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ABSTRACT

The present work focuses on the numerical modeling
through Large Eddy Simulations (LES) of a low-swirl partially
premixed lean flame operated with gaseous fuel using a hybrid
Thickened Flame (TF)-Flamelet Generated Manifolds (FGM)
combustion model. This approach aims to overcome the chal-
lenges of modeling the flame lift-off in this burner and the sta-
bilization of the reaction zone at a remarkable distance from the
nozzle outlet section, for which the reproduction of finite rate ef-
fects on combustion physics is crucial. The underlying strategy
consists of applying the artificial thickening to the scalar equa-
tions required for the query of the look-up table computed a pri-
ori. The mentioned combustion model has been implemented in
a general-purpose commercial CFD solver and Non-Adiabatic
Flamelets have been employed for the look-up table computa-
tion. The goal is to include a detailed chemistry description while
maintaining a cost-effective approach and improving the repro-
duction of the turbulence-chemistry interaction. Results are vali-
dated with experimental data in terms of temperature and chemi-
cal species concentration maps, showing the potential of the cou-
pled TF-FGM approach for describing this type of flame.
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NOMENCLATURE

¢ Progress variable [-]

s;  Laminar flame speed [m/s]
Y  Mass fraction [m/s]

z  Mixture fraction [-]

h  Enthalpy [kJ/kg]
¢ Equivalence ratio [-]

@® Reaction rate [kg/m3 s]
6 Flame thickness [m]

S Swirl Number [-]
Subscripts

ad Adiabatic
theo Theoretical
th Thermal

Acronyms

CFD  Computational Fluid Dynamics
FGM Flamelet Generated Manifold
IRZ  Inner Recirculation Zone

LDA Laser Doppler Anemometry
LES  Large Eddy Simulation

LOH  Lift-off height

ORZ  Outer Recirculation Zone

PDF  Probability Density Function
TF Thickened Flame
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INTRODUCTION

Low Swirl combustion has been widely investigated for its
potential in terms of reduction of nitrogen oxides (NOx) emis-
sions and resistance to flashback occurrence [1]. These advan-
tages are related to the flame assuming a lifted configuration,
which means that it is detached from the nozzle exit and sta-
bilized downstream in the chamber. Among the several inves-
tigations concerning this type of combustion [2, 3], one of the
most interesting for the gas turbine’s application field has been
carried out at the Engler Buntler Institute (EBI) of the Karlsruher
Institute fur Technology (KIT) recently [4,5]. Here, a specific in-
jector with separate inlets for air and fuel was used, which classi-
fies this system as a non-premixed one. However, as highlighted
during the experimental campaigns, the premixing process for
the reactive mixture occurs in the lift-off region, and finally a
premixed-like regime is achieved. Although this burner has been
largely investigated through experiments, Computational Fluid
Dynamics (CFD) could help to extend the knowledge about this
flame to a wider set of operating conditions and burner configu-
rations. Moreover, scale resolving methods, such as Large Eddy
Simulation (LES), have been demonstrated to be a proper tool for
investigating the reactive process [6,7]. However, the numerical
modeling of a lifted flame remains extremely challenging due to
the high degree of complexity of the physics involved in the lift-
off occurrence [8], where a correct reproduction of the finite rate
effects is mandatory since they control the ignition of the fresh
mixture and thus the stabilization of the flame.
In the years, several modelling strategies have been proposed
from the scientific community to this aim. Flamelet-based ap-
proaches [9-12] have become quite popular in the engineering
community since their capability to represent the flame gathered
with appreciable cost-effectiveness in terms of computational ef-
forts. On the other hand, the limitations of a priori regime as-
sumption and chemistry tabulation could strongly impact the fi-
nal prediction [13], and nowadays many research efforts are de-
voted to compare finite rate methods with and flamelets-based
ones for describing turbulent combustion [14, 15].
Considering the numerical works carried out so far on the KIT-
EBT’s flame [16, 17], turbulent combustion has been initially
modeled with flamelets based approaches as (or very similar to)
the Flamelet Generated Manifold (FGM). This model however
has shown to overpredict the reaction rate, leading to a flame sta-
bilized too low and short with respect to the experimental find-
ing. The prediction can be improved when the FGM model is
modified to take into account the effects of local stretch and heat
loss on the global reactivity, referred as FGM-EXT in [17]. Fur-
ther works from the authors [18] carried out a comparison among
the previously mentioned models and the Thickened Flame (TF)
model [19]: indeed, the use of the TF approach resulted in a bet-
ter description of the flame lift-off and shape of the reaction zone.
However, this first attempt employed the BFER 2-step mecha-
nism by Franzelli et al. [20] for the chemistry description, which

is not adequate to quantitatively describe intermediate species
such as carbon monoxide (CO) [21]. The use of a more de-
tailed mechanism seemed to be preferable to catch properly the
lift-off while retrieving information on intermediate species [22]
but it will lead to very expensive calculations in terms of com-
putational efforts. A possible strategy to improve the accuracy
of the numerical prediction, while keeping a moderate compu-
tational cost is represented by the use of coupled TF-FGM ap-
proach, where the artificial thickening is applied to the scalar re-
active quantities employed in the manifold parametrization. This
approach has been already proposed [23] and successfully ap-
plied [24-26] in the literature, showing to be able to achieve both
the mentioned goals. Moreover, Proch et al. in [27] highlighted
the importance of heat losses inclusion within the look-up table
computation.

The goal of the present work is therefore to investigate how
the flame prediction concerning the KIT-EBI’s burner is affected
when turbulence-chemistry interaction is described through the
use of Thickened Flame model with a chemistry tabulation from
a non-adiabatic FGM manifold. To some extent, this work repre-
sents a continuation of the study in [18], where all the employed
models have been found not fully satisfactory with respect to
the experimental data. The expected outcomes are to extend the
knowledge concerning this type of low-swirl lifted flame, other
than highlighting the possible advantages of this approach for
industrial applications. To this aim the mentioned approach is
implemented in the commercial code ANSYS Fluent with two
different strategies to compute the velocity fluctuations for the
efficiency function related to the flame wrinkling effects. The
paper is structured as follows: firstly, the test case is described
together with an overview of the low swirl partially premixed
lifted flame features. Therefore, the employed combustion mod-
els are reported, especially concerning the strategy used within
the coupling procedure. Finally, the numerical simulations are
compared with the available experimental data in terms of chemi-
cal species and temperature fields. Some final remarks are drawn
concerning the substantial advantage of the TF-FGM approach
with respect to the standard FGM, as a suitable model to investi-
gate this type of lifted flame also in more complex configurations
(e.g., multiburner arrangement).

TEST CASE AND FLAME FEATURES

The burner employed in the studies by Fokaides and cowork-
ers [4,5] is considered. This flame consists of a partially pre-
mixed flame operated with gaseous fuel. The experimental cam-
paign aimed to investigate the stability of such flame and the pa-
rameters which influence the reaction zone position and exten-
sion. The flame lift-off is due to the use of a low swirl injec-
tor, where the overall theoretical Swirl Number S;,., = D;/R;l;
is below 0.4, being the ratio between the angular to the axial flux
momentum divided by the narrowest radius of each channel. The
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FIGURE 1: SKETCH OF THE TEST RIG ADAPTED FROM [4].

injector is derived from an air-blast atomizer [28], then modified
to replace the liquid fuel with methane. This adopts a double-
swirled radial configuration where Sy, = 0.76 and S, ~ 0.0
(i.e., no swirl component in the flow) respectively for the primary
channels and the second ones. Its characteristic is the presence
of a high-velocity swirling jet issuing from the nozzle, where the
Inner Recirculation Zone (IRZ) is relatively weak and enveloped
within the high-velocity jet streams. The Outer Recirculation
Zone (ORZ) due to the interaction between the swirling jet and
the chamber walls has great relevance since it plays a major role
in the transport of hot combustion products from the main reac-
tion zone to the base of the flame. Actually, according to the ex-
perimental investigators, the flame cannot be ignited without the
presence of the confinement wall, since this zone could not be
established [5]. The flame is anchored on the outer shear layer of
the swirling jet and stabilizes in a region where the mixing pro-
cess has concluded, obtaining premixed-like combustion condi-
tions. Furthermore, the experimental studies agreed on the role
played by the recirculating gas temperature as responsible for
the ignition of the fresh mixture, thus the flame stabilization [4].
Indeed, heat losses through the confinement walls decrease the
recirculating gas temperature and thus delay the reactive mixture
ignition, finally increasing the lift-off height.

The test rig considers a cylindrical combustion chamber with a
diameter D¢c of four times the throat diameter of the nozzle dif-
fuser 2Ry. The outlet section is placed at a distance Lcc corre-
sponding to four and half times D¢c from the chamber bottom,
with the outlet geometry specifically designed to avoid back-
flow recirculation. The burner operates at atmospheric pressure
and the main section consists of a ceramic segment with water
cooling, while different additional segments can be employed al-
lowing the specific measurement techniques. Flow-field mea-
surements have been obtained with Laser Doppler Anemome-
try (LDA) technique, when optical access is provided. Local
species concentration in the combustion chamber has been mea-

sured through gas sampling with a suction probe, then analyzed
with conventional gas analyses based on molecular excitation
process. Temperature measurements are also available thanks
to S type compensated micro thermocouple probes corrected for
radiative heat losses. A sketch of the test rig comprehensive of
the measurements segments is reported in Fig.1. The test point
considered in the present work employs methane as fuel and the
associated operating conditions are reported in Tab.1, where lean
global equivalence ratio ¢ = 0.65 is considered for the present
investigation.

Operating pressure pg 101325 Pa
Air inlet temperature 7Tp 373K
Air mass flow rirg;, 0.0185 kg/s

Nozzle pressure drop Appozzie/po 2 %

Equivalence ratio ¢ 0.65
TABLE 1: OPERATING CONDITIONS ADOPTED IN THE NU-
MERICAL SIMULATIONS.

COMBUSTION MODELLING

The present numerical investigation has been carried out in
the CFD suite ANSYS Fluent 2021R2, where the TF-FGM ap-
proach was implemented for this investigation: in the followings,
the modelling strategies are described and discussed.

Non Adiabatic Flamelet Generated Manifold (NFGM)
The FGM approach [11,29] has become very popular in the
engineering community since its cost-effectiveness while includ-
ing a detailed chemistry description. The fundamental assump-
tion is that combustion occurs in flamelet combustion regime,
where the flame front is only wrinkled by the turbulence and it
could be represented locally by laminar 1D flames [30]. At pre-
process, a look-up table is generated by solving several flamelets
and the associated thermochemical trajectories are stored as a
function of two variables, the mixture fraction z (as defined
by Bilger [31]) and the progress variable c. The latter is de-
fined in this works as ¢ = Y, /¥, where Y, = Yco + Yo, is
the un-normalized progress variable and Y7 is its value at equi-
librium. The turbulence-chemistry interaction is modeled with
a pre-integration with presumed B-shaped Probability Density
Functions (8 — PDF). This means that the turbulent combustion
is resolved considering only four additional variables, which are
the mean values of the scalar and their respective variances (i.e.,

~ o~ A ~! . .
%, G, 2 %, ¢ %). In the literature various approaches have been
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proposed to include heat losses effects as well as the actions of
strain on the flame front [32-35], by increasing the dimension of
the manifold: these often differ on how the heat loss is modeled
in the flamelet, and a detailed description of the implications of
each strategy can be found in [36].

In the previous works by the authors, the effects of heat losses
were included within the FGM model through a correction fac-
tor applied by scaling the reaction rate [17, 18]: outcomes have
shown a discrepancy with the experimental measurements, re-
sulting in a short flame stabilized low in the flame tube. A possi-
ble explanation for such behaviour could be incorrect modelling
of the heat loss effects on the reaction, due to this simplistic ap-
proach, as described in [35]. For this reason, here heat loss ef-
fects are taken into account during the look-up table generation
thanks to the use of non-adiabatic flamelets. Indeed, the usual
adiabatic flamelets do not consider the effect of enthalpy on the
reaction, and these effects are handled only in the calculation by
varying the temperature or gas properties. Instead, the use of
non-adiabatic flamelets takes into account enthalpy loss or gain
also during the generation of the table, therefore on the chemical
species and related reaction rates. An example of the effect of
enthalpy loss on the reaction rate is depicted in Fig.2 for given
conditions.

In this work, the strategy adopted in the CFD code ANSYS
Fluent 2021R2 [37] is used. Both freely propagating pre-
mixed flamelets for low values of heat loss and burner stabilized
flamelets at higher levels are employed. These latter types in-
troduced enthalpy loss or gain by varying the burner tempera-
ture [32]. The switch from one type of flamelet to another is
done automatically based on inlet composition and enthalpy in-
let at boundaries. The final table is a five-dimension manifold,
where only an additional input for the enthalpy loss, since it is

convoluted in the table assuming a delta function. In this fash-
ion, the overall cost-effective approach in terms of computational
efforts is maintained. This new strategy has been validated for
some well-known test cases in the literature [38], obtaining very
interesting results. For the sake of clarity, the same nomenclature
of [38] is used here, therefore the FGM model with non-adiabatic
manifold is referred as NFGM in the next sections.

Aiming to compare the effects of this further tabulation with the
previous works, the same settings of the table have been em-
ployed. It is worth recalling that the use of premixed flamelets is
justified in relation to the premixed operating conditions reported
from the experimental investigators, as mentioned earlier. The
GRI3.0 detailed mechanism with 325 reactions and 53 species
is used for the table computation. The table is discretized with
64x32 points in terms of respectively z and c. Instead, 21 levels
are employed for the enthalpy loss/gain discretization. Also, the
Finite Rate closure is employed for the progress variable source
term modeling.

Coupled Thickened Flame-Flamelet Generated Mani-
fold model (TF-FGM)

The focus of this work consists of applying the same artifi-
cial thickening used in the standard TF model [19] to the equa-
tion of the scalars from the FGM approach. In the TF model,
the flame front is artificially thickened in order to be resolved on
the usually employed mesh grid sizing. Indeed, from the dimen-
sional analysis conducted in [39], the laminar flame speed s; and
the laminar flame thickness &, are proportional to s; o< /D, ®;
and &y o< \/Dy;,/ @ respectively. Therefore, it is possible to ar-
tificially thicken the flame, preserving the correct laminar flame
speed, by increasing the thermal diffusivity and decreasing pro-
portionally the reaction rate through the introduction of a thick-
ening factor F = NA/S, where N is the number of points in
the flame front (here set to 4), A is the mesh grid size and the
laminar flame thickness 8. In this fashion, the correct laminar
flame speed is preserved. Such operation however affects the in-
teraction between chemistry and turbulence since the eddies are
smaller than the thickened front are not interacting properly with
the flame [30] and for this reason the reaction rates and the ther-
mal diffusivity are multiplied by the efficiency function E, that
will be discussed in the next section. Moreover, erroneous mix-
ing related to the thickening procedure is avoided by applying the
thickening dynamically only in the proximity of the flame front,
through the use of a flame sensor €, assuming its value equal to
1 in the regions of interest and 0 away from them, as reported
in [40]. Therefore, the source term in the progress variable equa-
tion is recast as follows:

g Ei.
OcTF = ch,l ey
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being @, ! is the mean source term of the progress variable
provided by the PDF table, while the diffusivity is:

Dess = Di(1+(EF —1)Q)+D,(1-Q) )

where Dj is the laminar diffusivity and D; is the turbulent
one. The final equation for the progress variable reads:

opé dpu;é 9 (. 9\  —
o T ox, ~ox, \PRetr gy ) T e )

For the sake of brevity, the mixture fraction z and the enthalpy
h equations are not reported, considering that the whole proce-
dure is applied in the exact same way to terms in the respective
equations. An important point of the TF-FGM approach is that
the variances for the involved scalars ¢ and z are no more em-
ployed for the querying of the look-up table, since it is assumed
that the TF formulation is able to take into account properly the
turbulence-chemistry interaction. Also, it is worth recalling that
NFGM and TF-FGM are employing in this work the same man-
ifold computed at pre-process. This fact means that chemistry
is described in the exact same way for both, and it is related to
the conditions explored during the manifold computation. The
difference between the two approaches stands in how the turbu-
lence effects are taken into account (i.e., B-PDF vs. artificial
thickening and wrinkling efficiency function). Although this ap-
proach is limited with respect to a standard TF approach with
detailed chemistry, some works in the literature have shown its
good capability in comparison with more detailed approaches for
practical applications [41,42].

Efficiency Function definition As mentioned the ef-
ficiency function is introduced in the equations to recover the
effects of the turbulence wrinkling altered during the front thick-
ening procedure. This quantity is defined as the ratio of the flame
wrinkling factors for the original flame and the thickened one.
Here, E is computed following the formulation given in [19] by
Colin et al.:

- A Hh) Ya
oz rer(Ei)T

A Uap ) Ua
(4 e e
I+al’ OrF’ S| 51

where in turn:

0.3

A Uy iy, AN
F(S;’ . ) =0.75exp [—1.2/( . 3 5)

and it stands for the dimensionless stretch of a flame with flame
velocity s; and thickness §; submitted to the action of a range of
vortices [19]. For the sake of brevity, the other expression is not
reported here, since it assumes the exact same form once the lam-
inar flame thickness &; is replaced with artificially thickened one
Orr. Furthermore, another important aspect is how the velocity
fluctuations at the test filter u’Ae are computed. A first attempt can
be done considering the subgrid scale turbulent viscosity within
the LES model. If the Smagorinsky model is employed for in-
stance, ”/Ag can be derived as follows:

Viog
;o Vigs
“a. = CiA

(6

however, as reported in [19], this approach has two main
drawbacks concerning the accuracy of the model constant Cp,
for the scales of interest, and the difficulties when dealing with
the influence of thermal expansion. For this reason, in the same
work, a similarity assumption has been retained as:

u/Ae = OP() = ’(ﬁ—ﬁ)

)

where i is the velocity field from the LES solution and  is the
filtered field at the scale A,. This expression is further manip-
ulated to avoid the use of a test filter, obtaining a final expres-
sion requiring a third-order derivative (the interested reader is
addressed to the reference work [19]). This last fact could be not
trivial when the implementation in a CFD solver is considered.
An interesting approach to overcome this issue has been carried
out is reported in the work by Durand et al. [43]. Here, the veloc-
ity fluctuations are derived from the formulation given originally
by Colin [19]: here only the formulation valid for unstructured
mesh is reported. Firstly, the scale similarity is written for finite
volume approximation. An analog expression with the rotational
operator is written as:

Uy, = cA [V x (i—l)| =cA[Vxa—Vxal (8

Then, the evaluation of the curl of the test filter is achieved
by using its linear definition:
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where @; and Vj, are respectively the velocity vector and volume
of each cell surrounding the considered cell and evaluated within
the main solver cell loop for each time-step.

In this work, both the definitions from eq. 6 and eq. 8 are em-
ployed to evaluate how the velocity fluctuations description im-
pacts the final results: for the sake of clarity, the two different
implementations will be referred as TF-FGM-A and TF-FGM-B
respectively in the next sections.

NUMERICAL SETUP

Combustion air

Exhaust gases Pressure

Combustion outlet

Air plenum
¢ N p chamber

<y
Pol |

&) e N
v :‘F 7hd

Fuel inlet patch

Injector
Mass-flow
inlet

FIGURE 3: NUMERICAL DOMAIN OF THE TEST RIG.

The spatially-filtered compressible Navier-Stokes equations
for reactive simulations are solved within LES context, where
the subgrid stress tensor has been modeled with the Dynamic
Smagorinsky-Lilly model [44]. The numerical schemes em-
ployed second-order accuracy for both spatial and temporal dis-
cretization. A sketch of the numerical domain is reported in
Fig.3, where the flame tube, the nozzle with the related plenum
and the convergent outlet are visible. This setup is similar to
the one present in a first numerical study conducted by the au-
thors [17] on the same low-swirl injector concept with a smaller
effective area: here, the isothermal conditions were studied and
reached a good agreement in terms of flow-field description. In-
deed the present work focused only on the reactive point, sim-
ilarly to the study conducted in [18] for evaluating the impact
of the turbulent combustion modelling. Thus, it is assumed that
the numerical setup can correctly represent the flow structures in
absence of reaction.

The spatial discretization is based on an unstructured mesh
grid with polyhedral elements. The large extension of the re-
action zone comprehensive of the lift-off region means a wide

To Exhaust Outlet

LESq
1.00
0.95
Reaction zone
Mesh Refinement
0.90
l 0.85
Nozzle Region I
Mesh Refinement

FIGURE 4: MESH GRID ADOPTED IN THE SIMULATIONS AND
LES INDEX QUALITY MAP.

volume requiring local refinement. This clearly impacts the com-
putational cost of the simulation and limits the element sizing. A
good approach to overcome this issue is reported in the literature
through the use of Adaptive Mesh Refinement (AMR), especially
if coupled with TF combustion model [45]: the mesh grid is lo-
cally refined only where necessary, based on the evaluation of
some indicators. In this way, the numerical cost is reduced dras-
tically, while the complexities are due to the handling of the mesh
refinement from the parallel computing algorithm. However here
the same mesh grid employed in the previous works by the au-
thors is used in order to assess the advantages introduced with the
different combustion modelling. Moreover, a detailed discussion
of the pro and cons of the AMR method is out of scope and the
interested reader is referred to the dedicated literature [46, 47].
The overall number of elements approach 16 M, that has shown
to be a good trade-off between accuracy and computational ef-
forts. The refinement regions are two: one within the swirler and
the other in the flame tube (see Fig.4). The latter region extends
up to 250 mm in the axial direction and to the chamber walls
along the radial one, with an element size of 600um. A slightly
lower sizing is applied within the swirler that is 500um and 5
prismatic layers are used for near-wall treatment. Mesh sensitiv-
ity tests have not been carried out at this step and it will be the
object of future works. Also, the thickening factor F magnitude
within the flame tube has shown an acceptable maximum value
of around 7 [30].

At this stage, the adequacy of the calculation grids is eval-
uated with the LES Quality Index (LESjp) by Celik et al. [48],
where the capability of the mesh grid to properly describe the
flow structures is assessed when a value greater or equal to 0.8 is
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PRODUCT FORMATION RATE (IL.E., PROGRESS VARIABLE SOURCE TERM OVER DENSITY) FOR THE TF-FGM-A MODEL.

obtained (see Fig.4). This requirement is satisfied in the main re-
action zone region, while the minimum value equals 0.7 which is
reached at the nozzle outlet section, where turbulent fluctuations
are stronger due to the proximity of the swirler.

Concerning the boundary conditions, air mass-flow is imposed
to both air and fuel inlets, while the atmospheric pressure is set
to the outlet, according to the conditions reported in Tab.1. The
fuel is injected with a dedicated inlet patch prior to the prefilmer
lip, where its mass flow is derived accordingly to the global
equivalence ratio. No-slip condition is applied to the combus-
tion chamber walls and a uniform temperature of 700 K is im-
posed as thermal boundary condition on the lateral and bottom
walls. This point is crucial and it has been largely discussed
in [18]. In the previous works, this value of wall temperature
seems to better describe the temperature field in the proximity
of the combustion chamber bottom walls. Although the use of a
uniform temperature with an all in all low magnitude might ap-
pear an ill-conceived strategy, this setting has been kept aiming
to evaluate the newly tested combustion models with the same
setup of the previous works: the consequences of such choice
will be discussed in detail in the results section. Indeed, this can
be considered a reasonable value considering the GT application
field [33,49].

Time step has been set to 3e-06s, with a maximum value of the
CFL in the combustion chamber below 5. Each model has a first
run to ensure the establishment of the unsteady flow structures
in the main reaction zone. Therefore, the averaging is performed
for 40 ms, 105 ms and 47 ms respectively for the FGM model,
the TF-FGM-A and for the TF-FGM-B.

RESULTS

In this section, the numerical results are compared with the
experimental data in terms of the velocity field, local gas compo-
sition, CO mole fraction and temperature field. A brief overview
of the stabilization mechanism is reported in Fig.5, aiming to bet-
ter explain how this flame works. Here, the instantaneous con-
tours for the TF-FGM-A simulation are reported in terms of the
temperature, axial velocity, mixture fraction, and progress vari-
able source term over density. From the velocity field are clearly
visible the swirling jet and the related outer recirculation zone at
larger radii. If compared with the temperature field, it is possi-
ble to notice the flow instabilities on the outer shear layer which
entrains hot combustion products into the main jet, helping the
stabilization at lean reactive mixture composition. This fact can
be seen also if the mixture fraction field is considered, where
z=0.055 corresponds to the stoichiometric mixture fraction. The
outer recirculation zone is dominated by vitiated products, at the
nominal composition of the operating point. Instead, near the
burner axis a fuel-rich composition is present initially, while it
approaches the nominal value when moving downstream. Fi-
nally, the reaction occurs only away from the nozzle outlet and
in those regions where a suitable low velocity is reached. This
fact could point out a stabilization mechanism similar to the
one originally described by Vanquickenborne and Van Tiggelen
in [50] for a fully premixed lifted flame, as also suggested in [5].
However, a detailed description of the stabilization mechanism
is out of scope and the interested reader is addressed to previous
works [17,18].
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FIGURE 6: RADIAL PROFILES OF MEAN AXIAL VELOCITY AT
GIVEN AXIAL POSITIONS FOR ALL THE CFD MOD-
ELS, AND EXP ADAPTED FROM [4].
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Flow-field and equivalence ratio

A first comparison between numerics and experiments con-
cerns the velocity and equivalence ratio fields. In Fig.6 are re-
ported the mean axial velocity profiles at given axial positions,
while in Fig.7 the velocity field on the midplane up to 175 mm is
reported for both CFD and experiments in terms of mean velocity
magnitude maps. It can be observed that numerical simulations
are in good agreement with the experimental data since all the
key features are present, regardless of the specific combustion
model. That means the high-velocity streams close to the burner
axis and rapidly decaying away from it in the radial direction, as
well as the short and weak IRZ near the burner axis.
Furthermore, the ORZ extends above 100 mm, as reported in the
experimental map. As it will be shown later, the NFGM approach
tends to reproduce a flame stabilized too low in the combustion
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chamber: the early occurrence of the thermal expansion justifies
the overestimation of the axial velocity at higher axial distance.

The local composition of the mixture is reported in Fig.7
in terms of equivalence ratio ¢ contour maps. Since methane is
injected only in the primary swirler, a fuel-rich composition is
present close to the nozzle axis at the nozzle outlet section, as al-
ready mentioned. Also, the pure air jets related to the secondary
swirler are visible at the bottom of the combustion chamber. The
radial channels are indeed responsible for a flow characterized
by a very lean mixture and high axial velocity. Therefore, the
flame reattachment is avoided, since these flow structures act as
a barrier between the recirculating hot gas and the fresh mixture
in the inner region. Also in this case, the investigated models are
in good agreement with the experimental data from a qualitative
point of view. Some discrepancies are present instead consider-
ing the field near the bottom of the chamber, which seems with a
leaner composition in the experimental contour.

CO mole fraction

The most important quantity among the chemical species
measured in [5] is surely the carbon monoxide mole fraction Xco,
since it is an indicator of the ongoing reaction from a qualita-
tive point of view. It should be highlighted that the maximum
value for Xco is 0.0055 for the experimental contours, while it is
around 0.012 for all the numerical models employed here (i.e.,
NFGM, TF-FGM-A, and TF-FGM-B): the results are presented
here in terms of normalized value over the maximum, following
the same approach of the previous works. In Fig.8 the contour
maps of carbon monoxide mole fraction, X¢p are reported for
the employed combustion models in this work, other than the
outcomes from [18] for the sake of clarity. Firstly, each com-
bustion model is predicting the flame lift-off, since all the maps
are showing the reaction zones detached from the nozzle exit.
This fact was already noticed also with the standard FGM model
with adiabatic flamelets in [18]. As well, each model is predict-
ing the arrow-shaped flame according to the experimental find-
ings with the base anchored on the outer shear layer of the main
swirling jet. When the NFGM model is used, the flame appears
quite compact and short with respect to the experiments, where
the higher values of X¢co are found between 125 and 175mm.
Compared with the FGM with adiabatic flamelets manifold, it
still could be seen as an improvement, since the flame assumes a
wider reaction zone. The flame base instead is still anchored at
the same height observed with the standard FGM model and gen-
erally high values of X can be found in the shear layer between
ORZ and the nozzle swirling jet.

It should be noticed also that although the manifold takes
into account the effects of heat losses thanks to this novel mani-
fold, this situation is verified mainly in the bottom corners of the
combustion chamber, as can be seen in Fig.9. The heat loss is
defined as Ah = (h— huq)/hag being h the mixture enthalpy and

haq the adiabatic enthalpy for the given equivalence ratio [38].
The inner core and the mean reaction zone instead are not af-
fected directly but, as observed in the experiments, it has an in-
direct effect due to the decrease of the recirculating gas temper-
ature, postponing the ignition of the mixture and thus decreas-
ing the reactivity at the flame base. Furthermore, it is worth re-
calling that the NFGM approach is assuming a simplified model
to account for turbulence effects in the enthalpy transport equa-
tion through a §-function, while TF-FGM employs the thicken-
ing procedure in this equation, retrieving a better description of
such effects. Regarding the 3-PDF assumptions for ¢ and z in-
stead, it has been shown in the literature [15] how these could be
not fully representative of a modern gas turbine combustor sce-
nario if compared with finite-rate chemistry approaches: the use
of TF-FGM approach could possibly help to recover this effect.
A good agreement in terms of flame shape and reproduction of
the lift-off is instead reached considering the TF-FGM combus-
tion model. The main reaction zone, where the highest value of
the Xco is reached is between 100 and 200 mm, which is shown
also by the EXP map. Moreover, on the burner axis, CFD and
EXP data are almost coincident where the most reactive region
begins, which is around 110mm. Instead, the largest differences
are still related to an early occurrence of the reaction zone in the
lower part of the chamber. This concerns the outer shear layer of
the swirling jet, where the flame is anchored, which is showing
a non-negligible presence of CO with respect to the EXP data.
Furthermore, the use of the most accurate computation of the ve-
locity fluctuation with the TF-FGM-B model predicts better the
post-flame region, which appears very close to the experimen-
tal data, while the TF-FGM-A model instead presents a larger
extension of this region. Nevertheless, such results are showing
a strong improvement with respect to the results obtained with
other approaches such as the pure TF model with semi-global
mechanism where the flame position exceeded the experimental
finding.

Temperature field

In Fig.10 the temperature field maps are reported again for
all the combustion models and compared with the experimental
results. Here, the lift-off distance is visible thanks to the cold
region which is present near the burner’s axis, in correspondence
of the swirling jet. Instead, the ORZ is dominated by the com-
bustion products, being transported here from the flame region.
The effects of the different combustion models indeed affect the
extension of this cold jet, accordingly to the position of the main
reaction zone in the flame tube, as shown in the CO mole fraction
maps. However, the temperature field is affected by the assump-
tion made for the thermal boundary condition on the wall, which
is a uniform temperature equal to 700K.
The temperature seems fairly well predicted if the bottom corners
of the chamber are considered. Also, the flame root (label “1” in
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FIGURE 8: MEAN CO MOLE FRACTION MAPS COMPARISON. FROM LEFT TO RIGHT:FGM, FGM-EXT, TF (ADAPTED FROM [18]),
NFGM, TF-FGM-A, AND TF-FGM-B. EXP DATA ADAPTED FROM [4] ARE REPORTED ON THE RIGHT SIDE FOR EACH

COMPARISON.
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FIGURE 9: HEAT LOSS CONTOUR MAPS UP TO 135 mm COM-
ING FROM THE TF-FGM-A SIMULATION. LEFT: IN-
STANTANEOUS. RIGHT:MEAN.

Fig. 10) is established near 50 mm in the axial direction, which
is very close to the experimental measurement. This means that
this assumption could reasonably be representative of the actual
wall temperature near the bottom wall. However, assuming this
thermal boundary condition also on the lateral confinement wall
is leading to a wrong prediction of the temperature field down-
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stream of the main reaction zone (label “3” in Fig. 10). This is
clear if the NFGM map is considered: although this model has
the worst agreement with the CO experimental finding, it also
has the best agreement concerning the temperature field. Due
to the early occurrence of the reaction zone, the post flame re-
gion temperature field is better described with respect to both the
TF-FGM models. At the same time, this fact could also explain
why the TF-FGM model is predicting a higher level of CO with
respect to the experimental measurements, since the finite rate
chemistry is slowed down due to the imposed lower temperature.
Considering label “2” in Fig. 10, the spread of the flame front
is highlighted in the outer shear layer of the swirling jet. This
region assumes an intermediate temperature between the fresh
mixture and the fully oxidized reaction products. Both TF-FGM-
A and TF-FGM-B are quite in agreement with the experimental
finding. Here, the TF-FGM-B is expected to have a better agree-
ment, since the more accurate computation of the velocity fluc-
tuations, thus the flame brush in this zone. Nevertheless, these
results should be evaluated with a longer averaging for the TF-
FGM-B. As well, the prediction of the cold jet penetration is very
well predicted reaching the 100 mm of height similar to the EXP
map for both the models with the flame thickening.

CONCLUSIONS

The numerical investigation of a low-swirl lifted partially
premixed flame operated with gaseous fuel has been carried out
with a coupled TF-FGM combustion model. In order to account
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FIGURE 10: MEAN TEMPERATURE FIELD MAPS COMPARISON. FROM LEFT TO RIGHT:FGM, FGM-EXT, TF (ADAPTED FROM [18]),
AND TF-FGM-A,TF-FGM-B. EXP DATA ADAPTED FROM [4] ARE REPORTED ON THE RIGHT SIDE FOR EACH COMPARI-

SON.

for heat loss effects on the flame front, as well as possible strati-
fication of the reactive mixture, the look-up table is parametrized
as function of various levels of heat loss/gain, other than progress
variable and mixture fraction. This work follows an extensive
numerical campaign performed recently by the authors on this
test case, where FGM (with adiabatic flamelets manifold) and TF
were applied singularly, obtaining a not fully satisfactory agree-
ment with experimental data. With respect to this previous work,
here, three additional combustion models are employed: FGM
with non-adiabatic manifold, and TF-FGM model with two dif-
ferent strategies to compute the velocity fluctuations in the ef-
ficiency function. As observed in the first work with standard
FGM and TF models, both the flow-field and local composition
do not exhibit relevant discrepancies with the experimental data.
Concerning the CO fraction field, it is confirmed again that the
standard FGM approach is not able to correctly predict the flame
lift-off magnitude, although the use of a look-up table generated
from non-adiabatic flamelets brings some slight improvements
with respect of the previous works. The introduction of the cou-
pled TF-FGM model results in a better prediction of the flame
shape and lift-off, especially considering the main reaction zone
position. Further improvements can be obtained depending on
how the velocity fluctuations at the test filter in the efficiency
function are computed. Here, the use of a more accurate for-
mulation leads to a better shape with respect to the computation
from the subgrid model employed in the LES simulations. A
limit within the present study is due to the use of a uniform wall
temperature, as in the previous studies. Concerning the tempera-
ture field, further improvements are expected if a more represen-
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tative boundary condition for the wall temperature is employed.
Also, it should be noticed that this step is particularly challeng-
ing due to the limited information on this aspect of the test rig.
In conclusion, the outcomes of this study can be summarized as
follows:

1. The inclusion of the heat losses effects within the FGM con-
text, per se, is not enough to reproduce correctly the flame,
at least for this test case.

2. The advantages of the TF-FGM approach consist in a differ-
ent description of the turbulence-chemistry interaction, with
respect to 3-shaped PDF used for the standard FGM model.
Also, it should be noticed that the TF-FGM approach in-
troduces the effects of the turbulence also for the enthalpy
equation, while the current implementation of the NFGM
adopts a simplified description. These advantages could be
affected when a more refined mesh is employed, hence when
the contribution of the sub-grid scales is reduced until it be-
comes negligible.

3. The computational efforts for the three approaches em-
ployed here are comparable, while a better representation of
the flame is obtained with the TF-FGM approach. This fact
is particularly appealing considering industrial applications
or more complex burner configurations.

Another interesting point could be to explore the influence of dif-
ferent formulations of the efficiency function for the turbulence
effects. Finally, the manifold here employed takes into account
only for the heat loss, but indeed also the action of the stretch on
the flame front could be relevant and its impact should be inves-
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tigated.
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