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Humming is a dangerous, combustion-driven acoustic oscillation in gas-turbine burners, which
may cause catastrophic damages, thus undermining manufacturers’ competitiveness. Therefore
those systems require humming prevention, which, in turn, requires predictive tools which are
both reliable and fast. As a matter of principle, both perturbations of stoichiometry and flame ve-
locity affect heat release. Moreover, the mentioned perturbations also lead to fluctuations in flame
surface area, which should be accounted for in the modeling stage. Therefore, the thermo-acoustic
model described in this work considers a combustion model, which relies on the propagation of
the regress variable. Simulations are carried out by means of OpenFOAM environment. Modeling
of heat release includes nonlinearities. The model solves non-linearized averaged Navier-Stokes
equations for compressible fluids. Thus, it includes both convection and sound propagation. The
scope of the work is to verify the sensitivity of the heat release model to velocity fluctuations on
the BRS (Beschaufelter RingSpalt) burner test-rig at the Technische Universitiat Miinchen. Two
flame models are used: the Turbulent Flame Closure (TFC) model and the Flame Speed Closure
(FSC) one. However, both of them predict the distribution of the heat release shifted closer to
the exit of the burner. Thus, the phase of the flame heat response to acoustic perturbations is
lower than the experimentally obtained values. Further evolution of humming amplitudes could
be observed in the time domain.

1. Introduction

In order to meet environment requirements gas turbine producers have to make their machines
run in the lean combustion regime. However, in this regime gas turbines are prone to the so-called
combustion instabilities. Usually the last refer to the high-amplitude pressure oscillations caused
by interaction of acoustic, flame and stoichiometry. Such oscillations are able to cause excessive
structural vibrations, fatigue and sometimes even catastrofic damage to combustion hardware. That is
why there is an urgent need to understand the physical processes that are responsible so that methods
to predict and prevent these instabilities should be developed.
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There are several approaches to predict combustion instabilities [[1]]. One approach consists on the
use of low order models, in which the combustor system is divided into series of simpler subsystems
and mathematical transfer function matrices are used to connect lumped acoustic elements to each
other. Another approach is to perform Large Eddy Simulations (LES) to model directly interaction
between combustion, acoustics and flow. For specific configurations the use of LES is still compu-
tationally expensive. Alternative is to perform simulation using Helmholtz solver and a model for
a Flame Transfer Function (FTF), whose parameters are extracted from acoustically forced LES or
Unsteady Reynolds Averaged Navier Stokes (URANS) [2].

The described approaches usually refer to the frequency domain, but it was shown [3] that the
operator that describes thermoacoustic system is non-normal. Thus, simulations ought to be done in
time domain, in order to take into account possible transient growth of acoustic energy with further
triggering nonlinearities and exchange of energy between modes [4]. Moreover, simulations in time
domain permit us to predict amplitude of pressure oscillations, that is of high importance for the gas
turbine producer.

In a previous work of ours [5] it was shown that the approach described in that work is able to
predict limit cycle pressure oscillations. Description of the heat release is the core of that model.
Thus, its choice is crucial for the correct simulation of the occurrence of combustion instabilities First
the formula for the turbulent flame velocity proposed by Zimont et al. [6] has been introduced in the
existing model [S]]. Later, the heat release response to the the velocity fluctuations, the changes of
the flame area [7] and the changes in flame position have been introduced. This was done resolving
propagation of regress variable with the help of OpenFOAM based-in solver XiFoam. The swirl type
BRS burner test rig from TUM [8] has been used for validating the proposed flame model.

2. Mathematical model

The combustion phenomena occurring in the test rig has been simulated through URANS [9],
in which Favre averaging is used. The flow is assumed to be compressible. k£ — w SST model of
turbulence is used [10]] because it resolves well both turbulence in the near-boundary zone and in the
free-stream.

2.1 Features of OpenFOAM solver XiFoam

OpenFOAM solver XiFoam is a solver for compressible premixed/partially-premixed combustion
with turbulence modeling [11]. For the simulations of combustion of homogeneous mixture of fuel
and oxidant, it uses compressible PIMPLE (merged PISO-SIMPLE) algorithm in which, additionally
to solving for the propagation of the enthalpy (Eq. (I))), also solves for the propagation of the enthalpy
of unburnt gas (Eq. (2)):

dph opK dp _
Ophy OpK _op|lp _
(2) o TV Uk + | =5 =+ V- (pUK) = = o (pD:Vhy) =0,

where p is the density of the air-fuel mixture, h is the enthalpy, 5, is the enthalpy of unburnt gas, ¢ is
the time, U is the vector of the mean velocity, K is the kinetic energy K = \U\Z /2, p is the pressure,
pu 1s the density of unburnt mixture, D, is the coefficient of turbulent diffusion.

Initial distribution of the enthalpy and the enthalpy of unburnt gases is taken from the initial fields
of temperature and from the temperature of unburnt gases. The temperature and the temperature of
unburnt gases are calculated from the respective enthalpies. Then, thermo-physical properties, such
as density and heat diffusivity, are calculated from the respective temperatures. The laminar flame
speed is calculated depending on the temperature of unburnt gases.
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Moreover, XiFoam solves the transport equation for the regress variable b. In order to describe
the propagation of the flame, first the TFC model proposed by Zimont et al. [6] was implemented
into XiFoam. This model has been already used for BRS burner test rig [8]. Then, the FSC model
proposed by Lipatnikov and Chomiak [12] was implemented in the solver. The results obtained from
the two models are compared in this work.

2.2 Turbulent Flame Closure Model

In the TFC combustion model proposed by Zimont et al. [6], the flame front propagation is mod-
eled by solving a transport equation (3] for the regress variable b.

dpb
3) a% + V- (pUb) — V - (pD,;Vb) = —p, S|V,

where S; is the turbulent flame speed, calculated as Eq. (5)).

The regress variable is defined as the normalised fuel mass fraction. It is equal to 1 in the zone of
unburnt gas and to O in the zone of burnt gas and is defined as

T, —T

4 b= "~
@) T
where T}, is the temperature of the burnt gas, 7" is the temperature of gas at the current point and 7, is
the temperature of the unburnt gas.

The turbulent flame speed in the TFC model is calculated as

(5) St — A(u/)0.755%’56a;0.25l?.25’

where A is model dimensionless constant taken to be equal to 0.52, v’ is the velocity perturbation,
Spo 1s the unperturbed laminar flame speed, «, is the thermal diffusivity of the unburnt mixture, [, is
the turbulence length scale that is calculated as

N3
©6) = cpt)

)
€

where C'p is the model dimensionless constant, € is the turbulence dissipation rate.

2.3 Flame Speed Closure Model

The FSC model was proposed by Lipatnikov and Chomiak [12]. This model describes propagation
of the flame in the limit case of absence of turbulence as well as in the case of fully developed
turbulence (Eq. [7). Moreover, it takes into account dependence of diffusivity and turbulent flame
speed on the time of flow propagation from the flame holder.

dpb St

(7) - TV (pUb) =V - [p(k + Dy ) VO] = —mﬂu(l = 0)b — puSi.:|VD],

ot

where £ is the molecular diffusivity. D, , is the time-dependent coefficient of turbulent diffusion that
is calculated as

(8) Dy = D, {1 — exp (—tj/dﬂ .

In Eq. [§|the flame development time 4 is calculated as

T — X flame holder
9) trg = ;
Umean
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where x is the current axial position, T figme holder 18 the axial position of the flame holder, ,eqr, 18
the axial mean gas flow velocity at the exit of the burner. 7’ in Eq. [8|is the Lagrangian time scale of
turbulence, calculated as 7/ = D, /u".

Sy in Eq. [§]is the time-dependent turbulent flame velocity that is calculated as

- ' 0.5
(10) Sie =5, {1 +— [exp (—fd) - 1]} ,
tfd 7!

where S, is calculated using Eq. (5).

The first term on the right hand side of Eq. takes into account the laminar flame speed in the
limit case of v’/ — 0 as well as additional term on the left hand side of this equation takes into account
molecular diffusivity in the limit case of absence of turbulence. Using D, instead of D; takes into
account well-established time-dependance of turbulent diffusivity, as well as using S, ; instead of .S;
makes the same for the turbulent flame speed [12].

2.4 Flame Transfer Function

The dynamic response of a flame to a flow perturbation can be represented in the frequency domain
by its flame transfer function FTF(w) (also "frequency response"). It relates fluctuations of mass flow
rate or velocity u/. at a reference position 7 upstream of the flame to fluctuations of the flame heat
release ()":

(11) FTF(w) = Qw)/Q

up (W) /Uy
Here fluctuations Q’ and v are normalized with the respective mean values of heat release Q
and velocity @,. In experiments the flame transfer function FTF(w) is computed from time series of
fluctuations w;. and ()’ with spectral analysis applying harmonic excitation with a loudspeaker or siren
at the inlet. In simulations advanced methods based on System Identification (SI) are used. More
detailed procedure of obtaining FTF can be found in [} [13].

3. Description of the BRS burner test-rig

The BRS test rig is "perfectly premixed" burner with an axial swirl generator mounted on a central
bluff body (see Fig.[I). The burner exit is represented by an annular section with an inner diameter
16 mm and an outer diameter 40 mm. Swirl generator 30 mm length is positioned at 30 mm upstream
of the burner exit. Combustion chamber has quadratic cross section of 90x90 mm. During the experi-
ments the length of combustion chamber was 300 mm. However, for simulations the combustor length
of 200 mm is used, because the heat release zone lays in the first 100 mm of the combustion chamber.
Thus, the length taken into account is enough to simulate the behavior of the flame. In measurements
perforated plated is mounted at the end of the combustion chamber making the outlet of combustion
chamber non-reflecting. The fuel-air mixture is homogeneous with equivalence ratio of 0.77. Since
the structure of the set-up is periodical, it can be represent by just one quarter of the test rig in our
simulations. More details about experimental set-up can be found in [13]. Boundary conditions are
the same as in [8]], but with reflecting boundary condition at the inlet instead of non-reflecting. They
are listed in table [I] For non-reflecting outlet boundary condition waveTransmissive boundary
condition is used [11]].

4. Results

In Fig. 2h mean axial velocity in combustor middle cross plane obtained numerically with the
FSC model is shown. From this figure it can be seen that the flow has maximum of the axial velocity
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Figure 1: Scheme of the numerical set-up of the BRS test rig

Table 1: Boundary Conditions for the BRS numerical model [§]]

Face Boundary condition Value
Inlet Fixed velocity U=113m/s
Outlet Non-reflective pressure outlet | p = 101325Pa
Mixing tube, swirler Adiabatic no-slip wall -
Combustor wall Isothermal no-slip wall T = 600K
Bluff body tip Isothermal no-slip wall T = 600K

between the flame holder and the heat release zone. Recirculation zones are in the middle of the
chamber and near the outer corners close to the exit of the burner. In Fig. 2b normalized heat release
obtained numerically with the FSC model is shown. From the figure it can be seen that the flame is
attached to the flame holder.

As soon as authors of the FSC model are stressing that parameters C'p and Sc¢,; are not defined and
can change from case to case [[14]], we have performed parametric analyses in order to fit experimental
data. We have adjusted parameters C'p, Sc¢; and Uy,eqn, in the FSC model. Changing value of Cp in
the range from 0.16 to 0.7, turbulent flame velocity is decreased on 16% and is increased on 24%,
respectively, in comparison with the default value of Cp = 0.3. Thus, the flame is expected to be
significantly longer and shorter respectively. We took the value of turbulent Schmidt number Sc,
of 0.7, as it is commonly used in Computational Fluid Dynamics papers [14]. The value of ,cqan
initially is taken the same as at the inlet of the mixing tube, 11.3 m/s.

Results of the simulations are presented in Fig. [3p. In this figure distribution of area normal-
ized intensity of the flame OH-Chemiluminescence measured in experiments is shown. Also area
normalized heat release distributions along the axis of the burner using the FSC models are shown.

Despite significant changes in the value of the parameter C'p, no significant changes in the distri-
bution of the heat release can be observed. Thus, the default value of Cp = 0.3 can be taken for
further simulations.

Previous simulations showed that axial component of velocity between the flame holder and the
heat release zone is about 18 m/s, much larger than the one taken before, 11.3 m/s (Fig. ). Thus,
Umean = 18 m/s has been introduced in the model. Fig. shows resulting area normalized heat
release distribution obtained from the simulation. Having increased the value of u,,cq, on 60%, no
notable changes in the position of the flame are observed. Hence, influence of this parameter on the
St+ (Eq. (]'115[)) is not significant. The same can be said about the influence of the parameter Sc; on the
heat release distribution. In Fig. [3p the area normalized heat release distribution is shown for different
values of Schmidt number S¢; = 0.3 and S¢; = 0.7 with Cp = 0.3, Upean = 18 m/s.
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Figure 2: Axial velocity and normalized spatial distribution of the heat release obtained numerically
using the FSC model with Cp = 0.3, S¢; = 0.7, Upmean = 18 m/s
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Figure 3: Area normalized flame intensity of the flame from experiments and are normalized heat
release from simulations over the axis of the combustion chamber: a) simulations done using the FSC
model with S¢; = 0.7 and varying values of C'p and ;¢4 ; b) simulations done with the FSC model
and Cp = 0.3, Upmean = 18 m/s and varying values of Sc¢;

For the simulations using TFC model values of parameters C'p, = 0.3 and Sc¢; = 0.7 are taken as
suggested by [14]. As shown in Fig. ] values of the heat release close to the exit from the burner
is twice lower for the FSC model than for the TFC one. This difference is not very notable. Similar
difference was noticed by the authors of the FSC model in the case of fully-developed turbulence [[14].
It implies that turbulence of the flow at the exit of the burner is not as well-developed as in the far-field
from the burner exit. That is why turbulent flame speed just at the exit of the burner must be much
lower [12].

Despite the difference, both TFC and FSC models predict position of the flame incorrectly. In-
correct distribution of the heat release could be explained by the fact that in experiments walls of the
chamber are made of glass and are not insulated. Thus, a heat flux is leaving combustion chamber in
experiments through convective and radiative losses. Both TFC and FSC models are developed for
adiabatic flames. These models in the way they are implemented in XiFoam are not able to predict
correct position of the flame as the one described in this work. Their implementation in the current
work is such that heat losses should be taken into account by the enthalpy of unburnt gas h,. In the
results presented in this paper temperature of unburnt gas 7;, is set constant in the volume. Moreover,
Eq. (2) is not solved because boundary conditions for 7;, are not known and in the Eq. (2) there is no
term that takes into account heat losses due to the radiation.

6 ICSV22, Florence, Italy, 12-16 July 2015



The 22" International Congress of Sound and Vibration

S Experiment
B ---TFC
= .
o . — -FSC
= N\
3
N W
T N
£ N
—_ T
<] cil—
pd . =
0.05 0.1

Axial Position [m]

Figure 4: Area normalized flame intensity of the flame from experiments and are normalized heat
release from simulations over the axis of the combustion chamber. Simulations done using the TFC
model with Cp = 0.3, S¢; = 0.7 and using the FSC model with Cp, = 0.3, S¢; = 0.3,
Umean = 18 m/s

However, in combustion chambers of gas turbine engines we usually deal with almost completely
adiabatic flames. As a consequence, in the future development of the approach described in [S]] FSC
model will be used to describe the flame propagation.

The simulations were excited at the inlet by perturbations on the characteristic ingoing wave with
a broadband frequency-limited (1 kHz) discrete random binary signal and an amplitude of 10% of
the mean inlet velocity. Reference plane for velocity measurement is situated at 0.005 m upstream
the exit from the burner. In Fig. (5) the FTFs from experiments and SI are presented. Both of
them present amplitudes with a local maximum in gain above unity, followed by a decrease at higher
frequencies. Good agreement is found between experiments and simulations in amplitude for all
range of frequencies. The phase from simulations is smaller in absolute value than the one from
experiments, because the flame stabilizes in both shear layers, creating a shorter flame and reducing
the timelag responses of the flame to the different perturbations. The phase error from simulations
increases with frequency, increasing the discrepancies with respect to the experimental FTF.
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Figure 5: Flame transfer function from experiments and the one obtained using the FSC model

5. Conclusions

In this work we have applied the Turbulent Flame Closure and the Flame Speed Closure models
to the BRS burner test rig. In simulations the heat release distribution is shifted towards the exit of
the burner with respect to the one measured in the experiments. It is explained by the fact that both
of these models are developed for adiabatic flames, and the flame under consideration is not fully
adiabatic.

The distribution of amplitudes of the FTF predicted by simulations fits well experimental data.
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The difference of phase distributions of FTF between simulations and experiments is explained by
the shifted position of the flame.

In the future, the outcomes from the current paper will be merged with the outcomes from [3]] to

perform thermo-acoustic simulations of an industrial gas turbine burner.
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