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ABSTRACT

The switch from fossil fuels to hydrogen represents a break-
through path towards the decarbonization of the aeronautical
sector. However, compared to hydrocarbons, hydrogen has very
different characteristics. This challenges the current state of the
art of numerical methods that must be re-evaluated in terms of
accuracy and computational cost for aeronautical applications.
Large Eddy Simulations (LES) applied to hydrogen combustion
can easily become too costly with respect to the industrial con-
straints.

In this work, a study to reduce the time-to-solution in LES
is performed. The selected configuration is a two-staged swirled
combustor. The reference LES setup includes a detailed chemical
description by using a 21-species, 64-reactions chemical scheme
(including NO,) and the thickened flame model to handle turbu-
lent combustion. From this, different numerical combinations are
investigated for each phase of the simulation (from non-reactive
flow to flame stabilisation) as well in terms of chemistry descrip-
tion to minimise the LES return time. Ultimately, the switch to-
wards a lighter 9-species, 12-reactions chemical scheme and the
inclusion of NOy with a tabulated formalism is retained as optim-
ized setup. This choice determines all in all a 50% reduction in
terms of computational cost with respect to the reference setup,
keeping the experimental flame topology fairly well retrieved.
The general trend for NOy emissions at the burner outlet is as
well correctly captured, even if the chosen methodologies differ
on the absolute values.

*Corresponding author: quentin.buisson @centralesupelec.fr

INTRODUCTION

As aresponse to the concern about its environmental impact,
the aeronautical industry is investigating new ways to reduce its
pollutant emission levels. Among the paths being explored, the
use of alternative fuels looks promising. In this context, sus-
tainable aviation fuels (SAF) and hydrogen are solutions under
investigation. Hydrogen in particular represents at the same time
an appealing and disruptive prospect, having only NO, as major
pollutant. However, it entails several challenges from a tech-
nological and a computational point of view. Concerning com-
bustion, thermochemical properties of hydrogen are significantly
different from kerosene. For instance, the laminar flame speed is
higher, the thermal flame front thinner, the chemistry stiffer. Hy-
drogen is also a very volatile molecule so it diffuses rapidly in air
and is subject to differential diffusion effects [1]]. All in all, ac-
tual modelling practices for combustion are challenged and need
to be evaluated considering these specific properties.

Recently, several works have tried to tackle this problem. In
[2], the Thickened Flame LES model (TFLES) was compared to
the Flamelet Generated Manifold (FGM) on a hydrogen-air jet in
crossflow flame [3]]. A similar study was carried out in [4] on the
swirled flame experimentally investigated in [5] increasing the
percentage of hydrogen in the fuel. Both works show that TFLES
seems capable of better handling the impact of strain and differ-
ential diffusion with respect to FGM and this has an effect on
the flame stabilization. Similarly, in [6] an atmospheric swirled
Hj/air flame was computed using TFLES. Once again, the ma-
jor flame characteristics, such as flame structures, velocity fields



and heat release rate distributions were correctly captured. LES
was then used to better understand the transition from lifted to
anchored flame shapes.

Nevertheless, several open points still need to be addressed con-
cerning the application of TFLES to hydrogen and the compu-
tational cost of this type of methodology. Considering the oper-
ating conditions usually encountered in aero-engines, in order to
have a sufficient resolution of the flame front and eventually of
the non-premixed flame zones, the CPU,,s can become a major
limit of this approach in an industrial framework.

This consideration motivates the present study that is aimed
at testing different strategies in order to optimize the CPU,,g of
TFLES for H, combustion. To do so, LES of the two-staged
swirled hydrogen-air burner from Leroy et al. [7] are performed
to evaluate different numerical setups.

More specifically, a reference setup based on a detailed
transported chemistry and TFLES is initially presented, serving
as reference for the rest of the study. Then, following the work of
Leparoux et al. [§], a tabulated formalism coupled with TFLES
is employed. In [8]], it was shown that this approach, albeit able
of retrieving the tendency of geometrical variations on pollutants
with a very cheap CPU,,y, fails in predicting some local phe-
nomena of hydrogen combustion such as differential diffusion
and therefore, the absolute values of NO,. This approach will
be therefore used as a low-cost reference methodology, which
can eventually be interesting in an industrial context. Finally, a
novel procedure, based on the combination of a skeletal mechan-
ism for Hp/air combustion and a tabulated model for NO, predic-
tion, is proposed as a promising compromise between precision
and computational cost. The accuracy and CPU_, of these three
methodologies are evaluated and compared against experimental
data.

The paper unfolds as follows : Sec.[I]firstly presents the ex-
perimental test case selected in this study as well as the operating
conditions. Sec. 2| then describes the numerical setup used for
both detailed and tabulated chemistry descriptions. Sec. [3]covers
the cost optimization study. Results obtained with the different
methodologies are compared in Sec. [ with a focus on NOy pre-
diction.

1 EXPERIMENTAL TEST CASE

Geometrical configuration The coaxial burner config-
uration experimentally studied by Leroy et al. [7] is here selected
as reference test case and is sketched in Fig.[I]. It is composed of
two concentric injection nozzles. The inner nozzle (hereinafter
referred to as channel “1”°) has a diameter d; = 10 mm and de-
livers a hydrogen-air mixture at an equivalence ratio ¢, ranging
from 2 to a non-premixed injection. The outer nozzle (hereinafter
noted as channel “2”) has a diameter d, = 20 mm and injects air
to dilute the mixture down to a global equivalence ratio ¢, ran-
ging from 0.35 to 0.40. The combustion chamber is 215 mm

long and has a 80 x 80 mm squared section decreasing down to
60 x 60 mm at the burner exit. Both injection nozzles are swirled.
Channel 1 is swirled using swirl vanes, housed in the inner chan-
nel, with an angle of 30° giving the internal flow a geometrical
swirl number S; = 0.29. Channel 2 is swirled using four tangen-
tial aerodynamic ports located in the injector housing. By vary-
ing the flow rate injected tangentially, channel 2 can yield a swirl
number S, between 0 to 0.8. The experimental work includes
several optical diagnostic techniques such as direct visualization
and OH* chemiluminescence. Exhaust gas composition meas-
urements are also performed at the exit of the chamber using
a HORIBA VA-5111 multicomponent gas analyzer with a VS-
5000 series sampling unit. According to the manufacturer, the
NO sensor has a precision of £2.5 ppm. Full diagnostics details
are given in [7].
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FIGURE 1: Schematic representation of the coaxial burner geo-
metry adapted from Leroy et al. [9]

Operating conditions Two operating cases are selected
from the experimental database. Hereinafter, these cases are re-
ferred to as A and B and are summarized in Tab.[Ill As shown in
the table, the main difference is related to the swirl number for
channel 2 that is zero for case A and 0.8 for case B. The rest of
the operating conditions is identical.

2 NUMERICAL SETUP

Simulations were performed using the unstructured low-
Mach number code YALES?2 [10] with a variable density solver.

The time integration uses a fourth-order accurate TFV4A
scheme [11]], which is a hybrid between a centered and a Lax-
Wendroff scheme. Spatial discretization relies on fourth-order
accurate central finite-volume schemes. The subgrid Reynolds
stresses are included using the WALE model [12]. A specific



Case A B
Pressure P (Pa) 101325.0 101325.0
Air temperature 7, (K) 298.0 298.0
Fuel temperature 77 (K) 298.0 298.0
Swirl number S 0.29 0.29
Swirl number S» 0 0.8
Premixed equivalence ratio ¢,rem 2.0 2.0
Global equivalence ratio ¢, 0.35 0.35
H> mass flow rate 7y, (g/s) 0.0839 0.0839

TABLE 1: Numerical operating points

treatment is applied on transported scalars to prevent local ex-
trema and sharpen discontinuities. A MUSCL scheme [13] is
associated to a second-order flux Superbee limiter for scalar
time integration. The time integration scheme for scalars is a
RK3 scheme. The stiffness of the chemistry is handled with the
CVODE stiff integrator [14]].

For all the calculations reported in this study, the interactions
between chemistry and turbulence are modeled using the TFLES
model [15]. The model is based on an artificial thickening of the
flame front while ensuring correct laminar flame burning velo-
city retrieval [15]. In order to integrate the effects of the flame
wrinkling at the subgrid scales, the efficiency function as for-
mulated by [16] is introduced. A flame index is used to define
where the thickening is applied. In this study, Takeno index [17],
denoted &, is employed to distinguish premixed (§ = 1) and non-
premixed (§ = —1) flame zones (£ being O elsewhere). The
thickening procedure is only applied where & = 1. The definition
of the flame sensor S is given in Secs. [2.1]and 2.2] for transported
and tabulated chemistry respectively. No subgrid scale model is
applied to non-premixed regions of the flame assuming that mesh
description is sufficient to ensure the resolution of the flame be-
haviour. A mesh sensitivity study is carried out to ensure that the
conclusions obtained do not depend on the mesh resolution (see
Sec. [£.2.3). This numerical framework is used in combination
with two kinetics descriptions that are detailed in the next two
sub-sections.

2.1 Reference detailed chemistry setup

The reference detailed chemistry setup uses the reduced San
Diego mechanism (UCSD) [18]]. It contains 21 species and 64 re-
versible reactions allowing NO, prediction. Species diffusion are
considered individually using a mixture averaged approach [19].
In this context, the flame sensor S is defined equal to one when
the source term for HyO @y,0 > 10% 0,0 max and S = 0 else-
where. This methodology was applied in [8]] for a similar staged

H>/air flame and is considered as the reference for this study.

2.2 Tabulated chemistry setup

In the tabulated chemistry context, the TFLES-FPI approach
is employed, similarly to what proposed in [20]. Thermochem-
ical variables are therefore tabulated as a function of the mixture
fraction Z and the progress variable Y. = Yg,0. A set of 1D lam-
inar freely-propagating premixed flamelets is generated using the
reduced San Diego mechanism described in Sec. NO and
NO; are as well tabulated throughout the whole computational
domain using the NOMANI model [21]. This model allows to
track NO formation within both the inner flame front and the
post-flame region through the additional transport of Yno. The
application of the NOMANI model to H2-air combustion was
already validated in a previous study [8]. A correction factor o,
proposed by Mercier et al. [22] is used to account for the differ-
ential diffusion in the direction normal to the flame front.

2.3 Optimized chemistry setup

The optimized setup for computational cost, which will be
fully presented in Sec. [3] relies on the Boivin mechanism [23]]
that includes 9 species and 12 reactions. A substantial reduction
on the simulation cost with respect to UCSD is therefore expec-
ted as already shown in [24]].

However, the Boivin scheme does not include species and
reactions for NO, formation. Therefore, to enable NO, predic-
tion, an hybrid approach is here proposed. In particular, the NO-
MANI model [21] is coupled with the Boivin mechanism. To the
authors knowledge, this is the first time that a skeletal mechan-
ism is coupled to a tabulation approach to predict NO, for H,-air
combustion.

2.4 Computational domain and mesh description

The computational domain is composed of the injector and
the combustion chamber described in Sec. [I] A square-shaped
atmosphere downstream of the combustor outlet is also added to
handle potential gas recirculation through the exhaust. The swirl
in channel 1 and 2 is not imposed, but the swirlers geometries
are directly included in the computations. Two mesh resolution
are tested. Initially, both cases A and B are represented using
the same tetrahedral mesh, counting about 46M cells. This mesh
is denoted as MRO and it is shown in Fig. 2] A uniform cell
size of 1.0mm is applied in the combustion chamber, while a
finer description is imposed in the injector parts. Similarly to
[8], a mesh refinement is then performed. Dedicated meshes are
then obtained for case A and case B, denoted MR1 (see Fig. E]),
counting about 93M cells. Meshes were obtained by performing
an on-the-fly mesh adaptation as described in [25].
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FIGURE 2: Initial mesh MRO for both cases A and B

Cell size Ax (m)
1.30e-04 4.00e-4 6.00e-4 8.00e-4 1.00e-03

e CE—
FIGURE 3: Refined mesh MR1 zoomed on the combustor (a)
Case A (b) Case B.

3 OPTIMIZATION OF THE LES RETURN TIME

Figure [] shows the workflow of the LES performed on case
A using the reference chemistry setup (i.e. the reduced San
Diego mechanism) described in Sec. 2.1} The figure shows the
order of magnitude of the simulation times required for each step
of the calculation as percentage of the total CPU time for mesh
MRO. A four-step process is employed:

1. Initialization of the flow field: counting 10% of the total
simulation time, it is a non-reactive simulation mainly estab-
lishing the velocity flow field as well as the air-fuel mixing
to reach a sufficient equivalence ratio in the domain;

2. Ignition: counting 5% of the total simulation time, this step
allows the transition to a reactive flow field with a kernel
energy deposition;

3. Stabilization of the reactive flow: counting 55% of the
total simulation time, here, the flame and the reactive flow-
field are stabilized. It is the most expensive step in the pro-
cess due to the time required to converge the mass balance
in the domain;

4. Statistical accumulation: once mass balance is reached, a

sufficient accumulation time must be ensured to converge
statistics. This step represents around 30% of the total sim-
ulation time.

Statistical
accumulation

ry v )

T T T T
0% 10% 15% 70% 100%

Initialization Ignition Stabilization

FIGURE 4: LES workflow for the simulation of case A using the
mesh MRO.

Most of the simulation time is spent in steps 3 and 4, mainly
due to scalars computations. In order to assess the impact of
the different numerical methodologies on the computational cost,
two metrics are used:

e Return Time To Solution (RTTS*): Expressed as follow-
ing RTTS* = wclm—ﬁ where tg,, is the simulation time in
ms, WCT is the Wall Clock Time in s, Neores 1 the number
of cores. This metric offers an overview of the performance
and cost of simulation from a user perspective.

e CPU cost per simulation step (Cost|y.,): To be com-

parable, computational cost was computed as follows

tgim|step-24-1000 i i ]

—'—S"ﬂfﬁfﬁs* - where tgim|siep is the simulation
step

time required for the step in ms and RTTS*|p is the Re-
turn Time To Solution of the step in ms/244/1000procs.

Costsep =

The Flow-Through-Time (FTT) is as well introduced and
defined as 1. = L./Upyy where L. is the combustion chamber
length and Up,; refers to the mean axial velocity at the exit of
channels. Here, the FTT is about 4.3 ms for both cases. The
main objective of this section is to propose an optimized numer-
ical setup for the detailed chemistry case that reduces both the
computational cost of each step and the return time of the entire
workflow. For the sake of brevity, the optimization process is
presented only for case A on the mesh MRO, but the same con-
clusions hold for case B.

3.1 Non-reactive flow initialization

The main issue for this first step is the simulation time re-
quired to reach a sufficient air-fuel mixture in the combustor prior
to the ignition step. Although it is a non-reactive flow, the ref-
erence setup of Sec. [2.1]includes the transport of all the species
leading to an non-negligible CPU cost. To ensure the conver-
gence of the flow stabilization, two metrics are considered: the
mean L? norm of the velocity and the volume integral of the mix-
ture fraction within the combustor. These two metrics lead to an

Simulation
> time



initialization time of about 5 FTT.

To optimize this step, the incompressible solver with a constant
density available in YALES?2 is used instead of the reference nu-
merical setup. This avoids the resolution of species transport.
Only a transported passive scalar representing the mixture frac-
tion is included. This optimization reduces the computational
cost of this step by 97% compared to the reference case and by
8% in terms of total cost.

3.2 |Ignition

In the reference setup, the non-reactive initialization in
Sec. [3.1]includes the transport of species. Starting from the ini-
tialization, the ignition is straightforward with the inclusion of an
ignition kernel.
In the optimized setup, the mass fraction of the species is initial-
ized in the domain at the beginning of the ignition step based on
the passive mixture fraction. The flow is then ignited by placing
a toroidal kernel of burnt gases at equilibrium located at the exit
of channel 1. The physical properties of the mixture are then cal-
culated at the first time step using the built-in chemistry solver of
YALES?2. All the procedure is performed on-the-fly.

3.3 Stabilization of the reactive flow

This step consists in converging the mass balance in the do-
main before statistical accumulation. This is a relatively long
process, especially when the flow has stagnant regions making
the residence time distribution in the chamber non-uniform. The
mean residence time is then the most relevant parameter to estim-
ate the simulation time needed. In the present case, the mass bal-
ance in the domain is stabilized after 45 FTT for case A. The cost
reduction in the optimized setup occurs mainly on scalars com-
putation due to the lower number of species transported, leading
to a 54% reduction in the computational cost of this step and 31%
of the total cost.

3.4 Statistical accumulation

Similarly to the stabilization step, the statistical accumula-
tion is mainly impacted by the cost of scalars computation. Stat-
istical accumulation is performed on 16 FTT for case A. This
leads to a 54% reduction in the computational cost of this step
and 15% of the total cost.

3.5 Comparison of computational costs

Figure [5] summarizes the computational cost for the three
numerical setups investigated.

First, we can observe that the reference setup applied on
mesh MRO has a cost of about 1 million CPUh. The computa-
tional cost of this methodology on the refined mesh MR1, presen-
ted in Sec.[2.4] would be at least doubled. Considering the limits
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FIGURE 5: Computational cost comparison (in CPUh) of the ref-
erence, optimized and TFLES-FPI methodologies for a complete
study of case A.

of computational resources at the time of the study, this compu-
tation was not possible in the present investigation. However, it
is straightforward to understand that this setup cannot be used in
a design process. Instead, the TFLES-FPI setup, shows a very
affordable computational cost of about 100 kCPUh, a factor of
ten compared to the reference setup. This makes this methodo-
logy very cheap despite being not completely able of predicting
some local phenomena as described in Sec.[2.2]

Finally, the optimized setup shows a significant reduction of
the total computational cost, which is improved by a factor higher
than 2. The cost of this methodology closer to TFLES-FPI cost,
even if a factor of 4 remains. This makes it an attractive setup
from an industrial perspective. The refined mesh MR1 doubles
the total CPU cost with the optimized setup. However, it is worth
pointing out that the cost on mesh MR1 with the optimized meth-
odology is as high as the reference one with MRO. The optimized
setup can therefore be a good compromise to run simulations on
highly refined meshes. In the next section, a comparative ana-
lysis is performed to evaluate the accuracy of the different nu-
merical methodologies.

4 RESULTS COMPARISON AND DISCUSSION

4.1 Presentation of results with the reference setup
Results on cases A and B are firstly analyzed using the refer-

ence numerical setup of Sec. Figure 6] shows the main mean

flow fields obtained using the mesh MRO.

e Case A: This case shows a jet-like behaviour with an elong-



ated flame that propagates inside the combustor. The flame
shows a predominantly axial dynamic since 81.6% of the air
mass flow rate is injected through the non-swirled channel
2. The effect of the swirl in channel 1 (S; = 0.29) is visible
in the inner shear layer between channel 1 and 2. A double
flame front configuration is retrieved. This is highlighted
in the mixture fraction Z and the temperature @r fields. A
first conical premixed flame front is present at the exit of
channel 1. A long diffusion flame front is then stabilized in
the shear layer generated by the flow coming from channel
2. This second flame front is at stoichiometric conditions.
High temperatures are therefore locally generated and high
NO, formation is expected.

e Case B: This case exhibits a similar premixed flame front
at channel 1 exit, but a more compact diffusion flame. The
velocity field U shows that the flow topology inside the com-
bustor is changed with the addition of swirl in the channel 2
(S2 = 0.8) : a large inner recirculation zone downstream of
the premixed flame front is created. The premixed flame
front appears very similar to case A since S; is identical
between both cases. However, the non-premixed flame front
is significantly shortened due to the presence of the inner
recirculation zone and the high temperature zone is shrunk
as shown by the temperature flow field T. This suggests a
reduction of NO, production with respect to case A.

Experimental images of inverse Abel transform of OH*
chemiluminescence are also presented in Fig. [§] The images
show a good correlation with @7 fields. Premixed flame heights
are found in good agreements with experiments. Flame regions
with high OH”* signal intensity in experiments correlate well with
high r values in simulations. Therefore, for both cases, flame
topologies obtained with the reference setup qualitatively agree
with the experiments. The optimized and TFLES-FPI setups, not
shown here for the sake of brevity, retrieve the same flame shape
as the reference case. Ultimately, the three numerical setups are
qualitatively able to replicate the flame topology. The compar-
ison in the next section is then focused on the capabilities of the
optimized methodology in predicting NO, emission levels com-
pared to the reference and TFLES-FPI setups.

4.2 Numerical setups comparison

To be comparable with experimental values, NO, are post-
processed from numerical simulations following the definition of
XNo, 4, Measured by Leroy et al. [9]. Expression to compute the
molar fraction Xno, from the mass fraction reads:

h g —
XNOX e (NO + NO, >M, (1)
Myo Mo,

where M is the average molar mass of the flue gases, Mno

(b)

1.8e04 10e+02 28e+02 23e+03 00e+00 55e-02 0.0e+00 1.0e+09

ElE EISE EIE BT

FIGURE 6: Average velocity magnitude U, average temperature
T, average mixture fraction Z and average heat release rate @y
fields retrieved using the reference setup compared with experi-
mental images of inverse Abel transform of OH* chemilumines-
cence for (a) case A (b) case B.

XNo, Exp. Ref. Optim. Optim. TFLES-FPI
(ppm) - MRO MRO MR1 MRO
Case A | 17.3£2.5 22.0 21.2 27.6 14.3
Case B | 102 +2.5 119 9.9 12.3 5.1

TABLE 2: Xyo, (in ppm) levels retrieved experimentally, us-
ing the reference setup, the optimized setup and the TFLES-FPI
setup.

refers to the molar mass of NO and Myo, refers to the molar
mass of NO,. In simulations, according to experiments, XNo,
was averaged in time at the exhaust gas analyzer position located
at the exit plane of the combustion chamber.

Experimental and numerical values are presented in Tab. 2]
Experimentally, case A exhibits a higher value of NO, than case
B. The absence of central recirculation zone promotes NO, pro-
duction because of the long diffusion flame. This hierarchy is



well retrieved by LES with the three methodologies. However,
discrepancies exist:

1. The reference setup overestimates Xno, by 27% for case A.
This overestimation is consistent with the findings on a sim-
ilar burner studied in [8]]. For case B, Xno, is within the
uncertainty window. This quantitative comparison shows
that this methodology, albeit intensive from a computational
point of view, allows to quantitatively replicate the experi-
mental evidences when the diffusion flame region is small.

2. The optimized setup achieves similar, but smaller, Xno, val-
ues compared to the reference setup. This indicates that this
setup does not significantly alters the NO, predictions com-
pared to the reference setup. However, it still provides over-
estimated values for case A.

3. The optimized setup using the refined mesh MR1 shows sig-
nificant increase in XNo, compared to MRO. This results in
a large overestimation for case A while it remains satisfact-
ory for case B. A possible explanation refers to the diffusion
flame region where no sub-grid scale model is applied and
can lead to a non-linear phenomenon with the cell size re-
finement. Another explanation is about the assumption of
adiabatic walls in the simulation.

4. The TFLES-FPI setup underestimates the experimental
levels with error as high as 50% for case B. Nonetheless,
the tendency between the geometries is well retrieved. This
can already be an interesting information from an industrial
point of view.

To go further, in-depth comparisons are performed, firstly
between the optimized and reference setups and then between
the optimized and TFLES-FPI setups to better understand the
differences on NO, between these methodologies.

4.2.1 Comparison of reference and optimized
cases Figure |7| shows contours of the mass fraction Yno
obtained with both methods overlaid on premixed and non-
premixed flame regions. The flame regime is identified by using
the Takeno index as described in Sec.[2

For case A, albeit some differences appear in the premixed
flame region, the main interest is in the diffusion flame zone
where NO production is mainly located. There, contours of the
Yno mass fraction are found very similar between reference and
optimized setups. One notable difference is located on the axis of
the combustion chamber, upstream of the diffusion flame region,
where a finger-like shape is present in the reference setup and is
not recovered in the optimized setup. This difference suggests
probably that the two methods handle differently the effects of
preferential diffusion that can be important downstream of the
premixed flame front as already shown in [J].

For case B, both methods correctly reproduce NO produc-
tion zones in the diffusion flame region: one attached to the in-

FIGURE 7: Contours of the mass fraction Yo (solid black lines
for the reference setup and solid blue lines for the optimized
setup) overlaid on premixed flame region (red dots) and diffu-
sion flame region (orange dots). (Top) case A (Bottom) case B.

jector outlet in the shear layer between the two channels and the
other at the diffusion flame front.

To go further in the comparison, Fig. [§] shows the joint
Probability Density Function (PDF) of the NO source term @no
against the mean mixture fraction Z and the progress variable
Yo/ Yc ¢4, for case A. The reference setup is plotted in solid black
lines while the optimized setup is in solid blue lines. The same
plots are shown for case B in Fig.[9] PDFs are computed using a
Kernel Density Estimation method (KDE) from mesh nodes on
the meridian plane.

First, looking at case A (see Fig. [8), PDFs of @no overlap
well in general between setups. Two distinct zones of NO pro-
duction are located along the Z axis in lean and rich mixtures,
respectively. While a good agreement appears in the rich region,
higher @no values are attained with the reference setup. This
behaviour is more pronounced for lean mixtures: the reference
setup presents a higher NO production with ®NO jax > 0.006s~!
whereas ®ONO max = 0.004s~! with the optimized methodology.
However, wno is slightly higher around the stoichiometry with
the optimized setup than with the reference one. NO production
zones are also shown to overlap well along the Y¢ /Yc,eq axis.
Notable differences are still found for Y¢ /Yc o4 € [0.9;1.0] where
Mo is significantly higher with the reference setup than with the
optimized setup.

Similar conclusions can be drawn from Fig. [9] for case B.
The most important interesting information is that o distribu-
tions differs from those shown in Fig. (8| The distribution along Z
still shows a production zone for lean regions (Z € [0.0;0.017])
and another for rich regions (Z € [0.04;0.06]). As for case A,
o distributions overlap well for both zones. Differences can
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FIGURE 9: Case B: Joint Probability Density Function of the mean Yno source term density plotted against (Left) mean mixture fraction

Z (Right) mean progress variable Y.

be highlighted, especially in the lean region where WNO max =~
0.003s~! with the reference methodology while ONO max ™
0.0015s~! with the optimized methodology. Still, the range of
mixture fraction where distributions do not overlap is quite nar-
row thus showing the accuracy of the optimized methodology.
The PDFs plotted along Y/ Yc ¢4 lead to the same conclusions.

Ultimately, this analysis demonstrates that the optimized meth-
odology is able to correctly replicate the quantitative evolution
of NO,: the zone of production in the space of mixture fraction
and progress variable are retrieved even if some local differences
exist on the absolute maximum values. This can be possibly
ascribed to a slightly different response of the NOMANI model
in capturing the dependence of NO, production to strain and to
the intermediate species like O and OH due to the tabulation [26].

4.2.2 Comparison of optimized and TFLES-FPI
cases Figure shows contours of the NO, mass fraction
with the two setups for case A and B.

For case A, both methods globally find similar NO produc-
tion zones: one attached to the injector outlet and another at the
tip of the diffusion flame front. Nevertheless, the contours differ
significantly. The production zone found at diffusion flame tip
appears more confined around the combustor axis with TFLES-
FPI than for the optimized setup. Furthermore, the production
zone is less extended in the axial direction.

Differences are even more pronounced for case B since
TFLES-FPI misses the production zone attached to the injector



FIGURE 10: Contours of the mass fraction Yno (solid blue lines
for the optimized setup and solid green line for TFLES-FPI)
overlaid on premixed flame region (red dots) and diffusion flame
region (orange dots). (Top) case A (Bottom) case B.

outlet. It appears that NO is produced just in presence of the
diffusion flame.

Figure |1 1{shows the PDFs of o plotted against the mean
mixture fraction Z for case A and case B. For case A, the shape of
the PDFs obtained differs between the optimized and TFLES-FPI
setups. The TFLES-FPI setup presents a continuous NO produc-
tion ranging from Z = 0 to Z = 0.58 and its PDF is characterised
by a plateau at dno ~ 0.0015s~! for Z € [0.01;0.045]. On the
contrary, the optimized setup presents two distinct regions of sig-
nificantly higher NO production.

More significant differences can be highlighted on case B.
o levels are up to 2.4 times lower with the TFLES-FPI setup.
This demonstrates again that the optimized setup is capable of re-
trieving sharper @no distribution over the computational domain
while TFLES-FPI shows a uniform distribution. These observa-
tions help explaining why XNo, presented in Tab. is much lower
with TFLES-FPI.

4.2.3 Influence of the mesh resolution Finally, a
mesh influence is performed to evaluate the effect of the mesh
resolution on the previous conclusions. Mesh MR is therefore
tested (see Fig. [3). Only results obtained using the optimized
methodology are shown since the reference methodology was not
affordable in terms of computational costs. Figure[I2]and Fig.[T3]
show the PDFs of (o plotted against the mean mixture fraction
and the progress variable for MRO and MR1 meshes for case A
and case B, respectively.

For case A, Fig.|12|exhibits a broadened distribution of oONO
with the MR1 mesh compared to the MRO mesh. On all values
of Z between 0.0 and 0.06, a larger range of do is obtained with

large increase of @yo for Z < 0.01. The refinement from MRO to
MR1 enlarges the range of Z where high NO production occurs.
This analysis shows that the switch from MRO to MR1 increases
Xno, by notably enhancing its production rate in the diffusion
flame. Another significant difference between MRO and MR1 is
that @no is now non-zero on the whole range of Y¢/Yc ., from
0.0 to 1.0 even though it remains small with dno < 0.0005s~!
for Yo /Yc ¢q € [0.15;0.8]. This means that the switch to MR1
also increases Xno, by triggering the production of NO over the
whole range of Y.

Interestingly, Fig. [I3] shows that PDFs obtained with MR1
on case B have shapes very similar to those of case A. The ana-
lysis of results obtained on MRO in Sec. showed that NO
production regions are located only in lean and rich zones of
the mixture. Instead, the mesh refinement allows NO produc-
tion across all Z values from 0.0 to 0.06. For all Z values, @no
is significantly higher with MR1 than with MRO. For example,
ONO,max 18 still obtained for lean mixture but its value doubles
from 0.0015 s~! with MRO to around 0.003 s~! with MRI.
Looking at the distribution along Yc/Yc .4, the same behaviour
is retrieved. The overall distribution of NO production zones
across the flame is thus drastically modified. These observations
help to explain why Xno, presented in Tab. [2] are significantly
higher with the MR1 than with MRO.

5 CONCLUSIONS AND PERSPECTIVES

In the present work, the optimisation of a numerical setup
using a detailed chemistry description for hydrogen-air com-
bustion is performed and validated on a two-staged, swirled
hydrogen-air burner.

The cost optimization is performed by simplifying the nu-
merical setup using the 12-step skeletal mechanism of Boivin and
using the NOMANI model to retrieve NO, emissions. This op-
timization determines a reduction of 51% in computational cost.

The resulting optimized methodology is compared to the ref-
erence methodology in terms of NO, emissions. Results show
an overall good agreement between these methodologies on NO
production zones for both simulated cases with slight discrepan-
cies around the diffusion flame front. Quantitative analysis of the
mean NO source term (o aimed at understanding those differ-
ences are then performed. Results showed that both methodolo-
gies give similar results on the major part of the mixture fraction
and progress variable spaces. Overall, NO, levels achieved for
both methodologies are close to each other. The experimental
value is well retrieved for a compact flame (ie. small diffusion
flame regions) whereas levels are overestimated for flame with a
longer diffusion flame front. The mesh refinement study showed
an important effect mainly caused by a wider spatial distribution
of NO production, especially in the diffusion flame leading to
large overestimation of NO, levels for case A. An explanation for
this phenomenon is that the assumption of fully adiabatic walls
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FIGURE 12: Case A: Comparison between MRO and MR 1 on the joint Probability Density Function of the mean Yno source term density
plotted against (Left) mean mixture fraction Z (Right) mean progress variable Yc.

in the combustion chamber may be too strong. Having wall heat
transfer could lead to a longer diffusion flame front, thus lower-
ing local temperature and NO, production. Another explanation
is that no sub-grid scale model is applied to the diffusion flame
region which can lead to a non-linear phenomenon with the cell
size refinement. These aspects will be investigated in the next
future starting from the basic conclusions obtained in the present
work.

The TFLES-FPI methodology is also tested showing a signi-
ficant gap with the experimental values and the reference meth-
odology. The production of NO, is strongly underestimated both
in terms of spatial distribution and absolute levels. However, the
approach remains able of capturing the hierarchy of pollutants
levels with a computational cost really interesting from an indus-

10

trial point of view.

Overall, the cost optimization performed in this study en-
ables an important decrease in the CPU,,y and satisfactory res-
ults in terms of pollutants. The proposed methodology can be
employed to have efficiently an accurate estimation of NO, for a
given case. TFLES-FPI instead can just be employed to screen
from an industrial point of view several configurations and obtain
a first hierarchy between concepts.
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