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Abstract

An example of Partially Stirred Reactor (PaSR) models application within RANS framework to the
description of flows with turbulent combustion is presented. P. Magre et al. experiment of a
methane/air premixed combustion in a subsonic flow in duct with a reverse step is simulated
numerically. The focus is on Turbulence/Combustion Interaction contribution, on the analysis of
combustion stabilization mechanism and on arising in calculations oscillations study. Influence of
turbulent transport coefficients is considered. The simulation results are compared with the experiment
and with calculations by other authors. Preliminary results of LES calculations are presented.

1. Introduction

Turbulent combustion simulation is one of the least understood problems of fluid and gas mechanics. The description
of turbulent flows without combustion has now achieved significant success. Many turbulence models have been
developed to describe flows within the framework of Reynolds equations (RANS — Reynolds Averaged Navier —
Stokes Equations). Great achievements have been made in direct numerical modeling of large-scale turbulence (LES
— Large Eddy Simulation). But the problem of turbulent combustion is still far from a satisfactory solution — despite
the fact that research in this field has been underway for almost 80 years (Damkoler’s first theoretical work [1] was
published in 1940).

This is largely due to the specifics of the problem, where the main role is not played by turbulent diffusion processes,
which are played mainly at the level of large turbulent vortices, but by molecular mixing processes occurring at the
level of the smallest turbulent structures close to the Kolmogorov scale. There is an acute problem of creating
physical and mathematical models that correctly describe components mixing, heat diffusion, combustion ignition,
stabilization and extinction. It is worth noting the importance of Turbulence/Combustion Interaction (TCI) correct
description and the ambiguity in choosing the optimal approach for simulation of flows with heat release, especially
for high-speed flows. Of particular difficulty are mixed combustion regimes, in which there are areas with different
flame stabilization mechanisms. A detailed discussion of turbulent combustion problem can be found in books [2-6].

To date, various approaches for TCI account have been developed: statistical methods (the method of moments,
probability density function method), microlaminar flames models (flamelet), and many others (see, for example,
[2-7]). In current work different variants of Partially Stirred Reactor model (PaSR) are used. An example of the
application of these models to description of turbulent combustion flows is presented — simulation of the
P. Magre et al. [8] experiment on combustion of subsonic premixed methane/air mixture in a channel with a reverse
step. The simulation results are compared with the experiment and calculations of other authors. The focus is on TCI
contribution, on the analysis of combustion stabilization mechanism and on arising in calculations oscillations study.

Copyright © 2019 by A. Shiryaeva, A. Troshin, V. Vlasenko and V. Sabelnikov. Published by the EUCASS association
with permission.
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2. Used models and methods

Numerical simulation of flows was carried out on the basis of the full system of Reynolds equations for unsteady
three-dimensional turbulent flows (URANS) of a multicomponent viscous gas (a mixture of perfect gases) with non-
equilibrium chemical reactions. A finite-volume 2" order of accuracy numerical method [9] was used. An explicit
Godunov-Kolgan scheme was used for convective fluxes, a central difference scheme for diffusive fluxes, and a
local implicit approximation for the source terms. The equations are closed by a certain kinetics model and a
differential turbulence model. g—® Coakley turbulence model with compressibility corrections and a transition
function for coefficients switch between the near-wall and free-turbulence regions [10] is used.

Two approaches were used to calculate the time-averaged chemical reaction rates. In the first approach, TCI was not
taken into account, and the reaction rate was calculated by the usual Arrhenius formulas, into which the average flow
parameters are substituted. Below this approach will be called “without TCI account”.

In the second approach, Partially Stirred Reactor models (PaSR) are used. In these models, it is assumed that at large
Reynolds numbers, molecular mixing, heat transport, and chemical reactions occur mainly in the so-called “thin
structures”, associated with the smallest turbulent vortices. These structures are considered as homogeneous reactors,
where the reaction proceeds continuously. Molecular diffusion supplies fresh mixture to the thin structures from
surrounding space, and also removes the reaction products from them. In addition, because of molecular diffusion,
heat transport occurs between the thin structures and surrounding space. The main parameters of the model are fine

structures volume fraction y* and characteristic residence time of gas in the reactor .

The basic variant of PaSR model is taken from [11]. It is based on the assumption that the reaction time in thin
structures is much shorter than the characteristic time of the average flow. Then the state in thin structures is quasi-
stationary and is described by an algebraic system of equations:

S Y =Y

where subscript * corresponds to thin structures, 0 — to surrounding space; p - density, Y; is mass fraction of

i component; h” = ZiYi*hi (T7) is enthalpy of mixture (enthalpies of separate components, h;(T), include the
chemical energy); S; = —mizk vieW,, is the source term in equation Yi*; m; is molecular weigth of i*" component;

W, (T,Y,p) is speed of k™ reaction [mole/(m3-s)]; v;, is stoichiometric coefficient in the equation of k™ reaction.

0= hO;Yi0 are gas parameters in the space, surrounding the thin structures:

fo PP S
PV P
Basic parameters of the model, y~ and ", are expressed as follows [12]:

y* — Tchem . T* — ‘\/H (1)

L
Tchem +7

where 7, ~./v/e is Kolmogorov scale, 7, ~1/w is turbulence macroscale (v, &, @ — kinematic viscosity, average

turbulent energy dissipation rate and characteristic frequency of turbulent fluctuations), and < is characteristic

chem
time scale of chemical processes. It is usually assumed than . ~d, /S, , where S_and J, ~v/S, are respectively

characteristic speed and thickness of a laminar flame front.

chem

In [13] the “Extended PaSR Model” (EPaSR) was proposed. In this model the parameters in thin structures
(temperature and mass fractions of components) are described by a system of partial differential equations, taking
into account the varuation of thin structures in time and their transport in space:
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Here E*=UmUm/2+k+e* is total energy per unit mass (k is kinetic energy of turbulence); Tmj is summary
diffusive flux of momentum (sum of viscous and turbulent stresses); q’; is summary diffusive flux of heat due to

gradients of temperature T Jﬁ is summary diffusive flux of mass of i"" component; due to gradients of Yi*.

Parameter 7~ is calculated through the second formula in (1), and ;/* is found from the following equation:

oy p )+i[]/*p*ﬁj]=m, m:_p*ﬂ/ _*Veq’
an T

ot

where y:q is calculated through the first formula in (1). Additional terms in Eq. (2), depending on m, are related to

mass transition from the surrounding space into thin structures and back.
Once the characteristics of thin structures are determined, source terms in equations for average mass fractions Y;

are calculated as S, =7"S; .

3. Experiment by P. Magre et al. and its numerical simulation

P. Magre et al. experiment (ONERA) [8] is devoted to the study of subsonic premixed combustion of methane-air
mixture, heated by an electric heater, in a duct of constant width 0.1 m with a backward-facing step — see fig. 1. A
homogeneous in composition fuel/oxidant mixture with an equivalence ratio being equal to 0.8 arrives at the channel
with the inflow velocity u~50 m/s and temperature T~525 K (Mach number M~0.1). The turbulent fluctuations level,
measured at a distance 0.15 m upstream from the step, was 11% of the average flow velocity in the experiment.
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Figure 1. P. Magre et al. experiment [8]: a) scheme of A3C test bench along with optimal diagnostics
and b) backward-facing step dimensions
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In the experiments, the temperature and velocity profiles were measured by non-intrusive techniques (CARS and
LDA). Numerical simulation of this experiment within the framework of two-dimensional RANS equations, closed
by the k-1 turbulence model, is described in details in [12], both without accounting for TCI and with EPaSR model.

In the present work, the RANS calculations were performed also in 2D flow approximation (the grid contained one
large cell in the 3¢ lateral direction). The flow profiles in the inlet section were obtained from the numerical
simulation of the flow in the duct upstream from the inlet. Herewith the values of velocity u=58 m/s and turbulent
parameters q~7.5 m/s, ®~67.5 Hz were obtained in an inviscid core of the flow. A constant pressure p=1 bar was set
at the right border of the main duct. In the output and input sections, soft boundary conditions were applied, based on
the analysis of Riemann invariants. In the experiment, the walls were cooled, but the temperature of the walls was
not measured. So, as well as in the calculation work [12], the duct walls were assumed to be heat insulated.

On the basis of a series of calculations without reactions on several nested meshes, a coarse one was chosen, for
which the influence of mesh resolution on the solution could be neglected. This coarse mesh (see fig. 2) was used for
the first calculations with combustion. It contained a total amount of 13 311 cells, 38 cells for the step height, 36
cells across the main flow and 167 cells along length of the chamber from the step. Minimum cells size near the step
and near the upper wall was Ax~1.16x10" m and Ay~6.4x10* m, accordingly.

Figure 2: P. Magre et al. [8] experiment modeling: coarse mesh (general view and mesh in the step vicinity)

In this task, the wave mechanism of flame propagation due to thermal conductivity plays an important role.
Therefore, the kinetic scheme of methane combustion in air, recommended in [14], was used. To initialize the
combustion process, a high temperature and combustion products were set in the initial field. The flow development
was resulted in formation of a quasi-periodic regime with weak fluctuations of parameters (about 1%). The flow
fields were averaged over the oscillation period in order to be compared with the experimental data.

3.1 PaSR models application

In fig. 3 the temperature fields obtained in three calculations are compared: without TCI account and based on the
PaSR and EPaSR models. TCI account changes significantly the flow pattern. The PaSR model, which does not take
into account the fine structures transport over space, has generated a nonphysical S-shaped flame structure near the
step. In the case of EPaSR model, this defect is carried down by the flow.

Fields of the fine structures volume fraction y* are presented in fig. 4. In all the calculations y*~0.9 near the bottom
wall, so the solution should be close to the calculation without TCI. In the inviscid core of the flow y*~0.5, at the
upper wall upstream from the flame y*~0.7. In these areas TClI is revealed much stronger.

Temperature profiles in three channel cross-sections are given in fig. 5. Upper row of graphs (a) corresponds to the
calculations without TCI account and lower row (b) was obtained using PaSR models. The numerical simulations are
compared with the experiment and with the calculations from [12] in a similar formulation.
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The authors results without TCI account are closer to the experiment than the results of [12]. The temperature
overestimation near the lower wall, observed in all sections, is related to inaccurate simulation of heat transport
conditions.

In the step vicinity the PaSR models did not improve the calculation accuracy. The curve corresponding to PaSR is
shifted away from experimental data. But downstream, at a distance from the step, both PaSR models allowed to
noticeably approach the experiment in comparison with calculation without TCI account. For an objective
assessment of this improvement, an error of some flow parameter f calculation in each section of the duct was
estimated:

comj ex| 2
o= ZiNzl(fi - p)
N '-g;a)'(\‘(fiexp)z !

where N is the number of experimental points in a given section of the duct. In the flow region with y* <0.7 the

temperature determination error was decreased by 1.8-2.7 times for EPaSR model compared to the calculation
without TCI account. The velocity determination error was decreased by 1.7 times for EPaSR. The obtained results
are at least not worse than results from [12], obtained in a similar formulation.
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Figure 3: P. Magre et al. [8] experiment modeling: averaged temperature T [K] fields in calculations
without TCI account and based on PaSR and EPaSR models
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Figure 4: Fine structures volume fraction y* in calculations based on PaSR and EPaSR models
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Figure 5: Temperature profiles [K] in sections x=0.1 m, x=0.25 m and x=0.34 m:
a) calculations without TCI account; b) calculations based on PaSR and EPaSR models

Figure 6 shows the fields of Damkohler Da =z, /7,,, and Karlovitz numbers Ka =1, /7. At T =525 K, the

kinematic viscosity of the mixture is 4x10° m?/s. In our conditions for reactive backward-facing step flow, the

chem

laminar flame speed is S, ~0.9m/s and the flame thickness is &, ~5.5x10™ m. So the chemical time scale is

Tgem ~ 6x107° s. The graphs show the distribution of Da and Ka along the flame front. It can be seen that in the

region of reactions Da>>1 and 1<Ka<100. Consequently, one can conclude that this is a regime of thickened flame,
where small eddies of the turbulence disturb the internal structure of the flame, causing its thickening. It justifies the
applicability of PaSR class models for this flow.
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Figure 6: Damkholer (Da) and Karlovitz (Ka) numbers in the calculations
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3.2 Flame stabilization mechanism in P. Magre et al. experiment

In an earlier paper by the authors [15], an attempt was made to explain the flame stabilization mechanism obtained in
the numerical simulation of this experiment. This analysis was based on calculations carried out on the described
above coarse mesh without taking heat exchange on the chamber walls into account. Far from the step in the
calculations, as in the experiment, the wave mechanism of flame propagation was detected, because almost stationary
flow of a uniform mixture is realized. But in the vicinity of step the combustion stabilization mechanism, observed in
the calculation, did not correspond to real flow pattern with the wave propagation combustion mechanism. In
particular, in the region behind the step (x<0.25 m) the heat release rate in the flame front was approximately an
order of magnitude higher than for x>0.3 m. But the slope of the flame front near the step implied a decrease in Sw (if
the flame front would be a combustion wave).

In the book by L.N. Khitrin [16] it is stated that a combustion wave can stabilize in the flow only if there is a
stationary ignition region (an ignition source or an area, where the full flow velocity equal to Sw is maintained due to
device geometry). Hence, in the vicinity of the step, the flame front in the calculations was not a burning wave and in
the region of 0.25<x<0.3 m, there was a transition from one way of flame stabilization to another.

One aspect obtained in our calculations but physically impossible was the flame stabilization in the immediate
vicinity of the wall — it was “clinged” to it. On the one hand, it was caused by the lack of heat exchange on the walls
(in the experiment the walls were cooled but the measurement data was not enough to set correctly the boundary
condition), and on the other hand, with insufficient grid resolution near the step.

In order to estimate approximately the effect of walls cooling, calculations were performed with a given constant
temperature on the wall — options T,=1000 K, 800 K, 600 K were considered. In fig. 7 you can see the temperature
profiles obtained in these calculations for the same sections as in fig. 5. Heat transport consideration allowed to
improve the flow description near the walls — the profiles became closer to the experimental points. Variation of the
wall temperature within the considered range appeared to be not very essential.

T(K), x = 0.1 T(K), x = 0.34
22005 CPX=0Am 2200 0.cp T (KX =0.34m
g Calculations
2000 (EPaSR): 2000
J— Insulated
1800 T =1000 K 1800
Tw= 800 K
1600 T G0k 1600
-0~ ONERA

& & [Experiment

1200 1200
1000 1000
800 800
600 600

-0.02 0 0.02 0.04 0.06 2002 0 002 004 006 2002 0 002 004 006
y, m y.m y.m

Figure 7: Temperature profiles [K] in sections x=0.1 m, x=0.25 m and x=0.34 m with set wall temperature

For a more detailed description of the flow structure in the step vicinity, calculations were performed on a more
detailed mesh (mesh “refst”), which contained an area of size Ax~Ay~h/2 right and left from the step corner with
square cells of the size Ax~Ay~1.56x10*m (see fig. 8). In total the grid contained about 130 000 cells. It had
134 cells in y direction across the step height and 156 cells across the main stream and 341 cells in x direction along
the duct length from the step towards exit. The minimum cells size on the upper wall was Ay~4.25x10 m.

The temperature profiles obtained with EPaSR model on two computational meshes are compared in fig. 9 (the same
sections as before are used). Overall, the improved grid resolution did not lead to big changes. Profiles mesh “refst”
are closer to the calculations “ONERA” from [12].
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Figure 9: Temperature profiles [K] in sections x=0.1 m, x=0.25 m and x=0.34 m: mesh influence

In fig. 10 one can see the decimal logarithm of the rate ¢ of heat release along the streamlines calculated on a “refst”
grid with a given wall temperature T,=800 K. It is calculated using the average flow field following the formula [17]:

ZWk Qx

P(x,y) = V]

where Q is heat effect of ki reaction [J/mole], p — density, and |V | is gas velocity. It can be seen that in these

calculations the flame does not “cling” to the wall — there is a gap between the wall and beginning of intense heat
generation.

Fields of the instantaneous (non-averaged) heat-release rate along streamlines are depicted in fig. 11 a-b for two
time moments. It is apparent that there are moments when fresh mixture flows into the recirculation area behind the
step (fig. 11, a), and there are moments when the hot burned mixture with the reaction products flows out of this area

! Strictly speaking, the use of the formula for ¢ [20] is justified only for a stationary flow, but for a qualitative
demonstration it is also reasonable in nonstationary case
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(fig. 11, b). Thus, the recirculation region works as a spark plug sustaining combustion in the channel. The flame
front position is stationary on average, but periodic oscillations over the mid-position take place. These oscillations
are probably related to large eddies arising in the mixing layer because of Kelvin-Helmholtz instability. Naturally, in
RANS calculations this process is distorted by eddy viscosity, created by the turbulence model.

6 6.5 7 7.5 Bws's 2 Heat release rate (Ig10)
y,m i i
0
0.005
'001 T i

0 0.005 0.01 0.015 ] 0.02 x,m
Figure 10: Decimal logarithm of heat release rate along the streamlines ¢ for the average flow field

N

6 6468 72 76 8 84 8.8

- R b)
Figure 11: Instantaneous fields of the heat release rate along the streamlines ¢ near the step
with velocity vectors at some points: a) fresh mixture inflow and b) hot products outflow

3.3 Flow oscillations in the calculation and mesh convergence of time-averaged field

For a detailed study of fluctuations in the flow, several control points were selected (see fig. 12), where the statistics
were gathered. At each time step the values of all gas-dynamic parameters were recorded at these points. In addition,
mass flow rate was calculated through the entry and exit sections — Genry and Gexit. Time dependencies of these
values are shown in fig. 13. Cyclical fluctuations with a period At~2.85x10 sec are traced (which corresponds to
frequency ~3.5 kHz).

Variation of static pressure in the points 1 (near the duct entrance), 2 (near the flame front) and 3 (near the duct exit)
is shown in fig.14. Oscillations with period At~2.85x10 sec, related to global oscillations of mass flow rate, may be
detected in all three points. However, in points 1 and 2 one may find also oscillations with twice higher frequency.
Possible source of these oscillations may be found in fig. 15, where sequential fields of longitudinal velocity are
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presented. This figure reveals perturbations, moving along the boundary of separation past the step. This process is
repeated after approximately At~1.45x10 sec, that corresponds to second frequency in points 1 and 2. It is most
probable that these perturbations are resulted from periodical coming of the fresh mixture into the separation that was
obvious from fig. 11. These perturbations lead to oscillations of the whole flame front that can be seen in point 2.
Pressure oscillations in the point 3 are strongly smoothed because of the grid coarsening towards the duct exit.
Additional calculation without chemical reactions has been performed. In that calculation, oscillations have also
occurred initially, but finally they damped out. Thus, it is shown that the oscillations are maintained by combustion.

Entry section
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2

Figure 12: Control points and sections position
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Figure 13: Mass flow rate oscillations (mesh “refst”)
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Figure 14: Mesh “refst”; oscillations of pressure at control points 1-3
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Figure 15: Mesh “refst”: longitudinal velocity fields for several sequential time moments

To study the solution mesh convergence and oscillations mesh dependence, several more computational meshes were
considered. For described below LES calculations, a mesh was constructed without refinement to the walls. It
contained about 85 000 cells, 208 cells (in y direction) across the step height, 112 higher across the channel height,
1 000 cells in x direction for the channel length. This grid contained almost square cells (Ax~Ay~3x10* m) behind
the step up to x<0.1 m. The mesh step in y direction was constant everywhere. This mesh was better refined in x
direction than mesh “refst” in the region 0.05 m<x<0.6 m. RANS calculations were held on this mesh with only one
cell in z direction — it will be called “LES” mesh.

Besides, a detailed fine mesh grid was constructed. It was obtained from mesh “refst” by adaptive refinement and
contained about 240 000 cells. This mesh better than the others resolved almost all areas, with the exception of the
area 0.26 m<x<0.6 m, where “LES” mesh had smaller x-steps. The detailed fine mesh contains 194 cells across the
step height, 156 cells across the channel height and 600 cells for the channel length.

Periodic high-frequency oscillations, analogous to depicted in figs. 13-15, were obtained on every mesh. But the
frequency was mesh dependent. The time-averaged solution obtained on each of the meshes differed little from one
another. In fig. 16 temperature profiles in the same sections as earlier, obtained in the calculations without TCI are
shown. It can be seen that only the curves obtained on the coarsest grid are a little more detached from the rest.

11
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Figure 16: Temperature profiles [K] in sections x=0.1 m, x=0.25 m and x=0.34 m: mesh convergence

3.4 Turbulent transport influence in calculations

So far the authors failed to approach the experiment at a cross section x=0.1 m at 0.02 m<y<0: neither taking TCI
into account, not mesh refinement, nor heat transport on the wall description did not affect the flow in this area.
Another possible impact tool is turbulent transport description, in particular, turbulent Schmidt number Sc:
adjustment. In order to estimate a possible effect from changes in this parameter, parametric calculations were
performed with different but fixed during the whole calculation values of Sc.. The results of these calculations are
shown in fig. 17, a (Sce>1) and fig. 17, b (Sc<1). It can be seen that turbulent transport description had a noticeable
effect on the flow. With Sc=1.3...1.5 an improvement was achieved in agreement with the experiment in the marked
area in fig. 17, a. Reducing the value of Sci<1 allowed to get closer to the experimental points in the cross section
x=0.34 m, worsening the agreement in other sections (fig. 17, b). Probably the use of models with variable turbulent
Schmidt number Sc; values could allow to achieve further improvements in agreement with the experiment.
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Figure 17: Temperature profiles [K] in sections x=0.1 m, x=0.25 m and x=0.34 m: a) Sce>1; b) Scy <1
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3.5 LES calculations

LES calculation of the same configuration and flow conditions was organized. A structured multiblock mesh was
used containing 6.8 million cells. It was based on described above mesh “LES” extruded in lateral (z) direction. The
computational region occupied a strip Az=0.05 m (half of the real lateral width of the chamber), periodic conditions
were set on the borders. There were no mesh refinement to the chamber walls; wall functions were used on the
boundary. The boundary conditions were set in the same way as in the RANS calculations.

To calculate the convective terms of the equations in eddy-resolving calculations, the upwind WENO5 scheme [18]
with the MP monotonizer [19] was used. Time marching was performed with explicit two-step scheme with global
time stepping. The IDDES model based on SST [20] was used with shear layer-adapted length scale [21] as a hybrid
turbulence model. In-house code zFlare was employed for calculations.

The calculation simulated the time interval At=0.06 s, the flow was allowed to reach statistically stationary flow for
0.02 s and afterwards it was averaged and statistics was collected during 0.04 s. The grid was divided into 128 blocks
and same number of HPC cluster processor cores were used. The characteristic calculation time was 1 week. In
fig. 18 one can see instantaneous and averaged temperature fields in z=0 plane.

The results presented in this paper should be considered as preliminary. At present, averaged temperature profiles are
compared with RANS calculations on mesh “LES” and experiment in the same 3 sections as before (x=0.1, 0.25, and
0.34 m) — see fig. 19. As can be seen, the slope angle of the time-averaged flame front in the LES calculation is
underestimated. As a result, the discrepancies between LES solution and experiment grow downstream. It will be
further studied what improvement can be reached with the thickened flame model [22], low dissipative numerical
schemes [23] and considering lateral wall (z=const) boundary layers.

B | | e - [a.

| T: 500 600 700 800 900 1000 1100 1200 1300 1400 1 500 1600 1700 1800 1900 2000 -2100 2200 2300 ‘

[

a) 01 -0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

b) 01 0.05 0 0.05 0.1 0.15 0.2 025 03 0.35
Figure 18: a) Instantaneous and b) averaged temperature fields in LES calculations
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Figure 19: RANS vs LES calculations: temperature profiles [K] in sections x=0.1 m, x=0.25 m and x=0.34 m:

4. Concluding remarks

In simulation of P. Magre et al. experiment the TCI account with EPaSR model allowed to obtain turbulent flame
structure and position close to experiment. Improved grid resolution and more accurate consideration of heat
transport on channel walls allowed to approach the experiment in flame stabilization mechanism description in the
vicinity of the step.

Cyclical fluctuations, related to global oscillations of mass flow rate, were detected in the flow. However, also
oscillations with twice higher frequency may be found. It is most probable that these perturbations are resulted from
periodical coming of the fresh mixture into the separation. These perturbations lead to oscillations of the whole flame
front. It is shown that the oscillations are maintained by combustion.

Turbulent transport description has a noticeable effect on the flow. Considering models with variable turbulent
Schmidt and Prandtl numbers remains the task for the future investigations.

The slope angle of the time-averaged flame front in preliminary LES calculation was underestimated. In further LES
studied thickened flame model, low dissipative numerical schemes and lateral wall (z=const) boundary layers will be
considered.
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