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Abstract

This thesis numerically predicts thermoacoustic instability in two typical gas turbine combustors.
Incompressible large eddy simulation (LES) is used as the main numerical tool to simulate
the heat release response of a flame to upstream acoustic perturbations, resulting in linear
and nonlinear flame response models. These flame models are then combined with analytical
acoustic wave models to predict thermoacoustic instability, and for those unstable operations, the
resulting nonlinear limit cycle oscillations. Other features relevant to thermoacoustic instability
are also studied, including entropy wave transport within the combustor flow fields, and the

axial variation of the heat release response along a long flame length, etc.

This thesis has found that (7) the incompressible LES performed by BOFFIN and OpenFOAM
can both accurately simulate the reacting flow in realistic gas turbine combustors, and capture
the forced flame heat release responses to upstream acoustic perturbations; (i) although differ-
ent combustion and chemical reaction models lead to different unforced flame behaviour, their
influences on the forced flame responses are relatively smaller, suggesting the use of simpler
chemistry to reduce computational costs and providing more options for combustion modelling;
(iéi1) both the low order network-based and the Helmholtz equation-based thermoacoustic solvers
are validated by accurate thermoacoustic predictions; (iv) the entropy wave transport within a
realistic combustor flow is dominated by the dispersive advection, affected by both mean and
unsteady large-scale flow features (with the latter having higher effect). The generated entropy
noise is likely to affect the thermoacoustic modes at high flow speed conditions; (v) the axial
variation of the heat release response along a very long flame needs to be accounted for in the
network-based thermoacoustic prediction, which is done by splitting the continuous flame into
multiple segments, each treated as an individual flame and represented by a compact flame
model. All of the above findings significantly help to gain insight into the prediction of ther-

moacoustic instability for realistic gas turbine combustors.
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Volumetric entropy advection term, Ag = Ar/V

Normalised amplitude of velocity perturbation upstream to flame
Velocity perturbation amplitude corresponding to limit cycle oscillations
Height or width of a 3-D square duct

Amplitude of an upstream-travelling acoustic wave

Matrix of boundary conditions for the discretised Helmholtz equation
Upstream wave amplitude for vertical I-th and horizontal m-th modes
Matrix containing coefficients from the discretised Helmholtz equation
Constant of the PDF transport equation

Constant of the one-equation kinetic energy model

Mixing time constant

Coefficient of the constant and dynamic Smagorinsky models

Value of Cs computed at earlier time-steps

Constant of the one-equation kinetic energy model

Constant of the WALE model
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[Pa]
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xxil

o
o

o
Cq
C
Cp

Cy

&

Q

SRS B B B

f*
fe

fu
Jie
fo

fu
G

Gy
Gideal
Gj
Gout

Volumetric concentration of the a-th species in a mesh cell
Volumetric concentration of the a-th species exiting a mesh cell
Speed of sound

Specific heat capacity at constant pressure

Specific heat capacity at constant volume

Speed of sound in the upstream settling chamber of the ORACLES rig

Mass diffusivity

Governing matrix of the low order network with a long flame
Matrix with source term in Helmholtz equation

Linearised entropy diffusion term

Diameter of the equivalent pipe for the SGT-100 combustor
Volumetric entropy diffusion term, Ds = Dy, /V

Increment of a vector Wiener process

Hole diameter on the perforated plate in the SGT-100 combustor
Downstream-travelling entropy wave amplitude in network module j
Specific internal energy

Flame transfer or describing function (FTF or FDF)

Continuous FDF based on 1-D linearised Euler equations

FDF of the j-th flame segment computed in ORACLES rig
Integrated continuous FDF for the j-th flame segment
Frequency

Downstream-travelling acoustic wave amplitude upstream to a flame
Non-dimensional frequency, f* = fL./uq

Cut-off frequency of the low-pass filter in n — 7 model

Acoustic mode’s frequency predicted by Helmholtz solver
Frequency of the limit cycle oscillation

Acoustic mode’s frequency predicted by OSCILOS solver
Frequency of velocity perturbation imposed upstream to a flame
Gain of an FTF or FDF

LES-filter function

Gaussian approximation of entropy flux at equivalent pipe exit
FDF gain for the j-th flame segment in ORACLES combustor

Gaussian shape function, approximation for exiting entropy flux, ¢s

[mol /m?|
[mol /m?|
[m/s]

[/ (kg:K)]
[/ (kg-K)]
m/s]
[m?/s]

s~

—SS—I]

[J/kel
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xxiil

Gs
Go

gl%N

Gij

<.

ij

Ly
Le

lo11
lo12

lo2

Gaussian shape function for the entropy source term, Qs

Gain of an LEEs-based continuous FDF, F,

Matrix linking waves from the first to the last network module
Upstream-travelling acoustic wave amplitude upstream to a flame
Velocity gradient tensor, g;; = Ou;/0x;

Height of SGT-100 combustion chamber straight section

Height of ORACLES separate rectangular channel cross-section
Height of sudden expansion at inlet of ORACLES combustion chamber
Specific sensible enthalpy

Downstream-travelling acoustic wave amplitude downstream of a flame
Specific enthalpy (including the enthalpy of formation)

Thickness of the metal plate splitting two separate ORACLES channels
Imaginary unit, i = v/—1

Sub-grid scale scalar flux for enthalpy

Sub-grid scale scalar flux for the a-th species

Upstream-travelling acoustic wave amplitude downstream of a flame
Wave number of a downstream or upstream-travelling acoustic wave
Wave number for the vertical I-th and horizontal m-th acoustic modes
Wave number of the perforated plate impedance model

Sub-grid scale turbulent kinetic energy

Thermal conductivity

Length of a 3-D duct or characteristic length of a flow field

Length of the circular pipe equivalent to SGT-100 combustor

Loss of acoustic energy due to dissipation and/or transmission
Germano identity of the dynamic Smagorinsky model

Distance from flame to SGT-100 rig straight-contraction interface
Distance from straight-contraction interface to SGT-100 rig exit
Lewis number, Le = Sc/Pr

Integer wave mode number

Axial length of a flame segment in ORACLES rig

Axial length of the settling chamber in ORACLES rig

Axial length of the contraction duct in ORACLES rig

Axial length of rectangular channels in ORACLES rig
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N, seg

]/)\max
Q
Qideal
3/
Q;
Y/
J:evlp
3/
7,8t

2}
7,nml

Qm
Qs
Qv
q(z,y,2)
(@)

Axial length of settling chamber in ORACLES network

Axial length of rectangular channels in ORACLES network
Axial length of combustion chamber in ORACLES network
Mach number, M = U/c

Flame-downstream Mach number

Integer wave mode number

An appropriate integer used to calculate FDF phase ¢

Total number of Eulerian stochastic fields used in a PDF model
Total number of involved scalars for a PDF model, Ny = Ny, + 1
Total number of split flame segments in ORACLES combustor
Total number of species

Gain of n — 7 flame model

Total mode number used to discretise a fluctuating variable
Vector of eigenmodes for Helmholtz equation

Linearised entropy production term

Volumetric entropy production term, Ps = Pr/V

Joint PDF for all the involved scalar variables

Probability density function (PDF) of the a-th scalar variable
Prandtl number, Pr = c,u/kp

Pressure

Filtered pressure including the isotropic stress tensor, p* = p + %Tkk
Maximum pressure fluctuation

Total heat release rate

Entropy source in delta-function form for a circular pipe flow
Heat release rate fluctuation in the j-th ORACLES flame segment
Envelope of Q; signal after Hilbert transform
Butterworth-filtered Q; signal

Normalised Q; signal with constant amplitude, Q;7nm1 = Q;‘,ﬁt / Q;mp
Heat release rate from each mesh cell volume

Entropy source term

Spatially-integrated entropy source term, Qy = [ IS QsdV
Volumetric heat release rate field

Spatially-integrated volumetric heat release rate, (¢) = Q = f | fv qdV
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Nomenclature

XXV

Pressure reflection coefficient at a network end, R = A, /A;
Specific gas constant

Pressure reflection coefficient at network inlet

Pressure reflection coefficient at network outlet

Radius of a circular pipe

Universal (molar) gas constant

Reynolds number, Re = pUL/p

Radial coordinate

Radius of network exit plane

Concentration of normalised entropy fluctuation, S = §'/V

Strain rate tensor, S;; = % (gg? + gﬁ)
i i

Isotropic part of the strain tensor, S;;

Laminar burning velocity

Total entropy remaining in combustor chamber, Sy = [, SAV
Schmidt number, Sc = u/(pD)

Specific entropy

Normalised entropy fluctuation, §' = s'/c,

Sub-grid activity parameter

Temperature

A sufficiently long time period

Mean temperature at £ = 1 m in the ORACLES combustion chamber
Adiabatic flame temperature

Bulk flow temperature

Axial-variation of mean temperature along network centreline
Flame-downstream temperature

Sub-grid scale stress tensor for the test filter’s scale

Ambient temperature

Ratio of inlet to outlet temperature in ORACLES combustor chamber
Temperature of the fuel/air pre-mixture in the ORACLES rig
Time

Perforated plate thickness

Bulk flow velocity

Vertical profile of the axial flow velocity

K]

K]
K]
K]
K]
K]
[Pal
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Nomenclature

N

Greek

OF

b1
B2

Axial flow velocity

Velocity vector

Axial-variation of mean axial velocity along network centreline
Flame-downstream axial flow velocity

Maximum axial velocity in a circular pipe

Sub-grid scale velocity fluctuation

Velocity perturbation imposed upstream to a flame

Domain volume

Vertical flow velocity

Cross-sectional width of the ORACLES rig

Molar mass of a mixture

Matrix containing constants and mean flow properties for a 3-D duct
Axial coordinate

Coordinate vector, = (x,y, 2)

Axial location of a 3-D duct’s outlet

Axial location of the infinitely thin flame sheet in a network

Axial location of upstream velocity perturbation in ORACLES rig
Axial location of a 3-D duct’s inlet

Matrix containing constants and mean flow properties for a 3-D duct
Mass fraction of the a-th species

Vertical coordinate

Normalised wall-normal distance of the closest mesh nodes
Mixture fraction

Acoustic impedance of a perforated plate

Horizontal coordinate

Meaning

Parameter of an analytical FDF

Effective thermal diffusivity

Parameter of an analytical FDF

Linear coefficient for the gain of an LEEs-based FDF, F,
Linear coefficient for the phase of an LEEs-based FDF, F,

Ratio of the specific heat capacities, v = ¢p/cy



Nomenclature xxvii

A LES filter width, A = (A,A,A,)'? [m]

At Computational time step [s]

A, Mesh cell size in the axial direction [m]

Ay Mesh cell size in the vertical direction [m]

A, Mesh cell size in the horizontal direction [m]
AT Dispersion time of Gaussian function for entropy source, G [s]

ATy Dispersion time of Gaussian function for exiting entropy flux, Gout [s]

de Error between the estimated and the correct acoustic wave amplitudes [Pal

dij Kronecker delta. 6;; = 1 for i = j, otherwise zero -]

€ Error of consecutive iterations in Helmholtz eqn., e = [€), — Q| [rad/s]
€sgs Sub-grid scale dissipation rate [m? /s3]
£t Turbulent dissipation rate, e; = —7;; (0u;/0x;) [m? /s3]
€ Molecular dissipation rate, €, = §ij (0u;/0x;) /Re [m? /s3]
n Combustion efficiency -]

ni(t) Time-varying fluctuation amplitude of Galerkin method -]

0 A {-1,1} dichotomic random variable -]

0 Additional flow resistance of a perforated plate -]

K Reactive volume fraction of LES-PaSR model -]

Am Acoustic wavelength for the m-th mode [m]

w Dynamic viscosity [Pa-s|
Hsgs Sub-grid scale eddy viscosity [Pa-s]
v Kinematic viscosity [m? /s
34 Ensemble of Ny stochastic fields used to model P, (1 <n < Nj) -]

p Density [kg/m?]
p1 Fluid density in the upstream settling chamber of the ORACLES rig [kg/m?]
o Growth rate, 0 = R(w) [rad/s]
on Hole end correction for a perforated plate [m]

o Constant of one-equation kinetic energy model -]

Om Prandtl or Schmidt number -]

ap Porosity of a perforated plate [-]

Tsgs Turbulent Prandtl or Schmidt number -]

Te Chemical reaction time [s]

Td Time delay between downstream and upstream waves after a flame [s]



Nomenclature

xXxVviil

Tf
Tij
E

T

+ _
Tj or Tj

77
TK

Tkk

Tm

Tr
Tres(T)
Tsgs

Tu

T2

TA

¢ or ¢q
Pe

Pe

bio
Pideal
P4

bs

¥

¥0

Yy
Yi(w)
Pj

Va

Time delay between flame response and perturbation in n — 7 model
Sub-grid scale stress tensor

Effective stress tensor

Time delay of upstream or downstream acoustic wave in module j
Time delay of downstream entropy wave in network module j
Kolmogorov time

Isotropic part of the stress tensor, 7;;

Turbulent mixing time

Time delay between incident and reflected waves at network outlet
Analytical residence time profile for a 1-D circular pipe flow
Sub-grid scale mixing time of LES-PDF model

Time delay between downstream and upstream waves prior to a flame
Mean delay time for Gaussian function of exiting entropy flux, Gout
Sub-grid scale mixing time of LES-PaSR model

An arbitrary variable

Ideal phase lag of bulk flow convection, ¢. = —2x fz/U

Fuel-air equivalence ratio

Spatial mode shape of Galerkin method

Volumetric flux of entropy concentration at a circular pipe exit
Phase difference between velocity perturbation and flame response
Volumetric flux of entropy concentration at combustor exit

Phase of an FTF or FDF

Phase of an LEEs-based continuous FDF, F.

Global composition space for all the relevant scalars

Mode function with wave number and mode shape in Galerkin method
FDF phase for the j-th flame segment in ORACLES rig

Sample (composition) space for scalar ¢,

Complex angular frequency, Q2 = 27 f + ic

Previous iteration result of Qy, QF = Q;_

Complex Laplace variable, w = o + 27 f

Chemical reaction rate

Angular frequency, w; = Z(w) = 2n f

Cut-off angular frequency of the low-pass filter in n — 7 model

[s]
[Pa]
[Pal

[rad]
[

-l

s~
[rad]
5]
[rad]
[rad]

[-

[rad]

-l
[rad/s
[rad/s]
[rad/s]
[Zovol/s|
[rad/s]
[rad/s]



Nomenclature xxix
Wic Upper frequency limit for a valid 1-D wave assumption [rad/s]
Wim, Angular frequency of the m-th acoustic wave mode [rad/s]
wy Artificial turbulence fluctuation at ORACLES domain inlet [-]
Wa Chemical reaction rate of the a-th species, w, = w(Yy) [Yovol/s|
Operators Meaning

)
)
)
)

(-
(T

Superscripts

a
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Chapter 1

Introduction

1.1 Background

Gas turbine combustion is predicted to remain popular in the next few decades due to the large
demands from civil aviation and power generation industries. Although renewable energy such
as wind energy has been used in the recent years, its low output and seasonal intermittency
have prevented its wider application. For example, in Britain the electricity generated in 2013
by combined cycle gas turbines (CCGTS) is significantly higher than that produced by wind
energy, as compared in Fig. 1.1. This suggests that gas turbine combustion will continue to play
an important role in the power industry and may not be completely replaced by other power

generation techniques in the foreseeable future.

The combustion of liquid or gaseous fuel in a gas turbine system is often accompanied by the emis-
sion of air pollutants such as nitrogen oxides (NO), carbon monoxide (CO), and tiny unburnt
particles, etc. Due to their negative effects on the environment (e.g., acid rain, eutrophication
and haze) and human health, stricter environmental policies are being implemented (e.g., [19]),
meaning that these air pollutants must be controlled and reduced to a sufficiently low level. To
achieve this goal, the next generation of combustors used by modern aero-engines and stationary
gas turbines now apply lean premixed combustion technology, such as the “Dry Low Emissions
(DLE)” technique, which allows the fuel to fully or partially premix with an excess of air, resulting
in a lean fuel/air pre-mixture before burning. Its main advantage is to lower the temperature of
the reaction zone, leading to a considerable decrease of (thermal) NO, emission [20]. A common
side-effect of this technique, however, is a phenomenon called “thermoacoustic instability” [21].

1
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FIGURE 1.1: The power of electricity generated by (blue line) combined cycle gas
turbines (CCGTSs) and (red line) wind energy within one week period in (a) September
and (b) December, 2013. Images adapted from [1].

The thermoacoustic instability is caused by a two-way interaction between acoustic waves and
heat release fluctuations within a combustor. These two effects in turn depend on the vorticity
waves, mixture inhomogeneities, fuel/air equivalence ratio oscillation and upstream velocity
fluctuation, etc. A simplified mechanism is shown in Fig. 1.2: a small perturbation in the flow
modifies the flame shape and its surface area, leading to a time-variation in the flame’s heat
release rate (Fig. 1.2(a)). This heat release rate oscillation (denoted ¢’) results in the volume
expansion and contraction of the flame region, generating fluctuations in pressure (denoted p’),
which propagate as acoustic waves along the duct (Fig. 1.2(b)). At the duct boundaries, some

acoustic waves are reflected back and return to the flame with a time delay (Fig. 1.2(c)), which
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FIGURE 1.2: Thermoacoustic instability schematic: coupling between acoustic wave
perturbation and unsteady flame heat release rate response.

may give rise to a stronger perturbation in the heat release rate and lead to the generation of
more acoustic waves (Fig. 1.2(d)). Under some conditions a feedback cycle is set up, leading to

successively growing amplitudes.

Under these conditions, the total energy generated by the flame-acoustic interaction exceeds the
total energy dissipated by radiation, viscosity, boundary acoustic losses, etc. This comparison

can be mathematically expressed as:

/OT///vpf(m,t)q’(m,t)dth>/OT//Ap/(m,t)(u'.n)dAdH/oT///V;Li(m,t)owdt, (1.1)

where p’ denotes pressure fluctuation, ¢’ the volumetric heat release rate fluctuation, u’ the
velocity fluctuation, & = (z,y, z) the coordinate vector, ¢ the time, T' a sufficiently long time
interval (usually the wave period), V the domain volume, A the domain surface area, and n a unit
vector normal to the domain surface. This expression is known as the “Rayleigh criterion” [22]:
the left hand side (LHS) denotes the total energy generated by the interaction between heat
release rate fluctuation and acoustic pressure perturbation. The 1st term on the right hand side
(RHS) represents the losses of acoustic energy at domain boundaries, while the 2nd term denotes
the acoustic or heat losses caused by all the other dissipation and transmission mechanisms (e.g.,
friction, radiation) [23]. Equation 1.1 describes the condition for the thermoacoustic instability
to happen, and can be represented as a feedback amplifier in the form of a block diagram (see

Fig. 1.3).

The most likely dynamics resulting from thermoacoustic instability are “limit cycle oscillations”,
as shown in Fig. 1.4. The fluctuation amplitudes of pressure (p'), velocity (') and the induced
heat release rate (Q’ ) all grow exponentially in time at the beginning, then gradually saturate

into a stable oscillation state due to nonlinearity in flame response. This undesirable “limit cycle”
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FIGURE 1.4: Schematic of development of limit cycle oscillations due to thermoacoustic
instability. @ = [}, ¢dV denotes the total heat release rate.

usually exhibits large amplitude at approximately fixed frequency, and is an important reason
for the fatigue failure of turbine blades [2] or cracks on combustor casings [3], etc., as illustrated
in Fig. 1.5(a-b). Furthermore, these large oscillations also lead to overheating and even melting
of vital components such as the fuel injectors [2]| (see Fig. 1.5(c)). All of the above damage may
eventually result in the failure of the entire device, while limit cycle oscillations also contribute

to the emission of high-level noise from the combustor.

A popular type of gaseous fuel used by many gas turbine combustors is natural gas, whose main
component is methane (CHy) [24]. Other available gaseous fuels include the renewably-generated
hydrogen (Hz) and ammonia (NHj), etc. It has been seen that the addition of Hy and NHj to
the pure methane fuel may both cause significant thermoacoustic instability problems in gas

turbine combustors [25-28|.
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FIGURE 1.5: Damage caused by thermoacoustic instability: (a) fatigue failure of turbine
blades [2]; (b) cracks on combustor casing [3]; (c) melted fuel injectors [2].

1.2 Predicting Thermoacoustic Instability: Modelling Theories

The thermoacoustic interaction involves a large range of different length and time scales, from
flame thickness in millimetres and chemical reaction speed in milliseconds, to acoustic wave-
lengths in metres and pressure oscillation period in seconds, etc. This complexity in length and
time scales poses challenges to the prediction of thermoacoustic instability using a single ap-
proach. Therefore, the acoustic wave excitation and the flame heat release response are usually
modelled separately. Several modelling approaches have been developed for both, and will be

briefly introduced in this section.

1.2.1 Acoustic wave modelling

For acoustic waves the associated pressure fluctuation is much smaller than the mean pressure,
e.g., ' < 0.1%p, thus the wave motion can be assumed linear [29]. This also means that the
fluctuations in the flow variables (e.g., velocity u/, temperature T7”) induced by an acoustic
wave can be considered small. Based on this, several acoustic modelling methods are available.
One example is the “Galerkin method” (e.g., [30-32]), which uses a modal expansion for the
fluctuating variables in the time domain. For instance, the pressure fluctuation, p’, in a duct
can be approximated as a summation of multiple normal modes, ¥;(z), each with time-varying

amplitude of n;(¢) [33]:
1) =0 dale)ml), (1.2)
i=1
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with (-) the time-averaged quantities, x the axial coordinate, and n; the total mode number.

The mode function, ;(z), only relies on spatial location and can be written as:
Yi(x) = sin(kiz + dio), (1.3)

where k; and ¢;9 are the wave number and spatial mode shape, respectively, both determined
by the boundary conditions. Culick et al. [34-36], Benoit et al. [37], Juniper et al. [38, 39]
and many others have used this approach to model acoustic waves in simple thermoacoustic
systems with non-complex boundary conditions. This approach is based on a continuous spatial
approximation [40], which is suitable for combustion systems with largely distributed reaction
zones (e.g., the solid rocket engines). For a gas turbine combustor with a compact reaction zone,
however, the Galerkin method needs a large amount of modes to accurately capture the velocity

discontinuity across the flame.

The second modelling approach is a “wave-based” method (e.g., [41, 42]). For a non-accelerating
mean flow within a duct of uniform cross-section, the flow can be modelled as a mean field
superimposed with linear acoustic fluctuations, which are controlled by the “convected wave
equation” (see Section 2.1 for more details):
=2
1D
——— -V =0, 1.4
where D/Dt = 9/0t +u - V, and € the mean speed of sound. At low frequencies, the solutions
of Eq. 1.4 are plane acoustic waves, one travelling downstream and one upstream, each with

separate strengths. Based on this, the pressure fluctuation (p’) in the duct can be modelled as:

plx,t) =f <t — Cfu> +g (t + c_xu> : (1.5)

with f and g the downstream and upstream-travelling acoustic wave strength, respectively, and
u the mean axial flow velocity. Equation 1.5 can also be expressed in the frequency domain, as
explained in Section 2.2. By representing the combustor geometry as a network of connected
simple ducts, this approach can be applied to combustion chambers with realistic geometries.
By extending the solutions of the convected wave equation to include circumferential waves, it
can also be applied to annular geometries. It can account for a wide range of acoustic boundary
conditions. Polifke et al. [43], Evesque et al. [44], Dowling et al. [41, 45| and Stow et al. [42, 46|,

etc., have developed and extensively used this method for thermoacoustic modelling.
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The third approach is the “Helmholtz solver” method (e.g., [47]), which models the flow pertur-
bations in the frequency domain and solves the Helmholtz equation based on zero mean flow

assumption. Away from the flame, the pressure fluctuation satisfies [48]:

V- (@°Vp) + Q*p =0, (1.6)
where (/3 denotes amplitude fluctuation in the frequency domain, and €2 = 2x f +i0 is a complex-
valued angular frequency, with o the growth rate and f the frequency. Nicoud et al. [47, 49|,
Selle et al. [50], Silva et al. [48], Laera et al. [51, 52| and many others have used this solver to
capture the thermoacoustic modes in various combustors. More details about this method can

be found in Section 2.4.2.

1.2.2 Flame response modelling

Prediction of thermoacoustic instability also requires knowledge of how the flame heat release
responds to upstream acoustic perturbations. The nonlinearity which gives rise to saturation in
Fig. 1.4 is known to arise due to flame response, at least in gas turbine combustors [53, 54]. As
well as being nonlinear, the flame response also involves a variety of physical phenomena. For
example, for a turbulent premixed flame, the upstream velocity disturbances (originally induced
by acoustic waves) can largely modify the flame kinematics [55] and the fuel/air equivalence

ratio [23], etc.

In order to simplify the flame response modelling for use in acoustic models, the fact that the
flame thickness (in mm) is much smaller than the dominant acoustic wavelengths (in metres) is
often exploited, meaning that the flame can be treated as “acoustically compact” and represented
by an infinitely thin flame sheet [56]. In this case, a “flame model” linking the global heat release
rate, (), to an upstream velocity perturbation, u;, is established. Initially, the linear limit of
such flame models was considered, known as a “flame transfer function (FTF)” (denoted F),

defined in the frequency domain as:

Fw) =29 _ g wyexpliv W), (17)

=3 I =

where w = o0 +i27 f is another complex angular frequency (also known as the “Laplace variable”).

G and ¢ are the gain and phase of the FTF, both being functions of frequency only. A simple
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and well-known FTF is the analytical “n — 77 model [57], i.e. F = njfexp(i2n f7y), which has

constant gain (ny) and time delay (7).

The above FTF is considered accurate for small perturbation levels (e.g., |ui/u1| < 5 — 10%).
However, in a realistic combustor, the upstream perturbation amplitude is usually much higher
(e.g., |ui/ui| > 10%), making the flame response nonlinear [58-60]. In this case, a weakly
nonlinear “flame describing function (FDF)” has been developed as |53, 54]:

Q/Q _

ﬂl/ﬂl N

T (w, [ur/m]) = G (w, [ur/m]) exp (i (w, [ur /m])) - (1.8)

Compared to the linear FTF (see Eq. 1.7), both the gain and phase of an FDF are functions
of both the frequency, w, and the normalised perturbation amplitude, |u;/u1|. This allows the
FDF to capture the nonlinear thermoacoustic behaviour such as the “limit cycle oscillations” [61],
“mode triggering” [60], and “mode switching” [60], etc. Based on the weakly nonlinear theory [62,
63|, the flame response to an upstream single-frequency perturbation is now considered nonlinear
and occurs over the entire frequency domain, but with its strongest response appearing at the
forcing frequency. This means the FDF assumes that the main response frequency still matches
the perturbation frequency, but with a gain [53] and phase change [54| depending on both
frequency and perturbation amplitude (see Eq. 1.8). Based on this theory, Li et al. [60] developed
an analytical FDF model for a duct combustor, by using two parameters, o and 3, both of
which determine the shape of the nonlinear FDF. This analytical model has been validated by

experimental measurements.

1.2.3 Thermoacoustic solvers

The above models for the acoustic wave and flame response can be combined into a “thermoa-
coustic solver”, which is able to predict thermoacoustic instability. There are several solvers
available. For example, Stow et al. [42, 46, 64| used wave-based acoustic models to develop a
“Low Order Thermo-Acoustic Network (LOTAN)” solver, which solves the unsteady linearised
Euler equations and categorises the combustor geometry by finding the transfer function for
the response of flow perturbations (e.g., at the fuel injectors) to heat release oscillations. This
transfer function is then converted into the time domain through an inverse Fourier transform to
obtain the Green’s function, which thus relates unsteady flow to heat release at previous times.

This solver has been applied to both longitudinal and annular geometries.
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Campa et al. [65] then developed the “Low Order Modelling for Thermoacoustic Instability
(LOMTTI)” solver, along similar lines. The approach builds a time-domain state space system,
uniquely represented by the amplitudes of flow variable perturbations and the flame heat release
responses. This solver can simplify a combustor geometry into a system of cylinders and an-
nular ducts, with acoustic jump conditions applied at duct interfaces and well-posed boundary

conditions at system ends.

Recently, Bauerheim et al. [66] developed an “Analytical Tool to Analyse and Control Azimuthal
Modes in Annular Chambers (ATACAMAC)” for predicting purely azimuthal modes in an an-
nular combustor with multiple burners feeding a 1-D annular chamber. It reduces the size of the
system by splitting the annular rig into multiple sectors, each sector divided into two parts: an
azimuthal propagation in the annular chamber, and an interaction area at the burner/chamber
junction. This solver does not apply to rigs open to the atmosphere, but corresponds well to

real combustors with a choked exit.

In this work, two thermoacoustic solvers are considered and compared in detail. The first
one is called “OSCILOS”, standing for the “Open Source Combustion Instability Low Order
Simulator”, which was developed recently by the group of Morgans [67]. It combines the above
wave-based acoustic modelling approach which accounts for the mean flow (see Eq. 1.5) in a
simplified network geometry (e.g., [46, 67]). OSCILOS has successfully predicted the longitudinal
instability in both linear and nonlinear thermoacoustic regimes [60], and been validated by
matching the limit cycle properties measured in a premixed combustor [68]. More details about

this solver are explained in Section 2.4.1.

The second solver introduced is called “H-solver” (e.g., [69]), developed based on above Helmholtz
acoustic solution (see Eq. 1.6). It retains the original combustor geometry but ignores the mean
flow field. More details about this solver can be found in Section 2.4.2. For both of these solvers,
the flame heat release is incorporated as a “heat source”, whose response to upstream acoustic

perturbation can be modelled by the above-mentioned FTF or FDF.

1.3 Thermoacoustic Instability: Experimental Measurements

In order to validate the predictions of thermoacoustic instability as well as to probe the un-

derlying flow physics, experimental measurements are needed. They are especially valuable for
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realistic combustors with complex geometries and varying operating conditions. On this front,
Paschereit et al. [70, 71] measured the thermoacoustic instability in a gas turbine combustor and
developed control methods for it. Lieuwen et al. [72-74] studied the instability of a low NOx
combustor across a wide range of operating conditions, and observed the saturation of flame re-
sponse into a limit cycle oscillation. Sattelmayer [75] evaluated the effect of fuel/air equivalence
ratio fluctuation on the thermoacoustic instability by experiments. Recently, Noh et al. [76] per-
formed measurements on the azimuthally-driven, subharmonic thermoacoustic instabilities in a
swirl-stabilised combustor. These experiments were usually performed under certain unstable

operating conditions.

With recent development of measurement techniques, such as the OH* chemiluminescence for
heat release rate imaging (e.g., [77, 78]), the planar laser induced fluorescence (PLIF) for flame
visualisation (e.g., [78]), the 1-D Raman spectroscopy for species concentration field (e.g., [24]),
and the particle image velocimetry (PIV) for flow velocity field measurement (e.g., [78]), etc.,
the measurement of detailed flame characteristics (e.g., structure and forced response) has been
made possible. Balachandran et al. [53] were the first ones measuring the non-linear FDF for
a turbulent premixed flame, showing that the flame sheet kinematics plays a major role in
the saturation mechanism of the lean premixed flame response, and has a large impact on the
features of the resulting limit cycle oscillation. The nonlinearity was found to occur when the
shear layers rolled up into vortices and parts of the flame stabilised on the inner shear layer close
to the recirculation zone collapsed on parts of the flame stabilised on the outer recirculation

zone, a phenomenon that was made more prominent with increasing forcing amplitude.

Noiray et al. [54] then measured the FDF for an unconfined laminar flame, and Durox et al. [79]
also measured the FDFs for several laminar flames with conical or V-shapes. Palies et al. [80-82]
then measured the FDF for a turbulent swirling flame, and correctly captured the limit cycle
oscillations. Kim et al. [83, 84] investigated the effect of equivalence ratio (denoted ¢.) fluctuation
on the responses of partially-premixed and fully-premixed flames, finding this variation in ¢,
can eventually lead to thermoacoustic instability at some conditions. Later, Ghoneim et al. [85,
86| observed the macrostructures and flow-flame interactions for a turbulent premixed flame,
and achieved accurate predictions on the instability features. Recently, Kypraiou et al. [87]
measured the responses of both fully-premixed and non-premixed flames to acoustic oscillations,
finding that the flame surface area modulation plays an important role for both flames while the

equivalence ratio fluctuation only affects the latter.
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In order to reduce the experimental costs, many test rigs which feature realistic combustors
have been built with only one combustion chamber containing a single flame (e.g., |24, 53|).
However, real industrial combustors often consist of multiple burners, and the thermoacoustic
oscillation and flame-to-flame interactions in the circumferential direction may play an important
role (e.g., [88]). In order to capture these effects, a series of multi-burner facilities have been
established recently. For instance, Worth and Dawson [89] built a two-flame rig at Cambridge
and measured the interactions between the two bluff-body-stabilised premixed flames, finding
that the distance between the two flames significantly affects the gain and phase of the measured
FDF. Polifke et al. [90] performed FTF measurements on a fully annular combustor, and used
the experimental data to validate a low order network acoustic model. Fanaca et al. [77] also
measured the flame behaviour in an annular rig, and found the flame-to-flame interactions have a
large impact on the thermoacoustic stability. Bourgouin et al. [91] later measured the nonlinear
FDF for an annular combustor. The effects of interactions between neighbouring flames on the
limit cycle oscillation amplitude [92| and flame shape [93, 94] have recently been measured by
Worth and Dawson for an annular rig at Cambridge [92, 93| and by Durox et al. for the MICCA
combustor at EM2C laboratory [94].

It is also notable that many of the above experiments have been performed under atmospheric
pressure, while in reality a large number of industrial combustors are operated under elevated
pressures. Only a few experiments have been conducted at such elevated pressures, such as
Schuermans et al. [95], who measured the FTF for a full-scale combustor at real high engine
pressures. Sabatino et al. [96] measured the FDFs for flames with different fuels across a series
of pressures from 1 bar to 5 bar. Due to the lack of high pressure facilities, the measurement

data of FTF and FDF for a pressurised combustor are still very limited.

1.4 Thermoacoustic Instability: Numerical Simulations

The recent rapid development of computational fluid dynamics (CFD) has made the numeri-
cal simulations another promising tool for thermoacoustic instability prediction. Initially the
Unsteady Reynolds Averaged Navier-Stokes (URANS) method was used for premixed flame re-
sponse computation (e.g., [97-100]). More recently, most flame response calculations have been
performed using Large Eddy Simulation (LES). Compared to URANS, the LES solves the large-

scale turbulence eddies and is thus more accurate for turbulent mixing and unsteady combustion
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processes, especially in realistic combustors. For example, Pitsch et al. [101] used LES to com-
pute the features of a turbulent premixed flame. Roux et al. [102] used a compressible LES code
to simulate both reacting and non-reacting premixed swirling flames. Bulat et al. [98] defined a
hybrid code combining URANS and LES for premixed gaseous flame in a low NOx combustor,
and later performed purely LES computations [14, 103, 104] on the same flame. Wolf et al.
[105, 106] performed LES computations on an annular combustor, and revealed the impact of

self-excited azimuthal unstable modes on the thermoacoustic instability, etc.

Similar to the above experimental measurements, the LES computation of a thermoacoustic
interaction has two main focuses: (i) global thermoacoustic stability; (ii) detailed flame re-
sponse to upstream forced acoustic perturbation. For (7), a fully compressible LES is often used,
which computes the acoustic wave motion and the flame response simultaneously. For example,
Poinsot et al. [107] applied a high-order finite-volume LES code, AVBP [10, 108], to directly
simulate the thermoacoustic instabilities in a single-burner [109] and in an annular configura-
tion [110], respectively. For (ii), compressible LES solvers can also be used to obtain the FTFs or
FDFs for a flame, e.g., Palies et al. [111] correctly captured the response of a bluff-body-stabilised
swirling flame, but limited their analysis to a very narrow frequency range. Tay-Wo-Chong et al.

[112] predicted a complete FTF over a wide frequency range for a premixed swirling flame.

1.4.1 Incompressible large eddy simulation

Although fully compressible LES can capture the nonlinear flame-acoustic interaction, its com-
putational cost is extremely large due to its maximum permitted time step being very small as
it is proportional to the inverse of the speed of sound. Recently, the fact that the flame primar-
ily responds to the hydrodynamic disturbances (originally excited by the acoustics) has been
exploited [113, 114] using incompressible LES (sometimes termed as “low Mach number LES”):
the convective flow speed rather than the speed of sound determines the time step and thus
allows much larger values, making incompressible simulations significantly faster than compress-
ible ones. Please note that here “incompressible” does not imply constant density, but rather
that the density is independent of pressure variations throughout the flow, i.e. not able to be

compressed.

With this approach, Febrer et al. [115] numerically evaluated the impact of acoustic disturbances

on the combustion zone. Krediet et al. [116, 117] predicted the FDF for a premixed swirling
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flame, and found the nonlinear saturation of the FDF gain with perturbation level for the first
time. This has also been accomplished for a bluff-body-stabilised premixed flame recently [118].
Han et al. [119] used an open source incompressible code “Saturne” [120, 121], and accurately
computed the FDF for another premixed bluff-body-stabilised flame. They [68] also predicted
the complete FDF later for the same flame using OpenFOAM [122], and correctly captured the
limit cycle oscillation properties. Xia et al. [5, 123, 124] simulated a nonlinear series of FDFs for
a very long flame, and the linear flame response of a stratified flame is predicted by Han et al.
[125]. Recently, the effect of sub-grid scale combustion model on an LES-simulated unforced
turbulent premixed flame has been investigated by Rochette et al. [126], but such study has not
been performed on a forced flame, which may have a varying response to the same upstream

perturbation across different combustion models.

1.4.2 Chemical reaction schemes

In most flame LES studies (e.g., [68, 127]), the chemical reaction process is modelled by using
a simplified scheme involving only a few reaction steps, such as a one-step methane [127] or
propane scheme [128|, a two-step methane scheme [129], and a two-step ethylene scheme [127],
etc. These simplified schemes have been proved to accurately reproduce low frequency flame dy-
namics [130], and are usually validated by comparing their computed laminar burning velocity
and adiabatic flame temperature against those obtained by more complete mechanisms, e.g., the
full 325-step GRI-Mech 3.0 scheme for methane [131] and the UCSD scheme for ethylene [132].
In order to increase the applicability range, the parameters of such simple reaction schemes may
sometimes be tuned to match the experimental data across equivalence ratios (e.g., [133]), or to
account for the flame-to-wall heat interaction [134] and higher pressure effects (e.g., [135]), etc.
Although the impact of reaction chemistry on the LES of an unforced flame was recently inves-
tigated [136], ranging from a simple one-step mechanism [129] to a detailed 42-step scheme [137]
for methane, to the author’s knowledge there is no similar study for a forced flame, where an
accurate reproduction of the flame shape is vital to correctly capture the flame responses during
a forcing period. This is even more important when the operating pressure is high. Very few
LES cases (e.g., [14, 104, 136]) have considered an unforced flame at elevated pressures repre-
sentative of real combustor operating conditions, and none thus far have realistically accounted
for the nonlinear forced flame response at such high pressures. In Refs. [138, 139], the linear

FTF in a high pressure rig was computed. Recently, Yang et al. [140] and Scarpato et al. [141]
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FIGURE 1.6: Entropy wave transport and the resulting entropy noise. Figure taken
from [4].

performed linear and nonlinear flame response analyses, respectively, for a reheat combustor,

but no complete FDF was computed for such pressurised rig.

1.5 Entropy Wave Transport

Thermoacoustic instability in a gas turbine combustor may also be influenced by the transport of
entropy waves and their resulting entropy noise. As shown in Fig. 1.6, entropy waves (or “entropy
perturbations”) are temperature fluctuations generated by unsteady flame heat release, and are
sometimes termed “hot spots”. Upon being accelerated, as happens predominantly through
the combustion chamber exit and the first turbine stage, but also through subsequent turbine
stages, entropy waves generate entropy noise, also known as the “indirect combustion noise”.
This constitutes both downstream and upstream propagating acoustic waves [142], with the
downstream travelling waves eventually appearing at the turbine outlet [143, 144|, which for aero-
engines contributes to the total exhaust noise level. The upstream travelling waves, generated
mainly by the acceleration of entropy waves in the first turbine stator row, mostly propagate
back to the flame, which may contribute to further flame heat release rate perturbations [113]

and thus affect the propensity to damaging thermoacoustic instabilities [145, 146].

The strengths of both upstream and downstream acoustic waves induced by entropy noise are
directly proportional to the amplitude of entropy waves reaching the inlet of the first turbine
stage [147|, which coincides with the combustion chamber exit plane. Many low order analytical
models for entropy noise have been developed, e.g., [142, 148-151|. Analytical, experimental and
numerical analyses have suggested that for typical gas turbine accelerations (from low subsonic

flow to approximately sonic flow), entropy noise may greatly exceed the “direct combustion noise”
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generated by the volume variation of the flame. However, a recent analysis suggested that the
direct combustion noise actually dominates [152] and so whether entropy noise is the dominant

combustion noise source still remains an open question.

In order to accurately estimate the entropy noise, the existing low order models require knowledge
of the entropy wave amplitude at the combustion chamber’s exit. Thus far, models generally
neglect the effect of entropy wave transport through the combustion chamber, even though
numerical simulations suggest that strong entropy waves may reach the first turbine stage [153].
The first models of entropy wave transport were by Sattelmayer [75], with Morgans et al. [154]
then using turbulent channel flow simulations to show that advective dispersion causes loss of
entropy wave strength, but that significant entropy wave amplitude appears likely to remain
at the combustion chamber exit. A recent numerical and experimental investigation into the
pipe flow in a smaller-scale rig has been performed by Giusti et al. [155], suggesting that the
entropy wave transport can be described by a frequency response function. Mahmoudi et al. [156]
studied the entropy dispersion due to a non-uniform mean flow velocity profile using RANS, and

improved the low order entropy noise prediction by including the dispersion information.

However, the highly turbulent reacting flow field in a real combustor is very different to a fully
developed pipe flow; flow swirl, separation, recirculation zone and vortex cores all act as large-
scale hydrodynamic features with the potential to further disperse the entropy wave strength
during its transport process. Previous LES [68, 119, 157] and experiments [158| of combustor
reacting flow fields have shown that the main large-scale flow features, such as separation and re-
circulation zones, are the same whether the flame is fully-premixed [119], partially-premixed [68],
or non-premixed [157, 158|. The mean and fluctuating velocity fields are both qualitatively and
quantitatively very similar in all cases. It is therefore highly relevant to investigate the effect

of these large-scale flow features on the transport of entropy waves within a realistic combustor

flow field.

With the shear-dispersed [159] entropy wave amplitude at the combustor exit captured cor-
rectly, the effect of the generated entropy noise on the thermoacoustic instability predictions
can be evaluated. Previous works (e.g., [146, 154, 160, 161]) on a duct combustor have found
that by considering the influence of entropy wave dispersion, the subsequent entropy noise may
modify the frequency, growth rate and distribution of the thermoacoustic modes, leading to

mode switching, stabilisation or destabilisation [146], etc. It is therefore interesting to see how
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the entropy noise affects the thermoacoustic stability of a combustor under realistic operating

conditions.

1.6 Response of a Very Long Flame

The above-introduced flame transfer and describing functions (Eqgs. 1.7- 1.8) usually consider
the flame region to be much shorter than the dominant acoustic wavelengths, known as the
“acoustically compact” assumption [162]. This allows the flame-acoustic coupling to be mod-
elled by the acoustic jump conditions across an infinitely thin flame sheet [41, 95, 162|, using
thermoacoustic solver such as OSCILOS [67]. This assumption can be considered valid for a
typical gas turbine combustor (e.g., [24]), where the axial length of its reaction zone (<100 mm)

is usually much shorter than the dominant acoustic wavelengths (1 — 4 m).

However, when the flame is very long in the longitudinal direction, the above assumption may
become invalid, in which case the flame cannot be considered as a single compact perturbation
source or sink [163-165]. The thermoacoustic prediction then needs to account for the spatial
variation of the heat release rate response to the upstream perturbation along the flame length.
This requires a “local flame model”, which continuously varies along the flame’s main stretching
direction. Recent studies applying such local and continuous flame model are mainly based on
analytical assumptions (e.g., [163, 164]). For example, distributed FTFs or FDFs with spatially
uniform gains but local time delays determined by a “particle flight time” approach [166] have

been incorporated into Helmholtz-equation based thermoacoustic solvers in [69, 167].

A more practical method called “flame segmentation”, which splits the continuous flame into a
series of equal-sized flame segments, was recently proposed by [115, 168|. It applies a discrete
series of F'TFs or FDFs at different downstream locations along the flame length. For these local
FTFs and FDFs, their simulation or measurement accuracy invokes a trade-off: increasing the
number of discrete flame segments may better capture the flame’s non-compactness, but it also
decreases the signal to noise ratio (SNR) as each flame element contains less heat release rate
data. This method has been used for thermoacoustic prediction for the ORACLES combustor
via the low order code LOTAN [42], although full details on how the series of sub-flames was
treated were not given. Low order network modelling assuming zero-mean-flow was used by [169],

which dealt with the distributed heat release field by segmenting the flame into a sequence of
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linear n — 7 flame models [57]; the criterion for flame segmentation and the treatment of the

mean thermodynamic properties were, however, not detailed.

1.7

Motivations and Objectives

In order to tackle the problems and fill the gaps mentioned in the above introduction, this thesis

presents the following tasks:

(2) The numerical simulation of turbulent premixed flames in complex-geometry combustors,

(4)

D)

with affordable computational costs. The effects of sub-grid scale (SGS) turbulence model,
SGS combustion model, reaction chemistry, operating pressure, wall heat losses and com-

putational mesh density, etc., on the simulation results need to be evaluated.

The simulation of forced flame heat release responses to upstream acoustic perturbation,
with varying perturbation frequency and amplitude applied, leading to the construction of
linear FTFs and nonlinear FDFs. The effects of multiple factors mentioned in (i) on the

computed flame responses need to be studied.

The prediction of thermoacoustic instability in a realistic gas turbine combustor, using
different prediction approaches and under varying operating conditions. For those unstable

operations, the resulting nonlinear limit cycle oscillations also need to be predicted.

(4v) The simulation of entropy wave transport within real combustor flow fields, and a discussion

(v)

of the likely influence of the resulting entropy noise on the thermoacoustic modes.

The computation of the axially varying response of a very long flame to an upstream
perturbation, and the incorporation of the resulting local flame response models for the

prediction of thermoacoustic limit cycle.

In order to complete the above tasks, two typical single-burner gas turbine combustors have

been investigated. The first is the pressurised SGT-100 industrial combustor [24], simulated by
two incompressible LES solvers, OpenFOAM [170] and BOFFIN [171-173], involving two SGS

combustion models (LES-PaSR and LES-PDF), two reaction schemes (4-step and 15-step), and

two operating pressures (3 bar and 6 bar). The simulated unforced flame is validated by high

quality experimental data, then submitted to an upstream velocity perturbation to construct
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the FDFs. The effects of combustion model, reaction chemistry, mean pressure and other factors
on the simulated flame and its FDF are systematically evaluated. The FDFs are then validated
by coupling with both low order network and Helmholtz solvers to predict the thermoacoustic
stability and limit cycle properties. The entropy wave transport within the combustor flow field
is also simulated, evaluating the effects of different flow features on the dispersive attenuation of
entropy wave strength for the first time. Finally, the impact of entropy noise on the simple-duct

thermoacoustic modes is predicted using different entropy wave dispersion models.

The second combustor studied is based on a laboratory facility called ORACLES [15], which
contains a ~1.0 m long fully-premixed flame and was measured to be unstable at ~50 Hz for
a normalised upstream perturbation amplitude of ~0.29 (i.e. 29% of the mean inflow velocity).
The axial variation of the flame response along its longitudinal length results in the failure of the
acoustical compact assumption. Therefore this long flame has been equally split into multiple
segments axially, each has its local heat release response to a perturbation at a fixed upstream
location computed, and establishes a series of local FDFs along the flame length. These local
FDFs are then combined into a low order network solver, where they appear as discrete compact
1-D flame sheets. The predicted thermoacoustic instability, especially the frequency and ampli-
tude of the resulting limit cycle oscillation, are finally analysed, illustrating the effects of total
flame segment number, mean combustor temperature, and the acoustic boundary conditions,

etc., on the prediction results.

After completing the above-proposed tasks, a better understanding of the thermoacoustic insta-
bility phenomenon and its prediction method may be achieved for realistic gas turbine combus-
tors. The rest of this thesis is organised as follows: the analytical modelling of the acoustic waves
and flame response are briefly introduced in Chapter 2. The principle of incompressible LES
and the applied sub-grid turbulence, combustion, and chemical reaction models are all explained
in Chapter 3. The numerical simulation of the SGT-100 combustor and the computation of
its flame responses are presented in Chapter 4, followed by the predictions of thermoacoustic
instability (Chapter 5) and entropy wave transport (Chapter 6) in this rig. The axially-varying
flame response and the resulting limit cycle oscillation in the long-flame ORACLES combustor
are predicted in Chapter 7. The main conclusions and future work plans are finally presented in

Chapter 8.



Chapter 2

Theoretical Modelling

In this chapter, the analytical modelling approaches for the motion of acoustic waves in a com-
bustor are firstly introduced, followed by the detailed description of a flame model responding to
an upstream perturbation. The acoustic wave and flame models are then combined into different
thermoacoustic solvers to predict the combustor’s stability. Finally, the theories for the response
model of a very long flame and the entropy wave transport within a combustor flow field are
both derived and explained. The contents presented in Sections 2.1 — 2.4 are mainly based on
the literature and previous researchers’ work, while Sections 2.5 and 2.6 are mainly the author’s

original work.

2.1 Governing Equations for an Acoustic Wave

The general governing equations for the motion of an acoustic wave (without viscous effect and

external forcing) are obtained from the compressible Euler equations:

Continuity equation:

D
D/; 1V u =0, (2.1a)
Momentum equation:
Du
— =0 2.1b
1) DI + Vp , ( )

with p the density and u the flow velocity vector. D/Dt = 9/0t+w-V is the material derivative.

Based on the assumption [41, 174] that an acoustic wave is linear and accompanied by small

19
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fluctuations, the flow variables can be decomposed as:

p(a,t) =p+p'(z,1), (2.22)
p(z,t) :ﬁ+p'(m,t), (2.2b)
u(z,t) =u+u'(x,t), (2.2¢)

where the fluctuation amplitude, (-)’, is much smaller than the mean value, (7) Substituting

Egs. 2.2a — 2.2¢ into Eqs. 2.1a — 2.1b, gives the linearised governing equations for an acoustic

wave:
ﬁ !
Difjj +pV-u =0, (2.3a)
Du' 1_,
= =0 2.3b
De T 5V =0 (2.3b)

with D/Dt = /0t + u - V. Subtracting the spatial derivative (V) of Eq. 2.3b from the time
derivative (0/0t) of Eq. 2.3a, gives:

D’ 0
Dt?

—- V%' =0. (2.4)

For an isentropic wave, p’ = ¢2p/, with ¢ the mean speed of sound, Eq. 2.4 can be rewritten as:

=2
1D
<c2 D2 V2> p=0. (2:5)

Equation 2.5 is known as the “convected wave equation” of an isentropic acoustic wave. The
associated velocity fluctuation, u’, can then be solved by inserting the p’ solution of Eq. 2.5 into

Eq. 2.3b. In this work, all the modelled acoustic waves are assumed isentropic.

2.2 Acoustic Wave Propagation in a Constant Area Duct

In an isothermal 3-D duct with constant cross-sectional area, as shown in Fig. 2.1, the convected
wave equation only permits the propagation of 1-D plane waves at low frequencies [29] (see

Section 2.2.2 for more details). Based on this “1-D wave” assumption, the original convected
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FIGURE 2.1: A 3-D constant area duct with upstream and downstream travelling plane
acoustic waves.

FIGURE 2.2: Motions of upstream and downstream travelling plane acoustic waves.
wave equation, Eq. 2.5, can be simplified as:
=2
1D 0%\ ,
= _ =0 2.6
<02 Dt2 8332) P ’ (26)
with u the axial flow velocity. These plane acoustic waves travel both downstream and upstream,

with a wave amplitude denoted f and g, respectively. The pressure (p'), density (p’) and velocity

(u') fluctuations in this duct can then be modelled as:

p’(x,t)_f<t—ciu>+g<t+cfu>, (2.7a)

plz,t) = % [f (t - Ciu) +g <t+ Cfuﬂ : (2.7b)
u/(a:,t):plc [f <t—cj’fu> —g(t+cfu>]. (2.7¢)

The general motions of these acoustic waves are shown in Fig. 2.2, which have different propa-

Q

gation speeds in the downstream and upstream directions.

For harmonic waves, the plane wave solutions of Eqs. 2.7 can be further expressed in the frequency

domain as:
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p(z,t) = A eilwit=kTz) 4 Bellwittk™z) (2.8a)
~ 1 i(wit—ktx) i(wit+k~ )
plat) = [Ae i + Beilws } , (2.8b)
u(x,t) = 1 [Ae“”it_km) - Bei(wit+k7$)} (2.8¢)
9 ﬁ E )

—

where (-) denotes amplitude fluctuation in the frequency domain. A and B are constant ampli-
tudes for the downstream and upstream-travelling waves, respectively. w; = 27 f is the angular
frequency, kT = w;/(c+u) and k= = w; /(¢ — u) are the wave numbers for the downstream and

upstream-propagating waves, respectively.

2.2.1 Plane wave solutions with zero mean flow

For a constant area duct with both ends open (see Fig. 2.1), the acoustic boundary conditions
are defined as:

p=0a =0 and p=0 at z =1, (2.9)

with L the duct length. Inserting Eq. 2.9 into Eq. 2.8a and applying a zero mean flow velocity

(i.e. w=0), gives:

, L
A+B=0 and - 2iAe™"sin (wl > =0. (2.10)
¢

Since A is an arbitrary constant, sin(w;L/¢) = 0 should always be satisfied. The solution for the

angular frequency, w;, is then obtained as:

mmc
L )

Wiy, = (2.11)
where m can be any positive integer and known as the “mode number”, which represents a 1-D

wave mode solution. The wavelength, \,,, for the m-th mode is defined as:
2ne 2L
A = = 22 (2.12)

Wim m

Assuming the duct length L = 1 m, wave amplitudes A = —B = 1 Pa, mean speed of sound
¢ = 1 m/s, mean density p = 1 kg/m?3, and time ¢t = 0 s, results in the first three wave mode
solutions (m = 1,2 and 3) illustrated in Fig. 2.3. All the three wave modes are plotted in the
form of p’ or u' axial profile. By changing the acoustic boundary conditions (e.g., using a closed

duct end) or adding a non-zero mean flow velocity, these wave mode solutions can be varied.
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F1GURE 2.3: The first three acoustic wave modes in a constant area duct with both ends
open, in the form of axial distributions of (a) pressure p’ and (b) velocity v’ fluctuations.

2.2.2 Frequency limits for the 1-D wave assumption

The above 1-D wave assumption is only valid below a certain frequency, denoted w;.. For
instance, in a square duct with constant height and width of a (see Fig. 2.4), the acoustic waves
are assumed harmonic and thus satisfy the 3-D wave equation, Eq. 2.5. The mean axial velocity,

u, is assumed zero. The acoustic boundary conditions are defined as [175]:

v =0 and 0p'/Oy =0 at upper/lower walls, (2.13)
w' =0 and 9p'/0z =0 at two side walls. (2.14)
a /.
a
ij ,/l

2" "X

FIGURE 2.4: A 3-D square duct with constant width and height of a.

Based on these boundary conditions, the pressure fluctuation, p’, in Eq. 2.5 can be solved as [29]:

l : A
p(z,y,2,t) = cos <7Ty> coS (@) [Almel(wit_klma:) + Blme’(wit+klmx)] , (2.15)
a a
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where [ and m are integer wave mode numbers in the vertical (y) and horizontal (z) directions,
respectively. Ay, and By, are constant amplitudes of the downstream and upstream-travelling

waves. The combined wave number, ki, is then given as [176]:

w2 w2

If any acoustic wave propagates in the vertical or horizontal direction, the wave number, ki,
must be both real and positive. Based on Eq. 2.16, the angular frequency should then satisfy:
w; > mc/a - V12 + m2, which has its minimal value equal to nc/a only if [ = 1,m = 0 or
m = 1,0 = 0. In other words, if w; < n¢/a, only 1-D axial acoustic waves can exist in this 3-D
duct. The value of w;. = 7¢/a is thus known as the “upper frequency limit” for the 1-D wave
assumption to be valid in a square duct. For a cylindrical pipe, wj. is equal to 1.84 ¢/r, with r

the pipe’s cross-sectional radius.

2.3 Flame-Acoustic Interaction in a Constant Area Combustor

Based on the above 1-D acoustic wave modelling, the interaction between an acoustic wave and
a flame can now be studied. As shown in Fig. 2.5, a constant area duct has a thin flame inside,
which separates the flow field into upstream and downstream zones. The axial extent of the
flame region is assumed much shorter than the dominant acoustic wavelengths, known as the
“acoustically compact” assumption. For example, for a premixed methane flame in an industrial
combustor [24], the entire flame region’s axial thickness is less than 0.1 m, while the acoustic
wavelengths in the same combustor can be as long as 1 — 5 m [177]. This thin flame region can
then be represented by an infinitely thin 1-D “flame sheet” (see Fig. 2.6). The flow conservation

equations are then applied across this flame sheet, satisfying [18]:

1. Continuity equation:

pP1U] = P2u2, (2.17&)

2. Momentum equation:

p1+ prui = pa2 + paus, (2.17Db)



Chapter 2. Theoretical Modelling 25

flame

P T, | P2 T2,
p1,U1 p2’u2

ol 2

X=-Xy; x=0 X=Xd

.

-
.

FIGURE 2.5: Constant area duct with an acoustically compact flame located at x = 0.
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FIGURE 2.6: 1-D acoustic waves separated by a 1-D flame sheet in a constant area duct.

3. Energy equation:
1 2 ]. 2 hd
CpTl + iul prurh — CpTQ -+ 511,2 paus = Q, (2.170)

with T the temperature, A the duct’s cross-sectional area, Q the total heat release rate from
the flame, and ¢, the specific heat capacity at constant pressure. The subscripts “1” and “2”

denote the upstream and downstream zone of the flame, respectively.

In order to model the 1-D plane acoustic waves separated by a 1-D flame sheet, as shown in
Fig. 2.6, Dowling [18] derived two “jump conditions” (Egs. 2.18) based on the above Eqs. 2.17.
The ideal gas theory, p = pR,T, is applied, with Ry, = ¢, — ¢, the specific gas constant and ¢,
the specific heat capacity at constant volume. Both jump conditions are independent of po and

T5 from the flame-downstream zone:
(p2 — p1) + prua (uz — u1) =0, (2.18a)

1 )
% (p2uz = prun) + gp1n (u3 —ui) = Q/A, (2.18b)

where v = ¢,/c, is the ratio of specific heat capacities. The 1-D wave solutions upstream to

the flame (i.e. —x, < z < 0) follow the forms of Eqgs. 2.7, with f and g the downstream and
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upstream-travelling wave strengths, respectively. At the duct inlet, the two wave strengths are
linked to each other via:

f(t)=Ri-g(t—1u), (2.19)

where 7, is the time delay between the two waves at the inlet. R; = f/g is called “inlet pressure
reflection coefficient”, which is the ratio of the reflected wave amplitude (f) to the incident
wave amplitude (g) at the inlet. The value of R; depends on the acoustic boundary condition.
For example, for a choked inlet, Ry = (1 — M;)/(1 + M), which is a function of the mean

flame-upstream Mach number, M1, only [178].

Similarly, the 1-D wave solutions downstream of the flame (0 < z < z4) follow Eqgs. 2.7, with
the strengths of the upstream and downstream-travelling waves denoted j and h, respectively

(see Fig. 2.6). The two wave amplitudes, j and h, satisfy:
j(t)=Ra-h(t—14), (2.20)

where Ry = j/h is the pressure reflection coefficient at the outlet, being the amplitude ratio of
the reflected wave (j) to the incident wave (h). For an open outlet, Ry = —1 [18]. 74 is the time

delay between the two waves at the outlet plane.

By inserting the 1-D wave solutions (Eqs. 2.7) and the boundary wave strength relations (Eqs. 2.19 —
2.20) into the two jump equations, Eqgs. 2.18, the flame-upstream wave strength, g, and the
flame-downstream wave amplitude, h, can be both linked to the flame heat release rate, Q(t),

and the same wave strengths at earlier times:

| et =7, 0
< v gt — 7u)

+ R (2.21)
h(t) h(t - a) (0-Q)/(@aa)

where X and Y are two 2 x 2 matrices containing the linearised versions of jump conditions,
which involve mean flow properties (e.g., U1, T, see [18] for more details). Note that Eq. 2.21

only holds at the flame sheet location, z = 0.

To solve the above matrix equation, Eq. 2.21, the heat release rate is firstly assumed constant, i.e.

Q = 5, reducing the above expression into its homogeneous form, Eq. 2.22, which is expressed
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in the frequency domain for harmonic waves as:

| eTwiTu 0 (w; 0
X-Y Ble) | _ . (2.22)

~

In order to ensure that Eq. 2.22 always holds for arbitrary wave amplitudes, i.e. g and h,
the determinant of the matrix terms within the round brackets must be constantly zero, which

results in the wave mode solutions under a constant heat release rate.

For a turbulent premixed flame typical of gas turbine combustors, however, the flame’s heat
release rate is usually unsteady (i.e. Q' # 0), which makes Eq. 2.22 inhomogeneous as:
| eTwiTu 0 g(w; 0
X-Y . f(ﬂ =| . . (2.23)
0 e WiTd h(wl) Q/(Aél)
In order to solve Eq. 2.23, an additional “flame model” is required, which links the total heat

release rate fluctuation, ', to the flame-upstream velocity perturbation, u}, as shown in Fig. 2.7.

FIGURE 2.7: The flame heat release rate fluctuation, Q’ , responding to an upstream
velocity perturbation, .

For a small velocity perturbation amplitude, e.g., |u}/u;| < 10 — 15%, the linear flame transfer
function (FTF), defined in Eq. 1.7, is usually adequate to capture the flame-to-acoustic responses.
A well-known FTF is the “n — 77 flame model, developed by Crocco [57], which can be written
in the time domain as:

Q'(t) UW;WX (2.24)

:’]’Lf

Q "
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where ny and 7; are constant FTF gain and time delay between Q' and u). Equation 2.24 can

also be expressed in the frequency domain as:

Qi) iy U1 (i) (2.25)

— = MNnse ——
¢ m
where the absolute FTF phase, w;T¢ (= 27 f7y), linearly increases with the frequency, f.

Since all flames exhibit low-pass behaviour naturally [54], the flame responses to upstream

excitations are usually stronger at lower frequencies. In order to better capture the real flame

7

responses, a lst-order low-pass filter is added to the original “n — 7”7 model, Eq. 2.25, giving

larger FTF gains at low frequencies but smaller gains at higher frequencies [67]:

Q(ﬁjl) o wic . —iw;Ty ﬂl (wl)

0 Cwi W Uy

(2.26)

where w{ = 2 f, is the filter’s “cut-oft” angular frequency.

However, for a higher upstream perturbation level (e.g., |u}/u1]| > 15%), which is common for
a realistic combustor, the flame’s heat release response to the perturbation may become nonlin-
ear [53], involving the saturation of FTF gain across perturbation amplitudes. In this case, the
nonlinear flame describing function (FDF), defined in Eq. 1.8, is more accurate, which can be
analytically modelled (e.g., [60]), experimentally measured (see Section 1.3), or numerically sim-
ulated (see Section 1.4), etc. In this thesis, the LES simulations of FDFs for realistic combustor

flames are performed in Sections 4.4 and 7.4.

2.4 Thermoacoustic Solvers

The above modelled acoustic wave solutions and the flame responses are finally combined into
a thermoacoustic solver to predict thermoacoustic instability. Several solvers are possible (see

Section 1.2.3), and in this section the two solvers used in this thesis are introduced in detail.

2.4.1 Wave-based low order network solver: OSCILOS

The first solver used is the open-source solver OSCILOS [60, 67|, developed based on the “wave-

based low order network” approach. It simplifies the complex combustor geometry into a network
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FIGURE 2.8: Network representation of a real combustor: connected constant area
modules with constant acoustic wave amplitudes in each module.

of connected constant area modules (or “sections”, see Fig. 2.8), with each module referring to a
main component of the combustor. The acoustic waves in each module are assumed as 1-D plane

waves propagating with constant amplitudes, which only vary across the module interfaces.

Take the j-th network module in Fig. 2.8 as an example: its inlet and outlet locate at x = ;1
and x = x;, respectively, with j = 1,2,..., N and N the total number of modules. Based on the
1-D acoustic wave solutions, Eqs. 2.8, the fluctuations of flow variables within the j-th module

are modelled as:

Bj(x) = Af (w)e™ + A7 (w)e ™7, (2.27a)
A W)e ™™ + A (@)™ Bjw)e
pj(z) =~ = ! Bl 22 : (2.27b)
J J
AH(W)e ™ — AT (w)e T
uj(z) = ) — i) , (2.27c)
P;€i

with A\j and A\J_ the strengths of the downstream and upstream-travelling waves in the j-th
module, respectively. Please note Ej = ﬁjégé}- /cp; (with §; the specific entropy fluctuation) is
the strength of the entropy wave, which is generated by the unsteady temperature fluctuations
from the flame and always advects downstream. Since the temperature change directly leads to
the density variation, an additional term describing the entropy wave’s impact on the density is
added to Eq. 2.27b. When the flame is absent in a module and has no entropy wave, the density

expression, Eq. 2.27b, is reduced to Eq. 2.8b in that module.

The three time delay terms in Eqs. 2.27 are defined as T]-Jr = (z —zj—1)/(¢ +u5), ;7 =

(zj —x)/(¢j — ;) and 77 = (= — zj-1)/uj, respectively. All the wave strengths and flow
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variables remain constant in each module and only vary across the module boundaries. For
those modules with a flame sheet inside, Eqgs. 2.27 can be inserted into Eq. 2.23 to combine with
the flame model, solving the wave modes separated by the flame sheet. By applying the above
modelling procedures to all the modules, a global matrix, G, y(w), can be established to link

the waves from the 1st module (j = 1) to those in the last module (j = N):

Afw) Af ()
Ay(w) | =GisnvW) - | A7 (w) |- (2.28)
EN(UJ) El (w)

In order to solve Eq. 2.28, the acoustic boundary conditions at both network inlet and outlet
need to be defined, usually in the form of “pressure reflection coefficients”, R = A, /A;, with A,

and A; the amplitudes of the reflected and incident acoustic waves at the same boundary.

Based on the solutions of matrix Eq. 2.28, the thermoacoustic modes of a network system can
be calculated. The OSCILOS solver uses the “shooting method” [68] based on R to perform
the calculations. If the incident wave strength at the network inlet is denoted A\f (w), then the
reflected wave strength at the inlet satisfies: /Tf(w) =R (w)ﬁl_ (w) exp(—wT;"), with Ry the
reflection coefficient at inlet. By inserting El_ and ﬁf into Eq. 2.28, and guessing the growth
rate (o) and frequency (f) of the complex variable, w = o + i27f, the incident and reflected
wave strengths at network outlet, ﬁj{, and /T]_V, can be both estimated. The error between the

estimated and the correct values of Ej_\, is then called the “outlet boundary error”, defined as:
5e(w) = Ay (@) = Ra(w) A (w) exp(—wr), (2.29)

where R, is the outlet reflection coefficient. The first term on the RHS is the estimated value of
g]_v, with the second term the correct value of gz_v The combination of the guessed growth rate
(o) and frequency (f) which results in a minimal value of . then determines the location of a
thermoacoustic mode. After all the thermoacoustic modes have been calculated, the thermoa-
coustic stability of the entire network system can be finally predicted. The application of this

prediction approach on a realistic gas turbine combustor can be found in Section 5.1.
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2.4.2 Helmholtz solver via COMSOL

The second thermoacoustic solver considered is called the “Helmholtz solver” (e.g., [179]), also
known as the “H-solver”. In this work, the H-solver used is provided by the Finite Element
Method (FEM)-based software COMSOL Multiphysics (version 5.3) [69, 180|. Different from the
above low order network solver OSCILOS, the H-solver retains the original combustor geometry
as the computational domain without any simplification, but neglects the mean flow (i.e. uw = 0).
It solves the Helmholtz equation in the frequency domain (see Eq. 2.30), and treats the volumetric

heat release rate field, ¢(z), as a monopole pressure source [69, 181]:
L Lo iQ(y(@) — 1)+
7@ + @)V (S95ta)) = -0 =), (2.0

where Q = 27f + io is a complex frequency (different from w). It is noted that Eq. 2.30 does
not contain any mean flow effect. The flame models (e.g., FTFs or FDFs) for the heat source

can be applied to a particular region in the domain which has a finite volume.

The finite-element discretisation of Eq. 2.30 together with the prescribed boundary conditions

then lead to the following eigenvalue equation [51, 179]:
2AP + QB(Q)P + Q*CP = D(Q)P, (2.31)

where P denotes the vector of eigenmodes, and matrices A and C both contain coefficients orig-
inating from the discretisation of Helmholtz equation. B(£2) is the matrix containing boundary
conditions, and matrix D(2) contains the source term from unsteady heat release rate. Equa-
tion 2.31 is nonlinear and can be solved using an iterative algorithm (e.g., [51, 52, 182]). For

example, at the k-th iteration, Eq. 2.31 is reduced to a linear eigenvalue problem as:
[A+ QiB(Q) — D(Q)] P + QiCP =0, (2.32)

where QF = €_; is the result from the previous (kK — 1)-th iteration. Once the iteration error
defined by € = |Q; — Q}| is lower than a specific value, typically 107, the real part of 2 then
yields the mode frequency, i.e. f=R(Q2)/(27), and the imaginary part of Q corresponds to the
mode growth rate, i.e. ¢ = Z(Q2), which allow the identification of all the thermoacoustic modes.

A growth rate of ¢ > 0 refers to an unstable mode, while ¢ < 0 indicates a stable mode.
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2.5 Entropy Wave Transport within a Combustor Flow

Following the brief introduction of entropy wave and entropy noise in Section 1.5, the math-
ematical description of entropy wave transport in a combustor flow field is now discussed in
detail. According to Eqgs. 2.27b and 2.28, the entropy wave may play an important role in
determining the thermoacoustic modes of a network. The entropy noise generated from en-
tropy wave acceleration may even have the potential to affect the stabilities of these modes

(e.g., [146, 154, 160, 161]).

The transport of entropy perturbations can be studied by starting from the equations for a
compressible viscous flow without any external forces. The conservation of mass and momentum
results in the Navier-Stokes equations [41]:

Dt p Bxl

=0, (2.33a)

Du; B Op n oTij
Dt B 8%1 (%j’

p (2.33D)

with 7;; the viscous stress tensor. The ideal gas law of p = pR,T is applied. The conservation

of energy then gives:

D 1 2 __a(pui) . 8 8T 8(7'@]1%)
"Di <e+2“i> B G o e (2:34)

with e = ¢,T the specific internal energy, kr the thermal conductivity. The specific sensible
enthalpy, h = e + p/p, is then combined with Egs. 2.33b and 2.34, resulting in the enthalpy

conservation equation:

Dh  Dp B (k aT) Ou; (2.35)
_ - .

"Dt ~ Dt 4T 9 \"Tom ) T o,

Since h also satisfies the thermodynamic relation, dh = T'ds + dp/p, with s the specific entropy,

the entropy conservation equation within a fluid flow can be derived as [154]:

Ds a( 8T> Oui (2.36)

T— = o — e
P Dt ¢+ 69c, Taa:,- T al'j ’

where 8%1, (kTg—zTi) denotes the thermal gradients which lead to entropy diffusion, while 74;(0u;/0x;)

is the frictional heating rate that results in the viscous production of entropy. For entropy
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transport downstream of the flame region, the heat release rate, ¢, is zero; both the thermal
conductivity, k7, and the dynamic viscosity, p (hidden within 74), are assumed constant for
simplicity.

For small perturbations, a flow variable can be decomposed into the sum of the mean (-) and fluc-
tuating ()’ components. Applying this decomposition to the entropy definition, s = ¢,In(p/p?),
gives: s' = cyp' /P — ¢pp’ /P, which is then combined with the ideal gas relation, p = pR,T, and
leads to [4]:

§="== _1—-7 (2.37)

where § denotes the non-dimensional entropy fluctuation. The normalised temperature fluctu-
ation, T"/T, is found an order of magnitude larger than the pressure fluctuation, p’/p [4], giving
T' ~ Ts'/c, = T&. This relation is then inserted into Eq. 2.36 and performs linearisation,

resulting in the linearised governing equation for the normalised entropy perturbation, s’

v v 2 r 1 U /
0s 95" kr 0% ( , 0w 8u2>. (2.38)

3t "0z pep0midz; | peyT \ 90z; | Vow;
N — —~
AL DL PL

where on the LHS the linearised entropy advection term is denoted Ay, and on the RHS the
linearised thermal diffusion and viscous production terms are denoted Dy, and Py, respectively.
It is assumed that the entropy fluctuation (§') and its associated temperature and density fluc-
tuations all have negligible effects on the continuity (Eq. 2.33a) and momentum (Eq. 2.33b)
equations, commonly known as the Boussinesq approximation. Based on this, the linearised
entropy transport equation, Eq. 2.38, can be decoupled from the Navier-Stokes equations and

be individually solved.

2.5.1 Entropy wave transport with an entropy source

Since this work does not focus on the detailed mechanism of entropy wave generation from
the flame, as relevant studies can be found in [183, 184], etc., an artificial entropy source [161,
185] is instead “injected” at the flame to provide entropy fluctuations. The transport of these

fluctuations downstream of the flame is then studied.

In order to introduce entropy fluctuations with a sufficiently high bandwidth to allow their

transport behaviour across a wide range of frequencies to be studied, a time-impulsive entropy
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source term, Qs, is introduced, defined by a sharp Gaussian shape function in time, which
approximately mimics a time delta-function. This source is highly localised spatially, occurring
only on the mean volumetric heat release rate field, ¢(z,v, 2), which approximately coincides

with the location at which the entropy fluctuation is in practice generated by an appropriate

(55)

where ¢/([[[,, ¢dV) is the normalised mean heat release rate field, determining the mean flame

flame. The entropy source term is then defined as:

' = Qr.y,2) . where
Qs(w,y,2,t) = T d(, g, =) dv Gs(t), where Gs(t)

1
- 2.
Jram &P  (289)

shape for entropy source injection. The temporal evolution of Qs is defined by the Gaussian
function, G(t), with A7y a small “dispersion time”, which results in a highly time-impulsive
signal. It is also found that Gs = Qy = [[ IS QsdV, with Qy the volume-integrated entropy

source term.

Adding the defined entropy source, Qs, to the RHS of the above entropy transport equation,
Eq. 2.38, gives:

08 OS5 _kr &S A IA N

ot ow pep T gy T T ) 2.4

or Y 0x;  pcp 0x;0x; + pe TV <Tz]axj + Tjax]) + Qs (2.40)
AS DS ;)rs

where S = §'/V denotes the concentration of the normalised entropy fluctuation, §'. Following
Eq. 2.38, the advection, diffusion and production of the entropy concentration, .S, are defined
as: As = Ap/V, Ds = Dr,/V and Ps = Pr/V, respectively. Equation 2.40 is known as the

“forced entropy transport equation”.

2.5.2 Non-dimensionalisation of entropy transport equation

In order to fully capture the transport of entropy perturbations, the relative importance of each
individual term (i.e. As, Ds, Ps) in Eq. 2.40 must all be accurately assessed, especially for the
thermal diffusion (Dg) and viscous production (Pg) terms. The non-dimensional form of the
linearised entropy equation, Eq. 2.38, is thus investigated. The coordinate x, time ¢, flow speed

)

u, temperature 7" and shear stress tensor 7 are all normalised (denoted (-)) by the characteristic
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length L, bulk velocity U, bulk temperature T and dynamic viscosity p of the flow as:

LT AL
T=2, #;="102 (2.41)

The non-dimensional entropy transport equation is then derived as:

i 9/ 2 %/ . 2 7 . _ 7/
08 08 1 0% (v—1)M (V, oy 6u1>, (2.42)

o7 Y0E RePro@® | Re? \Yox; | Yoy

where Re = pUL/p is the bulk flow Reynolds number, Pr = ¢,u/kr the Prandtl number, and
M = U/c the bulk flow Mach number. For a low Mach number (M << 1), large Reynolds
number (Re >> 10,000) flow, typical of a gas turbine combustor, the diffusion and production
terms on the RHS of Eq. 2.42 are both negligible compared to the advection term on the LHS,

leading to a purely advective entropy transport equation:

0§ 0¢

= i— = 0. 2.43
ot "oz, (2.43)

Equation 2.43 indicates that any change in the entropy wave strength is primarily caused by the
advective dispersion of the velocity field, with diffusion and production of entropy having only
minor effects. This assumption has been applied in previous studies (e.g., [154, 186]), and will

be validated in this thesis (see Section 6.1 for more details).

2.6 Segmentation of a Very Long Flame

The thermoacoustic prediction performed by the above low order network solver is based on the
assumption that the flame is “acoustically compact”, and can thus be treated as a thin flame
sheet. However, when the flame length is sufficiently long compared to the dominant acoustic
wavelengths, this assumption may become invalid. In this case, the spatial variation of the heat
release response along the flame length needs to be accounted for, also subsequently for the axial
variation in the generated acoustic perturbations. This largely complicates the thermoacoustic

prediction process for a low order network solver (e.g., OSCILOS).

One solution for the above challenge is to axially split the long continuous flame into a discrete
series of equal-sized “flame segments”, as shown in Fig. 2.9. Each flame segment (e.g., = € [zj,

xj4+1,c)) is sufficiently short in the axial direction to be considered as “acoustically compact”, and
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FIGURE 2.9: Sketches of (a) a very long continuous flame and (b) its segmentation as a
series of discrete compact flame sheets (figures taken from [5]). The j-th segment ranges
between |z, 2j41,c], with its flame sheet located in the centre (i.e. z = ;).

can thus be represented by an infinitely thin 1-D flame sheet in the network approach [5]. If the
axial length of a segment is denoted [, it must satisfy both | < ¢/f and | < u/f in order to
ensure that the axial changes in the acoustic wave fluctuation and entropy wave fluctuation are
both very small within this segment [45]. The limitation on the value of [ can be used as the

criterion of the longest segment length or the minimum flame segment number.

This flame segmentation method then allows us to implement a series of compact local flame
models for the heat release response in all the segments to an incoming acoustic excitation, and
to apply a series of compact acoustic jump conditions for the subsequent effect on the acoustic
perturbations (see [5] for more details). Between the neighbouring compact flame sheets, the
acoustic perturbations are considered comprised of constant strength waves without any heat
release. With the above treatments, the response of a continuous long flame can be modelled
by a series of axially-varying discrete local flame models. For example, the heat release rate in
the j-th flame segment, éj, can be linked to an upstream velocity perturbation, uy, at a fixed
reference location via a local FDF":

L Q;/Q

‘}—j(w?AU) - al/ﬂl’

(2.44)

where A, = |uy /71| is the normalised perturbation amplitude, and 6 = Zjvjlg 5J~ is the total
mean heat release rate from the entire flame (with Ny the total segment number). Substitut-

ing the above local discrete FDFs for all the segments into the acoustic jump conditions, and
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combining with the transfer matrices for the wave propagation (e.g., Eq. 2.28) and boundary
conditions, the governing equation for the long flame system can be established (refer to [5] for
more details). The complex frequency, w, calculated when the determinant of the governing
matrix, D, satisfies det(D) = 0, yields the frequency (f) and growth rate (o) of all the ther-
moacoustic modes. The thermoacoustic stability of the network is then determined by the sign

of the mode growth rate, with a positive value corresponding to an unstable mode.

2.7 Summary

In this chapter, the acoustic wave motion in a constant area duct is modelled analytically,
with the governing equations for these waves derived. Their interaction with an acoustically
compact flame is then described using a flame model, which is combined with the modelled
acoustic waves in a low order network solver or a Helmholtz solver to predict the system’s
thermoacoustic instability. The equation governing entropy wave transport in a combustor flow
is derived, with entropy wave advection, viscous production and thermal diffusion terms all
present. It is followed by the introduction of the segmentation method for a very long non-
compact flame, whose response to upstream acoustic perturbation is represented by a discrete
series of local flame models. The flame and acoustic modelling parts are mainly based on the
existing analytical approaches, while the entropy wave transport and long flame response studies

are mainly the author’s original work.

In the next chapter, the numerical methodology used in this thesis is briefly explained, including
the principle of incompressible LES, the sub-grid scale turbulence and combustion models used,

and the simulation method for the entropy wave transport, etc.
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Numerical Methodology

Following the analytical acoustic wave modelling introduced in Chapter 2, the flame response

model to an upstream acoustic perturbation is now required, which is numerically computed in

this thesis by using the incompressible large eddy simulations (LES). In this chapter, the principle

of the incompressible LES is firstly introduced, followed by the comparisons of the used sub-

grid scale turbulence and combustion models, and the applied chemical reaction schemes. The

numerical methods for the entropy wave transport simulation are also briefly explained. The

main contents of this chapter are based on the literature and the existing numerical models.

3.1 Mathematical Formulation of Incompressible LES

The filtered conservation equations of mass, momentum, species mass fractions and enthalpy

solved by the incompressible LES are recalled as [162]:

@ 8[_)’171 —0
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(3.1a)

(3.1b)
(3.1c)

(3.1d)
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where h, is the enthalpy including the enthalpy of formation, which is different from the sensible
enthalpy (h) mentioned in Eq. 2.35. o, is the Prandtl (denoted Pr) or Schmidt (denoted Sc)
number as appropriate, with the latter defined as Sc = p/(pD) (with D the mass diffusivity) and
often assumed the same for all the involved species. The Lewis number, Le = Sc/Pr, is assumed
unity, so that the Prandtl and Schmidt numbers are always equal. The ideal gas equation is used
as the equation of state, applied together with the Fourier heat conduction and Fickian diffusion
approximations. Since the pressure fluctuation, p’, is much smaller than the operating mean
pressure, p, the incompressible LES neglects the compressibility effect of the pressure variation,
ie. (0p/0p)p = 0, implying that the mixture density, p, is a function of the temperature, T',
and species mass fractions, Y, (with a = [1,---, Ny,| and N, the total number of species) only,
satisfying p = p(T,Y,) = poWy/(R,T'), with pg the operating pressure constant in time and
space, W, the molar mass of the mixture and R,, = 8.314 J/(mol-K) the universal gas constant.
The temperature and heat release rates are computed as a function of enthalpy and composition
using JANAF data [187]. 7;; = p (wgu; — Uiti;) is the SGS stress tensor, and w, = w(Yy) is the
filtered chemical reaction rate for the a-th species. Symbol (7) denotes an LES-filtered variable,

defined as:
b(x,t) = // VGf(a: — ' A(z))p(2', t)da’, (3.2)

where ¢(x,t) is an arbitrary variable at location & = (z,y, 2) and time t. Gy is the LES-filter
function with a width of A = (AmAyAz)1/3, with Az, Ay and A, the local mesh cell sizes in z,

y and z directions, respectively. The function of G is thus defined as [173]:

1
= x5 ~A2<z—x' <A/2
(3.3)

= 0; otherwise

Gy(@ — ', A(x))

In order to avoid additional density correlation due to the large density fluctuations in a high
temperature reaction zone, a “density-weighted Favre filtering” method is applied for some vari-

ables in Egs. 3.1 as:

o(x,t) = po/p, (3.4)

where symbol (-) denotes a Favre filtered variable. Equations 3.1c and 3.1d are the “scalar

transport equations”, with J,; and Jj,, ; the SGS scalar fluxes of the a-th species’s mass fraction,
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Y., and the enthalpy, h., respectively [188]:

_ Hsgs ai}a _ Hsgs 8ﬁ€

Jai = hei =

)

(3.5)
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with pisgs the turbulent eddy viscosity and ogg the turbulent Schmidt or Prandtl number.

In order to close the above system of LES equations, i.e. Egs. 3.1, models for the SGS stress, 7,
and the filtered reaction rate, Z;a, are both needed, which require the SGS turbulence and the
turbulence-chemistry interaction to be taken into account, respectively. Differences in how these
two variables are modelled and in the complexity of the chemical scheme used are known to lead

to differences in the unforced structure of an LES-simulated premixed propane/air flame [126].

3.2 Sub-Grid Scale Turbulence Modelling

The modelling of the SGS stress tensor, 7;;, requires an appropriate SGS turbulence model,
which can correctly predict the cascade characters of the turbulence and energy dissipation at
small length-scales. In this thesis, four SGS turbulence models have been used, which are:
(i) the constant Smagorinsky model [8]; (i7) the dynamic Smagorinsky model [9]; (iii) the
Wall-Adapting Local Eddy-viscosity (WALE) model [10]; and (iv) the one-equation turbulent
kinetic energy model [11-13]. A detailed comparison between these models is performed in this
section, and their effects on the LES flow simulations can be found in [189] for a non-reactive

axisymmetric bluff body flow and in Section 4.3.1 for a swirling reacting flow.

3.2.1 Constant Smagorinsky model

The constant Smagorinsky model [8], also known as the Smagorinsky-Lilly model, models the

anisotropic SGS stress tensor as:

~ 51.. ~
Tiaj = _2,Usgs <Sl — ;Skkz> s (3.6)

where the superscript “a” denotes the anisotropic components. The isotropic part of the stress
tensor, Tik, can be absorbed into the filtered pressure in the momentum equation, Eq. 3.1b, as:

P =p+ %Tkk, with p* the pressure after absorption. d;; is the Kronecker delta, with ¢;; = 1 for
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1 = j and otherwise zero. §ij is the filtered strain tensor, defined as:

- 1(0u ow
Bi=5 (52 + aﬁj) , (37)

with §kk the isotropic part of g,] The turbulent eddy viscosity, jisgs, is now modelled as:

HUsgs = ﬁ(CSA)Q ‘ gz‘j (3.8)

with Cs a model constant. The higher Cj is, the larger the damping on the resolved turbulence

will be. In this work, Cj is set as 0.167 [190], suitable for the flow configurations analysed. The

LES-filter width, A, is the cubic root of the local mesh cell sizes, same as that in Eq. 3.3. ‘ §ij )
is the Frobenius form of the resolved strain rate tensor, defined as:
‘ Sij ‘ =/25;55;. (3.9)

3.2.2 Dynamic Smagorinsky model

For a high Reynolds number flow in a complex geometry, the Smagorinsky model constant, Cs,
defined in Eq. 3.8 needs to vary with position throughout the flow field. The value of C; also
needs to reduce to zero in a laminar flow. Germano et al. [191, 192] thus developed a dynamic
model to determine the correct Cs value automatically over the entire flow domain, by assuming
that Cs is a function of space and time and calculated in terms of the resolved scales. This
function is based on an assumption that the information in the resolved scales can be used to

model the sub-grid scale variables.

In order to achieve this, a test filter, denoted 6, is defined in the resolved scale, which is larger
than the LES filter size, A. Flow variables in the largest sub-grid scale are now assumed to
behave in the same way as those at the test filter size, B, and the value of Cy is assumed not
affected by any scale size. The resolved turbulent stress tensor, L;;, known as the “Germano
identity”, is defined as:

Lij =T — 7, (3.10)

where Tj; is the SGS stress tensor in the test filter’s scale, 3, defined as:

—

T; :5(@‘@- —ﬂﬂj)7 (3.11)
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with the anisotropic part of T;; satisfying:
TS = —25 (CSA> Sii\/ 28484, (3.12)

where the strain tensor, S;;, is defined as:

Si; = (8““ n 8%) . (3.13)

N 5 61’1 ox 7

The test-filtered SGS stress tensor, 7;;, in the original filter scale, A, is given as:
7 = b (s — iy ) (3.14)

with the anisotropic part of 7;; satisfying Eq. 3.6. Equation 3.10 should hold at all time instants
and spatial locations, but it may become ill-conditioned as this formulation leads to an over-
determined system. This problem can be solved by using the least-squares error method (see [193]

for more details). The varying model coefficient, Cs(x,t), can now be modelled as [9, 103]:

|:L?j —2pC't S%:| Sij

(CsA)? = — : (3.15)

25||S4 §gj §gj

where Lf; is the anisotropic part of the Germano identity, and C} is the value of Cs computed at
earlier time-steps. The modelled Cy function is independent of the filter’s width (e.g., A or 3)
In this work, the magnitude of Cj is clipped between 0 and 0.15 to avoid numerical instability,

suggested by previous LES studies on turbulent flows (e.g., [194, 195]).

3.2.3 WALE model

The third SGS turbulence model studied is the Wall-Adapting Local Eddy-viscosity (WALE)
model [10], which was originally defined to capture the near-wall behaviour for confined flows in

complex geometries. The eddy viscosity, pisgs, is now modelled as:

Hsgs = ﬁ(CwA)2 (3.16)
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where C, is a constant and set as 0.325 in this thesis. Sfj denotes the traceless symmetric part

of gfj, with g;; = Ou;/Ox; the velocity gradient tensor. Szdj satisfies:

1,5 1. .
S5 = 5 (05 +95:) — 300k (3.17)

3.2.4 One-equation turbulent kinetic energy model

The last turbulence model used [11-13] is based on the SGS turbulent kinetic energy, ks, defined
as:

o = 5 (2 ). (3.18)

A transport equation is then established for ke as:

~ ~ 3/2
aksgs + 8(ujksgs) o 0 <Msgs 8ksgs) Ty ou; ksg{s

ot T om;, 0w \jon 0z, ) pom; A (3.19)

where the last term on the RHS represents the SGS dissipation rate. o3 and C, are two constants
and set as 1.0 and 1.048 [190], respectively. The SGS stress tensor, 7;;, is now modelled as:

2

Pl (3.20)

Tij = —2flsgsSij +

where the SGS eddy viscosity, ftsgs = ﬁC’,yglﬂslg/s2 A, with constant Cj = 0.094 [190] in this thesis,
calculated based on Cs = 0.167 used in the constant Smagorinsky model. It should be noted
that when using this turbulence model, the initial value of kg at time ¢ = 0 should always be

positive (i.e. ksgslt=0 > 0).

3.3 Sub-Grid Scale Combustion Modelling

In order to model the filtered chemical reaction rate, c?)a, an accurate SGS combustion model
is needed, which describes the interaction between the turbulence and the chemical reactions.
Two SGS combustion models are used in this thesis, which are: (i) the Probability Density
Function (PDF)-based Eulerian stochastic field model [172, 196, 197|, known as “LES-PDF”;
(ii) the Partially Stirred Reactor (PaSR) model [198, 199], known as “LES-PaSR”. Both models
have been employed by many LES solvers to simulate different combustors, such as [173, 200]

with the LES-PDF model and [119, 201] with the LES-PaSR model, etc.
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3.3.1 PDF-based Eulerian stochastic field model

For the LES-PDF combustion model, Eqgs. 3.1c and 3.1d are not solved directly, instead the
scalar probability density function (PDF) is applied to model the filtered flow variables. The

fine-scale PDF (denoted P,) for an arbitrary scalar variable, ¢, (x,t), is defined as:

Pa =0 (wa - ¢a) ) (321)

where 1, is the sample (composition) space of the scalar. ¢ is the Dirac delta function.
Based on Eq. 3.21, the joint sub-grid scale PDF (denoted Pig) for the global composition,
g = [Y1,%2,...,9n,], of all the relevant scalar variables is defined as [202, 203

Pregs (1hg; 2, t) H P, = H 8 [ — dal,1)], (3.22)

where Ny = N, + 1 denotes the total number of relevant scalars, i.e. N, species plus the

enthalpy, h.. Applying the density-weighted filtering on Py gives:
~ 1
Psltyi.t) = = [ @) Pl !, )5 — o', A)da (323)
%

The modelled transport equation for the Favre filtered joint scalar PDF, ﬁsgs, is then constructed

as [173, 204]:
,aﬁsgs (wg) —~ sgs wg
P—or TP or; Z < o [,owa (¢g> sgs (wg)} =
Closed chemical reaction term (3 9 4)
- N. .
I Usgs apsgs (¢g) pCq x~ 0 =
- - - Ps S )
ox; [(am + asgs) ox; 2Tsgs = 0V, [(1% fa(2,1)) Peg Wg)}
SGS convection term LMSE?losure

where o455 and Cy are both constants and set as 1.0 and 2.0, respectively. 7y is the SGS
micro-mixing time scale, defined as:
pA*
Tegs = =——F———- 3.25
= Gl g 329
The filtered chemical reaction rate, Z)a, now appears in the closed form, wy (1), on the LHS of

Eq. 3.24. Any modelling beyond the specification of a chemical reaction scheme is not needed.
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The two terms on the RHS of Eq. 3.24 represent the sub-grid scale convection and mixing of
the joint PDF, respectively [103]. The convection term can be approximated by a gradient
model analogous to the constant Smagorinsky turbulence model [8], whilst the SGS mixing
term is expressed in the form of Linear Mean Square Estimation (LMSE) closure [205], where a

property’s rate of change is assumed proportional to the “distance” from its mean value.

Equation 3.24 is then solved using the Eulerian stochastic field method [172, 196], where the
filtered joint-PDF, ﬁsgs, is represented as an ensemble of Ny stochastic fields, each comprising
Ny scalars, namely & (x,t) = [ ?,...,g’ﬁ,s}, with 1 <o < Ny and 1 < n < Ny over the entire
flow domain. These stochastic fields are not real flow fields, and thus have no direct physical

significance; instead they represent an equivalent stochastic system that has the same one-point

PDF as that given by Eq. 3.24 [206].

With these stochastic fields, the joint scalar PDF, Pyg, defined in Eq. 3.22 can be reconstructed

as:
Ny N

Prgs (Vg3 , 1) Z 116 wa — &z ). (3.26)

n=1a=1
Based on Eq. 3.26, the filtered joint-PDF transport equation, Eq. 3.24, can be rewritten using
the Ito formulation [207]|, which advances £} («,t) from time ¢ to ¢ + dt as:

—1en | =~ 0 o 0 I Msgs 8€Z _Hsgs 85(1 n pC4d n__ 7 ~n (¢n
+ - S Lo +./2p Wr— — o) di+
pdéq+pu Do dt 9, [(U Usgs) B, dt P e 8xzd Do (fa ) >dt pag (&) dt
(3.27)

where dWW7}' denotes an increment of a vector Wiener process, which is continuous in both time
and space and also differentiable in space. The value of dW7 is different for each stochastic
field, and is independent of the spatial location, x. In this work, dW? is approximated by the
time-step increments, nf'vdt, with 5" a {—1,1} dichotomic random variable. £ denotes the

entire ensemble of stochastic fields for the global composition, v, of all the involved scalars.

The moments of an arbitrary Favre-filtered scalar, qza, can thus be obtained by averaging over

all the corresponding stochastic fields as:

1 Y
- = § / n 2
Ny n:1§a (3.28)

In order to accurately represent a PDF at a time instant, a sufficiently large number of stochastic

fields may be needed for each scalar variable. However, if only the statistical or mean flow fields
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are of interest, the needed number of stochastic fields may be much smaller.

3.3.2 Partially stirred reactor model

Different from the above stochastic PDF model, the partially stirred reactor (PaSR) combustion
model focuses on the reaction processes in each mesh cell. The reacting flow in a mesh cell
is divided into two parts: (i) a “perfectly-stirred reactor”, where all the species are assumed
homogeneously mixed and reacting; (i7) the “surroundings”, filling with non-reacting sub-grid
scale flow structures. The burnt products from part (i) are mixed with the surrounding flow due
to turbulence — this correspondingly takes place during the turbulent mixing time, 7,,. This
results in the final species concentrations in the entire, partially-stirred, computational cell [68].

In any cell the reaction only occurs within domain (7).

The relative proportions of these two flow parts in each cell are controlled by the “reactive volume
fraction”, k [208], as:

Yo =1 —-r)YY +rYE (3.29)

where the superscripts R and N denote the reacting and non-reacting part, respectively. The
filtered chemical reaction rate for the a-th species, fua, can then be scaled by x and modelled
as 68, 208|:

~ CcY - Cy

G 2 0 = g (;3, T, }75,010‘> . with 8=1,2,..., Ny (3.30)

where C7' is the spatially averaged concentration for the a-th species that is leaving the cell, while
C§ is the initial concentration of the same species inside the cell. At denotes the computational
time step, and w, is the unfiltered “laminar” Arrhenius reaction rate of the a-th species. The
modelling of Wa is now reduced to the modelling of x, which is governed by the chemical reaction

time, 7., and the turbulent mixing time, 7,,, |68]:

Te

(3.31)

Te + Tm

The chemical reaction time, 7., is approximated [199] by v/S2, with v the molecular kinematic
viscosity and S, the (unstretched) laminar burning velocity. In order to determine the correct
value of 5, an accurate chemical reaction scheme is required. Since the accuracy of a reaction

scheme is expected to increase with the number of its reaction steps, in this thesis two chemical
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TABLE 3.1: The simple 4-step chemical reaction scheme for methane [16].

Reaction step Reaction
R1 CHy + 30, = CO + 2H,
R2 Hy + 30, = H,0
R3 CO + 303 = COq
R4 CO + Hp0O <= COq + Hy

TABLE 3.2: The systematically reduced 15-step reaction scheme for methane [17].

Reaction step Reaction
R1 2H + 20H <= 2H, + O9
R2 2H < H»
R3 H + HO9 <= Hy + Oy
R4 H + Hy09 <= Hy + HO»
R5 OH + CHsz <= H,; + CH20O
R6 H + CHy <= Hy + CHj3
R7 H + OH + CO <= Hy + COqy
RS CH:20 <= Hjy + CO
R9 Og + CoHy <= Hy + 2CO
R10 OH + CeHy < H,; + CH3 + CO
R11 CoHg < Ha + CaHy
R12 H + OH < H,0
R13 2NO <= O3 + N2
R14 Hy + CO +NO <= H + Oz + HCN
R15 3H + H20O + NHj3 <= 4H, + NO

schemes characterised by different complexity levels are chosen for methane/air reaction: (i) a
simple 4-step scheme with 7 intermediate species [16]; (i7) a systematically reduced 15-step
scheme with 19 intermediate species [17]. These two schemes are used with both the PDF and
PaSR combustion models, and have been applied to simulate the turbulent reacting flow in an
industrial gas turbine combustor (e.g., [16, 135] for the 4-step scheme and [14]| with the 15-step
reaction), which is the same combustor as that studied in Chapters 4 — 6. The detailed reaction
steps involved in the two schemes are listed in Tables 3.1 and 3.2, respectively. The effects of
these two schemes on the unforced flame LES and forced flame responses will be studied in

Chapter 4 in detail.
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In order to compute the value of turbulent mixing time, 7,,,, a newly-developed mixing model [119,

199, 209] is applied in this thesis:

Tm = Cm\/ Tsgs " TK 5 (332)

where Togs = A/ug,s = A/ \/2ksgs/3 denotes the SGS micro-mixing time, with Uggs the SGS veloc-
ity fluctuation and kggs the SGS turbulent kinetic energy [119]. Please note that in PaSR model
the definition of Ty is different from that used by the PDF model (see Eq. 3.25). 75 = \/v/€sgs
is the Kolmogorov time, with g the SGS dissipation rate. The mixing time constant, Cp,, is
determined by the relative strengths of turbulence and chemical reactions. The computed time

scales of 7. and 7,,, are then used to calculate the reactive volume fraction, x, in Eq. 3.31, which

is finally used to model the filtered chemical reaction rate in Eq. 3.30.

In a brief summary, the two SGS combustion models used have different concepts: the LES-PDF
model is built based on the probability of a species appearing at one location at a time instant,
and represents it using Eulerian stochastic fields, solving the distribution of all the involved
species statistically (the more stochastic fields used, the more accurate the solution would be
expected) and obtaining the chemical reaction rate. On the other hand, the LES-PaSR model
does not involve any stochastic process, instead it splits a continuous flow field in a mesh cell
into reacting and non-reacting parts, and models the filtered chemical reaction rate based on the
relative volume fractions of these two parts. It is thus interesting to compare the performances
of these two combustion models on their simulation of a realistic gas turbine combustor flow,

which has been completed in Chapter 4.

In this thesis, the two combustion models used are implemented into two incompressible LES
solvers, respectively, which are: (i) the incompressible version of the in-house code, BOF-
FIN [171, 173, 210, 211]; (4i) the low Mach number ReactingFOAM-LES solver in the open-source
CFD toolbox, OpenFOAM (version 2.3.0) [122]. Both LES solvers apply the incompressibility
assumption as described in Section 3.1. The LES-PDF combustion model is implemented into

BOFFIN, whilst the LES-PaSR model is used by OpenFOAM.
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3.4 Simulation of Entropy Wave Transport

Based on the above introduced numerical methods, the transport of entropy waves within a tur-
bulent reacting combustor flow field can also be simulated using incompressible LES. The forced
entropy transport equation, Eq. 2.40, is decoupled from the Navier-Stokes equations and imple-
mented in a superimposed manner within the LES solver. In this thesis, the ReactingFOAM-LES

solver from OpenFOAM is used for entropy wave transport simulation.

As suggested in the normalised entropy transport equation, Eq. 2.42, the contributions of both
thermal diffusion and viscous production terms to the entropy wave transport are likely to
be negligible, leaving the entropy advection term being dominant. In order to validate this
assumption, the effects of both the large-scale resolved flow features and the SGS unresolved
turbulent eddies on the LES of Eq. 2.40 must be considered. For example, the entropy diffusion

term, Ds, defined in Eq. 2.40 can be numerically expressed as:

928 v v,
where ap=— + —2

De =
5 aE@xiaxi’ Pr ' Prgs’

(3.33)

where the coefficient in the original diffusion term, k7/(pCp), has been replaced by the “effective
thermal diffusivity”, denoted ag. The contributions from the SGS turbulent eddies, e.g., Vsgs

the turbulent kinematic viscosity and Prggs the turbulent Prandt]l number, are both included.

Similarly, the entropy production term, Pg, in Eq. 2.40 can be numerically realised as:

1 ou; —=0ou! A Ou;  Ou;
Pg= —— By 4 B h AR, e} J 3.34
s e TV (7i7) oz, + 7 ek where 7;; 5 oz, + 92, ) (3.34)

where symbol (+) refers to time-averaging. The effects of both laminar () and turbulent eddy

viscosities (usgs) are now considered in the simulation of production term.

3.5 Summary

In this chapter, the key concepts of the incompressible LES have been firstly introduced, followed
by the description of different sub-grid scale turbulence and combustion models used to solve
the filtered stress tensor and chemical reaction rate, etc. The different treatments on these

filtered variables lead to different modelling assumptions, and the effect of these assumptions
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on the LES of a turbulent reacting flow needs systematic evaluation, which will be discussed in
Chapter 4. Finally, the numerical method for simulating the entropy wave transport is explained,
ensuring both the resolved and the sub-grid scale contributions are considered in the computation
of entropy diffusion and production terms. The detailed simulation process for entropy wave

transport in a realistic combustor flow will be presented in Chapter 6.



Chapter 4

SGT-100 Industrial Combustor: Flow

Simulation and Flame Responses

Based on the above introduction on theoretical modelling and numerical methods, a realistic
industrial gas turbine combustor will be investigated in the following three chapters. In this
chapter, the unforced combustor flow field and the flame behaviour are firstly simulated and
compared across several cases, evaluating the effects of SGS turbulence model, combustion model,
reaction chemistry, operating pressure, wall heat losses and mesh density, etc., on the unforced
LES results. The forced flame heat release responses to an upstream acoustic perturbation
are then computed, constructing the flame models (i.e. FTFs and FDFs) for this combustor.
The influences of SGS combustion model, reaction chemistry and mean pressure on these flame

response models are also analysed.

4.1 Experimental Set-up

The combustor taken from an original Siemens SGT-100 gas turbine is studied. In order to
measure it, a high pressure test facility called “TURCHEMI” was built in the German Aerospace
Centre (DLR), as shown in Fig. 4.1. The entire test facility (see Fig. 4.1(a)) comprises a longi-
tudinal swirling combustor, a 1.0m long exhaust pipe, and a spray water section (not shown)
connecting to the atmosphere, plus a cylindrical air plenum installed upstream to the combustor,
providing uniform preheated air inflows. The detailed structure of the combustor itself is shown

in Fig. 4.1(b). It consists of a 12-slot radial swirler entry and a premixing chamber, followed by
51
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Combustor

Plenum Exhaust Pipe

<275 i 602 | 1100 .

(a) High pressure DLR facility

Swirler air Preheated air
[] Windows Exhaust

Exhaust

as air
i, Panel  Window
|_ air A air v
275 188

(b) SGT-100 gas turbine combustor

FIGURE 4.1: Schematics of (a) DLR high pressure test facility and (b) SGT-100 gas
turbine combustor. All dimensions reported in mm, with the z-origin located at the
combustion chamber entrance. Images adapted from [6, 7].

a dump expansion into a ~0.5 m long main combustion chamber, in which the flow field exhibits
large-scale features (e.g., swirl, separation, recirculation and vortex cores). The main combustion
chamber consists of two parts: (i) a 275 mm long straight duct of square cross-section (height
and width both 165 mm), slightly modified from the original circular cross-section in order to
install quartz windows for optical measurements; (i) a 188 mm long contraction duct whose
circular cross-section has a linearly decreasing diameter from 165 mm to 50 mm. The chamber
sizes and equivalent cross-sectional areas are the same as those in the original combustor. The
exit of the contraction duct is connected to a short straight circular pipe with a length and
diameter of both 50 mm. German Natural Gas (CHy: 96.97%, CoHg: 1.553%, CsHg: 0.35%,
C4Hio: 0.05%, CO2: 0.27%, Na: 0.753%) [14] is injected at temperature ~305K through the
swirler entry and mixed with the preheated air inflows in the premixing chamber at ~685 K,
reaching a global equivalence ratio of ¢, ~ 0.60 in the combustion chamber [24|. A series of
operating pressures from 1 bar to 6 bar have been tested in the experiments. In this thesis, only
two non-atmospheric pressures, p = 3 bar and 6 bar, are considered, these exhibiting a bulk

Reynolds number ranging between 18,400 — 120,000 and a bulk Mach number varying from 0.02
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TABLE 4.1: Measurement uncertainties for some flow variables, including temperature
(T') and species mass fractions in fresh mixture and burnt products [14].

Cold fresh mixture T Oy Ny CHy
Uncertainty [%)] 6 6 5 4

Hot burnt products T Os Ny COy Hy0O
Uncertainty [%)] 13 21 6 20 14

to 0.29. This high pressure rig has been studied experimentally (e.g., [6, 7, 24]) and numerically
(e.g., |14, 104, 136]) to understand the behaviour of unforced turbulent swirling flames. High
quality PIV and 1D Raman experimental data are available at both 3 bar and 6 bar pressures
(see [14] for more details). The measurement uncertainties for some important flow variables are
listed in Table 4.1. For simplicity, in the following chapters this DLR test facility is referred to

as the “SGT-100 combustor”, unless otherwise specified.

The thermoacoustic stability of the SGT-100 combustor was measured to be dependent on the
mean operating pressure: it was stable at p = 3 bar, but experienced nonlinear instability at
P = 6 bar [24, 201]. Figure 4.2(a) shows the time-signal of the normalised pressure fluctuation,
P’ /P, at 6 bar, measured at a single location that is 231 mm downstream of the combustion
chamber entrance (and also downstream of the entire flame). An enlarged time-scale between
20 s and 21 s allows better visualisation of this signal, which exhibits stable oscillations in p’/p;

this is known as the “limit cycle oscillation”.

Given the high noise level in the original pressure signal, an averaging technique [212| was used
to compute the frequency and amplitude of the limit cycle based on the signal’s power spectrum.
40 windows of 1 s each with no overlapping were used for the time-signal in Fig. 4.2(a). The
averaged spectrum, shown in Fig. 4.2(b), exhibits a main spectral peak at frequency 216 Hz
with an amplitude of |p] ~ 5000 Pa. These correspond to the measured limit cycle oscillation

frequency and amplitude, respectively.

The above measured single-point pressure signal is also analysed with a wide-window averaging
method (window size: 8192; overlap size: 1024). The power spectral densities (PSD) of the
averaged pressure signal have resulted in seven main spectral peaks under each operating pres-
sure, as shown in Fig. 4.3. Each spectral peak can be referred to as a “measured thermoacoustic
mode”. It has been observed that all the measured modes are stable at 3 bar, giving relatively

lower magnitude spectral peaks over frequency (see Fig. 4.3). In contrast, the spectral peaks at
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FIGURE 4.2: (a) Time-signal of the normalised pressure fluctuation, p’/p, at 6 bar
pressure, measured by DLR at a single location of 231 mm beyond the combustor
entrance, at a sampling rate of 10 kHz; (b) Power spectrum of the pressure signal.

Experimental data provided by Siemens.
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FIGURE 4.3: Power spectral densities (PSD) of the pressure time-signal, measured
by DLR at 3 bar (solid line) and 6 bar (dash-dotted line) pressure at single location
x = 231 mm. Window size: 8192; overlap size: 1024. Experimental data provided by

Siemens.

1000

6 bar pressure are globally higher, with the highest peak appearing at 216 Hz, being consistent

with the averaged spectrum shown in Fig. 4.2(b).

4.2 Numerical Framework

Based on the above experimental set-up, the present LES simulates the SGT-100 combustor using

a simplified fuel which combines all the hydrocarbons into methane, resulting in the following

composition [14]: CHy: 98.97%, COq: 0.27%, Na: 0.753%. The LES computational domain

is shown in Fig. 4.4(a); it neglects the upstream plenum and the long exhaust pipe since the
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FIGURE 4.4: (a) LES computational domain and (b) mesh arrangement for the SGT-100
combustor.

TABLE 4.2: Prescribed inlet boundary conditions for the computational domain.

Main air velocity [m/s] Panel air velocity [m/s| Air temperature [K] Fuel temperature [K]

4.87 5.28 685.33 319.80
Base hole fuel velocity [m/s| Top hole fuel velocity [m/s] Low hole fuel velocity [m/s]
66.84 59.05 59.15

flame is restricted to the front part of the main combustion chamber. A velocity inlet boundary
condition consistent with the measured inflow rate is imposed at the swirler entry, which includes
the radial main air inlet and multiple fuel injection holes. The panel air inlet refers to the front
edge of the combustion chamber where a small amount of air enters the domain. The domain
outlet corresponds to the combustor exit plane where a zero-gradient and a ‘“non-reflecting”
outflow condition are applied for pressure and velocity, respectively. Here the “non-reflecting”
outflow condition is a specific artificial boundary condition, designed to neglect diffusion effects
near the outlet and assumes that the outflow is purely advective (i.e. “non-reflective”) [213]; it
inhibits the occurrence of negative velocities at an outflow boundary. All the solid boundaries are
defined as non-slip adiabatic walls, consistent with previous LES works on the same combustor
(e.g., [14, 136, 214]). In this chapter, the effect of wall heat losses on the LES simulation is
also studied, as presented in Section 4.3.4. The prescribed inlet boundary conditions used by
the LES domain are listed in Table 4.2. In this LES work, the equivalence ratio used is fixed
at ¢. = 0.6, regardless of a small variation in ¢, across the operating pressures during the real

experiments.

The entire computational domain is discretised into multiple blocks, with each block meshed
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with structured cells, resulting in a total of ~7.0 million cells (see Fig. 4.4(b)). This computa-
tional grid is the result of optimisation studies performed by Bulat et al. [14], which has been
shown to correctly capture the characteristics of the unforced flame with fully detailed chemi-
cal schemes [136]. The sizes of the mesh cells range from Az = 0.281 — 4.16 mm in the axial
direction, Ay = 0.086 — 5.24 mm in the vertical direction, and Az = 0.083 — 5.33 mm in the
horizontal direction. Mesh refinement is applied to the swirler, premixing chamber and front

part of the combustion chamber to better resolve the flame responses to upstream perturbation.

For the incompressible LES solvers, both the in-house code, BOFFIN [171]|, and the open-
source code, OpenFOAM [122], are applied. In BOFFIN, a 2nd-order central difference scheme
is used for the spatial discretisation of all the convection and diffusion terms, except for the
convective terms in equations of scalar quantities, where a Total Variation Diminishing (T'VD)
scheme is applied. On the other hand, OpenFOAM adopts a linear Gaussian interpolation
method for spatial discretisation (which is a central difference scheme), coupled with a Sweby
limiter [215] to improve the numerical stability in regions with rapidly changing gradients but
adding numerical diffusivity. Both solvers apply an implicit 2nd-order Crank-Nicolson scheme
for the temporal discretisation. The LES-PaSR combustion model (see Section 3.3.2) is applied
within OpenFOAM, with the value of the mixing time constant, Cy,, fixed as 0.8 (see Eq. 3.32).
Instead, the LES-PDF combustion model described in Section 3.3.1 is used by BOFFIN, which

uses only one field (i.e. Ny = 1, see Eq. 3.26).

It is understood that for BOFFIN, using only one field in the Eulerian stochastic method for
the PDF model means that the resulting PDF reduces to a d-function (one unique realisation),
which is no longer stochastic. Thus the SGS turbulence-chemistry interactions are ignored in the
present BOFFIN study. The reason to use this “no-SGS-model” PDF approach in this code is
due to the negligible effect of increasing the number of stochastic fields on the simulated FDFs,
as shown in Fig. 4.24. Besides, Bulat [103| has compared the unforced simulations on the same
combustor using one field and eight stochastic fields, and found that the resulting temperature
and mixture fraction distributions are very similar, suggesting that one field may be sufficient

for the present combustor.

For the BOFFIN code, the discrete from of the continuity equation is used to derive a Poisson
equation for the pressure fluctuation, p’. This equation is then solved for the pressure correction
field which is then used to update both the mass flux terms and the velocities [171]. For
the OpenFOAM solver, the PIMPLE method [216] (i.e. merged PISO/SIMPLE algorithms)
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TABLE 4.3: Incompressible LES solvers: BOFFIN vs. OpenFOAM.

LES solver BOFFIN OpenFOAM

Accessibility In-house Open-source
Combustion model LES-PDF LES-PaSR
Turbulence model Dynamic Smagorinsky

2nd-order (TVD for convection terms,

Spatial discretisation central difference scheme for the rest)

2nd-order (Gaussian linear scheme)

Time integration 2nd-order implicit Crank-Nicolson scheme
) 4-step + 7 intermediate species
Chemical scheme
15-step + 19 intermediate species
Computational time-step 5%1077 s

CFL number <0.3

is employed for pressure correction, with the number of iterations used to solve the pressure
equation and momentum corrector chosen to be 3. The number of loops completed over the
entire system of equations in each time step is 2, which means the system is solved twice in each

time step.

Finally, an appropriate computational time step is needed by both LES solvers to keep the CFL
number sufficiently low to avoid any divergence of the flow variables. In this SGT-100 work, a
small fixed computational time step of At =5 x 1077 s is applied for all the LES simulations,
ensuring a CFL number below 0.3 and maintaining the temporal accuracy of the simulations.

The above detailed comparisons between BOFFIN and OpenFOAM are summarised in Table 4.3.

4.3 Unforced LES Results and Validation

Based on the above numerical settings, the unforced LES simulation results are now presented
and validated by available high-quality experimental data. The effect of the SGS turbulence
model on the flow field is firstly investigated, followed by the effect evaluation of the SGS
combustion model, chemical reaction scheme, wall heat losses and mesh density, etc., on the
unperturbed flow field and flame behaviour. The influence of the mean operating pressure on
the simulations is also discussed. To facilitate systematic comparisons, five LES cases with

different modelling assumptions and operating conditions are defined, listed in Table 4.4.
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TABLE 4.4: LES cases used to study the effects of different factors.

Case No. I II 111 v \%

LES solver OpenFOAM BOFFIN BOFFIN BOFFIN BOFFIN
Combustion model  LES-PaSR ~ LES-PDF LES-PDF LES-PDF LES-PDF
Reaction chemistry 4-step 4-step 15-step 4-step 15-step
Operating pressure 3 bar 3 bar 3 bar 6 bar 6 bar

4.3.1 Effects of SGS turbulence and combustion modelling

First of all, the effect of SGS turbulence modelling on the unforced LES is studied, based on
LES Case I (see Table 4.4), using OpenFOAM with LES-PaSR model and 4-step reaction at
p = 3 bar. All the four SGS turbulence models introduced in Section 3.2 are applied, compared

based on their simulation accuracy for the turbulent swirling reacting flow in the combustor.

Figure 4.5 compares the LES-predicted axial (u) and vertical (v) flow velocity profiles along the
vertical y-direction at axial location z = 18.7 mm (i.e. 18.7 mm downstream of the combustion
chamber entrance), to the relevant PIV experimental data [14]. Both the mean (denoted (-)) and
root-mean-square (denoted RMS) velocity components are presented. These simulated profiles
are found to be symmetric with respect to the centreline, therefore only the top-half (from
centreline to top inner wall) of the profiles are shown. It is observed that all the four turbulence
models yield similar predictions for the mean axial velocity, @ (see Fig. 4.5(a)), other than for the
small mismatches near the top wall and centreline for the one-equation turbulent kinetic energy
model. Larger discrepancies are observed for the mean vertical velocity, v (Fig. 4.5(c)): near the
top wall, better predictions are achieved using the WALE and dynamic Smagorinsky models,
with all the models over-predicting T near the centreline. For the fluctuating axial velocity, tyms
(Fig. 4.5(b)), its general distribution is correctly predicted by all the models, with the constant
Smagorinsky and WALE models performing better near the top wall. A similar result is observed
for the RMS vertical velocity, vrms (Fig. 4.5(d)), where, in line with the prediction of =, higher

discrepancies are observed for all the models.

A general conclusion can then be drawn on the effect of SGS turbulence modelling on the LES-
simulated flow field. While previous analyses on a non-reacting, non-swirling flow [189] have
found that the constant Smagorinsky and WALE models are always more dissipative than the

other two, the present study reveals that the effect of a turbulence model on a reacting, swirling



Chapter 4. SGT-100 Industrial Combustor: Flow Simulation and Flame Responses 59

FIGURE 4.5: Vertical y-profiles of (a—b) axial, u, and (c—d) vertical, v, flow velocities

at * = 18.7 mm, for (a, ¢) mean and (b, d) RMS components. Four SGS turbulence

models are used: (i) constant Smagorinsky [8] (blue solid line); (i) dynamic Smagorin-

sky [9] (green dash-dotted line); (74) WALE [10] (red dashed line); (i) one-equation

turbulent kinetic energy [11-13] (magenta dotted line). The PIV experimental data [14]
are marked by black circles. All simulations based on LES Case I.

flow is more complex, which varies along the vertical direction, possibly due to the flow swirl.
The dynamic Smagorinsky and WALE models seem to be more accurate than the constant
Smagorinsky model, but the SGS combustion model and reaction chemistry chosen to solve the
reacting flow may also affect the results. In no case is the effect of the SGS turbulence model
large. The remainder of this section will continue to investigate the effects of combustion model
and chemistry, with all the following simulations performed using the dynamic Smagorinsky

turbulence model.

Secondly, the impact of the SGS combustion model on the unforced LES is studied. The LES-
PaSR and LES-PDF combustion models described in Section 3.3 are compared using LES Cases
I and II, respectively, both performed with 4-step reaction at 3 bar pressure (see Table 4.4).
Figure 4.6 shows the time-averaged contours of axial velocity, %, temperature, T, and volumetric
heat release rate, ¢, on a 2-D symmetry plane. For each contour plot, the top-half refers to
Case I and the bottom-half to Case II. The time-averaged streamlines visualised by the Line
Integral Convolution (LIC) technique [217] are superimposed on the contours of mean velocity
and temperature, allowing a clearer representation of the large Inner Recirculation Zone (IRZ)
near the centreline and two smaller Outer Recirculation Zones (ORZ) near the top and bottom
back-step corners (see Figs. 4.6(a, b)). It is observed that the mean flow fields are very similar
between Cases I and II (Fig. 4.6(a)), suggesting that the SGS combustion model has very little

effect on the unforced flow field.
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FIGURE 4.6: Time-averaged contours of (a) axial velocity, u, (b) temperature, T, and
(c) volumetric heat release rate, ¢, on symmetry plane z = 0, computed at p = 3 bar
by (top-half) Case I with LES-PaSR and (bottom-half) Case II with LES-PDF models.

The detailed 3-D flow features are shown in Fig. 4.7, where a Central Vortex Core (CVC),
which is typical of turbulent swirling combustor flows, is evident. The CVC extends along
the centreline from the combustor exit to the mid-chamber, with the exiting low pressure zone
resulting in very high exit flow velocities along the centreline, dropping off towards the two sides
(see Fig. 4.6(a)). These flow features have been observed in previous experimental [24] and

numerical [104, 185, 218| studies on the same combustor.

FIGURE 4.7: Central Vortex Core (CVC) along the centreline from chamber exit to
mid-chamber, marked by pressure iso-surface of 310,580 Pa. Simulations based on LES
Case I.

Returning to Fig. 4.6, discrepancies between Cases I and II can be observed in the contours of
mean temperature and heat release rate. Figure 4.6(b) shows a longer axial extent of the low
temperature zone for Case I, resulting in a lower-magnitude mean heat release rate in Fig. 4.6(c).
A possible explanation is that OpenFOAM may be somewhat more diffusive than BOFFIN —
because OpenFOAM uses a deeply embedded TVD-type scheme for flow velocities, which adds
diffusivity. A more (numerically) diffusive solution will likely lead to a thicker combustion zone,
where the corresponding spatial spread leads to a lower peak heat release rate. It is also possible

that it is a result of the differences in the two combustion models utilised in the two codes.
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The mean heat release rate fields shown in Fig. 4.6(c) are also compared with those measured
by the experiments (e.g., [24]). It is found that the LES and measurement on the flame shape
and size generally match well, although the LES-predicted flame is mainly anchored within the
outer shear layer close to the premixing chamber exit, while the measured flame mainly locates
inside the inner shear layer and extends further upstream into the premixing chamber. The
possible reason for this flame location difference may be due to the small deviation of the LES-
simulated flow field, especially the sizes of the inner and outer recirculation zones, compared to
the measurement data. A very small difference in the flow field is sufficient to cause a change in

the flame’s anchoring point, which is sensitive to the surrounding flow features.

Another difference between LES and experiment is that the measured flame only intermittently
attaches to the premixing chamber’s exit plane at one or two points around the entire circumfer-
ence, while the LES-simulated flame is more uniformly attaching to the same plane with a larger
touching area. This may be due to the lack of complexity in the chemical reaction schemes used
by the LES, which may be insufficient to capture the dynamic attaching and detaching processes

of the measured flame roots. The real reason for this difference is still under investigation.

Figures 4.8-4.9 quantitatively compare the results from Cases I and II. The vertical y-profiles
of velocity, temperature, mixture fraction and species mass fractions are plotted at four axial
locations: x = 18.7, 38.7, 58.7 and 88.7 mm, with £ = 0 mm located at the combustion chamber
entrance (i.e. premixing chamber exit). For each sub-figure, the horizontal axis is split into four
segments, each refers to a y-profile and has the same data range for the plotted variable (e.g.,
[0, 40] m/s for @ in Fig. 4.8(a)). At x = 18.7 mm, very little simulation difference is observed
between the LES-PaSR and LES-PDF models for both the mean and RMS velocity components,
confirming that the SGS combustion model has little impact on the simulated flow field. Both
LES cases accurately capture the experimental data. Further downstream (z > 38.7 mm), good
agreement between LES and measurements is maintained for all the velocity profiles, other than
for a small mismatch between the two cases near the centreline of the vy profiles (Fig. 4.9(b)).
This may be due to the difference in the CVC’s axial length (see Fig. 4.6(a)) predicted by the

two combustion models.

For temperature (T') profiles, both combustion models correctly capture the mean and RMS
profiles at the first location of x = 18.7 mm. Differences between LES and measurements become
more pronounced further downstream, possibly due to the mismatch between the predicted and

the measured axial extents of the low temperature zone (see Fig. 4.6(b)). Both combustion
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FIGURE 4.8: Vertical y-profiles of mean flow variables at 3 bar pressure for four axial lo-

cations: x = 18.7, 38.7, 58.7 and 88.7 mm. Blue solid line: Case I with LES-PaSR model;

red dotted line: Case II with LES-PDF model; black circle: experimental data [14]. Z
is mixture fraction, CHy, O2, CO2 and H2O are relevant species mass fractions.
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FIGURE 4.9: Vertical y-profiles of fluctuating (RMS) flow variables at 3 bar pressure,
computed by Case I (solid line) and Case II (dotted line). See the caption of Fig. 4.8
for more information.
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models, however, fail to accurately predict the temperature profile near the top wall, although
the experimental data here are not complete. This is consistent with other studies on the same
combustor (e.g., [136]). Corresponding discrepancies in the mass fractions of some important
species involved in the chemical reactions (e.g., CHy, O2, CO2 and H2O) are also observed. Very
good agreement is achieved for the mean mixture fraction, Z, revealing a globally lean mixture
uniformly distributed in the combustion zone. Although small errors exist for Z,,s between
LES and experiment at some locations (e.g., = 18.7 and 38.7 mm in Fig. 4.9(d)), bearing in
mind the measurement uncertainties listed in Table 4.1, these errors are generally acceptable.
The LES-PDF model (dotted line) predicts slightly higher fluctuating values for the temperature
(Tyms) and species mass fractions (e.g., CHyrms, O2rms; CO2rms and HoOppyg) compared to the
LES-PaSR model, being consistent with the shorter low temperature zone predicted by the
same PDF model (see Fig. 4.6(b)). It is finally observed that both combustion models slightly
under-predict the fluctuating temperature (7ynys) and species mass fractions compared to the
experimental data, especially at downstream locations (see Fig. 4.9). These phenomena are

similar to those observed by Bulat [103].

4.3.2 Effect of reaction chemistry

The effect of chemical reaction scheme on the unforced LES is then investigated. To achieve
this goal, the accuracy of both the 4-step [16] and 15-step [17] schemes used for methane/air
reaction must be investigated at first, here by comparing their predictions of laminar burning
velocity, Sy, and adiabatic flame temperature, T,, against those computed by a fully 325-step
GRI-Mech 3.0 scheme [131]. In both OpenFOAM and BOFFIN, the applied assumptions of
constant Schmidt number and unity Lewis number for all the species also need validation, which
can be done by comparing the LES solver predictions of S, and T, to those by the chemical
solver, Cantera [219], in which accurate transport properties are used for each species. In this
sub-section, all the calculations are performed at p = 3 bar with an ambient temperature of

T, = 650 K, the same operating conditions as for LES Cases I — III (see Table 4.4).

Figure 4.10(a) shows that with Cantera, the simplified schemes give similar S,, and T, values to
those of the detailed GRI-Mech scheme across a range of equivalence ratios. For the operating
equivalence ratio of ¢, = 0.6, the Cantera 4-step scheme slightly over-predicts the laminar

burning velocity, .S, with the 15-step scheme matching better the detailed GRI scheme.
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FIGURE 4.10: Laminar burning velocity (S,) and adiabatic flame temperature (75)
against equivalence ratio (¢.) at pressure (a) p = 3 bar and (b) p = 6 bar, both with
ambient temperature T, = 650 K. Cantera with GRI-Mech 3.0 scheme (solid line);
Cantera with 4-step scheme (A); Cantera with 15-step scheme (v7); OpenFOAM with
4-step scheme (OJ); BOFFIN with 4-step scheme (Q); BOFFIN with 15-step scheme
(O). The operating point refers to ¢, = 0.6.

The two tested LES solvers, however, slightly under-predict S,, for both the 4-step and 15-step
schemes, especially at higher ¢.. These results are as anticipated given the constant Schmidt
and Prandtl number assumption', as it is well known that this leads to an under-prediction
of the burning velocity at higher equivalence ratios [162]. Nevertheless, the adiabatic flame
temperature, T, and burning velocity, S,,, are correctly reproduced by both LES solvers at the
combustor operating point of ¢. = 0.6; discrepancies occur around stoichiometric equivalence

ratios.

Following from the above validation of both reaction schemes, the impact of reaction chemistry
on the unforced LES results can be analysed. As shown in Fig. 4.11, the contour plots of
mean velocity, temperature and volumetric heat release rate are compared between Case II
(4-step reaction) and Case III (15-step reaction) at 3 bar pressure, both using the LES-PDF
combustion model through BOFFIN. It is noted that (i) the impact of reaction chemistry on

the mean flow field is marginal, Fig. 4.11(a); (ii) the 4-step scheme gives a slightly shorter

'Recent computations of laminar flames with BOFFIN using accurate transport properties reproduce the GRI
results.
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FIGURE 4.11: Time-averaged contours of (a) axial velocity, @, (b) temperature, T', and
(c) volumetric heat release rate, ¢, computed at p = 3 bar based on (top-half) Case 11
with 4-step reaction scheme and (bottom-half) Case 11T with 15-step reaction scheme.

axial extent of the low temperature zone, Fig. 4.11(b), and (4i¢) a higher magnitude mean heat
release rate, Fig. 4.11(c). The shorter low temperature zone for the 4-step reaction may be
a result of its slightly higher laminar burning velocity compared to the 15-step scheme (see
BOFFIN predictions in Fig. 4.10(a)), this reducing the axial extent of the reaction zone and
thus increasing the fuel burnt at the flame location, leading to a higher mean heat release rate

as mentioned in ().

Figures 4.12-4.13 compare the vertical y-profiles of some flow variables, mean and RMS, between
Cases II and III. The match between LES and experiments is generally good for all the variables
at all locations, with errors within the limits of measurement uncertainties (Table 4.1). This
confirms that both chemical schemes used are sufficiently accurate for the simulated unforced
flame. It is also observed that the 4-step reaction slightly over-predicts the mean temperature, T
and the mass fractions of COy and HsO, but under-predicts the mass fractions of CH4 and Oo,
compared to the 15-step scheme. These discrepancies are consistent with the differences in the

unforced flame shape predicted by the two reaction schemes (see Figs. 4.11(b, c)).

4.3.3 Effect of mean operating pressure

The effect of mean operating pressure, p, on the unforced LES results is also analysed. The
laminar burning velocity and adiabatic flame temperature are firstly compared against the de-
tailed GRI-Mech 3.0 scheme at 6 bar pressure (see Fig. 4.10(b)), for both the 4-step and 15-step
reaction schemes. Only the BOFFIN LES solver is now included, and the results obtained using

Cantera, with its accurate transport properties, are also shown.
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FIGURE 4.12: Vertical y-profiles of mean flow variables at 3 bar pressure for four axial

locations: x = 18.7, 38.7, 58.7 and 88.7 mm. Blue solid line: Case II with 4-step

reaction scheme; red dotted line: Case III with 15-step reaction scheme; black circle:
experimental data [14].
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FIGURE 4.14: Time-averaged contours of (a) axial velocity, u, (b) temperature, T', and
(c) volumetric heat release rate, ¢, computed at p = 6 bar based on (top-half) Case IV
with 4-step reaction scheme and (bottom-half) Case V with 15-step reaction scheme.

It can be seen from Fig. 4.10(b) that: (¢) increasing the mean pressure globally decreases the
laminar burning velocity, .S,,, for all equivalence ratios, but does not affect the adiabatic flame
temperature, T}, consistent with findings in [162]; (#) both the 4-step and 15-step reaction
schemes generally predict the correct burning velocity and temperature at 6 bar over the equiv-
alence ratio, with discrepancies between the present schemes and GRI-Mech 3.0 increasing with
¢e; (171) the BOFFIN 4-step scheme gives a slightly higher burning velocity than the BOFFIN
15-step scheme at 6 bar, consistent with the predictions at 3 bar pressure (Fig. 4.10(a)). Al-
though the inclusion of accurate transport properties within Cantera improves the prediction
of laminar burning velocity at high ¢, the accuracy of BOFFIN is sufficiently good with both

reaction schemes used at the operating point of ¢, = 0.6.

Following from the above validation on the used reaction schemes, the contours of mean flow
variables are compared at p = 6 bar in Fig. 4.14 between Case IV (with 4-step reaction) and
Case V (with 15-step reaction), both for BOFFIN with LES-PDF combustion model. It is
observed that both reaction schemes again give very similar mean velocity fields (Fig. 4.14(a)),
similar to those simulated at 3 bar pressure. Due to the predicted faster burning velocity, the 4-
step chemistry gives a shorter low temperature zone and a higher heat release rate in the central
zone of the flame (Figs. 4.14(b, ¢)). Comparing to the 3 bar predictions (see Figs. 4.11(b, c)),
the predicted axial extent of the low temperature zone is much shorter at 6 bar pressure for
both reaction schemes, although the magnitude of the mean heat release rate is much higher.
These differences in the unforced flame features between 3 bar and 6 bar may be caused by the
increase of mixture density associated with a higher mean pressure and correspondingly a higher

Reynolds number and chemical reaction rate [186].

The vertical profiles of flow variables at p = 6 bar are then compared between Cases IV and V
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FIGURE 4.15: Vertical y-profiles of mean flow variables at 6 bar pressure for four axial

locations: x = 18.7, 38.7, 58.7 and 88.7 mm. Blue solid line: Case IV with 4-step

reaction scheme; red dotted line: Case V with 15-step reaction scheme; black circle:
experimental data from DLR.
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FIGURE 4.17: Time-averaged contours of (a) axial velocity, u, (b) temperature, T', and
(c) volumetric heat release rate, ¢, all computed by LES Case I. Top-half: adiabatic
wall condition; bottom-half: non-adiabatic wall condition with fixed wall temperatures.

in Figs. 4.15 and 4.16. A slightly larger deviation between the LES and experimental profiles
is observed than those at 3 bar pressure, especially for some RMS variables (e.g., CHypps in
Fig. 4.16(e)). This may be due to the fact that the analysed combustor is stable at 3 bar, but
becomes unstable at 6 bar pressure with large amplitude limit cycle oscillations (see Fig. 4.2).
Although the 4-step chemistry is sufficiently accurate for the flow velocity, the more detailed 15-
step scheme gives slightly better predictions for the temperature (7') and mass fractions of some
species, e.g., CH4 and HsO. This comparison highlights that a more detailed reaction scheme
may yield a more accurate reproduction of the unforced flame, especially at higher operating

pressures.

4.3.4 Other factors: wall heat losses and mesh density

Apart from the above-discussed modelling assumptions and operating conditions, some other
factors may also affect the unforced simulation results. For example, the impact of wall heat
losses on the unforced LES is now discussed, by comparing the adiabatic and non-adiabatic
wall thermal conditions. The latter often applies fixed wall temperatures, which has been used
in [127, 220, 221] for different combustors. Based on LES Case I, fixed wall temperatures of
682 K and 1,273 K are applied on the solid domain boundaries upstream and downstream of
the combustion chamber entrance, respectively. The former is based on the preheated air inlet

temperature, while the latter is equal to the measured temperature on the quartz windows [24].

Figure 4.17(a) illustrates that the mean velocity fields are not largely affected by the change of
wall thermal condition. Similarly, both the mean temperature (Fig. 4.17(b)) and heat release

rate (Fig. 4.17(c)) contours are not highly modified by the wall heat losses from non-adiabatic
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FIGURE 4.18: Vertical y-profiles of (a—d) mean and (e-h) RMS flow variables at:

x =18.7, 38.7, 58.7 and 88.7 mm, all computed by Case I. Blue solid line: adiabatic wall

condition; red dotted line: non-adiabatic wall condition with fixed wall temperatures;
black circle: experimental data [14].
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FIGURE 4.19: A refined unstructured mesh with 14.5 million cells for the LES compu-
tational domain of the SGT-100 rig, used by OpenFOAM based on LES case 1.

walls. The vertical profiles of flow variables are compared in Fig. 4.18, showing that the wall
heat losses only slightly decrease the temperature close to the top/bottom inner chamber walls.
This indicates that the thermal boundary condition of the solid walls has very limited influence
on the unforced flow and flame simulations, possibly due to (i) the entire flame region being far
away from the top/bottom walls (e.g., Fig. 4.17(c)); (i7) the computational mesh near the inner

chamber walls not being fine enough to capture the heat loss effect.

To further investigate the impact of mesh density on the unforced flame, a refined mesh of
~14.5 million unstructured cells (see Fig. 4.19) has been applied by OpenFOAM to the same
computational domain shown in Fig. 4.4(a). Compared to the coarse and structured mesh in
Fig. 4.4(b), the refined mesh largely increases the cell density within the swirler, premixing
chamber and front part of the combustion chamber, etc., and also along the chamber centreline

towards the exit.

The time-averaged contours of the flow field and the flame obtained by Case I with adiabatic
walls using OpenFOAM are compared in Fig. 4.20. It is discovered that (i) the mean flow fields
are generally similar between the two mesh arrangements, except for the central recirculation
zone. In the coarse mesh, this zone is a single continuous large region, while in the refined mesh
the recirculation zone is broken and consists of multiple smaller vortices (see the streamlines
in Fig. 4.20(a)); (u) the axial extension of the low temperature zone becomes slightly shorter

with the refined mesh (Fig. 4.20(b)), and (77) the mean heat release rate is slightly higher at
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FIGURE 4.20: Time-averaged contours of (a) axial velocity, @, (b) temperature, T', and
(c) volumetric heat release rate, ¢, computed by LES Case I with (top-half) 7.0-million-
cell structured mesh and (bottom-half) 14.5-million-cell unstructured mesh.

some locations within the flame for a higher mesh density (Fig. 4.20(c)). Although a longer
simulation time may be needed for the refined LES results to fully converge, it is expected that
the flame simulated with a refined mesh is generally similar to that with a coarse mesh. The
higher ¢ magnitudes at certain locations may be due to the increase of mesh density allowing
the reaction rate within smaller flow structures to be computed directly, thus the local reaction
processes in the flame can be better captured, illustrating some local regions with higher heat
release rates. Nevertheless, for the present combustor an increase of the mesh density does
not significantly improve the simulations of unforced flow and flame, except for providing more

details of the flow features and flame structures at some locations.

Figure 4.21 compares some flow variables obtained by both coarse and refined meshes. It is
noted that all the selected variables generally match well between the two meshes and agree
with the experimental data. At some locations (e.g., * = 88.7 mm for wvms, Fig. 4.21(f)),
the coarse structured mesh even has a slightly better accuracy compared to the refined mesh,
suggesting that a longer simulation time may be needed by the refined mesh case. Another
possible reason for the difference between the two meshes may be due to the tetrahedral cell type
used by the unstructured refined mesh, which has higher numerical dissipation rates than the
structured hexahedral mesh. These imply that the 7-million-cell structured mesh (see Fig. 4.4(b))

is sufficiently accurate for the present SGT-100 combustor study.

4.4 Flame Describing Functions

Based on the above-validated unforced LES results, the forced flame responses to an upstream

velocity perturbation are investigated in this section. The computed flame responses are then
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FIGURE 4.21: Vertical profiles of (a-d) mean and (e-h) RMS flow variables at: x =18.7,

38.7, 58.7 and 88.7 mm, all computed by LES Case I with adiabatic wall condition. Blue

solid line: 7 million cell structured mesh; red dotted line: 14.5 million cell unstructured
mesh; black circle: experimental data [14].
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TABLE 4.5: Forced flame simulations based on each LES case. f,: perturbation fre-
quency; A,: normalised perturbation amplitude.

Forced Simulation No. 1 2 3 4 5 6 7 8
Ay |+ 0.1
fu [Hz| 200 300 400 500 600 800 1000 1500

Forced Simulation No. 9 10 11 12 13 14 15 16
Ay [+ 0.2
fu [Hz| 200 300 400 500 600 800 1000 1500

used to construct the weakly nonlinear flame describing functions (FDFs), as defined in Eq. 1.8.

Firstly, the simulated unforced flame is submitted to an upstream velocity perturbation, wq,

located at the radial main air inlet at the swirler entry, varying harmonically as:

up =1y - [1 4+ Ay sin (27 fut)], (4.1)

where f,, is the perturbation frequency and A,, = |u} /41| the normalised perturbation amplitude.
The mean inflow velocity, w1, is fixed at 4.87 m/s. In this work, two perturbation amplitudes
(A, = 0.1 and 0.2) across eight forcing frequencies within the range f,, = 200 — 1500 Hz are
considered, resulting in a total of 16 forced simulations for each LES case (see Table 4.5). In
Section 5.1.3, the forcing amplitude for LES Case V will be further extended up to 4, = 0.5 for
nonlinear thermoacoustic predictions. The adiabatic wall condition and the coarse structured

mesh in Fig. 4.4(b) are used by all the forced simulations.

The reason to choose the above two forcing amplitudes is based on the experiments performed
by Balachandran et al. [53], who measured that the flame heat release response became nonlinear
under a velocity perturbation amplitude of ~15% of the bulk inflow velocity. Therefore A, = 0.1
falls in the linear flame response regime while A, = 0.2 corresponds to nonlinear flame responses,
which allows the comparison between the linear and nonlinear flame models. The selected forcing
frequency range, f,, = 200 — 1500 Hz, covers the limit cycle oscillation frequencies typical of gas

turbine combustor instabilities [222].

For each forced simulation, the volumetric heat release rate field, ¢(x,y, z), is computed at each

time step and spatially integrated over the entire domain volume, V. This leads to the total
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FIGURE 4.22: Two forced simulations based on Case I with forcing level 4, = 0.1 at
forcing frequency (left) f, = 200 Hz and (right) f,, = 1000 Hz. (a) Time-signals of (top)

u} /uy and (bottom) (¢)’/(¢); (b) FFT spectra magnitude of (top) @1/ and (bottom)

—

(¢)/(d). The spectra of (¢)/(g) for the unforced Case I are marked by grey dotted lines.
heat release rate, (¢) = fffv G(z,y,z)dV. The time-signal of (¢) is recorded for at least 15 —
20 forcing cycles after the initial transients vanish, and the convergence of the computation is
usually achieved after 10 — 12 cycles. Since the weakly nonlinear theory [62] assumes that the
main heat release response occurs at the forcing frequency, f,, the time-variation of (¢) can be

approximated by a harmonic expression (cf., Eq. 4.1):

(@) =(a) - [1 + Agsin 27 fut + ¢4)], (4.2)

where A; = (@ /@) |¢, is the magnitude of the fast Fourier transform (FFT) of the time-
series, (¢)’/(d), at forcing frequency, f,. The term g is the phase difference between the forcing
velocity, u1, and the resulting total heat release rate, (¢), and is found from the phase value

at which the cross-correlation between the time-variations of u; and (¢) has the maximum

magnitude.

Two forced simulations are illustrated in Fig. 4.22 based on LES Case I. The forcing amplitude

for both simulations is A, = 0.1, with one having a low forcing frequency of f,, = 200 Hz, and
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the other has a higher forcing frequency of f, = 1000 Hz. Figure 4.22(a) shows that for both
forced simulations, although the imposed velocity perturbation, ) /%, is an ideal harmonic
signal at a single frequency, the responding signal of the total heat release rate fluctuation,
(¢)'/{q), is much more irregular. Its FFT spectrum contains a wide range of frequencies (see
Fig. 4.22(b)-(bottom)). Nevertheless, the main spectral peak of @/@ is found exactly at the
forcing frequency, f,, for both simulations, with the responses at all the other frequencies being

much weaker. The same phenomena have been found across the other LES cases, validating the

weakly nonlinear assumption used for the FDF.

It is also noted that the forced flame response magnitude (red solid line) always rises significantly
above the background noise (grey dotted line) from the unforced turbulent flow at the same
frequency (see Fig. 4.22(b)-(bottom)), indicating that the background noise has very little impact
on the computed flame response. Besides, the forced spectral peak at f = 200 Hz is much higher
than that at f = 1000 Hz, indicating a stronger flame response at a lower frequency. This is
consistent with the wide observation that the flame acts as a low-pass filter, whose response to

upstream excitation decays with increasing frequency [54].

After calculating the values of A; and ¢4, defined in Eq. 4.2, for each of the forced simulations

listed in Table 4.5, the gain, G, and phase, ¢, of the FDF follow from:
G=A4;/A, and ¢=¢;+ N -2, (4.3)

where N is an appropriate integer. A high-order polynomial fitting is then performed, using
the “fitfrd” command in MATLAB [223], for all the G and ¢ data points over frequency at each
forcing amplitude. These result in the complete FDFs shown in Figs. 4.23 — 4.28 for LES Cases

I - V. For all of the simulated FDFSs, some common trends are evident:

(¢) The FDF gain, G, has two local maxima with a local minimum in between. The higher of
the gain maxima occurs at a lower frequency which falls in the range f ~ 200 — 300 Hz, with
the local gain minimum near f = 600 Hz and the second gain maximum at f = 800 Hz.
The presence of these local gain extrema is consistent with the experimental and numerical
studies of atmospheric pressure swirling combustors (e.g., [81, 224]), which has been proved
to be associated with the constructive and destructive interactions between the imposed
longitudinal perturbation and the azimuthal perturbations generated by the swirling flow.

In contrast to the atmospheric pressure findings (e.g., [81]), for which the magnitude of
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the local gain minimum falls almost to zero, the FDF of the present pressurised combustor

exhibits a less pronounced gain minimum with G ~ 0.5 at f = 600 Hz (e.g., see Fig. 4.23).

(#¢) The FDF phase, ¢, approximately linearly decreases with frequency, this being consistent
with recent LES studies (e.g., [81]). The likely reason is that the phase mainly relies on
the time delay between the upstream perturbation and downstream flame response, which
is inversely proportional to the mean flow velocity, @, and is little affected by other factors
such as the mean pressure or reaction chemistry, etc. Although some dynamics in ¢ occur
near the frequency of the local gain minimum, these are much less pronounced for this

high pressure rig than at atmospheric pressure [81, 224] (e.g., see Fig. 4.23).

(44%) An increase in the upstream perturbation amplitude, A,, leads to a decrease in the FDF
gain, GG, especially at higher perturbation frequencies. This is known as the “saturation”
of the FDF gain, caused by the levelling-off of heat release rate oscillations at higher per-
turbation levels, and has been observed in previous LES works (e.g., [119]). However, very

little forcing amplitude dependence is evident for the FDF phase, ¢ (e.g., see Fig. 4.25).

The simulated FDFs for all the LES cases defined in Table 4.4 are now compared, in order
to systematically evaluate the effects of SGS combustion model, reaction chemistry, operating

pressure and wall heat losses, etc., on the forced flame response to an upstream perturbation.

4.4.1 Effect of SGS combustion model on FDFs

The effect of SGS combustion model on the forced flame is firstly studied. The FDFs for LES
Case I with the LES-PaSR combustion model and Case II with the LES-PDF model are compared
in Fig. 4.23, with only the lower forcing amplitude, A, = 0.1, plotted. The trends of both the
FDF gain, GG, and phase, ¢, generally match well, other than for small gain mismatches at lower
frequencies (e.g., f = 300 — 600 Hz). This may be associated with the higher mean heat release
rate predicted by the LES-PDF model, as shown in Fig. 4.6(c). Overall, the effect of the SGS

combustion modelling on the forced flame response is relatively small.

For the LES-PDF model, the effect of increasing the stochastic field number on the FDF is
studied based on Case III (with 15-step reaction at p = 3 bar). As shown in Fig. 4.24, the
computed FDF gain and phase values using 8 stochastic fields are very close to those obtained

with only one field. This similarity applies to both perturbation levels (4, = 0.1 and 0.2) across
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FIGURE 4.23: FDFs at forcing level A, = 0.1 (i.e. FTFs), obtained at p = 3 bar with

4-step chemistry for Case I with LES-PaSR model (solid line with circles) and Case II
with LES-PDF model (dashed line with squares). (Top) gain G; (bottom) phase .

(a) 1.5
o 1¢
O 0.5¢

0
06
- -2
4
E 6]
S 8
0

0 020406081.01214 0 020406081.01.21.4
f [kHz] f [kHz]

FIGURE 4.24: FDFs at p = 3 bar, obtained for Case III with LES-PDF combus-
tion model using one field (solid line with circles) or 8 stochastic fields (squares).
(Top) gain G; (bottom) phase ¢. Forcing amplitude: (a) 4, = 0.1; (b) A, = 0.2.

two perturbation frequencies (f,, = 600 and 800 Hz). Although a more detailed analysis of the
field number effect is needed at other frequencies, the presented good match between one field
and 8 fields FDFs indicates that one field may be sufficient for the present combustor, which is
therefore used for all the following BOFFIN simulations in this thesis.

4.4.2 Effect of reaction chemistry on FDFs

The impact of chemical reaction scheme on the flame response is then investigated. The FDFs

simulated for Case II (with 4-step chemistry) and Case III (with 15-step chemistry) are compared
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FIGURE 4.25: FDFs at p = 3 bar for Case II with 4-step reaction scheme (solid line
with circles) and Case III with 15-step reaction scheme (dashed line with squares), with
(top) gain G and (bottom) phase ¢. Forcing amplitude: (a) A, = 0.1; (b) 4, = 0.2.
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FIGURE 4.26: FDFs at p = 6 bar for Case IV with 4-step reaction scheme (solid line
with circles) and Case V with 15-step reaction scheme (dashed line with squares), with
(top) gain G and (bottom) phase ¢. Forcing amplitude: (a) A4, = 0.1; (b) 4, = 0.2.

at p = 3 bar in Fig. 4.25, at both forcing amplitudes (A4, = 0.1 and 0.2). The magnitudes and
trends of the FDF gain, GG, and phase, ¢, both match well, with the gain’s difference below 10%.
These good matches are maintained at a higher pressure of p = 6 bar (see Fig. 4.26), which
compares Cases IV and V. Although the predicted mean flame shapes differ with the reaction
schemes used at both pressures, with the more detailed 15-step chemistry better predicting the

unforced flame, this difference barely affects the forced flame responses and the resulting FDFs.

To further investigate the effect of reaction chemistry on the forced flame responses, the unsteady
flame heat release rate at p = 3 bar for Case II (with 4-step reaction) and Case III (with 15-

step reaction) are compared in Figs. 4.27(a, b). An upstream forcing signal with frequency
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FIGURE 4.27: Contours of volumetric flame heat release rate, ¢(z,y, z), on a symmetry
plane of z = 0, all forced by the same perturbation of A, = 0.1, f, = 300 Hz. (I) (¢)'/{(¢)
—-0.1 (minimum); (IT) (4)’'/(4) = 0; (I11) (¢)’/(¢) = 0.1 (maximum). (a) Case II (4-step
reaction, p = 3 bar); (b) Case III (15-step reaction, p = 3 bar); (c) Case V (15-step

reaction, p = 6 bar).

fu = 300 Hz and amplitude A, = 0.1 is imposed, leading to strong flame heat release oscillations.
Three time snapshots of the volumetric heat release rate field, ¢(x,y, z), are then plotted within

a forcing period, these being chosen to correspond to the normalised spatial integration of ¢,

i.e. (¢)'/(¢), having its minimum, zero and maximum values. Although the mean heat release

rate, (¢), differs between the two reaction schemes used, the flame’s oscillatory behaviour around
its mean position is generally similar — the flame is always the shortest when (§)’/(g) has its

minimum value of -0.1 (Fig. 4.27-I), becoming longer when (¢)’/(¢) equals zero (Fig. 4.27-1I),

and being the longest for the maximum value of (¢)'/(¢) = 0.1 (Fig. 4.27-III).

For the present highly-turbulent flame, its heat release rate fluctuation is mainly associated with
the variation in the flame surface area. The comparison between Cases II (Fig. 4.27(a)) and
IIT (Fig. 4.27(b)) indicates that a change in the reaction scheme may modify the response of

the flame’s internal structure to the upstream forcing, even under the same operating pressure.
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FIGURE 4.28: FDFs obtained for Case III at p = 3 bar (solid line with circles) and
Case V at p = 6 bar (dashed line with squares), both with LES-PDF combustion model
and 15-step chemistry. (Top) gain G; (bottom) phase ¢. (a) A, = 0.1; (b) A, = 0.2.

Although the more detailed 15-step reaction scheme yields a slight increase in the axial flame
length (i.e. the penetration distance of the heat release zone into the combustion chamber)
throughout the cycle (see Fig. 4.27(b)), consistent with the predicted longer unforced flame in
Fig. 4.11(c), the differences in the detailed flame internal structure may still result in a similar
total flame surface area for the two cases, explaining the similarity in the FDF gains between

the two reaction schemes (see Fig. 4.25).

4.4.3 Effect of operating pressure on FDFs

Thirdly, the effect of mean operating pressure on the simulated FDFs is analysed, by comparing
Case III (p = 3 bar) and Case V (p = 6 bar), both using the LES-PDF combustion model
and 15-step chemistry. Figure 4.28 shows that at both forcing amplitudes (A4, = 0.1 and 0.2),
increasing the mean pressure leads to an increase in the FDF gain at lower frequencies (f <
500 Hz). This behaviour is in agreement with a recent experiment by Sabatino et al. [96], who
investigated the effect of mean pressure on the local gain maximum of fully-premixed swirling

flame forced responses in a lab-scale combustor.

As shown in Fig. 4.28(a), the present flame also exhibits a strong pressure-dependence of the
frequency of the maximum FDF gain: at p = 3 bar the maximum G =~ 1.1 and is found at
frequency f = 200 Hz, while at p = 6 bar it increases in magnitude to G ~ 1.3 and shifts to
frequency f = 300 Hz. This, however, is not in agreement with what was measured in [96]. In

their experimental work, a mean pressure increase from 1 bar to 5 bar resulted in the gain’s
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maximum remaining at the same frequency, except at 5 bar where a very small frequency shift
of ~30 Hz was observed. A more evident disagreement between the present flame FDF, which
at higher frequencies (e.g., f = 600 — 1000 Hz) shows a slight decrease in gain with pressure
(Fig. 4.28(a)), and the methane flame FDF in [96] is observed, although a similar gain decrease
with pressure at high frequencies was measured for a propane flame in the same experimental
study [96]. These discrepancies may arise from the differences in the combustor geometry, flame

shape, fuel type and operating pressure, etc.

Furthermore, the equivalence ratio used in experiments [96] was adjusted with the mean pressure
to ensure the same mean axial flame length at all pressures, while in the present SGT-100 study
a fixed equivalence ratio of ¢, = 0.6 is used at both 3 bar and 6 bar pressures, giving slightly
different mean axial flame lengths. These may lead to different coupling strengths between the
flame response and the imposed hydrodynamic perturbation across the two operating pressures,

shifting the frequency of the maximum FDF gain as shown in Fig. 4.28(a).

At the higher forcing level of A, = 0.2 (see Fig. 4.28(b)), however, the dependence of the FDF
gain on the mean pressure is much weaker, especially at higher frequencies. This is mainly due
to the stronger saturation of the flame heat release rate oscillation at higher forcing levels and
frequencies. For the FDF phase, ¢, the effect of operating pressure is always negligible, which

has been confirmed by experiments [96].

Further insights into the effect of mean operating pressure on the simulated FDFs are provided
by the flame dynamics for Case III (p = 3 bar, Fig. 4.27(b)) and Case V (p = 6 bar, Fig. 4.27(c)).
The predicted flame structures are now similar, probably due to the same 15-step reaction scheme
used by the two cases. Their flame surface areas can thus be compared by examining their axial
flame lengths. Increasing the mean pressure slightly increases the axial flame length, likely to

be associated with the lower laminar burning velocity predicted at 6 bar (see Fig. 4.10(b)).

The above frequency dependence of FDF gains with mean pressure (see Fig. 4.28(a)) may now
be explained: the increase in mean pressure gives a lower laminar burning velocity and thus a
longer flame length and a longer flame response time. At lower forcing frequencies (e.g., fi, =
300 Hz), the time-scale (i.e. period) of the perturbation signal is also large, leading to a stronger
coupling between the time-scales of perturbation and flame response and thus larger FDF gains

at 6 bar. In contrast, at higher forcing frequencies (e.g., f,, = 800 Hz), the forcing time-scale
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FIGURE 4.29: FDFs at p = 3 bar for forcing amplitude A, = 0.1, obtained for Case I
with (solid line with circles) adiabatic wall condition and (squares) non-adiabatic wall
condition with fixed wall temperatures. (Top) gain G; (bottom) phase .

becomes smaller, leading to a weaker coupling with the flame response time and thus smaller

FDF gains at a higher pressure.

It has also been noted that the above difference in the flame axial lengths across the pressures
does not perfectly match previous experimental data (e.g., OH PLIF) on the same combustor [24],
where the flame penetration lengths are much closer between the two pressures and even slightly
longer at a lower pressure. This may be because in the real experiments the equivalence ratio is
slightly lower (i.e. leaner) at 3 bar pressure, giving a lower laminar burning velocity and thus a
longer reaction zone. In the present LES study, however, the equivalence ratio is fixed at both

pressures, allowing the pressure effect on the flame axial length to be more evident.

In order to better illustrate the variation of the forced flame responses across different operating
pressures, variables such as the flame surface density, flame wrinkling strength and the “centroid”
of the heat release field, etc., also need to be systematically compared. However, these studies

are beyond the scope of the present thesis.

4.4.4 Effect of wall heat losses on FDFs

Finally, the effect of wall heat losses on the simulated FDFs is discussed. Following the unforced
LES results based on Case I, the influence of non-adiabatic wall condition (with fixed wall
temperatures) on the mean flow variables is found negligible except near the inner chamber

walls, where most heat transfer occurs through the solid walls (see Figs. 4.17— 4.18).
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The same analysis is performed here for the forced flame responses, through spot-check forced
simulations across several forcing frequencies. As shown in Fig. 4.29, the full FDF obtained
by Case I with adiabatic wall condition is compared against the gain and phase data points
computed by the non-adiabatic wall condition with fixed wall temperatures. It is observed that
for forcing frequencies f,, = 600, 800 and 1000 Hz at a fixed forcing amplitude of A, = 0.1,
the wall heat losses always have a very limited impact on the magnitudes of both FDF gain
and phase. This is consistent with the unforced LES observation in Figs. 4.17(b, c), where the
flame tips are distant from the inner chamber walls, and thus not highly affected by the thermal

boundary conditions of the solid walls.

4.5 Summary

In this chapter, the flow field and flame responses in the pressurised industrial SGT-100 com-
bustor are numerically investigated. Firstly, the unforced flow field and mean flame behaviour
are simluated using two incompressible LES solvers (BOFFIN and OpenFOAM) and validated
by high quality experimental data. A series of LES cases have been performed to evaluate the
effects of SGS turbulence model, SGS combustion model (LES-PaSR vs. LES-PDF), chemical
reaction scheme (4-step vs. 15-step), operating pressure (3 bar vs. 6 bar), wall heat losses and
mesh density, etc., on the unforced LES results. Both SGS combustion models and the two
reaction schemes used are validated against experiments and found accurate to capture the flow
field and the flame behaviour. The dynamic Smagorinsky model is recommended for the SGS

turbulence modelling.

Several key phenomena have been observed: (i) the mean flow field is only marginally affected
by all the above-mentioned factors; (ii) the LES-PDF combustion model, 4-step reaction scheme
and 6 bar operating pressure all lead to a shorter axial extent of the low temperature zone and
an increase of the mean heat release rate level in the combustor; (i77) the more detailed 15-
step chemistry gives a slightly better prediction of the mean flame shape, especially at a higher
pressure; (iv) neither the wall heat losses nor the mesh refinement largely affects the mean flame
shape, suggesting that a relatively coarse mesh with adiabatic wall condition is likely to be

sufficient for the present simulation and should be used as the optimal choice.

Secondly, the forced heat release responses of the above turbulent swirling flame are computed

based on the same series of LES cases, by submitting the flame to an upstream single-frequency
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harmonic velocity perturbation with varying frequency and amplitude. The resulting flame
describing functions (FDFs) have some common trends: (i) all the FDFs have two gain maxima
and one gain minimum in between in the frequency domain; (ii) the FDF phase generally linearly
decreases with frequency; (4ii) the saturation of FDF gain with increasing perturbation level is
evident. For the effects of different modelling assumptions and operating conditions, it is found
that: (i) at a fixed pressure, the SGS combustion model has a very small impact on the FDF
gain. Only one field is used by the LES-PDF model, which has been shown to offer sufficient
accuracy; (i7) the impact of reaction chemistry on the FDF is marginal, although the mean
flame shape and heat release rate differ between the two reaction schemes used. The faster
4-step reaction is thus adequate to capture the forced flame responses for the present combustor;
(#i) an increase in the mean pressure results in a considerable rise of the FDF gain at low
frequencies, but a decrease at higher frequencies, mainly due to the different time-scale coupling

strengths between velocity perturbation and flame response across different frequencies.

To reduce the computational costs, the 4-step reaction scheme is recommended for future flame
response computations due to its good accuracy and significantly faster computational speed
compared to the 15-step scheme. Since the two combustion models used have very close compu-

tational speeds and accuracy, both of them can be used for future forced flame simulations.

In summary, a main contribution of this chapter is to find that even though the mean flame
shape and dynamics are affected by the SGS combustion model and reaction chemistry used,
the forced flame responses and the resulting FDFs are actually very little influenced by these
modelling assumptions (i.e. to a lesser degree). These findings may need to be compared with
relevant experiments, which is however beyond the scope of this thesis and recommended for the

future work.



Chapter 5

SGT-100 Industrial Combustor:

Thermoacoustic Instability

Based on the above flow field and flame response LES simulations, the FDFs computed in
Chapter 4 for the SGT-100 combustor are now combined with thermoacoustic solvers in this
chapter to predict the thermoacoustic instability. Two solvers have been used, which are: (7) the
low order network wave-based solver, OSCILOS; (i) the Helmholtz-equation-based “H-solver”.
The thermoacoustic modes computed by both solvers provide the stability maps for the analysed
combustor. For those unstable modes, the resulting nonlinear limit cycle oscillations are also

predicted.

It should also be stated here that some of the results presented in Chapters 4— 5 have been
published in [177, 225].

5.1 Thermoacoustic Stability Predictions by OSCILOS

Firstly, the simulated FDFs are coupled with the low order network thermoacoustic solver,
OSCILOS [60, 67]. This solver was introduced in detail in Section 2.4.1, and has been widely

used and validated against various experimental data (e.g., [5, 68, 177]).

In order to correctly model the acoustic wave behaviour, the network approach used by OSCILOS
simplifies the DLR test rig geometry (Fig. 4.1(a)) into a network of connected simple modules,

as shown in Fig. 5.1. In this network geometry, the main combustor components, e.g., the
89
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F1GURE 5.1: The simplified network geometry representing the SGT-100 combustor,
with the origin z = 0 located at the combustion chamber entrance. r: radial coordinate.

swirler, premixing chamber, combustion chamber and exhaust pipe, etc., are all represented as
straight duct modules, with their lengths and cross-sectional areas chosen to match the original
geometry and the measured mass flow rates. The further downstream water spray section is
neglected due to the large anticipated dissipation of acoustic energy inside it. The upstream air
plenum is also neglected as it is easier for OSCILOS to prescribe a physical acoustic boundary
condition at the swirler inlet. The decreasing cross-sectional area of the contraction part of the
combustion chamber is modelled as a sequence of 50 constant area ducts with linearly decreasing
diameters [67]. The mean flow through the entire rig is accounted for, with all the time-averaged
flow variables (e.g., P, p, u) assumed constant within each duct module, changing only across

the module interfaces.

In the above network geometry, the acoustic wave amplitudes are assumed sufficiently small, so
the flow perturbations can be treated as linear [54, 174]. At the low frequencies, it follows that
only plane acoustic waves can exist — the cut-off frequency, wj., of higher-order modes for the
present network is ~2 kHz, calculated based on the theory introduced in Section 2.2.2. The
acoustic perturbations satisfy the convected wave equations in each network module, using sep-
arate strengths for the downstream and upstream propagating acoustic waves, respectively (see
Egs. 2.27). These wave strengths are tracked between modules using linearised flow conservation
equations — these account for the losses due to stagnation pressure drop at area expansions [5].
The acoustic boundary conditions for the network geometry are prescribed using the pressure
reflection coefficients, R. Since no experimental data is available for R, analytical models are

used in this work for the reflection coefficients at both inlet and outlet of the network.

Since the heat release zone of the analysed flame (e.g., see Fig. 4.6(c)) has a much shorter axial

extent (~100 mm) compared to the dominant acoustic wavelengths (~1 — 4 m), suggesting that
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TABLE 5.1: Variables of the acoustic impedance model for the perforated plate at both
operating pressures.

Variable 7 [kg/m3] ¢ [m/s] u [Pas| ¢, [m]

1.56 (3 bar)
Value 3.13 (6 bar) 518.31  1.8e-5 3e-3
Variable dp, |m| op [ Or -] On [m]
Value 4e-3 0.156 1.0 0.25dy,

the flame is “acoustically compact”, the reaction zone is represented by an infinitely thin 1-D
“flame sheet” in the present network (see Fig. 5.1). This flame sheet is located at x; = 45 mm,
an axial location chosen to correspond to the maximum mean heat release rate measured by the
experiments [24]. Although the LES-simulated flame axial length is slightly different between
the two operating pressures (Figs. 4.27(b, ¢)), the effect of a small axial variation in the 1-D
flame sheet’s location is found very small on the predicted thermoacoustic modes. Therefore,
a fixed flame sheet location is used in this network. The jump conditions for acoustic wave
strengths, Eqs. 2.18, derived from the linearised flow conservation equations, are applied across

this thin flame sheet (see Section 2.3 for more details).

At the inlet of the above network geometry, the acoustic reflection coefficient, R;y,, is determined
by the damping effect of a metallic perforated plate [226], installed between the air plenum exit
and the swirler entry to provide uniform air inflows. The complex acoustic impedance, Z,, of

this plate can be modelled as [227]:

1 /8uk t
— [ <1+p>+0f
op\l pc dp

k
+i-2 (tp + 6n), (5.1)
Op

where p denotes mean fluid density, ¢ the mean speed of sound, k, = 27 f /¢ the wave number for
this plate, ¢, the perforated plate thickness, d, the hole diameter on the plate and o, the porosity
(i.e. the ratio of total hole area to the plate area). ¢ is the additional flow resistance [228] caused
by the metallic sleeve, and d;, the hole end correction which is equal to 0.25d;. The values of
these parameters are listed in Table 5.1, and the inlet reflection coefficient is then given as:

Rin=(1—Z2)/(1+ Z).
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FIGURE 5.2: Pressure reflection coefficients at (a) inlet, R;,, and (b) outlet, Royt, of
the network geometry, with |R| the gain and ZR the phase. Solid line: p = 3 bar;
dash-dotted line: p = 6 bar.

For the network outlet, a damped open-end boundary condition is applied based on the acoustic

model for an unflanged pipe end [229, 230|. The outlet reflection coefficient, Ry, is defined as:

2

Row = — <1 - 72%3) exp (—i - 1.227,w;) (5.2)

with w; = 27 f the angular frequency and 7, = r,/¢ the time delay between the incident and the

reflected acoustic waves at the outlet, with r, the radius of the network’s exit plane.

Figure 5.2 shows the gains (denoted |R|) and phases (denoted ZR) of the above-modelled re-
flection coefficients, at both network inlet and outlet. Changing the mean pressure from 3 bar
to 6 bar slightly affects the inlet coefficient, but not the outlet coefficient, therefore the latter
is only shown for the 3 bar pressure. The low gain magnitude of the inlet coefficient, R;,, over
frequency (Fig. 5.2(a)) is mainly due to the acoustic energy being largely damped by the perfo-
rated plate. In contrast, the acoustic waves are only marginally damped at the network outlet,
leading to a large gain for Ry (see Fig. 5.2(b)). These reflection coefficient profiles are then
combined with the network geometry to build the complete network model. For simplicity, no

acoustic damping due to entropy waves or vorticity waves is considered in this work.

To complete the wave-based acoustic modelling process, the mean flow and thermal properties
along the axial extent of the network geometry are also needed. The axial variations of mean

temperature, T.(7), and mean axial velocity, %.(z), along the network centreline are plotted in
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FIGURE 5.3: Axial distributions of time-averaged (a) temperature, T.(x), and (b) axial

velocity, .(), along the network centreline. T, (z) is reconstructed from experimental

data at 3 bar (circles) and 6 bar (squares) pressure; U.(z) is extracted from LES-
simulated mean flow field.

Fig. 5.3. The T, (z) profile is reconstructed from the experimental data at the two pressures, while
uc(x) is extracted from the LES-simulated mean flow field. The mean temperature increases
across the flame sheet from 650 K to 1830 K, then gradually decreases downstream to 891 K. The
temperature drop in the exhaust pipe is modelled by a linear function, T.(x) = 1763 — 510z [K]
(with 0.521 < z < 1.709 m), which matches the measured data. For the mean velocity, .(x),
an inflow speed of 5.346 m/s is applied at the network inlet, based on LES results and confirmed
by experiments. The sudden drops of . at some locations (e.g., z = 0.521 m) are caused by
the abrupt changes of cross-sectional area at module interfaces. These mean flow and thermal
profiles, which remain the same for both pressures, are then combined with the network geometry

in the OSCILOS solver.

5.1.1 Acoustic mode predictions with a passive flame

Based on the above established network model, the thermoacoustic stability of the present com-
bustor can be predicted through OSCILOS. At first, a “passive flame model” is used, assuming
that the heat release rate from the flame is always constant and thus has no fluctuations (i.e.

@' = 0). This passive flame does not respond to any upstream acoustic perturbation.

As described in Section 2.4.1, the thermoacoustic stability of a combustion system is determined
by the stabilities of its thermoacoustic modes. These modes are predicted using the “shooting
method” [68] in OSCILOS, which identifies the complex frequencies, w = o + 27 f, for which
both the inlet and outlet acoustic boundary conditions are satisfied (see Section 2.4.1 for more
details). With a passive flame, the predicted thermoacoustic modes are equivalent to the pure
acoustic wave modes under a constant heat source, whose modal frequencies are listed in Table 5.2

between 100 — 1100 Hz for the first five modes. The OSCILOS solver predictions are compared
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TABLE 5.2: Frequencies of the first 5 acoustic modes predicted by OSCILOS (denoted
fo) and H-solver (denoted fg) with passive flame and zero mean flow assumptions.

3 bar Mode No. 1 2 3 4 5

fo [Hz] 173 238 450 724 1018
frr [Hz| 183 231 437 713 1008
6 bar Mode No. 1 2 3 4 5)
fo [Hz] 174 237 450 724 1019
frr [Hz| 178 235 442 718 1012
10f ' : '
0.8
~ 06
<
& 04
0.2F —(OSCILOS
—-=H-solver
O 1 1 1 1
0 0.5 1.0 1.5

X [m]

FIGURE 5.4: Shape of the 2nd acoustic mode predicted by OSCILOS (solid line) and
H-solver (dash-dotted line) at p = 6 bar. Ppax: maximum pressure fluctuation.

with those obtained by the finite element “H-solver” via software COMSOL [69, 180]|, which
retains the original combustor geometry (see Section 2.4.2 for more details). Here both OSCILOS

and H-solver neglect the mean flow field (i.e. @ = 0) in their predictions.

It is observed that for both operating pressures, all the predicted modal frequencies match well
between OSCILOS and H-solver. Of particular interest is the second mode predicted at frequency
~230 Hz, very close to the experimentally measured limit cycle frequency (see Fig. 4.2(b)). A
comparison of its mode shape, in terms of pressure fluctuation amplitude along the axial extent
of the combustor, is then performed between the two solvers at p = 6 bar, as shown in Fig. 5.4.
Again, a good match is retrieved, a result which validates the simplified network geometry in

Fig. 5.1 and the modelling assumptions used by OSCILOS.
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5.1.2 Linear thermoacoustic stability predictions

Although the above passive flame predictions correctly capture the frequencies and shapes of the
acoustic wave modes, the lack of flame response model and the mean flow in the network geometry
makes the prediction of actual thermoacoustic modes impossible. By assigning the fitted FDF
expressions in Section 4.4 to the 1-D flame sheet located in the network and including the mean
flow profile shown in Fig. 5.3(b), the thermoacoustic stability of the analysed combustor can

then be predicted.

The linear stability is firstly predicted by OSCILOS under a fixed forcing amplitude perturba-
tion (e.g., A, = 0.1), at which the FDFs can be considered as linear FTFs. Here the FTFs
corresponding to Case III at p = 3 bar and Case V at p = 6 bar at A, = 0.1 are used, as shown
in Fig. 4.28(a). The predicted thermoacoustic modes have now considered the flame-to-acoustic
interaction, and are marked as white stars in Fig. 5.5 for frequencies up to f = 1100 Hz. Each
mode corresponds to a minimum value of the outlet boundary condition error, é.(w), defined in
Eq. 2.29. The modal frequency, f, are plotted against the mode’s growth rate, o. The mean
flow field is now included in the linear predictions, in order to offer accurate acoustic damping

effect.

It is discovered that all the modes at p = 3 bar have negative growth rates (ie. o < 0,
Fig. 5.5(a)), meaning that the combustor is linearly stable at this pressure. In contrast, at p =
6 bar a mode at frequency f ~ 231 Hz has a positive growth rate (o = 65.6 rad/s, Fig. 5.5(b)),
indicating that the combustor is linearly unstable at this frequency at 6 bar. The predicted linear
stabilities at both pressures are in full agreement with the experimental measurements |24, 201]
(see Fig. 4.3). The predicted stability difference between the two pressures is clearly associated
with the different FTF maximum gain levels shown in Fig. 4.28(a) at A, = 0.1. Similarly, the
predictions using the FTFs obtained with the 4-step chemistry (i.e. based on Cases IT and IV at
A, = 0.1) also successfully capture the correct linear stabilities at both pressures. The unstable

mode at 6 bar pressure is now predicted at frequency ~232 Hz.

The underlying physics likely responsible for the above change in the linear stability with pressure
is now discussed in detail. The thermoacoustic instability of a combustor can be induced by the
interactions of many factors [231], e.g., the flame-to-vortex interactions, flame-to-entropy wave
interactions, and the flame response to composition inhomogeneities, etc. In this work, the

governing interaction is considered as the combination of (7) the acoustic wave perturbation and
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FIGURE 5.5: Linear stability maps of the SGT-100 network geometry at (a) p = 3 bar
and (b) p = 6 bar. The predicted thermoacoustic modes are marked by white stars at
the contour minima of the complex f — o plane for logyq |0c(w)| /(10g10 |de(w)])max-

(#i) the unsteady flame response. For (i), the acoustic wave behaviour is mainly dominated by
the combustor geometry, speed of sound and acoustic boundary conditions. The speed of sound
in the network is unaffected by the pressure, since the mean temperature axial-profile used (see
Fig. 5.3(a)) does not vary with pressure. The outlet boundary condition is pressure-independent,
while the inlet reflection coefficient varies only very weakly with pressure. This implies that the

acoustic wave behaviour will be almost unaffected by the mean operating pressure.

Additionally, since the mean flow field predicted by the LES (e.g., Figs. 4.11(a) and 4.14(a)) and
used here is unaffected by the mean pressure, the effect of vorticity waves and its interaction
with the flame do not vary with pressure. Besides, the equivalence ratio used is fixed at ¢. = 0.6
across the two mean pressures, thus the level of composition inhomogeneities should remain
generally the same as the pressure changes. In the present prediction, the strengths of all the
entropy waves are neglected, although the unchanged mean temperature profile in the network
has already guaranteed that the entropy wave effect does not change with pressure. A detailed
analysis of the mean temperature contour’s effect, which varies over pressure (see Figs. 4.11(b)
vs. 4.14(b)) and affects the flame shape, on the stability change may be required, but it is beyond

the scope of this thesis.

Therefore, the above factor (i), the unsteady flame heat release response, may be treated as
the main source of the stability change for the present network. Indeed, the FDF gain at low

frequencies relevant to the mode whose stability changes is higher at 6 bar than at 3 bar (see
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TABLE 5.3: Dominant thermoacoustic mode (frequency f, growth rate o) and linear
stability of the network at two mean pressures, predicted by an equivalent n — 7 model.

p |bar] f [Hz] o [rad/s]| Stability
3 148.2 70.2 Linearly unstable
6 136.2 126.1 Linearly unstable

Fig. 4.28(a)). This was felt to be linked to the reduced laminar burning velocity at increased
pressure (see Fig. 4.10(b)), which increases the axial flame length (see Fig. 4.27(c)). The oscil-
lation of the flame surface area and the resulting heat release fluctuation are then subsequently

enhanced for the longer flame, increasing the propensity for thermoacoustic instability.

It is also meaningful to check if the used FTFs at A, = 0.1 can be replaced by a simple n — 7
model, defined in Eq. 2.25, whose gain (ny) and time delay (74) both match the numerical
FTF’s gain and phase levels. In this work, the gain of the n — 7 model, ns, equals [1.09,1.32],
selected to match the maximum FTF gains at the two pressures (Fig. 4.28(a), A, = 0.1). The
time delay, 7y = /(27 f), is selected as [2.79,3.12] ms, calculated based on the phases of the
FTF when the maximum gains occur (Fig. 4.28(a)). By incorporating this n — 7 model into
OSCILOS, the linear stability of the same network can be re-predicted, as shown in Table 5.3. It
is noted that the network is now linearly unstable at both pressures, with the dominant mode’s
frequency (~140 Hz) much lower than that predicted by the numerical FTFs at A, = 0.1. These
mismatches indicate that the n — 7 model may not be able to capture the correct thermoacoustic
mode and linear stability, because although the parameters of the n — 7 model are calculated
based on the simulated FTFs, the lack of frequency-dependence of its gain (ny) and time-delay
(7f) largely limits its prediction accuracy. Therefore, an accurate FTF with correct frequency
dependence obtained by the numerical simulation or experiment is recommended for the linear

thermoacoustic predictions of a realistic combustor.

5.1.3 Nonlinear thermoacoustic stability and limit cycle predictions

Following the above linear stability predictions, the nonlinear stability analysis is then performed
by OSCILOS, in order to predict the measured limit cycle oscillations shown in Fig. 4.2. Based
on the unstable mode identified at 6 bar pressure (Fig. 5.5(b)), the nonlinear FDF computed
by Case V at p = 6 bar (Fig. 4.28(a)) is now extended to include a larger range of forcing

amplitudes from A, = 0.1 to 0.5 (with steps of 0.1), over two close forcing frequencies of 200 Hz
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FIGURE 5.6: (a) Gain, G, and (b) phase, ¢, of the FDF at forcing frequency f,, = 200 Hz
(solid line) and f,, = 300 Hz (dash-dotted line) for forcing amplitudes of A, = 0.1 - 0.5.
All forced simulations are performed at p = 6 bar based on LES Case V.

and 300 Hz, falling on either side of the frequency (~231 Hz) of the unstable mode. The flame
response against forcing level is shown in Fig. 5.6, with the predicted FDF gain continuously
decreasing with forcing amplitude at both forcing frequencies, although with different falling-off
trends. A stronger gain saturation is observed at f, = 300 Hz, where the gain, G, drops by more
than 50% as A, increases from 0.1 to 0.5. The corresponding gain drop at f, = 200 Hz is only
~25%. This frequency dependence of the rate of the gain’s falling off with forcing amplitude has
been observed in previous theoretical [60], numerical [68] and experimental [53, 54| studies on
various flames. Therefore, the different gain saturation trends in Fig. 5.6(a) are consistent with
previous observations. In contrast, for the FDF phase, ¢, it shows an almost linearly-decreasing
profile over the forcing amplitude, with similar falling-off trends at both forcing frequencies (see

Fig. 5.6(b)).

The above extended FDF is then incorporated into OSCILOS to predict the frequency and
amplitude of the limit cycle oscillation. This nonlinear prediction relies on the assumption

that the time-scale of the limit cycle oscillation amplitude’s growth is much longer than that
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FIGURE 5.7: The variation of the linearly unstable thermoacoustic mode at p = 6 bar
over perturbation amplitude, A,. (a) A, = 0.1; (b) 4, = 0.3; (c) A, = 0.4.
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FI1GURE 5.8: Shape of the linearly unstable mode in the form of normalised pressure
fluctuation amplitude axial-profile, |p/Pmax|- (a) A, = 0.1; (b) 4, = 0.3; (¢) A, = 0.4.

of the oscillation itself [232]. The frequency and growth rate of the linearly unstable mode
(Fig. 5.5(b)) are predicted over increasing perturbation level, with the zero-growth-rate state
taken to correspond to the frequency and amplitude at which the thermoacoustic oscillations no

longer grow, and at which the limit cycle oscillations establish [42, 52, 54, 68, 69].

As shown in Fig. 5.7, the variation of the linearly unstable mode is plotted on the complex f —o
plane across perturbation amplitudes, A, = 0.1, 0.3 and 0.4. Starting from the unstable mode
at A, = 0.1 (Fig. 5.7(a)), its growth rate continuously decreases with increasing A,, with a
shift from unstable to stable state between perturbation levels of 0.3 and 0.4 (Figs. 5.7(b, c)).
The corresponding shapes of this mode at these three forcing levels are plotted in Fig. 5.8, in
the form of axial distribution of the normalised pressure fluctuation amplitude, |p/Pmax|, With
|Pmax| the maximum amplitude. Even if the global mode shape remains almost unchanged over
Ay, the relative level of pressure fluctuation in the combustion chamber and exhaust pipe varies.
In the most unstable condition of 4, = 0.1, the maximum pressure fluctuation is found within
the combustion chamber (xz < 0.521 m, Fig. 5.8(a)), but the difference in |p| level between

combustion chamber and exhaust pipe progressively reduces when A, increases from 0.1 to 0.3
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FIGURE 5.9: (a) Evolutions of frequency (f, solid line) and growth rate (o, dash-dotted
line) of the linearly unstable mode at 6 bar with forcing level, A,. Arrows indicate the
frequency, fi., and growth rate, oj., of the limit cycle and the corresponding forcing
level, Al¢. (b) Axial variation of the pressure fluctuation amplitude, |p|, when the limit
cycle occurs. Red circle: value of |p| at pressure transducer location, x = 231 mm.

(Fig. 5.8(b)). Then an opposite behaviour appears when A,, continues to increase — the location
of |Pmax| shifts to the exhaust pipe (z > 0.521 m, Fig. 5.8(c)) when the unstable mode is fully
damped at A, = 0.4. Possible reason for this shift may be the frequency change of this mode

(Fig. 5.7), caused by the variations of FDF gain and phase over the perturbation amplitude.

The evolutions of frequency, f, and growth rate, o, with perturbation amplitude for the target
mode, which starts as linearly unstable at ~231 Hz, are plotted in Fig. 5.9(a). The mode’s
growth rate continuously decreases from a positive value for A, = 0.1 — 0.3, to a negative
value at A, = 0.4 and 0.5, due to the decrease of FDF gain (see Fig. 5.6(a)). The limit cycle
oscillations occur when the modal growth rate is equal to zero. This corresponds to an upstream
perturbation amplitude, Aif, of 0.3565, using linear interpolation. The limit cycle oscillation

frequency is predicted to be f;. = 209 Hz.



Chapter 5. SGT-100 Industrial Combustor: Thermoacoustic Instability 101

The corresponding axial distribution of the pressure fluctuation amplitude, |p|, under the limit
cycle condition is shown in Fig. 5.9(b). It is firstly noted that the maximum value of |p], i.e.
|Pmax/|, in the combustion chamber is now equal to that in the exhaust pipe, which indicates
the energy balance between the two main components of the combustor at limit cycle. It has
been discovered by Paschereit et al. [59] that during the transition from exponential growth
into a limit cycle state, the wave mode shape transforms from a standing wave to a travelling
wave, which has a phase speed of approximately the speed of sound. This may explain the same
maximum wave amplitudes predicted in both components. More investigations on the variation
of wave mode shape at the occurrence of limit cycle oscillation are required. At the axial
location of x = 231 mm, where the transducer measured the pressure signal in the experiments
(see Fig. 4.2), a pressure fluctuation amplitude of |p| = 4970 Pa is predicted, marked by the red
circle in Fig. 5.9(b).

The above predicted limit cycle properties are then compared to the measured values, as shown in
Table 5.4. It shows that both the frequency and amplitude of the predicted limit cycle perfectly
match the experimental data at the pressure transducer location, with a very small error of 3.2%
and 0.6%, respectively. Additionally, the predictions using the 6 bar FDFs obtained with the 4-
step chemistry (i.e. based on Case IV) also correctly capture the nonlinear limit cycle properties,
giving f;. = 211 Hz, A = 0.3559 and |p| = 4940 Pa, again all matching the measurement data.
Therefore, the present OSCILOS predictions of the thermoacoustic instability and limit cycle

oscillations in the SGT-100 combustor have been fully validated.

It should noted here that the flame response model plays a very important role in the computation
of thermoacoustic modes, and an accurate description of the FDF gain’s saturation trend is vital
for the prediction of limit cycle oscillations. A small change in the FDF gain may lead to a large
shift of the unstable mode location, thus a large variation of the predicted limit cycle properties.
Therefore, a large number of forced simulation cases are needed to obtain an accurate FTF
or FDF for the thermoacoustic instability and limit cycle predictions. In order to save the
computational costs, in this work only the linear stability predictions require a complete FTF
at a fixed forcing amplitude over a large frequency range. Once the linearly unstable mode is
captured, a more targeted FDF across multiple forcing levels but spanning a much narrower
frequency range, ideally containing the unstable mode frequency, is sufficient for the following

nonlinear limit cycle predictions.



Chapter 5. SGT-100 Industrial Combustor: Thermoacoustic Instability 102

TABLE 5.4: Limit cycle oscillation frequency ( f;.) and amplitude (|p]) at pressure trans-
ducer location, obtained by prediction and measurement. Error = (predicted value —
measured value) /measured value x 100%.

Prediction Measurement Error [%)]
f1e [Hz] 209 216 -3.2
Ip| [Pal 4970 5000 -0.6

TABLE 5.5: Sensitivities of the predicted limit cycle (fi., A% and [p]) to small changes in
the pressure reflection coefficient magnitudes at network inlet (|Rin|) and outlet (|Rout|)-

Change in |R| fi. [Hz] Al [-] |p| [Pa]

Original 209  0.3565 4970
|Rin| X 0.9 210  0.3557 4947
|Rin| x 1.1 209  0.3574 4993

| Rout| % 0.9 205  0.3825 5280
| Rout| x 1.1 214 0.3358 4715

Finally, the above predicted limit cycle properties are known to be sensitive to the acoustic
damping levels at network boundaries, which for the SGT-100 combustor are unknown as they
were not measured. Therefore, the sensitivities of the above predictions (with 15-step chemistry
FDFs) to small changes in the upstream and downstream reflection coefficient magnitudes are
now investigated. As shown in Table 5.5, if Ry, is taken to have its gain changed by 10%
either way, with the outlet reflection coefficient unchanged, the limit cycle predictions change to
fie = 210 Hz, Al® = 0.3557 and |p] = 4947 Pa (for 10% decrease in |Rjy|) or fi. = 209 Hz, Alc =
0.3574 and |p| = 4993 Pa (for 10% increase in |R;y,|). Similarly, if Ryt is rather to have its gain
changed by 10% either way, with Ry, unchanged, the predictions will change to f;. = 205 Hz,
Ale —0.3825 and |p] = 5280 Pa (for 10% decrease in |Rou|) or fi. = 214 Hz, Al = 0.3358 and
|p| = 4715 Pa (for 10% increase in |Rout|). Therefore, the predicted limit cycle properties have

a very limited dependence on the acoustic damping levels at both network inlet and outlet.
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F1GURE 5.10: Computational domain used by the H-solver.

5.2 Thermoacoustic Stability Predictions by H-solver

The second solver used to predict the thermoacoustic instability is the H-solver, based on the
solution of the Helmholtz equation (see Section 2.4.2 for more details). In this work, it is provided
by the software COMSOL Multiphysics (version 5.3) [180]. Different from the above simplified

network geometry used by OSCILOS, this H-solver retains the 3-D detailed combustor geometry.

As shown in Fig. 5.10, the computational domain used by the H-solver contains all the 3-D
combustor components, including the upstream air plenum. A fully closed acoustic inlet (with no
damping) is applied at the front entrance of the air plenum, with its pressure reflection coefficient
Ry, = 1, as it refers to a very narrow entry for the preheated air inflows. A circumferential plane
is placed between the plenum exit and the swirler entry to represent the perforated plate, whose
acoustic damping effect is modelled by the same impedance model in Eq. 5.1. For the domain
outlet, i.e. the exit plane of the exhaust pipe, the same damped open boundary condition defined
in Eq. 5.2 is used. The flame is no longer represented as an infinitely thin 1-D “flame sheet” as
in the network. Instead, considering the real flame’s compactness with respect to the acoustic
wavelengths and the domain’s axial length, a relatively thin reaction zone located within a short
axial range of x = [40,50] mm is defined in this domain, where most of the heat releases are

concentrated. The mean flow field is now neglected in this H-solver domain.

5.2.1 Stability analyses

The thermoacoustic stability of the above 3-D domain is now predicted by H-solver, using the

procedures introduced in Section 2.4.2. The computed thermoacoustic modes are illustrated in
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FIGURE 5.11: z-z contours of normalised pressure fluctuation amplitude, |p/pmax|,
corresponding to the thermoacoustic modes at p = 3 bar, predicted by the H-solver
using the FTF for LES Case III at A, = 0.1.

Figs. 5.11 and 5.12 for the two operating pressures, both in the form of normalised pressure

fluctuation amplitude (|p/Pmax|) contour plots.

It is observed that at p = 3 bar (Fig. 5.11), a total of six thermoacoustic modes are predicted
with frequencies up to ~1 kHz, all of which have negative growth rates (¢ < 0) and thus are
linearly stable. The advantage of plotting these pressure contours is that the shape of each mode
can be easily visualised. For example, the 2nd mode at f ~ 170 Hz clearly exhibits a standing
wave in the exhaust pipe (Fig. 5.11(b)). As the frequency increases, higher-order longitudinal

modes with shorter wavelengths will start to occupy the same pipe (e.g., Figs. 5.11(d, f)).

At 6 bar pressure, the number of predicted modes grows to seven (see Fig. 5.12), with an
unstable mode appearing at f ~ 239 Hz. All the other modes remain linearly stable and are
similar to those computed at 3 bar. These stability maps at both pressures are very close to those
predicted by the OSCILOS solver in Fig. 5.5, also matching the experimental data (e.g., [24]).
The unstable mode exhibits large amplitude waves in both the combustion chamber and the
exhaust pipe (Fig. 5.12(c)), being consistent with the wave shape (i.e. the pressure fluctuation

amplitude axial-profile) predicted by OSCILOS for the same mode (see Fig. 5.8).

The frequencies and growth rates of the thermoacoustic modes predicted by the H-solver are
then compared in Fig. 5.13 for two forcing amplitudes (A, = 0.1 and 0.2) across two operating
pressures (3 bar and 6 bar). It is discovered that: (i) the increase of perturbation level (A,,)
does not highly affect the frequencies of all the predicted modes, which (ii) generally match well

with the experimental values, except for those measured at ~370 Hz and ~520 Hz, which have
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FIGURE 5.12: x — z contours of normalised pressure fluctuation amplitude, |p/pmax|,
corresponding to the thermoacoustic modes at p = 6 bar, predicted by the H-solver
using the FTF for LES Case V at A, = 0.1.
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and (b) p = 6 bar, predicted by H-solver at 4, = 0.1 (O) and 4, = 0.2 (). Th
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@

not been captured by the H-solver. Since the unstable mode at ~230 Hz has been correctly
captured at 6 bar pressure (Fig. 5.13(b)), the small prediction errors on the other stable modes

are unlikely to affect the global thermoacoustic stability.

The effect of modelling the perforated plate on the H-solver predictions is also investigated.
As shown in Fig. 5.14, at p = 3 bar the stable mode at ~180 Hz becomes unstable when the
perforated plate is neglected, and at p = 6 bar the positive growth rate of the unstable mode at
~240 Hz significantly increases in the absence of the perforated plate. It is therefore necessary

to model the perforated plate in the H-solver computational domain, in order to provide the
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FIGURE 5.14: Thermoacoustic modes at (a) p = 3 bar and (b) p = 6 bar, predicted at
A, = 0.1 by the H-solver with () or without (O) the perforated plate. The measured
modal frequencies are marked by vertical dashed lines.

correct acoustic damping level for the thermoacoustic mode predictions (especially for the most

dynamic modes) at both operating pressures.

5.2.2 Comparison between OSCILOS and H-solver predictions

The thermoacoustic prediction results performed by the above two solvers are finally compared.
As shown in Fig. 5.15, the shapes of all the thermoacoustic modes (in the form of axial pressure
amplitude distribution, |p/pmax|) match very well between OSCILOS and H-solver at the stable
3 bar condition. The same good match is also achieved at 6 bar pressure (not shown). This
suggests that both of the thermoacoustic solvers offer very accurate mode predictions, although

they use different prediction methods.

The predicted frequency and growth rate for the most dynamic mode at p = 6 bar are also
compared in Table 5.6. The two solvers give very similar value on the modal frequency (~230 Hz),
with the difference only around 8 Hz. On the other hand, the modal growth rate predicted by
OSCILOS (~66 rad/s) is ~16 rad/s higher than that computed by the H-solver, which may lead
to a smaller limit cycle perturbation amplitude (AL) if predicted by the H-solver. This difference
in the growth rate may be due to (i) the neglect of mean flow field or (i) the modelling of

upstream plenum in the H-solver domain.
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TABLE 5.6: Frequency and growth rate of the unstable thermoacoustic mode predicted
by OSCILOS and H-solver, using the same FTF at A, = 0.1 from LES Case V.

Frequency |[Hz| Growth rate [rad/s|

OSCILOS 231.3 65.60
H-solver 239.3 49.52
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FIGURE 5.15: Shapes of the thermoacoustic modes (in the form of |p/pPmax| axial profile)
predicted at stable 3 bar condition by OSCILOS (solid line) and H-solver (dashed line),
using the same FTF at A, = 0.1 from LES Case III.

5.3 Summary

In this chapter, the thermoacoustic instability of the SGT-100 combustor is successfully pre-
dicted, by combining the computed FTFs and FDFs within two thermoacoustic solvers, which

are the low order network solver, OSCILOS, and the Helmholtz equation-based H-solver.
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In OSCILOS, the combustor geometry is simplified as a network of connected constant area
modules. The predicted thermoacoustic modes are all linearly stable at p = 3 bar, while one
mode at ~231 Hz is found unstable at p = 6 bar, both matching the experimental data. For the
unstable mode, a nonlinear stability analysis is performed using the extended FDFs with extra
forcing amplitude information near the mode frequency. By identifying the conditions for which
zero-growth-rate occurs, the limit cycle oscillations with a frequency of 209 Hz, and a pressure
amplitude at the measurement location of 4970 Pa, are predicted, both in very close agreement

with the measurement data (216 Hz and 5000 Pa).

The same prediction procedure is then repeated for the H-solver, which retains the original
3-D combustor geometry but neglects the mean flow. The predicted thermoacoustic modes
are visualised by the acoustic pressure contours, whose mode shapes match well with all the
OSCILOS predicted modes. The mode properties are also accurately captured by the H-solver,
providing the correct stability maps. One mode at 6 bar is also found unstable, whose frequency
agrees well with the OSCILOS prediction. Its positive modal growth rate predicted by the H-
solver is slightly lower than that from OSCILOS, may be due to the neglect of mean flow or the

addition of upstream plenum which modifies the acoustic damping level in the H-solver domain.

To conclude, both of the thermoacoustic solvers used are sufficiently accurate, and their predic-
tions of the thermoacoustic instability and the resulting limit cycle oscillations are validated for

the SGT-100 industrial combustor.



Chapter 6

SGT-100 Industrial Combustor:

Entropy Wave Transport

After predicting the forced flame responses and the thermoacoustic instability, the entropy wave
transport within the SGT-100 combustor flow are finally studied in this chapter. The external
entropy source is injected into the mean flame region, and the full entropy transport equation
is solved within the real combustor flow field. The resulting entropy fluxes exiting the combus-
tor are then analysed to determine the shear-dispersion level of the transported entropy wave
strength. The contributions to the dispersion from the advection, viscous production and ther-
mal diffusion of the entropy waves are all evaluated. The importance of the time-averaged and
the unsteady flow features are both discussed. Finally, the effects of the wave-generated entropy

noise on the thermoacoustic modes of two simple duct combustors are investigated.

The results presented in this chapter have also been published in [185, 233].

6.1 Entropy Wave Transport within Combustor Flows

6.1.1 Dispersive advection of entropy waves

The main purpose of this chapter is to simulate the entropy wave transport within the SGT-100
rig. The thermoacoustic predictions in Chapter 5 did not account for the effect of entropy noise

on the thermoacoustic modes, because the entropy wave strength, which is proportional to the

109



Chapter 6. SGT-100 Industrial Combustor: Entropy Wave Transport 110

generated entropy noise, is assumed much weaker than the dominant acoustic wave amplitude
in this combustor. The fact that the combustion chamber exit is far from being choked (and
hence exhibits limited flow acceleration, this being needed to generate significant entropy noise)
and the good match between the prediction and the measurement (see Table 5.4) suggest that
this assumption is valid. Nevertheless, the combustor simulations provide an ideal test bed for
studying entropy wave transport within a real combustor flow field. This will be highly relevant
to similar industrial combustors but which exhibit stronger exit acceleration and hence have

higher potential for significant entropy noise.

Following the forced entropy transport equation, Eq. 2.40, and the numerical expressions for the
entropy diffusion and production terms, Eqs. 3.33 — 3.34, this chapter simulates the transport
of entropy waves within the combustor flow using OpenFOAM solver based on the LES Case I
(see Table 4.4). As shown in Fig. 6.1(a), the mean volumetric heat release rate field, ¢(z,y, 2),
which exhibits a compact flame region, is used to build a time-impulsive entropy source term,

Qs (e.g., Fig. 6.2(a)), as defined in Eq. 2.39.

For the flow field within which the entropy perturbations are transported, the contours of mean
and unsteady axial velocity fields both reveal a main flow separation and recirculation zone
along the combustion chamber centreline and extending to its upstream entrance. The unsteady
flow field (Fig. 6.1(c)) is very turbulent and irregular, containing large-scale unsteady flow fea-
tures such as vortex shedding and CVC, etc., which are not captured by the mean flow field

(Fig. 6.1(b)).

As derived in Section 2.5.1, the full equation governing the entropy wave transport in the presence

of an entropy source, Js, is repeated here as:

ais_i_uAaiS_i 825 + 1 7—’@4_?..% +Q (6 1)
ot "Ox;  pep Oxi0z; pc, TV \ Y0z Y0z 5 '
AS DS _ﬁ;

In order to study the entropy wave transport, three types of simulation cases are defined to
evaluate the contributions from the entropy advection, diffusion and production terms [185, 233|,
respectively. These cases are: (i) full entropy advection, diffusion and production, denoted
“As + Ds + Pg”; (ii) entropy advection and diffusion, denoted “Ags 4+ Ds”, in which only the
production term is neglected; (74) pure entropy advection, denoted “Ag”, in which both the

diffusion and production terms are ignored. All of these cases apply the same entropy source
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FIGURE 6.1: Contours of (a) mean volumetric heat release rate, (b) mean axial velocity
and (c) instantaneous axial velocity on symmetry plane z = 0, all simulated by LES
Case I. Black lines: iso-lines of zero axial velocity.

term, Qs, with a dispersion time of Ar; = 1.414 ms (see Eq. 2.39 for more details), and they

are all simulated within the real unsteady combustor flow illustrated in Fig. 6.1(c).

In order to better quantify the strength of entropy waves after the transport process, the volu-

metric flux (denoted ¢s) of the entropy concentration, S, at the combustion chamber exit plane

¢S:///1; (u-VS)dV://av(u-n)SdA, (6.2)

with 9V the domain surface, A the surface area and n the surface’s outflow normal unit vector.

is defined as:

Since the normal velocity, u - n, remains zero on all the adiabatic solid walls, and there is
negligible entropy exiting the combustor inlet (S ~ 0), ¢s is equal to the entropy flux exiting
the combustor outlet plane. The time-variations of ¢s, as calculated for the above three entropy
transport cases, are compared in Fig. 6.2. It is found that the three entropy exit flux profiles
are almost identical (see Fig. 6.2(a)), all of which have an amplitude much lower than that of
the volume-integrated entropy source, Qv (equal to [/ fv Qs dV). As shown in the zoomed-in
Fig. 6.2(b), the thermal diffusion term, Dyg, slightly smooths the time-distribution of ¢s, while
the viscous production term, Pg, marginally increases the magnitude of ¢s within times t = 25
— 30 ms. Overall, both the entropy diffusion and production terms have negligible effects on

the entropy wave transport process, suggesting that only the advection term, As, is important.
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FIGURE 6.2: (a) Time-variations of volume-integrated entropy source, Qy (solid line),

and entropy fluxes at combustion chamber exit, ¢s, after full transport “As+ Dg+ Ps”

(dashed line), advection and diffusion “Ag+ Dg” (dash-dotted line), and pure advection
“Ag” (dotted line); (b) Zoomed-in plots of (a).

This finding is consistent with the “pure advection” equation, Eq. 2.43, derived from the non-

dimensional analysis in Section 2.5.2.

In order to check whether the combustor exit entropy strength really represents an “impulse
response’ or whether it is dependent on the shape of the applied forcing in Qy, the effect
of doubling the height of Qy (i.e. halving the dispersion time to A7 = 0.707 ms) is now
investigated. The resulting exiting entropy fluxes (see Fig. 6.3) are almost identical to those
obtained by the original entropy source in Fig. 6.2. This confirms that the exit entropy strengths
indeed represent an impulse response. The effects of both entropy diffusion and production terms
remain negligible, confirming that the entropy wave transport is purely dominated by advection,

a nature which is not affected by the shape of the applied entropy source.

As a final note on these entropy transport terms, the relative effect of the production term, Ps,
actually relies on the magnitude of the real flame-generated entropy waves, which is not included
in this study. It is however expected that the amount of entropy waves generated by the flame
itself is orders of magnitude higher than the turbulence-generated entropy fluctuations. Since
the current study does not focus on the generation mechanism of entropy waves, but on their
advection process through the flow field, the production terms are neglected in the remainder of

this study (i.e. Ps=0).
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FIGURE 6.3: (a) Time-variations of volume-integrated entropy source and entropy fluxes
at combustor exit. Superscript “H” denotes the source term dispersion time, A7y, is
halved and the peak amplitude of the source term doubled; (b) Zoomed-in plots of (a).

The diffusion term of Eq. 6.1 may also be neglected (i.e. Ds ~ 0), even within such a highly-
turbulent reacting flow. This can be done because the sub-grid scale turbulence is negligible
when compared to the resolved large-scale turbulent structures of the flow, as the present LES
is well-resolved. This allows us to apply a simplified purely advective equation to study the

entropy wave transport in the reminder of this chapter:

% +u-VS =Qs. (6.3)
~———

As

The above entropy advection equation, Eq. 6.3, is accompanied by a phenomenon called “shear-
dispersion” [159]. This is mainly caused by the non-uniform velocity profile of the main axial
flow, which has a larger velocity near the centreline but highly reduced close to the top/bottom
walls. This vertical gradient of velocity, known as shear, leads to different advection speeds
of the entropy waves in the vertical direction. In order to address whether the dispersion of
entropy advection is dominated by the time-averaged flow profile, or whether the unsteady flow
features also play an important role, the effect of the “background” flow field is now investigated.
The entropy advection equation is numerically solved firstly, then respectively superimposed
on: (7) the real time-varying flow field (e.g., Fig. 6.1(c)), combining both time-averaged and

unsteady flow features, and (4i) the “frozen” time-averaged flow field (Fig. 6.1(b)), in which only
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FIGURE 6.4: Contours of the entropy concentration, .S, within an unsteady combustor
flow field, plotted on symmetry plane z = 0, at four time instants after source injection.

the mean flow plays a role. In both flow fields, the same entropy source with a dispersion time
of Amy = 1.414 ms is used, located at the mean heat release rate field simulated by LES Case I
(see Fig. 6.1(a)).

6.1.2 Transport within an unsteady combustor flow

The transport of entropy waves in a time-varying combustor flow is firstly investigated, by super-
imposing Eq. 6.3 onto the LES-simulated unsteady flow field. The resulting spatial distributions
of entropy concentration, S, at four sequential time instants after the impulsive entropy injec-
tion are plotted in Fig. 6.4. The entropy advection is visibly affected by the large-scale unsteady
flow features, which lead to broken entropy patterns under high turbulence level. The central
flow separation and recirculation zone also has an effect, with entropy transport occurring more
quickly towards the side walls, and a small amount of entropy being initially pulled upstream

and trapped in the central zone.

The time-variation of exiting entropy flux, ¢g, is plotted in Fig. 6.5(a), which has a much lower
amplitude and more spread out time-profile compared to the entropy source impulse. This is

due to the dispersion of entropy wave strength arising from its advective transport. A more
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FIGURE 6.5: Entropy wave advection within an unsteady combustor flow: (a) time-

variations of entropy source, Qy (solid line), exiting entropy flux, ¢s (dashed line), and

Gaussian-approximation of ¢s (dotted line); (b) time-integrals of remaining entropy, Sy

(dashed line), exited entropy, [, ¢sdt (dash-dotted line), and injected entropy, [, Qydt
(solid line). Dotted line: sum of Sy and [, ¢sdt.

detailed analysis is performed by spatially integrating the entropy advection equation, Eq. 6.3,

gt(//Vde>+//8V(u-n)SdA=//stdVv
S ¢

vol s QV

where the first term on the LHS is denoted 9S1/0t, with Sy = [[[,SdV the amount of

as:

(6.4)

entropy remaining in the combustion chamber. The second term is the exiting entropy flux, ¢s,
defined in Eq. 6.2. According to energy conservation, the sum of 95,1/t and ¢s is equal to the

volume-integrated entropy source, Qy. The time-integral of Eq. 6.4 thus satisfies:

Seor + / podt — / Oy,
t t

where the two terms on the LHS are plotted in Fig. 6.5(b). It is found that the entropy flux, ¢s,

(6.5)

starts to exit the combustor at ¢ ~ 10 ms, at which point the entropy remaining in the chamber,
Syol, starts to drop. The exit rate of ¢ is fast for ¢ = 10 — 30 ms, but slows down after ¢ = 30 ms,
resulting in a total time of ~100 ms for all the injected entropy to leave the domain. The sum
of Sy and ft ¢psdt always equals the total amount of entropy injected, ft Qvdt, again obeying

the energy conservation law.
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FIGURE 6.6: Contours of the entropy concentration, S, within time-averaged combustor
flow field, plotted on symmetry plane z = 0, at four time instants after source injection.

In a similar manner as for the advective dispersion in a channel flow (e.g., [154]), the time-profile

of ¢s in a combustor flow can also be approximated by a Gaussian function, denoted Goy:

1 —(t — 79)?
Gou(t) = —=5—exp [(tmgﬂ (6.6)

where 75 and A7y are the mean delay time and dispersion time of Goyt, respectively. The ampli-
tude of Goyy is determined by 1/(v/7A7s). Using a non-linear least-squares fitting method [234],
79 and A7y are calculated as 22.2 ms and 10.44 ms, respectively, for the above transport (Fig. 6.5).
The increased dispersion time, A7y, compared to that of the entropy source, A7y, results in a
wider Gaussian time-distribution with a lower amplitude. The Gaussian approximation, Goyt,
generally matches the profile of ¢g well, deviating slightly from the real shape which exhibits
a longer tail, as shown in Fig. 6.5(a). This longer tail in the ¢g profile is mainly due to the

trapping of entropy within the recirculation zone.

6.1.3 Transport within time-averaged combustor flow

Secondly, the entropy wave transport within the time-averaged “frozen” combustor flow, Fig. 6.1(b),

is simulated, by fixing the velocity vector, u, in Eq. 6.3 to its mean value, w, at each point in
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FIGURE 6.7: Entropy wave advection within the time-averaged combustor flow field.
See the caption of Fig. 6.5 for more information.

space. Four sequential time-snapshots of the entropy concentration field after the injection are
plotted in Fig. 6.6. It is clear that the entropy wave advection is largely dispersed by the non-
uniform mean axial velocity profile. Closer to the top and bottom side walls, the flow speeds
are higher and the entropy flux reaches the exit plane earlier, while the advection near the cen-
treline is much slower due to the flow recirculation zone. Quite a significant amount of entropy
even initially travels back towards the chamber entrance (Figs. 6.6(a)—6.6(b)). As the entropy
flux increasingly exits the domain, the amount of entropy remaining in the chamber decreases
(Fig. 6.6(c)), with most eventually concentrated in the recirculation zone close to the combustor
inlet (Fig. 6.6(d)). Although after a sufficiently long time, all of the injected entropy will leave
the combustion chamber, the flow recirculation zone “traps” a small amount of entropy for a

very long time.

The time-evolution of the exiting entropy flux, ¢g, for the mean combustor flow is shown in
Fig. 6.7(a). Compared to the unsteady flow advection case (see Fig. 6.5(a)), the time-profile of
¢s is much steeper, with a shorter tail at large times. This indicates that the dispersion effect
of the mean flow is weaker than that of the real unsteady flow. The time-integrals of entropy
strengths are shown in Fig. 6.7(b). The exiting speed of ¢s is much faster at the beginning
(t = 15 — 30 ms) than that for the unsteady flow simulation (Fig. 6.5(b)), but then significantly

slows down after ¢ = 30 ms, resulting in a much longer total exit time for all the entropy. This
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time-delay is caused by the “dragging and trapping” effect of the flow recirculation zone, which

is the dominant structure in the time-averaged flow field.

The Gaussian approximation model for ¢g, i.e. Gou, now takes values 79 and A7 equal to
20.7 ms and 4.95 ms, respectively. This means the time taken for the entropy flux to firstly
reach the combustor exit is almost the same for both time-varying and mean combustor flows,

but the mean flow field has a much weaker dispersion effect overall.

In order to increase the applicability of the above entropy transport studies in combustor flows,
the time scales for the entropy flux to exit the domain (e.g., see Figs. 6.4 and 6.6) can be
normalised using a non-dimensional time, e.g., tU/L, with U the bulk velocity and L the axial
length of the chamber. This allows the application of the present entropy advection analyses to

other combustor flow fields.

6.2 Entropy Wave Transport within an Equivalent Pipe Flow

The above-simulated entropy wave transport in a combustor flow field (e.g., Figs. 6.4 6.7) are
now compared with that in an equivalent fully-developed pipe flow. The motivation for this
comparison is to investigate whether an estimate can be obtained for the correct dispersion
time, A7y, without the need for CFD simulations — the mean turbulent pipe flow profile for a

given pipe length and radius are known analytically [161].

As shown in Fig. 6.8, the network geometry of the SGT-100 combustor chamber can be further
simplified as an equivalent straight circular pipe. The pipe diameter, D, = 0186 m, is calculated
based on the height of the combustion chamber’s square cross-section, H = 0.165 m, so that
the cross-sectional area of the pipe matches the original chamber. The equivalent pipe length,
L. = 0.349 m, is calculated as:

Ly

Le=Lo+ 5, (6.7)

where Ly = 0.225 m, the distance from the 1-D flame sheet to the chamber’s straight-contraction
interface, and L; = 0.248 m, the distance from this interface to the combustor exit. The inlet
of the equivalent pipe thus corresponds to the 1-D thin flame sheet, while the pipe outlet refers

to the combustor exit plane (see Fig. 6.8(b)).
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FIGURE 6.8: (a) Network representation of the SGT-100 combustor chamber, with the

height of chamber straight section H = 0.165 m, flame-to-straight /contraction interface

distance Lo = 0.225 m, and interface-to-exit distance L; = 0.248 m; (b) equivalent
circular pipe for (a), with diameter D, = 0.186 m and length L. = 0.349 m.

The mean bulk velocity of the 1-D pipe flow, uy = 14.97 m/s, matches the LES-simulated flow
velocity just downstream of the flame region. The mean axial velocity profile in this pipe is
assumed time-independent, varying only radially as [161]:

2.5u R
= Umax — ms 1 L ) .
u(r) =u 50 <Rp — 7"> (6.8)

with 7 the radial distance from the pipe centreline, R,, the pipe radius equal to D),/2, and umax
the maximum axial velocity satisfying umax = 1.244. The residence time profile, 7e5(r), for an
entropy wave travelling from the flame sheet (i.e. the equivalent pipe inlet) to the combustor

exit (i.e. the pipe outlet) is computed as:

Lc
u(r)’

Tres (T) =

(6.9)

An ideal Dirac-function entropy source, Qideal, 18 imposed at the pipe inlet, coinciding with the
mean flame front. The time-variation of the resulting entropy flux at the pipe outlet, ¢iqeal, is
then equal to the probability density function (PDF) of the analytical pipe residence time, i.e.
PDF(7es) [75]. As shown in Fig. 6.9(a), the maximum amplitude of @igea is 180.2 s, which

is ~1.5 times higher than the maximum ¢g value in the mean combustor flow (119.8 s71), and
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FIGURE 6.9: (a) Exiting entropy fluxes for the mean (dashed line) and unsteady (dash-
dotted line) combustor flows and the equivalent fully-developed pipe flow (solid line);
(b) Gaussian approximations of exiting entropy fluxes in (a).

more than three times higher than the maximum ¢ in a time-varying combustor flow (57.7 s71).
This means the unsteady combustor flow attenuates the peak amplitude of the “flame-to-outlet”

entropy wave by a factor of roughly three compared to the equivalent fully-developed pipe flow.

The time-evolution of ¢igeal can also be well-estimated by a Gaussian function, Gigea [161], as
shown in Fig. 6.9(b). The function’s mean delay time, 7o, is calculated to be 19.8 ms, which is
close to those in both unsteady (22.2 ms) and mean (20.7 ms) combustor flows. The dispersion
time of Gigeal, i.6. ATy, is equal to 3.10 ms, which is much smaller than those for the mean

(4.95 ms) and time-varying (10.44 ms) combustor flows.

The frequency responses of the entropy wave advection from flame to exit for the above three
cases are finally computed by the fast Fourier transform (FFT) of the relevant signals. For the
mean and unsteady combustor flow fields, the entropy source, Qv, and the Gaussian-fitted exiting
entropy fluxes, Goyut, are used. The small dispersion time, A7y, ensures that QV is close to the
ideal delta impulse, Qigea. The ratio of FFT(Gout) /FFT(Qy) is then calculated over frequency.
For the equivalent pipe flow, the ideally impulsive entropy input, Qideal, and the subsequent

Gaussian fitted output, Gigeal, are used, resulting in the FFT ratio of FFT(Gjigeal)/ FFT(Qideal).

Figure 6.10(a) shows the frequency response amplitudes of entropy wave advection within above

three flow fields, plotted against both normalised frequency, f*, and frequency, f, with the
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FIGURE 6.10: Frequency response (a) amplitudes and (b) phases for entropy wave
advection in mean (dashed line) and unsteady (dash-dotted line) combustor flows and
in an equivalent pipe flow (solid line). f*: normalised frequency equal to fL./ug.

former defined as:

== (6.10)

where f* is also known as the Strouhal number. For a mean bulk velocity of ©g = 14.97 m/s
and a characteristic length of L. = 0.349 m, f* is calculated to range between 0 and 8 (see the
bottom-axis of Fig. 6.10(a)), with the corresponding range of f being [0, 335] Hz (not shown).
The frequency response amplitude for the fully-developed pipe flow has the widest bandwidth,
with the mean and unsteady combustor flows giving successively reduced bandwidths. The

large-scale unsteady flow features (e.g., swirl) in the unsteady combustor flow thus act to reduce
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the bandwidth of the frequency response, which is a significant effect that cannot be neglected.

The phases of the frequency response ratios are also plotted in Fig. 6.10(b), showing that the
pipe flow advection leads to a linear phase decrease over frequency, with a large slope magnitude.
In contrast, the two combustor flow fields (mean and unsteady) both offer nonlinear and much
flatter phase profiles in frequency. This highlights the differences in the dispersion effects between

the ideal pipe flow and the realistic combustor flows on entropy wave advection.

Note that although the present network geometry is representative of an industrial combustor,
the applied mean flow speed is much lower than that under a real operating condition (e.g., [14,
24]). For these conditions, a flame-downstream Mach number of My = 0.21 is typical, referring to
a mean bulk velocity of Ty = 179 m/s (assuming a flame-downstream temperature of Ty = 1800 K
and ratio of specific heats 7 = 1.4). The frequency range (f) is then extended over [0, 4000] Hz
for f* in the same range of |0, 8] (see the top-axis of Fig. 6.10(a)). As can be seen, despite the
presence of advective dispersion, significant entropy wave strength still reaches the combustor
exit plane at low frequencies (f < 500 Hz) for all the three flow fields, and thus the entropy

noise is likely to be relevant in cases where a large amount of entropy waves are generated.

6.3 Entropy Noise Effect on Duct Thermoacoustic Modes

It has been seen that a real combustor flow can result in significant dispersive attenuation on the
advected entropy waves. This will significantly reduce the strength of entropy waves undergoing

acceleration through the first turbine stage, and hence of the entropy noise generated.

This section now seeks to investigate the effect of entropy noise on the thermoacoustic modes
of two simple duct combustors, taken to be simplified representations of industrial gas turbine
combustors, in the presence of realistic dispersive attenuation. The first, denoted combustor A,
considers a simplified version of the SGT-100 network geometry (Fig. 6.8(a)), retaining the same
duct radius, R,, and the flame-downstream length, L., as shown in Fig. 6.11(a). The duct bulk
flow velocity is increased, with appropriate normalised frequency (f*) scaling applied to the
advective dispersion. The acoustic boundary condition at duct outlet is taken to be choked,
so that it better represents real gas turbine operating conditions rather than laboratory tests.

The inlet boundary condition is chosen to be fully closed with R;, = 1. The second combustor,
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FIGURE 6.11: Two circular duct combustors with choked outlet: (a) combustor A,
flame-downstream length L. = 0.349 m; (b) combustor B, flame-downstream length
3L. = 1.047 m. Both ducts have the same pipe radius of R, = 0.093 m.

TABLE 6.1: Thermal and flow properties in duct combustors A and B. Flame-upstream
mean properties (subscript “1”) are prescribed, and flame-downstream mean properties
(subscript “2”) follow from the flow conservation equations [18].

Fuel type Equivalence ratio ¢, [-| Combustion efficiency 7 [-]
Methane (CHy) 0.70 0.80

Mean pressure p [bar|] Mean temperature T [K] Mean Mach number M [-]
D1: 15 Dy 14.65 Ty: 400 To: 1643 Mi: 0.1 My: 0.22

denoted B, has the same radius, bulk velocity and boundary conditions as combustor A, but

with a longer flame-downstream length of 3L, as shown in Fig. 6.11(b).

As shown in Table 6.1, the mean flow properties upstream of the flame in both duct combustors
are prescribed based on typical industrial conditions (e.g. [146, 161]), with the mean properties

downstream calculated through the mean flow conservation equations [18].

~

The flame model used here in order to capture the unsteady heat release rate response, Q, to
upstream velocity perturbation, w1, is a linear n — 7 model with a Ist-order low-pass filter [18,

235|, as defined in Eq. 2.26 and repeated here:

(6.11)
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FIGURE 6.12: Amplitudes of the frequency response functions for entropy wave advec-
tion from flame to combustor exit: (a) combustor A; (b) combustor B.

The values of the model’s gain (ny), time delay (7¢) and filter’s cut-off frequency (f. = w§/(27))
all depend on the combustor geometry and flame structure [231, 236|; here values of ny = {1,1},

7t = {3,1} ms and f. = {370,380} Hz are chosen for combustor A and B, respectively.

The final piece of information needed to calculate the thermoacoustic modes is the “dispersion
time model” representing the time-spread that occurs as an entropy wave advects from the flame
to the duct exit. For the short combustor A, the f*-rescaled entropy dispersion times, A7,
are calculated to be {0.7279,0.3449,0.2161} ms for dispersion by the unsteady combustor flow,
mean combustor flow and fully-developed pipe flow, respectively. For the longer combustor B,
the f*-rescaled Aty values are tripled and become {2.1837,1.0347,0.6483} ms for the above three
dispersion models. The normalised frequency response functions shown in Fig. 6.10(a) are then
mapped onto the frequency domain via f = f*-u/L,, as shown in Fig. 6.12. The bandwidths

of the resulting frequency responses for the shorter duct A are found much wider than those for

the longer combustor B.

The low order network thermoacoustic solver, OSCILOS [60, 67|, is then used to calculate the
thermoacoustic modes for both ducts in the presence of prescribed flame models and entropy
dispersion time models. For combustor A, the predicted modes both neglecting and accounting
for entropy noise, the latter with three different entropy wave dispersion models, are all plotted
in Fig. 6.13, with modal frequencies plotted against modal growth rates. The dominant mode
has a frequency of ~830 Hz, and its growth rate in the absence of entropy noise is positive,

indicating that the mode is unstable (Fig. 6.13(a)). When the entropy noise is accounted for,
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FIGURE 6.13: OSCILOS-predicted thermoacoustic modes for the short duct combus-
tor A, located at minima of the f-o plane for log;, |0.(w)| and marked by white stars.

however, its modal growth rate gradually decreases so that the unstable mode is moving left and
eventually stabilised — this is most pronounced for the over-simplistic pipe flow (Fig. 6.13(d))
and the “frozen” mean combustor flow (Fig. 6.13(c)) dispersion models, but also occurs for the

realistic unsteady combustor flow dispersion model (Fig. 6.13(b)).

The thermoacoustic modes of the longer combustor, B, are then computed, as shown in Fig. 6.14.
The frequency of the dominant mode is now ~370 Hz. When the entropy noise is neglected,
this mode has a negative growth rate and is therefore stable (Fig. 6.14(a)). Accounting for
the entropy noise in the presence of the over-simplistic pipe flow dispersion model causes this
mode to be destabilised (Fig. 6.14(d)). However, when the more realistic unsteady combustor
flow dispersion model is used (Fig. 6.14(b)), the entropy noise fails to affect this mode at all
— it remains stable with almost the same growth rate as when the entropy noise is neglected.

Due to the increase in the flame-downstream length (from L. to 3L.), the entropy dispersion
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FIGURE 6.14: OSCILOS-predicted thermoacoustic modes for the longer duct combus-
tor B, located at minima of the complex f-o plane and marked by white stars.

times (A7y) are now much longer for duct B, and the bandwidth of the dispersive frequency

response becomes too small to affect the mode under an unsteady combustor flow dispersion

(see Fig. 6.12(b)).

combustors A and B are summarised in Table 6.2.

6.4

Summary

Finally, all the above effects of entropy noise on the dominant modes of

In this chapter, the transport of entropy waves within the SGT-100 combustor flows has been

investigated via numerical simulation. An entropy source in the form of a time-impulsive Gaus-

sian perturbation at the mean flame location was applied, and its transport was studied using



Chapter 6. SGT-100 Industrial Combustor: Entropy Wave Transport 127

TABLE 6.2: Effects of entropy noise on the dominant thermoacoustic modes of two
simple duct combustors (f: frequency; o: growth rate).

Combustor A f [Hz| o [rad/s]
No entropy noise 830.3 81.5
Entropy noise: unsteady combustor flow dispersion model  830.4 75.3
Entropy noise: mean combustor flow dispersion model 836.7 -25.0
Entropy noise: equivalent pipe flow dispersion model 845.3 -89.6
Combustor B f [Hz| o [rad/s]
No entropy noise 379.1 -7
Entropy noise: unsteady combustor flow dispersion model  379.0 -77.6
Entropy noise: mean combustor flow dispersion model 373.5 -39.3
Entropy noise: equivalent pipe flow dispersion model 370.7 3.1

a passive scalar simulation superimposed on the main reacting flow LES. The transport of en-
tropy perturbations is found dominated by the dispersive advection, with the contributions from
thermal diffusion and viscous production both being negligible. It is also found that the change
of entropy source shape does not affect the downstream entropy transport process, thus the
detailed generation mechanism of the entropy waves from the flame is not the main focus of this

work.

The advection of entropy waves within a real unsteady combustor flow is found relatively fast,
controlled by both mean flow dispersion and large-scale unsteady flow features (e.g., swirl, vor-
tices). In the time-averaged combustor flow, however, the central flow recirculation zone initially
traps a large amount of entropy inside and largely delays the entire entropy advection. By com-
paring the entropy fluxes at the combustor exit, the large-scale unsteady flow structures are
found to contribute more significantly to the advective wave dispersion, and hence to the larger

entropy strength attenuation at the exit.

As compared to an equivalent fully-developed pipe flow, whose dispersion is modelled by a
simple analytical expression, the dispersion level within an unsteady combustor flow is more
than tripled. By scaling the normalised frequency responses to typically high bulk flow speeds,
it is found that despite the advective dispersion, sufficient entropy wave strength is likely to

remain at the combustor exit.
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The effect of entropy noise on the thermoacoustic modes of two simple duct combustors with
different axial lengths was finally studied. The entropy noise generated with the pipe flow disper-
sion model has the strongest strength, while the mean and unsteady combustor flow dispersion
models have successively decreasing contributions to the entropy noise impact. It was then
found that the effect of entropy noise on the dominant modes is much reduced when applying
a realistic advective dispersion model, but that entropy noise still has the potential to influence
the modes, including to cause stability changes. This finding motivates properly accounting for

entropy noise via the use of accurate advective dispersion models.



Chapter 7

ORACLES Long Flame Combustor

This chapter numerically investigates the response of a very long flame to upstream perturbations
in a laboratory combustor. For this combustor, thermoacoustic limit cycle oscillations were
measured at an unstable condition, and the simulated flame responses and a low order network
tool are therefore used to computationally predict the limit cycle oscillation behaviour. Different
from the SGT-100 combustor studied in Chapters 4 — 6, this combustor does not have an
upstream swirler and the flame inside has a much longer axial length, therefore the axial variation
in the heat release response of this long flame to an upstream excitation must be accounted for.
The thermoacoustic prediction approach then also needs to be slightly modified to account for

this axially-varying flame response. The main content of this chapter has been published in [5].

7.1 Experimental Set-up

The long flame combustor studied in this chapter is called “ORACLES”, standing for “One Rig for
Accurate Comparisons with Large Eddy Simulations” [15, 237|. This combustor has four main
sections, as schematically illustrated in Fig. 7.1(a), which from upstream to downstream are:
(i) two straight settling chambers and the followed converging channels, in which the incoming
fuel and air are fully mixed; (i7) a long section of two separate rectangular channels of constant
cross-section, each with a height of H = 30.4 mm and a length of lgo = 3.270 m. This set-up
is required to obtain two fully-developed turbulent channel flows. A metal plate of thickness
hp = 10 mm is installed along the centreline, equally splitting the two channels; (7) a unique

combustion chamber with adiabatic walls and a length of I3 = 2 m, stabilising the flame region

129
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FIGURE 7.1: Schematic of (a) the ORACLES laboratory combustor and (b) its simpli-
fied network representation. Figures taken from |[5].

(a) 21 a0
N LA View A-A'
'E h=29.9
\ i
|
Upper channel / i H=30.4
T k> 1306 h=10
704 '
Lower channel .Y . H y
h
1y, =32704 i
T :
0 “a ©
I3 =2000 W=150.5

FIGURE 7.2: Geometric details of the ORACLES combustion chamber entrance, with
all dimensions in mm. Figures adapted from [15].

using a symmetric sudden expansion of height h = 29.9 mm; (iv) an exhaust section. All of
the four sections have the same rectangular cross-sectional width of W = 0.1505 m. The above

geometric details near the ORACLES combustion chamber inlet are shown in Fig. 7.2.

The entire ORACLES facility is operated under atmospheric pressure (i.e. p ~ 1x10° bar),
and the fuel used is gaseous propane (CsHg), which is fully-premixed with air at temperature

To = 276 K at the rig inlet. The bulk velocity of the incoming mixture flow is U = 11 m/s,
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resulting in a Reynolds number of Re ~ 25,000 [15] based on T and H. It was observed that
a long, continuous flame attaches to the combustion chamber entrance, extending downstream
for a certain axial length. In the experiments the flame length was not measured, instead it was
computed to be around 1 m by LES in a previous study [115] and also in the present work. The
ORACLES rig was also measured to exhibit thermoacoustic limit cycle oscillations, which has an
oscillation frequency of ~50 Hz and a corresponding upstream velocity perturbation amplitude
of ~0.29, both recorded at a reference location of z,f = —5h = —0.1495 m (see Fig. 7.1(a))
upstream to the flame [15, 115].

7.2 Numerical Framework

This work aims at numerically simulating the long flame responses in the ORACLES rig and
using the computed flame models as the basis for the prediction of the resulting limit cycle
oscillations. Previous LES studies, e.g., [238, 239], on the same combustor generally extend only
over a short combustion chamber zone covering part of the long flame. These enable highly
resolved prediction of the flow field in the covered region, where the experimental data are
available. However, since the entire flame has a total length of ~1 m [115], simulating such a

short computational zone cannot fully capture the heat release response of the entire flame.

Therefore, in this work the LES computations are performed over a longer chamber region
starting from z = -0.15 m to x = 1 m, as sketched in Fig. 7.3(a). The computational domain now
extends upstream into the two separate rectangular channels, and one metre downstream into
the combustion chamber, containing the reference point, e = -0.1495 m, where the upstream
velocity perturbation was measured |15, and nearly the entire heat release zone (at some instants,
a very small part of the flame may leave the computational domain. However, the time-averaged

heat release zone remains well within the computational domain).

Based on previous research [238-241], the present computational domain has been meshed with
structured hexahedral cells, as shown in Figs. 7.3(b, ¢). The total number of mesh cells is ~5.46
million. Near the domain inlet, the mesh grid density is 180 x 100 x 70 in the axial (x), vertical
(y) and lateral (z) directions, respectively. Inside the combustion chamber, the mesh density is
300 x 200 x 70. The first mesh point is always located 0.1 mm away from the solid boundaries.
The volume of the mesh cell ranges from 8.57 x 1071 m? to 1.288 x 107° m?, which is sufficiently

fine to capture the main flow features accurately. The maximum skewness of the mesh cell is
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FIGURE 7.3: (a) LES computational domain, meshed with ~5.46 million structured

cells; mesh grids (b) near domain inlets and (c) within the combustion chamber.

(d) Statistics of the normalised wall-normal distance, y*, for all the cells that are closest
to the solid walls.

0.157, providing a generally good mesh quality for the present LES. The closest wall-normal
distance of the mesh nodes normalised by the viscous length-scale, denoted y*, varies from 0.06
to 7.0. y* has the largest value near the two domain inlets, then gradually decreases along

the axial direction, with local variations at some points. This is because an artificial velocity
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perturbation is to be imposed at the domain inlets, therefore the velocity gradients at the walls
are very high, leading to large values of y™ at the inlets. The statistics of y* values are plotted
in Fig. 7.3(d), where the majority (86.5%) of the near-wall cells are located within the viscous
sublayer (i.e. yT < 5), and the averaged value of y* is 2.6, indicating the mesh is fine enough

for the present LES.

The numerical methods used in the present work are very similar to those applied in [68]. The
flame response to an upstream velocity perturbation is simulated using the incompressible LES,
via the open-source CFD toolbox, OpenFOAM [122]|. The state of gas equation is given as:
p = po/(RyT), where the reference pressure, pg, remains constant in time and space based on
the zero-Mach number assumption implemented in the asymptotic expansion of Navier-Stokes
equations [242]. The change of mixture density, p, is thus uniquely associated with the tempera-
ture, T'. All the acoustic waves are now removed from the flow simulation, which allows a larger
computational time step which is not limited by the inverse of the speed of sound. This largely

accelerates the computational speed [243].

A modified ReactingFOAM-LES solver within OpenFOAM is now applied, which has been
validated in previous studies (e.g., |68, 104, 244, 245]). This solver solves the Favre-filtered
conservation equations of mass, momentum, species mass fractions and energy [243|, by using
a collocated Finite Volume Method (FVM) in which the spatial discretisation is based on the
Gauss’s theorem, together with a semi-implicit time-integration scheme. In the present LES
study, the Preconditioned-Conjugate-Gradient (PCG) algorithm is used to solve pressure, while
the Preconditioned-BiConjugate-Gradient (PBiCG) algorithm is applied for velocity, enthalpy
and species mass fractions. The method used to solve the mass and momentum equations
is PIMPLE [122| (merged PISO and SIMPLE algorithms), which is suitable for the present
transient simulations and has been used for the SGT-100 study in Chapters 4 — 6. An implicit
2nd-order Crank-Nicolson scheme is applied for the time derivatives, with the convection terms
discretised using a 2nd-order Gaussian linear scheme in space. All the heat losses involved in

the simulations are captured by the energy conservation equation.

In order to close the filtered conservation equations, the one-equation SGS kinetic energy tur-
bulence model [11-13], as introduced in Section 3.2.4, is used to model the filtered Reynolds
stresses. The LES-PaSR combustion model [198], which has been described in Section 3.3.2,
is applied for the turbulence-chemistry interactions; this has been validated for premixed and

partially-premixed flames in various studies [68, 104, 244]. In this work, a newly developed
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mixing time (7,,) model [199, 209] has been applied in the LES-PaSR solver. Based on the SGS
mixing and Kolmogorov time-scales, the mixing constant, C),, as defined in Eq. 3.32, is now set
as 3.0 to correctly capture the responses of the long flame, which is much higher than the value
of 0.8 used for the compact flame in the SGT-100 rig (see Section 4.2 for more details). A global
one-step propane/air reaction scheme involving 7 intermediate species [246] is applied, which
was developed to model the lean premixed propane/air flames and validated by previous LES
studies on thermoacoustic instability [246]. A steady fuel/air equivalence ratio of ¢, = 0.75 is
applied in this work, and a fixed time step of 1x107° s is used by all the computations, resulting

in a maximum CFL number of ~0.5.

For the boundaries of the computational domain, the zero-gradient conditions are applied for
the outflow velocity and scalars at the combustion chamber exit (Fig. 7.3(a)). Except for the
two inlets, the outlet and the two lateral z-planes, all the other boundaries are treated as solid
adiabatic non-slip walls [238-241], as it was stated in [15, 237| that the ORACLES rig are
thermally insulated with a refractory material, although it was shown in [220, 247, 248| that
the heat losses (or changes in the wall temperature) may have a strong impact on the flame
responses. The boundaries in the lateral z-direction (i.e. the two lateral planes) are set to be

periodic [238, 240).

For the domain inlets, unsteady inflow velocities are prescribed at the two channel entrances.
For the base flow without any perturbation, the used time-averaged bulk velocity at the reference
location (or at the inlet plane that is very close to the reference point) is U = 11 m/s, which is
equal to the measured value. In order to compute the FDF for the long flame, a harmonic velocity
perturbation is superimposed on the mean bulk inflow with artificial turbulence fluctuations [249]

at the inlet of the computational domain. This leads to an inflow axial velocity profile as:

ui(y,t) = U(y) [1 + Ay sin(27 fut) + we(t)], (7.1)

where the mean velocity profile, U(y), only varies along the vertical y-direction, fitted by a
Tth-order polynomial to experimental data at the reference location, x,e = —5h, on the mid
y — z plane. f, is the perturbation frequency and A, = |u}/U| the normalised perturbation
amplitude, both of which are varied independently, resulting in a series of perturbation cases in
order to compute the FDF over frequency at multiple A, levels. wy(t) is an artificial turbulence

fluctuation with an amplitude of 5%, introduced based on the experimental data [15].
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FIGURE 7.4: Contours of the sub-grid activity parameter, s,, on x —y plane at z = 0 m,
forced by an upstream velocity perturbation of A, = 0.29 and f, = 50 Hz. Figure
adapted from [5].

The sub-grid activity parameter [250], s,, is also calculated as:

o (ey)
= e e (72

where ((-)) = ([[f,,(:)dV) /V denotes spatial averaging over the flow domain volume, V, and
et = —T;j (0u;/0x;) and €, = §,L-j (Ou;/0xj) /Re are the turbulence and molecular dissipation
rates, respectively, both varying with the Reynolds number, Re. Based on Eq. 7.2, the value of
Sq satisfies 0 < s4 < 1, with s, = 0 representing DNS and s, = 1 corresponding to LES with an
infinitely-large Reynolds number [250]. The value of s, thus quantifies the relative importance
of the SGS models used by the present LES. The contour of s, under an upstream perturbation
of A, = 0.29 and f, = 50 Hz is plotted in Fig. 7.4. It is noted that the value of s, is small
within the upstream channels, but becomes larger in the downstream chamber, indicating that
the mesh cells are well-refined near the domain inlets but are relatively coarser downstream,

where the SGS models play a more important role in this downstream highly turbulent zone.

7.3 LES Results and Validation

Based on the above numerical methods, the unforced LES simulations are firstly performed
without any upstream perturbations. As shown in Fig. 7.5, the contours of axial flow velocity,
mean temperature and mean heat release rate are plotted on the symmetry plane of z = 0 m. It
is firstly noted that both the mean (Fig. 7.5(a)) and instantaneous (Fig. 7.5(b)) velocity fields are
generally symmetric with respect to the combustion chamber’s centreline, with two small outer
recirculation zones near the top and bottom back-step corners. Different from the turbulent
swirling flow in the SGT-100 rig (e.g., Fig. 6.1(c)), the flow field in the ORACLES rig is non-

swirling and thus does not have a large upstream inner recirculation zone along the centreline.
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FIGURE 7.5: Contours of unforced LES-simulated (a) mean axial velocity, @; (b) In-
stantaneous axial velocity, u; (¢) mean temperature, 7', and (d) mean heat release rate

from each cell volume, Qm

High flow speed regions are found downstream near the top and bottom inner walls, close to
the domain exit (Figs. 7.5(a, b)). The mean temperature field (Fig. 7.5(c)) shows that a long
low-temperature zone axially stretches along the centreline into the combustion chamber, with
cold patterns on the two sides induced by the vortices shed from the back-steps. This results in

a very long flame shown in Fig. 7.5(d), whose heat release rate field covers a large axial area.

The forced LES simulations are then performed under the measured limit cycle perturbation:
fu = 50 Hz, A, = 0.29. As shown in Fig. 7.6 for the axial (u) and Fig. 7.7 for the vertical
(v) components, the predicted vertical y-profiles of both mean and fluctuating flow velocities
are compared and validated by the experimental data [15] at multiple axial locations, e.g.,
x/h = 0, 1, 2 and 3. The simulated mean flow velocities match the measurements very well
(Figs. 7.6(a), 7.7(a)), with small discrepancies existing for the RMS velocities at some down-
stream locations and near the top and bottom inner walls (e.g., Fig. 7.6(b)). These mismatches
are acceptable considering the uncertainties involved in the measurement data. The present LES
results are therefore validated to be able to capture the turbulent reacting flow field, which are

used as a basis for the next FDF computation.

7.4 Flame Describing Functions for the Long Flame

The responses of the long ORACLES flame, forced by the upstream harmonic velocity pertur-

bation at © = ¢ (Eq. 7.1), are now computed. In contrast to the SGT-100 combustor, which
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FIGURE 7.6: Vertical y-profiles of normalised (a) mean and (b) RMS axial flow velocities
(u) at multiple axial locations, x/h = 0, 1, 2 and 3. Markers o denote experimental
data [15] and continuous lines denote forced LES results at f, = 50 Hz, A, = 0.29.
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FIGURE 7.7: Vertical y-profiles of normalised (a) mean and (b) RMS vertical flow
velocities (v). Refer to the caption of Fig. 7.6 for more information.

has an acoustically compact flame and uses a global FDF to describe the total heat release rate
from the flame, the ORACLES flame is much longer and the axial variation of its unsteady re-
sponse is likely to be important within a low order acoustic modelling framework. Thus a single
FDF can no longer describe the entire flame’s response. To deal with this, the long continuous
flame needs to be axially split into multiple “flame segments”, with the heat release response
from each segment modelled by a “local FDF” separately [5]. This flame segmentation method
is illustrated in Fig. 7.8. The original flame is now represented as a series of flame segments

(e.g., x € [Tjc,xj41,) for the j-th segment), with a thin 1-D flame sheet located at each segment
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FIGURE 7.8: Sketches of (a) a long continuous flame and (b) its segmentation as a
series of discrete compact flame sheets (replotted from Fig. 2.9). The j-th segment
ranges between [z; ., z;41,.|, with its flame sheet located in the centre (i.e. z = ;).

centre (e.g., = x; for the j-th segment). A detailed introduction of this method can be found

in Section 2.6.

Practically, the combustion chamber (x € [0,1] m) of the present ORACLES computational
domain (Fig. 7.3(a)) is equally split into Nseg segments along the a-direction. The axial length
of each segment, [, satisfies | < u/f ~ U/ f, = 0.22 m, with U = 11 m/s and f,, = 50 Hz. The
total number of segments is initially set as Ngeg = 40, resulting in a small segment length of
I =1/Ngeg = 0.025 m. It will be later investigated whether this length is axially resolved enough
to capture the axial variation of the heat release fluctuation, while retaining sufficient signal to

noise ratios (SNR) across all the segments.

It should also be noted that the single harmonic velocity perturbation signal, u; (Eq. 7.1), used
to force all the flame segments remains the same, which is located at a fixed reference location

(i.e. & = xef) upstream to all the segments.

In the present LES, the heat release rate, Qj, from an arbitrary j-th segment is calculated
by spatially integrating the local heat release rate field over the segment volume. It is then
recorded over time for at least 20 forcing cycles after the starting transients have died away. Since
the self-excited limit cycle oscillations (caused by thermoacoustic instability) were measured at
f =~ 50 Hz under an upstream perturbation level of A, ~ 0.29, the present forced simulation

cases are performed at three perturbation frequencies: f, = 40, 50 and 75 Hz, that cover the
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FIGURE 7.9: (a) Time evolution of heat release rate fluctuation, Q; =Q; — Qj (thin

solid line), in the 8th flame segment (j = 8, = € [0.175,0.2] m), and its filtered signal

(thick solid line) and envelope (dashed line). (b) Normalised heat release signal, Q; nm-

(c) Normalised velocity perturbation, u} /U, at the reference location, xef. (d) Discrete

Fourier transform (DFT) of Qj signal in the 8th segment. The resolution is 5 Hz.
fu =50 Hz, A, = 0.4. Figures adapted from [5].

frequency of interest. For each forcing frequency, a total of five forcing amplitudes have been

considered: A, = 0.1,0.2,0.25,0.3 and 0.4.

One such perturbation case is illustrated in Fig. 7.9, with the flame forced at f, = 50 Hz with
amplitude A, = 0.4. Figure 7.9(a) shows the time-variation of the heat release rate fluctuation,
Q; = Qj — 5j, in the 8th segment (j = 8, € [0.175,0.2] m). It is noted that the time-series
of Q; highly deviates from a purely harmonic single-frequency signal. This is because other
frequencies also present due to the flame’s nonlinearity and the background noise caused by the
strong turbulent flow. Nevertheless, the discrete Fourier transform (DFT) of Q; (with j = 8)
shown in Fig. 7.9(d) indicates that the main response frequency of Qj perfectly matches the

forcing frequency of 50 Hz, which is true for all the perturbation cases investigated. This again

validates the weakly nonlinear assumption made by the FDF theory [54, 63].

In order to determine the local FDF for each of the discretised flame segments, it is necessary
to extract the gain (denoted Gj) and phase values (denoted ;) of the heat release rate in each
segment responding to the same upstream perturbation signal, u}/U. In this work, the DFT
magnitude of Qj at the forcing frequency, i.e. the main peak value shown in Fig. 7.9(d), is used

as the local FDF gain for the j-th segment.

It is however more difficult to calculate the local FDF phase directly from the cross-correlation

between Q; and u} /U, especially in the very downstream segments, where the heat release rates
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are low and the SNR is very small. A post-processing method proposed by Li et al. [251, 252]
is thus applied, including steps: (i) the raw signal of Qj is at first filtered using a zero-phase-
shift band-pass filter to eliminate the low frequency noise due to bulk flow motion, and high
frequency noise due to flame nonlinearity and small-scale turbulence. One such filter is the
digital Butterworth filter with a lower cut-off frequency of 30 Hz and an upper cut-off frequency
of 70 Hz, featuring an attenuation of less than 1 dB in the pass-band and at least 10 dB in the
stop-band under the forcing frequency of f,, = 50 Hz. The filtered signal, Q;’,ﬁt (thick solid line in
Fig. 7.9(a)), now contains only the forcing frequency. (éi) A Hilbert transform is then performed
on Q;.’ﬂt to obtain the signal’s envelope, denoted Q;?evlp (dashed line in Fig. 7.9(a)). (#4) This
envelope yields a normalised signal with constant amplitude, Q;,nml = Q;’,ﬂt / Q;,evlp’ shown in
Fig. 7.9(b). (iv) A cross-correlation is finally performed between Q;7nml and the perturbation

signal, u} /U (Fig. 7.9(c)), to obtain an accurate local FDF phase for the j-th flame segment at

the forcing frequency.

With the gain and phase of the heat release response both computed, the local FDF for the j-th

flame segment can be established in the frequency domain as:

Fi(f.Au) = 23;//3 =

G(f, Au) exp(iv;(f, Au)), (7.3)

where Q denotes the total heat release rate from the entire computational domain. The above
signal post-processing steps are repeated across the forcing amplitudes (A,) for each segment

(j =1, -+, Nsg) along the flame length, yielding a series of local FDFs along z-direction.

As shown in Fig. 7.10, some common trends for the obtained local FDFs are evident: (i) the
local FDF gain, G; = |F;|, generally decreases with increasing forcing level, A, for all the flame
segments, mainly due to the nonlinear saturation of the flame surface area oscillation. The gain
decreases rapidly between A, = 0.1 and 0.2, but becomes slower as A, is further increased. This
is consistent with previous numerical predictions [238|. (ii) G has its maximal value at two
locations, one within = ~ 0.2 — 0.5 m, and the other at z ~ 0.5 — 0.8 m, for all perturbation
frequencies. (ii7) The absolute FDF phase, |p;| = |£F;|, decreases with the forcing level (A,)
along the entire flame, consistent with that of a conical laminar flame [79]. (iv) ¢; is generally
proportional to the ideal phase lag, ¢, = —27 fz/U, of the bulk flow convection, which linearly

decreases along the flame axial length, confirmed by [253].
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FIGURE 7.10: Local FDFs for the ORACLES flame, F; (with j = 1, -+, Ny and

Ngeg = 40). Top-half: FDF gain |F;| (= G;); bottom-half: FDF phase ZF;/m (=

@;/m). Symbols o: A, =0.1; O0: A, =0.2; v: 4, =0.25; x: A, =0.3; +: A, =04.

Solid line: phase lag due to bulk flow convection, .. (a) f, = 40 Hz. (b) f, = 50 Hz.
(¢) fu =75 Hz. Figures adapted from [5].

7.5 Prediction of Thermoacoustic Limit Cycle

Based on the above simulated series of local FDFs along the flame length (Fig. 7.10), the non-
linear limit cycle oscillations induced by the thermoacoustic instability can be predicted. Since
the present limit cycle was experimentally measured at around 50 Hz, the present analysis is
restricted to the frequency range of f = 25 — 100 Hz. The FDF gain and phase values across this

frequency range are then determined by performing linear interpolations on the computed FDF
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data shown in Fig. 7.10, resulting in the complete axially-varying local FDFs over the frequency

domain (see |5] for more details).

The low order network thermoacoustic solver, OSCILOS [60, 67|, is now used for the limit
cycle predictions. The network geometry for the ORACLES rig is shown in Fig. 7.1(b), which
contains three rectangular constant-area modules, including the original 2-metre-long combustion
chamber. As explained in Fig. 7.8, the long and continuous flame within this combustion chamber
is now represented as a series of “discrete 1-D flame sheets” in the network geometry, each treated
as “acoustically compact” compared to the dominant acoustic wavelengths. Each of these 1-D
flame sheets is located at the centre of a flame segment (e.g., x = x; for the j-th segment), to
which the computed local FDF for the same segment is assigned. Inside each flame segment
(e.g., € [Tje, Tjr1,e), with zj . = x; — /2 and xj;1, = xj + [/2), the mean pressure, velocity
and temperature are assumed constant at each side of the flame sheet (due to the small segment
length), and only change across this sheet, which are controlled by the jump conditions [18§]
(see Section 2.3 for more details). These mean flow and thermal properties can also vary from

segment to segment.

The axial profiles of mean velocity (), temperature (T), speed of sound (¢) and the ratio of
specific heats (), etc., used in the first half of the network combustion chamber (i.e. z €
[0,1] m) are plotted in Fig. 7.11. These are extracted from the LES results under an upstream
perturbation of f, = 50 Hz and A, = 0.29, and averaged over the cross-section. It is noted
that the mean temperature increases from 1011 K to 1854 K, and the mean velocity raises from
6 m/s to 39.4 m/s. The values of u = 39.4 m/s and T = 1854 K are assumed constant in the
second half of the combustion chamber (i.e. = € [1,2] m). The profiles of ¢ and « are computed
based on the axial variation of T, either dropping from 1.335 to 1.301 (for 7) or increasing from

622.5 m/s to 832.1 m/s (for ¢) in the first half of the chamber (z € [0,1] m).

The computed series of local FDFs (e.g., see Fig. 7.10) are then assigned to each of these discrete
1-D flame sheets in the network, and coupled with the modified acoustic wave equations 5| within
the OSCILOS solver. These wave equations are derived from the acoustic jump conditions across

multiple local flame sheets and the transfer matrices for acoustic wave propagations, etc.

Due to the lack of experimental data on the acoustic boundary conditions, the pressure reflection

coeflicients at the network inlet and outlet are assumed as Ry, = 1 and Ry = —1, respectively,
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FIGURE 7.11: Axial profiles of cross-sectionally averaged mean flow and thermal prop-
erties used in the network, simulated at f,, = 50 Hz and A4, = 0.29. Figures from [5].

corresponding to a fully closed inlet and open outlet. The acoustic damping levels at the bound-
aries can be accounted for by decreasing the magnitudes of R;, and Ry, and the sensitivity of

the predicted limit cycle properties on these damping levels will be discussed later.

The dominant thermoacoustic mode which is relevant to the limit cycle is finally predicted
using the low order network approach. It is also compared to the mode computed by the
reference 1-D Linearised Euler Equations (LEEs) (it is acknowledged that this part was done
by Dr. Jingxuan Li in [5]). The predictions using the LEEs method apply the same acoustic
boundary conditions for the network, but use the continuous mean flow and thermal properties
along the axial direction (i.e. without assuming the flame segments and the associated jump
conditions) to construct a continuous FDF (denoted F.), describing the local heat release rate
response to an oncoming acoustic excitation as:
i/Q

Fc(l'anAu) = al/Uv (74)

where a denotes the local heat release rate fluctuation at an axial point. In practice, 5 is very
difficult to compute based on LES or experimental data, since it is restricted to very a small
area that the SNR is too small. Therefore, in this study F. is reconstructed using the flame

segmentation method.

When each flame segment is sufficiently short, the change in the flame response over one segment
also becomes very small; the Taylor expansions for the gain and phase of the continuous FDF,

Fe, will then be dominated by terms of zeroth and first order. The gain and phase of F. can thus
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be approximated as linear functions of x, allowing F. to be computed by linearly interpolating
the discrete FDFs, Fj, for the series of compact flame sheets. For instance, the form of 7. in

the segment region [z, z;41,c] (see Fig. 7.8) is defined as [5]:
Fe=Go(1+ Bi(a — xj)) e'leothlme), (7.5)

where Gy and g are the gain and phase of the LEEs-based FDF. 1 and (2 are two linear

coefficients for the gain and phase, respectively. Integrating F. along [xj, xj11.] then gives:

Fi(fi Au) = /%ﬁ? Fedr = G;);Z:O (i? sin <ﬁ22l> + Bl cos <522l> - QB%sin <B22l>> , (7.6)

J

where [ denotes the axial length of each segment. When (5] < 7, the above equation can be
simplified into:

FI(f, Ay) = 1Goe™ = Gj(f, Ay)e s (FAw), (7.7)

As mentioned in Section 7.4, the phase lag of the discrete local FDF, F;, approximately corre-
sponds to the bulk flow convection, which has a wavelength of U/f ~ 0.22 m at 50 Hz. The
phase lag with the total segment number, Ngeg = 40, is then faol ~ 27 x0.025/0.22 = 0.237 < 7,

satisfying the condition for Eq. 7.7 to be valid. G and g are now calculated as:

Gi(f,A
Go = ](flu) and @0 = ¢; ([, Au)-
The gain and phase of F,. at other frequencies in the range of [25, 100] Hz can then be interpolated
based on the values of G;/l and ¢;, respectively. Based on this axially-integrated continuous
FDF, ]-';-‘ , another thermoacoustic prediction approach called the “LEEs-based method” is es-

tablished, with more details described in [5].

Figure 7.12 shows the comparison between the axially integrated continuous FDF, F7, and the
simulated discrete series of local FDFs, Fj, across all the segments at f, = 50 Hz, A, = 0.1
with different total segment numbers (Nsg). The axial variations are nearly identical when
Nseg = 40, indicating that this total flame segment number is a suitable choice. When coarser

flame segments are used, e.g., Ngeg = 10, differences between JF; and Fj can no longer be ignored.

The evolutions of frequency and growth rate for the predicted dominant thermoacoustic mode

over the perturbation level, A,, are then shown in Fig. 7.13. The mode’s trajectories with
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FIGURE 7.13: Evolutions of (top-half) frequency, f, and (bottom-half) growth rate,

o, of the dominant thermoacoustic mode over perturbation level, A,, predicted by

OSCILOS (V) and the LEEs method (o). +: limit cycle frequency, fi.; X: corresponding
perturbation amplitude, A, Figure taken from [5].

increasing A, are almost identical between the low order network and the reference LEEs meth-
ods. For the lowest forcing level, A, = 0.1, the modal growth rate (o) predicted by OSCILOS is

largely positive, indicating the combustor is unstable at f = 51.8 Hz. An increase in A, leads to
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FIGURE 7.14: Shapes of the dominant thermoacoustic mode predicted by (solid line)

OSCILOS and (dashed line) the LEEs method at A, = 0.4, in the form of arbitrary

(top-half) pressure and (bottom-half) velocity fluctuation amplitude along z-direction.

py and ¢; are the mean density and speed of sound in the upstream settling chamber.
Figure adapted from [5].

a gradual decrease of the growth rate, and the limit cycle is established when ¢ = 0. This occurs
when A, is between 0.3 and 0.4. By performing linear interpolation, the zero-growth-rate state
is found at perturbation level A% = 0.38, with the corresponding frequency f;. = 51.6 Hz. These
limit cycle properties are both very close to those predicted by the LEEs method, validating the
low order network solver used. Compared to the experimental data [15], the predicted limit cycle
frequency, fi., matches well the measured value of ~50 Hz, while A!¢ is slightly over-predicted
compared to the measured level of ~0.29. This mismatch is possibly due to the lack of acoustic

damping at the modelled network boundaries.

The shapes of the dominant mode predicted by the two methods are plotted in Fig. 7.14, in
the form of arbitrary pressure or velocity fluctuation profiles. The mode shapes match very well
between the two solvers. Two large jumps in the velocity fluctuation are found at two locations,
r1 = —lg = —3.445 m and x2 = 0 m, where the cross-sectional area abruptly changes in the
network (see Fig. 7.1(b)). The low order network solver, OSCILOS, also predicts multiple small
velocity jumps at the interfaces between the consecutive flame segments (see Fig. 7.14(bottom)),
while the LEEs method gives smoothly changing velocity profile in the combustion chamber.
The axial-variation of the velocity fluctuation is strongly affected by the FDFs applied, featuring
a wave form with several cycles from the network inlet to the outlet (Fig. 7.14(bottom)). In
contrast, the pressure fluctuation profile is much smoother and has no jumps in the flame region

(see Fig. 7.14(top)), which is little affected by the FDFs used.
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The effect of total flame segment number, Nge, on the limit cycle prediction is also analysed.
The initial value of Ngee = 40 is selected to ensure that the width of each segment is sufficiently
small to better capture the detailed response variation, but in the meantime it also leads to
relatively small SNRs in the very downstream segments, where the heat release rates are much
lower (due to the occasional absence of the flame tips) and can cause errors to the computed
FDF gain and phase values. By merging the consecutive segments, the total segment number
can be reduced from 40 to 20, with each segment’s width doubled from 0.025 m to 0.05 m.
Similarly, a further merging of neighbouring segments can reduce the segment number to 10,

with each as long as 0.1 m.

Figure 7.12 shows the discrete local FDFs, F;, simulated for total segment numbers of Ny = 40,
20 and 10, respectively, all forced at f,, = 50 Hz and A, = 0.1. The gains of F; are divided by
their corresponding segment width,  (or equivalently multiplied by the Ny, value), for better
comparisons. It is known that when [ increases or Ngeg drops, the SNR of the heat release rate
signal increases, enabling a better capture of the FDF gains and phases at the perturbation
frequency. However, as shown in Fig. 7.12, the FDF gains computed with fewer segments (e.g.,
Ngeg = 10 or 20) are always lower than those at Ngg = 40 over the entire flame (the same
for higher forcing levels of A, = 0.2, 0.25, 0.3 and 0.4). This is because the heat release rate
signals in the merged neighbouring segments are not always in phase, and may cancel each
other. Therefore, the total segment number cannot be too small or too large, and there exists
an optimal number which provides a good balance between the heat release rate SNR and an

accurate description of the flame response’s axial variation.

The frequency (f) and growth rate (o) of the predicted dominant mode are also compared in
detail across the forcing amplitudes for five total segment numbers (Ngeg = 40, 20, 10, 5 and 1),
as summarised in Table 7.1. It is observed that: (i) the reduction of Nye (from 40 to 10) does
not highly affect the mode’s frequency, but monotonically decreases its growth rate across all the
forcing levels, except for A, = 0.2, which has an opposite behaviour. The decrease of Ngeg from
40 to 10 also reduces the predicted limit cycle perturbation amplitude, Al. (i) When Ngeg < 5,
the predicted axial variation of the FDFs, Fj, is completely different from that at Ny, = 40,
and the combustor is now predicted linearly stable, which is incorrect. This confirms the need
to use a sufficiently large total segment number to ensure the network prediction is still valid.
(#ii) Although the value of A looks closer to the experimental data (~0.29) with few segments

(e.g8., Nseg = 20 or 10), it must be noted that the reflection coefficients used are ideally Ry, =1
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TABLE 7.1: Frequency (f) and growth rate (o) of the dominant thermoacoustic mode,
the limit cycle frequency, fj., and the corresponding forcing level, Agf, predicted over
forcing amplitude (A,) with different total segment numbers. Data collected from [5].

Low order network method with Ny flame segments

Ay Experiment LEEs
40 20 10 5 1
T - 515 518 518 517  50.7 51.6
o [rad/s| _ 21.3 157 10.8 4.5  -13.7 154
0.9 f [Hz] - 49.3 499 50.1 50.3 49.6 48.9
o [rad/s| - 21 08 16 26 0.6 -4.2
0.95 f [Hz] - 50.6 51.0 51.2 515 53.7 51.1
o [rad/s| _ 154 126 124 105 5.1 16.7
N - 487 493 493 496  49.0 48.0
o [rad/s| - 4.7 33 25 16 4.2 -3.0
04 f [Hz] - 51.7 52.1 52.1 523 52.3 52.0
o [rad/s] - -0.2  -0.7 -23 -34 -5.1 -7.5
Limit  f;. [Hz| ~50 51.5 51.6 50.8 50.9 Linearly Linearly
cycle Al [-] ~0.29 0.40 0.38 0.35 0.35 stable stable
and R,y = —1, and the flow temperature remains constant within the zone x = [1,2] m, so

using a smaller number of Ny, does not guarantee a better prediction of the limit cycle. The
effects of entropy wave transport and the resulting entropy noise on the prediction results are

found very small, and are therefore neglected in this work.

It has also been found that similar limit cycle properties (f;. = ~50 Hz and Aif = 0.37) were
previously predicted in [115] compared to the present calculations at Ngeg = 40. In their work,
however, the LES were performed at only one frequency (50 Hz), and the 1.1 m long combustion
chamber used was equally segmented into only 14 slices with no criterion for the flame segment
length. The computed discrete local FDFs were constructed by assuming that the gain and

phase in each segment remain constant at all frequencies.

Finally, the sensitivities of the predicted limit cycle to (i) the acoustic boundary damping levels
and (i) the mean temperature ratio in the combustion chamber are both investigated. The
above predictions have assumed no acoustic losses at both network inlet and outlet (i.e. R, =1
and Ry, = —1). However, as shown in Fig. 7.1(a), the porous plugs and grids were installed near

the settling chamber entrance to organise the inflow, which are highly likely to cause acoustic
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FIGURE 7.15: Markers o: evolutions of limit cycle (bottom-half) frequency, f., and

(top-half) corresponding forcing level, A against |R;,| (bottom axis) with Ry = —1.

Markers x: evolutions of f;. and Afuc over |Roys| (bottom axis) with Ry, = 1. Markers

V: evolutions of fi. and A!® against the combustion chamber temperature ratio, 7tp
(top axis), with Ry, = 1 and Roy = —1. Figure adapted from [5].

losses. A sensitivity analysis of the limit cycle properties to these losses is then performed by

successively varying the magnitudes of Rj, and Ry while keeping their phases unchanged.

As shown in Fig. 7.15, when |Rj,| decreases from 1.05 to 0.8 for a fixed Ryt = —1 (note that
the absolute reflection coefficient may exceed unity for a finite Mach number flow [145, 254]),
the perturbation level for the limit cycle, A%, continuously decreases from 0.42 to 0.28, closer to
the measured value of ~0.29. In contrast, the variation in the limit cycle frequency, fi., is much
smaller, only slightly drops by ~3 Hz. A similar analysis is performed for the outlet reflection
coefficient, |Royt|, which also drops from 1.05 to 0.8 while fixing R;, = 1. The predicted limit

cycle perturbation level, A/, is found to monotonically reduce from 0.39 to 0.29, again better

U’

matching the measurement data of ~0.29.

The second effect to be investigated is the temperature axial-variation along the combustion
chamber. The above predictions have assumed that the mean temperature in the downstream
half of the combustion chamber (beyond the long flame region) remains constant. However, the
flame-downstream temperature may decrease axially due to heat losses [255-257]. The effect of

this temperature drop can be studied by defining a linearly-decreasing axial mean temperature
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profile, T(z), in the downstream half of the combustor, x € [1,2] m (beyond the entire flame):
T(x)=T (Trp — )z —1)+T", z€[1,2] m, (7.8)

with 7" = 1854 K the mean temperature at 2 = 1 m and 7" (7tp — 1) the gradient of the linear
profile. For example, when 71p = 1, the mean temperature remains constant along x, while for

Ttp = 0.5, the mean temperature drops from T at z=1m to T*/Q at x = 2 m, etc.

The sensitivity of the limit cycle properties to the temperature gradient, 7tp, is also shown in

lc
u

Fig. 7.15. When T7p decreases from 1.0 to 0.5, the limit cycle perturbation level, A, slowly
grows from 0.38 to 0.41. This is because the temperature variation acts as an acoustic energy
source, which changes the total energy needed by the perturbation to trigger the limit cycle.

This is consistent with previous findings in [258, 259|.

In summary, based on the above sensitivity analyses, the limit cycle perturbation level, A%,
decreases with an increase of the acoustic damping level at both combustor ends, but increases
under a faster flame-downstream temperature drop. In contrast, the limit cycle frequency, fi.,
is only little affected by the acoustic boundary damping and the temperature gradient in the

downstream chamber.

7.6 Summary

In this chapter, the forced responses of a very long flame in a lab-scale dump combustor called
ORACLES is investigated. The long flame stretches in the axial direction for ~1 m, occupying
nearly half of the combustion chamber. The “acoustically compact” assumption used to represent
a compact flame as a single 1-D flame sheet is no longer valid. To solve this, the continuous long
flame is split into a series of equal-sized individual flame segments in the axial direction, each
segment has a sufficiently short length, which can be treated as an acoustically compact flame.
The series of flame segments can then be represented as a discrete series of 1-D flame sheets in

the network approach.

The heat release response from each flame segment to a harmonic velocity perturbation at a fixed
upstream location is then computed, resulting in a series of local FDFs for the discrete flame
sheets, varying along the flame longitudinal length. The axial variations of gains and phases for

these FDFs are functions of perturbation frequency, amplitude and the total segment number.
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With a sufficiently large total segment number, the LES-computed discrete FDFs match well
the 1-D linearised Euler equations (LEEs)-based continuous FDFs.

The ORACLES combustor was measured thermo-acoustically unstable during experiments, ac-
companied by nonlinear limit cycle oscillations. In order to predict this limit cycle, the low order
network solver OSCILOS is used, assigning the simulated FDFs to the modelled discrete 1-D
flame sheets along the flame length. With a total segment number of 40, the predicted limit cycle
frequency matches well the measured value, while the corresponding upstream perturbation level
is slightly over-predicted due to the lack of acoustic damping at network boundaries. By using
correct acoustic damping levels at combustor inlet and outlet, and assuming a more physical
temperature gradient within the downstream combustion chamber, the prediction accuracy on

the limit cycle properties will be considerably improved.
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Conclusions and Future Work

This thesis has investigated the flame responses to acoustic perturbation and the resulting ther-
moacoustic instability in two gas turbine combustors, which are (i) the pressurised SGT-100
industrial combustor and (7) the long flame ORACLES laboratory combustor. The acoustic
wave behaviour has been modelled using a low order network approach or a Helmholtz solver,
while the flame heat release rate response was numerically simulated and constructed as linear
flame transfer functions (FTFs) or nonlinear flame describing functions (FDFs). The acoustic
wave model and the flame response functions were then combined into the above solvers to pre-
dict the thermoacoustic stability of the analysed combustors, and for those unstable operations,
to capture the nonlinear limit cycle oscillations. The influences of multiple numerical modelling
assumptions and operating conditions on the unsteady flame response and the thermoacoustic

prediction have been systematically evaluated.

8.1 Incompressible LES of Reacting Combustor Flows

The starting point for an accurate characterisation of the forced flame response is to obtain
a reliable unforced flow field and flame shape in the combustor. Incompressible large eddy
simulation (LES) was used for this task due to its high accuracy in capturing large scale unsteady

flow features and its smaller computational cost compared to the compressible LES and DNS.
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For the pressurised SGT-100 combustor, which contains a turbulent swirling methane/air flame,
two incompressible LES solvers — OpenFOAM and BOFFIN, were used. The effects of sub-
grid scale (SGS) turbulence model, SGS combustion model (LES-PDF vs. LES-PaSR), reaction
chemistry (4-step vs. 15-step), operating pressure (3 bar vs. 6 bar), wall heat losses and mesh

density, etc., on the unforced flow field and flame behaviour were analysed. It was found that:

(¢) The large scale steady and unsteady flow features such as swirl, separation, recirculation
zones and vortex cores (e.g., CVC), etc., are all evident in the flow field. However, the

effects of all the above-mentioned factors on the unforced flow field are found marginal.

(4¢) The LES-PaSR combustion model gives a more-distributed reaction zone and an axially
longer flame compared to the LES-PDF model, and the use of a more-detailed 15-step
reaction scheme leads to a longer flame with a lower mean heat release rate due to the
lower burning velocity. In contrast, an increase of the mean pressure from 3 bar to 6 bar
largely decreases the flame axial length but increases the mean heat release rate, due to

the lifted chemical reaction rate at a higher pressure.

(#i2) The accuracy of the two combustion models used are both validated by the experimental
data. The dynamic Smagorinsky turbulence model offers the best accuracy, and the 15-step
reaction scheme is slightly more accurate than the 4-step scheme, especially at a higher
pressure. Generally, all the applied SGS combustion models and the reaction schemes used

have satisfactory accuracy.

(4v) The effect of wall heat losses on both the flow field and the flame shape is found negligible,
and the increase of mesh density does not significantly increase the simulation accuracy,

except for slightly improving the local reaction processes within the flame zone.

The same incompressible LES approach was also applied to a long-flame propane/air combustor
known as ORACLES, which uses the OpenFOAM LES solver and very simple reaction chem-
istry (e.g., one-step reaction). The non-swirling flow in the ORACLES rig is accurately captured
compared to the experimental data. It is found that the non-swirling flow field stretches down-
stream a very long distance into the combustion chamber, consistent with the very long flame

obtained. The central recirculation zone now disappears due to the lack of upstream swirler.
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8.2 Forced Flame Responses and Flame Models

Building on the simulations of unforced flames, the forced flame heat release responses to up-
stream perturbations were investigated. A harmonic velocity perturbation was imposed up-
stream of the flame front, with the subsequent time-variation of the global heat release rate from
the flame calculated at each time step. The computed flame response signals were then used to

construct the FTFs and/or FDFs.

For the SGT-100 combustor, the flame zone is assumed acoustically compact, thus a global
flame model (FTF or FDF) is sufficient. The resulting FDFs, computed using different SGS
combustion models, chemical reaction schemes and operating pressures, etc., have some common
trends: (¢) the FDF gain always has two gain maxima in frequency with one gain minimum in
between; (ii) the FDF phase generally linearly decreases over the frequency, controlled almost
only by the bulk flow convection; (#i7) an increase in the perturbation amplitude leads to a
drop in the FDF gain over frequency, mainly due to the saturation of the flame surface area

oscillation.

The effects of combustion model and reaction chemistry on the FDFs are both found very small,
regardless of their associated differences in the unforced flame shapes. This suggests that a
simpler but faster 4-step reaction scheme combined with either PDF or PaSR-based combustion

model can be recommended for future flame response calculations.

In contrast, an increase in the operating pressure largely increases the FDF gain magnitudes at
lower frequencies, but reduces them at higher frequencies. This may be due to the different time-
scale coupling strengths between the perturbation and the flame response over the frequency.
The pressure variation also shifts the frequency of the maximum FDF gain peak, likely caused

by the variation of mean axial flame lengths predicted at different pressures.

For the long flame in the ORACLES rig, however, the “single flame model” assumption is no
longer valid. Instead, this long flame is axially split into multiple equal-sized flame segments,
with each short enough to be treated as a compact zone and represented as a discrete 1-D
flame sheet. A series of local discrete FDFs are then computed by OpenFOAM LES for all the
segments along the flame length, across multiple perturbation frequencies and amplitudes. A
filtering approach is applied to better compute the FDF phase. Several phenomena are evident

for the obtained local FDFs: (i) an increase of perturbation level leads to a global decrease of
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the FDF gain along the entire flame; (i7) the absolute FDF phase generally linearly decreases
with the perturbation level along the flame length; (i) the FDF gain increases from zero to a
maximum peak between x = 0 — 0.3 m, then drops to a local minimum at ~0.5 m, followed by
a rise to a second gain maximum at z ~ 0.6 m, regardless of the perturbation level or frequency
used. The simulated local discrete FDFs also match well the integrated continuous FDFs based

on the 1-D linearised Euler equations (LEEs).

8.3 Predictions of Thermoacoustic Instability and Limit Cycle

The simulated FTFs or FDFs via LES were finally combined into the low order network solver,
OSCILOS, or the Helmholtz equation-based “H-solver”, to predict the thermoacoustic stability of
the analysed combustors. The advantages of using these solvers include but not limited to: (7) the
mean flow profile and the correct acoustic damping effect (e.g., at area increases) can be included
in OSCILOS to better capture the thermoacoustic modes; (ii) the original combustor geometry
can be retained in the H-solver and meshed with a much coarser grid compared to LES; (iit) the
prediction speed is much faster with both solvers than the time-consuming compressible LES;
(7v) both solvers are able to predict the nonlinear phenomena such as the limit cycle oscillations
if the correct FDFs are provided, etc. These advantages make both solvers very attractive during

the combustor design stage, offering the potential to significantly shorten the design timeframe.

For the SGT-100 combustor, the linear FTFs obtained at both 3 bar and 6 bar pressures were
firstly combined with OSCILOS solver. The predicted thermoacoustic modes indicate that the
combustor is linearly stable at 3 bar, but unstable at 6 bar at one frequency ~231 Hz, both
matching the experimental observations. This unstable mode was then nonlinearly analysed by
extending the FDF at 6 bar, whose gain and phase both drop with perturbation amplitude.
The growth rate of the unstable mode thus continuously decreases over the perturbation level,
establishing the limit cycle oscillations when the growth rate drops to zero. By performing linear
interpolation, the limit cycle oscillation frequency and amplitude were predicted as 209 Hz
and 4970 Pa, respectively, well-matching the experimental data (216 Hz and 5000 Pa). The
upstream velocity perturbation level corresponding to the limit cycle was predicted as 0.3565.
The predicted limit cycle frequency and amplitude both show very limited sensitivities to small

changes in the network inlet and outlet acoustic damping levels.
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The above OSCILOS predictions were then compared with those obtained by the H-solver,
showing that both solvers can correctly provide the linear stability maps and capture the unstable
thermoacoustic mode. The frequencies of almost all the modes were also accurately predicted by
both solvers, although the modal growth rates are slightly different, mainly due to the different

acoustic damping models used in the two solvers.

For the ORACLES combustor, the long flame was measured unstable with limit cycle oscilla-
tions at ~50 Hz, and the corresponding upstream perturbation level is ~0.29. By incorporating
the simulated discrete series of local FDFs along the flame length into OSCILOS, the limit cycle
oscillation properties were predicted. The limit cycle frequency was predicted to be 51.6 Hz with
an optimal total number of segments, well-matching the measured data. The upstream pertur-
bation level, however, was slightly over-predicted as 0.38, but this result can be improved by
assuming correct boundary acoustic damping levels and temperature gradient in the combustion

combustor.

The advantages of using OSCILOS solver for the design process of gas turbine combustors include
its sufficient accuracy and much less computational cost compared to fully compressible CFD
simulations. Once the flame response models are simulated or measured, it is convenient to
incorporate these models into OSCILOS to quickly predict the stability map of the design and
identify the most dynamic thermoacoustic mode(s) which may lead to limit cycle oscillations.
Then these modes can be removed or suppressed by adjusting the design plan (e.g., adding
acoustic dampers in the combustion chamber). Compared to compressible LES, which are usually
performed under certain unstable operating conditions, the coupled prediction approach used

by OSCILOS does not require any information about these unstable conditions in advance.

8.4 Entropy Wave Transport in Combustor Flows

The entropy wave transport within the SGT-100 combustor flow fields was also simulated, using
the incompressible OpenFOAM-LES solver. A time-impulsive Gaussian-shape “entropy source”
was injected into the mean flame region to introduce entropy waves, which were then transported
downstream within the shear-dispersive flow field. The contributions from both the thermal
diffusion and viscous production terms to the entropy wave transport were firstly found negligible,

suggesting that the transport process is dominated by the dispersive advection.
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In a real unsteady combustor flow, the large scale unsteady flow features (e.g., swirl, vortices)
significantly affect the entropy advection. The advection speeds are faster near the top and
bottom chamber walls, with a small amount of entropy initially trapped by the flow recirculation
zone, giving a relatively short total exit time for all the entropy to leave the combustor. The
strength of the entropy flux at the combustor exit is largely attenuated compared to the entropy

source, but still follows a flat Gaussian profile and remains non-negligible.

On the other hand, the entropy wave advection within a time-averaged “frozen” mean combustor
flow found that the advection speed becomes much slower along the centreline, due to a large
amount of entropy being trapped and delayed within the central recirculation zone. The drop
of the entropy exit flux strength is also limited, thanks to the weaker shear-dispersion effect
from the non-uniform mean velocity profile only. A third flow field studied was an equivalent
pipe flow, whose dispersion on the entropy wave advection can be analytically described. It was
discovered that the pipe flow dispersion effect is the weakest, which is only about one third of

that in an unsteady combustor flow.

Based on the frequency responses of entropy flame-to-exit advection, the considerable entropy
flux strength at the combustor exit has a potential to generate large amplitude entropy noise,
especially with high bulk flow speeds. This may affect the thermoacoustic modes at lower
frequencies (e.g., f < 1000 Hz). Simple duct combustors with realistic operating conditions
were then studied, including the entropy noise generated from different flow dispersion models.
It was found that the entropy noise can modify the dominant mode’s location for all the dispersion
models, and even change the mode’s stability especially with the pipe flow dispersion model,
whose attenuation on the entropy noise strength is the lowest. The mean and unsteady combustor
flow fields give successively increasing dispersion levels and thus decreasing entropy noise effects

on the dominant thermoacoustic mode.

8.5 Future Work Plans

For the future work, several further investigations which build upon the present study have been
planned. Firstly, for the SGT-100 combustor, the effects of multiple factors (e.g., combustion
model, chemistry, pressure) affecting the forced flame responses may be further evaluated by com-
paring more detailed flame structures, e.g., the flame surface density, flame wrinkling strength

and the centroid of the heat release zone, etc., across a series of perturbation frequencies and
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amplitudes. The effects of numerical schemes (e.g., the temporal and spatial discretisation) used

in both LES solvers on the flame responses will also be investigated.

Secondly, the SGT-100 thermoacoustic predictions performed by the H-solver will be further
extended to include the FDFs, which can lead to the prediction of nonlinear limit cycle oscillation

in the 3-D combustor geometry.

Thirdly, a detailed effect analysis of the mean temperature contour in the SGT-100 combustor,
which varies over pressure and affects the unforced flame shape, on the thermoacoustic stability

change is also scheduled.

Fourthly, it is known that the effect of SGS combustion model itself on the LES results is
affected by the numerical solution method and is thus complex. In order to better understand
the differences between the two used combustion models on the reacting flow simulations, a
non-reacting simulation case performed by both LES solvers is needed to evaluate the impact
of solution method (e.g., spatial discretisation) on the isothermal flow field. This may help to

isolate the effect of combustion model on the present reacting cases.

For the ORACLES combustor, it would be interesting to further investigate the sensitivities of
the predicted limit cycle properties to other factors, such as the network dimensions, mean flow
velocity, and different flame segmentation methods, etc. The influences of the SGS combustion

model, turbulence model, and the chemical scheme used on the predictions will also be studied.

Apart from the above proposed improvements on the present studies, more types of gas turbine
combustors will be considered. For example, the present combustors are both single-burner rigs
only experiencing longitudinal thermoacoustic instability, while real industrial configurations
often consist of multiple burners arranged in the circumferential direction, in which cases the
higher-order circumferential thermoacoustic modes may become important. Future work will
thus focus on an annular combustor (e.g., the NTNU configuration [92]), where the dominant
thermoacoustic limit cycle was measured in the circumferential direction. The effect of the inter-
actions between neighbouring flames on the forced flame responses and the resulting limit cycle
will then be analysed in detail. Besides, the coupling mechanisms between the low-order longi-
tudinal modes and higher-order circumferential modes and their impact on the thermoacoustic

instability also need investigation.

Another planned work is to study the effect of fuel type on the flame responses and thermoa-

coustic limit cycle. Modern industrial combustors often implement blended fuel generated from
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different sources, such as methane, hydrogen and ammonia, etc. The impact of each fuel com-
ponent on the resulting flame-to-acoustic interaction thus needs detailed study. For example,
a small composition of hydrogen in the methane fuel can cause significant flash-back and even

extinction of the premixed flame in a gas turbine combustor |25, 26].

Finally, new acoustic modelling approaches are highly desired for a better description of the
thermoacoustic interaction, and a work plan to develop an improved low order network solver
(or other solvers with different theories) can be drawn. For example, the present longitudinal
OSCILOS solver may be extended to model 3-D annular combustors, and to predict the spinning
and standing wave modes in the circumferential direction, etc., which are typical of realistic

annular combustors.



Bibliography

[1] H.  Sharman. The balancing capacity  issue: a  ticking  time-
bomb under the UK’s energiewende. http://euvanmearns.com/
the-balancing-capacity-issue-a-ticking-time-bomb-under-the-uks-energiewende/,

2014. Accessed 05 December 2018.

[2] C. J. Goy, S. R. James, and S. Rea. Monitoring combustion instabilities: E. On UK’s

experience. Progress in Astronautics and Aeronautics, 210:163, 2005.

[3] E. Giacomazzi, E. Giulietti, C. Stringola, S. Cassani, L. Pagliari, and S. Chiocchini. Com-
bustion monitoring in gas turbines and enhanced stability at very lean conditions. In

ASME Turbo Ezxpo 2014, pages GT2014-25506, 2014.

[4] A. S. Morgans and I. Duran. Entropy noise: a review of theory, progress and challenges.

International Journal of Spray and Combustion Dynamics, 8:285-298, 2016.

[5] J. Li, Y. Xia, A. S. Morgans, and X. Han. Numerical prediction of combustion instability
limit cycle oscillations for a combustor with a long flame. Combustion and Flame, 185:

28-43, 2017.

[6] U. Stopper, M. Aigner, W. Meier, R. Sadanandan, M. Stéhr, and I. S. Kim. Flow field and
combustion characterization of premixed gas turbine flames by planar laser techniques.

Journal of Engineering for Gas Turbines and Power, 131(2):021504, 2009.

[7] U. Stopper, M. Aigner, H. Ax, W. Meier, R. Sadanandan, M. Stohr, and A. Bonaldo.
PIV, 2D-LIF and 1D-Raman measurements of flow field, composition and temperature
in premixed gas turbine flames. Experimental Thermal and Fluid Science, 34(3):396-403,
2010.

[8] J. Smagorinsky. General circulation experiments with the primitive equations: I. The basic

experiment. Monthly Weather Review, 91(3):99-164, 1963.
160


http://euanmearns.com/the-balancing-capacity-issue-a-ticking-time-bomb-under-the-uks-energiewende/
http://euanmearns.com/the-balancing-capacity-issue-a-ticking-time-bomb-under-the-uks-energiewende/

Bibliography 161

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

U. Piomelli and J. Liu. Large-eddy simulation of rotating channel flows using a localized

dynamic model. Physics of Fluids, 7(4):839-848, 1995.

F. Nicoud and F. Ducros. Subgrid-scale stress modelling based on the square of the velocity

gradient tensor. Flow, Turbulence and Combustion, 62(3):183-200, 1999.

U. Schumann. Realizability of Reynolds-stress turbulence models. Physics of Fluids, 20
(5):721-725, 1977.

J. Bardina, J. H. Ferziger, and W. C. Reynolds. Improved subgrid-scale models for large-
eddy simulation. In the 15th AIAA Fluid and Plasma Dynamics Conference, 1980.

A. Yoshizawa. A statistically derived system of equations for turbulent shear flows. Physics

of Fluids, 28(1):59-63, 1985.

G. Bulat, W. P. Jones, and A. J. Marquis. NO and CO formation in an industrial gas-
turbine combustion chamber using LES with the Eulerian sub-grid PDF method. Com-
bustion and Flame, 161:1804-1825, 2014.

P. D. Nguyen, P. Bruel, and S. Reichstadt. An experimental database for benchmarking
simulations of turbulent premixed reacting flows: lean extinction limits and velocity field
measurements in a dump combustor. Flow, Turbulence and Combustion, 82(2):155-183,

2009.

A. Abou-Taouk, B. Farcy, P. Domingo, L. Vervisch, S. Sadasivuni, and L. E. Eriksson.
Optimized reduced chemistry and molecular transport for large eddy simulation of partially

premixed combustion in a gas turbine. Combustion Science and Technology, 188:21-39,

2016.

C. J. Sung, C. K. Law, and J.-Y. Chen. Augmented reduced mechanisms for NO emission
in methane oxidation. Combustion and Flame, 125(1):906-919, 2001.

A. P. Dowling. Nonlinear self-excited oscillations of a ducted flame. Journal of Fluid

Mechanics, 346:271-290, 1997.

European Environment Agency (EEA). Nitrogen —oxides (NOzx) emissions.
Technical  report. https://www.eea.europa.eu/data-and-maps/indicators/

eea-32-nitrogen-oxides-nox-emissions-1 Accessed: 01 August 2018.


https://www.eea.europa.eu/data-and-maps/indicators/eea-32-nitrogen-oxides-nox-emissions-1
https://www.eea.europa.eu/data-and-maps/indicators/eea-32-nitrogen-oxides-nox-emissions-1

Bibliography 162

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

M. J. Moore. NOx emission control in gas turbines for combined cycle gas turbine plant.
Proceedings of the Institution of Mechanical Engineers, Part A: Journal of Power and

Energy, 211(1):43-52, 1997.

S. Candel. Combustion dynamics and control: progress and challenges. Proceedings of the

Combustion Institute, 29(1):1-28, 2002.
J. W. S. Rayleigh. Theory of sound, Vol. 1 & 2, Dover Publications, New York, 1945.

T. Lieuwen, Y. Neumeier, and B. T. Zinn. The role of unmixedness and chemical kinetics
in driving combustion instabilities in lean premixed combustors. Combustion Science and

Technology, 135(1-6):193-211, 1998.

U. Stopper, W. Meier, R. Sadanandan, M. Stéhr, M. Aigner, and G. Bulat. Experimental
study of industrial gas turbine flames including quantification of pressure influence on flow
field, fuel/air premixing and flame shape. Combustion and Flame, 160(10):2103-2118,
2013.

D. Moéll, D. Lorstad, and X. S. Bai. Numerical investigation of hydrogen enriched natural
gas in the SGT-800 burner. In ASME Turbo Expo 2015, pages GT2015-44040, 2015.

D. Moéll, D. Lorstad, and X. S. Bai. LES of hydrogen enriched methane/air combustion in
the SGT-800 burner at real engine conditions. In ASME Turbo Expo 2018, pages GT2018—
76434, 2018.

A. Valera-Medina, S. Morris, J. Runyon, D. G. Pugh, R. Marsh, P. Beasley, and T. Hughes.
Ammonia, methane and hydrogen for gas turbines. Energy Procedia, 75:118-123, 2015.

A. Valera-Medina, R. Marsh, J. Runyon, D. G. Pugh, P. Beasley, T. Hughes, and P. Bowen.
Ammonia—methane combustion in tangential swirl burners for gas turbine power genera-

tion. Applied Energy, 185:1362-1371, 2017.

A. P. Dowling and J. E. Ffowcs Williams. Sound and sources of sound. FEllis Horwood
Limited, New York, 1982.

B. T. Zinn and M. E. Lores. Application of the Galerkin method in the solution of non-
linear axial combustion instability problems in liquid rockets. Combustion Science and

Technology, 4(1):269-278, 1971.



Bibliography 163

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

F. E. C. Culick. Nonlinear behavior of acoustic waves in combustion chambers — I. Acta

Astronautica, 3(9-10):715-734, 1976.

F. E. C. Culick. Nonlinear behavior of acoustic waves in combustion chambers — II. Acta

Astronautica, 3(9-10):735-757, 1976.

A. M. Annaswamy, M. Fleifil, J. W. Rumsey, R. Prasanth, J. Hathout, and A. F. Ghoniem.
Thermoacoustic instability: model-based optimal control designs and experimental valida-

tion. Control Systems Technology, IEEE Transactions on, 8(6):905-918, 2000.

F. E. C. Culick. Combustion instabilities in liquid-fuelled propulsion sys-
tems. Technical report, Guggenheim Jet Propulsion Center, Caltech,

https://authors.library.caltech.edu,/22028/, 1988.

F. E. C. Culick. Combustion instabilities in propulsion systems. In: Unsteady Combustion.

pages: 173-241. Springer, 1996.

F. E. C. Culick. Combustor dynamics: fundamentals, acoustics and control. Active Control
of Engine Dynamics (Conference Proceedings), Von Karman Institute for Fluid Dynamics,

Belgium, RTO-EN-20, pages 89-206, 2001.

L. Benoit and F. Nicoud. Numerical assessment of thermo-acoustic instabilities in gas

turbines. International Journal for Numerical Methods in Fluids, 47(8-9):849-855, 2005.

I. Waugh, M. Geuf, and M. Juniper. Triggering, bypass transition and the effect of noise
on a linearly stable thermoacoustic system. Proceedings of the Combustion Institute, 33

(2):2945-2952, 2011.

L. Magri and M. P. Juniper. Sensitivity analysis of a time-delayed thermo-acoustic system

via an adjoint-based approach. Journal of Fluid Mechanics, 719:183-202, 2013.

K. Kashinath, S. Hemchandra, and M. P. Juniper. Nonlinear thermoacoustics of ducted
premixed flames: the influence of perturbation convection speed. Combustion and Flame,

160(12):2856-2865, 2013.

A. P. Dowling and S. R. Stow. Acoustic analysis of gas turbine combustors. Journal of

Propulsion and Power, 19(5):751-764, 2003.

S. R. Stow and A. P. Dowling. A time-domain network model for nonlinear thermoacoustic

oscillations. Journal of Engineering for Gas Turbines and Power, 131(3):031502, 2009.



Bibliography 164

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

W. Polifke, C. O. Paschereit, and K. Débbeling. Constructive and destructive interference
of acoustic and entropy waves in a premixed combustor with a choked exit. International

Journal of Acoustics and Vibration, 6(3):135-146, 2001.

S. Evesque and W. Polifke. Low-order acoustic modelling for annular combustors: valida-
tion and inclusion of modal coupling. In ASME Turbo Ezpo 2002, pages 321-331. Paper
No. GT2002-30064, 2002.

A. P. Dowling. The calculation of thermoacoustic oscillations. Journal of Sound and

Vibration, 180(4):557-581, 1995.

S. R. Stow and A. P. Dowling. Low order modelling of thermoacoustic limit cycles. In

ASME Turbo Expo 2004, pages 775-786. Paper No. GT2004-54245, 2004.

F. Nicoud, L. Benoit, C. Sensiau, and T. Poinsot. Acoustic modes in combustors with
complex impedances and multidimensional active flames. AIAA Journal, 45(2):426-441,

2007.

C. F. Silva, F. Nicoud, T. Schuller, D. Durox, and S. Candel. Combining a Helmholtz
solver with the flame describing function to assess combustion instability in a premixed

swirled combustor. Combustion and Flame, 160(9):1743-1754, 2013.

F. Nicoud and L. Benoit. Global tools for thermo-acoustic instabilities in gas turbines. In

APS Division of Fluid Dynamics Meeting Abstracts, volume 1, 2003.

L. Selle, L. Benoit, T. Poinsot, F. Nicoud, and W. Krebs. Joint use of compressible large-
eddy simulation and Helmholtz solvers for the analysis of rotating modes in an industrial

swirled burner. Combustion and Flame, 145(1-2):194-205, 2006.

D. Laera, K. Prieur, D. Durox, T. Schuller, S. M. Camporeale, and S. Candel. Impact
of heat release distribution on the spinning modes of an annular combustor with multiple

matrix burners. Journal of Engineering for Gas Turbines and Power, 139(5), 2017.

D. Laera, T. Schuller, K. Prieur, D. Durox, S. M. Camporeale, and S. Candel. Flame
describing function analysis of spinning and standing modes in an annular combustor and

comparison with experiments. Combustion and Flame, 184:136-152, 2017.

R. Balachandran, B. O. Ayoola, C. F. Kaminski, A. P. Dowling, and E. Mastorakos. Ex-
perimental investigation of the nonlinear response of turbulent premixed flames to imposed

inlet velocity oscillations. Combustion and Flame, 143(1-2):37-55, 2005.



Bibliography 165

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

N. Noiray, D. Durox, T. Schuller, and S. Candel. A unified framework for nonlinear
combustion instability analysis based on the flame describing function. Journal of Fluid

Mechanics, 615:139-167, 2008.

G. J. Bloxsidge, A. P. Dowling, and P. J. Langhorne. Reheat buzz: an acoustically coupled
combustion instability. Part 2. Theory. Journal of Fluid Mechanics, 193:445-473, 1988.

F. E. Marble and S. Candel. An analytical study of the non-steady behavior of large
combustors. In Symposium (International) on Combustion, volume 17, pages 761-769,

1979.

L. Crocco. Aspects of combustion stability in liquid propellant rocket motors. Part I:
Fundamentals. Low frequency instability with monopropellants. Journal of the American

Rocket Society, 21(6):163-178, 1951.

A. A. Peracchio and W. M. Proscia. Nonlinear heat-release/acoustic model for thermoa-
coustic instability in lean premixed combustors. Journal of Engineering for Gas Turbines

and Power, 121(3):415-421, 1999.

C. Paschereit, B. Schuermans, and P. Monkewitz. Non-linear combustion instabilities in
annular gas-turbine combustors. In the 44th Aerospace Sciences Meeting and Ezhibit, page

549, 2006.

J. Li and A. S. Morgans. Time domain simulations of nonlinear thermoacoustic behaviour
in a simple combustor using a wave-based approach. Journal of Sound and Vibration, 346:

345-360, 2015.

B. D. Bellows, M. K. Bobba, J. M. Seitzman, and T. Lieuwen. Nonlinear flame transfer
function characteristics in a swirl-stabilized combustor. Journal of Engineering for Gas

Turbines and Power, 129(4):954-961, 2007.

S. H. Strogatz. Nonlinear dynamics and chaos: with applications to physics, biology,

chemistry, and engineering. Addison-Wesley studies in nonlinearity. Westview Press, 1994.

J. Li and A. S. Morgans. Feedback control of combustion instabilities from within limit
cycle oscillations using Hoo loop-shaping and the v-gap metric. Proceedings of the Royal

Society A — Mathematical Physical and Engineering Sciences, 472(2191), 2016.



Bibliography 166

[64]

[65]

|66]

[67]

|68]

[69]

[70]

[71]

[72]

[73]

S. Stow. LOTAN: low-order thermo-acoustic network model. Technical report, Cambridge

University, Cambridge, 2005.

G. Campa, S. M. Camporeale, A. Guaus, J. Favier, M. Bargiacchi, A. Bottaro, E. Cosatto,
and G. Mori. A quantitative comparison between a low order model and a 3D FEM code

for the study of thermoacoustic combustion instabilities. In ASMFE 2011 Turbo Expo, pages
859-869. Paper No. GT2011-45969, 2011.

M. Bauerheim, M. Cazalens, and T. Poinsot. A theoretical study of mean azimuthal flow
and asymmetry effects on thermo-acoustic modes in annular combustors. Proceedings of

the Combustion Institute, 35(3):3219-3227, 2015.

J. Li, D. Yang, C. Luzzato, and A. S. Morgans. OSCILOS: the open source com-
bustion instability low order simulator. Technical report, Imperial College London,

http://www.oscilos.com, 2014.

X. Han, J. Li, and A. S. Morgans. Prediction of combustion instability limit cycle oscilla-
tions by combining flame describing function simulations with a thermoacoustic network

model. Combustion and Flame, 162(10):3632-3647, 2015.

D. Laera and S. M. Camporeale. A weakly nonlinear approach based on a distributed
flame describing function to study the combustion dynamics of a full-scale lean-premixed

swirled burner. Journal of Engineering for Gas Turbines and Power, 139(9):091501, 2017.

C. O. Paschereit, E. Gutmark, and W. Weisenstein. Structure and control of thermoa-
coustic instabilities in a gas-turbine combustor. Combustion Science and Technology, 138

(1-6):213-232, 1998.

C. O. Paschereit, E. Gutmark, and W. Weisenstein. Control of thermoacoustic instabilities
and emissions in an industrial-type gas-turbine combustor. In Symposium (International)

on Combustion, volume 27, pages 1817-1824, 1998.

H. Torres, T. C. Lieuwen, C. Johnson, B. R. Daniel, and B. T. Zinn. Experimental
investigation of combustion instabilities in a gas turbine combustor simulator. AIAA

Paper, 99-0712:1-10, 1999.

C. E. Johnson, Y. Neumeier, T. C. Lieuwen, and B. T. Zinn. Experimental determination of
the stability margin of a combustor using exhaust flow and fuel injection rate modulations.

Proceedings of the Combustion Institute, 28(1):757-763, 2000.



Bibliography 167

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

T. C. Lieuwen. Experimental investigation of limit-cycle oscillations in an unstable gas

turbine combustor. Journal of Propulsion and Power, 18(1):61-67, 2002.

T. Sattelmayer. Influence of the combustor aerodynamics on combustion instabilities from
equivalence ratio fluctuations. Journal of Engineering for Gas Turbines and Power, 125:

11-19, 2003.

D. Noh, E. Karlis, S. Navarro-Martinez, Y. Hardalupas, A.M.K.P. Taylor, D. Fredrich,
and W. P. Jones. Azimuthally-driven subharmonic thermoacoustic instabilities in a swirl-
stabilised combustor. Proceedings of the Combustion Institute, 2018. doi: https://doi.org/
10.1016/j.proci.2018.07.090.

D. Fanaca, P. R. Alemela, F. Ettner, C. Hirsch, T. Sattelmayer, and B. Schuermans.
Determination and comparison of the dynamic characteristics of a perfectly premixed
flame in both single and annular combustion chambers. In ASME Turbo Expo 2008, pages
565-573. Paper No. GT2008-50781, 2008.

M Stohr, I. Boxx, C. D. Carter, and W. Meier. Experimental study of vortex-flame
interaction in a gas turbine model combustor. Combustion and Flame, 159(8):2636-2649,

2012.

D. Durox, T. Schuller, N. Noiray, and S. Candel. Experimental analysis of nonlinear flame
transfer functions for different flame geometries. Proceedings of the Combustion Institute,

32(1):1391-1398, 2009.

P. Palies, D. Durox, T. Schuller, P. Morenton, and S. Candel. Dynamics of premixed
confined swirling flames. Comptes Rendus Mécanique, 337(6):395-405, 2009.

P. Palies, D. Durox, T. Schuller, and S. Candel. The combined dynamics of swirler and
turbulent premixed swirling flames. Combustion and Flame, 157(9):1698-1717, 2010.

P. Palies, D. Durox, T. Schuller, and S. Candel. Nonlinear combustion instability analysis
based on the flame describing function applied to turbulent premixed swirling flames.

Combustion and Flame, 158:1980-1991, 2011.

K. T. Kim, H. J. Lee, J. G. Lee, B. D. Quay, and D. A. Santavicca. Characterization of
forced flame response of swirl-stabilized turbulent lean-premixed flames in a gas turbine

combustor. Journal of Engineering for Gas Turbines and Power, 132(4):041502, 2010.



Bibliography 168

[84]

[85]

[36]

[87]

[38]

[89]

[90]

[91]

[92]

K. T. Kim, J. G. Lee, B. D. Quay, and D. A. Santavicca. Experimental investigation of
the nonlinear response of swirl-stabilized flames to equivalence ratio oscillations. Journal

of Engineering for Gas Turbines and Power, 133(2):021502, 2011.

S. Hong, R. L. Speth, S. J. Shanbhogue, and A. F. Ghoniem. Examining flow-flame
interaction and the characteristic stretch rate in vortex-driven combustion dynamics using

PIV and numerical simulation. Combustion and Flame, 160(8):1381-1397, 2013.

S. Taamallah, Z. A. LaBry, S. J. Shanbhogue, and A. F. Ghoniem. Thermo-acoustic
instabilities in lean premixed swirl-stabilized combustion and their link to acoustically

coupled and decoupled flame macrostructures. Proceedings of the Combustion Institute, 35

(3):3273-3282, 2015.

A.-M. Kypraiou, P. M. Allison, A. Giusti, and E. Mastorakos. Response of flames with
different degrees of premixedness to acoustic oscillations. Combustion Science and Tech-

nology, 190(8):1426-1441, 2018.

Y. Xia, D. Laera, and A. S. Morgans. Effect of flame-to-flame interaction on the flame
describing function of a turbulent swirling flame in an annular combustor. In the 25th
International Congress on Sound and Vibration (ICSV25), Hiroshima, Japan, volume 4,

pages 2033-2040, 2018.

N. A. Worth and J. R. Dawson. Cinematographic OH-PLIF measurements of two interact-
ing turbulent premixed flames with and without acoustic forcing. Combustion and Flame,

159(3):1109-1126, 2012.

J. Kopitz, A. Huber, T. Sattelmayer, and W. Polifke. Thermoacoustic stability analysis of
an annular combustion chamber with acoustic low order modeling and validation against

experiment. In ASME Turbo Fxpo 2005, pages 583-593. Paper No. GT2005-68797, 2005.

J.-F. Bourgouin, D. Durox, J. P. Moeck, T. Schuller, and S Candel. Characterization and
modeling of a spinning thermoacoustic instability in an annular combustor equipped with

multiple matrix injectors. Journal of Engineering for Gas Turbines and Power, 137(2):

021503, 2015.

N. A. Worth and J. R. Dawson. Self-excited circumferential instabilities in a model annular
gas turbine combustor: global flame dynamics. Proceedings of the Combustion Institute,

34(2):3127-3134, 2013.



Bibliography 169

(93]

[94]

[95]

[96]

[97]

98]

[99]

[100]

[101]

[102]

J. R. Dawson and N. A. Worth. Flame dynamics and unsteady heat release rate of self-
excited azimuthal modes in an annular combustor. Combustion and Flame, 161(10):2565—

2578, 2014.

D. Durox, K. Prieur, T. Schuller, and S. Candel. Different flame patterns linked with
swirling injector interactions in an annular combustor. Journal of Engineering for Gas

Turbines and Power, 138(10):101504, 2016.

B. Schuermans, F. Guethe, D. Pennell, D. Guyot, and C. O. Paschereit. Thermoacoustic
modeling of a gas turbine using transfer functions measured under full engine pressure.

Journal of Engineering for Gas Turbines and Power, 132(11):111503, 2010.

F. Di Sabatino, T. F. Guiberti, W. R. Boyette, W. L. Roberts, J. P. Moeck, and D. A.
Lacoste. Effect of pressure on the transfer functions of premixed methane and propane

swirl flames. Combustion and Flame, 193:272-282, 2018.

C. A. Armitage, R. Balachandran, E. Mastorakos, and R. S. Cant. Investigation of the
nonlinear response of turbulent premixed flames to imposed inlet velocity oscillations.

Combustion and Flame, 146(3):419-436, 2006.

G. Bulat, P. Stopford, M. Turrell, D. Frach, E. Buchanan, and M. Stohr. Prediction of
aerodynamic frequencies in a gas turbine combustor using transient CFD. In ASME Turbo

Expo 2009, pages 585-594. Paper No. GT2009-59721, 2009.

S. Ruan, T. D. Dunstan, N. Swaminathan, and R. Balachandran. Computation of forced

premixed flames dynamics. Combustion Science and Technology, 188(7):1115-1135, 2016.

A. Innocenti, A. Andreini, B. Facchini, and A. Peschiulli. Numerical analysis of the dy-
namic flame response of a spray flame for aero-engine applications. International Journal

of Spray and Combustion, 9(4):310-329, 2017.

H. Pitsch. Large-eddy simulation of turbulent combustion. Annual Review of Fluid Me-

chanics, 38:453-482, 2006.

S. Roux, G. Lartigue, T. Poinsot, U. Meier, and C. Bérat. Studies of mean and un-
steady flow in a swirled combustor using experiments, acoustic analysis, and large eddy

simulations. Combustion and Flame, 141(1):40-54, 2005.



Bibliography 170

[103]

[104]

[105]

[106]

[107]

(108

[109]

[110]

[111]

[112]

[113]

G. Bulat. Large eddy simulations of reacting swirling flows in an industrial burner. PhD

thesis, Imperial College London, London, UK, 2012.

G. Bulat, E. Fedina, C. Fureby, W. Meier, and U. Stopper. Reacting flow in an industrial
gas turbine combustor: LES and experimental analysis. Proceedings of the Combustion

Institute, 35:3175-3183, 2015.

P. Wolf, G. Staffelbach, L. Y. M. Gicquel, T. Poinsot, and V. Moureau. Massively parallel
LES of azimuthal thermo-acoustic instabilities in annular gas turbines. Comptes Rendus

Mécanique, 337:385-394, 2009.

P. Wolf, R. Balakrishnan, G. Staffelbach, L. Y. M. Gicquel, and T. Poinsot. Using LES to
study reacting flows and instabilities in annular combustion chambers. Flow, Turbulence

and Combustion, 88(1-2):191-206, 2012.

A. Kaufmann, F. Nicoud, and T. Poinsot. Flow forcing techniques for numerical simulation

of combustion instabilities. Combustion and Flame, 131(4):371-385, 2002.

CFEFD team at CERFACS. AVBP Handbook. CERFACS, Toulouse, France, 2009. URL
http://cerfacs.fr/ avbp/AVBP_V5.X/HANDBOOK.

I. Hernandez, G. Staffelbach, T. Poinsot, J. C. R. Casado, and J. B. W. Kok. LES and
acoustic analysis of thermo-acoustic instabilities in a partially premixed model combustor.

Comptes Rendus Mécanique, 341(1):121-130, 2013.

G. Staffelbach, L. Y. M. Gicquel, G. Boudier, and T. Poinsot. Large eddy simulation of self
excited azimuthal modes in annular combustors. Proceedings of the Combustion Institute,

32(2):2909-2916, 2009.

P. Palies, T. Schuller, D. Durox, L. Y. M. Gicquel, and S. Candel. Acoustically perturbed
turbulent premixed swirling flames. Physics of Fluids, 23(3):037101, 2011.

L. Tay-Wo-Chong, T. Komarek, R. Kaess, S. Foller, and W. Polifke. Identification of flame
transfer functions from LES of a premixed swirl burner. In ASME Turbo Ezpo 2010, pages
623-635. Paper No. GT2010-22769, 2010.

T. Lieuwen. Modeling premixed combustion-acoustic wave interactions: a review. Journal

of Propulsion and Power, 19:765-781, 2003.


http://cerfacs.fr/~avbp/AVBP_V5.X/HANDBOOK

Bibliography 171

114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

S. Ducruix, T. Schuller, D. Durox, and S. Candel. Combustion dynamics and instabilities:
elementary coupling and driving mechanisms. Journal of Propulsion and Power, 19(5):

722-734, 2003.

G. Febrer, Z. Yang, and J. J. McGuirk. A hybrid approach for coupling of acoustic wave
effects and incompressible LES of reacting flows. In the 47th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference and Ezxhibit, pages 6127-6144. Paper No. AIAA 2011-6127,
2011.

H. J. Krediet, C. H. Beck, W. Krebs, S. Schimek, C. O. Paschereit, and J. B. W. Kok. Iden-
tification of the flame describing function of a premixed swirl flame from LES. Combustion

Science and Technology, 184(7-8):888-900, 2012.

H. J. Krediet, C. H. Beck, W. Krebs, and J. B. W. Kok. Saturation mechanism of the
heat release response of a premixed swirl flame using LES. Proceedings of the Combustion

Institute, 34(1):1223-1230, 2013.

C. Y. Lee and S. Cant. LES of nonlinear saturation in forced turbulent premixed flames.

Flow, Turbulence and Combustion, 99(2):461-486, 2017.

X. Han and A. S. Morgans. Simulation of the flame describing function of a turbulent
premixed flame using an open-source LES solver. Combustion and Flame, 162(5):1778

1792, 2015.

F. Archambeau, N. Mehitoua, and M. Sakiz. Code Saturne: a finite volume code for
the computation of turbulent incompressible flows - industrial applications. International

Journal on Finite Volumes, 1:1-62, 2004.

Y. Fournier, J. Bonelle, C. Moulinec, Z. Shang, A. G. Sunderland, and J. C. Uribe. Op-
timizing code Saturne computations on petascale systems. Computers and Fluids, 45(1):

103-108, 2011.

H. G. Weller, G. Tabor, H. Jasak, and C. Fureby. A tensorial approach to computational
continuum mechanics using object-oriented techniques. Computers in Physics, 12(6):620—

631, 1998.



Bibliography 172

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

J. Li, X. Han, Y. Xia, and A. S. Morgans. Thermoacoustic analysis of the combustor
consisting long flames using low order network model approach. In International Sympo-
stum: Thermoacoustic Instabilities in Gas Turbines and Rocket Engines: Industry Meets

Academia, Munich, Germany, May 2016.

Y. Xia, J. Li, A. S. Morgans, and X. Han. Computation of local flame describing functions
for thermoacoustic oscillations in a combustor with a long flame. In the 8th European

Combustion Meeting (ECM8), Dubrovnik, Croatia, 18-21 April, 2017.

X. Han, D. Laera, A. S. Morgans, C. J. Sung, X. Hui, and Y. Z. Lin. Flame macrostructures
and thermoacoustic instabilities in stratified swirling flames. Proceedings of the Combustion

Institute, 37(4):5377-5384, 2019. https://doi.org/10.1016/j.proci.2018.06.147.

B. Rochette, F. Collin-Bastiani, L. Gicquel, O. Vermorel, D. Veynante, and T. Poinsot.
Influence of chemical schemes, numerical method and dynamic turbulent combustion mod-

eling on LES of premixed turbulent flames. Combustion and Flame, 191:417-430, 2018.

M. Bauerheim, G. Staffelbach, N. A. Worth, J. R. Dawson, L. Y. M. Gicquel, and
T. Poinsot. Sensitivity of LES-based harmonic flame response model for turbulent swirled
flames and impact on the stability of azimuthal modes. Proceedings of the Combustion

Institute, 35(3):3355-3363, 2015.

N. Peters and B. Rogg. Reduced kinetic mechanisms for applications in combustion systems,

volume 15. Springer Science & Business Media, 2008.

C. K. Westbrook and F. L. Dryer. Simplified reaction mechanisms for the oxidation of

hydrocarbon fuels in flames. Combustion Science and Technology, 27:31-43, 1981.

K. S. Kedia, H. M. Altay, and A. F. Ghoniem. Impact of flame-wall interaction on pre-
mixed flame dynamics and transfer function characteristics. Proceedings of the Combustion

Institute, 33(1):1113-1120, 2011.

P. S. Gregory, D. M. Golden, M Frenklach, N W. Moriarty, B Eiteneer, M Goldenberg,
C. T. Bowman, R. K. Hanson, S. Song, Jr. W. C. Gardiner, V. V. Lissianski, and Z. Qin.
GRI-Mech 3.0. Technical report, UC Berkeley, http://combustion.berkeley.edu/gri-mech/,
Accessed 01 December 2018.



Bibliography 173

132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

San Diego Mechanism web page. Chemical-kinetic mechanisms for combustion applica-
tions, mechanical and aerospace engineering (combustion research), University of Califor-

nia at San Diego (http://combustion.ucsd.edu), Accessed 01 December 2018.

Philip De Goey, Victor Kornilov, Ronald Rook, and Jan Ten Thije Boonkkamp. Exper-
imental and numerical investigation of the acoustic response of multi-slit Bunsen burn-
ers. The Journal of the Acoustical Society of America, 123(5):3404-3404, 2008. doi:
10.1121/1.2934109.

H. Murat Altay, Kushal S. Kedia, Raymond L. Speth, and Ahmed F. Ghoniem. Two-
dimensional simulations of steady perforated-plate stabilized premixed flames. Combustion

Theory and Modelling, 14(1):125-154, 2010. doi: 10.1080/13647831003660859.

A. Abou-Taouk, S. Sadasivuni, D. Lorstad, and L.-E. Eriksson. Evaluation of global
mechanisms for LES analysis of SGT-100 DLE combustion system. In ASMFE Turbo Expo
2013, pages GT2013-95454, 2013.

E. Fedina, C. Fureby, G. Bulat, and W. Meier. Assessment of finite rate chemistry large
eddy simulation combustion models. Flow Turbulence and Combustion, 99 (2):385-409,
2017.

A. Ehn, P. Petersson, J. J. Zhu, Z. S. Li, M. E. J. K. Aldén, E. J. K. Nilsson, J. Larfeldt,
A. Larsson, T. Hurtig, N. Zettervall, et al. Investigations of microwave stimulation of a

turbulent low-swirl flame. Proceedings of Combustion Institute, 36(3):4121-4128, 2017.

S. Hermeth, G. Staffelbach, L. Gicquel, and T. Poinsot. LES evaluation of non-linear
effects on the dynamic flame response in a real gas turbine combustion chamber. In ASME

Turbo Expo 2013. Paper No. GT2013-95699, 2013.

S. Hermeth, G. Staffelbach, L. Y. M. Gicquel, V. Anisimov, C. Cirigliano, and T. Poinsot.
Bistable swirled flames and influence on flame transfer functions. Combustion and Flame,

161(1):184-196, 2014.

Y. Yang, N. Noiray, A. Scarpato, O. Schulz, M. K. Diising, and M. Bothien. Numerical
analysis of the dynamic flame response in ALSTOM reheat combustion systems. In ASME
Turbo FExpo 2015. Paper No. GT2015-42622, 2015.



Bibliography 174

141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

A. Scarpato, L. Zander, R. Kulkarni, and B. Schuermans. Identification of multi-parameter
flame transfer function for a reheat combustor. In ASME Turbo Expo 2016. Paper No.
GT2016-57699, 2016.

F. E. Marble and M. Candel. Acoustic disturbances from gas nonuniformities convected

through a nozzle. Journal of Sound and Vibration, 55:225-243, 1977.

W. C. Strahle. Combustion noise. Progress in Energy and Combustion Science, 4:157-176,
1978.

J. H. Miles. Time delay analysis of turbofan engine direct and indirect combustion noise

sources. Journal of Propulsion and Power, 25:218-227, 2009.

A. S. Morgans and A. M. Annaswamy. Adaptive control of combustion instabilities for
combustion systems with right-half plane zeros. Combustion Science and Technology, 180:

15491571, 2008.

C. S. Goh and A. S. Morgans. The influence of entropy waves on the thermoacoustic

stability of a model combustor. Combustion Science and Technology, 185:249-268, 2013.

N. A. Cumpsty and F. E. Marble. The interaction of entropy fluctuations with turbine
blade rows; a mechanism of turbojet engine noise. Proceedings of the Royal Society of

London. Series A, Mathematical and Physical Sciences, 357:323-344, 1977.

S. R. Stow, A. P. Dowling, and T. P. Hynes. Reflection of circumferential modes in a
choked nozzle. Journal of Fluid Mechanics, 467:215-239, 2002.

C.S. Goh and A. S. Morgans. Phase prediction of the response of choked nozzles to entropy
and acoustic disturbances. Journal of Sound and Vibration, 330:5184-5198, 2011.

I. Duran and S. Moreau. Solution of the quasi one-dimensional linearized Euler equations
using flow invariants and the magnus expansion. Journal of Fluid Mechanics, 723:190-231,

2013.

I. Duran and A. S. Morgans. On the reflection and transmission of circumferential waves

through nozzles. Journal of Fluid Mechanics, 773:137-153, 2015.



Bibliography 175

[152]

[153]

[154]

[155]

[156]

157]

(158

[159]

[160]

[161]

M. Huet, F. Vuillot, N. Bertier, M. Mazur, N. Kings, W. Tao, P. Scouflaire, F. Richecoeur,
S. Ducruix, C. Lapeyre, and T. Poinsot. Recent improvements in combustion noise inves-
tigation: from the combustion chamber to nozzle flow. Journal of Aerospace Lab, 11:10,

2016.

B. Franzelli, E. Riber, L. Y. Gicquel, and T. Poinsot. Large eddy simulation of combustion
instabilities in a lean partially premixed swirled flame. Combustion and Flame, 159:621—

637, 2012.

A. S. Morgans, C. S. Goh, and J. A. Dahan. The dissipation and shear dispersion of

entropy waves in combustor thermoacoustics. Journal of Fluid Mechanics, 733:R2, 2013.

A. Giusti, N. A. Worth, E. Mastorakos, and A. P. Dowling. Experimental and numerical

investigation into the propagation of entropy waves. AIAA Journal, 55:446-458, 2017.

Y. Mahmoudi, A. Giusti, E. Mastorakos, and A. P. Dowling. Low-order modeling of
combustion noise in an aero-engine: the effect of entropy dispersion. Journal of Engineering

for Gas Turbines and Power, 140(1):011502, 2018.

A. Triantafyllidis, E. Mastorakos, and R. L. G. M. Eggels. Large eddy simulations of forced
ignition of a non-premixed bluff-body methane flame with conditional moment closure.

Combustion and Flame, 156:2328-2345, 2009.

S. F. Ahmed, R. Balachandran, T. Marchione, and E. Mastorakos. Spark ignition of
turbulent nonpremixed bluff-body flames. Combustion and Flame, 151:366-385, 2007.

G. I. Taylor. Dispersion of soluble matter in solvent flowing slowly through a tube. Pro-
ceedings of the Royal Society of London. Series A. Mathematical and Physical Sciences,
219(1137):186-203, 1953.

A. S. Morgans and C. S. Goh. The effect of entropy wave dissipation and dispersion on
thermoacoustic instability in a model combustor. In the 17th AIAA/CEAS Aeroacoustics
Conference (32nd AIAA Aeroacoustics Conference), page 2914, 2011.

A. S. Morgans and J. Li. The effect of entropy noise on combustion instability on the
presence of advective shear dispersion. In the 22nd International Congress on Sound and

Vibration (ICSV22), Florence, Italy, 2015.



Bibliography 176

[162]

[163]

[164]

(165

[166]

167]

(168

[169]

[170]

171

172]

T. Poinsot and D. Veynante. Theoretical and numerical combustion (2nd ed.). RT Edwards,
Inc., Philadelphia, PA, USA. p.34, 2005.

M. Zellhuber, J. Schwing, B. Schuermans, T. Sattelmayer, and W. Polifke. Experimental
and numerical investigation of thermo-acoustic sources related to high-frequency instabil-

ities. International Journal of Spray and Combustion Dynamics, 6(1):1-34, 2014.

T. Hummel, C. Temmler, B. Schuermans, and T. Sattelmayer. Reduced-order modeling of
aeroacoustic systems for stability analyses of thermoacoustically noncompact gas turbine

combustors. Journal of Engineering for Gas Turbines and Power, 138(5):051502, 2016.

A. Urbano, L. Selle, G. Staffelbach, B. Cuenot, T. Schmitt, S. Ducruix, and S. Candel.
Exploration of combustion instability triggering using large eddy simulation of a multiple

injector liquid rocket engine. Combustion and Flame, 169:129-140, 2016.

A. Giauque, L. Selle, L. Gicquel, T. Poinsot, H. Buechner, P. Kaufmann, and W. Krebs.
System identification of a large-scale swirled partially premixed combustor using LES and

measurements. Journal of Turbulence, 6(21):1-20, 2005.

G. Campa, S. M. Camporeale, E. Cosatto, and G. Mori. Thermoacoustic analysis of
combustion instability through a distributed flame response function. In ASME Turbo
Expo 2012, pages GT2012-68243, Copenhagen, Denmark, 2012.

G. Febrer. A hybrid approach for inclusion of acoustic wave effects in incompressible LES

of reacting flows. PhD thesis, Loughborough University, 2012.

R. E. Leandro and W. Polifke. Low-order modelling of distributed heat release. In the
19th International Congress on Sound and Vibration (ICSV19), Vilnius, Lithuania, 2012.

H. G. Weller, G. Tabor, H. Jasak, and C. Fureby. A tensorial approach to computational
continuum mechanics using object-oriented techniques. Computers in Physics, 12(6):620—

631, 1998.

W. P. Jones, F. di Mare, and A. J. Marquis. LES-BOFFIN: user’s guide. Technical report,
Imperial College London, London, UK, 2012.

W. P. Jones and S. Navarro-Martinez. Large eddy simulation of autoignition with a subgrid

probability density function method. Combustion and Flame, 150(3):170-187, 2007.



Bibliography 177

[173]

[174]

[175]

[176]

[177]

(178

[179]

[180]

[181]

[182]

[183]

[184]

W. P. Jones, A. J. Marquis, and V. N. Prasad. LES of a turbulent premixed swirl burner
using the Eulerian stochastic field method. Combustion and Flame, 159(10):3079-3095,
2012.

S. R. Stow and A. P. Dowling. Modelling of circumferential modal coupling due to
Helmholtz resonators. In ASME Turbo Expo 2003, collocated with the 2008 International
Joint Power Generation Conference, pages 129-137. Paper No. GT2003-38168, 2003.

Y. Xia. Predicting combustion instability in an industrial gas turbine combustor. Master’s

thesis, Imperial College London, U.K., 2015.
A. S. Morgans. The phenomenon of sound. Lecture notes, Imperial College London, 2015.

Y. Xia, D. Laera, A. S. Morgans, W. P. Jones, and J. W. Rogerson. Thermoacoustic limit
cycle predictions of a pressurised longitudinal industrial gas turbine combustor. In ASME

Turbo FExpo 2018, pages GT2018-75146, 2018.

P. J. Langhorne. Reheat buzz: an acoustically coupled combustion instability. Part 1.

Experiment. Journal of Fluid Mechanics, 193:417-443, 1988.

C. F. Silva, F. Nicoud, T. Schuller, D. Durox, and S. Candel. Combining a Helmholtz
solver with the flame describing function to assess combustion instability in a premixed

swirled combustor. Combustion and Flame, 160(9):1743-1754, 2013.

COMSOL Multiphysics®) v. 5.3. www.comsol.com. COMSOL AB, Stockholm, Sweden,
2017.

S. M. Camporeale, B. Fortunato, and G. Campa. A finite element method for three-
dimensional analysis of thermo-acoustic combustion instability. Journal of Engineering

for Gas Turbines and Power, 133(1):011506, 2011.

R. B. Lehoucq, D. C. Sorensen, and C. Yang. ARPACK users’ guide: solution of large-
scale eigenvalue problems with implicitly restarted Arnoldi methods. Society for Industrial

and Applied Mathematics (STAM), Philadelphia, PA, USA, 1998.

L. S. Chen, T. Steinbacher, C. Silva, and W. Polifke. On generation of entropy waves by
a premixed flame. In ASME Turbo Ezpo 2016, pages GT2016-57026, 2016.

L. S. Chen, S. Bomberg, and W. Polifke. Propagation and generation of acoustic and

entropy waves across a moving flame front. Combustion and Flame, 166:170-180, 2016.



Bibliography 178

[185]

[186]

[187]

(188

[189)

[190]

[191]

[192]

193]

[194]

[195]

[196]

[197]

Y. Xia, I. Duran, A. S. Morgans, and X. Han. Dispersion of entropy perturbations trans-
porting through an industrial gas turbine combustor. Flow, Turbulence and Combustion,

100(2):481-502, 2018.
N. Peters. Turbulent combustion. Cambridge University Press, 2000.

National Institute of Standards and Technology (NIST). NIST-JANAF thermochemical
tables (4th ed.). NIST Standard Reference Database 13, NIST, U. S. Department of Com-
merce, 1998. doi: 10.18434/T42S31.

H. Schmidt and U. Schumann. Coherent structure of the convective boundary layer derived

from large-eddy simulations. Journal of Fluid Mechanics, 200:511-562, 1989.

C. Y. Lee and S. Cant. Assessment of LES subgrid-scale models and investigation of
hydrodynamic behaviour for an axisymmetrical bluff body flow. Flow, Turbulence and

Combustion, 98(1):155-176, 2017.
S. B. Pope. Turbulent flows. Cambridge University Press, 2000.

M. Germano, U. Piomelli, P. Moin, and W. H. Cabot. A dynamic subgrid-scale eddy
viscosity model. Physics of Fluids A: Fluid Dynamics, 3(7):1760-1765, 1991.

M. Germano. Turbulence: the filtering approach. Journal of Fluid Mechanics, 238:325-336,
1992.

D. K. Lilly. A proposed modification of the Germano subgrid-scale closure method. Physics
of Fluids A: Fluid Dynamics, 4(3):633-635, 1992.

F. Di Mare. Large eddy simulation of reacting and non-reacting turbulent flows. PhD

thesis, Imperial College London (University of London), 2002.

V. H. Prasad. Large eddy simulation of partially premized turbulent combustion. PhD
thesis, Department of Mechanical Engineering, Imperial College London, 2011.

W. P. Jones and V. N. Prasad. Large eddy simulation of the Sandia flame series (D, E
and F) using the Eulerian stochastic field method. Combustion and Flame, 157:1621-1636,
2010.

W. P. Jones, S. Lyra, and S. Navarro-Martinez. Large eddy simulation of a swirl stabilized

spray flame. Proceedings of the Combustion Institute, 33(2):2153-2160, 2011.



Bibliography 179

[198]

[199]

[200]

[201]

[202]

203

[204]

[205]

[206]

[207]

[208]

209

[210]

J.-Y. Chen. Stochastic modeling of partially stirred reactors. Combustion Science and

Technology, 122(1-6), 1997.

V. Sabelnikov and C. Fureby. LES combustion modeling for high Re flames using a multi-
phase analogy. Combustion and Flame, 160:83-96, 2013.

W. P. Jones, A. J. Marquis, and D. Noh. LES of a methanol spray flame with a stochastic
sub-grid model. Proceedings of the Combustion Institute, 35(2):1685-1691, 2015.

Y. Xia, A. S. Morgans, W. P. Jones, J. W. Rogerson, G. Bulat, and X. Han. Predicting
thermoacoustic instability in an industrial gas turbine combustor: combining a low order

network model with flame LES. In ASME Turbo Expo 2017, pages GT2017-63247, 2017.

S. B. Pope. PDF methods for turbulent reactive flows. Progress in Energy and Combustion
Science, 11(2):119-192, 1985.

D. C. Haworth. Progress in probability density function methods for turbulent reacting
flows. Progress in Energy and Combustion Science, 36(2):168-259, 2010.

F. Gao and E. E. O’'Brien. A large-eddy simulation scheme for turbulent reacting flows.

Physics of Fluids A: Fluid Dynamics, 5(6):1282-1284, 1993.

C. Dopazo. Relaxation of initial probability density functions in the turbulent convection

of scalar fields. Physics of Fluids, 22(1):20-30, 1979.
C. W. Gardiner. Handbook of stochastic methods, volume 3. Springer Berlin, 1985.

L. Valino. A field Monte Carlo formulation for calculating the probability density function
of a single scalar in a turbulent flow. Flow, Turbulence and Combustion, 60(2):157-172,

1998.

J. Chomiak and A. Karlsson. Flame liftoff in diesel sprays. In Symposium (International)
on Combustion, volume 26, pages 2557-2564, 1996.

C. Fureby, K. Nordin-Bates, K. Petterson, A. Bresson, and V. Sabelnikov. A computational
study of supersonic combustion in strut injector and hypermixer flow fields. Proceedings

of the Combustion Institute, 35:2127-2135, 2015.

W. P. Jones and S. Navarro-Martinez. Study of hydrogen auto-ignition in a turbulent air
co-flow using a large eddy simulation approach. Computers and Fluids, 37(7):802-808,
2008.



Bibliography 180

211]

[212]

[213]

214]

[215]

[216]

[217]

[218]

219

[220]

W. P. Jones and S. Navarro-Martinez. Numerical study of n-heptane auto-ignition using

LES-PDF methods. Flow, Turbulence and Combustion, 83(3):407-423, 2009.

H. Schmid. How to use the FFT and Matlab’s pwelch function for signal and noise sim-
ulations and measurements. Institute of Microelectronics, University of Applied Sciences

Northwestern Switzerland (FHNW), 2012.

E. Bostrom. [Investigation of outflow boundary conditions for convection-dominated in-
compressible fluid flows in a spectral element framework. Master’s thesis, SCI School
of Engineering Sciences, KTH Royal Institute of Technology, Stockholm, Sweden, 2015.
https://www.diva-portal.org/smash /get /diva2:804993 /FULLTEXTO01.pdf.

T. Jaravel, E. Riber, B. Cuenot, and G. Bulat. Large eddy simulation of an industrial gas
turbine combustor using reduced chemistry with accurate pollutant prediction. Proceedings

of the Combustion Institute, 36(3):3817-3825, 2017.

P. K. Sweby. High resolution schemes using flux limiters for hyperbolic conservation laws.

SIAM Journal on Numerical Analysis, 21(5):995-1011, 1984.

T. Holzmann. Mathematics, numerics, derivations and OpenFOAM®). Holzmann CFD
(www.holzmann-cfd.de), 2016. doi: 10.13140/RG.2.2.27193.36960.

B. Cabral and L. C. Leedom. Imaging vector fields using line integral convolution. In the
20th Annual Conference on Computer Graphics and Interactive Techniques, pages 263-270.
ACM, 1993.

G. Bulat, W. P. Jones, and S. Navarro-Martinez. Large eddy simulations of isothermal
confined swirling flow in an industrial gas-turbine. International Journal of Heat and Fluid

Flow, 51:50-64, 2015.

D. G. Goodwin, H. K. Moffat, and R. L. Speth. Cantera (version 2.1.2): an object-
oriented software toolkit for chemical kinetics, thermodynamics, and transport processes.

http://www.cantera.org, 2014.

L. Tay-Wo-Chong and W. Polifke. Large eddy simulation-based study of the influence of
thermal boundary condition and combustor confinement on premix flame transfer func-

tions. Journal of Engineering for Gas Turbines and Power, 135(2):021502, 2013.


http://www.cantera.org

Bibliography 181

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

Y. Xia, D. Laera, and A. S. Morgans. Effect of wall heat transfer on the flame response to
acoustic perturbation in a turbulent swirling combustor. In the 25th International Congress

on Sound and Vibration (ICSV25), Hiroshima, Japan, volume 4, pages 2025-2032, 2018.

T. C. Lieuwen and V. Yang, editors. Combustion instabilities in gas turbine engines:
operational experience, fundamental mechanisms and modeling, Progress in astronau-
tics and aeronautics, 2005. American Institute of Aeronautics and Astronautics. ISBN

9781563476693.

MATLAB and statistics toolbox release 2017b. The MathWorks, Inc. Natick, MA, USA,
2017.

D. Laera and A. S. Morgans. Large eddy simulations for the flame describing function
of a premixed turbulent swirling flame. In the 24th International Congress on Sound and

Vibration (ICSV24), London, U.K., 23-27 July, 2017.

Y. Xia, D. Laera, W. P. Jones, and A. S. Morgans. Numerical pre-
diction of the flame describing function and thermoacoustic limit cycle for a
pressurized gas turbine combustor. Combustion Science and Technology, 2019.

https://doi.org/10.1080,/00102202.2019.1583221.

E. Gullaud and F. Nicoud. Effect of perforated plates on the acoustics of annular combus-

tors. AIAA Journal, 50(12):2629-2642, 2012.

A. B. Bauer. Impedance theory and measurements on porous acoustic liners. Journal of

Aireraft, 14(8):720-728, 1977.

R. Kirby. Transmission loss predictions for dissipative silencers of arbitrary cross section
in the presence of mean flow. The Journal of the Acoustical Society of America, 114(1):

200-209, 2003.

H. Levine and J. Schwinger. On the radiation of sound from an unflanged circular pipe.

Physical Review, 73(4):383, 1948.

M. C. A. M. Peters, A. Hirschberg, A. J. Reijnen, and A. P. J. Wijnands. Damping
and reflection coefficient measurements for an open pipe at low Mach and low Helmholtz

numbers. Journal of Fluid Mechanics, 256:499-534, 1993.



Bibliography 182

[231]

[232]

[233]

[234]

[235]

236

237]

238

[239)]

[240]

[241]

S. Candel. Combustion dynamics and control: progress and challenges. Proceedings of the

Combustion Institute, 29(1):1-28, 2002.

D. Laera, G. Campa, and S. M. Camporeale. A finite element method for a weakly nonlin-
ear dynamic analysis and bifurcation tracking of thermo-acoustic instability in longitudinal

and annular combustors. Applied Energy, 187:216-227, 2017.

Y. Xia, I. Duran, A. S. Morgans, and X. Han. Dispersion of entropy waves advecting
through combustor chambers. In the 23rd International Congress on Sound and Vibration

(ICSV23), Athens, Greece, 10-14 July, 2016.

B. A. Boukamp. A nonlinear least squares fit procedure for analysis of immittance data

of electrochemical systems. Solid State Ionics, 20:31-44, 1986.

M. Fleifil, A. M. Annaswamy, Z. A. Ghoneim, and A. F. Ghoniem. Response of a laminar
premixed flame to flow oscillations: a kinematic model and thermoacoustic instability

results. Combustion and Flame, 106(4):487-510, 1996.

A. P. Dowling and A. S. Morgans. Feedback control of combustion oscillations. Annual

Review of Fluid Mechanics, 37(1):151-182, 2005.

M. Besson, P. Bruel, J. L.. Champion, and B. Deshaies. Experimental analysis of combust-
ing flows developing over a plane-symmetric expansion. Journal of Thermophysics and

Heat Transfer, 14:59-67, 2000.

C. Duwig and C. Fureby. Large eddy simulation of unsteady lean stratified premixed
combustion. Combustion and Flame, 151(1-2):85-103, 2007.

T. Ma, Y. Gao, A. M. Kempf, and N. Chakraborty. Validation and implementation of
algebraic LES modelling of scalar dissipation rate for reaction rate closure in turbulent

premixed combustion. Combustion and Flame, 161(12):3134-3153, 2014.

C. Fureby. A fractal flame-wrinkling large eddy simulation model for premixed turbulent

combustion. Proceedings of the Combustion Institute, 30(1):593-601, 2005.

P. Domingo, L. Vervisch, S. Payet, and R. Hauguel. DNS of a premixed turbulent V flame
and LES of a ducted flame using a FSD-PDF subgrid scale closure with FPI-tabulated
chemistry. Combustion and Flame, 143(4):566-586, 2005.



Bibliography 183

242

[243]

[244]

245

[246]

[247]

[248]

[249]

[250]

[251]

[252]

A. Majda and J. Sethian. The derivation and numerical solution of the equations for zero

Mach number combustion. Combustion Science and Technology, 42(3-4):185-205, 1985.

L. Y. M. Gicquel, G. Staffelbach, and T. Poinsot. Large eddy simulations of gaseous flames
in gas turbine combustion chambers. Progress in Energy and Combustion Science, 38(6):

782-817, 2012.

C. Fureby. A comparative study of flamelet and finite rate chemistry LES for a swirl
stabilized flame. Journal of Engineering for Gas Turbines and Power, 134:041503, 2012.

Y. Afarin and S. Tabejamaat. The effect of fuel inlet turbulence intensity on Hy /CHy flame
structure of MILD combustion using the LES method. Combustion Theory and Modelling,
17(3):383-410, 2013.

B. G. Franzelli. Impact of the chemical description on direct numerical simulations and
large eddy simulations of turbulent combustion in industrial aero-engines. PhD thesis,

Institut National Polytechnique de Toulouse, France, 2011.

F. Duchaine, F. Boudy, D. Durox, and T. Poinsot. Sensitivity analysis of transfer functions

of laminar flames. Combustion and Flame, 158(12):2384-2394, 2011.

D. Mejia, L. Selle, R. Bazile, and T. Poinsot. Wall-temperature effects on flame response

to acoustic oscillations. Proceedings of the Combustion Institute, 35(3):3201-3208, 2015.

N. Kornev, E. Shchukin, E. Taranov, H. Kréger, J. Turnow, and E. Hassel. Development
and implementation of inflow generator for LES and DNS applications in OpenFOAM. In
the 8rd Open Source CFD International Conference, Barcelona, Spain, 2009.

B. J. Geurts and J. Frohlich. A framework for predicting accuracy limitations in large-eddy

simulation. Physics of Fluids, 14(6):L41-1.44, 2002.

J. Li, F. Richecoeur, and T. Schuller. Determination of heat release rate disturbances
in open flames based on fluctuations in the travel time of ultrasonic waves. Combustion

Science and Technology, 184:533-555, 2012.

J. Li, F. Richecoeur, and T. Schuller. Reconstruction of heat release rate disturbances
based on transmission of ultrasounds: experiments and modeling for perturbed flames.

Combustion and Flame, 160:1779-1788, 2013.



Bibliography 184

[253]

[254]

[255]

(256

257]

[258]

259

T. Schuller, D. Durox, and S. Candel. A unified model for the prediction of laminar flame
transfer functions: comparisons between conical and V-flame dynamics. Combustion and

Flame, 134(1-2):21-34, 2003.

E. Motheau, L. Selle, and F. Nicoud. Accounting for convective effects in zero-Mach-

number thermoacoustic models. Journal of Sound and Vibration, 333(1):246-262, 2014.

P. Weigand, W. Meier, X. R. Duan, W. Stricker, and M. Aigner. Investigations of swirl
flames in a gas turbine model combustor: I. Flow field, structures, temperature, and species

distributions. Combustion and Flame, 144(1-2):205-224, 2006.

P. Schmitt, T. Poinsot, B. Schuermans, and K. P. Geigle. Large-eddy simulation and
experimental study of heat transfer, nitric oxide emissions and combustion instability in a

swirled turbulent high-pressure burner. Journal of Fluid Mechanics, 570:17-46, 2007.

K. T. Kim, J. G. Lee, B. D. Quay, and D. A. Santavicca. Spatially distributed flame transfer
functions for predicting combustion dynamics in lean premixed gas turbine combustors.

Combustion and Flame, 157(9):1718-1730, 2010.

J. Liand A. S. Morgans. The one-dimensional acoustic field in a duct with arbitrary mean
axial temperature gradient and mean flow. Journal of Sound and Vibration, 400:248-269,

2017.

N. Karimi, M. J. Brear, and W. H. Moase. Acoustic and disturbance energy analysis of a

flow with heat communication. Journal of Fluid Mechanics, 597:67-89, 2008.



	Abstract
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	Abbreviations
	Nomenclature
	1 Introduction
	1.1 Background
	1.2 Predicting Thermoacoustic Instability: Modelling Theories
	1.2.1 Acoustic wave modelling
	1.2.2 Flame response modelling
	1.2.3 Thermoacoustic solvers

	1.3 Thermoacoustic Instability: Experimental Measurements
	1.4 Thermoacoustic Instability: Numerical Simulations
	1.4.1 Incompressible large eddy simulation
	1.4.2 Chemical reaction schemes

	1.5 Entropy Wave Transport
	1.6 Response of a Very Long Flame
	1.7 Motivations and Objectives

	2 Theoretical Modelling
	2.1 Governing Equations for an Acoustic Wave
	2.2 Acoustic Wave Propagation in a Constant Area Duct
	2.2.1 Plane wave solutions with zero mean flow
	2.2.2 Frequency limits for the 1-D wave assumption

	2.3 Flame-Acoustic Interaction in a Constant Area Combustor
	2.4 Thermoacoustic Solvers
	2.4.1 Wave-based low order network solver: OSCILOS
	2.4.2 Helmholtz solver via COMSOL

	2.5 Entropy Wave Transport within a Combustor Flow
	2.5.1 Entropy wave transport with an entropy source
	2.5.2 Non-dimensionalisation of entropy transport equation

	2.6 Segmentation of a Very Long Flame
	2.7 Summary

	3 Numerical Methodology
	3.1 Mathematical Formulation of Incompressible LES
	3.2 Sub-Grid Scale Turbulence Modelling
	3.2.1 Constant Smagorinsky model
	3.2.2 Dynamic Smagorinsky model
	3.2.3 WALE model
	3.2.4 One-equation turbulent kinetic energy model

	3.3 Sub-Grid Scale Combustion Modelling
	3.3.1 PDF-based Eulerian stochastic field model
	3.3.2 Partially stirred reactor model

	3.4 Simulation of Entropy Wave Transport
	3.5 Summary

	4 SGT-100 Industrial Combustor: Flow Simulation and Flame Responses
	4.1 Experimental Set-up
	4.2 Numerical Framework
	4.3 Unforced LES Results and Validation
	4.3.1 Effects of SGS turbulence and combustion modelling
	4.3.2 Effect of reaction chemistry
	4.3.3 Effect of mean operating pressure
	4.3.4 Other factors: wall heat losses and mesh density

	4.4 Flame Describing Functions
	4.4.1 Effect of SGS combustion model on FDFs
	4.4.2 Effect of reaction chemistry on FDFs
	4.4.3 Effect of operating pressure on FDFs
	4.4.4 Effect of wall heat losses on FDFs

	4.5 Summary

	5 SGT-100 Industrial Combustor: Thermoacoustic Instability
	5.1 Thermoacoustic Stability Predictions by OSCILOS
	5.1.1 Acoustic mode predictions with a passive flame
	5.1.2 Linear thermoacoustic stability predictions
	5.1.3 Nonlinear thermoacoustic stability and limit cycle predictions

	5.2 Thermoacoustic Stability Predictions by H-solver
	5.2.1 Stability analyses
	5.2.2 Comparison between OSCILOS and H-solver predictions

	5.3 Summary

	6 SGT-100 Industrial Combustor: Entropy Wave Transport
	6.1 Entropy Wave Transport within Combustor Flows
	6.1.1 Dispersive advection of entropy waves
	6.1.2 Transport within an unsteady combustor flow
	6.1.3 Transport within time-averaged combustor flow

	6.2 Entropy Wave Transport within an Equivalent Pipe Flow
	6.3 Entropy Noise Effect on Duct Thermoacoustic Modes
	6.4 Summary

	7 ORACLES Long Flame Combustor
	7.1 Experimental Set-up
	7.2 Numerical Framework
	7.3 LES Results and Validation
	7.4 Flame Describing Functions for the Long Flame
	7.5 Prediction of Thermoacoustic Limit Cycle
	7.6 Summary

	8 Conclusions and Future Work
	8.1 Incompressible LES of Reacting Combustor Flows
	8.2 Forced Flame Responses and Flame Models
	8.3 Predictions of Thermoacoustic Instability and Limit Cycle
	8.4 Entropy Wave Transport in Combustor Flows
	8.5 Future Work Plans

	Bibliography

