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Abstract. The simulation of a turbulent reacting flow in a channel with obstacle carried out experimentally, was repro-
duced using a numerical model with large eddy simulation, with turbulent and combustion model for premixed flame Xi,
present in OpenFFOAM. Both inert flows and reactive flows simulations were performed. In the inert flow, comparison
with velocity profile and recirculation vortex zone in unsteady flow was performed, as well as an analysis of the energy
spectrum obtained numerically. The spectrum was obtained in order to confirm if the mesh is adequate for the turbulence
models adopted. The simulation with reacting flow considered a pre-mixture of propane (C3HS8) with air such that the
equivalence ratio was equal to 0.65, with a theoretical adiabatic flame temperature of 1800 K. The results show good
agreement with the experimental data.
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1. INTRODUCTION

In the context of turbulent reactive flow simulation, models have achieved a great development in recent years with
the improvement of computer power. This development allowed more accurate solutions of problems such as instability
caused by thermoacoustic coupling in combustion chambers of rocket engines and gas turbines. On the other hand, in
analysis of turbulent combustion and models for such phenomena is observed that the behavior of the turbulent flame front
is predominantly dictated by the turbulence (Peters, 2000).

Added to this the fact that the phenomena of combustion instability are directly related to interaction with turbulence
combustion, and these to acoustics (Wolf er al., 2009). Therefore it becomes mandatory that the turbulence model
be able to reproduce these dynamic processes, which are mainly produced by large scale turbulene. In this sense the
purpose of this study is to evaluate the OpenFOAM open source software, which contains turbulence models for large
eddy simulation (LES) and premixed turbulent flames, to simulate a turbulent flow, inert and reactive. It is proposed to
compare the numerical results of the present work with experimental results obtained by Sanquer (1998).

In this paper we present results of numerical simulations with LES in two and three dimensions in order to simulate
inert and reactive flows an compare with experimental results obtained by Sanquer (1998). The two cases consist of a
flow channel of rectangular cross section with triangular section obstacle and the Reynolds number, based on the side
of the triangle equal to 6690. We tested several types of meshes and various types of turbulence models to see which
performs better in the simulation compared with experimental values.

Many researchers have been conducted Reynolds Averaged Navier Stokes (RANS) methods for reactive flows behind
bluff bodies, but important discrepancies were observed due to shortcomings inherent in the RANS methodology, espe-
cially in complex flows (Bai and Fuchs, 1994; Dourado, 2003). In LES, the three dimensional large scale motion is
resolved, hence the non-universal, geometry dependent flow features are captured accurately, and only the small scales
that exhibit local isotropy are modelled, Porumbel (2006) who development the bluff body with the Linear Eddy Mixed
(LEM) model in premixed Flame, founded good agreement with the experimental.

2. Problem Formulation

The Favre filtered LES equations are Fureby (2009):
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The filtered LES equations have terms that reflect the effects of unresolved scales on resolved scales of motion, and the
result of the filtering processes are here denoted by the terms B, b; and bg. Also — and ~ represent the spatially filtered
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quantities and Favre averages respectively, p is the density, v the velocity p thconcordane pressure, S are the stress viscous
tensor, E = h—p/p+ %vz represent the energy, h entalphy h is the heat flux vector and Y7, j; and w; the weigth fraction,
difussion weigth and the reaction rate of ith species. In sum, the equations of filtered Navier-Stokes contains several terms
without closing that must be modeled:

B :ﬁ(v@v—v@v)
b; = ﬁ(vY —¥Y;) (2)
bg —p(vEfvE)

On the basis Grinstein and Kailasanatha Grinstein and Kailasanath (1994) assumed that the gas mixture viscosity is
linear, with heat conduction according to Fourier law and diffusion by Ficks law, the constitutive equations and the level
of sub-grid:

S~ 2uDp (3)

where Dp is the deviatoric part of D = %(V(I +vvT)
h~kVT “)
j; ~ D;VY; (5)
The state equation are:

p~pRT Y (Vi/M,) (6)

Where T is the temperature and R is the gas constant. The viscosity, i is modeled by Suterland’s law and species and
thermal diffusivities are D; = u/Sc¢; and k = pu/ Pr, respectively, where Sc and Pr are the Schmidt numbers and Prandtl
numbers respectively. The total energy filtered result in:

- 1 -~
=R =P/t 3V +k 0

Alsok =1/ 2(\75 — v2) that is the cinetic energy of sub-grid and the filtred:

T
h=> _(V;hi )+ (Y / C,.+(T)dT) (8)
i i o
from which 7T results.

2.1 Combustion model

To close these equations we need models for the sub-grid scale (SGS) stress tensor, flux vectors, dissipation and
reactions rates. A one-equations eddy-viscocity model is used in this study (Fureby et al., 1997). This model based in
flamelets, in wich the flame is considered thin compared to the length scales of the flow, and is hence an interface between
reactants and products. Using a conditional filtering to generate transport equations that differs from conventional models
that use the flame surface density, generate a surface function = called wrinkling surface, which is the flame surface area
per unit area resolved in the mean direction of propagation. The principle difficulty in reacting LES is the proper treatmen
of the reaction zone; since the characteristic scales for the reactions processes are below the filter width, them, mean
reaction rate models are required. By conditioning the continuity equation, treating only unburned gases state before
filtering, we obtain a transport equation for the resolved part of the unburned gas mass fraction, or regress variable b
(Weller et al., 1998). Also the velocity v been changed to U and for this model becomes, Uy = U 4+v,n_ where Ug is the
full velocity on an interface consisting of the movement due to advection term and the advance of the interface relative to
the flow.

9pb . _
S+ VpUb) = ~5,5.5|V ©)

Where — and ~ represent variables filtered and weighted by the density respectively. The volumetric fraction of
unburnt gas b is related to b by pgb = 7b and = is a sub- grid flame wrinkled, and has also modeled the forward term

of the interface on the flow “pv, resulting in the filtering process in terms of laminar flame speed S, and unburned gas
density p,,. The conditional filter of unburned gas velocity ,,is modeled using Uy = U + (1 — b)Up, where Uy, is the
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slip velocity of the unburned less burned gas U,;, = U, — Uy, by analogy with the properties of laminar flame can get a
connection for use with LES:
_ 7 b
T = (22— 1)8,Zh — D—Y

~ 10
Py b(1—b) {10

Being D the diffusion coefficient of the sub-grid, and the flame normal 7 = Vb/|Vb|, combining Eq. (9) and (10) we
arrive at equation modeled to b, (Weller and Tabor, 2004):

apb - - o

Bt + V.(pUb) — V.(pDVbD) = —p,S.E| V| (11

The transport equation for the sub-grid flame area density 3. proposed by Weller (1993) is obtained from the relation
E = X/|Vb| and the resolved unburned gas volume fraction b. The transport equation for the flame wrinkled is:

0=

= — =
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~=~ = VIV _
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Where /-T/J? is the surface-filtered effective velocity of the flame defined by 85/ ot + fl'/J?VB = 0 and U is the local
instantaneous velocity of the surface flame. The first and second term on the right side of Eq. (12) represent the effects
of stress and propagation on the SGS of wrinkled =. The third term on the right side of Eq. (12) represent the effects of
strain and propagation differential on = through the flame, reducing the generation at the front of the flame and increasing
the generation at the back. These terms involve higher order derivatives and create numerical difficult for LES and are
avoided. Rather than attempting to model for each term in detail models representing the generation and removal of
wrinkled, are modeled respectively by G= and R(E — 1). The problem associated with these derivatives is thus avoided
by including the effect directly into the model for a given value of G, resulting in the following simplified equation for =:

0=  ~—/~ __ - — =
Bt + Us VE=G=Z—-RE-1)+ (05— 0¢)2 (13)
Here the final term may be correlated with the strain rates resolved
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The values for the parameters G and R should be modeled. A spectral approach is applied to the modeling of turbulent
flame interaction in which the wrinkled flame front is represented by a distribution of length-scale distortions of the
surface, limited by the size of the flame kernel and laminar flame thickness (Weller et al., 1990). However, the solution
of the equations of spectral evolution coupled with the transport equations for = is expensive and algebraic models are
considered more appropriate. The approach is based on the correlation of Giilder for flame speed (Gulder, 1990):
0.28=¢,—1

G=r=2"! p_

— K
Zeg ™ Sh

(14)

Where the results are in agreement with the experiments.

— u/
Er, = 14062/ S—uRen, (15)

Beg=1+2(1-0)(E}, - 1) (16)

7, is the Kolmogorov time, v’ is the intensity of turbulence in the sub-grid and Re, is the Reynolds number of
Kolmogorov. It is assumed that the laminar flame speed is in balance with the rate of local deformation and in linear
response, resulting:

S = ngax(l — 05/0cut,0) (17)

where .. is the strain rate at extinction. Unfortunately, the scales of chemical time of poor flame, can be comparable
to the time scales of deformation and transportation, making this case that the local equilibrium assumption is wrong, and
then requested a full transport equation. By analogy with the transport of a wrinkled flame, it is expected that the filtered

=
laminar flame speed, is carried by the surface speed of flame filtered U . Assuming that the timescale of strain rate is
1/75 and chemical time scale is such that, when t — oo, Su — S° then:
ot (S —S)

Thus, the wrinkled flame model can be simplified by replacing = in Eq. (13) by the equilibrium Eq. (16) and also by
substitution in Eq. (18), by Su equilibrium Eq. (17).

~~
+ Us VS, =—0s5, + 057

(18)
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Figure 1. Scheme of the experimental channel with ob- Figure 2. Grid structure with better performance comput-
stacle of Sanquer (1998). ing around of the obstacle.

3. NUMERICAL MODEL

The LES filtered Navier-Stokes Eq. (1), together with the sub-grid kinetic energy transport Eq. 18) are solved using
a finite volume. The model using explicit time discretization. The turbulence models used in the present work was
Smagorinsky model originally available in the code. The solver considers the Navier-Stokes equations how compressible
flow, which is the appropriate approach to flow with combustion. For spatial discretization schemes used are second
and third order TVD (Total Variation Diminishing) and Euler’s method for time discretization. All implemented in the
algorithm PISO (pressure-implicit split-operator) to solve the pressure-velocity coupling. The discretization method code
is the standard adopted by the Gauss integration for finite volume. This report was developed as a specific combustion
solver called Xifoam. This premixed combustion models or partially premixed turbulent combustion were described
before (Weller et al., 1998; Weller and Tabor, 2004).
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Figure 3. turbulent [Qf]elocity profiles at the chan-
nel entrance, experimental and imposed as initial
condition.

3.1 Initials and boundary conditions

The model studied, consists of a channel of 600 cm, long, 160 cm, wide and 28.8 cm in height, where the flow turbulent
has a Reynolds of 6600 in entrance section of the channel. The obstacle used as flame holder his equilateral triangular
cross section whose back side is located 160 cm from the entrance, the transverse dimension is such that the obstacle
blocking the flow in 33% of the total area and corresponding to r-65 in the Sanquer Thesis. Figure 1 shows the topology
of the channel. In the first part of the simulation flow is only inert and initial temperature is 300 K, it is considered that the
outlet of the channel is open but adds a wave of "transmissivity" for pressure control (Candel, 1992), a turbulent velocity
profile is imposed at the entrance with a speed of 3.1 m /s as shown in Fig. 2. A wall function in the chanel walls and the
obstacle is used Jayatilleke (1969). The second part of the simulation corresponds to the reacting flow. Propane (C3HS)
is added premixed with air and it is ignited is behind the obstacle in the recirculation zone to achieve a proper performance
and avoid extinction. The initial flame speed is 0.256 m/s. regress variable b is equal to (c-1) with given value for gases
not burned, so early in the whole field is considered 1.

Several types of mesh were built and tested to evaluate the computational performance, and the mesh presented in this
paper achieved the better results. It is composed of 388,355 volumes in the mesh in two-dimensional field and 2300,000
volumes in 3D discretization. Figure 2 shows mesh details around the obstacle. The instantaneous velocity of flow was
taken to determine where him can be taken as periodic stationary. Figure. 4 shows the history of longitudinal velocity and
axial flow and Fig. 5 the transversal component. As we can see the transition lasts until 18 milliseconds, so the flow can
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be considered stationary periodical.
4. RESULTS

To determine the recirculation zone becomes the measures of velocity components from the time that experiment
reaches the stationary regime periodico, as well as to obtain the energy spectra. Once we determine the length of the
the recirculation zone, we can determine by calculating the Strouhal number to compare with experimental results. To
determine the values of the energy spectrum we take the Fast Fourier transform FFT of oscilatory velocity mean with
the power to determine if we are able to simulate the large scales and the scales of sub-grid. In the reactive case is
implemented an ignition point at 0.05 m behind the obstacle in the center of the recirculation zone that ensures no flame
extinction, the combustion time was 0.3 sec.

Table 1. Comparison of results LES and RANS simulation vs experimental.

Case folHz] | f4d/Usze | Dzpm] | zp/d
Experiments Sanquer 89 0.276 0.0204 2.12
LES current work 93.5 0.284 0.023 242
RANS (Dourado, 2003) 87 0.2694 0.0222 | 231

4.1 Inert flow case

The Strouhal number, defined as St = f,d/U,ze is found to be equal to 0.294, in good agreement with earlier
numerical and experimental studies. In the above, f,d is the shedding frequency, d is size of the bluff body, and Uy,

> oo
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-2.50 0
350 'Ur
0.000 5.000e-03 0.010 x:)r::j 0.020 0.025 0.030
Figure 6. Axial evolution of the average longitudinal Figure 7. schematic representation of the evolution of
component velocity @ in present work. velocity Sanquer Sanquer (1998)

is the inflow velocity, 3.1 m/s. The analysis show good agreement with those obtained experimentally as show Tab. 1.
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The Strouhal number of emission of vortices is 96% of that obtained experimentally. Also, the recirculation length differs
approximately 11.5% from the experimental value. There exist a strong dependence of these parameters on the turbulence
model and boundary conditions Veynante (2006). The figure 6 presents the normalized time-averaged axial velocity
profile along the combustor centerline, behind the bluff body. The numerical result matches closely the experimental data.
Immediately downstream of the bluff body, the velocity is negative and reaches a negative maximum of about 64% of the
inflow velocity at X m. The length of the recirculation region is in Xr Sullerey et al. (1975). After the end of the reverse
flow area, the mean axial velocity increases upstream to gradually approach the free stream value, as the velocity deficit
induced by the bluff body disappears. The length of recirculation zone based on the evolution of the average velocity
Ux in a unsteady periodic regime, were determined. This process consists in taking the average values along the X axis
of the channel immediately after leaving the back of the obstacle. The fig. 6 shows the profile of the average velocity
that is known as recirculation zone, the value found is 0.023 m. However the one found by Sanquer (1998) is 0.0204.
To determine the emission frequency of the vortices we use a Fourier temporal analysis Dourado (2003), the value 93.5
Hz is captured for a Strouhal number St = 0.284, which compared with the experimental St = 0.276 differs only 3%. It
indicated that numerical values are close to the experimental. The Table 1 resume numerical and experimental global
parameters. Here is possible see that the results obtained in LES simulation are in corcondance with those obtained with
RANS simulation and also in relation to the experimental.
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Figure 8. Energy spectrum of longitudinal and transversal velocity components in a)Uz «/Xr = 1.4; y/h = 0. b) Ux

inz/Xr;y/h=041¢c)Uyinz/Xr;y/h=0d) Uyinz/Xr;y/h =0.41.e)3-D Uz inz/Xr = 14; y/h = 0. £)3-D

Uyinx/Xr = 1.4; y/h = 0.41. g)Energy spectrum of cross component of velocity 3-D Uzy inz/Xr = 1.4; y/h = 0.
e)Energy spectrum of transverse component of velocity 3-D Uz in 2/ Xr = 1.4; y/h = 0.41.

The values for the energy spectrum are shown in fig. 8 at two points for the longitudinal and transverse components of
velocity in concordance with fig. 7 scheme. As in the work of Sanquer (1998), these points are in X/Xr =1.4;Y/h =0
and X/Xr =1.4and Y/h = 0.41 and as can be seen in all figures, exist a tendency to slope -5/3 and a peak immediately
after the 100 Hz, which represents the alternate vortex shedding frequency and compares well with the experimental, this
indicate also that size grid is coherent, because the filtered scales is corrected. The model captured this signal and differs
from the Experimental for the longitudinal component atz:/ Xr = 0. In the reactive case 3D, In graph (b) away from the

X/Xr=0.8 x/Xr=0.8
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Figure 9. Mean velocity proﬁlyg of the longitudinal com- Figure 10. Velocity profile of the transversal component
ponent of velocity Ux in 2/ Xr = 0.8 of velocity Uy in 2/ Xr = 0.8

axis the behavior is more consistent, in cases (c) and (d) the behavior is similar. In case 3-D the behavior is more defined
as show fig. 8 (e, f g and h) where that besides of the components transverse and longitudinal cross components XY and
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Z in the section X / Xr = 1.4 and Y / h = 0. This can be explained because the tensors crossed SGS only be simulated
correctly in 3-D.

4.2 Reactive case

In the reactive case 3D, from the results we can see that the model leads to good results and show that the large
scales are better represented in the simulation. For the present study on the reactive flow, we compare the values obtained
experimentally by Sanquer for case with a triangular dihedral with 33% of the channel blockage and with a equivalence
ratio equal 0.65 referred as r1-65. Here we have good agreement between experimental and numerics results, for example
the axial velocity at the entrance, with 3.1 m/s development in agreement with the expected if we take into account the
margin of error in the experimental is 7% for the velocity profiles. How in inert flow case shows also, transverse profiles
of the normalized time-averaged axial and transverse velocities at two locations downstream of the bluff body. As can
be seen in Fig. 9 and 11, the profile obtained in the simulation is very close to the experimental longitudinal velocity.
For the fig. 10 and 12 the values of transverse velocity component is slightly underestimate in the simulated to the left.
However the highest and lowest Uz/Uaxe (0 and -0.2) are within the limits of the experimental. Another results show

=14 =t 4

2 T T T 015 T T T T
LES —— LES ——
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3 3
3 5
o L L L L a L L . L
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Figure 11. Mean velocity profile of the longitudinal com- Figure 12. Velocity profile of the transversal component
ponent of velocity Ux in x/Xr = 1.4 of velocity Uy in 2/ Xr = 1.4

the Fig. 13 where the regress variable is showed, the numeric with the experimental differ overstimated also with a little
displacement to the right in the simulation, but the value of 0.4 for h/y > 0.5 coincides with the observations made
by Sanquer (1998) in the experimental case. In the temperature variable, we obtained a value 1750 K in the average
temperature for the configuration of the flame, the value at the Experimental for a reaction rate of 0.65 was 1750 K with
flame speed equal to 0.256 m/sg. The results are shows in Fig. 15 where presents the instantaneous temperature.
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Figure 13. Profile of progréss variable in X/Xr = 0.35 Figure 14. Profile of progress variable in X/Xr = 0.35

5. CONCLUSIONS

It was found that OpenFoam can reproduce the experimental data obtained by S. Sanquer and numerical solutions
were obtained for 2 and 3 dimensions models. However the values of the energy spectra for 3-D best represented the
values -5/3 cascade. This is in agreement with the fact that the LES model is threedimensional, and two dimensional
results are actually not allowed. The values for the recirculation zone were reached in the expected range and the Strouhal
number is very close to that found in the experiment, as can be seen in Tab. 1. These results are in agreement with the
values obtained with a RANS models. The results for the 3-D simulation are better for the spectral analysis of velocity
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Figure 15. Profile of progress variable in X/ Xr = 0.35

and energy, they have a better configuration for the tensors filters modeled in the SGS, and may perfectly show the inertial
zone for the tensor cross, this does not happen in two-dimensional.

In the velocities case the comparisons with the experimental simulations are well approximated with a better perfor-
mance in the longitudinal component, since the transverse component values are close to the experimental and are within
the measurement error that establishes Sanquer.
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