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In the design process of lean premixed combustors, the suppression of combustion instabilities plays a crucial role.
Because active control measures to suppress combustion instabilities involve costs and maintenance, passive or static
control measures are a preferable choice. The current work focuses on vortex-driven combustion instabilities, where
large-scale vortices trigger the instability. A skillful vortex management in the combustor by passive methods—
such as a coaxial flow—should be able to decrease the influence of large-scale vortices on the flame or to suppress
the creation of large vortices completely. The current study investigates the possibilities of manipulating the shear
layer at the burner nozzle of an axisymmetric dump combustor by a small circumferential coaxial flow. To explore
these possibilities of flow control, large eddy simulations (LES) of a confined Bunsen burner flame are performed
using a flow solver based on a low-Mach-number assumption and the G equation. The flow is periodically excited
in order to simulate the acoustic forcing of the combustion instability. Phase averaging delivers the flow response
to the forcing, and transfer functions give information about the amplification of the forcing. The success of the
control method is then determined by the ability of the control method to suppress an amplification of the periodic
excitation. The results of LES of the cold flow shows that the swirled coaxial flow is able to destroy large-scale
structures and to suppress the periodic flow response substantially. In the reacting case a coaxial flow is able to
shield the main flow and the flame front from large-scale vortices, and the influence of vortices on the flame front

decreases dramatically.

I. Motivation

A. Vortex-Driven Combustion Instabilities
HE control of combustion instabilities is crucial for the suc-
cessful design of of lean premixed combustors. The suscepti-
bility of of these combustors to combustion instabilities!? makes
it a delicate task to apply these kind of combustors to civil aircraft
engines. The control of combustion instabilities is critical in order
to progress towards highly efficient, low-pollutant combustors.

There are several mechanisms suspected of leading to combus-
tion instabilities, such as periodic inhomogeneities in the mixture
fraction, pressure sensitivity of the flame speed, and the formation of
large-scale turbulent structures.>~> Although an attempt to suppress
combustion instabilities in practical applications has to address all
of these sources, the current work focuses on coherent structures as
the driving mechanism in creating noise.

In vortex-driven combustion instabilities® the roll up of a coherent
structure near the burner nozzle bundles an amount of unburned fresh
gases inside and increases the flame surface dramatically (Fig. 1).
As a result, the fresh gases burn rapidly at a very distinct moment.
The sudden heat release creates an acoustic wave, which—given
the proper time lag—delivers an acoustic perturbation. Because an
acoustic perturbation triggers the roll up of a coherent structure in
the shear layer,”~® the next vortex is created near the edge of the
burner nozzle.

The Rayleigh criterion can be used to determine whether this
process is self-amplifying: if the sudden heat release is in phase
with the acoustic wave creating the next inhomogeneity, then this
cycle will be repeated with a certain frequency.

The consequences of unstable combustion are often troublesome
because of the intense pressure-fluctuation levels that can occur, as
well as increased heat transfer to the combustor surfaces.*!° These
conditions can result in system performance degradation (for ex-
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ample, an increase in the lean blow-off limit or unsteadiness in
thrust production in the case of a propulsion device), unacceptable
vibration or noise levels, and, in the worst case, system failure be-
cause of structural damage.? The numerical prediction of combus-
tion instabilities is challenging and has been tried with extensive
simplifications.''~13

B. Active vs Static Control

So far, many control strategies for combustion instabilities are
based on active-control mechanisms.? Active control is achieved by
a sensor in the combustion chamber, which measures frequency and
phase of a combustion oscillation. The measured signal is then ana-
lyzed, and a proper periodic response is determined. The response is
either an acoustic perturbation or a modulation of the fuel supply.'*
Active control is able to suppress combustion instabilities substan-
tially and is already in use for numerous practical applications, for
example, in stationary industrial gas turbines for power generation.

However, this apparatus for active control is rather expensive and
maintenance intensive. Furthermore because a failure of the active
control system can lead to a failure of the whole combustion system
this approach is not advisable for aircraft engines.

Static-control strategies built on fixed hardware installations in or-
der to manipulate the characteristics of the flow in the combustor are
more robust and need a minimum of maintenance. With static control
a burner that is naturally less prone to combustion instabilities can
be designed. However, to give design guidelines for static control
measures this type of control has to be investigated in more detail.

C. Static-Control Strategies

Several static-control strategies for shear layers are known. The
method that has received most attention is to use noncircular nozzle
shapes like triangles'>'¢ and ellipses.'”-'® However, the design of
swirl combustors calls for axisymmetric nozzle shapes in order to
generate swirl efficiently. Although swirl flames are not part of the
current investigation, the ultimate goal of this study is to provide
control strategies for swirl combustors.

Some control strategies involve hardware installations inside the
shear layer. Honeycombs have had success in straightening the flow
and destroying coherent structures efficiently.'” The installation of
these devices in practical burners is rather difficult because they
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Fig. 1 Sketch of coherent structures as the driving mechanism in com-
bustion instabilities.
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Fig. 3 Static control by swirled coaxial flow: the generation of longi-
tudinal streaks destroys large-scale structures and enhances small-scale
mixing.

would have to be placed into the flame front. The excessive heat
these devices would have to sustain makes the application of these
installations unlikely.

One possibility of altering the nature of the shear layer funda-
mentally is to use a small slit near the edge at the backward-facing
side of burner edge. Suction is a very efficient way to deflect the
flow and to avoid large-scale structures.’’ However, in a premixed
burner it could mean that fresh cold gases at a temperature close to
the ignition point are part of the fluid sucked out of the combustion
chamber. The further treatment of these gases is problematic.

The current study investigates static control in the form of a small
circumferential slit around the nozzle, blowing a coaxial flow into
the combustion chamber. This coaxial flow carries less than 5% of
the mass flow rate of the main flow and can be used in two ways to
control coherent structures:

1) Displacement of the main shear layer (Fig. 2) is the first way:
the shear layer between the coaxial flow and the recirculation zone
creates large-scale vortices, while the shear layer between main
flow carrying the fresh gases and coaxial flow creates less intense
vortices because the velocity difference is small. This displaces the
origin of the large-scale vortices for a small amount in outward
radial direction. Although the intensity of coherent structures is
unchanged, their influence decreases because the origin of these
vortices is now outside of the flame front.

2) The second way is three-dimensionality of the shear layer
(Fig. 3): by giving the shear layer a component in the third direction,
for example, by swirl, a second shear layer perpendicular to the main
shear layer is created. As a result, a longitudinally oriented vortex
streak is created, which disturbs vortex creation in the main shear
layer.?

II. Static-Control Investigation

A. Numerical Tools for Turbulence Research

Recent progress in numerical tools provides new elements in
turbulence research. Whereas flow solvers based on a Reynolds-
averaged Navier—Stokes formulation can predict the main flow fea-
tures, large-eddy simulations (LES) are able to provide a detailed
look at the origin, development, and decay of large-scale turbulent
structures. This allows a deeper insight into the dynamics that gov-
ern coherent structures and ultimately can deliver answers on how
to control the flow.

The advantage of numerical investigations over experiments is
that a single parameter can be varied, leaving all other flow pa-
rameters unchanged. Experimental investigations usually encounter
practical difficulties in achieving this goal.

Because the current work focuses on coherent structures as an
origin of combustion instabilities, LES can be seen as the optimal
tool to to find strategies to control large-scale structures in order to
suppress combustion instabilities.

B. Test Case

To obtain data about general ideas for static control, the current in-
vestigation examines a flow over an axisymmetric backward-facing
step at a Reynolds-number Re = 3 x 10* (Fig. 4). The expansion ra-
tio is 1:2 leading to an area ratio of 1:4. This geometry corresponds
to that used in an experimental investigation,?!>? and extensive data
sets by laser-Doppler-anemometry measurements for the cold flow
are available. Because the measurements provide velocity profiles
upstream of the expansion, a proper definition of the inflow bound-
ary condition is possible.”

Although the experiments are carried out with both a nonswirling
and a swirling flow, the LES computation focuses here on the
nonswirled case, where vortex dynamics are better understood. The
dynamics governing swirl flows are still controversial,®*> and it
is difficult to identify origin and control of a vortex structure in
these flows.

C. Strategy of the Investigation

Because of the variety of physical phenomena, which lead to
combustion instabilities, it is difficult to examine naturally excited
combustion instabilities by numerical investigations. In the current
investigation, therefore, the flow is forced by a convective wave in
order to simulate periodic excitation by the combustion instability.
A shear layer reacting to the periodic excitation amplifies the peri-
odic disturbance. The quality of a static-control mechanism can be
determined by the ability of the control mechanism to suppress the
amplification of the excitation.

The external excitation of the flow makes it possible to assess
the potential of a flame to create combustion instabilities by de-
termining the transfer function of a combustor. Whether a flame is
finally unstable or not depends on the ability of the heat release
to create a periodic excitation that satisfies the Rayleigh criterion.
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Fig. 4 Geometry of the combustor.
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The prediction of this feedback mechanism is tedious because it
involves computation of the acoustic wave propagation and knowl-
edge of acoustic impedances at the boundaries of the computational
domain. Here, for simplicity, acoustic effects have been explicitly
excluded by using a flow solver based on a low-Mach-number ap-
proximation. This makes it possible to have a detailed look at the
one-way coupling between excitation and flame response. If static
control results in a reduction of the flame response to the excitation
over a broad frequency range, a decrease of the ability of the flame
to create an acoustic perturbation can be demonstrated, indicating a
robustness against combustion instabilities.

To quantify the effect of a static-control device, the following
procedure is employed.

First, the cold flow is examined. An LES computation of the test
case is compared to the experimental data to give an estimate of the
accuracy of the applied approach.

Then, the excitation is carried out on the cold flow by a periodic
modulation of the inlet profile. The shedding of coherent structures
at the burner nozzle will lock into the forcing frequency, and a so-
called triple decomposition can be applied to the flow variables.?®
The instantaneous variable consists of three components: the time-
independent component, the coherent (periodic) component, and the
incoherent turbulence:

fo 0= f@)+ fx, @) +f/(x,0) (1
B
=(f)(x,¢)

where f(x) is the time average of f, F(x, ¢) the periodic component
derived by phase averaging, and f(x, t) the stochastic turbulent
component.

Because f (x, ¢) contains all periodic information about the ex-
cited flow, the kinetic energy of the periodic fluctuation:

E(x, ¢) = i(x, $) + 0(x, 9)* + W (x, 9)’] 2)

can be computed, and its integral over all periods and the flow
domain

2
Eper = / / S(x, d)) d(b dav (3)
vV JOo

delivers the response of the flow system to a certain frequency. By
several repetitions of the computation with different forcing frequen-
cies, a transfer function can be determined. This makes it possible
to assess the susceptibility of the flow to excitation over a wide
frequency range.

In the third step an LES computation of the cold flow with the
static-control mechanism is performed. Again, several computations
are made with different forcing frequencies, and a transfer function
is determined. The comparison of the two transfer functions deliv-
ers the effectiveness of the static-control mechanism on cold flow
turbulence.

The fourth and final step involves the computation of a reacting
flowfield. Because of the high computational costs, only one exem-
plary frequency is examined. Here the flame response is given by
the heat release

Y

30D C)

( Q ) periodic =

with ® the angle of the trigger frequency and O determined on
the phase-averaged temperature field. The heat release is based on
phased-averaged quantities in order to determine the value inde-
pendent from the temporal filter size. Subtracting the mean value
from (Q) delivers the periodic fluctuation Q. The integral of the
rms value of the periodic fluctuation of the heat release delivers an
overall value of the flame response:

27 -
q::// rms(Q) d¢ dV )
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Because the heat release has the greatest potential to create an acous-
tic wave, it gives a measure on whether the burner design is suscep-
tible to create noise caused by a convective wave.

The comparison between uncontrolled and controlled flames and
the comparison between reacting and nonreacting flows can de-
liver an answer on whether flame control via turbulence control is
possible.

D. LES Flow Solver
For the current investigation the LES flow solver developed at the
Center for Turbulence Research?? has been used. The code solves
the filtered momentum equations:
dpu e - -
7+V-(puu):—VP+V-(u+;L,)r 6)

with p the filtered density, & = pu/ o the Favre-filtered velocity vec-
tor, and P the pressure. A low-Mach-number assumption is used,
which means that the density is not a property influenced by the
flow, but entirely determined by the chemical reactions. As numer-
ical method, a second-order finite volume scheme on a staggered
grid is used.?” The subgrid stresses are approximated with an eddy-
viscosity approach, where the eddy viscosity is determined by a
dynamic procedure.?®%

E. G-Equation Approach

In reacting cases the G-equation approach is used to simulate
a premixed flame.’*=3* The G-equation approach is based on the
assumption that the flame front is much smaller than the LES grid.
Hence, it is treated as a discrete surface defined as the isosurface G
of the scalar field G. This isosurface is convected by the velocity
field u, while it propagates normal to itself with the laminar burning
velocity s, and is determined by

G
p— +pu-VG = ps; |VG @)
ot —— ——
Convection Propagation

In this equation the balance of diffusion and chemical reactions is
represented by the laminar burning velocity. Because this quantity
is only defined at the flame front, Eq. (7) is only valid at the flame
front.

Applying an LES filter to Eq. (7) leads to

G . - .
P+ p-VG = psrIVG| = pDIRIVG| (8)

with s7 the turbulent burning velocity, DE the turbulent diffusivity,
and k a curvature term. These parameters have to be described by
an LES model. In the current case a Bunsen burner flame has been
assumed, using the same modeling approach as the LES computation
of a similar flame.3!

The modeling of a premixed flame with a G-equation approach
is still a matter of investigations. Current research is focusing on
validating the model and on extending the model to accommodate
lifted flames, extinction, reignition, and wall effects. The proper de-
scription of all of these phenomena will be important to address
combustion instabilities as a whole. For the current study how-
ever, the current version of the approach can be still be consid-
ered adequate. The reason for that is that the present study fo-
cuses on the flame response to large vortices. The influence of
the large vortical motions on the flame front is mainly determined
by the convective term on the left-hand side of Eq. (8), where no
modeling takes place. Hence, the current approach can be consid-
ered sufficient to determine the effect of large-scale vortices on the
flame front.

F. Geometry and Mesh

The geometry consists of an axisymmetric expansion (Fig. 4). The
computational domain starts one diameter D upstream of the expan-
sion, with D the diameter of the jet, and ends 10D downstream of
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the expansion in a convective outflow condition. The inflow velocity
is generated by an independent LES computation of a periodic pipe
flow, which records the velocity components in the outflow plane
and provides the data as inflow conditions.

The coaxial flow (Fig. 5) is blown into the combustion cham-
ber between 1.06R and 1.12R at the backward-facing step, with
R =D/2 the radius of the jet. The flow is assumed laminar in a
parabolic shape. For a bulk velocity of the coaxial flow equal to the
bulk velocity of the main jet, this results in a mass flux of the coaxial
flow of 4% of the main jet in the nonreacting case.

The mesh consists of 384 x 64 x 64 cells, adding up to 1.6M cells.
It is refined in regions of high shear, especially around the control
slit. Mesh distribution of the flow with and without slit is exactly
the same, with the exception of the control slit itself.

1.00R
1.06R
1.12R

Fig. 5 Geometry of the coaxial jet (not to scale).

U/UB ULK

e

X x/D=

1 1 1

-0.5 ]

1

L L
1.0 /D 0.5 0.0

Fig. 6a Mean axial velocity component 7,: O, experimental data??;
, LES of the cold flow.

III. LES of the Cold Flow

A. Flow over an Axisymmetric Expansion

Because experimental data are available for the cold flow of the
chosen test case, the first step is to validate the LES flow solver
against the experiments. Figure 6 shows a comparison of LES and
experiments of the mean axial velocity and the axial-velocity fluctu-
ations. The mean axial-velocity component of the LES computation
shows good agreement with the experiments, although the spreading
rate of the shear layer behind the step is underestimated. The com-
puted axial-velocity fluctuations also show good agreement with
the experiment. However, the two profiles directly behind the step
atx/D = 0.5 and 1.0 show some disagreements in shape. The highly
turbulent nature of the flow in this region complicates measurements
and computations alike.

B. Flow Response to Forcing

Forcing the flow triggers the roll up of coherent structures in the
shear layer created by the main jet flow and the recirculation zone at
the step. To determine the amplification of the forcing by the shear
layer, the results of the LES computation are phase averaged. The
phase averaging begins five periods after the flow forcing has been
initiated to allow for adjustment to the periodic excitation. The av-
eraging is then carried out over 30 periods. A separate study showed
that this number of periods is sufficient to obtain a statistically con-
verged phase average for the cold flow.

To visualize the vortex creation, Fig. 7a shows the the phase-
averaged crosswise vorticity. The development of vortex rings
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Fig. 6b Axial-velocity fluctuations \/u_J'r2 O, experimental data®?;
, LES of the cold flow.
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Fig. 9 Static control by swirled coaxial flow (u#¢oax =1 * #main, SWirl number S =0.25, comp. Fig. 3). Nonreacting flow. Forcing frequency Sr=1.0.

Phase-averaged crosswise vorticity component &,.

with the forcing frequency can be seen. Dark spots denote
counterclockwise-turning eddies and light spots clockwise-turning
eddies. A close-up of the upper part of the step (Fig. 7b) shows a
vorticity sheet with positive sign (dark) created by the boundary
layer and the shear layer between the main flow and the recircula-
tion zone near the step. This vorticity sheet rolls up and creates the
vortex ring. The static-control mechanisms aim to manipulate this
vortex in order to control the flame.

The effect of a coaxial high-speed stream on the creation of a
vortex ring can be seen in Fig. 8a. The coaxial flow, here with a
bulk velocity twice as high as the main flow, creates two additional
vortex sheets with opposite signs. The close-up in Fig. 8b shows
how the vorticity sheet with negative sign (white) shields the main
flow and restrains the vorticity sheet of the main flow from rolling
up into a vortex. Instead, the outermost vorticity sheet originating
in the coaxial flow rolls up. Because this vortex consists mainly of
fluid emanating from the coaxial flow, it will have less influence on
the flame front than in the uncontrolled case. However, the intensity
of the vortex ring created by the coaxial flow is of approximately the
same intensity as the vortex ring in the main flow in the uncontrolled
case.

Figure 9a shows the employment of a swirled coaxial flow as a
static-control mechanism. Here, the axial bulk velocity of the coaxial
flow is the same as the bulk velocity of the main flow, and the swirl
number

Ro ~— _
s 2 fR,- 72l il dr
Ri + R, fRR_” ra?dr

©)

is approximately § = 0.25, with u, the axial velocity component, i,
the azimuthal velocity component, R; the inner radius of the coaxial
slit, and R, the outer radius of the coaxial slit. The swirl number
of § =0.25 was chosen arbitrarily. The effect of shielding the main
flow by a vorticity sheet of opposite sign is still present (Fig. 9).
Additionally, the creation of a shear layer in the azimuthal direction
disturbs the vortex roll up of the coaxial flow, and a decrease of
coherence in the vortex can be determined.

To quantify the effect of the control mechanisms, the kinetic
energy of the periodic flow perturbation was computed and inte-
grated over the volume behind the step. Figure 10 shows the results
for different Strouhal numbers (Sr = fD /U, with f the forcing
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frequency, D the diameter of the jet diameter, and U the bulk ve-
locity of the jet.).

The natural, uncontrolled flow is denoted by circles. The max-
imum kinetic energy occurs near Sr =0.625. Below that Strouhal
number the vortices created by the forcing are very large and get
increasingly disturbed by the proximity of the outer wall. For suffi-
ciently low Strouhal numbers no coherent structures can be observed
because the confinement of the jet impedes the creation of coherent
structures larger than the step height.

With increasing Strouhal number the coherent structures shed at
the step get smaller, and thus their contribution to the periodic fluc-
tuation of the flow decreases. Above a Strouhal number of Sr =2.0,
the influence of these coherent structures onto the main flow is ne-
glectable. A comparison with the literature shows that combustion
instabilities in gas-turbine burners occur in the same frequency range
as the amplification of periodic disturbances found here.3*%

The effect of the unswirled coaxial flow is not reflected in this pre-
sentation because the vortex development is not prevented, but only
displaced. The kinetic energy of the coaxial flow with the same bulk
velocity as the main flow #¢ux = Umain 1S identical with the kinetic
energy of the uncontrolled flow (crosses in Fig. 10). A high-speed
coaxial flow (U coax = 2 - Umain) €ven amplifies the flow response (stars
in Fig. 10) because the velocity difference in the outer shear layer
between the coaxial flow and the recirculation zone is even higher
than in the uncontrolled flow.

Because the goal of this control measure is not to prevent a vortex
roll up, but to displace the vortex roll-up out of the flame front,
the strength of the vortical structure remains the same, and hence
the kinetic energy of the coherent structures is nearly constant. The
effectiveness of this control measure has to be shown in reacting
computations.

However, using a swirled coaxial flow shows great potential even
in the cold flow. Even the low swirl number § =0.25 results in a
considerable damping of the flow response (triangles in Fig. 10). An
increase of the swirl number decreases the flow response even more
(squares in Fig. 10). Here it can be seen that the swirled coaxial flow
is able to damp the flow response by more than 50% over a broad
frequency range.

IV. LES of the Reacting Flow

A. Setup for Reacting Flow Computations

Because the computation of reacting flows is much more expen-
sive, the determination of a transfer function for the reacting flow
comparable to Fig. 10 is too costly to perform. Instead, a single
forcing frequency is chosen, and several cases of coaxial flows are
investigated and compared to the uncontrolled case. As a forcing fre-
quency, the Strouhal number of Sr = 1.0 was chosen. This choice
was made because the flow response for this frequency is still high,
but the length of a period of this frequency is quite short, which
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Fig. 10 Kinetic energy E).. of the periodic perturbation [see Eq. (3)]
for different Strouhal numbers Sr=f - D/U. The confinement of the jet
impedes the creation of very large structures (Sr<0.5).

allows the computation of a higher number of periods in the same
computed physical time span.

In a reacting flow the coaxial flow can carry either fresh air or
hot products. The injection of fresh air near the stabilization point
of the flame would alter the chemical characteristics of the flame in
comparison to the uncontrolled flow creating a liftoff of the flame. It
would be difficult to assign the altered flame response of the burner
modification to the liftoff or the manipulation of the large-scale
vortical structures. Because the current investigation concentrates
on the attempt to control a flame mechanically and not chemically,
the coaxial flow in the computation carries hot products in order to
provide the same chemical characteristics as the uncontrolled flame
stabilized by the recirculation zone at the dump. Even though in
practical applications it might be difficult to feed the coaxial flow
with hot gases, for the current study it allows the variation of only
a single parameter and the assignment of the effect of the coaxial
flow to the vortex development and not altered chemical properties.

However, the choice of using hot products for the coaxial flow
creates problems in investigating swirled coaxial flows. Because of
the low density of the hot products, the swirl flow does not possess
enough azimuthal momentum to influence the main jet. An increase
of the azimuthal velocity component to compensate the momentum
loss produced very high swirl numbers resulting in a fast decay of
swirl. Hence, the investigation of swirled coaxial flows has to be left
for future investigations, when a cold swirled coaxial flow can be
employed and the liftoff of the flame can be part of the investigation.

B. Results of the Reacting Flow Computations

The instantaneous flame response to the forcing of the inflow can
be assessed by alook on the temperature distribution in the combus-
tor. Figure 11 shows an instantaneous snapshot of the uncontrolled
periodically excited flow. The influence of the vortices created by
the forcing can be seen in different stages. In the beginning the vor-
tices bulge the flame front. Fully developed, the vortices create the
typical mushroom-shaped distortion of the flame, and during their
decay the vortices finally detach parts of the flame. These flame
pockets float far downstream, where they are consumed.

Figure 12 shows the same flame with a low-speed coaxial flow.
Large-scale vortices still distort the flame front, but have much less
influence because they are created outside the flame. Comparing
Figs. 11 and 12, the most striking difference is that the flame with
static control is more compact and seems much steadier than its
uncontrolled counterpart, and no flame detachments take place. Be-
cause the small-scale mixing is enhanced by the coaxial flow, the
flame length in this combustor is shorter than in the case without
coaxial flow.

Using a high-speed coaxial flow (Fig. 13), the effect of the vortex
rings on the flame decreases even more. Even though large-scale
vortices are created, which have a higher kinetic energy than in the
uncontrolled case, the origin of these vortices is a little displaced in
outward radial direction. Although this displacement is very small, it
is sufficient to decrease the influence of this vortex to the flame front.

Because both flames using a coaxial flow have the same total heat
release as the uncontrolled flame, but are able to burn all fresh gases
on a shorter length scale, the flames with a coaxial flow are more
efficient than their uncontrolled counterpart.

To give a quantitative measure on the effectiveness of the control
method, the flow was phase averaged, and the periodic heat release
determined according to Eq. (5). Because the computational costs
for reacting flows are high, not as many periods can be computed
as in the cold flow. The actual value has to be approximated by the
convergence history of the phase average (Fig. 14). Before starting
the averaging, the flow has been excited for five periods in order to
let the flow adjust to the new inlet conditions.

In the uncontrolled case the phase average converges after 16—
18 periods of excitation. The erratic nature of the flame detach-
ments results in highly stochastic turbulence, and as such, the phase-
averaging process takes a large number of periods.

Using the coaxial flow to control the flame, the flame becomes
more stable, and the averages start to converge earlier, already at
8-10 periods.
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Fig. 12 Static control by low-speed coaxial flow (#¢oax =1 - #main). Instantaneous snapshot after six periods of forcing. Forcing frequency Sr=1.0:

gray scale, temperature 7'; ——, Gy (flame front).
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Fig. 13 Static control by high-speed coaxial flow (#coax =2 * Umain)- Instantaneous snapshot after six periods of forcing. Forcing frequency Sr=1.0:

gray scale, temperature 7'; ——, Gy (flame front).

o-o.lxlnl.l.l.l.l.lnlnln

0 2 4 6 8 10 12 14 16 18 20 22
no. of averaging periods

Fig. 14 Periodic heat release [see Eq. (5)]in dependency of the number
of averaging periods. Strouhal number Sr = const = 1.0.

Even though the flow reacts less stochastic, the burner design with
the coaxial flow responds to velocity oscillations with a periodic
heat release approximately 70% below the uncontrolled case. That
means that a velocity perturbation coming from upstream of the
flame is much less amplified, and it is more likely that this burner
does not fulfill the Rayleigh criterion. Hence, this burner design can
be attested to be a robustness against combustion instabilities.

A similar procedure can be applied to compute the kinetic energy
of the flow oscillations. Here, the static control results in a 60%
reduction of the flow response.

V. Conclusions

LES has been used to examine the influence of large-scale vortices
on combustion oscillations. The usage of a flow solver based on
a low-Mach-number approximation made it possible to explicitly
exclude acoustic effects and pressure sensitivity of the flame and to
link the effects of the flame response directly to the forcing of the
flow and the creation of large-scale vortices. LES has been shown
to be a powerful tool in this investigation, because it was possible
to vary parameters independent from others.

The here described static-control mechanism in the form of a
coaxial flow has shown a large potential in suppressing combustion
instabilities. The change of the burner design resulted in a dra-
matic decrease of the flame response to external excitations. This
robustness of the burner design makes it less prone to combustion
instabilities.

In contrast to active control, the proposed static control of the
combustor requires a minimum of maintenance. The simplicity of
this change makes it possible to use static control in order to replace
or to support active-control efforts.
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