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Abstract

The present work addresses unsteady flame dynamics in a lean-premixed swirl-stabilized combustor
tention focused on the transition of flame structure from a stable to an unstable state. It was found that
temperature and equivalence ratio are the two most important variables determining the stability characte
the combustor. A slight increase in the inlet mixture temperature across the stability boundary leads to a
increase in acoustic flow oscillation. One major factor contributing to this phenomenon is that as the inlet
temperature increases, the flame, which is originally anchored in the center recirculation zone, penetrate
corner recirculation zone and flashes back, due to the increased flame speed. As a consequence, the flam
lized by both the corner- and the center-recirculating flows and exhibits a compact enveloped configurat
flame flaps dynamically and drives flow oscillations through its influence on unsteady heat release. This
has not previously been studied mechanistically. The results improve our understanding of the mecha
initiation and sustenance of combustion instabilities in gas-turbine engines with lean-premixed combustio
 2003 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

It is well established that the flow and flame d
namics in a combustion chamber can change
matically as the governing parameters pass thro
their critical values at which bifurcation points are l
cated. Combustion processes alone may or may
exhibit bifurcation phenomena, but when they ta
place in the presence of the nonlinear behavior
the chamber dynamics, this sort of characteristic
indeed observed in many combustion devices [1–
Sometimes, when bifurcation takes place, which m
arise from disturbances of the governing paramet
transition from a stable operation (characterized b
limit cycle with small oscillation or no oscillation) t
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E-mail address: vigor@psu.edu (V. Yang).
0010-2180/$ – see front matter 2003 The Combustion Institut
doi:10.1016/j.combustflame.2003.10.006
an unstable operation (characterized by a limit cy
with large oscillation) is observed. The self-excit
large unsteady flow oscillations in combustors, wh
are usually referred to as combustion instability, h
hindered the development of gas-turbine engines w
lean-premixed (LPM) combustion for many yea
Understanding of the mechanisms responsible fo
ducing bifurcation is important for passive and act
control of combustion instability [3,4].

Several experimental studies [1–8] have been c
ducted to investigate combustion dynamics with
furcation phenomena. Culick and colleagues [1,4]
vestigated the hysteresis behavior of combustion
stability in a dump combustor as a function of t
mixture equivalence ratio, in which several attract
coexist for a given parameter value and the tra
tion from a stable to an unstable state and its rev
occur at different critical parameter values. Lieuw
[3] studied the limit-cycle oscillations in a gas-turbi
e. Published by Elsevier Inc. All rights reserved.
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Fig. 1. Schematic of a model swirl-stabilized gas-turb
combustor (after Broda et al. [2]; used by permission of
publisher).

combustor. It was suggested that cyclic variability
caused by background noise. The inlet velocity
only plays an important role in determining the s
bility characteristics of the combustor, but also
fects the amplitudes of the oscillations. Broda et
[2] performed an experimental study of combust
dynamics in a swirl-stabilized gas-turbine combus
The system consists of a single-swirl injector, an
isymmetric chamber, and a choked nozzle, as sh
schematically in Fig. 1. The estimated swirl numb
is 0.76 for a 45◦ swirler with a constant chord (c)
and angle (φ). Natural gas is injected radially from
the center body through 10 holes immediately dow
stream of the swirler vanes. The fuel/air mixture
assumed to be well mixed before entering the co
bustor. A broad range of equivalence ratio and in
air temperature was considered systematically. F
ure 2 shows stability maps as a function of inlet
temperature and equivalence ratio. Instabilities oc
only when the inlet air temperature is greater tha
threshold valueT ∗

in around 660 K and the equivalenc
ratio falls into the range between 0.5 and 0.7. Figur
shows typical photographic images of a stable and
unstable flame with an equivalence ratio 0.6. As
inlet temperature increases and exceeds the thres
valueT ∗

in, the flame structure transforms from a s
ble to an unstable state, and the amplitude of pres
oscillation increases and reaches another limit cy
This kind of bifurcation in flame structure, as the in
temperature varies, will be investigated numerica
in the present study.

Since the flowfield of concern is highly unstea
and dominated by turbulent motions that need to
adequately resolved computationally, a large e
simulation (LES) technique is adopted. Several
tempts have been made to study combustion
namics using LES. Thibaut and Candel [9] stu
ied the flashback phenomenon in a backward-fac
step configuration using two-dimensional LES. T
mechanism of flashback associated with combus
dynamics was investigated. Kim et al. [10] inves
gated a swirl-stabilized gas-turbine combustor flo
Their work suggests that high swirl results in a ve
complex vortex-shedding pattern with significant a
Fig. 2. Stability maps as a function of inlet air temperat
and equivalence ratio (after Seo [8]; used by permissio
the publisher).

imuthal structures. Angelberger et al. [11] conduc
a two-dimensional simulation of a premixed dum
combustor with acoustic forcing. Fureby [12] inve
tigated the combustion instabilities of a dump co
bustor and a model afterburner. Vortex shedding
found to be a main attribute of the combustion ins
bilities observed. For LPM combustion with swirlin
flows, a comprehensive numerical study was rece
performed by the authors [13], demonstrating the
pability of LES in treating detailed combustion d
namics.

The purpose of this work is to study the effects
inlet flow temperature on the flame bifurcation ph
nomenon, simulating the experimental conditions
ported in Refs. [2] and [8]. In an earlier paper [1
the flame dynamics under an unstable condition
studied. The present analysis will focus on the tra
tion from a stable to an unstable flame when the in
temperature exceeds a threshold value. The situa
with a stable flame will also be addressed to serv
a reference. The basis of the analysis is the LES c
previously developed for investigating LPM combu
tion instability [13]. Various fundamental process



Y. Huang, V. Yang / Combustion and Flame 136 (2004) 383–389 385

ble
d by

an
fill-
ss,

ed
en-

g a
del
ing
nt
bu-
s-
les.
en
m-

m-
on-
At
er-
m a
en-

e-
tur-
ies
bu-
per-
y of
ro-
sed
nd-

ary
f a
pa-
ral-
es.
-
nd
8]
to

ep
g a
lti-
ith
en-
ing
ical
een
ng
er

e-
the
the
in
ter
Fig. 3. Top: Photographic images of stable and unsta
flames. Bottom: Pressure–time trace (after Seo [8]; use
permission of the publisher).

responsible for the flame transition from a stable to
unstable state, such as high-temperature mixture
ing, flame trapping, and the vortex flashback proce
are carefully identified and quantified.

2. Theoretical formulation and numerical method

The formulation is based on the Favre-filter
conservation equations of mass, momentum, and
ergy. The subgrid-scale terms are modeled usin
compressible-flow version of the Smagorinsky mo
suggested by Erlebacher et al. [14]. The damp
function of Van-Driest is used to take into accou
the inhomogeneities near the wall. For treating tur
lent combustion within the context of LES, combu
tion models are often needed on the subgrid sca
A level-set flamelet library approach, which has be
successfully applied to study premixed turbulent co
bustion [13,15], is used here.

Boundary conditions must be specified to co
plete the formulation. The no-slip and adiabatic c
ditions are enforced along all of the solid walls.
the inlet boundary, the mass flow rate and temp
ature are specified. The pressure is obtained fro
one-dimensional approximation to the axial mom
tum equation, i.e.,∂p/∂x = −ρ∂u/∂t − ρu∂u/∂x.
The mean axial-velocity distribution follows the on
seventh power law by assuming a fully developed
bulent pipe flow. The radial and azimuthal velocit
are determined from the swirler vane angle. Tur
lence properties at the inlet are specified by su
imposing broadband disturbances with an intensit
15% of the mean quantity onto the mean velocity p
files. The nonreflecting boundary conditions propo
by Poinsot and Lele [16] are applied at the exit bou
ary.

The resultant governing equations and bound
conditions are solved numerically by means o
density-based, finite-volume methodology. The s
tial discretization employs a second-order, cent
differencing method in generalized coordinat
A fourth-order matrix dissipation with a total-varia
tion-diminishing switch developed by Swanson a
Turkel [17] and tested by Oefelein and Yang [1
is included to ensure computational stability and
prevent numerical oscillations in regions with ste
gradients. Temporal discretization is obtained usin
four-step Runge–Kutta integration scheme. A mu
block domain decomposition technique along w
static load balance is used to facilitate the implem
tation of parallel computation with message pass
interface at the domain boundaries. The theoret
and numerical framework described above has b
validated by Huang et al. [13] and Apte and Ya
[19] against a wide variety of flow problems in ord
to establish its creditability and accuracy.

3. Results and discussion

The model combustor shown in Fig. 1 and d
scribed in the preceding section is considered in
present study. More detailed information about
experimental facility and results can be found
Ref. [2]. The chamber measures 45 mm in diame
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and 235 mm in length. The baseline condition
cludes an equivalence ratio of 0.573 and a cham
pressure of 0.463 MPa. The mass flow rates of nat
gas and air are 1.71 and 50.70 g/s, respectively. The
inlet flow velocity is 86.6 m/s and the correspondin
Reynolds number based on the inlet flow velocity a
height of the inlet annulus is 35,000.

Because of the enormous computational effort
quired for calculating the flowfield in the entire cham
ber, only a cylindrical sector with periodic boun
ary conditions specified in the azimuthal directi
is treated herein. The analysis, despite the lack
vortex-stretching mechanism, has been shown to
able to capture the salient features of the turbu
flowfields and unsteady flame propagation [9,13]. T
computational domain includes the upstream hal
the chamber and part of the inlet duct. The en
grid system consists of 375× 140 points along the
axial and radial directions, respectively, of whi
75 axial points are used to cover the inlet secti
The largest grid size falls in the inertial subran
of the turbulent energy spectrum, based on the
let Reynolds number. The grids are clustered in
shear-layer regions downstream of the dump pl
and near the solid walls to resolve the shear-layer
near-wall gradients. The computational domain is
vided into 17 blocks and the analysis was conduc
on a distributed-memory parallel computer with ea
block calculated on a single processor.

Stable flame evolution was first obtained for an
let mixture temperature of 600 K (below the thresh
valueT ∗

in for the onset of combustion oscillation). Th
flame bifurcation phenomenon was then investiga
by increasing the inlet temperature from 600 to 660
The mean chamber pressure is 0.463 MPa. Figu
shows the mean temperature contours and pse
streamlines on thex–r plane based on the mean ax
and radial velocity components for a stable flam
A central torodial recirculation zone (CTRZ) is e
tablished in the wake of the center body under
effects of the swirling flow. The CTRZ, a form of vo
tex breakdown, serves as a flame stabilization reg
where hot products are mixed with the incoming m
ture of air and fuel. In addition, as a result of the su
den increase in combustor area, a corner recircula
zone is formed downstream of the backward-fac
step.

The calculated pressure and velocity fields
hibit small-amplitude fluctuations with a domina
harmonic mode at 3214 Hz, corresponding to the
quency of the vortex shedding from the center bo
Figure 5 presents the flame evolution and vortex sh
ding process in the upstream region of the cham
over one cycle of oscillation. The pressure and
locity are measured at the middle point of the in
annulus exit. The phase angleθ is referenced with
respect to the acoustic velocity at the interface
tween the inlet and combustor. The entire proces
dictated by the temporal evolution and spatial d
tribution of the flame front, which moves back a
forth under the influences of the vortical motion (ind
cated by the concentrated streamlines) in the cham
A new vortex begins to shed from the center body
θ = 90◦, accompanying a higher local flow velocit
As the vortex moves downstream (θ = 180◦–270◦),
it distorts the flame front or even produces a s
arated flame pocket. At the same time, the hig
speed mixture pushes the flame downstream. W

Fig. 4. Mean temperature contours and streamlines of st
flame.

Fig. 5. Stable flame evolution over one cycle of oscillat
(3214 Hz): temperature contours and streamlines.
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the vortex moves away from the flame (θ = 360◦) and
dissipates into small-scale structures, the flame f
propagates upstream (since the higher speed mix
is convected downstream) and interacts with ano
incoming vortex. During this process, a new vort
appears at the corner of the center body and ano
cycle repeats.

The inlet temperature has enormous effects on
flame dynamics in the system. On the one hand, w
the inlet temperature increases, for a fixed mass
rate, the flow velocity also increases and pushes
flame downstream. On the other hand, the increa
inlet temperature leads to an increase in the fla
speed and consequently causes the flame to prop
upstream. In addition, flashback may occur near
wall due to the small local flow velocity. The com
bined effects of flow acceleration, flame-speed
hancement, and flashback determine the final form
the flame structure.

In the present study, as the inlet temperature
creases from 600 to 660 K, flame bifurcation tak
place. The flame originally anchored in the cen
recirculation zone penetrates into the corner re
culation zone and flashes back. Consequently,
flame is stabilized by both the corner- and the cen
recirculating flows and forms a compact envelop
configuration. The flame flaps dynamically and driv
flow oscillations through its influence on unstea
heat release. At the same time, the pressure osc
tion increases and reaches another limit cycle wi
much larger amplitude. The entire bifurcation proc
can be divided into three stages: high-tempera
mixture-filling process, flame-trapping process, a
vortex-flashback process, as shown in Fig. 6, in wh
t = 0 ms denotes the time at which the inlet mixtu
temperature starts to increase from 600 to 660 K.

Figures 6a–6c show the high-temperature mixtu
filling process. As the inlet mixture temperature
creases, the flow speed increases due to the decre
density for a fixed mass flow rate. As a result, the o
inal low-temperature mixture is pushed downstre
toward the flame. Although a flashback phenome
is observed near the wall, the high-temperature m
ture has not reached the flame front near the wall
the flame speed remains unchanged at this stage.

Figures 6d and 6e show the flame-trapping proc
Once the high-temperature mixture reaches the fl
front, with the help of the increased flame speed,
near-wall flashback overshadows the flow accele
tion effects. Consequently, the flame front penetra
into the corner recirculation zone and is trapped
the local vortical motion.

In the vortex-flashback process, as shown
Figs. 6f–6h, the flame propagates upstream un
the influence of the vortical motion. A countercloc
wise rotating vortex originally shed from the edge
d

Fig. 6. Transition from stable to unstable flame with
creased inlet temperature from 600 to 660 K.

the backward-facing step approaches the flame f
in the corner recirculation zone and then pushe
toward the dump plane. At the same time, a sm
flame pocket is produced and separated from
main stream. After this vortex is convected dow
stream and passes through the flame, another vo
approaches and interacts with the flame. This pro
continues and eventually the fresh reactants in
corner recirculation zone are completely burned. T
flame is stabilized by both the corner- and the cen
recirculating flows and its overall length is substa



388 Y. Huang, V. Yang / Combustion and Flame 136 (2004) 383–389

tor
igh
sed
end

n-
y-

sms
he
rgy
one

to
cess
stic
eat-

nlet

tion
sig-
-

peri-
ex-

der
ws.
ion
the
lo-
ion,

e
n-
f-
se
nd
in-
ion.
on

tion
se-

de
bi-

tion
tal,
oc-
he

yer
es
oci-
by
h-

h-
ho
t at
and

, is
is
f a
th
sed
e

t
is
lt

ent
peed
nse-
gh

v’s
al
(see,
c-
les

be-

me
va-
ra-
the
ate
tions
an

the
ce
As
an
]

ctu-
ent
tur-
e
-
y
de-
ce

ed
cu-
y to
at
up-
uch

ed,
g a
el-
tially reduced. This situation renders the combus
more prone to instabilities according to the Rayle
criterion [13,20], since considerable heat is relea
within a short distance close to the chamber head-
(i.e., the acoustic anti-node point).

In our previous work [13], a fully three-dimensio
al LES study was performed to investigate the d
namics of an unstable flame. Several mechani
responsible for driving combustion instabilities in t
chamber were identified and quantified. The ene
cascade from chemical reactions in the flame z
to acoustic fluctuations in the chamber was found
be characterized by a feedback closed-loop pro
which includes the mutual coupling between acou
motion, vortex shedding, flame propagation, and h
release oscillation.

Once the flame becomes unstable when the i
flow temperature exceeds the critical valueT ∗

in, it be-
comes rather difficult to reestablish stable opera
unless the inlet temperature is reduced to a level
nificantly lower thanT ∗

in. This phenomenon is com
monly referred to as hysteresis and has been ex
mentally observed by many researchers (see, for
ample, Ref. [2]). The occurrence of hysteresis un
the current circumstance may be explained as follo
During unstable combustion, the corner recirculat
zone is filled with high-temperature products and
chamber wall in this region is heated to reach the
cal flame temperature. To recover stable operat
the cold flow needs not only to extinguish the flam
stabilized by the corner-recirculating flow through e
trainment or flame lift-off, but also to offset the e
fects of high-temperature wall, which tend to increa
the local gas temperature and inhibit extinction a
near-wall flashback. Consequently, a much lower
let temperature is required to regain stable operat
Numerical simulation of the hysteresis phenomen
necessitates a refined treatment of flame extinc
and wall boundary conditions, a subject for sub
quent research.

In light of the above observations, we conclu
that the flashback phenomenon dictates the flame
furcation process. Flashback in premixed combus
has been the subject of a number of experimen
analytical, and numerical studies in the past. Its
currence is usually attributed to two mechanisms. T
first involves flame propagation in the boundary la
along a solid wall, where the local velocity diminish
toward the surface. The second mechanism is ass
ated with flow reversal, which is usually caused
vortical motions or acoustic oscillations. Both mec
anisms are observed in the present case.

A criterion for the occurrence of near-wall flas
back was proposed by Lewis and Von Elbe [21], w
state that flashback occurs if the velocity gradien
the wall is less than the ratio of the flame speed
the quenching distance. This criterion, however
qualitatively correct only for isothermal walls and
not applicable for adiabatic walls due to the lack o
quenching distance. Another criterion, valid for bo
adiabatic and isothermal walls, was recently propo
by Kurdyumov et al. [22]. Flashback occurs if th
Karlovitz number, defined asαA/S2

L
, with α being

the thermal diffusivity andA the velocity gradient a
the wall, is less than a critical value. Although th
criterion is formulated for laminar flows, the resu
can be qualitatively extended to flames in turbul
boundary layers. In the present case, the flame s
increases as the inlet temperature increases. Co
quently, the flame is more prone to flashback throu
the wall boundary layers according to Kurdyumo
criterion. Flashback arising from local flow revers
has also been investigated by many researchers
for example, Refs. [9] and [23]). Large vortical stru
tures and turbulent flame speed play important ro
in this kind of phenomenon. The latter is essential
cause it controls the rate of mixture consumption.

For lean-premixed combustion, the laminar fla
speedSL increases with an increase in the equi
lence ratioφ. Thus, increases in the equivalence
tio and inlet temperature exert similar effects on
flame evolution. However, the chemical reaction r
and heat release are much more sensitive to varia
in the equivalence ratio under lean conditions th
under stoichiometric conditions. Moreover, near
lean blowout limit, perturbations in the equivalen
ratio φ can cause periodic extinction of the flame.
a result, the equivalence ratio oscillation under le
conditions is prone to inducing flow oscillation [5
and subsequently increases turbulent velocity flu
ationν′. This suggests that a lean-premixed turbul
flame is more susceptible to flashback, since the
bulent flame speedST increases not only with th
laminar flame speedSL but also with turbulent veloc
ity fluctuationν′ [24]. The result helps explain wh
the transition from a stable to an unstable state as
scribed in Ref. [2] occurs only when the equivalen
ratio falls in the range between 0.5 and 0.7.

Since the flame bifurcation is largely determin
by the flashback phenomenon in the corner recir
lation zone in the present case, one effective wa
avoid its occurrence is to inject cold flow into th
region. This procedure suppresses the local flame
stream propagation and consequently leads to a m
more stable system.

4. Conclusions

The unsteady flame dynamics in a lean-premix
swirl-stabilized combustor has been studied usin
large-eddy-simulation technique along with the lev
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set flamelet library approach. Special attention w
focused on the transition of flame structure from
stable to an unstable state. Results indicate tha
inlet temperature and equivalence ratio are the
parameters determining the stability characteristic
the combustor. A slight increase in the inlet airflo
temperature across the stability boundary leads
sudden increase in the chamber flow oscillations. O
major factor contributing to this phenomenon is th
as the inlet mixture temperature increases, the fl
originally anchored in the center recirculation zo
flashes back through the wall boundary layers and
vortical flow downstream of the dump plane. As a
sult, the flame becomes stabilized by both the cor
and the center-recirculating flows. The flame th
flaps dynamically and drives flow oscillations throu
its influence on unsteady heat release. Much in
mation has been obtained to shed light on the fun
mental mechanisms of the initiation and sustenanc
combustion instabilities in gas-turbine engines w
lean-premixed combustion. The present study, h
ever, did not consider the influence of stretch r
on flame dynamics, which may alter the local fla
structure and cause flame extinction or lift-off. Th
will be explored in subsequent work.
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