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A CFD Study on Thermo-Acoustic Instability
of Methane/Air Flames in Gas Turbine Combustor
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Thermo-acoustic instability of methane/air flames in an industrial gas-turbine combustor is
numerically investigated adopting CFD analysis. The combustor has 37 EV burners through
which methane and air are mixed and then injected into the chamber. First, steady fuel/air
mixing and flow characteristics established by the burner are investigated by numerical analysis
with single burner. And then, based on information on the flow data, the burners are modeled
numerically via equivalent swirlers, which facilitates the numerical analysis with the whole
combustion system including the chamber and numerous burners. Finally, reactive flow fields
within the chamber are investigated numerically by unsteady analysis and thereby, spontaneous
instability is simulated. Based on the numerical results, scaling analysis is conducted to find out
the instability mechanism in the combustor and the passive control method to suppress the
instability is proposed and verified numerically.

Key Words : Thermo-Acoustic Instability, Gas-Turbine Combustor, Burners, Spontaneous

Instability

1. Introduction

Pressure oscillation frequently occurs in vari-
ous combustors and usually affects the combus-
tor operation unfavorably. Especially, High-per-
formance operation of an industrial gas-turbine
combustor is often impeded by thermo-acoustic
instability, one kind of combustion instabilities
(Lefebvre, 1998; Williams, 1985). Thermo-acous-
tic instability results from sound-wave amplifi-
cation in a combustor, and thereby it has long
gained significant interest in propulsion and
power systems.
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Under thermo-acoustic instability, pressure os-
cillations are amplified through in-phase heat
addition/extraction from combustion, leading to
the acoustic resonance at the specific acoustic
modes of the chamber (Harrje and Reardon,
1972 ; Zucrow and Hoffman, 1977). It may lead
to an intense pressure fluctuation as well as ex-
cessive heat transfer to combustor wall in com-
bustion systems such as solid and liquid propel-
lant rocket engines, ramjets, turbojet thrust aug-
mentors, utility boilers, and furnaces (McManus
et al., 1993 ; Moon et al., 2004 ; Seo, 2003).

In order to understand this phenomenon better,
detailed and extensive information on reactive
flow field in the combustor is required. In this
point of view, numerical researches are informa-
tive rather than experimental work since the latter
still gives limited flow data in spite of formidable
expense spent on full-scale test. So far, there have
been conducted various analytic and numerical
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studies to pursue this phenomenon (Culick and
Yang, 1995; Fleifil et al.,, 1996; Harrje and
Reardon, 1972 ; Sohn, 2002 ; Sohn et al., 2004).
In fundamental works, elementary physical and
chemical processes have been investigated separa-
tely based on microscopic approach and thereby,
useful fundamentals were obtained. On the other
hand, analyses of reactive flow field in the whole
combustor including all processes were conducted
to simulate unstable combustion (Davoudzadeh
and Liu, 2004 ; Flohr et al., 2001). The latter
studies have advantages in understanding and
controlling combustion instabilities from the
standpoint of the macroscopic approach to the
phenomena. Nevertheless, due to the complexity
and breadth of the analysis, there are only a few
numerical studies devoted to the macroscopic ap-
proach and intended to obtain information on
instability control with the whole combustor of
actual size.

In this regard, the macroscopic numerical ap-
proach is adopted in this study, where cost-
effective analyses are proposed and conducted
for better understanding of instability mechanism
and its control. Since thermo-acoustic instability
occurs at frequencies close to acoustic eigenmodes
of the chamber, in the previous work (Sohn and
Cho, 2004), the purely acoustic analysis was car-
ried out with the real actual-size chamber and
its acoustic characteristics were found. However,
chemically reacting flow and interactions between
heat release and pressure oscillation were not
considered in the work. Here, with reacting flow
considered, combustion instabilities are simulated
numerically and attention is focused on fuel/air
injection and chemical-reaction processes since
the only device to trigger instability is the burner
mounted to the gas-turbine combustor. The in-
stability mechanism is analyzed extensively from
the numerical data. Finally, a passive control
method to suppress the instability is proposed and
numerically verified.

2. Numerical Methods and Models

The adopted combustion chamber is GT11N2
Silo combustor (Aigner and Miiller, 1993; Lefebvre,
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(b) Side view

Fig. 1 Geometries of gas-turbine combustor

(a) Front view

1998), which is in current operation and have
encountered unstable combustion depending on
the operating condition. The geometry and di-
mension of the selected combustor are shown in
Fig. 1, which are the same as adopted in the
previous work (Sohn and Cho, 2004). Methane
and air (21% 02/79% N3) are adopted as fuel and
oxidizer, respectively.

2.1 Numerical methods

Numerical analysis of reactive flow field in
the combustion chamber can be carried out by
solving the general conservation equations for
the mass, momentum, energy, and species and
equation of state. In analyzing turbulent reactive
flow field established in the whole combustor,
direct numerical simulation is not available, but
Reynolds-averaged Navier-Stokes (hereinafter,
RANS) simulation is adopted here. Although
Large Eddy Simulation (LES) shows better res-
ults generally, unsteady RANS are acceptably
accurate and cost-effective for pressure oscillation
predictions compared with 3-D LES (Cannon et
al., 2001).

In averaging the conservation equations for
RANS, source terms are generated which are
composed of the turbulent quantities such as tur-
bulent kinetic energy and dissipation rate, etc.
Depending on the turbulence model, the mathe-
matical formulation of the transport equations for
the turbulent quantities has several versions. In
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this study, standard &£ — e model is adopted for the
simplicity (CFDRC 2003 ; Ferziger and Peric,
1996) . In addition, to evaluate chemical-reaction
term reasonably with RANS, turbulent combus-
tion modeling, i.e., modeling of mean produc-
tion rate of each species is required. Here, the
eddy-breakup model is adopted (Magnussen and
Hjertager, 1976 ; Williams, 1985). The complete
formulations for RANS are omitted here and can
be found in numerous literatures (Ferziger and
Peric, 1996 ; Peters, 2000 ; Poinsot and Veynante,
2001). The appropriate boundary conditions for
the conservation equations are discussed in the
later section.

One-step chemistry, CH;+20, — CO;+2H,0,
is employed for methane-air chemical reaction
and its reaction rate is expressed by the Arrhenius
form,

kens=—8.3X10° exp (— 15098/ T") [CH,] "*3[02]** (1)

where the rate is expressed in unit of gmol/cm?®-s
(Westbrook and Dryer, 1981).
and transport properties are evaluated as mix-

Thermodynamic

ture-averaged values, but constant Prandtl and
Schmidt numbers are adopted for simplicity.

For spatial discretization of the partial differ-
ential equations, central difference scheme is em-
ployed and Crank-Nicolson method is used for
time integration. Thus, the second-order accura-
cies are guaranteed in both space and time. The
coupled system of equations is solved simulta-
neously by using SIMPLEC algorithm. CFD-
ACE+ is used to solve the generalized govern-
ing equations aforementioned and more details
on numerical methods can be found elsewhere
(CFDRC, 2003).

2.2 Models

The selected combustor has 37 conical premix
burner modules, called the EV-burner (Lefebvre,
1998) as shown in Fig. 2. Each burner is formed
by two offset half cones which are shifted to form
two-diametrically-opposed air inlet slots of con-
stant width. Gaseous fuels are injected into the
air flowing into the slots by means of two fuel
distribution tubes containing rows of 25 small
holes with its diameter of 2.5 mm (fuel stage 2)
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Fig. 2 Schematic of EV conical premix burner
(Lefebvre, 1998)

which inject the fuel across the air stream. It
has been found that mixing of fuel and air is
obtained shortly after injection and the swirling
mixture flows out of the cone and into the flame
zone established in the chamber. In this burner,
flame stabilization is accomplished in free space
near the burner exit due to the sudden breakdown
of a swirling flow. Although this burner can
operate on both gaseous and liquid fuel, only
gaseous fuel is used here. Thus, gaseous methane
is injected at the apex of the cone with its diame-
ter of 1.2 mm (fuel stage 1) as well as through 50
small peripheral holes (fuel stage 2). The inner
diameters of the burner at the inlet of fuel stages
and the exit are 52 mm and 130 mm, respectively.
The width of channel through which the com-
bustion air flows is 18 mm and the burner length
is 335 mm. The injection velocities and thermo-
dynamic states of fuel and air depend on the
operating conditions.

The whole combustor including 37 burners
considered as computational domain ranges from
the burner exit to the end of flame tube as shown
in Fig. 3, which corresponds to a part of the com-
plete combustor shown in Fig. 1. The diameters
of the burner-exit plane and the end outlet are
1950 mm and 1370 mm,
longitudinal length is 1832 mm.

respectively, and the

2.3 Numerical strategy

Combustion instability can be triggered by nu-
merous processes such as injection, atomization,
vaporization, mixing, and chemical reaction. In
this combustor, gaseous fuel and oxidizer are
adopted and they are mixed in the premix burner.
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Geometry and computational grids of the
whole combustor with modeled swirler for
combustion-instability simulation (the origin
is located at the center of burner-exit plane)

Accordingly, injection into the chamber and
chemical reaction are key processes here and
carefully dealt with. Furthermore, since charac-
teristic chemical-reaction time is much shorter
than characteristic flow or convection time by
0(102~1072) even in lean flame (Sohn and
Chung, 2000), slower processes, i.e., injection
and its subsequent convection processes would
be dominant over the reaction in triggering or
suppressing the instability. If flow or convection
time is comparable with acoustic time, which is
the reciprocal of acoustic frequency of pressure
oscillation, this dominance will be apparently
evident. The hypothesis will be verified in the
later section.

Basically, the whole combustor including 37
burners should be simulated numerically and vast
numerical calculations are required. However,
because of a large number of burners and their
complex geometries, more effective computational
strategy is proposed here without losing the es-
sential feature of the reactive flow field.

As expected, flow field established by fuel and
air injected from each burner has its own compli-
cated mixing/flow pattern, but all the burners
with the same specification would show the near-
ly identical flow pattern. Thus, each burner is
replaced by the swirler with the similar charac-

teristics to those of the burner in order to facilitate
numerical calculation and reduce computational
complexity. Consequently, the present numerical
analyses are divided into two parts. As the first
step, single burner is simulated numerically and
the steady-state mixing and flow characteristics
are investigated. Based on these data, the swirler
is modeled on the burner. Next, the whole com-
bustor, to which 37 modeled swirlers is mounted,
is simulated. In simulating unstable combustion
with the whole combustor, the unsteady analysis
is required. Thus, the numerical simulations of
combustion instability are carried out in two
stages. First, the quasi-steady reactive flow field
in the combustor is calculated for the given oper-
ating condition. Once the quasi-steady solution
is obtained, the transient solution is sought as
a function of time with the initial condition of
the quasi-steady solution. Since the quasi-steady
solutions include intrinsic errors and are per-
turbed by starting unsteady analysis, instabili-
ty can be triggered spontaneously if the quasi-
steady solutions are dynamically unstable (Drazin,
1992).

The thermo-acoustic response is monitored by
calculating the instantaneous pressure at the rep-
resentative points in the chamber. The numerical
stability of the temporal integration has been
checked carefully and the time step and the dura-
tion of the computation are determined depending
on the acoustic frequencies, i.e., the resonant fre-
quencies of pressure oscillation in this chamber
to be investigated. Considering the dimension
of the chamber, the major frequencies are pre-
dicted to be of O (10> Hz), which corresponds to
O(1ms) in the period. Considering this point,
the usual step size is taken as O(1~10 us) and
the temporal integration lasts for O (10 ms) so as
to simulate several cycles of oscillation.

3. Results and Discussions
3.1 Combustion-instability simulation
3.1.1 Flow calculation with single burner

In this study, one nominal operating condition
is adopted for numerical analysis, which is sum-
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marized in Table 1. The modeled geometry and
computational grids of single burner are shown
in Fig. 4. The interior domain of the burner is
composed of unstructured grids and the whole
domain consists of 150000 cells. Grid dependency
of the solution has been checked compared with
the solutions with 300000 cells and it has been
found that the present computational grids offer
accurate solution with negligible error.

As a result of cold-flow calculation without
combustion, axial-velocity magnitude field is
shown in Fig. 5. Recirculation zone is establish-
ed away from the burner exit due to the sudden
breakdown of the swirling flow at the exit, which
contributes to flame holding or stabilization as
already known. For swirler modeling, the mean

Table 1 Boundary conditions for single-burner cal-

culation
inlet
— outlet
fuel oxidizer
(methane) (air)
injection velocity 120 70
[m/s]
temperature [C ] 50 380 extrapolated
pressure [Pa] | 9.5X10° | 9.5X10° 9.0X10°

Fig. 4 Geometry and computational grids of single

burner
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velocities in each direction, i.e., axial velocity, u
radial velocity, v, and tangential velocity, w are
extracted from the numerical results. For exam-
ple, the axial-velocity profiles are shown in Fig.
6.

In recirculation zone, flame would be estab-
lished and the flow characteristics near flame
front are known to have significant influence
on triggering the instability since near-extinc-
tion flames are sensitive to external perturbation
(Anderson et al., 1995; Fleifil et al., 1996
Kim and Williams, 1994 ; Lieuwen et al., 2001 ;
Richards and Janus, 1998). Thus, in modeling
swirler, the most noticeable point to be kept is to
realize the recirculation zone reasonably. The
stand-off distance of flame front from the burner
exit is known as 0.1~0.2 m from the experimental
observation although not described in detail here.
Since swirler has simpler geometry than the actual
burner and the single representative value of flow
velocity in each direction is specified rather than
the actual velocity profile, mass flow rate supplied

Table 2 Specification of modeled swirler

inner radius | 70 mm
geometry -
outer radius | 83 mm
axial 25m/s
mean flow velocities radial 20 m/s
tangential 60 m/s
temperature of premixture 350C (623 K)
equivalence ratio 0.65
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Fig. 6 Axial-velocity profiles from single-burner
flow calculation
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by swirler is scaled down in the ratio of 1 to 5 so
as to locate the recirculation zone on the right
position. The ratio is selected approximately to
maintain the position in the reasonable order of
magnitude. Finally, the modeled swirler has the
flow specification summarized in Table 2.

3.1.2 Quasi-steady solutions calculated with
whole combustor

Reactive flow field is calculated with the whole
combustor including the swirlers modeled in the
preceding section. The whole combustor is shown
in Fig. 3. As described in section 2.3, first, quasi-
steady solutions are calculated with the 32 ignited
burners. Temperature field on x-y plane is shown
in Fig. 7. As expected, the stand-off distance of
flame front from the burner exit has O(0.1 m).
Although not shown here, it is found that fairly
homogeneous pressure filed is established from
pressure-field data, but temperature field indi-
cates distributed reaction zones leading to poor
thermal efficiency. The latter phenomenon could
be caused by the approximately modeled swirlers
substituted for the burners and the approximate
modeling of turbulent combustion. But, it affects
little the instability triggering in qualitative man-
ner since the present calculation simulates flame

front reasonably.

Fig. 7 Quasi-steady temperature field for nominal
operating condition

3.1.3 Unsteady solutions simulating
spontaneous instability

The transient solutions are calculated as a
function of time with the initial condition of the
quasi-steady solution as described in the preced-
ing section. The pressure oscillation is monitored
at several specified points. The transient pressure
oscillations at two points of which coordinates
are (x, v, 2)=(0.1,0, 0 m) and (0.2, 0.3, Om),
respectively, are shown in Fig. 8. The data are
processed by Fast Fourier Transform (hereinaf-
ter, FFT) and the transformed data or amplitude
spectrums are shown in Fig. 9. The oscillating
pressure has large amplitude corresponding to
about 10% of the mean chamber pressure of
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Fig. 8 Pressure oscillation as a function of time at
principal monitoring points for nominal op-
erating condition
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Fig. 9 Amplitude spectrum from FFT analysis for
nominal operating condition
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9X10° Pa. This large-amplitude oscillation over
5% indicates unstable combustion (Huzel and
Huang, 1992).

From Fig. 9, the dominant peaks of strong
oscillations are 366, 585, and 878 Hz, etc. These
peaks have the similar frequencies to the mea-
sured and predicted ones in the previous work
(Sohn and Cho, 2004) at which the acoustic
resonance is apt to be established. This point
validates the present CFD results. Here, attention
is focused on lower-order acoustic modes of 366
and 585 Hz since they are triggered actually in the
combustor.

3.2 Implication for suppression of combus-
tion instability

3.2.1 Instability mechanism

From the numerical simulation, it has been
found that the reactive flow field established in
this combustor can trigger easily the pressure
oscillation with the frequencies of O(10°Hz).
The overall triggering mechanism is investigat-
ed adopting the following scaling analysis. The
key point in this analysis is that the jet flow of the
premixture perturbs the flame front significantly
and cause the heat-release-rate oscillation from
flames.

The axial jet velocity of the premixture inject-
ed through the burner is O (10 m/s) from Fig. 6
and the stand-off distance of flame front has
O (107  m). Then, the characteristic jet-flow time
is 0(107%s) from dividing the distance by the
velocity, which corresponds to the characteristic
frequency, fu: of O(10?Hz). This indicates that
perturbation in jet flow has the periodicity of
O(10°Hz) and thereby, the premixture is sup-
plied to flame front periodically with the period
of O(10°Hz). Accordingly, the heat-release-
rate oscillation with the same order of frequen-
cy is caused and finally, combustion instability
can be triggered easily when Rayleigh criterion
(Rayleigh, 1945) is satisfied because the chamber
with the present geometry and dimension has the
resonant frequencies of O (10 Hz) as well.

In a similar way, Liuewen et al.(2001) suggest-
ed the following instability criterion

1817

n—%<770""T”ff<n, n=1,2, - (2)
where Tconv,ersr denotes effective convection time
of premixture and 7 the period of pressure oscil-
lation. With the calculated frequencies of 366,
585, and 878 Hz, this criterion is plotted in Fig.
10. The instability regions of each mode lie in
bands at various integer values of #. To locate
the nominal operating point of this combustor
on the instability map of Fig. 10, Tcons,err should
be estimated accurately. Since Tconv,err includes
chemical-reaction lag as well as convection time
of premixture taken to reach the flame front from
burner exit, it is defined here as

Lis (3)

Tconv,eff —
Uexit

where L denotes the axial distance where
premixture is ignited, i.e., premixture tempera-
ture reaches spontaneous ignition temperature of
about 900 K, and #.xz axial injection velocity of
premixture jet from the burner.

With the numerical results of L ,=0.20 m and
Uexit =25 M/S, Teonv,err 15 estimated 8.0 ms, which
corresponds to 125 Hz in period. This value of
characteristic time is located on the instability
map of Fig. 10 and the nominal operating condi-
tion lies in instability regions at resonant modes
of 366 and 585 Hz.
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3.2.2 Passive control method to suppress
combustion instability

To eliminate the instability, the reactive flow
field should be adjusted to decouple disturbance
frequencies causing high sensitivity of acoustic
response from the resonant frequencies. It can
be realized by changing injection velocities and/
or temperature of the premixture. As a result,
the stand-off distance of flame front would be
adjusted and the characteristic time, Tconp,err could
be shifted. As one example, if temperature is in-
creased, the stand-off distance is shortened and
Teonv,ersr Can be shifted to lower value of 3.5~4.0
ms as indicated by the dashed arrow in Fig. 10.

To find out the temperature range of pre-
mixture corresponding to this range of Teonv,ers,
quasi-steady calculations are repeated over the
wide range of premixture temperature and Zeono,err
is evaluated as a function of premixture tempera-
ture. As shown in Fig. 11, Tconw,err decreases rap-
idly as premixture temperature increases. From
this figure and Fig. 10, the temperature range of
730 to 770 K is recommended for stable operating
condition. The stability for this revised operating
condition with increased temperature is verified
numerically in the following section.

3.3 Numerical verification of the suppres-
sion method

For the revised condition, only premixture tem-
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Fig. 11 Variation of effective convection time of
premixture as a function of premixture tem-
perature
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perature is increased by 127 K with the other
boundary conditions kept and thereby it reaches
750 K. The same calculation procedures as in sec-
tions of 3.1.2 and 3.1.3 are repeated but with
temperature of 750 K. Quasi-steady temperature
field is shown in Fig. 12. As predicted, the stand-
off distance is shortened appreciably. From nu-
merical data, L=0.094m and Tconv,err iS esti-
mated 3.8 ms, which lies in stable region as shown
in Fig. 10.

As a result of unsteady analysis, pressure oscil-
lation is plotted as a function of time in Fig. 13.
Compared with Fig. 8, oscillation amplitude is

Fig. 12 Quasi-steady temperature field for revised
operating condition
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Fig. 13 Pressure oscillation as a function of time at
principal monitoring points for revised op-
erating condition
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reduced appreciably and stabilized. Accordingly,
the control method suggested based on the nu-
merical data has been verified effective and viable
in engineering application.

4. Concluding Remarks

Combustion instability in an industrial gas—
turbine combustor encountering with undesirable
pressure oscillation has been numerically inves-
tigated. Here, attention is focused on injection
and its subsequent process of chemical reaction
since the only device to trigger instability is the
burner injecting the gaseous premixture.

As the first step for the numerical simulation
of combustion instability, steady fuel/air mix-
ing and flow characteristics established by the
EV burner have been investigated by numerical
analysis with single burner. And then, based on
the flow data, swirler has been modeled on
the burner. Finally, reactive flow fields with the
whole combustor have been investigated numeric-
ally by unsteady RANS and thereby, spontaneous
instability has been simulated.

In this combustor, it has been found that the
heat-release-rate oscillation from the reactive
flow filed is closely coupled with acoustic oscil-
lation in the chamber, leading to strong pressure
oscillation with large amplitude. The instability
mechanism has been applied to find out passive
control method to suppress the instability. The
proposed control method has been verified effec-
tive and can be a viable method in engineering
application. Accordingly, the present results can
be applied for the prediction of pressure oscil-
lation and its suppression in the gas-turbine
combustor. In such a case, it is worthy of note
that suitably-combined adjustment of premixture
temperature, injection velocities, equivalence ra-
tio, etc can control various aspects such as insta-
bility and performance compromisingly.

Natural gas fuels and inlet fuel/air tempera-
tures can vary widely depending on time of year
and quality of natural gas, particularly regarding
the methane content. The method proposed in
this study will be investigated for various fuels
and wide range of fuel/air temperatures in the

future work. Due to limited measurable data
and experimental difficulty with whole full-scale
combustor, experimental validation works using
well-posed sub-scale combustor will be useful
future works.
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