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large eddy simulation (LES) technique. A G-equation-based level-set Bluff-body; Combustion
flamelet approach is employed to model the interactions between instability; Large eddy
premixed combustion and turbulence. Both non-reacting and react- simulation (LES); Premixed
ing flows are treated, with special attention given to the effect of flames

inlet boundary conditions on the flame evolution. The flow around

the bluff body consists of boundary layers, separated shear layers, a

recirculation zone and a wake. Their mutual coupling, as well as

interactions with acoustic motion and flame oscillation are analyzed

in detail. The physical processes responsible for driving combustion

instabilities and the mechanism of energy transfer from chemical

reactions in the flame zone to acoustic oscillations in the bulk of

the chamber are investigated systematically. Intensive resonance is

found to occur between shear-layer instabilities and chamber acous-

tic waves, when the acoustically reflecting inlet boundary condition is

enforced. The resulting complex interplay among acoustic motion,

vortex shedding, and unsteady heat release forms a feedback loop

and excites combustion instabilities with large flow oscillations.

Introduction

Bluft-body stabilized flames are widely used in various combustion devices where the flow
speed is much higher than the flame speed. A bluff body is usually placed in the chamber
with its axis often perpendicular to the flow direction. Immediately downstream of the
bluff body, burned gases are entrained in the recirculation zone, which provides a
continuous ignition source to anchor and stabilize the flame. The bluff body is thus
referred to as a flame holder or a flame stabilizer.

The flow around a bluff body consists of a boundary layer, a separated shear layer, a
recirculation zone, and a wake (Cimbala, 1984; Prasad and Williamson, 1997). For
Reynolds numbers below 2 x 10°, the dynamics of the flow field can be characterized by
the behaviors of the shear layer and the wake, without major contributions from the
boundary layer (Shanbhogue et al., 2009a). The separated shear layer forms the boundary
of the recirculation zone behind the bluftf body. The associated flow instability is of the
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Kelvin-Helmholtz (KH) type. The instability associated with the wake region, commonly
known as the Bénard/von Karman (BVK) instability, leads to periodic vortex shedding
from opposite sides of the bluft body and the creation of a sinuous wake (Cimbala, 1984).

Chemically reacting flows differ considerably from their non-reacting counterparts due to
the effects of heat release and volume dilatation. The BVK vortex shedding is suppressed by
the heat release and, in the case of a triangular bluff body, a pair of symmetric stationary
vortices forms at the two opposite edges (Fureby, 2000). For cases with large heat release, i.e.,
the temperature ratio of the burned to the unburned gases T,/T,, (or p,/pp) is large, the BVK
vortex shedding is absent. The wake is relatively flat compared to non-reacting flows, and the
flame dynamics are dominated by the KH instability (Erickson et al., 2006). The transition
from asymmetric to symmetric vortex shedding takes place between density ratios of 1.7-3.4.
Sinusoidal shedding, however, can occasionally occur for higher density ratios, the arrival rate
and duration of which decreases with increasing density ratio (Cocks et al., 2015; Emerson
et al., 2012).

Extensive efforts have been made to study the combustion dynamics of bluff-body
stabilized flames (Fujii and Eguchi, 1981; Sanquer et al., 1998; Shanbhogue et al., 2007;
Shcherbik et al., 2009; Shin et al., 2011; Sivakumar and Chakravarthy, 2008; Sjunnesson
et al., 1991a, 1991b, 1992; Zukoski, 1997; Zukoski and Marble, 1956). Zukoski experimen-
tally explored the time-averaged characteristics and flammability limits of bluff-body
stabilized flames under steady-state conditions (Zukoski, 1997; Zukoski and Marble,
1956). Sjunnesson et al. (1991a, 1991b, 1992) studied turbulent flow characteristics of
v-gutter stabilized premixed propane/air flames. Non-intrusive measurements of velocity,
temperature, and species concentrations were conducted using laser Doppler velocimetry
(LDV), 2-\ coherent anti-Stokes Raman spectroscopy (CARS), and gas analysis, respec-
tively. Density gradients and visible light emissions from the combustion phenomenon
were acquired by means of Schlieren imaging and high-speed photography. Sanquer et al.
(1998) performed detailed experiments on bluff-body stabilized premixed combustion.
The characteristic alternate vortex shedding pattern was not observed in reacting flows, in
contrast to the corresponding non-reacting flows; instead, longitudinal acoustic oscilla-
tions associated with the symmetric flapping of the flame front anchored at the flame-
holder edges were noticed. Fujii and Eguchi (1981) experimentally compared the turbu-
lence properties of reacting and non-reacting bluff-body stabilized flows. The turbulence
intensity and vortex shedding were found to be suppressed by combustion.

Shcherbik et al. (2009) employed optical diagnostics to study the dynamics of v-gutter
stabilized flames with Jet-A fuel. Two intense longitudinal acoustic instabilities were identi-
fied using pressure sensors and a high-speed camera. The BVK instability was also observed
in the form of a snake-like flame shape by means of high-speed imaging. Shanbhogue et al.
(2007) experimentally investigated the effect of acoustic excitation on bluff-body stabilized
flames. The interactions between the vorticity field and flame evolution were quantified for
the downstream region. The vortical disturbances were found to be strongly influenced by
the effects of enhanced diffusion in the heat-release zone, volume dilation, and baroclinic
torque. Shin et al. (2011) investigated the response of bluff-body stabilized flames to
harmonic oscillations. The excitation of hydrodynamic flow instabilities by acoustic waves,
as well as the flame response to these instabilities, was addressed. Sivakumar and
Chakravarthy (2008) conducted experiments on bluff-body stabilized methane/air flames
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to investigate blow-off limits and acoustic characteristics by means of pressure measure-
ments and flame visualization using CH* chemiluminescence.

Analytical study of the behaviors of bluff-body stabilized flames commenced in the
1940s. Tsien (1951) investigated flame spreading characteristics under steady-state condi-
tions using an integral method. The method was later extended by Marble and Candel
(1979) to treat the flame response to longitudinal acoustic excitations from both the
upstream and downstream regions. A similar technique was employed by Yang and
Culick (1986) to investigate combustion instabilities in a ramjet engine with a dump
combustor. The effect of the recirculating flow behind the flame holder was taken into
account.

In recent years, numerical simulations using Reynolds averaged Navier Stokes (RANS)
equations coupled with different types of combustion models have been widely employed
to predict time-averaged flow distributions (Poinsot and Veynante, 2005). The time-mean
properties, however, cannot explain the inherent unsteady and dynamic nature of the
flame stabilized by a bluft body (Shcherbik et al., 2009). Increases in computing power and
advances in numerical methodologies have made possible the use of large eddy simulation
(LES) techniques (Grinstein et al., 2007; Sagaut, 2002) to perform three-dimensional (3D)
time-accurate calculations of flows involving turbulent combustion. Fureby and Moller
(1995) employed LES to examine both non-reacting and reacting flows around a trian-
gular bluff body under a variety of operating conditions. Typical unsteady flow structures
were resolved. Baudoin et al. (2009) and Fureby (2006) further compared the predictive
capabilities of several combustion models applied to bluff-body stabilized flames. They
considered theoretical links between different models in terms of the flame speed and
geometry. Giacomazzi et al. (2004) studied turbulence chemistry interactions in a pre-
mixed bluff-body stabilized flame using LES and eddy-dissipation concept models. Both
2D and 3D non-reacting and reacting flows were treated. Results revealed that 3D vortical
structures periodically shorten the wake and entrain fresh reactants into the hot recircula-
tion zone. It was pointed out that the periodic boundary conditions in the spanwise
direction employed in the 2D case do not capture the impact of sidewalls, including the
shortening of the recirculation zone, the flow acceleration downstream, and the wall heat
transfer.

In spite of the rich literature on numerical investigations of v-gutter stabilized turbulent
premixed flames (Baudoin et al., 2009; Briones et al., 2011; Cocks et al., 2015; Engdar et al.,
2003, 2004; Erickson and Soteriou, 2011; Erickson et al., 2006; Fureby, 1996, 2000, 2007a,
2007b; Fureby and Lofstrom, 1994; Fureby and Moller, 1995; Ge et al., 2007; Ghirelli,
2011; Giacomazzi et al., 2004; Jones et al., 2015; Kim and Pope, 2014; Lee and Cant, 2014;
Lin and Holder, 2010; Manickam et al., 2012; Moreau, 2009; Nilsson and Bai, 2000;
Olovsson, 1992; Park and Ko, 2011; Porumbel and Menon, 2006; Ryden et al., 1993;
Salvador et al., 2013; Sivakumar and Babu, 2008; Sundaram and Babu, 2013; Zhou et al,,
2008), very few studies attempted to quantitatively identify the mechanisms dictating the
interactions between the flame dynamics, shear layers, heat release, and acoustic waves.
Most existing studies were concentrated on numerical code validation against measure-
ments of velocity and temperature under stationary conditions. One notable exception is
the study by Sundaram and Babu (2013), which dealt with acoustic motion and its
interaction with flame dynamics using LES. This work was based on a commercial code,
FLUENT, and presented no model validation for the flowfield. The evolution of flow and
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flame structures was not discussed either. Recently, Cocks et al. (2015) conducted careful
studies to investigate the effect of numerical error on the predictive capabilities of LES-
based numerical codes for v-gutter stabilized premixed flames. They suggested that in
addition to sub-grid scale models, numerical error can have a notable influence on the
resulting flow field.

Understanding combustion instability is of great importance in improving combustor
designs (Lieuwen and Yang, 2005), developing control strategies (Fung and Yang, 1992;
Fung et al., 1991) and reducing harmful emissions (Lieuwen and Yang, 2013). Combustion
instabilities exhibited by a bluff-body stabilized flame are affected by such factors as the
equivalence ratio of the reactants, geometry and position of the flame holder, flow
blockage, density ratio (Emerson et al, 2012), acoustic forcing (Shanbhogue et al.,
2009b), and heat-release distribution. The focus of the present work is to comprehensively
study the interactions among the flow evolution, acoustic excitation, and combustion
response occurring in a premixed propane/air flame stabilized by a confined triangular
bluff body. The model employs LES techniques and a level-set flamelet approach to
explore the overall combustion dynamics. Underlying mechanisms and key parameters
dictating the flow and combustion behaviors are identified and characterized system-
atically. The study also includes a thorough investigation of the effect of acoustically
reflecting and non-reflecting inlets on combustion dynamics, which remains an open
issue in the literature for v-gutter stabilized premixed flames.

Theoretical formulation

The present study is based on the theoretical formulation and computational framework
developed by Huang et al. (2003). The 3D formulation consists of the Favre-filtered
conservation equations of mass, momentum, and energy. They are obtained by filtering
the small scales from the resolved scales over a well-defined set of spatial and temporal
domains. The equations can be conveniently expressed in the following Cartesian tensor
form:

op Opi
-r = 1
8t ax,- 0 ( )
opis _ otpiiy + pby) (5 =) -
8t 8)6]' o 8xj
OPE  A((PE+p)i) 0 . 0T o
e ox = (T + }\ax,- P +o) 3)

where overbars and tildes denote resolved-scale and Favre-averaged resolved-scale vari-
ables, respectively. 7; is the viscous stress tensor. A detailed derivation of the filtered
equations can be found in Oefelein and Yang (1996). The unresolved sgs terms in Egs. (2)
and (3), including the stress T;‘gs, the energy flux Hfgs, and the viscous work ojgs, are
given as:

& _

Tz] (Puiuj - ?Ijl,ljl]) (4)
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o
The algebraic version of the Smagorinsky model suggested by Erlebacher et al. (1992) is
used to close the sgs shear stress Tf}gs. Flow inhomogeneities near the wall are treated using
the Van Driest damping function. The sgs viscous work, 0%, is neglected due to its small
contribution to the total energy equation. Further details about the closure models can be
found in Huang et al. (2003).

Turbulent premixed combustion involves a wide range of length and time scales
associated with flow motions and chemical reactions. The turbulent Reynolds number,
Re, and the Karlovitz number, Ka, are often used to characterize turbulence/chemistry
interactions:

Re = V/l/(SLlF) (7)

Ka=tp/t, ~ B/’ 8)

where v/ is the turbulent velocity fluctuation, I the turbulent integral length scale, S; and Ix
the flame speed and thickness, respectively, tr and ¢, the flame and the Kolmogorov time
scales, respectively, and n is the Kolmogorov length scale. Based on the relative impor-
tance of the two non-dimensional numbers, turbulent premixed combustion can be
classified into four regimes (Peters, 2000). Corrugated flamelets occur when Re > 1,
v /S1>1, and Ka<1. In this regime, turbulent velocity fluctuations are large enough to
allow eddies to corrugate the flame front. The smallest eddies of size n, however, are still
larger than the laminar flame thickness Ir, and thus exert limited effects on the flame
structure. In all of the cases studied in the present work, the Karlovitz number is less than
1 and the flamelet assumption holds. The premixed turbulent flame can be treated as a
collection of thin reaction diffusion layers, commonly referred to as flamelets (Herrmann,
2000). These flamelets are embedded in an otherwise chemically equilibrated turbulent
flow field. The filtered mean flame is regarded as the average of different laminar flamelets,
which randomly fluctuate around the mean flame position under the effects of unresolved
small-scale turbulence. The mean location of flamelets is obtained by solving a level-set
transport equation.

The turbulent premixed flame is modeled using a G-equation approach, which attempts
to describe the premixed turbulent combustion from a geometrical point of view. The
flame front is represented by an arbitrary iso-surface G, in a scalar field of G, whose
evolution is formulated using the so-called G-equation. The theoretical formulation and
implementation details of the G-equation approach and the closure models used in the
present study can be found elsewhere (Huang et al., 2003; Peters, 2000).

Conservation of the Favre-filtered G variable G, defined as a distance normal to the
flame front, is enforced by a re-initialization process. Since the discretized level-set
equation contains spatial gradients of G, dependency on values of G # Gy near the
V(~2| =1 is enforced

(Herrmann, 2000) using the methodology developed by Sussman et al. (1994).

flame surface is introduced. To maintain the numerical accuracy,
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A presumed probability density function (PDF) method is used along with a resolved
flamelet structure to obtain the mean chemical composition of the premixed turbulent
flame. The probability of finding the instantaneous flame front is presumed using a
Gaussian distribution (Peters, 2000). Details of the presumed PDF approach can be
found in Huang et al. (2003).

The inner structure of the premixed flame is calculated separately by taking into
account finite-rate chemistry, using the GRI-MECH 3.0 reaction mechanism. A library
is established for a propane/air mixture with an equivalence ratio of 0.6 at 1 atm by
solving a system of transport equations for the temperature and species-concentration
fields for a freely propagating planar flame (Nilsson and Bai, 2000). The coupling of the
flow equations and the flamelet library is treated following the approach used by
Herrmann (2000). The thermophysical variables extracted from the flamelet library are
the ratio of specific heats, the gas constant R, and the enthalpy of formation of the
mixture. Heat release data is also obtained from the flamelet library.

Numerical method

The governing equations and boundary conditions are solved numerically by means of a
density-based, finite-volume methodology. The spatial discretization employs a second-
order, central-differencing scheme in generalized coordinates. Fourth-order matrix dis-
sipation with a total-variation-diminishing switch is employed to ensure computational
stability and to prevent numerical oscillations in regions with steep gradients (Huang
et al., 2003). Temporal discretization is obtained using a four-step Runge-Kutta integra-
tion scheme. Multi-block domain decomposition is used to facilitate the implementation
of parallel computation with message passing interfaces at the domain boundaries. The
theoretical and numerical framework described above has been validated against a wide
variety of problems, including gas-turbine injectors (Wang and Yang, 2005; Wang et al.,
2007) and simulated rocket motor flow dynamics (Apte and Yang, 2003).

Configuration and boundary conditions

Figure 1 shows the flame-holder geometry considered in the present study, simulating the
experiments reported by Sjunnesson et al. (1991b). The test section consists of a 3D
triangular bluff body placed in a channel with a square cross section (0.12 x 0.12 m). The
channel length is 1.0 m. The dimension (H) of the triangular body is 4 cm on each side. In
the spanwise z direction, the bluft body extends from one side of the channel to the other.

. 0.12m
CzHg/AlI‘ -5 ]
o =i, - & 0.12m
U=U, 7 «10.04m
T=T, - I
I x=1m

x=0 x=0.1

Figure 1. Schematic of triangular bluff-body flame holder in rectangular channel.
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Table 1. Boundary and input conditions.

Cases Flow Uin (M/s) Tin (K) bin Re Acoustic boundary at inlet
1 Non-reacting 17 288 0 45,000 Reflecting

2 Non-reacting 36 600 0.6 28,000 Reflecting

3 Reacting 36 600 0.6 28,000 Reflecting

4 Reacting 36 600 0.6 28,000 Non-reflecting

A premixed propane/air mixture is delivered to the channel. The plane x = 0 is located at
the flow inlet boundary.

Table 1 lists the flow conditions for the four cases treated herein, including both non-
reacting and reacting flows. The reacting flows are modeled with both acoustically
reflecting and non-reflecting boundary conditions at the inlet. The equivalence ratio of
the fuel/air mixture remains fixed at 0.6. The specific boundary conditions are specified
based on linear acoustic theories.

Figure 2 shows a schematic of the acoustic field, consisting of two waves traveling
upstream and downstream. They can be described as:

p/u — (P+eikx + Pfefikx)efiﬂt (9)
1 . . .
u; — ﬁ (P+ezkx o Pfeflkx)efzﬂt (10)

where P" and P~ represent the amplitudes of the two traveling waves, respectively. The
complex frequency Q is given by:

Q= w+ix (11)

where w is the radian frequency and « the damping coeflicient. The wave number k is
defined as:

k=Q/a (12)

The reflecting boundary condition at the inlet corresponds to an acoustically rigid
boundary, where the local acoustic velocity vanishes.

u, =0 (13)
The inlet velocity thus becomes the sum of its time-mean and turbulent quantities.
U= uy+ u (14)

The isentropic flow assumption is assumed to hold at the inlet boundary for both
reflecting and non-reflecting flows to obtain the temperature at the inlet.

P*; <I P*}
<— <

Figure 2. Acoustic field with two traveling waves in the chamber.
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~ _ 3

T = Te(p/psc)’? (15)
The pressure is extrapolated from the interior points according to the characteristic
relationship. The non-reflecting boundary conditions, wherein the acoustic waves can
pass through the boundary without being reflected, can be represented by:

Pt =0and v = _Pa (16)

The velocity at the inlet consists of contributions from the time-mean, acoustic, and
turbulent fields as follows (Huang et al., 2006):

=uy+u,+u (17)

The non-reflecting inlet boundary condition used in the current study is close to the
experimental conditions of Sjunnesson et al. (1991b), where the inlet was acoustically
isolated by a perforated plate. Non-slip adiabatic boundary conditions are enforced on the
walls. For the outlet boundary, pressure is set to one atmosphere and other primitive
variables are obtained from the upstream region. Periodic boundary conditions are
applied at the spanwise boundaries.

Results and discussion
Time-mean flowfield

The theoretical and numerical framework described in the preceding sections is applied to
investigate the turbulent premixed combustion of propane and air over a triangular bluff
body, as illustrated in Figure 1. Nine million grid points are used to discretize the whole
domain, with 100 grid points employed each in the spanwise (z) and normal (y) directions. In
order to resolve detailed flow structures adequately, the axial (x) and normal grid points are
clustered near the bluff body and in the shear layers. The spanwise grid is uniformly
distributed. The Kolmogorov and Taylor length scales for Re = 28,000 (T = 600 K) are 8.1
and 430 um, respectively. The corresponding time scales are 3.8 and 14 ps, respectively. The
CFL number employed in the current study is 0.7 and the smallest grid size is 0.1 mm. The
spatial resolution is chosen based on the inlet Reynolds numbers, such that the largest grid
size falls in the inertial sub-range of the turbulent energy spectrum. In comparison, Baudoin
et al. (2009) used 0.4 million grid points, with the characteristic spacing of 1 mm. Since no
grid resolution criteria for LES of reacting flows exist in the literature (Cocks et al., 2015), the
computational grid used in the present work is conservative.

The analysis was validated against the experimental measurements reported by Sjunnesson
et al. (1991b) for both non-reacting (case 1) and reacting flows (cases 3 and 4). Calculations
were performed for an extended period of time until statistically meaningful data were
obtained. The mean flowfield was determined by averaging over eight flow-through cycles
(222 ms), after the initial transients were convected out of the flow domain over the first five
cycles (138 ms). Figure 3 shows the vertical distributions of the predicted and measured axial
velocities for the non-reacting case at three different streamwise locations (x/H = 8.5, 11.5, and
16.5) at the mid-section in the spanwise direction. The velocities are normalized with the inlet
velocity. Both the mean and root mean square (rms) values show excellent agreement. The
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Figure 3. Vertical distributions of predicted and measured (Sjunnesson et al., 1991b) mean and rms
values of streamwise velocity normalized by the mean velocity at the inlet boundary at different
streamwise locations (x/H = 8.5, 11.5, 16.5) for non-reacting flow.

effect of the wake decreases in the downstream region, rendering the velocity profiles

relatively flat.
Figure 4 shows the mean axial velocity profiles at different streamwise locations for the

reacting flow. Both of the cases with the acoustically reflecting and non-reflecting inlet
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Figure 4. Vertical distributions of predicted and measured (Sjunnesson et al., 1991b) mean values of
axial velocity normalized by the mean velocity at the inlet boundary at different streamwise locations
(x/H = 8.5, 11.5, 16.5) for reacting flow.

boundary conditions are compared with experimental data (Sjunnesson et al., 1991b). Also
included are the LES results of Fureby and co-workers, who used a flamelet-based
approach (Baudoin et al, 2009). The velocity in the downstream region is noticeably
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Figure 5. Vertical distributions of predicted and measured (Sjunnesson et al., 1991b) rms values of axial
velocity normalized by the mean velocity at the inlet boundary at different streamwise locations (x/H =
8.5, 11.5, 16.5) for reacting flow.

higher than its non-reacting counterpart, due to the effect of heat release. Figure 5 shows
the comparison of predicted and measured rms velocity profiles.

The results for the mean temperature profiles are given in Figure 6, where T,; denotes
the adiabatic flame temperature. The peak temperature decreases with downstream loca-
tions because of thermal diffusion in the vertical direction. The present work provides a
marked improvement in predicting flow characteristics over the previous analysis reported
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Figure 6. Vertical distributions of predicted and measured (Sjunnesson et al., 1991b) mean temperature
at different streamwise locations (x/H = 8.5, 11.5, 16.5) for reacting flow.

in Baudoin et al. (2009). This can be attributed to the higher grid resolution and the non-
reflective boundary condition that is used at the inlet in the current study. The inlet
conditions with the acoustically non-reflecting boundary lead to the best overall match
with the measurements, consistent with the fact that experimental conditions of
Sjunnesson et al. (1991) more closely represent an acoustically non-reflecting inlet.
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Figure 7. Time-mean distribution of axial velocity and streamlines at the mid-section in the spanwise
direction for non-reacting flow.

Figure 7 shows the time-mean axial velocity field and streamlines at the mid-span
section in the spanwise direction for the non-reacting case. The flowfield remains nearly
two-dimensional, in spite of the 3D configuration. The flow accelerates in the bluff-body
region due to the blockage effect. The shear layers originating from the edges of the bluff
body and the recirculating flow behind the bluff body, as well as the wake, are clearly
observed.

Figure 8 shows the time-mean distributions of the axial velocity and temperature, along
with the streamlines, in the reacting flow. Both acoustically reflecting and non-reflecting
inlet conditions are considered. The recirculation zone acts as a flame stabilization region,
where hot products mix continuously with the incoming fuel/air mixture. Its behavior is
mainly determined by the two separated shear layers. The volume dilatation and baro-
clinic effects caused by combustion reduce the intensity of the shear layers and inhibit
their merger; thus, the recirculation zone is longer than that in the non-reacting flow. The
flame spreading angle increases at the end of the recirculation zone. This phenomenon can
be attributed to the flow acceleration and ensuing increase of turbulence intensity; flow
expansion in the transverse direction also plays a contributing role. The case with an
acoustically reflecting inlet shows a broader flame brush near the rear edges of the
v-gutter.

(a) acoustically reflecting inlet (b) acoustically non-reflecting inlet
U (mfs)

0.12
g 0.08 [

700

Figure 8. Time-mean distributions of axial velocity, streamline, and temperature at the mid-section in
the spanwise direction for reacting flow: (a) acoustically reflecting inlet and (b) acoustically non-
reflecting inlet.
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Instantaneous flowfield

Figures 9-11 show instantaneous vorticity fields and flame fronts (defined by the iso-
thermal surface of T = 1300 K). Both the acoustically reflecting and non-reflecting inlet
cases are presented for comparison. The evolution of the vorticity fields and shear layers,
as captured in Figure 9, is of great concern because of their dominant influence in
determining the flow entrainment in the reaction zone and the subsequent flame evolu-
tion. In non-reacting flows, the sinuous wake downstream of the bluff body consists of
separated shear layers and asymmetric vortex shedding (Cimbala, 1984). The behavior of
the shear layer is primarily dictated by the Kelvin—-Helmholtz instability, whereas the
vortex shedding is determined by the BVK instability. In reacting flows, however, the BVK
instability is suppressed by the exothermicity and volume dilatation in the flame zone.
These effects, combined with baroclinicity, compete with viscous and turbulent diffusion
and suppress the formation of BVK vortices. As a result, the BVK vorticity level is much
lower in the reacting case than in its non-reacting counterpart. The near-field vorticity and
flame-front distribution in Figure 11 clearly shows that the BVK vortex shedding is

acoustically reflecting inlet

[0 T=1300K |o|= 4000 il 6000 [l 9000

Figure 9a. Instantaneous flame front (T = 1300 K) (top) and vorticity field (bottom) in reacting flow for
acoustically reflecting inlet.
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acoustically non-reflecting inlet

U T=1300K |o|= 4000 [l 6000 [l 9000

Figure 9b. Instantaneous flame front (T = 1300 K) (top) and vorticity field (bottom) in reacting flow for
non-reflecting inlet.

constrained by heat release. A pair of symmetrical vortices appears at the opposite edges of
the triangular bluff body, in contrast to the asymmetrical pattern of vortex shedding in the
non-reacting flows. This result agrees with observations presented in previous numerical
studies (Fureby, 2000; Giacomazzi et al., 2004).

The boundary layer around the bluff body adheres to the wall, since the Reynolds
number is not very high. The shear layer then separates as it passes the trailing edges of
the bluff body, and combined with the ensuing wake, governs the dynamics of the
downstream flowfield. The separated shear layer leads to a longer recirculation zone and
a weaker sinuous wake than in the corresponding non-reacting case. Figure 9b shows that
the flame front is more stable for the case with the non-reflecting inlet than the reflecting
one. Similarly, it can be observed from Figures 10b and 11b that the flame and the wake
are more stable for the non-reflecting case. For both non-reacting and reacting flows, the
separated shear layer is quasi two-dimensional in the spanwise direction, while the vortex
shedding in the downstream region is highly three-dimensional. A 2D treatment, with a
short spanwise computational domain, can usually obtain good agreement with experi-
mental measurements in the near field (Giacomazzi et al.,, 2004). To achieve reliable
predictions in the far field, however, a 3D analysis is essential.
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Figure 10. Instantaneous vorticity field (contour) and flame front of T = 1300 K (line).

When an acoustically reflecting inlet is enforced, an alternate vortex shedding pattern is
observed; the frequency correlates well with the first transverse acoustic mode (see
Figure 10a). In this mode the flame front wrinkles significantly, as illustrated in a close-
up view of the near-field flow features in Figure 1la. In contrast, when an acoustically
non-reflecting inlet is imposed, the shear layers at the opposite ends of the v-gutter are
symmetric and the flame front is unwavering, as shown in Figures 10b and 11b. The
acoustically non-reflecting inlet appears to be a reasonable representation of the experi-
mental condition.

Flow dynamics and acoustic interaction

Since the most prominent type of instability in reacting flows involves the coupling
between acoustic motion and transient combustion response, a prerequisite of any com-
bustion instability research is the identification of acoustic modes in the chamber. An
array of point probes were employed in the present study to record and characterize the
flow evolution. Figures 12-14 show the frequency contents of the velocity and pressure
fluctuations along the x-axis at three different vertical positions (near the top wall, in the
shear layer, at the center line). Two dominant modes at frequencies of 236 Hz and 2480
Hz are observed.

To help provide physical insight, data analysis based on the proper-orthogonal-decom-
position (POD) technique was performed to characterize the pressure field (Huang et al.,
2006). Figure 15 shows the spatial distributions of the normal 1L (first longitudinal) and
1T/2L (mixed first transverse and second longitudinal) modes of pressure fluctuations.
The instantaneous field of the pressure oscillation obtained from the LES study is also
included for comparison. The dominant frequencies of the two modes are 240 Hz (1L)
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Figure 11. Close-up view of instantaneous vorticity field (contour) and flame front of T = 1300 K (line).

and 2430 Hz (1T/2L), respectively. Excellent agreement is achieved with the frequencies
determined from the spectral analysis of the pressure data (see Figures 12-14). The non-
symmetric distribution of the instantaneous pressure field arises from the flow and
temperature non-uniformities in the chamber, as well as the geometric blockage imposed
by the bluft body.

The inherent hydrodynamic instabilities of the separated shear layers and vortex
shedding play a decisive role in determining the combustion dynamics of the chamber.
When the characteristic frequencies of these processes match the chamber acoustic waves
and heat-release response, intensive interactions occur and give rise to highly unsteady
flow motions. The frequency spectra of pressure oscillations in Figures 12-14 indicate the
dominance of the 1T/2L acoustic mode with its peak amplitude at the inlet wall (point 1 in
Figure 12). The spectra of velocity oscillations show two dominant frequencies of flow
motions. The lower one (310 Hz) corresponds to the BVK-related oscillation, and the
higher one (2450 Hz) is associated with the shear layer instability. The resonance between
the vortex shedding and acoustic motions leads to excitation of the 1T/2L acoustic mode
in the chamber. It should be noted that, in addition to frequency matching, the spatial
structure of the perturbation fields should be considered in the analysis.
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Figure 12. Power spectral densities of streamwise and transverse velocity components and pressure at
positions near the top wall.

Unsteady flame evolution and vorticity coupling

The dynamics of the flame can be elucidated by considering its interaction with the local
oscillatory flow. The entire process is dictated by the entrainment of fresh reactants and
mixing with hot gases in the vortical regions in the flame zone. The instantaneous flame
structures shown in Figure 16, along with their time-mean counterparts in Figure 8,
clearly indicate that the flame is anchored at the trailing edges of the triangular bluff
body. The flame exhibits a quasi-2D structure near the bluff body, but develops 3D
structures in the downstream region. In the case with an acoustically reflecting inlet, the
flame front shows a sinuous shape (see also Figure 10), compared to the relatively flat
configuration for the case with a non-reflecting inlet.

Figure 17 shows the instantaneous vorticity fields for all the cases considered. The near-
field flame evolution is influenced mainly by the quasi 2D separated shear layers, while in
the far field the flame is dominated by the large 3D vortical structures. Figure 17b
indicates that vortex roll-up takes place immediately downstream of the bluft-body trailing
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Figure 13. Power spectral densities of streamwise and transverse velocity components and pressure at
positions along y = 0.08 m.

edge; this is a consequence of the coupling between acoustic waves and shear-layer
instabilities. The vortices distort the flame, which is anchored at the edges, and this
gives rise to a sinuous flame front. For the non-reflecting inlet boundary, on the other
hand, two relatively flat separated shear layers originate from the trailing edges. The flame
is embedded in the shear layer, and no sinuous distortion of the flame front is exhibited in
the near field.

Figure 18 shows the temporal evolution of the vorticity field and the flame front over one
cycle of the 1T/2L mode of acoustic oscillation for the case with an acoustically reflecting inlet.
The phase angle 0 is referenced with respect to the acoustic pressure at the upper trailing edge.
During the pressure build-up stage (6 = 0-180°), a vortex is shed from the upper trailing edge,
inducing a positive (upward) transverse velocity at that location. The increasing pressure and
associated favorable gradient facilitate entrainment of fresh reactants into the flame zone. Heat
release intensifies and sustains acoustic excitation through the energy transfer. The resultant
flow expansion tends to push the anchored flame vertically outward. During the pressure-drop
stage of the cycle (0 = 180-360°), a new vortex forms at the upper trailing edge, inducing
negative (downward) transverse velocity. The decreasing pressure and associated adverse
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Figure 15. Spatial distributions of pressure oscillation: (a) 1L and (b) 1T/2L POD acoustic mode, and (c)
instantaneous field predicted by LES.
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(a) acoustically reflecting inlet

(b) acoustically non-reflecting inlet

Figure 16. Spatial evolution of flame front (T = 1300 K): (a) acoustically reflecting inlet and (b)
acoustically non-reflecting inlet.

gradient prevent entrainment of fresh reactants into the flame zone, thus decreasing the local
heat release. The anchored flame is pushed inwards toward the chamber centerline. Comparison
of the first and second rows in Figure 18 indicates a phase difference of 180° between the shed
vortices. Also shown are the out-of-phase oscillations of the flame fronts anchored at the upper
and lower trailing edges. The corresponding acoustic waves in the transverse direction at those
two locations exhibit 180° phase difference, consistent with the 1T/2L acoustic mode obtained
from the POD analysis. These phenomena indicate strong interactions among vortex shedding,
flame oscillations, and acoustic motion in the chamber.

Coupling between acoustic and heat-release oscillations

The mutual coupling between heat release and acoustic wave can be characterized using
the Rayleigh parameter, Ra(x), defined as the time-averaged product of the pressure
oscillation p’(x, t) and heat-release fluctuation ¢'(x, ) (Huang et al., 2006; Rayleigh, 1945):

Rax) = | #0405, ) 9
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Figure 17. Instantaneous vorticity fields at the mid-section in the spanwise direction: (a) non-reacting
flow, (b) reacting flow with reflecting inlet, and (c) reacting flow with non-reflecting inlet.
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Figure 18. Temporal evolution of the vorticity field (color) and flame front (line) over one cycle of the
1T/2L mode of acoustic oscillation for an acoustically reflecting inlet.
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where T is the time period of oscillation. The Rayleigh parameter provides a qualitative
measure of the extent to which unsteady heat release drives or suppresses instabilities. The
acoustic oscillation is amplified if Ra(x) > 0, or damped if Ra(x) < 0. Figure 19 presents
the spatial distributions of the Rayleigh parameter and the mean flame position (denoted
by line). An organized pattern is observed in the Rayleigh parameter; this suggests
coupling between unsteady heat release and acoustic waves. The Rayleigh parameter is
almost two orders of magnitude larger for the case with an acoustically reflecting inlet
than for the non-reflecting counterpart, because of stronger pressure and heat-release
oscillations and in-phase coupling between the two.

Figure 19a shows that for an acoustically reflecting inlet the Rayleigh parameter is
generally positive on the unburned side of the flame front and negative on the burned
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side. When the flame expands outward in the transverse direction, the pressure follows
the heat release trend, rendering a positive correlation on the burned side and a
negative trend on the unburned side. Acoustic waves extract energy from the oscillating
heat release and continue to amplify over the exothermic part of the cycle. The
maximum Rayleigh parameter appears along the separated shear layers in the near
field of the bluff body. This observation is consistent with the strong coupling that is
exhibited between separated shear layers and acoustic waves, as explained in the
previous section.

For an acoustically non-reflecting inlet (Figure 19b), the Rayleigh parameter exhibits a
pattern of staggered dipoles. Acoustic pressure rises and drops periodically along the
flame, with a phase difference of 180° across the flame surface. This type of alternate
distribution tends to balance out the overall pressure fluctuations, so the acoustic waves
undergo less amplification than in the case of a reflecting inlet boundary, making the
combustion process relatively stable.

The physiochemical processes in the chamber feature a wide range of oscillation
frequencies. When the characteristic frequencies of these processes match those of
the chamber acoustic waves, strong interactions occur and give rise to intensive
excitations of flow oscillations. The resulting favorable coupling among acoustic
waves, vortex shedding, and unsteady heat release forms a feedback loop causing
severe combustion instabilities.

Conclusions

A comprehensive numerical analysis has been performed by means of an LES techni-
que to investigate the dynamical behavior of a flame stabilized by a triangular bluff
body in a straight chamber. Turbulence/chemistry interaction was treated using a
G-equation-based level-set flamelet library model. The overall approach was validated
against experimental measurements of the time-mean and turbulent velocities for both
non-reacting and reacting flows. Good agreement was achieved between calculated and
measured data.

Detailed flow evolution was explored systematically for both non-reacting and reacting
cases. For reacting flows, the importance of employing appropriate acoustic boundary
conditions was confirmed by comparing the results of cases with acoustically reflecting
and non-reflecting inlets. For the former condition, the vortex shedding frequency of the
shear layer separated from the bluft body matched closely with the 1L and 1T/2L acoustic
modes of the chamber. The vortical motions in the flame zone resonate with the acoustic
waves in the chamber, giving rise to large-amplitude flow oscillations. The flame dynamics
are determined by the interactions between the separated shear layers and acoustic waves,
driven by the fluctuating heat release in the flame zone. The resulting interplay among
acoustic fluctuations, vortex shedding, and unsteady heat release forms a feedback loop
causing severe combustion instabilities. An acoustically reflecting inlet, combined with a
low density ratio, tends to lead to unfavorable flame dynamics. Future studies should be
conducted to develop mitigation strategies for such configurations.
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Nomenclature

a = speed of sound

CFL = Courant-Friedrichs-Lewy

E = specific total energy

f = frequency (Hz)

G = level-set variable

H = channel height

k = wave number

Ka = Karlovitz number

Ir = laminar flame thickness

Is = inner-layer flame thickness

n = unit vector normal to flame front
p = pressure

q = rate of heat release per unit volume
R = gas constant

Re = Reynolds number

S = flame speed

t = time

T = temperature

T, = temperature of burnt mixture
T, = temperature of unburnt mixture
u; = velocity

Greek symbols

p = density

Tj = shear stress tensor

A = thermal conductivity

n = Kolmogorov length scale

¢ = equivalence ratio

y = ratio of specific heats

6 = phase angle

0, = Vviscous work

Superscripts

sgs = subgrid scale

- = ensemble averaging
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l
Il

Favre averaging

! = fluctuation
Subscripts

0 = initial time
a = acoustic

in = inlet flow

t = turbulent
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