7 Mean and rms velocity profiles for flame L—cold flow on
different axial planes

Fig. 8 Comparison between experimental PIV and numerical
results for flame A—cold flow

Fig. 9 Comparison between experimental PIV and numerical
results for flame L—cold flow

Fig. 10 Cold flow comparison of hydrogen molar fractions in
flame A (left) and flame L (right)
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radial coordinate at which peaks of the numerical fluctuation of the
axial velocity is here visible in terms of a lower opening angle with
respect to the z axis individuated by r ¼ 0 mm.
Figure 15 shows the comparison between the Abel-deconvoluted

OH* chemiluminescence measurements available in Ref. [15] and
the numerical prediction of the normalizedmean heat release rate for
both flamesA andL.A portion of the left part of the two subfigures is
hidden since no experimental optical access is available below the
backplate. FlameA (left) stabilizes attached to the injector assuming
anM-shape.Apeak in heat release rate distribution associatedwith a
diffusion flame front is observed along the mixing layer,
characterized by high levels of strain and scalar dissipation rate,
downstream of the coaxial channels. A secondary, weaker, diffusion
flame front develops downstreamof the first one. In contrast, flameL
(right) aerodynamically stabilizes lifted above the injector assuming
a V-shape and ensuring a higher degree of mixing between fresh
reactants. Indeed, the main peak of heat release rate distribution is
associated with a partially premixed flame front, even if a secondary
diffusion frame front is still present. The two flames have been well
reconstructed by the numerical model, as confirmed by the
comparison shown in Fig. 15.

Figures 16 and 17 show the instantaneous behavior of the model
on flames A and L, respectively. Isolines of normalized heat release
rate HRRnorm ¼ 0:15 are plotted with red solid lines, while isolines
of stoichiometric mixture fraction Z ¼ Zst are plotted with white
solid lines. Referring to Fig. 16, in flame A the heat release rate is
concentrated along the isoline of stoichiometricmixture fraction and
the flame front is dominated by species diffusion.
Due to the diffusion flame regime, here the instantaneous spatial

regularization based on the flame indexW does not predict the need
for an artificial thickening, meaning that Fs ¼ 1. Accordingly, since
the target value to reach in the time regularization is unitary, no
effective artificial thickening is applied, leading to F ¼ 1.
Referring instead to Fig. 17, in flame L the main reaction zone is

characterized by partially premixed combustion, since a portion of the
flame front develops in a diffusion regimewhile another one develops

Fig. 11 Meanand rmsvelocityprofiles for flameA—reactiveflow
on different axial planes

Fig. 12 Meanand rmsvelocityprofiles for flameL—reactiveflow
on different axial planes

Fig. 13 Comparison between experimental PIV and numerical
results for flame A—reactive flow

Fig. 14 Comparison between experimental PIV and numerical
results for flame L—reactive flow

Fig. 15 Comparison between experimental OH* chemilumines-
cence measurements and numerical normalized mean heat
release rate for flame A (left) and flame L (right)
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in a premixed regime. Here, the instantaneous spatial regularization
predicts the need for an artificial thickening, leading to an effective
distribution of the Fs values according to the combustion regime, the
chemical reactivity, and the local mixture composition. Accordingly,
the effective thickening factor to be applied evolves in time, being able
to regularize the thickening factor dynamics while reaching
comparable values with the spatially smoothed target Fs.
Figure 18 shows the results of a sensitivity analysis of the model

on different values of the constants Kt,P and Kt,D in a fixed
computational cell c located in a region statistically interested by the
flame front. The analysis has been performed through reactive
calculations of flame L in order to individuate potential appropriate
ranges of the model constants. Kt,P and Kt,D were varied together
while assuming specular values during the tests, meaning that the
effects provided by an imbalance in the model evolution rates
between premixed and diffusion combustion zones have not been
investigated. It has been observed that for values below 1� 105 s�1

the model evolves too slowly and it is not able to reach the same
peaks of the target value Fs. On the other side, for values over
5� 105 s�1 the model is very responsive and Fs peaks are well
captured in that case. Anyway, the finite jumps of the thickening
factor F between two consecutive time steps start to be comparable
with the ones of the instantaneous spatially smoothed target Fs,
leading to a potential loss of benefit from the time regularization
provided by the model. Based on these considerations, the values
Kt,P ¼ Kt,D ¼ 2� 105 s�1 have been chosen to perform the reactive
flow simulations of both flames, as indicated in Sec. 3.

4.1 ComparisonWith the Standard Approach. To assess the
impact of the proposed model, LES reactive flow simulations of
flame Lwere conducted again with the smoothing strategy disabled,
instead adopting the standard DTFLES approach for multi-regime
combustion. The flame index W is used to activate the thickening
only on premixed flame fronts. Neither spatial regularization at the
interface between premixed and diffusion regimes on the front, nor
time regularization were applied. The smooth transition to a unitary
thickening factor provided by the flame sensorX between flame and
no flame regions is an integral aspect of the DTFLES model and it
was preserved, along with the rest of the numerical setup.
Figure 19 reports the comparison between the prediction of

velocity fields with the proposedmodel (solid blue line) andwith the
standardDTFLES, flame index controlledmodel (solid orange line).
To preserve the notation, the proposed model is again labeled LES,
while the standard model is labeled STD. Both predictions are
comparedwith experimental data (black circles). Numerical results are
very similar and accurate in both cases. Some discrepancies can be
observed in mean axial velocity profiles, with the standard DTFLES
predicting a slightly lower axial velocity at r ¼ 0 mm across all
reported axial coordinates, and a lower axial velocity at z ¼ 15mm, for
r > 15 mm. The peak of axial velocity fluctuations is closer to the

Fig. 16 Instantaneousbehaviorof themodelonflameA. Isolines
of normalized heat release rate HRRnorm and isolines of
stoichiometric mixture fraction Zst (solid lines). Combustion
regime detected by the flame index (left). Target spatially
smoothed thickening factor (center). Applied thickening factor
(right).

Fig. 17 Instantaneousbehaviorof themodel onflameL. Isolines
of normalized heat release rate HRRnorm and isolines of
stoichiometric mixture fraction Zst (solid lines). Combustion
regime detected by the flame index (left). Target spatially
smoothed thickening factor (center). Applied thickening factor
(right).

Fig. 18 Sensitivity analysis of the model on different values of
the constants Kt ,P and Kt ,D in a fixed computational cell c (left).
Location of the cell c (right).

Fig. 19 Comparison between the proposed model and the
standard approach in terms of mean and rms velocity profiles
for flame L—reactive flow. Experimental data (circles). Profiles
obtained with the proposed model and with the standard
approach (solid lines).
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experimental data with the standard DTFLES model at z ¼ 5 mm,
while at z ¼ 15 mm it is better predicted by the proposedmodel. Axial
velocity fluctuations around r ¼ 0 mm are greater with the standard
DTFLES with respect to the predictions of the proposed model.
Even if predictions of mean radial velocity are quite similar, a

slight underestimation can be observed at z ¼ 15 mm, for r > 15
mm, with the standard DTFLES model. The peak in radial velocity
fluctuations at z ¼ 5 mm, for r < 10 mm, is slightly closer to the
experimental results with the standard DTFLESmodel compared to
the proposed one, which, instead, better predicts radial velocity
fluctuations at r > 15mmacross all reported axial coordinates. Both
strategies predict the velocity fields with a high level of accuracy.
Figure 20 shows the comparison between the experimental OH*

chemiluminescence measurements and the numerical normalized
mean heat release rate with the proposed model (left side of the
figure) and the standard DTFLES model (right side of the figure).
The notation of Fig. 19 ismaintained. TheV-shape of the lifted flame
is recoveredwith bothmodels. The zonewhere themaximumvalues
of the time-averaged heat release rate are reached is slightly thinner
in the case of the standardmodel. The lift-off height predicted by the
standard DTFLES is slightly lower than the one predicted by the
proposed model.
The comparison has shownminimal differences between the results

provided by the two models. Indeed, the benefits provided by the
regularization of the thickening factor don’t seem to have a significant
impact on theHYLONflameL atmospheric test case. A greater impact
is expected when variations in the thickening factor values become
larger, for example, at higher pressure, when the laminar flame front
becomes thinner with respect to the numerical grid size.

5 Conclusion

In this study, a dynamic thickening strategy for DTFLES
application to high-fidelity CFD analyses of multi-regime combus-
tion has been proposed. The strategy leads to a regularization of the
thickening factor evolution in the computational cell c in both space
and time, and the intensity of the regularization can be controlled by
means of three different model constants. Themodel has been tested
on the hydrogen/air flame produced by the HYLON injector, which
naturally exhibits multi-regime combustion, showing promising
results. Indeed, the differences between the experimental results
from IMFT and the obtained numerical results are very small, and
the two flames have been correctly predicted by the proposed model
both in terms of velocity components and heat release rate
distribution.
In the numerical simulations, the model constants were chosen

after a dedicated sensitivity analysis. The chosen values are not
universal and, since no additional scalar equations are introduced by
the regularization, an appropriate evolution speed of this cell-based
model could be based both on convection and diffusion character-
istic time scales.
The regularization extends the DTFLES application to multi-

regime combustion analyses.

Since the model does not make assumptions neither about the
operating pressure nor about the temperature of the fresh reactants, it
can be used for numerical analyses on industrial burners.
The regularization makes no assumption even about the

definitions of the flame sensor X and flame index W, except for a
continuous variation of the latter which is exploited during the
spatial smoothing phase, thus the model can be used also in
combination with more refined formulations of these two indices,
with respect to the ones chosen in this work.
A comparison between the proposed regularized model and the

standard approach for the adoption of the DTFLES model in
multi-regime combustion was performed on the HYLON flame
L atmospheric test case, showing minimal differences in numerical
results. The model will be tested in future works at higher
pressure, where a greater impact of the proposed regularization is
expected.
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Nomenclature

Roman Letters

C ¼ specific heat (J kg�1 K�1)
D ¼ diffusivity (m2 s�1)
F ¼ thickening factor
_m ¼ mass flow rate (g s�1)
N ¼ grid points in flame front
p ¼ pressure (Pa)
P ¼ power (kW)
R ¼ reaction rate (kmol m�3 s�1)
s ¼ flame speed (m s�1)
U ¼ velocity (m s�1)
X ¼ mole fraction
Y ¼ mass fraction
Z ¼ mixture fraction

Greek Symbols

d ¼ flame thickness (m)
Dt ¼ time step size (s)
Dx ¼ numerical grid size (m)
k ¼ thermal conductivity (W m�1 K�1)
/ ¼ equivalence ratio
W ¼ flame index (m�2)
X ¼ flame sensor

Superscripts and Subscripts

air ¼ air
D ¼ diffusion flame
fs ¼ fused silica
g ¼ global

H2 ¼ hydrogen
L ¼ laminar
n ¼ value at time step tn

nþ 1 ¼ value at time step tnþ1

op ¼ operating
opt ¼ optimal
p ¼ constant pressure
P ¼ premixed flame
r ¼ radial
s ¼ spatial smoothing
ss ¼ stainless steel
st ¼ stoichiometric
t ¼ time smoothing
th ¼ thermal
u ¼ fresh gases

Fig. 20 Comparison between experimental OH* chemilumines-
cence measurements and numerical normalized mean heat
release rate with the proposed model (left) and the standard
approach (right)
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z ¼ axial
0 ¼ thin flame
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