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Xingsi Harf**, Junfeng Yan§ Junkui Mad

aCollege of Energy and Power Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, PR China
bDepartment of Aeronautics, Imperial College London, South Kensington Campus, SV7 2AZ London, UK
CDepartment of Chemical Engineering, Imperial College London, South Kensington Campus, SW7 2AZ London, UK

Abstract

Turbulent lean premixed combustion has high potentialsiferdevelopment of modern IoWOy gas turbines. How-
ever, it renders the combustor prone to combustion ingiakil The non-linear response of turbulent premixed flame
to external acoustic forcing plays a dominant role in theetlgyment of combustion instability. The present work
describes a numerical study investigating the two frequeffects on the non-linear responses and interactions of
lean premixed ethyleriair flame externally forced by strong inlet velocity osdillas. The target case is a filbbody
stabilised premixed turbulent flame. Large Eddy SimulatioBS) is performed using a low-Mach number solver
based on the open source CFD toolbox, OpenFOAM. The lean ustioh is modelled using the Partially Stirred
Reactor (PaSR) combustion model combining a reduced temedtemical reaction mechanism. Both the unforced
and forced reactive flows with single frequency forcing aneusated in order to validate the computational method.
On the basis, the velocity oscillations are introduced afriet with two frequencies, namely the primary frequency
of f; = 160 Hz and the harmonic frequency ®f= 320 Hz. The introduction of second harmonic frequency isitbu

to change the heat release rate fluctuation significantlyh Yo frequency forcing, the amplitudes of heat release
responses at the primary frequency are reduced significaptto 70% less than those with single frequency forcing.
Also the phase values are redufecreased a lot depending on the level of second harmontinfpr At the same
time, the heat release rate fluctuations are also reducpdméimg at the harmonic forcing except one case where
both the forcing amplitudes of the two frequencies are sridlé physical mechanisms are found to be highly related
to the vortex flow structures during the acoustic forcing.e Tentral recirculation region and the side recirculation
region which generates the flame shear layers in betweendi@@eent responses to the acoustic forcing depending
on the frequencies and amplitudes. This work confirms tha&,li& this case via OpenFOAM, can be used to study
the heat release responses and flame dynamics in complexafasembustion instability with good accuracy. The
study also demonstrates a possibility to design a contgpttiethod of combustion instability by introducing a second
frequency forcing.

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

1. Introduction

The gas turbine industry has been of importance for decagetodts versatile applications for power generation.
Like many other methods to generate power, gas turbine eagiroduce harmful pollutions suchld®y. To develop
modern gas turbines, it requires high combustion perfoomas well as low emissions. One of the methods is to
operate under lean combustion conditions, which has beswdextensive attentions recently and appears to be quite
promising [1, 2, 3]. However, a serious issue related to lE@nbustors is that it is more susceptible to damaging
combustion instabilities [4]. Combustion instabilitiesngrally refer to unsteady oscillations in the combustizeme-
ber, which may inhibit the engine operation and even dantagerngine components. The instabilities result from the
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coupling of the system acoustic waves and the unsteady éleatse [5], which are often a consequence of multiple
driving mechanisms. Recent progress in understanding gstioin instability is reviewed in refs. [1, 6, 7, 8].

Due to the complex nature of combustion instability, itsqicgon and control at the early design stage of a gas
turbine combustor is still challenging. A single model threty adequately incorporate unsteady combustion, acoustic
waves, turbulence and heat transfer all together has ndiegst fully developed. Alternatively, independent models
are pursued that could capture some of the key mechanisnmribustion instability. One such method is the low
order network combustor model that is seen as feasible dauil/edy successful, e.g. [5, 9, 10]. The model describes
the combustor system as a network of connected moduleshamatdustic waves are very well modelled using simple
analytical approaches due to the fact that the acoustisyress much smaller than the atmosphere pressure [4]. The
coupling of the unsteady heat release to the unsteady patioms, i.e. the response of the flame unsteady heat release
rate to perturbations can be modelled via a flame model [1]1, 12

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

Q/Q

w/u

Fw,U]) = G(w, |u' )@ W

whereQ’/Q is the normalised heat release rate fluctuationigfdthe normalised inlet velocity perturbation imping-
ing on the flame. The FDF(w, |U']) is generally expressed in the frequency domain as gainlitaig) G(w, |u'|) and
phasep(w, |U'|) which are functions of both forcing frequenayand amplitudéu’|.

The non-linearity of FDF is responsible for the phenomenignat cycle oscillations [9, 17] and other non-linear
effects such as instability triggering and mode switching.e&svexperimental studies [13, 17, 18, 19, 20] have been
performed to determine the non-linear flame models for tladyais of combustion instability. Eierent mechanisms
are explored in the experiments, such as the interactiofiaro€ front with coherent structures [14, 17], attachment
point dynamics [21], and flame quenching [18]. These stusliggest that the non-linear flame dynamics under the
conditions of perturbations governs the non-linearity BHand finally the combustion instability.

Recently, the non-linear flame models provided by high-tig€tFD are beginning to be exploited [22, 23, 24].
Large Eddy Simulation (LES) is capable of capturing unsgeftmv and flame structure dynamics and is now used
more and more to investigate turbulent combustion probl@5s26, 27]. The investigations show that LES can give
accurate prediction of flame dynamics encountered in cotitbumstabilities. Even more details can be explored
from LES than experimental measurements due to that LESroaide more details about the full flow fields.

Nevertheless, most of the work, experimentally or numéyican flame dynamics only considers the response
of premixed flame to single frequency forcing, regardingh® tombustion instability. There are few studies on
flame dynamics in combustion instabilities containing mtiven one frequencies, such as in refs. [28, 29, 30].
Some recent studies suggest that the combustion could Ipdecowith the hydrodynamic flow instability [31, 32],
especially when the bitibody is used as the flame holder. In this case, the vortex gigeffdm the flow instability
gives an extra frequency besides the one from combustidabitis). Moreover, an earlier experimental work [33]
suggested a method to control the combustion instabilitinbpducing a second frequency forcing. The work in
refs. [28, 14] developed an experimental setup to study [thf€ liody stabilised premixed flame response to imposed
inlet oscillations. Both cases are studied for externauatio forcing with one frequency and two frequencies. It
was reported that the vortex shedding has a significant ilgra¢he flame dynamics and thus the unsteady heat
release. The results also show that higher harmonics appsame cases, even that the flame is imposed with single
frequency forcing. The multiple frequencies could lead wrastic change in the flame responses, i.e. the Flame
Describing Function, and finally the combustion instafilit

Motivated by those previous studies, the present work airh&8 investigation on the premixed flame response
to acoustic forcing with two frequencies. The target cagb®present study is the liftbody stabilised flame studied
experimentally [28, 14], where some experimental data gaédable for forced premixed flames. The objectives of
the present paper are: (1) to perform LES studies of thisutariy fully premixed flame and to compare these with
experimental data, using the open-source CFD toolbox, BPAM; (2) to study the two frequencytects on the heat
release responses and flame dynamics with external forgindeB for the first time; (3) to explore the underlying
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physical mechanisms of the adding harmonic forcifigas on the flow fields compared with those forced with one
single frequency. The target experimental setup is briefscdbed in Section 2, followed by the numerical setup for
LES in Section 3. Validation of the numerical method will regented in Section 4. Results and discussions will be
given in Section 5. Conclusions are drawn in the last Se@&ion

2. Target experimental setup [14]

The target experiment is the Wibody stabilised burner studied in ref. [14] (see Fig. 1). dsbeen used in
earlier studies [34, 23]. In the experiments, fully premdixeactants (ethylene and air with an equivalence ratio of
¢ = 0.55) are supplied through the plenum and the flame is stathitigea bluf body. In the present LES, only part of
the combustor is used for the simulations as shown in Fighg.ifilet pipe has an inner diameter of 35 mm and outer
diameter of 8 mm, and the conical filbody has a diameter af = 25 mm. A quartz cylinder is used to confine the
flame, with the inner diameter of 70 mm and length of 80 mm. Tiik velocity V}, at the combustor inlet i}, = 9.9
m/sand it isVp = 5.17 m/s at the computational inlet (see Fig. 1).
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Figure 1: (a) Schematic of the experimental setup [14], withtgz= 0) for the computational domain; (b) half of the whole compuotzei domain
and the solid walls with heat loss are marked Wigh andT,y, respectively.

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

3. Numerical methodsfor LES

Large Eddy Simulation (LES) is widely recognised as an ateumethod for reactive flow simulations [2, 35]
and recently it has been exploited in the context of combaoststability [23, 36]. To study the two frequency
effects, the open source CFD toolbox, OpenFOAM is employedédrpthsent study, with a modified version of the
reactingFOAM solver - this has been applied in previous L&g8iss of partially-premixed flame [23].

For reactive flow with large density fluctuations, the gowegnequations are the Favre-filtered Navier-Stokes
equations of mass, momentum, species mass fraction anglyei&e continuity and momentum equations are:

o , U,
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3
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Table 1: The two-stef£aHa/Air chemical reaction mechanism [42].

Reaction Alcm®/mols) B Ea(cal/mol)
C,HUS0 + 20085 => 2CO+ 2H,0  20x10° 0.00 355x 10°
CO + 050, <=> CO;, 20x10°  0.80 120x 10°
o0 pUlU; _ ap  a (_[a0 U]\
it} S T it IRty | Il 3
a T ax ax ax \Mlax T ax |)” ax ®)

wherep is the laminar viscosity and modelled by Sutherland’s lale Bubgrid scale stress tensgr= 5(L/Ji\U/,- -
UiU'j) is determined by the popular Smagorinsky subgrid scaleah{8d], with the turbulent viscosity calculated by:

Hsgs = P_(CSA)2|§| (4)

where the model constafly is equal to 0.167|S] is the strain rate magnitude of the resolved velocity defiagd

ISI = /2Si;Sij, andA is the filter cutdf width. Note that the symbol ~ denotes the spatial filterireglus the LES

and the symbol ~ denotes density-weighted filtering, defamid = py//p for an arbitrary variable.

For the Smagorinsky LES model, it is found that the modelleBulent viscosityuss, is generally too high in
the near wall regions [38]. The turbulent viscosity (Eq.@)ould be damped via the model for van Driest damping.
In OpenFOAM, the damping is derived by changing the filterttvid, in the form of:

A = min(Am, | 2 yu (1 - eV/A) (5)
[on &)

whereAy, is the cubic root of the cell volume, = 0.4187 is the von Karman consta@, = 0.158, A* = 26, yy
represents the distance to the wall, ariddescribes the dimensionless distance to the wall calcufaden the wall
shear stress.

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

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

oc _Ci-G
ot At

= kRR(C}) (6)

where the ternkR; is the laminar Arrhenius reaction source term, R& = wj(p, T,Vj). Eventually, the turbulence-
combustion coupling in PaSR model is reduced to the modgdiimeactive volume fractior, which can be modelled
as [41]:

Tc

K = ()

Tc+Tm

wherery, is the turbulent mixing time scale andthe reaction time scale.
To determine the reaction time scalgea reduced two-step six-species global chemical mecharoathylengair
is applied [42], with the Arrhenius law parameters shown abl€ 1. For the lean premixed flame of ethyl@ire
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(¢ < 1.2), the reduced mechanism can correctly reproduce the garflame speed, and thus suitable for the present
study wherep = 0.55. Computation costs can be significantly reduced by thecexti mechanism compared to the
comprehensive ones. Another important parameter in th® Pa&lel is the turbulent mixing time,, (see Eq.(7)).
Here, it is modelled based on two time scales: the subgrititglstretch time and Kolmogorov time, in the form of

[43, 44]:
Tm = CmVTaTK (8)

where the subgrid time scate and Kolmogorov time scale are calculated by:

A A _(v\2
weyc s o) ©

with A the computational cell scal& the subgrid turbulent kinetic energy,the subgrid dissipation rate andhe
laminar kinematic viscosity. Note that the model constanin Eq.(8) depends on specific flow configurations, and a
value of 0.6 is used for the present LES based on tests of gfimmlexperiments.

The open source CFD toolbox, OpenFOAM (version 2.3.0) idiegpvith a modified low-Mach number react-
ingFOAM solver and the new turbulent mixing time model (Bjj)(is incorporated in the code. Thet+& library
OpenFOAM has been previously used for a wide range of reafitiw simulations. It is based on a second order
accurate finite volume method and the pressure-velocimgipled through PIMPLE algorithm. All spatial derivatives
are approximated by second order centrélielence scheme and the second order implicit Crank-Nicasbeme
is used for time discretisation. The computational domaishown in Fig. 1 including the coordinate system. An

unstructured mesh is applied for the present LES, with a firegh containing about 2.48 million cells after several
simulation tests.
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Figure 2: Time-averaged flow fields of the unforced reactiwe ftom the present LES: the axial velocity/(mys) (left) and the temperatufie (K)
(right), at az—cut ofz= 0.

The main objective of the present work is to study the twodestpy éfects of the acoustic forcing on the unsteady
heat release response for the premixed flame. To emulatedhsti forcing, the inlet velocity is superimposed with
oscillations, based on previous studies [23, 24], with tdrenf

V =Vp [1 + A sin(erlt) + Ay sin(erzt)] + Vhoise (10)

whereA; is the primary normalised velocity forcing amplitude aficthe primary forcing frequency, and; is the
harmonic forcing amplitude ané the harmonic forcing frequency. Consistent to the expants§l4], the first
primary forcing frequency i§; = 160 Hz and the second harmonic forcing frequencfis: 320 Hz. These two
frequencies can be considered as the fundamental and fitstrhiharmonic (twice of the fundamental) frequency
combination. It should be noted that and A, cannot be independently specified in the experiments [28, Tide
explanation is given as following. The output forcing silgria the experiments are generated by two loudspeakers via
adjusting the peak-to-peak voltage of the input signals. Whecing with only single primary frequency df = 160

Hz, the forcing energy can be generdtistributed into higher harmonics, i.& = 320 Hz, which means th#t; and
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A, are coupled with each other in the experiments due to theliogugf all acoustic waves in the combustor system.
However, in the present simulations, the valuespandA, can be varied independently and tHEeets of harmonic
part can be explored more accurately than those from theriexpetal measurements. This also demonstrates the
advantages of applying numerical methods to study the &icdascing problem with two frequency co-existing.

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

E4e+6

§35+B

Figure 3: Comparison of the time-averaged flow fields for therged reactive flow: the FSD image from experiments [14] (ki) the volumetric
heat release rate W/m® from the present LES (right).

4. Validation of the LES method

To validate the numerical method, LES is firstly performedtfe unforced reactive flow. Figure 2 shows the
time-averaged flow fields of axial velocity and temperatordlie unforced reactive flow. It demonstrates that a “M”-
shaped flame is formed along the shear layers of the jet abilistd by the blff body. A central recirculation region
after the bldf body and a side recirculation region along the side wall @ol&arly observed. The temperature flow
field shows the flame fronts of the premixed flame. The heaaseleate results from the present LES are compared
with the FSD image from experimental measurements [14] ¢ 8i The agreement between the prediction and
experiment is good. It should be noted that due to the heattlosugh the walls, the temperature is lower than
the adiabatic temperature in the side recirculation re(gee Fig. 2) and thus the outer branches of the flame fronts
are weaker than those inner ones (see Fig. 3). Previous WWE$ 2] of the unforced reactive case applies a FSD
combustion model which does not solve the energy equatidritars cannot account for the heat loss. The previous
LES prediction [22] is thus less well than the present LESligteon on the flames.

The forced reactive cases are also performed to validatprdsent LES method. To the end, the inlet velocity
is imposed with fluctuations following the form as shown in@Qq). It could be expected that the flame and thus
the heat release will oscillate with the inlet velocity distions. The heat release signals integrated over theavhol
computational domain are recorded during the simulatiosthe time series are then transformed to the frequency
domain using a Fourier Transform technique. The gain andgbfthe FDF can be obtained from its definition in
Eq.(1). For the validation purpose, only single frequerargihg is performed in this section, which means that there
is no forcing off, = 320 Hz (i.e. A, = 0) when forcing atf; = 160 Hz, andA; = 0 when forcing atf, = 320 Hz,
using the inlet velocity form shown in Eq.(10).

For only single frequency forcing d = 160 Hz, the normalised amplitude of heat release rate fltiotuas a
function of forcing amplituded; is shown in Fig. 4 with comparisons to experiments [14] areVious LES results
[22]. It can be observed that the present LES results agrélewith the experimental measurements from OH*
and CH* chemiluminescence, and even better than previo fudictions. This implies that the heat loss has
considerable impacts on the heat release results and she@alctounted for in the simulations. The results show that
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the heat release response is linear up to arduing 0.15 and then becomes non-linear until it saturates at around
A; = 0.6. The phase dlierence of the heat release fluctuation from the inlet veldtitctuation is also captured
well by the present LES, as shown in Fig. 4(b). When forcinchwaitsingle frequency of, = 320 Hz, the heat
release responsedidirently as shown in Fig. 5. The amplitude of heat releaseuiticin is much smaller than that

at the lower frequency of; = 160 Hz and the phase increases significantly with increabimdprcing amplitudéd,.
Nevertheless, the present LES predictions match well witretxperiments and the previous LES results overall.
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Figure 4: (a) Dependence of the amplitude of the heat reledseasponse with velocity fluctuation amplitulg (b) the dependence of the phase
of the heat release rate respogs@q. (1)), at single forcing frequendy = 160 Hz. Experimental data are from [14] and previous LES sefer

results from [22].
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Figure 5: (a) Dependence of the amplitude of the heat reledseasponse with velocity fluctuation amplitulig (b) the dependence of the phase
of the heat release rate respogsEq. (1)), at single forcing frequendy = 320 Hz. Experimental data are from [14] and previous LES sefer

results from [22].

To further validate the present LES method, unsteady flanmardics with single frequency forcing are also
examined and compared with the available experiments [8}4,as shown in Fig. 6. It clearly demonstrates the
deformation of the flame base, later resulting in a mushrshaped flame front - similar to previous results [22] with

a forcing of f; = 160 Hz andA; = 0.64. The present LES captures the flame evolution quite welipesed with
experiments at all the phase angles. Note that the mushsbamed vortex is the main factor for the non-linear heat
release response behaviour which has been discussedysig\2?].

To summarise, the present LES method resolves the reacwdifllds and unsteady heat release response quite
well compared to available experimental data, for both asthout or with acoustic forcing.

5. Resultsand discussions. two frequency effects

The previous section confirms that the present LES methaetlas OpenFOAM toolbox can capture the reactive
flow well with external acoustic forcing. The numerical medhcan thus be used for investigation of two frequency
effects on the forced premixed flame.



Table 2: The simulation cases with two frequency forciAg.andA; are the forcing amplitudes corresponding to the two forchegdencies of
f1 = 160 Hz andf, = 320 Hz, respectively.

Aq

Ao 51 02 03 04
0.1 Cl11 C21 C31 c41
03 C13 C23 C33 C43

Table 3: Pair of the maxima and minima in each cycle for the incomaigcity signal shown in Eq.(10) with two frequency forcifug different
simulation cases. Pl means one pair and PIl means two pairs.

Aq

Ao 51 02 03 04
01 Pl Pl Pl PI
03 PIl PIl Pl Pl

The inlet velocity is imposed with oscillations followinge form shown in Eq.(10), wherg = 160 Hz is the
primary forcing frequency and, = 320 Hz the added harmonic forcing frequency. For the prinfil@guency of
f, = 160 Hz, four forcing amplitudes are performed, i&, = 0.1, 0.2, 0.3 and 04, and two forcing amplitudes
are applied for the harmonic forcing frequencyfef= 320 Hz, i.eA;, = 0.1 and 03. The combinations of the two
forcing frequencies are summarised in Table 2 and showsiridation cases to study the two frequendieets in
this section.

tbe-b&

4e+8

tée*-a

de+8

tée*-&

d4e+8

~2e+8

I

“2e+8

Figure 6: Comparison of the heat release ratéfim?°) from the present LES (left) and the FSD image from the experis4, 15] (right) at
different phase angles with single frequency strong forcinfy ef 160 Hz andA; = 0.5.

For the inlet velocity signals following the form shown in EXp), there could be two pairs of maxima and minima
in each forcing cycle due to having two frequencies. Fronotbiical analysis as detailed in ref. [28], there are two
pairs whenA,/A; > 0.5 and only one pair otherwise. Based on this conclusionhallsimulation cases shown in
Table 2 could be summarised in Table 3 regarding to how mairg pAmaxima and minima in one forcing cycle.
One example for the cases C41 and C43 is given in Fig. 7 whetethe inlet velocity and unsteady heat release
rate signals are shown from the present LES. It can be seenaba C43 has two pairs, while C41 only one pair for
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257 .. y-velocity - case C41

-+ heat release - case C41
y-velocity - case C43
2] —— heatrelease - case C43

Q/Qmean & V/Vimean
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Figure 7: Examples of the normalised inlet velocityyidirection) and corresponding heat release rate signalffateht forcing conditions: cases
C41 and C43, from the present LES.

the inlet velocity signal. However, the heat release rajaads show a more complex pattern than the inlet velocity
signals, and two pairs can be observed for both the two casasei forcing cycle. This implies that the heat release
rate could response at both of the two frequencief ef 160 Hz andf, = 320 Hz even there is only a small number
of harmonic forcing added in the inlet velocity.
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Figure 8: (a) Dependence of the amplitude of the heat reledseasponse with velocity fluctuation amplitullg (b) the dependence of the phase
of the heat release rate respogsgeqg. (1)), at two frequency forcing with fierent forcing amplitudes;. Focus on the heat release response at
the primary forcing frequenc§s = 160 Hz. Experimental data are from [14] for single frequerargihg atf; = 160 Hz.
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Figure 9: (a) Dependence of the amplitude of the heat reledseasponse with velocity fluctuation amplitullg (b) the dependence of the phase
of the heat release rate respogsgEqg. (1)), at two frequency forcing with dierent forcing amplitudesy. Focus on the heat release response at
the harmonic forcing frequendyg = 320 Hz.

Fourier Transforms are performed to process the time sefit®e heat release rate and inlet velocity. For two
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frequency forcing, the present LES results demonstrateaihthe cases shown in Table 2 produce a unsteady heat
release rate that responses at both of the two forcing freziee at the same time. Firstly, for the primary forcing
at f; = 160 Hz, the fects of adding harmonic forcing df = 320 Hz on the heat release rate are examined and
the results are shown in Fig. 8 where only the responsés-atl60 Hz are presented. It shows that the normalised
amplitudes of heat release rate fluctuationfat= 160 Hz are reduced compared with those with single forcing
of f; = 160 Hz. The more adding of harmonic forcing & = 320 Hz, the smaller of the amplitude of heat
release response & = 160 Hz. The amplitude of the response is reduced up to 70% thensingle frequency
forcing conditions. Moreover, it seems that the introdutf secondary harmonic forcing changes the dependence of
response from highly non-linear (with single frequencyciog) to be more linear. The observation is consistent with
the experiments [14, 28]. Note that due to the highly cogptihforcing amplitudes oy andA; in the experiments

[14, 28], the experimental data cannot be used here for thetijative comparisons with the present LES prediction.
For the phase results shown in Fig. 8(b), tiiieets of harmonic forcing behavefidirently. With a relatively small
harmonic forcing amplitude, i.eA; = 0.1, the phase results are slightly increased compared witliesfrequency
forcing of f; = 160 Hz, while the tendency of phase is changed completed tteeharmonic forcing is relatively
large, such a8, = 0.3 that the phase is decreasing with increagingThe tendency also agrees with the experimental
observations [14, 28].
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Figure 10: Flow fields with the single frequency forcing fafférent cases from the present LES: {a)= 160 Hz andA; = 0.1; (b) f; = 160
Hz andA; = 0.3; (c) f, = 320 Hz andA; = 0.1; (d) f, = 320 Hz andA; = 0.3, showing the volumetric heat release rate (top), tempergkjr
(middle) and iso-surface of the second invariant of the vglagadient Q = 1.0 x 10° s72) coloured by the axial velocity (bottom).

As for the heat release response at the harmonic forcirfg €320 Hz under two frequency forcing conditions,
the results are given in Fig. 9. It can be seen that the armdpktwf heat release rate fluctuationfat= 320 Hz are
generally decreased compared with the single frequencynfpof f, = 320 Hz, which means that the heat release
fluctuations at both of the forcing frequencies are depresgeen the harmonic forcing is introduced, implying that
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the whole combustion system becomes more stable. Howéege ts an exception, i.e. the case C11, in which the
heat release amplitude is increased,at 320 Hz as well as decreasedfat= 160 Hz. It implies that the forcing
energy is converted from the primary forcing to the harmdmicing in the case C11. All the other cases have complex
interactions and both of the forcing responses are supgtegghe same time. The phase results behave similarly and
their values are increased by the influence of primary fgraxcept for the cases C11 and C21. The case of harmonic
forcing with A, = 0.1 is influenced dterently by the primary forcing regarding to the level of fiogamplitudeA,

i.e. there is a turning point arour} = 0.2. While for harmonic forcing wittA, = 0.3, the influence of the primary
forcing has the same tendency, i.e. the amplitudes areatEmteand phases are increased.
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Figure 11: Flow fields with two frequency forcing forfiiirent cases from the present LES: (a) case C11; (b) case §1&ge C31; (d) case
C33 (see Table 2), showing the volumetric heat release k@ig emperature (K) (middle) and iso-surface of the secovatiant of the velocity
gradient Q = 1.0 x 10° s72) coloured by the axial velocity (bottom).

To explore the physical mechanisms related to the reswtsrsin Figs. 8 and 9, the flow field results are examined
from the present LES. Those with the single frequency fareire presented in Fig. 10 for four typical cases, showing
the heat release rate, temperature and the second invafitire velocity gradient@). The temperature flow fields
show the same pattern as those for the heat release ratdeFmade withf; = 160 Hz andA; = 0.1, i.e. the primary
forcing with relative small forcing amplitude, the fluctigat of the inlet velocity only changes the shear layers slygh
and mushroom-shaped vortex can be barely observed. Witbasing the forcing amplitude #; = 0.3 (f; = 160
Hz), the mushroom-shaped vortex is clearly visible in thesflields which is the main factor for the non-linear heat
release response for single frequency forcing as discysssiusly [13, 22]. As to the harmonic forcing case with
f, = 320 Hz andA; = 0.1, there are two pairs of oscillations co-existing in the flids compared to the primary
frequency forcing case. Also two pairs of mushroom-shametex can be observed in the flow fields with relative
large forcing amplitude of, = 0.3. The flow structures indicated by the iso-surface of themsédnvariant of the
velocity gradient Q) demonstrate that more structures appear with increaBafptcing amplitude for both the two
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frequencies. As to the forcing frequency, it seems that timegyy forcing frequency at; = 160 Hz mainly #ects the
central recirculation and downstream regions, althoutgtts on the side recirculation region along the vertical wal
can be observed. For the harmonic forcingzat 320 Hz, it mainly d@fects the side recirculation region and vertical
wall regions, especially when forcing with a relativelydarforcing amplitude®; = 0.3 in which many structures
emerge along the vertical wall in a complex pattern.

Similar processes are performed for four typical cases wih frequency forcing and the results are shown
in Fig. 11. These four cases are the combinations of the cailessingle frequency forcing shown in Fig. 10.
Figure 11(a) presents the results of case C11, which canédie a®the combination of the two cases shown in
Figs. 10(a) and 10(c). For the case C11, part of the forciegggrhas been transferred from the primary forcing to the
higher harmonic forcing as discussed previously. The flowcstires demonstrate that more structures emerge near
the vertical wall due to the structure interactions at theanfalf region of the combustor. As to case C13, which are
highly related to the results in Figs. 10(a) and 10(d), the flomainly governed by the harmonic forcing and that is
the main reason for the similar flow structures of Fig. 11¢tJ &ig. 10(d). Further to the case C31, accompanying
the results in Figs. 10(b) and 10(c), it can be seen that iheapy forcing dominates the flow evolution. However, the
flow structures along the vertical wall become stronger éthper half part of the combustor and they suppress the
flow structures behind the central Elbody, which are supposed to contribute to the primary fraguéorcing. Now
for the case C33 in Fig. 11(d), which contains both stronmpry forcing and harmonic forcing (see Figs. 10(b) and
10(d)), a large flow structure distributed circumferemyiabn be clearly seen in the flow field. It probably resultsriro
the force balance between the movements of the centratudation region and the more sensitive side recirculation
region. It seems that the central recirculation region ddd eecirculation region have fliérent responses to the
acoustic forcing, regarding to the forcing frequency andifg amplitude. The flame fronts generated between the
two recirculation regions are thuffected by the balances between the two regions during thesacdarcing.

6. Conclusions

Characterising and controlling the combustion instabgiencountered in gas turbine have been a long standing
challenge. One of the key factors depends on the accuratesggation of the non-linear flame response to acoustic
waves under complex flow conditions. The present study hasesafully performed a numerical study involving two
frequencies in the acoustic waves which have been obsenegberiments, but few numerical studies are conducted.
This is achieved by using high-fidelity Large Eddy SimulatdLES), for a target case which is afilbody stabilised,
lean premixed flame combustor developed at Cambridge Uityer

The LES method which applies the open source CFD toolboxnBPAM, is firstly validated for both un-
forcedforced reactive flow with single frequency forcing, for whisome experimental data are available. Turbulent
combustion is modelled using the Partial Stirred ReactaS@ model with a reduced two-step reaction mechanism
of ethylendair. The results demonstrate that both the flow field and flapmamhics, as well as the unsteady heat
release, are captured well by the present LES for the singtpiéncy forcing cases. On the basis, LES calculations
are then performed with acoustic forcing containing twajérencies. The primary forcing frequency isfat 160 Hz
and the harmonic forcing & = 320 Hz. Four forcing amplitudes at the primary frequency &val amplitudes for
the harmonic frequency are considered varying froinup to 04. When the second harmonic forcing is introduced
to the primary forcing, the heat release responses are etaignificantly. The amplitudes of heat release rate fluc-
tuation responding at the primary frequency are reduced W% less than those with single frequency forcing. For
the phase results, the values are increased slightly whelel@l of harmonic forcing is introduced, while decreased
significantly when relatively high level of harmonic forgimdded. As to the heat release responses at the harmonic
forcing under two frequency forcing conditions, the amyuliés are also generally decreased except one case in which
both the forcing amplitudes at the two frequencies are smellA; = 0.1 andA; = 0.1. The phase results behave
similarly to the amplitudes. Those results demonstratettteacombustion system becomes more stable when the
second harmonic forcing is introduced. This thus lendsgtsupport to design a method for controlling combustion
instability by introducing a second frequency forcing [33]he underlying physical mechanisms are examined. It
is found that the heat release responses are highly relatibe tvortex structures in the flow field. For the specific
cases studied here, the flow structures in the central téatron region and side recirculation region havieatent
responses to the primary and harmonic forcing witffiedent amplitudes. This implies that the vortex flow struesur
can be excited or suppressed by introducing a second fregdiercing, and as such it changes the heat release rate
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responses. Finally the coupling between the acoustic wawdainsteady heat release could be decoupled and the
combustion instability would be controlled.

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