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ABSTRACT Jetfree

An experimental Bunsen burner with multi-grid turbu-
lent forcing is simulated with a compressible solver based
on different WENO schemes. Their built-in numerical dis-
sipation allow different (I)LES strategies: the flow subgrid
scales are always implicitly modeled by numerics, but the
premixed turbulent Methane-air flame is modeled either im-
plicitly, or explicitly by the Thickened Flame Model sup-
plemented by a new model for the subgrid scale wrinkling
factor. Results show that a low-dissipation WENO scheme - ==1
associated with the explicit subgrid combustion model pre- ~ pas=e-
dicts very well the experimental flame length. Pure ILES i
with advanced WENO schemes produces a slightly shorter D=2R
but realistic flame, provided the grid spacing is of order of i
the laminar flame thickness.

Flame surface
— averaged
— instantaneous

Figure 1. Schematic of the turbulent Bunsen burner with
multi-scale forcing.

CONTEXT OF THE STUDY

The framework of this study is the production of clean
energy from gas turbines burning syngas, a mixture of CO
and H not always well characterized since it may come
from biomass, coal gasification or various organic wastes. If
the diversity of the raw material is very attractive for these
technologies, the uncertainty on the gas composition is a
challenging problem for complete, efficient and safe com-
bustion. One way to optimize the premixed combustion of
syngas is to improve the flame/turbulence interactions, i.e.
the flame surface density. To that end, one can increase the
turbulence intensity of the premixed jet as shown by Yuen
& Gulder (2013), but simple grids hardly allow for more
than 3-4% of turbulence intensity. A previous experimen-
tal study by Mazellieret al. (2010) has shown, in the non- Figure 2. View of the burner exit with the pilot flame an-
reacting case, that a system of shifted grids with different nulus (left), taken from one optical access of the pressurized
hole sizes and blockage ratios was able to generate a homo- vessel (right).
geneous and isotropic turbulence with intensity as high as
15%. This has led to design an experimental Bunsen burner
sketched in figure 1, at laboratory ICARE, France.

The burner exit is shown in figure 2. Its inner diameter ~ flame. The jet exits into a vessel which can be pressur-
is D =25 mm and the bulk velocity iSp = 3.5 m/s. A pi- ized from 01 to 1 MPa, matching gas turbine combustion
lot flame is used to stabilize the conical turbulent premixed chambers conditions. A thorough experimental investiga-
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tion of the non-reacting flow by Fragnet al. (201%) has
demonstrated the multi-scale forcing effects on the Taylor
microscale (decrease by about 20%) and the spectral distri-
bution of energy (shifted toward the small scales, ratio up to
1.7 in the dissipative range), compared to a single grid tur-
bulence generator. Preliminary observations in the reacting
CHpg/air case have shown a deep modification of the flame
wrinkling, hence of the turbulent flame speed by this turbu-
lence generator.

The aim of the present study is to simulate numerically
this experiment. This challenging task is useful (i) to set
up a methodology for complex turbulent inlet conditions,
(ii) to confirm/supplement experimental data, (iii) to assess
the ability of different implicit large eddy simulation (ILES)
strategies to model premixed combustion.

METHODOLOGY
Overview

The ILES procedure is based on 5th order finite differ-
ence WENO schemes to solve the hyperbolic (Euler) part
of Navier-Stokes equations for 3D, compressible, multi-
species reacting flows. Different weighting strategies are
implemented: optimum linear weight (OPT), “classical”
Jiang & Shu (1996) weights (JS), “mapped” (M) weights
by Henricket al. (2005), “improved” (Z) weights by Borges
et al. (2008) (Z), and (MZ) their combination. The 5th
order WENO-JS scheme has been successfully applied to
the ILES of transonic non-reacting and supersonic react-
ing air/H, jets by Karacaet al. (2012). WENO-M, -Z
and -MZ have been evaluated by Zhetoal. (2014) on the
same test cases, showing no clear advantage of WENO-M
and WENO-Z over the classical WENO-JS scheme for this
high-speed flow governed by the dynamics of large scale
structures. However, the 5th order WENO-MZ scheme
has spectral characteristics close to WENO-JS at 7th order,
which is a desirable feature for low-speed flows. In this
study, a low-Mach formulation based on the artificial acous-
tic stiffness reduction (ASR) of Wang & Troév(2004)
is used, reducing the speed of sound by a faatee 10,
¢ — c/a, which allows larger CFL-based time-steps. Time
stepping is achieved with a 3rd order Runge-Kutta TVD
scheme. Thermodynamics is taken from Burcat & Ruscic
(2006). Viscous terms are discretized with 4th order central
finite difference. Transport properties are computed with
the EGLIB library (Ern & Giovangigli (1996)). Chemistry
is implemented as Arrhenius laws in CHEMKIN format.

Multi-scale turbulent inlet

The detailed, full, numerical simulation of the flow
through the multiple grids shown in figure 1 is out of reach
and not necessary. The idea is to start from an experimental
1D frequency spectrum measured at the outlet of the tur-
bulence generator. A block of “synthetic” HIT showing

the same spectral characteristics is generated, and injected Figure 4.

at the inlet of the computational domain, as shown in fig-
ure 3, using the low-Mach formulation of the characteristic
boundary conditions of Thompson (1990).

More precisely, given the time correlatiéh 1(7) =<
u (X, U (X,t+1) > at a point X (e.g. on the
axis) for the sampling frequenay = 2mrf = 2m/1, Tay-
lor's hypothesis gives the space correlatiQai(§) =<

/ / a g =

Uy (X, t)Uy (X + &81,t) > for the separationf = &&f by
settingé = U1, i.e. w = U1Ky, Whereul(Y) is the time-
mean local longitudinal velocity component agdthe unit

Non-reflecting open boundary
in the low-Mach formulation
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Figure 3. Sketch of the ILES setup.

vector in the mean flow direction. By varying the sam-
pling frequency, one gets the 1D spatial spectifean(Ki)

at wavenumbeK; by FFT. Then, the 3D energy spectrum
E(K), defined byk = § < uuf >= [§"E(K)dK, is obtained
from the HIT relation (Hinze (1975)):

E(K)

e (Lo "

dK \K dK

Figure 4 shows the raw experimental 1D spectrum and the
3D energy spectrum obtained from (1). Given the energy
spectrum, a 3D divergence free random velocity field is gen-
erated as described in Fedioehal. (2001). This initial
field is advanced for a few turnover times in a DNS pseudo-
spectral solver, in order to recover a physical solution of the
Navier-Stokes equations. A “cube” of HIT is then gener-
ated, that matches the spectral characteristics of the multi-
scale experimental forcing.
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1D experimental spectruf; (K;) and 3D en-
ergy spectruntE (K) obtained from (1) after filtering.

Subgrid-scale premixed combustion model
While, as shown by Zhaet al. (2014), flow subgrid
(sgs) and subfilter (sfs) scales can be implicitly modeled
by the built-in filter and dissipative properties of WENO

schemes, the flame front of (thermal) thickné@& (Tp—
Tu)/ max|OT| is generally too thin to be resolved on a LES
grid and has to be artificially thickened by a fackar The



loss in resolved flame surface is modeled by the wrinkling
factor= = Sr/S (Colin et al. (2000)) whereSr ands are

the turbulent and laminar flame speeds, respectively. In the
(flow) ILES formalism, the Favre-filtered species equation
reads

"gfa +(p0%a) =~ (F=PVEYa)  + o

=)

where @y = &g (Yg,T) is the chemical source term in
quasi-laminar formulation, i.e. computed with resolved
variables. Many models fa have been proposed in the
literature, either static (Charlett al. (2002)) or dynamic
(Wanget al. (2011)). In the present study, a new (unpub-
lished yet) sgs model proposed by Thiessegal. (2015)

is implemented. This model, derived from Charledteal.
(2002), has the form

S G ) e

wherea =2, 8 = D¢ — 2 as in fractal modeld);: fractal
dimension of the flame front\gp = F x 68 is the flame
filter width, no ~ 3L; is the outer length scalé; integral
turbulent length scale, input for the modet),is the inner
cut-off length-scale, related to the local Karlovitz number
Ka = 1¢/1x (K: Kolmogorov scale)

M — Ka 24riKa 12

3 “4)

ri = (3Cq)¥*

with Cq = $Cy, Cy ~ 2 being the “universal” constant in
Kolmogorov’s 2/3 law. The first term on the rhs of (4) ac-
counts for low Karlovitz numbers, whereas the second one
accounts for high Ka. The expression @tin (3) slightly
differs from the one of Hawkest al. (2012), and reads

riKa-1/2
Ka=2+riKa /2

3B=1+ (5)

The main difficulty is to estimate the local Karlovitz number
from the resolved field. Different expressions for Ka are

o) o (5)

where d is the diffusive thickness of the flame such that
Res = 6$/vu =1, uk is the Kolmogorov velocity scale,
and Sc= vy/Dtyelair i the Schmidt number usually as-
sumed close to unity. The last expression for Ka in (6) can
be used if a value is given to This can be achieved from

_VE/W
/8

(6)

SN
EZCET zCEKA i Ce=105 (7)

whereA andu, are the (I)LES filter width and velocity fluc-
tuation at scald\, respectively. One possibility is to com-
pute € from the subgrid scale eddy-viscosity given, e.g.,
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by the Smagorinsky model, vize = vi3y/(CsA)%, with

Cs = 0.18 andA = h = (AxAyAz)Y/3. Colin et al. (2000)
have proposed an operator cal@&, based on the Lapla-
cian of the curl of the resolved velocity field, to estimage
free from the thermal volumetric expansion across the flame
front. These two approaches have been tested in this study.

NON-REACTING FLOW SIMULATIONS

Before going to the reacting Gfir flow, three ILES
of the non-reacting air flow have been first performed, us-
ing the 5th order WENO-JS scheme. They are referred as
NR#1, NR#2-1 and NR#2-2. In each case, the computa-
tional domain is a parallelepiped and the mesh is fully struc-
tured with clustering at the burner exit. Experimental data
at 5 mm downstream the burner exit, = 0.1 MPa are
(Fragneret al. (201%)):

k = 0.6125 n#/< (turbulent kinetic energy)

Lt = 4.25 mm (integral scale, energetic eddies)
A =1.25 mm (Taylor micro-scale)

n = 0.075 mm (Kolmogorov scale)

The DNS resolution that matches these data corresponds to
330 grid points in the jet diameter. At this resolution, the
numerical simulation of a computational domain of the size
of the vessel shown in figure 2 is prohibitively expensive.
Hence, a sharp Fourier cutoff (a low-pass filter) is applied
to the spectral HIT velocity field, retaining about 90% of its
kinetic energy, so that the filtered HIT injected at the inlet
requires less grid points in the jet diameter.

In simulation NR#1, the full experimental domain is
considered, and an idealized voratdan spectrum is ap-
plied. In simulation NR#2-1, a reduced domain is simulated
with higher resolution, and the experimental spectrum of
figure 4 is applied. Simulations NR#2-2 considers a slightly
larger domain than NR#2-1, but the mesh is more clustered
at the jet exit. Table 1 gathers the characteristics of these
simulations.

Figure 5. Simulation NR#1 (non-reacting). Q-criterion at
t =0.8 s, and zoom on the potential core.

Figure 5 shows the structure of the flow in simulation
NR#1, using th&-criterion iso-surface@ = 0.01) colored
by velocity magnitude. One can see, in the center, the in-
jected turbulent field that evolves independently from the



Table 1.

Parameters of the 3D non-reacting (NR), 2D and 3D reactingjrtRilations. The time stefit is indicative.

NR#1 NR#2-1 NR#2-2 R-2D#1 R-2D#2 R-3D
Forcing spectrum  von &man expe. (3D) expe. (3D) expe. (2D) expe. (2D) expe. (3D)
Lx x Ly x Lz (m) 0.5x0.3x0.3  0.13<0.06x0.06  0.20.1x0.1 0.2x0.3x0  0.2x0.3x0  0.3x0.25x0.25
Nx x Ny x Nz 360x216x216 450<200x200 540<200x200 480<384x1 160x128x1 240x160x160
Total grid size 168 x 10° 18.0x 10° 216x 10° 184320 20480 @5x 108
Points in jeto 56 100 100 107 36 50
DXmin/N - /6,? 6- 3.3- 3.3- 3.1-0.47 93-14 6.7-1.0
aasr- CFL 10-0.8 10-0.8 10-0.8 1-04 1-04 1-0.8
At (s) 15%x10°° 0.8x10°° 0.8x10°° 054x10°7 16x1077 15x10°6
large scale Kelvin-Helmholtz structures arising from the in- [ A
flectional instability of the jet. The zoom in figure 5 in- oocf
dicates a fast decay of the HIT (the Taylor micro-scale in- '8 ® P-01MPa
creases downstream) in the potential core (lengtB D). e a :g: m:: A
Further downstream, the breakdown to turbulence combines @  WENOS-NR#2-1 ®
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Figure 6. Simulation NR#2-1 (non-reactind)-criterion
colored by velocity magnitude &t= 0.14 s near the injec-
tion (left), and detail of the inner structure of the jet (right).

Figure 6 is a visualization of the flow in simulation
NR#2-1, in the injection region. Compared to NR#1, more

detailed structures can be observed since the grid is refined.

The evolution of kinetic energy on the jet axis in NR#2-1
and NR#2-2, is displayed in figure 7, in comparison with
experimental data of Fragnet al. (201%). Although the
axial decay is faster than in the experiment, the length of the
potential core, where production is negligible, is quite well
predicted. The typical grid resolution of NR#2-1 or NR#2-2
(= 100 points in jet) will be retained for 2D reacting flow
simulations.

The CPU time for 0.8 s of physical time in simulation
NR#1 is 36378 h on 108 Inf8l Sandy Bridg® E5-4650
8-cores @2.70 GHz computational nodes (864 cores), cor-
responding to a wall-time of 42 h. The CPU time for 0.14 s
(resp. 0.16) of physical time in simulation NR#2-1 (resp.
NR#2-2) is 25200 h (resp. 31970) on 720 (resp. 864) cores
(wall time 35 h (resp. 37)).
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Figure 7. Simulations NR#2-1 and NR#2-2 (non-
reacting). Turbulent kinetic energy along the jet axis.

REACTING FLOW SIMULATIONS

As a first step, the reacting air/GHexperiment at
equivalence ratiop = 0.8 and P = 0.1 MPa is consid-
ered. The single step irreversible methane oxidation scheme
givenin Wanget al.(2011) is retained. Ap = 0.8, the lami-
nar flame velocity, the flame thermal thickness and the adia-
batic burnt gas temperature are respecti@lyt 0.287 m/s,
8% = 0.5 mm andTy, = 2015 K. Further work will con-
sider the skeletal Methane-air mechanism of Smooke &
Giovangigli (1995) (16 species, 35 elementary reactions),
before going to air/kldCO combustion using the 12 species
(discarding Ar and He), 38 reversible reactions mechanism
of Daviset al. (2005).

2D simulations: (I)LES strategy

For reasons of CPU cost, the different (I)LES strategies
are first evaluated in 2D simulations, in a computational do-
main of sizeLx x Ly = 0.2x 0.3 m. The transverse size
Ly has been increased, compared to NR#2-2, because the
flame is flapping and interacts with side boundaries, lead-
ing to possible numerical instability. As a consequence, the
mesh has been also modified. A fine grid, R-2D#1, has been
built, which can almost resolve the flame front (2 points in
q‘_)) and serves as a reference. A coarse grid, R-2D#2, has
also been generated by taking one point over three from grid
R-2D#1. Their parameters are summarized in table 1. Sim-



ulations on mesh R-2D#1 have been performed with the 5th
order WENO-OPT, MZ and JS schemes, sorted from the
less to the most dissipative. Flame thickenig=1 (no
thickening), 3, 6 and 12 have been applied, in association
with the premixed combustion model,in (6) being com-
puted fromviys (but vigsis notapplied: ILES for flow dy-
namics). The case = 1 with WENO-OPT leads to stable
simulations on grid R-2D#1, so it is not far from a DNS
due to the low dissipation of the scheme (subfilter resolu-
tionr =A/h=15/13~1.1539, Zhacet al.(2014)). It was
however unstable on grid R-2D#2.

Figure 8 gathers instantaneous visualizations of the
temperature progress variable. The first two rows corre-
spond to R-2D#1, the third row to R-2D#2 and the last row
to the experiment of Fragnet al. (201%). The horizon-

tal dashed line shows the experimental mean flame height,

which is about 55 mm. In the first raw, the effect of flame
thickening on the WENO-OPT simulations is apparent. The
second row shows that it is corrected by the combustion
model. The three cases F=1 (OPT, MZ and JS) produce
similar flame lengths, close to the experiment.

OPT +SGS OPT +SGS OPT +SGS

F=12 F=6 F=3
R-2D#1

R-2D#1 R-2D#1

OPT +SGS OPT +SGS OPT +5GS
F=12 F=6 F=3
R-2D#2 R-2D#2 R-2D#2

Figure 8. Progress variable for different 2D (I)LES strate-
gies. Lower row: experimental flame front at 5 different
times,p=0.8,P = 0.1MPa.

Results on the coarse grid R-2D#2, displayed on the
third row, show that large eddy simulations with the explicit
sgs combustion model provide realistic flame lengths, what-
ever the thickening factor. ILES without any explicit mod-
eling produces a too short flame, hence a too I8ghlue
to excessive numerical dissipation. This is particularly true
for WENO-JS. However, WENO-MZ is not so far from the
experiment.

3D simulations (work in progress)

The previous 2D simulations have shown that grid R-
2D#2 is too coarse for ILES. On the other hand, grid R-
2D#1 is too fine to be extended to 3D, for the available com-
putational resources. Hence, an intermediate mesh R-3D
has been built (see table 1). Calculations have been per-
formed with WENO-OPT /F = 6, both without the sgs
combustion model, and with the sgs model in whiks
computed either fron®R, or from the Smagorinskylggs
This latter case produces a flame wrinklifg= 1 therefore
the model is almost inactive. The two left-most sub-figures
in figure 9 show the (small) effect of the sgs model. The
two right-most show that WENO-OPTH = 1 is stable on
the 3D grid, and that ILES produce a two short flame on this
grid (= 1 point in&2).

OPT +SGS
F=6
R-3D

Figure 9. Progress variable for different 3D (I)LES strate-
gies. Slice in the symmetry plane. The sgs model (2nd
subfigure from the left) is computed with opera@m®.

Figures 10 and 11 show the structure of the flow for
the “best” WENO-OPT /F = 6 with sgs OR,), and the
“worst” WENO-MZ / F = 1, cases respectively, at the same
scale. The decay of injected turbulence is visibly faster for
the more dissipative WENO-MZ than for WENO-OPT. It
has also been observed in these simulations that for WENO-
OPT /F = 6 with sgs, the (thickened) flame is distorted by
turbulence but is stable, i.e. it stays at the same average lo-
cation. For WENO-MZ F =1 on the other hand, the shape
of the flame does not change much in time but the flame is
flapping. This may generate the small-scale structures ob-
served in the free shear layer of the burnt gas jet.

Figure 10. WENO-OPT F = 6 + sgs OBR). Q-criterion
colored by, (left), and inner structure of the flow (right).
The flame surface is materialized by the: 0.5 iso-surface
(mainly yellow), colored by the reaction rade,., .



Figure 11.

Same as figure 10, WENO-MZ = 1 (ILES).

CONCLUSION

This study has shown that the numerical dissipation
of higher-order shock-capturing methods can lead to sta-
ble and realistic implicit large eddy simulations of turbulent
premixed combustion on relatively coarse grids. The grid
spacing must be about one laminar flame thickness to avoid
excessive smearing of the diffusion layer. Under-resolution
produces a too high flame speed, hence a too short flame
length. However, explicit modeling associated with a low
dissipation scheme leads to better results, in accordance
with experimental data. Work is still needed to understand
the intricate interactions between numerics, flow turbulence
and flame wrinkling.
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