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Abstract

Turbulent lean premixed combustion has high potentials forthe development of modern lowNOx gas turbines. How-
ever, it renders the combustor prone to combustion instabilities. The non-linear response of turbulent premixed flame
to external acoustic forcing plays a dominant role in the development of combustion instability. The present work
describes a numerical study investigating the two frequency effects on the non-linear responses and interactions of
lean premixed ethylene/air flame externally forced by strong inlet velocity oscillations. The target case is a bluff body
stabilised premixed turbulent flame. Large Eddy Simulation(LES) is performed using a low-Mach number solver
based on the open source CFD toolbox, OpenFOAM. The lean combustion is modelled using the Partially Stirred
Reactor (PaSR) combustion model combining a reduced two-step chemical reaction mechanism. Both the unforced
and forced reactive flows with single frequency forcing are simulated in order to validate the computational method.
On the basis, the velocity oscillations are introduced at the inlet with two frequencies, namely the primary frequency
of f1 = 160 Hz and the harmonic frequency off2 = 320 Hz. The introduction of second harmonic frequency is found
to change the heat release rate fluctuation significantly. With two frequency forcing, the amplitudes of heat release
responses at the primary frequency are reduced significantly, up to 70% less than those with single frequency forcing.
Also the phase values are reduced/increased a lot depending on the level of second harmonic forcing. At the same
time, the heat release rate fluctuations are also reduced responding at the harmonic forcing except one case where
both the forcing amplitudes of the two frequencies are small. The physical mechanisms are found to be highly related
to the vortex flow structures during the acoustic forcing. The central recirculation region and the side recirculation
region which generates the flame shear layers in between havedifferent responses to the acoustic forcing depending
on the frequencies and amplitudes. This work confirms that LES, in this case via OpenFOAM, can be used to study
the heat release responses and flame dynamics in complex cases of combustion instability with good accuracy. The
study also demonstrates a possibility to design a controlling method of combustion instability by introducing a second
frequency forcing.

Keywords: Lean premixed flame, Large Eddy Simulation (LES), Combustion instability, Two frequency forcing,
OpenFOAM

1. Introduction

The gas turbine industry has been of importance for decades due to its versatile applications for power generation.
Like many other methods to generate power, gas turbine engines produce harmful pollutions such asNOx. To develop
modern gas turbines, it requires high combustion performance as well as low emissions. One of the methods is to
operate under lean combustion conditions, which has been drawn extensive attentions recently and appears to be quite
promising [1, 2, 3]. However, a serious issue related to leancombustors is that it is more susceptible to damaging
combustion instabilities [4]. Combustion instabilities generally refer to unsteady oscillations in the combustion cham-
ber, which may inhibit the engine operation and even damage the engine components. The instabilities result from the
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coupling of the system acoustic waves and the unsteady heat release [5], which are often a consequence of multiple
driving mechanisms. Recent progress in understanding combustion instability is reviewed in refs. [1, 6, 7, 8].

Due to the complex nature of combustion instability, its prediction and control at the early design stage of a gas
turbine combustor is still challenging. A single model thatmay adequately incorporate unsteady combustion, acoustic
waves, turbulence and heat transfer all together has not yetbeen fully developed. Alternatively, independent models
are pursued that could capture some of the key mechanisms in combustion instability. One such method is the low
order network combustor model that is seen as feasible and relatively successful, e.g. [5, 9, 10]. The model describes
the combustor system as a network of connected modules, and the acoustic waves are very well modelled using simple
analytical approaches due to the fact that the acoustic pressure is much smaller than the atmosphere pressure [4]. The
coupling of the unsteady heat release to the unsteady perturbations, i.e. the response of the flame unsteady heat release
rate to perturbations can be modelled via a flame model [11, 12].

The flame model is one of the key elements in the low order network modelling for combustion instability. This is
because the flame model is the source for driving the instabilities. In the past, very simple linear flame models were
used [9, 13, 14, 15] for simulating general qualitative behaviour. More recently, the flame model has been extended
to the non-linear regime, known as a Flame Describing Function (FDF) [12, 16], in the form of:

F(ω, |u′|) = Q′/Q̄
u′/ū

= G(ω, |u′|)eiϕ(ω,|u′ |) (1)

whereQ′/Q̄ is the normalised heat release rate fluctuation andu′/ū the normalised inlet velocity perturbation imping-
ing on the flame. The FDFF(ω, |u′|) is generally expressed in the frequency domain as gain (amplitude)G(ω, |u′|) and
phaseϕ(ω, |u′|) which are functions of both forcing frequencyω and amplitude|u′|.

The non-linearity of FDF is responsible for the phenomena oflimit cycle oscillations [9, 17] and other non-linear
effects such as instability triggering and mode switching. Several experimental studies [13, 17, 18, 19, 20] have been
performed to determine the non-linear flame models for the analysis of combustion instability. Different mechanisms
are explored in the experiments, such as the interactions offlame front with coherent structures [14, 17], attachment
point dynamics [21], and flame quenching [18]. These studiessuggest that the non-linear flame dynamics under the
conditions of perturbations governs the non-linearity of FDF and finally the combustion instability.

Recently, the non-linear flame models provided by high-fidelity CFD are beginning to be exploited [22, 23, 24].
Large Eddy Simulation (LES) is capable of capturing unsteady flow and flame structure dynamics and is now used
more and more to investigate turbulent combustion problems[25, 26, 27]. The investigations show that LES can give
accurate prediction of flame dynamics encountered in combustion instabilities. Even more details can be explored
from LES than experimental measurements due to that LES can provide more details about the full flow fields.

Nevertheless, most of the work, experimentally or numerically, on flame dynamics only considers the response
of premixed flame to single frequency forcing, regarding to the combustion instability. There are few studies on
flame dynamics in combustion instabilities containing morethan one frequencies, such as in refs. [28, 29, 30].
Some recent studies suggest that the combustion could be coupled with the hydrodynamic flow instability [31, 32],
especially when the bluff body is used as the flame holder. In this case, the vortex shedding from the flow instability
gives an extra frequency besides the one from combustion instability. Moreover, an earlier experimental work [33]
suggested a method to control the combustion instability byintroducing a second frequency forcing. The work in
refs. [28, 14] developed an experimental setup to study the bluff body stabilised premixed flame response to imposed
inlet oscillations. Both cases are studied for external acoustic forcing with one frequency and two frequencies. It
was reported that the vortex shedding has a significant impact on the flame dynamics and thus the unsteady heat
release. The results also show that higher harmonics appearin some cases, even that the flame is imposed with single
frequency forcing. The multiple frequencies could lead to adrastic change in the flame responses, i.e. the Flame
Describing Function, and finally the combustion instability.

Motivated by those previous studies, the present work aims at LES investigation on the premixed flame response
to acoustic forcing with two frequencies. The target case ofthe present study is the bluff-body stabilised flame studied
experimentally [28, 14], where some experimental data are available for forced premixed flames. The objectives of
the present paper are: (1) to perform LES studies of this turbulent fully premixed flame and to compare these with
experimental data, using the open-source CFD toolbox, OpenFOAM; (2) to study the two frequency effects on the heat
release responses and flame dynamics with external forcing by LES for the first time; (3) to explore the underlying
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physical mechanisms of the adding harmonic forcing effects on the flow fields compared with those forced with one
single frequency. The target experimental setup is briefly described in Section 2, followed by the numerical setup for
LES in Section 3. Validation of the numerical method will be presented in Section 4. Results and discussions will be
given in Section 5. Conclusions are drawn in the last Section6.

2. Target experimental setup [14]

The target experiment is the bluff body stabilised burner studied in ref. [14] (see Fig. 1). It has been used in
earlier studies [34, 23]. In the experiments, fully premixed reactants (ethylene and air with an equivalence ratio of
φ = 0.55) are supplied through the plenum and the flame is stabilised by a bluff body. In the present LES, only part of
the combustor is used for the simulations as shown in Fig. 1. The inlet pipe has an inner diameter of 35 mm and outer
diameter of 8 mm, and the conical bluff body has a diameter ofd = 25 mm. A quartz cylinder is used to confine the
flame, with the inner diameter of 70 mm and length of 80 mm. The bulk velocityVb at the combustor inlet isVb = 9.9
m/s and it isV0 = 5.17 m/s at the computational inlet (see Fig. 1).

(a) (b)

Figure 1: (a) Schematic of the experimental setup [14], with a cut (z = 0) for the computational domain; (b) half of the whole computational domain
and the solid walls with heat loss are marked withTw1 andTw2, respectively.

In the experiments, two loudspeakers are employed to generate the acoustic forcing which introduces velocity
oscillations at the plenum before entering the combustor. For premixed flame, the equivalence ratio is constant and
the heat release rate fluctuations are dominated by velocityfluctuations upstream of the flame. Both single frequency
forcing and two frequency forcing are conducted in the experiments. The heat release rate was measured with OH*
and CH* chemiluminescence. It was also possible to be obtained from the phase-averaged FSD (Flame Surface
Density) images via PLIF (Planar Laser-Induced Fluorescence).

3. Numerical methods for LES

Large Eddy Simulation (LES) is widely recognised as an accurate method for reactive flow simulations [2, 35]
and recently it has been exploited in the context of combustion instability [23, 36]. To study the two frequency
effects, the open source CFD toolbox, OpenFOAM is employed in the present study, with a modified version of the
reactingFOAM solver - this has been applied in previous LES studies of partially-premixed flame [23].

For reactive flow with large density fluctuations, the governing equations are the Favre-filtered Navier-Stokes
equations of mass, momentum, species mass fraction and energy. The continuity and momentum equations are:

∂ρ

∂t
+
∂ρŨi

∂xi
= 0 (2)
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Table 1: The two-stepC2H4/Air chemical reaction mechanism [42].

Reaction A(cm3/mol s) β Ea(cal/mol)
C2H0.50

4 + 2O0.65
2 => 2CO + 2H2O 2.0× 1010 0.00 3.55× 104

CO + 0.5O2 <=> CO2 2.0× 108 0.80 1.20× 104

∂ρŨi

∂t
+
∂ρŨiŨ j

∂x j
= − ∂p

∂xi
+

∂

∂x j

µ

∂Ũi

∂x j
+
∂Ũ j

∂xi



 −
∂τi j

∂x j
(3)

whereµ is the laminar viscosity and modelled by Sutherland’s law. The subgrid scale stress tensorτi j = ρ(ŨiU j −
ŨiŨ j) is determined by the popular Smagorinsky subgrid scale model [37], with the turbulent viscosity calculated by:

µsgs = ρ̄(Cs∆)2|S̃ | (4)

where the model constantCs is equal to 0.167,|S̃ | is the strain rate magnitude of the resolved velocity definedas

|S̃ | =
√

2S̃ i jS̃ i j, and∆ is the filter cutoff width. Note that the symbol ¯ denotes the spatial filtering used in the LES

and the symbol ˜ denotes density-weighted filtering, definedasψ̃ = ρψ/ρ̄ for an arbitrary variableψ.
For the Smagorinsky LES model, it is found that the modelled turbulent viscosity,µsgs, is generally too high in

the near wall regions [38]. The turbulent viscosity (Eq.(4)) should be damped via the model for van Driest damping.
In OpenFOAM, the damping is derived by changing the filter width,∆, in the form of:

∆ = min

(
∆m,

(
κ

C∆

)
yw

(
1− e−y+/A+

))
(5)

where∆m is the cubic root of the cell volume,κ = 0.4187 is the von Karman constant,C∆ = 0.158, A+ = 26, yw

represents the distance to the wall, andy+ describes the dimensionless distance to the wall calculated from the wall
shear stress.

The filtered equations for the mass fractions of chemical species and energy contain subgrid fluxes and filtered
chemical source terms, which are unknown and need models to be closed. Following ref. [4], the gas mixture is
presumed to be ideal, linearly viscous, with Fourier heat conduction and Fickian diffusion. As the energy equation
is solved, heat loss effects can be considered. For the target case, the air and fuel are fully premixed prior to the
combustor. The turbulence and combustion interactions aremodelled by the PaSR (Partially Stirred Reactor) model
[39, 40] in the present LES study.

In the PaSR approach of modelling the filtered reaction source termω̇ j, it is assumed that the flow in a computa-
tional cell can be split into two parts; the fine structures inwhich mixing and reactions are assumed to take place, and
the surroundings dominated by the large scale structures. The relative sizes of the two parts in the cell are governed
by the combustion time and turbulent mixing time. The reaction rate fori-th species can then be calculated by the
reactive volume fraction,κ, as proposed in ref. [41]:

∂Ci

∂t
=

Ci
1 −Ci

0

∆t
= κRRi(C

i
1) (6)

where the termRRi is the laminar Arrhenius reaction source term, i.e.RRi = ω̇i(ρ, T̃ , Ỹ j). Eventually, the turbulence-
combustion coupling in PaSR model is reduced to the modelling of reactive volume fraction,κ, which can be modelled
as [41]:

κ =
τc

τc + τm
(7)

whereτm is the turbulent mixing time scale andτc the reaction time scale.
To determine the reaction time scaleτc, a reduced two-step six-species global chemical mechanisms of ethylene/air

is applied [42], with the Arrhenius law parameters shown in Table 1. For the lean premixed flame of ethylene/air
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(φ < 1.2), the reduced mechanism can correctly reproduce the laminar flame speed, and thus suitable for the present
study whereφ = 0.55. Computation costs can be significantly reduced by the reduced mechanism compared to the
comprehensive ones. Another important parameter in the PaSR model is the turbulent mixing time,τm (see Eq.(7)).
Here, it is modelled based on two time scales: the subgrid velocity stretch time and Kolmogorov time, in the form of
[43, 44]:

τm = cm
√
τ∆τK (8)

where the subgrid time scaleτ∆ and Kolmogorov time scale are calculated by:

τ∆ =
∆

u′
=

∆
√

2k/3
; τK =

(
ν

ε

)1/2
(9)

with ∆ the computational cell scale,k the subgrid turbulent kinetic energy,ε the subgrid dissipation rate andν the
laminar kinematic viscosity. Note that the model constantcm in Eq.(8) depends on specific flow configurations, and a
value of 0.6 is used for the present LES based on tests of simulation experiments.

The open source CFD toolbox, OpenFOAM (version 2.3.0) is applied with a modified low-Mach number react-
ingFOAM solver and the new turbulent mixing time model (Eq.(8)) is incorporated in the code. The C++ library
OpenFOAM has been previously used for a wide range of reactive flow simulations. It is based on a second order
accurate finite volume method and the pressure-velocity is coupled through PIMPLE algorithm. All spatial derivatives
are approximated by second order central difference scheme and the second order implicit Crank-Nicolsonscheme
is used for time discretisation. The computational domain is shown in Fig. 1 including the coordinate system. An
unstructured mesh is applied for the present LES, with a finalmesh containing about 2.48 million cells after several
simulation tests.

Figure 2: Time-averaged flow fields of the unforced reactive flow from the present LES: the axial velocityV (m/s) (left) and the temperatureT (K)
(right), at az−cut of z = 0.

The main objective of the present work is to study the two frequency effects of the acoustic forcing on the unsteady
heat release response for the premixed flame. To emulate the acoustic forcing, the inlet velocity is superimposed with
oscillations, based on previous studies [23, 24], with the form:

V = V0
[
1+ A1 sin(2π f1t) + A2 sin(2π f2t)

]
+ Vnoise (10)

whereA1 is the primary normalised velocity forcing amplitude andf1 the primary forcing frequency, andA2 is the
harmonic forcing amplitude andf2 the harmonic forcing frequency. Consistent to the experiments [14], the first
primary forcing frequency isf1 = 160 Hz and the second harmonic forcing frequency isf2 = 320 Hz. These two
frequencies can be considered as the fundamental and first higher harmonic (twice of the fundamental) frequency
combination. It should be noted thatA1 andA2 cannot be independently specified in the experiments [28, 14]. The
explanation is given as following. The output forcing signals in the experiments are generated by two loudspeakers via
adjusting the peak-to-peak voltage of the input signals. When forcing with only single primary frequency off1 = 160
Hz, the forcing energy can be generated/distributed into higher harmonics, i.e.f2 = 320 Hz, which means thatA1 and
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A2 are coupled with each other in the experiments due to the coupling of all acoustic waves in the combustor system.
However, in the present simulations, the values ofA1 andA2 can be varied independently and the effects of harmonic
part can be explored more accurately than those from the experimental measurements. This also demonstrates the
advantages of applying numerical methods to study the acoustic forcing problem with two frequency co-existing.

All boundaries other than the inlet and outlet are treated assolid walls, where non-slip wall conditions are applied.
Thermal effects at the wall, i.e. heat loss, can modify the flame dynamicsand heat release response, which have been
observed in the experiments [45, 46]. To account for the heatloss through the walls (see Fig. 1), a lower temperature
than the adiabatic temperature is imposed on those walls, i.e. Tw1 = 600 K andTw2 = 900 K, which are specified
based on previous studies [23, 47]. Adiabatic conditions are applied for all other walls.

Figure 3: Comparison of the time-averaged flow fields for the unforced reactive flow: the FSD image from experiments [14] (left)and the volumetric
heat release rate inW/m3 from the present LES (right).

4. Validation of the LES method

To validate the numerical method, LES is firstly performed for the unforced reactive flow. Figure 2 shows the
time-averaged flow fields of axial velocity and temperature for the unforced reactive flow. It demonstrates that a “M”-
shaped flame is formed along the shear layers of the jet and stabilised by the bluff body. A central recirculation region
after the bluff body and a side recirculation region along the side wall can be clearly observed. The temperature flow
field shows the flame fronts of the premixed flame. The heat release rate results from the present LES are compared
with the FSD image from experimental measurements [14] in Fig. 3. The agreement between the prediction and
experiment is good. It should be noted that due to the heat loss through the walls, the temperature is lower than
the adiabatic temperature in the side recirculation region(see Fig. 2) and thus the outer branches of the flame fronts
are weaker than those inner ones (see Fig. 3). Previous LES study [22] of the unforced reactive case applies a FSD
combustion model which does not solve the energy equation and thus cannot account for the heat loss. The previous
LES prediction [22] is thus less well than the present LES prediction on the flames.

The forced reactive cases are also performed to validate thepresent LES method. To the end, the inlet velocity
is imposed with fluctuations following the form as shown in Eq.(10). It could be expected that the flame and thus
the heat release will oscillate with the inlet velocity oscillations. The heat release signals integrated over the whole
computational domain are recorded during the simulations and the time series are then transformed to the frequency
domain using a Fourier Transform technique. The gain and phase of the FDF can be obtained from its definition in
Eq.(1). For the validation purpose, only single frequency forcing is performed in this section, which means that there
is no forcing of f2 = 320 Hz (i.e.A2 = 0) when forcing atf1 = 160 Hz, andA1 = 0 when forcing atf2 = 320 Hz,
using the inlet velocity form shown in Eq.(10).

For only single frequency forcing atf1 = 160 Hz, the normalised amplitude of heat release rate fluctuation as a
function of forcing amplitudeA1 is shown in Fig. 4 with comparisons to experiments [14] and previous LES results
[22]. It can be observed that the present LES results agree well with the experimental measurements from OH*
and CH* chemiluminescence, and even better than previous LES predictions. This implies that the heat loss has
considerable impacts on the heat release results and shouldbe accounted for in the simulations. The results show that
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the heat release response is linear up to aroundA1 = 0.15 and then becomes non-linear until it saturates at around
A1 = 0.6. The phase difference of the heat release fluctuation from the inlet velocity fluctuation is also captured
well by the present LES, as shown in Fig. 4(b). When forcing with a single frequency off2 = 320 Hz, the heat
release responses differently as shown in Fig. 5. The amplitude of heat release fluctuation is much smaller than that
at the lower frequency off1 = 160 Hz and the phase increases significantly with increasingthe forcing amplitudeA2.
Nevertheless, the present LES predictions match well with the experiments and the previous LES results overall.

(a) (b)

Figure 4: (a) Dependence of the amplitude of the heat release rate response with velocity fluctuation amplitudeA1; (b) the dependence of the phase
of the heat release rate responseϕ (Eq. (1)), at single forcing frequencyf1 = 160 Hz. Experimental data are from [14] and previous LES refers to
results from [22].

(a) (b)

Figure 5: (a) Dependence of the amplitude of the heat release rate response with velocity fluctuation amplitudeA2; (b) the dependence of the phase
of the heat release rate responseϕ (Eq. (1)), at single forcing frequencyf2 = 320 Hz. Experimental data are from [14] and previous LES refers to
results from [22].

To further validate the present LES method, unsteady flame dynamics with single frequency forcing are also
examined and compared with the available experiments [14, 15], as shown in Fig. 6. It clearly demonstrates the
deformation of the flame base, later resulting in a mushroom-shaped flame front - similar to previous results [22] with
a forcing of f1 = 160 Hz andA1 = 0.64. The present LES captures the flame evolution quite well compared with
experiments at all the phase angles. Note that the mushroom-shaped vortex is the main factor for the non-linear heat
release response behaviour which has been discussed previously [22].

To summarise, the present LES method resolves the reactive flow fields and unsteady heat release response quite
well compared to available experimental data, for both cases without or with acoustic forcing.

5. Results and discussions: two frequency effects

The previous section confirms that the present LES method based on OpenFOAM toolbox can capture the reactive
flow well with external acoustic forcing. The numerical method can thus be used for investigation of two frequency
effects on the forced premixed flame.
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Table 2: The simulation cases with two frequency forcing.A1 andA2 are the forcing amplitudes corresponding to the two forcing frequencies of
f1 = 160 Hz andf2 = 320 Hz, respectively.

A2
A1

0.1 0.2 0.3 0.4
0.1 C11 C21 C31 C41
0.3 C13 C23 C33 C43

Table 3: Pair of the maxima and minima in each cycle for the incomingvelocity signal shown in Eq.(10) with two frequency forcingfor different
simulation cases. PI means one pair and PII means two pairs.

A2
A1

0.1 0.2 0.3 0.4
0.1 PII PI PI PI
0.3 PII PII PII PII

The inlet velocity is imposed with oscillations following the form shown in Eq.(10), wheref1 = 160 Hz is the
primary forcing frequency andf2 = 320 Hz the added harmonic forcing frequency. For the primaryfrequency of
f1 = 160 Hz, four forcing amplitudes are performed, i.e.A1 = 0.1, 0.2, 0.3 and 0.4, and two forcing amplitudes
are applied for the harmonic forcing frequency off2 = 320 Hz, i.eA2 = 0.1 and 0.3. The combinations of the two
forcing frequencies are summarised in Table 2 and shows the simulation cases to study the two frequency effects in
this section.

(a) (b) (c)

(d) (e) (f)

Figure 6: Comparison of the heat release rate (inW/m3) from the present LES (left) and the FSD image from the experiments [14, 15] (right) at
different phase angles with single frequency strong forcing off1 = 160 Hz andA1 = 0.5.

For the inlet velocity signals following the form shown in Eq.(10), there could be two pairs of maxima and minima
in each forcing cycle due to having two frequencies. From theoretical analysis as detailed in ref. [28], there are two
pairs whenA2/A1 > 0.5 and only one pair otherwise. Based on this conclusion, all the simulation cases shown in
Table 2 could be summarised in Table 3 regarding to how many pairs of maxima and minima in one forcing cycle.
One example for the cases C41 and C43 is given in Fig. 7 where both the inlet velocity and unsteady heat release
rate signals are shown from the present LES. It can be seen that case C43 has two pairs, while C41 only one pair for
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Figure 7: Examples of the normalised inlet velocity (iny direction) and corresponding heat release rate signals at different forcing conditions: cases
C41 and C43, from the present LES.

the inlet velocity signal. However, the heat release rate signals show a more complex pattern than the inlet velocity
signals, and two pairs can be observed for both the two cases in one forcing cycle. This implies that the heat release
rate could response at both of the two frequencies off1 = 160 Hz andf2 = 320 Hz even there is only a small number
of harmonic forcing added in the inlet velocity.

(a) (b)

Figure 8: (a) Dependence of the amplitude of the heat release rate response with velocity fluctuation amplitudeA1; (b) the dependence of the phase
of the heat release rate responseϕ (Eq. (1)), at two frequency forcing with different forcing amplitudesA1. Focus on the heat release response at
the primary forcing frequencyf1 = 160 Hz. Experimental data are from [14] for single frequency forcing at f1 = 160 Hz.

(a) (b)

Figure 9: (a) Dependence of the amplitude of the heat release rate response with velocity fluctuation amplitudeA1; (b) the dependence of the phase
of the heat release rate responseϕ (Eq. (1)), at two frequency forcing with different forcing amplitudesA1. Focus on the heat release response at
the harmonic forcing frequencyf2 = 320 Hz.

Fourier Transforms are performed to process the time seriesof the heat release rate and inlet velocity. For two
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frequency forcing, the present LES results demonstrate that all the cases shown in Table 2 produce a unsteady heat
release rate that responses at both of the two forcing frequencies at the same time. Firstly, for the primary forcing
at f1 = 160 Hz, the effects of adding harmonic forcing off2 = 320 Hz on the heat release rate are examined and
the results are shown in Fig. 8 where only the responses atf1 = 160 Hz are presented. It shows that the normalised
amplitudes of heat release rate fluctuation atf1 = 160 Hz are reduced compared with those with single forcing
of f1 = 160 Hz. The more adding of harmonic forcing off2 = 320 Hz, the smaller of the amplitude of heat
release response atf1 = 160 Hz. The amplitude of the response is reduced up to 70% fromthe single frequency
forcing conditions. Moreover, it seems that the introduction of secondary harmonic forcing changes the dependence of
response from highly non-linear (with single frequency forcing) to be more linear. The observation is consistent with
the experiments [14, 28]. Note that due to the highly coupling of forcing amplitudes ofA1 andA2 in the experiments
[14, 28], the experimental data cannot be used here for the quantitative comparisons with the present LES prediction.
For the phase results shown in Fig. 8(b), the effects of harmonic forcing behave differently. With a relatively small
harmonic forcing amplitude, i.e.A2 = 0.1, the phase results are slightly increased compared with single frequency
forcing of f1 = 160 Hz, while the tendency of phase is changed completed whenthe harmonic forcing is relatively
large, such asA2 = 0.3 that the phase is decreasing with increasingA1. The tendency also agrees with the experimental
observations [14, 28].

(a) (b) (c) (d)

Figure 10: Flow fields with the single frequency forcing for different cases from the present LES: (a)f1 = 160 Hz andA1 = 0.1; (b) f1 = 160
Hz andA1 = 0.3; (c) f2 = 320 Hz andA2 = 0.1; (d) f2 = 320 Hz andA2 = 0.3, showing the volumetric heat release rate (top), temperature (K)
(middle) and iso-surface of the second invariant of the velocity gradient (Q = 1.0× 106 s−2) coloured by the axial velocity (bottom).

As for the heat release response at the harmonic forcing off2 = 320 Hz under two frequency forcing conditions,
the results are given in Fig. 9. It can be seen that the amplitudes of heat release rate fluctuation atf2 = 320 Hz are
generally decreased compared with the single frequency forcing of f2 = 320 Hz, which means that the heat release
fluctuations at both of the forcing frequencies are depressed when the harmonic forcing is introduced, implying that
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the whole combustion system becomes more stable. However, there is an exception, i.e. the case C11, in which the
heat release amplitude is increased atf2 = 320 Hz as well as decreased atf1 = 160 Hz. It implies that the forcing
energy is converted from the primary forcing to the harmonicforcing in the case C11. All the other cases have complex
interactions and both of the forcing responses are suppressed at the same time. The phase results behave similarly and
their values are increased by the influence of primary forcing, except for the cases C11 and C21. The case of harmonic
forcing with A2 = 0.1 is influenced differently by the primary forcing regarding to the level of forcing amplitudeA1,
i.e. there is a turning point aroundA1 = 0.2. While for harmonic forcing withA2 = 0.3, the influence of the primary
forcing has the same tendency, i.e. the amplitudes are decreased and phases are increased.

(a) (b) (c) (d)

Figure 11: Flow fields with two frequency forcing for different cases from the present LES: (a) case C11; (b) case C13; (c) case C31; (d) case
C33 (see Table 2), showing the volumetric heat release rate (top), temperature (K) (middle) and iso-surface of the second invariant of the velocity
gradient (Q = 1.0× 106 s−2) coloured by the axial velocity (bottom).

To explore the physical mechanisms related to the results shown in Figs. 8 and 9, the flow field results are examined
from the present LES. Those with the single frequency forcing are presented in Fig. 10 for four typical cases, showing
the heat release rate, temperature and the second invariantof the velocity gradient (Q). The temperature flow fields
show the same pattern as those for the heat release rate. For the case withf1 = 160 Hz andA1 = 0.1, i.e. the primary
forcing with relative small forcing amplitude, the fluctuation of the inlet velocity only changes the shear layers slightly
and mushroom-shaped vortex can be barely observed. With increasing the forcing amplitude toA1 = 0.3 ( f1 = 160
Hz), the mushroom-shaped vortex is clearly visible in the flow fields which is the main factor for the non-linear heat
release response for single frequency forcing as discussedpreviously [13, 22]. As to the harmonic forcing case with
f2 = 320 Hz andA2 = 0.1, there are two pairs of oscillations co-existing in the flowfields compared to the primary
frequency forcing case. Also two pairs of mushroom-shaped vortex can be observed in the flow fields with relative
large forcing amplitude ofA2 = 0.3. The flow structures indicated by the iso-surface of the second invariant of the
velocity gradient (Q) demonstrate that more structures appear with increasing the forcing amplitude for both the two
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frequencies. As to the forcing frequency, it seems that the primary forcing frequency atf1 = 160 Hz mainly affects the
central recirculation and downstream regions, although effects on the side recirculation region along the vertical wall
can be observed. For the harmonic forcing atf2 = 320 Hz, it mainly affects the side recirculation region and vertical
wall regions, especially when forcing with a relatively large forcing amplitudeA2 = 0.3 in which many structures
emerge along the vertical wall in a complex pattern.

Similar processes are performed for four typical cases withtwo frequency forcing and the results are shown
in Fig. 11. These four cases are the combinations of the caseswith single frequency forcing shown in Fig. 10.
Figure 11(a) presents the results of case C11, which can be seen as the combination of the two cases shown in
Figs. 10(a) and 10(c). For the case C11, part of the forcing energy has been transferred from the primary forcing to the
higher harmonic forcing as discussed previously. The flow structures demonstrate that more structures emerge near
the vertical wall due to the structure interactions at the upper half region of the combustor. As to case C13, which are
highly related to the results in Figs. 10(a) and 10(d), the flow is mainly governed by the harmonic forcing and that is
the main reason for the similar flow structures of Fig. 11(b) and Fig. 10(d). Further to the case C31, accompanying
the results in Figs. 10(b) and 10(c), it can be seen that the primary forcing dominates the flow evolution. However, the
flow structures along the vertical wall become stronger in the upper half part of the combustor and they suppress the
flow structures behind the central bluff body, which are supposed to contribute to the primary frequency forcing. Now
for the case C33 in Fig. 11(d), which contains both strong primary forcing and harmonic forcing (see Figs. 10(b) and
10(d)), a large flow structure distributed circumferentially can be clearly seen in the flow field. It probably results from
the force balance between the movements of the central recirculation region and the more sensitive side recirculation
region. It seems that the central recirculation region and side recirculation region have different responses to the
acoustic forcing, regarding to the forcing frequency and forcing amplitude. The flame fronts generated between the
two recirculation regions are thus affected by the balances between the two regions during the acoustic forcing.

6. Conclusions

Characterising and controlling the combustion instabilities encountered in gas turbine have been a long standing
challenge. One of the key factors depends on the accurate representation of the non-linear flame response to acoustic
waves under complex flow conditions. The present study has successfully performed a numerical study involving two
frequencies in the acoustic waves which have been observed in experiments, but few numerical studies are conducted.
This is achieved by using high-fidelity Large Eddy Simulations (LES), for a target case which is a bluff body stabilised,
lean premixed flame combustor developed at Cambridge University.

The LES method which applies the open source CFD toolbox, OpenFOAM, is firstly validated for both un-
forced/forced reactive flow with single frequency forcing, for which some experimental data are available. Turbulent
combustion is modelled using the Partial Stirred Reactor (PaSR) model with a reduced two-step reaction mechanism
of ethylene/air. The results demonstrate that both the flow field and flame dynamics, as well as the unsteady heat
release, are captured well by the present LES for the single frequency forcing cases. On the basis, LES calculations
are then performed with acoustic forcing containing two frequencies. The primary forcing frequency is atf1 = 160 Hz
and the harmonic forcing atf2 = 320 Hz. Four forcing amplitudes at the primary frequency andtwo amplitudes for
the harmonic frequency are considered varying from 0.1 up to 0.4. When the second harmonic forcing is introduced
to the primary forcing, the heat release responses are changed significantly. The amplitudes of heat release rate fluc-
tuation responding at the primary frequency are reduced up to 70% less than those with single frequency forcing. For
the phase results, the values are increased slightly when low level of harmonic forcing is introduced, while decreased
significantly when relatively high level of harmonic forcing added. As to the heat release responses at the harmonic
forcing under two frequency forcing conditions, the amplitudes are also generally decreased except one case in which
both the forcing amplitudes at the two frequencies are small, i.e. A1 = 0.1 andA2 = 0.1. The phase results behave
similarly to the amplitudes. Those results demonstrate that the combustion system becomes more stable when the
second harmonic forcing is introduced. This thus lends strong support to design a method for controlling combustion
instability by introducing a second frequency forcing [33]. The underlying physical mechanisms are examined. It
is found that the heat release responses are highly related to the vortex structures in the flow field. For the specific
cases studied here, the flow structures in the central recirculation region and side recirculation region have different
responses to the primary and harmonic forcing with different amplitudes. This implies that the vortex flow structures
can be excited or suppressed by introducing a second frequency forcing, and as such it changes the heat release rate
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responses. Finally the coupling between the acoustic wavesand unsteady heat release could be decoupled and the
combustion instability would be controlled.

This is the first work, to the authors’ knowledge, which studies the two frequency effects for the Cambridge case
using high-fidelity CFD method based on LES. This confirms that the open-source toolbox, OpenFOAM, can be used
to study combustion instability problems numerically and good accuracy can be obtained.
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