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1. Introduction

Current predictions estimate the energy consumptior2040 at 86500 PJ [1], thus a
continuous growth of the world’s energy consumpti®rexpected (Figure 1.1). In order to
cope with this development, it will be inevitabte grovide energy from sustainable sources
while simultaneously minimizing environmental impac
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Figure 1.1. Projection of theworld energy consumption (reference case) [1]

The major part of the energy demand is covered doyentional energy sources. Most
conventional energy sources, except e.g. nucleaepaonvert the chemical energy stored in
fossil fuels into electrical power or heat. Howeveonventional energy sources can cause
pollutant emissions which result in serious ecalagidamage. In addition, conventional
energy sources that involve combustion processektteemission of greenhouse gases which
are suspected to change the world’s climate. Onetavaope with this problem is to provide
a significant amount of the demanded energy fronewable energy sources, such as wind
power, solar power and hydropower. Unfortunateig, potential of renewable energy sources
to provide energy with the necessary efficiency egldhbility is highly location-dependant.
Additionally, adequate technologies are neededchvbrovide the possibility to store large
amounts of energy, since wind and sun radiationsalgect to high fluctuations. However,
such technologies are not yet available and alteatrategies are necessary.

Increasing the efficiency of conventional energurses also holds the possibility to reduce
their environmental impact. Today, combustion i® timajor process in the field of
conventional/fossil power generation. Hence, th&énapation of combustion processes in
terms of efficiency and pollutant emissions progide high potential for increasing the
environmental compatibility of conventional poweengration. Furthermore, modern gas
turbines installed in gas-fired power plants argatde of compensating for power
fluctuations from renewable energy sources, as ttmybine high efficiency with high

flexibility regarding start-up time.



1.1 Motivation

Combustion processes are highly complex and impnewts in efficiency and emissions are
not easily achieved. As an example, the reductibnthermal NQ-emissions can be
accomplished by reducing the temperature in thebcmtion chamber. This is realised by
operating combustors with lean (partially) premixkegines, which unfortunately are prone to
flame instabilities. As a consequence, acoustioorgl and pressure perturbations can lead to
flame and heat release fluctuations. Such flamesims interactions, also known as
“thermoacoustics”, can result in broadband combustioise and/or combustion instabilities.
In contrast to the generation of broadband combmshoise, where the flame mainly
amplifies turbulence-induced noise, combustionainiities are only generated when a strong
coupling between the flame and the acoustic osialia is present. Combustion instabilities
lead to pressure oscillations with very high anupolés and may result in damage to the
combustor or complete engine failure. They arenoftesociated with acoustic resonances in
combustor components which induce periodic fluetunest of the air and/or fuel flow rate
which result in oscillations of the heat release.

1.1 Motivation

The sensitivity of flames to acoustic excitatiorss hbeen known for long time. In 1858
Le Conte reported his observation of singing flanvesich interacted with the music played
during a concert [2]. This observation was of gietdrest in the science community and was
also discussed by other scientists [3, 4]. Whilegisig flames may represent a fascinating
phenomenon, the interaction of flames with acousscillations represents an ongoing
challenge in the design and operation of combussigstems. Therefore solutions for the
avoidance of instabilities in modern low-N@ombustors are necessary, since efficiency and
low pollutant emissions become more and more inpdras stated in the previous section.

Rayleigh formulated a criterion [5] which describesder what conditions a flame adds
energy to the acoustic field. It states, that costibn chamber pressure and heat release must
oscillate in phase in order to generate unstabledemoHowever, the satisfaction of the
Rayleigh-criterion does not necessarily imply that combustor becomes unstable.
Combustion instabilities with high pressure amplés are only excited, if the amount of
energy transferred to the unstable mode exceed®dbes due to viscous effects and sound
radiation [6, 7].

One way to cope with combustion instabilities isafaply active [8—12] or passive [13, 14]
damping methods. However, applying these methodsffierent combustors usually requires
specific adjustments. Alternatively, it is possilbbeonly operate the combustor in its stable
regime. However, this limits its operating rangel &lexibility, which are important features
of modern combustors. As a consequence, the mesurfable approach is to prevent the
occurrence of combustion instabilities by an adégjeambustor design. In order to evaluate
the stable regime of a combustion system, it ismsomto measure and determine combustor



1. Introduction

transfer matrices and Flame Transfer Functions $fFTHE5—23] or to perform acoustic
analysis [24—-26].

Detailed stability analysis is mostly performediwstingle-burner flames. However, modern
combustors often operate with multiple-burner ageanents, as the combustion chamber
design is simpler in comparison to multiple singlener combustion chambers. Most

modelling approaches assume that no interactidees ppéace between neighbouring flames.
As a consequence, they are not able to take acéounbnlinear effects induced by flame-

flame interactions in multiple-burner systems.

Recent studies have shown that flow fields andnlbacoustic flame response characteristics
in multiple-burner arrangements can differ consafér from single-burner combustors.
Hirsch et al. found significant differences in tHew fields of swirl jets in an annular
combustion chamber compared to the single-burnerbagtion chamber [27]. Worth and
Dawson investigated the influence of the distanewveen the single-burners on the flame-
flame interaction and the FTF [28, 29]. They deni@ted that reducing the distance between
the single-burners can result in large-scale flflar@e interactions, which show a strong
impact on the thermoacoustic flame response. $taffe et al. performed an LES of an
annular combustor and concluded that the FTF ofsthgle-burner flame reproduces the
FTFs of the multiple-burner flames reasonably welowever, the distance between the
single-burners in their simulations constitutedesal’nozzle diameters, which may prevent
large-scale flame interactions.

As a result, it is an ongoing discussion about ¥wbiebr not or to what extent FTFs of single-
burner flames are representative for the flame alyosin multiple-burner arrangements and
how model approaches can be extended in ordetiéblgepredict combustion instabilities in
multiple-burner arrangements.

1.2 Objective

The first objective of the investigations and dssions shown in this thesis is to analyse the
influence of multiple-burner setups on combustiorstabilities in comparison to the
corresponding single-burner setup. The second tivgeds to examine the influence of
different arrangements of the multiple burners.

In order to achieve the named objectives, experiah@md numerical studies were performed.
Measurements of pressure oscillations were conduat@ modular combustor, which was
operated in single-burner and two multiple-burnetugs. The swirl-stabilized flame was
operated under atmospheric conditions in partiptmixed mode, using natural gas as fuel.

The purpose of these experiments was the globalacteization of the thermoacoustic
stability of the modular combustor in dependency tba combustor setup. In addition,
mechanisms should be identified which result ifedént thermoacoustic responses of the

3



1.3 Thesis Outline

single-burner and the multiple-burner setups. TWw&s done by using high-speed OH*-
chemiluminescence imaging and numerical studiesgd-&ddy simulations (LESs) of the
non-reactive and reactive flow were carried outtfer single-burner setup and one multiple-
burner setup. The objective of the LESs was totiflepossible feedback mechanisms of
unstable modes and to investigate the influencéhefmultiple-burner setup on the flow
conditions in the combustor.

1.3 Thesis Outline

After the introduction in Chapter 1, the theordtioasics are discussed in Chapter 2. In the
first part, the governing equations of reactivewoare introduced. The phenomena of
turbulence and common approaches for modellingutarize are discussed. The second part
of Chapter 2 focuses on the fundamentals of cordsusReaction kinetics of combustion
processes are briefly discussed. Idealized systam@troduced, which are commonly used
to study combustion processes. The complex interacif turbulence and combustion is
described, as well as several model approacheasraulent combustion. Chapter 2 ends with
the introduction of the Unified-Turbulent-Flame-8deClosure-Model (UTFC), which was
used to perform the simulations of the turbuleatriés in the scope of this thesis.

Chapter 3 is devoted to combustion instabilitidse Dasic driving mechanisms and damping
processes are explained. Subsequently, frequepplyed control and model approaches are
discussed. The quantities used to define acoustmdaries and the problems that occur
when dealing with realistic acoustic boundariesdm®cribed in the last part of Chapter 3.

Chapter 4 starts with descriptions of the modutanisustor, the used double-concentric swirl

nozzle and the experimental setup. Before the @xpatal results are discussed, a summary
of the investigated operating points is given. Thegical combustor modes are presented
followed up by a detailed analysis of the observedabilities at selected operating points.

Chapter 4 closes with the discussion of the glebaility chart of all combustor setups and

some concluding thoughts on the experimental result

In Chapter 5, the numerical investigations arewised. The numerical setup and the used
computational grids are presented. The discusditineoresults starts with the analysis of the
non-reactive flows and concludes with the resuitstfie simulations of the reactive flows.
Chapter 5 ends with a summary of the numericalltseand their conclusive discussion.

Chapter 6 concludes the thesis with a summary am# £oncluding remarks.



2. Theoretical Background

This chapter addresses the theoretical backgrodintheoinvestigations presented in this
thesis. The governing equations of reactive flothg, characteristics and the modelling of
turbulent flows, the fundamentals of combustion dhd topic of turbulent combustion
modelling are briefly discussed.

2.1 Governing Equations of Reactive Flows

The governing equations that describe the motiaeadtive flows are

- the conservation equation of momentum,
- the conservation equation of mass,

- the conservation equation of energy.

These equations are derived from balance equatppiied to an infinitesimal control
volume and describe the fluid motions of reactimg aon-reacting flows. Derivations and
detailed explanations of these equations can bedfon literature [30—33]. The following
explanations are based on the named references.

2.1.1 Conservation of Momentum

The conservation equations of momentum are aldedcttie Navier-Stokes-Equations. They
may be written in the following way using Einstsimdex notation:

N
d d ap aTi]'
— ) 4+ —— )= — — 4+ —2 Y, f. 2.1
5c (P40 + 5 (puiy) = — 5+ 7%, +ka_1 i frei. (2.1)

In Equation (2.1)y; denotes thé-th component of the velocity, is the density of the fluid
and p stands for the static pressuig. is the mass fraction of thee-th species ang ;
represents a volumetric force (e.g. gravity, buayamacting in direction on the species.
The termp XX, Yx fi: is often negligible and is neglected in the foliogvdiscussion. The
viscous stress-tensoy; is defined according to the linear Newtonian visestress law:

_ul2s. —2%6.%%) wheres = (2% 4 9% 2.2
T TR\ 20 T 3% gy, | Ve T Gy T, ) (2.2)

In Equation (2.2)S;; is the strain rate tensor apdis the dynamic viscosity. Combustion
processes lead to very high temperature gradiertssttong changes in the viscosityand
the densityp. In this way, the influence of combustion on th&df motion is included in
Equation (2.1).
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2.1.2 Conservation of Mass

The conservation equation of mass is also calledc@mtinuity equation. It is defined in the
following way:

a_,D d(pu;)
ot axi

= 0. (2.3)

The mass conservation equation for a speciesads:

(pY) d(pwY, ik
(P k)+ (p i k)=_ ]l + d)k fOI‘ k=1,.--,N, (24)
ot axi axi

with the diffusive quxjid"‘ for the speciesk. The termw; represents the corresponding
reaction rate of a speciés The diffusive fluxes are usually calculated adong to Ficks’
law:

ax 0y,
ji = —pDy=— for k=1,..N, (2.5)

k
Oxl-
with the diffusion coefficienD, of the specie&. Using the dimensionless Schmidt-Number

SCk = (26)

pD;’

which is defined as the ratio of momentum and ndéfssivity, Equation (2.6) can be formed
to

.dk p oYy
e 2.7
Ji Scy 0x; 2.7)

For a system oWV species it holds:
N N N
ZYk=1,Zijf"‘=o :Za)k:o. 2.8)
k=1 k=1 k=1

2.1.3 Conservation of Energy

The equation for the conservation of energy camdfened for different quantities, such as
total energy or enthalpy. The balance equationhfertotal enthalpy reads:
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d(ph) 0 _Dp 9j ou

N
S (puh) = oo ==L+ 1o Vs 2.9
at * ox; (pwih) Dt Ox; 7y 0x; tdqs+p ; Yiefie,iVii (2.9)

The termp Y.¥—1 Ys fx.iVi: Stands for the power produced by a volumetricéfan the species
k in the directioni, whereV, ; is the corresponding diffusion velocity. It is feged in the
following, since in most applications it is smalbnopared to the other terms. The term
7;;(0u;/0x;) represents the source term for viscous heatingganeépresents heat sources

such as radiation or an electrical spark. The dtignergyj’ may be calculated by:
N
oT
ji=As—tp Z hy jOF. (2.10)
Xi k=1

The first term on the right hand side is the hefitislon term according to Fourier with the
thermal conductivityl. The second term represents the diffusion of gseuwiith different
enthalpies, which is a typical process in combustiequation (2.10) can be rewritten as

N

dh +Z (Pr 1)h aYy
0x; Scy k 0x;

U

- (2.11)

jiq =

where Pr denotes the dimensionless Prandtl-Number, whictlefined as the ratio of the
kinematic viscosity and the thermal diffusivity

v

Pr = 2.12
r=- (2.12)

The thermal diffusivity is defined by = 1/c,, wherec, stands for the specific heat capacity
of the mixture. The Lewis-Numbeéie, is defined as the ratio & to Sc,

Pr

Lek = E’ (213)

and describes the ratio of thermal and mass diifysior the specie%.

2.1.4 Equation of State

The balance equations discussed in 2.1.1-2.1.8@renathematically closed, since changes
in both pressure and temperature cause variatiottsei density. If the density changes, then
the pressure is unknown and has to be determingdy w additional equation which
describes the relationship between pressure ansitgefor gaseous flows, this is usually
done using the ideal gas law:
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P = PRspecT, (2.14)

with R,y being the specific gas constant of the mixture.

2.2 Turbulence

In fluid mechanics, it is common to make a disimectbetween laminar and turbulent flows.

In technical combustion chambers, flows are tumtule most cases. In laminar flows, the

fluid flows in parallel streamlines, whereas tudntl flows are characterised by chaotic and
three-dimensional fluid motions. The Reynolds-NumBe is commonly used to assess the
flow state. It describes the ratio of the destalnf, inertial forces to the stabilizing, viscous

forces in a fluid motion and is defined by:

Re = = ffhar. (2.15)
In Equation (2.15u denotes the mean velocity of the floly,,, Stands for the characteristic
length scale of the flow and is the kinematic viscosity of the fluid. At highefolds-
Numbers, flows tend to be unstable and show turbuleid motions. At low Reynolds-
Numbers flows are laminar, as the viscous forcemidate the fluid motion. The critical
Reynolds-Number at which a flow becomes unstabjgedds on the application. Flows in
pipes typically become turbulent at Reynolds-NumlayoveRe ~ 2300. Due to the chaotic
flow patterns in turbulent flows, transport proessf momentum, heat or species are
significantly increased compared to laminar flowsrbulent structures are generated in and
derive their energy out of high velocity gradienits the normal direction of the flow
streamlines.

2.2.1 Time and Length Scales in Turbulent Flows

In turbulent flows eddies with different time arhgjth scales are present. The large turbulent
structures carry most of the turbulent kinetic ggeirhe characteristic turbulent length scale
l; of the largest eddies is in most cases determiiyedeometrical parameters. Inside the
turbulent flow, turbulent kinetic energy is transésl from the large eddies to smaller eddies.
The large eddies are unstable and break up intesreddies which contain the energy of the
original eddies. The smaller turbulent structurks® dreak up into even smaller structures.
This process continues until eddies are formed,sehength scales are so small that they are
dissipated due to the viscous forces inside thd.fllihe transfer process of turbulent kinetic
energy from larger scales to smaller scales is knasvthe energy cascade, which is based on
the notion of Richardson [34]. The energy cascaeribes the distribution of kinetic energy
in reference to the turbulent length scale. Thegeawith the largest eddies is called the

8
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energy-containing range. The dissipation range @snie range with the smallest turbulent
structures and the inertial subrange refers tordinge between the largest and the smallest
turbulent structures. In the inertial subrange, ntyaturbulent kinetic energy is transported
from larger to smaller scales. Inertial effects @oeninating and viscous effects are negligible
[35].

Kolmogorov [36, 37] postulated that in a turbuldiiv with a sufficiently high Reynolds-
Number the smallest structures are universal astdoigic, i.e. in contrast to the largest eddies
in the flow fields, they do not contain any directal or geometrical information. The length
scale of these universal turbulent structures mwknas the Kolmogorov length scale. The
Kolmogorov length scalg is only a function of the kinematic viscosityand the turbulent
dissipation rate. The Kolmogorov length scatg the Kolmogorov velocity scake, and the

Kolmogorov time scale, represent the Kolmogorov scales:

1/2

1/4
n= <£> Uy = (K) LTy = (ve)l/*, (2.16)

€

It can be shown by dimensional analysis that thie @& the Kolmogorov length scale to the
characteristic length scale depends on the Rewidldsber [35]:

3

12  Re ™, (2.17)
t

Therefore, the difference between the Kolmogoralesg and the characteristic length scale
l; increases with increasing Reynolds-Number. Innaeh flows, the characteristic length
scale of the turbulent eddies are often determimgdyeometrical parameters. Hence, an
increase in the Reynolds-Number leads to a sigmiflg smaller value of the Kolmogorov
length scale. As a consequence, the necessary tatmopal resources for direct numerical
simulations (DNSs) of turbulent flows with high Rejyds-Numbers (e.g. in technical
combustion chambers) are not available in mostsgasiace performing a DNS requires
resolving all turbulent time and length scales.ohder to simulate turbulent flows with
acceptable computational effort using CFD-Methd@denfputational Fluid Dynamics), it is
necessary to apply alternative approaches. Onebidgss to introduce statistical methods
to describe turbulent flow motions. These are dised in the subsequent section.

2.2.2 Statistical Description of Turbulence

Due to the chaotic fluid motions in turbulent flgwsis convenient to describe the turbulent
fluctuations in a statistical manner and split auantity g into its mean valugy and its
fluctuationg’:
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n=1
1
g=g+g with glx;,t) = Allim Nz g(x;,t). (2.18)
N

The mean value of the fluctuating component israefias equal to zero, i.g! = 0. This
statistical approach is called Reynolds averagidgplying Reynolds averaging to the
governing equations for variable density flows J2(2.3) and (2.9) leads to several unclosed
correlations with density fluctuations’'g’ for any quantity. Therefore, it is common to
introduce mass-weighted averages, which are cBiede averages:

(2.19)

ST
Il
‘DlJ%‘

Similar to Reynolds averaging, any quantity is déd into a mean and a fluctuating
component:

9=9g+9" (2.20)

and the mean value of the fluctuating componeatjigal to zero:

l

g’ =0 (2.21)
As a result, one obtains the averaged balanceieqaat

dp  9(pi;)
it =0 2.22
oc Tox (2.22)

d(pti;) Jd(pu;i;) dp 0 7

e (.. — pu'u" 2.23
ot T ow Tax ~ax, (o T AUY), (2.23)

ot Oxl- B Oxi

(J'?7+ﬁu{’Yzé’)+wTk for k=1,..N (229

o(ph) 8 = _Dp_ 0 H o
T + a—xl(pulh) = E — a—xl(]l — puihi ) + Tij a_x] (225)

In Equation (2.25), the heat source tejms neglected. In addition to the unclosed terms of
the laminar diffusion fluxes of species and enthalthe Favre-averaged balance equations

10
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contain unclosed correlationg'w’, w;"Y;" andu;'h;’, which are unknown and have to be

it

I, 1

modelled. The tensar;'y;" is also known as the Reynolds-Stress tensor. Tgodal sum of

the Reynolds-Stress tensor is used to calculataithalent kinetic energk, whose value can
be used to assess the turbulent intensity. Theitefi of k reads as follows:

3
1o
= Ez w (2.26)
k=1

2.2.3 Turbulence Modelling

Turbulence Models can be differentiated by thejureements for the spatial resolution of the
computational grid. In RANS-Models (Reynolds-AvezdgNavier-Stokes) all turbulent

scales are modelled and only the mean flow hasstoebolved by the computational grid,
which leads to comparably low computational co$te Large-Eddy-Simulation (LES) only

models the small turbulent structures, whereas lénge, energy containing eddies are
resolved. This requires finer grid resolutions dads to significantly increased simulation
times.

2.2.3.1 RANS-Models
In general, in RANS-Models the turbulent viscosissumption made by Boussinesq in [38]
is applied to model the Reynolds-Stress tensor. [33]

pU; U; Mt axj Ax; l]axk 3'0' '

In Equation (2.27)u, stands for the turbulent dynamic viscosity ahds the Kronecker
Symbol. Various approaches exist to calculate tineutent viscosityu,, involving algebraic
models (for example the Prandtl mixing length m@adene-equation models (Prandtl-
Kolmogorov model) and numerous two-equation mod®ise of the most commonly used
two-equation models is thee-Model, which was proposed by Jones and Launddr [39

In the k-e-Model the turbulent viscosity is calculated by:
k
pe = pC —. (2.28)
The turbulent kinetic energy and its dissipatiote rare modelled by two additional balance

equations:

11
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d(pk) d(piyk) 0 [ Kt ak] _

- ) =—|+p - 2.29
ot * ox; ox; ( +ak>8xl- T Fe— P, (2.29)

d(pe) OJ(ptize) 0 [ TR 66] € _€?
_ O, M) € p _c.5E 230
ot " dx; ox; ( +a€)6xi +C€1kpk Cerb k'’ (2.30)

_ ——, 0T

where P = —pu;'y; a_x] : (2.31)

Cy,, 0y, 0¢, Ce; @andC,, are model constants with standard values of

C, = 0.09, 0, = 1.0, 0, = 1.3, C¢; = 1.44, Co, = 1.92, (2.32)

as proposed by Launder and Sharma [40]. The balkeauations fok ande are formulated
for high Reynolds-Numbers, assuming homogenoudyoisic turbulence. However, as
discussed in 2.2.1, this is only valid for the dewsdlturbulent structures. Extensions for the
k-e-Model have been formulated [41, 42] and two-egqumathodels with different approaches
exist, as for example thew-Model [43]. There are also approaches, where balaquations
for the Reynolds-Stress tensor are derived anced|oshich leads to the Reynolds-Stresses-
Models (RSMs). Further details about the RSMs alhch@med models with additional
references can be found in [35].

The unclosed terms;'Y,’ and u;’h"” in the balance equations are usually modelled by
applying the Boussinesq assumption for the trarigganass and energy:

nmy!n — 2.33
PU Tk Scy 0x; ' ( )
— pe Oh

T = — — —— 2.34
puih Pry0x;’ ( )

where Sc; is the corresponding turbulent Schmidt-Number &nad the turbulent Prandtl-
Number.

The laminar diffusive fluxes of species and enthalpe often neglected in turbulent flows.
They can also be taken into account by adding ankmdiffusivity to the turbulent viscosity
U: in the Equations (2.33) and (2.34) or be modddgdther expressions. As an example, the
species laminar diffusion fluxes are generally nledeby [33]:

12
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—7 0y, _ 0y,
.d,k k _ k 2135
. ’ — D D ) ( .3 )
]l PUg ) . ~ —pUg ) ;

with D, being the mean species molecular diffusion cdefiic The laminar heat diffusion
flux is generally calculated by:

T 9t (2.36)
axi axi

with 1 representing the mean thermal diffusivity.

2.2.3.2 Large-Eddy-Simulation

The LES resolves the large turbulent eddies, wisetbe smaller turbulent scales are
modelled by a turbulence model. The large turbulstrictures strongly depend on
geometrical parameters of the system and are cenesido be anisotropic and non-universal.
The small turbulent scales are assumed to be nmversal and isotropic. Hence, turbulence
models are more suited to describe the smalldstlemt structures. In addition, in contrast to
RANS-Methods, the LES captures large coherent 8towctures and unsteady features of the
flow, which may influence the characteristics oé timean flow field. As a consequence, the
LES often provides more precise predictions of uiebt flows. However, it requires higher
grid resolutions than RANS-Methods and the turbiufienv is resolved in time. These aspects
of the LES lead to a significant increase in theessary computational effort compared to
RANS-Methods.

Filtering of the balance equations
The separation of the turbulent scales in the LEBerformed by a spatial filtering of any
quantity:

g=g+g. (2.37)
For flows with variable density, a mass-weightesrEdiltering operation is also applied:
g=g+g". (2.38)

The most common approach is to use the computafipitaas an implicit filter. In this case,
the filtered quantity 4', §) equals the numerically resolved quantity. The esolved
component 4', g"') is often named as the subgrid scale (SGS) pé#ferbnt approaches for
LES-Filters have been developed, which are noudsed here. Details about these filters can
be found for example in [35, 44].

13
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Applying the filtering operations to the balanceuatipns leads to the filtered balance
equations for variable density flows:

ap  9(pti;)
T = 2.
ot T o O (2.39)
a(pu;) Od(pu;i;) dp 90 . _
= = o [Ty — Pty — Uity 2.40
ot * 0x; +6xl- 0x; |71 — p (it — 7)), (2.40)

(oY) N o(pt;Yy) 9
ot Oxl- B Oxl-

[jiCiT+:5(u;?k_ﬁiYk)]+wTk for k=1,....N, (2.41)

d(ph) @ .
—or +6_xi puih)—ﬁ—a—%[]

Dp 0 - — -
= P i1 — p_(uih - ﬁlh)] + TU

aui
i .

— 2.42

7 (2.42)
Similar to the averaged balance equations discuiss@2.2, the filtered balance equations
contain unknown correlations which have to be mledelBesides the laminar diffusion

fluxes of species and enthalpy, these are the olvexs Reynolds stresséa’{aj — ﬁiﬁj), the

unresolved specigsy Y, — i;Y,) and the unresolved enthalpy fluXegh — ii;k).

Smagorinsky subgrid scale model
The first subgrid scale model was proposed by Smvaglg/ [45]. Due to its simplicity and

robustness, it is a frequently applied subgridescabdel. The unresolved Reynolds stresses
sgs
ij

density flows, using Favre filtered quantities, thedel forz;;” reads:

T;7 = (uTa]- —ﬁiﬁj) are modelled according to the Boussinesq assumpkior variable

1 T
T;.S]‘,gs _ §T]iis5l‘j = _th <SU - %Skk> , (243)

with the resolved part of the strain rate ten‘i‘;pr

O 2.44
i = 3\ox, T ox,) (2.44)

The turbulent subgrid scale viscosity is modellgd b
ve = (Cs0)2|S| with |S| = /ZSUSU. (2.45)

14



2. Theoretical Background

C, represents the Smagorinsky constant and is typicat to a value o’y = 0.2. The
unknown termri{s is commonly modelled according to the expressiosoppsed by

Yoshizawa [46]:

T = 2¢;pA%|S], (2.46)

wherec; is a model constant. Sin€g depends on the flow configuration [44], Germanalet
[47] formulated an approach to automatically deteenthe adequate value 6f. Further
information and details about alternative subgcales models can be found in [35, 44].

The subgrid scale species and enthalpy fluxesearerglly modelled similar to RANS:

~ - v, Y,

WY, — @Y, = —j ax’f, (2.47)
t i

. - v, 0h

uihk — ﬁihk = —#%, (248)
t i

whereSc; andPr; denote the subgrid scale Schmidt- and Prandtl-Nuprespectively. The
laminar diffusion fluxes of species and enthalpy aither neglected or also modelled similar
to RANS approximations.

2.3 Fundamentals of Combustion

In this section, some of the fundamentals of coribnsare briefly introduced. After some

basics, the influence of turbulence on combust®ndiscussed, since reactive flows in
technical combustion chambers are in turbulent rnases. Subsequently, the UTFC-Model
(Unified-Turbulent-Flame-Speed-Closure) is desaijb&hich was used to perform the
turbulent flame simulations.

2.3.1 Reaction Kinetics of Combustion Processes

In general, combustion is a chemical reaction whiget is mixed with an oxidizer (in most
cases air) and burned. Chemical reactions, andceftrer also combustion processes, are
described by chemical equations:

—valA] = v5[B] = vc[Cl—... 2% vp[D] + vg[E] + ve[Fl+..., (2.49)

wherev, r are the stoichiometric coefficients of the spedesF, k/ is the reaction rate
coefficient for the forward reaction arid the reaction rate coefficient for the backward
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reaction. In general, chemical equations only descthe global reaction of reactants into
products. However, a chemical reaction, as for g@anthe combustion of methane with
oxygen:

CH, + 0, = CO, + 2H,0, (2.50)

consists of numerous elementary reactions. For exléamny reactions, the corresponding
chemical equation represents the actual reactikimgaplace. The system of elementary
reactions that describes a global reaction is Gsgalled a reaction mechanism. A reaction
mechanism which consists 8f chemical reactions can be described by

Ng Nk
Zv,{ixk :Zv,’gixk i=1-N,, (2.51)
k=1 k=1

wherev/, andv; are the stoichiometric coefficients of the spediefor the forward and
backward reactions of the elementary reactidf), represents the mole fraction of the species
k. Thus the production ratg, of a specieg can be determined by

Ny

Wy = kai r; withvy; = (v,{i - v,l{’i) i=1,...,N,, (2.52)

i=1

with r; being the reaction velocity of the elementary tiead which is given by

N N
r=k/ H[xk]vz’:i — kP n[xk]wliz, (2.53)
k=1 k=1

The respective reaction rate coefficigptmay be calculated using the approach by Arrhenius
[48] in its extended formulation [49]:

Ei
ki = AiTi@e_ﬁ. (254)

A; is the pre-exponential facto, stands for the temperature exponghtgdenotes the gas
constant and; represents the activation energy.

2.3.2 Modelling of Combustion Processes

Combustion processes can be found in all kindseohriical systems. Depending on the
application, the reactive flow may be laminar aibtuent and reacts under premixed or non-
premixed conditions. In premixed combustion, thel fand the oxidizer are perfectly mixed
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before they enter the combustion chamber. In nempted combustion, the mixing of the
fuel and the oxidizer takes place simultaneousihwie chemical reaction.

Laminar premixed combustion can be found in gasestoheaters and Bunsen burners.
Turbulent premixed combustion is frequently appliedstationary gas turbines and internal
combustion engines. A well-known example for lamimen-premixed combustion is a
candle, whereas turbulent non-premixed combusttoofound in aero-engines and diesel
engines.

In addition, combustion processes can be subdivittedean and fuel rich combustion. This
is usually described by the (fuel-air) equivalemato ¢. In the case where air is used as
oxidizer, it is defined in the following way:

_ Xtuelu/Xairu ’ (2.55)
Xtuel st/ Xair,st

whereX,;,, andXg;, are the mole fractions of air and fuel in the umbumixture and,;, s

and Xgye15¢ the corresponding stoichiometric mole fractiorrs.pfemixed combustiogp is

constant in the unburnt mixture, whereas in nomapxted combustion the local values for

vary from 0 to . As a consequence, for non-premixed combustipncan only be

determined globally, using the mole fractions ie thel and oxidizer streams at the inlets.

In order to assess specific quantities of a connougprocess, for example the burning
velocity, the reaction kinetics have to be consdein combination with the balance
equations. However, the underlying physics of costibn processes in technical applications
are very complex. Therefore, as a first step, oitiealized systems are used in order to study
combustion processes, since they allow for detengimll significant quantities, like the
variation of temperature or species concentration.

2.3.2.1 Laminar Premixed Flame

One example of such an idealized system is thenlamsteady-state one-dimensional
premixed flame. From the balance equations disdusse.1.1-2.1.3, the one-dimensional
balance equations for total mass, species and erierghe planar steady-state premixed
flame can be derived [49]:

d(pw) _

2.56
. 0. (2.56)

puU—— = __x+ wy for k=1,..,N, (2.57)
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or @ <AGT) ji oT ji" , 258)
PP T ax M ox “pk Ik Gy k Pk )

i=1 k=1

The heat transfer due to radiation is neglecte&qnation (2.58). A typical structure of a
laminar premixed methane-air flame is shown in FegR.1. The flame features a preheat
zone for the fuel/air-mixture, an inner layer witte temperatur&,, where the main part of
the fuel consumption takes place, and an oxiddéiger. The thickness of the inner laygris

a fraction of the flame thicknegs

ls = 81, (2.59)

with a value ofé = 0.1 at atmospheric pressure. Under elevated peessanditions,d
decreases down to a value &&= 0.03 at 30 bar [50, 51]. The flame thickness may b
determined by [51, 52]:

A
h=££@, (2.60)

PuSL

wherep,, is the density of the unburnt mixture at the begig of the preheat zone. The flame
propagates with the laminar burning veloaity Integrating Equation (2.56) leads to [51]:

Pooleo = MM = Py, Sy, (2.61)

wherep,, andu,, are the density and the velocity of the unburnttame far away from the
flame. The laminar burning velocity represents memvalue of the equations (2.56)-(2.58)
and can be interpreted as a thermo-chemical prgperimarily depending on equivalence
ratio, temperature and pressure in the unburre.stat

Based on the simplified model of Zeldovich [53]eoran derive an analytical expression for
s., assuming a one-step reaction of fuel into prasi[#3]

Fuel — Products

E
with a given reaction velocityr,e; = —pYrueiZe RT, WhereZ represents the pre-exponential

factor for the reaction velocityg,e is the fuel mass fraction aril denotes the activation
energy of the reaction of fuel to products. Thewber equation fok; then reads:
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a
s, = , (2.62)
TFuel

wheretg,q represents a characteristic time scale of theicgawith

E.—1

Truel = (Z€7RT) (2.63)

The dependence of the laminar burning velocity lenthermal diffusivity and the chemical
time scale according Equation (2.62) reflects theclmanism of flame propagation by
diffusive processes, which is driven by gradiersegated by the chemical reaction.

l

preheat zone

CH4

A S

>N/~

\

0

Figure 2.1. Schematic diagram of the structure of alaminar premixed flame (adapted
from [51, 54)

2.3.2.2 Laminar Non-Premixed Flame

Laminar non-premixed flames are idealized systermglware used to study non-premixed
combustion. Often non-premixed flames are callatfusion” flames, since unlike premixed
flames they are mainly dominated by the mixinghef fuel and the oxidizer.

One example of a laminar non-premixed flame is “gdwnterflow diffusion flame”. It is
frequently used in experimental and numerical sisidsince its flame structure can be treated
as a one-dimensional problem.
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2.3 Fundamentals of Combustion

Figure 2.2 shows a schematic of a counterflow diffo flame, with the fuel stream
originating from the left hand side and the oxidis&eam originating from the right hand
side. The fuel and the oxidizer diffuse towardsrésction zone, where heat is released due to
the combustion process. In the reaction zone,ghgerature reaches its maximum. Heat is
transported by diffusion towards the fuel and medistreams.

Stagnation !
plane \5
Fuel ::AXiSE :: Oxidizer]
li Flame

Oxidizer mass

Fuel mass fraction fraction

Temperature Heat release

AXIS

o Reaction . .
Diffusion zone Diffusion zone
. Zone

. ~ ~
& - -

Figure 2.2. Structure of a non-premixed flame (Adapted from [33, 51)

Far from the reaction zone, the mixture is eitloerich or too lean to burn. In general, it can
be expected that the reaction takes place at ttatidm of the stoichiometric mixture. As a

consequence, non-premixed flames do not propagetepremixed flames and it is not

possible to define a characteristic burning veloaimd flame thickness. The thickness of a
non-premixed flame is mainly determined by thetstreDue to the high influence of the

mixing, non-premixed flames are more sensitivehtoftow than premixed flames.

In turbulent combustion modelling, it is often assd that the flame front is stretched due to
turbulent flow structures. The Flamelet-Model byePg [55, 56] is based on the assumption
that a turbulent non-premixed flame represents reserable of flamelets, which are “thin
reactive-diffusive layers embedded within an othsewnon-reacting turbulent flow field”
[51]. In this context, the counterflow diffusiorafhe is often applied to model such flamelets.

2.3.3 Turbulent Combustion

In a certain range of turbulence intensity, a gigant increase of the burning velocity can be
observed in turbulent flows. According to DamkoHET], turbulent eddies can penetrate the
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2. Theoretical Background

inner layer of a premixed flame and increase thiéase area of the flame front. Damkdhler
proposed that the turbulent burning velogitycan then simply be determined by [33]

S =S, —. (2.64)

Beyond a certain turbulence level, the turbulenhing velocity shows no further increase
with increasing turbulence (Figure 2.3). Increasthg turbulence even further eventually
results in local flame extinction. Experimentaluis also showed a decrease of the turbulent
burning velocity before the occurrence of locahflaextinction [49, 58].

For a better understanding of turbulent combuspi@tesses, turbulent flames are classified
into different regimes. Classifications have beeoppsed by many authors [33, 51, 59]. In
the following, the classification proposed by Barf#i9] is briefly discussed.

Quenching
limit
St (u,) 1 / I
Low Bending 5L
turbulence zone

-
»
!

u

Figure 2.3. Influence of the turbulencelevel on the turbulent burning velocity (adapted
from [33])

2.3.3.1 Borghi Diagram for Premixed Turbulent Flames
Based on the assumption that the turbulent Praénaitber constitutes unity, the turbulent
Reynolds-NumbeRe; = Re(l;) can be determined by:

’ l I l -1
Re, = Xt :ﬂzRet.(_f) , (2.65)
s, g S

whereu; represents the velocity of the energy-containiddies in the turbulent flow. As a
consequence, the characteristic time scale of tiergg-containing eddies is given by
T, = ls/u;. The turbulent Damkdhler-Numbéra, reflects the ratio of the turbulent time
scalel, to the time scale of the flame or the chemicaktsoaler, =l /s;:

!

L /u [N\t
pa, =t/ Mo (i) , (2.66)
. lp/sy St lp
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2.3 Fundamentals of Combustion

The turbulent Karlovitz-NumbeKa; is used to assess effects due to flame stretcKingis
calculated by the ratio of the time scale of tlrfér,. and the respective characteristic time
scale of the turbulent eddies interacting with tlaene. As a consequenckEga; reaches its
maximum value a; i, for the smallest turbulent scales with the Kolmmoydength scalg.
Therefore it is possible to derive an equationifag ,,,, dependent on the turbulent scatgs

l; anduy:

1\ 3/2 -1/2 ' -1/2
l l
Kaymay = -5 ~ (”—) (f) = 2=kl () (2.67)

Based on the dimensionless numhkes, Da, andKa, ., Borghi defined different regimes
for turbulent flames (Figure 2.4):

- Re; < 1: The flame basically features the characterisifcs laminar flame, similar to
the schematic shown in Figure 2.1

- Re; >1/u; <s;: The flame is only slightly disturbed by turbulesttuctures, since
the turbulent velocity fluctuations are small comgohto the burning velocity. The
flame thickness is not increased, but the meamtsirel of the flame front may appear
thicker due to the turbulent fluctuations. The lgnvelocity is augmented compared
to the laminar flame, since the flame is wrinkledd athe flame surface area is
increased.

- Re;>1 1/ u;>s; | Kagmax < 1: The augmented velocity fluctuations lead to an
increased bending of the flame. The flame thickmeassstill be considered as thin in
comparison to the turbulent eddies; the flame fisntonvoluted and convectively
transported by the turbulent motions. Local quemghand reigniting processes are
possible and pockets can separate from the wrirfldete front.

- Re;>1/Kagmax <1/Da; =1: The smallest turbulent structures can penetrate t
flame front and intensify diffusion processes. Tlaads to an augmentation of the
flame thickness, which enables eddies with a bidglegth scale than to penetrate
the flame front. As a result, the flame thicknesssignificantly increased and the
flame front cannot be considered as laminar. Lgoahching takes place due to flame
stretching which leads to distributed reaction zon&n increase of the turbulent
velocity fluctuations combined with a constant \ealof the turbulent length scale
results in a decrease bti;, down to a level wherBa; = 1 is reached. At this point,
eddies with length scales up to the turbulent ecede can enter the flame front.

- Re;>1/Da; < 1:Inthisregime, even the turbulent time scalés smaller than the
chemical time scale, and all turbulent structures are contained intieeflame front.
The conditions in such flames are similar to theditions inside well stirred reactors.
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Figure 2.4. Classification of turbulent premixed combustion according to Bor ghi

2.3.3.2 Non-Premixed, Turbulent Flames in the Borghi Diagram

According to Borghi, the classification of the tukbnt premixed combustion in Figure 2.4
can be transferred to non-premixed turbulent flaniéss is based on the assumption that the
main reaction zone is located on the isosurfacgathiometric mixtures. As a consequence,
the laminar burning velocity and the flame thiclevesf laminar premixed flames at
stoichiometric mixtures are used for the classifwaof turbulent non-premixed flames. The
classification of non-premixed turbulent flamestive Borghi diagram is similar to that of
premixed turbulent flames. When the Karlovitz-Numbgceeds a certain value, high strain
rates of the smallest turbulent structures canedosal extinction of flamelets. After the
decay of the high strain rates by the short-liverinkogorov eddies, local extinction may be
followed by local premixing and reignition. Furthiecrease of the turbulent intensity results
in enhanced local premixing, leading to a more [xethcharacter of the flame.

2.3.4 Flame Stabilization in Swirl Flames

Technical combustion chambers are operated withepal@nsities of up to 20 MW/m3 [21].
In order to reach the necessary reaction rates,abmmon to apply swirl nozzles or bluff-
bodies to create an inner recirculation zone (IRZ)e high turbulence intensity in the shear
layers between the downstream flow and the revilsaeand the mixing of hot burnt gases
results in an increase of the local burning velocithis ensures high reactions rates and a
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2.3 Fundamentals of Combustion

high flexibility in terms of operating range. Thelvantage of swirl nozzles is that the
stabilization is purely aerodynamic and no bluffipois present inside the combustion
chamber which has to withstand high temperaturesortiinately, swirl stabilized flames are
prone to combustion instabilities, such as in teg/\xcomplex flow field of swirl flows often
coherent vortex structures are present which caégraot with the flame. Flame vortex
interactions are typical driving mechanisms for baoistion instabilities (see 3.1).

Figure 2.5 shows a schematic of a swirl stabililathe. Depending on the nozzle and the
combustion chamber design, the inner recirculaione (IRZ) and the outer recirculation
zones (ORZs) can change size and shape.

Outer recirculation
zone

Flame
, , —
Inner
recirculation
zone

Figure 2.5. Typical recirculation zonesin swirl flowswhich stabilize the flame

Swirl nozzle

In order to create an IRZ, the swirl intensity baseach a certain, critical value at which the
so-called vortex breakdown occurs. The vortex lteak can be explained by a positive
pressure gradient along the central axis of thel $\iv. The pressure gradient is induced by
the transport of angular momentum to higher radiu$be typical shape of the axial velocity
profile is shown in Figure 2.6. denotes the swirl number, which expresses thd swansity

in a swirl flow. The most common formulation reads:

S=—, (2.68)
whereD denotes the angular momentum flux

D= an (p(ﬁaxﬂt + uly u{)) r2dr, (2.69)
0

and/ the axial momentum flux
i= an Uz, + uly ) +(p— 'pm)rdr, (2.70)
0

24



2. Theoretical Background

where u,,, u4; are the mean axial and tangential velocity comptmeu.,, u{ the
corresponding fluctuation components and represents the ambient pressure. In order to
obtain a dimensionless number, the axial momentlux i usually multiplied with a
characteristic radiuB,, which in many cases is the radius of the nozatet
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Figure 2.6. Axial velocity profilein ajet at different swirl numbers[60]

The determination of the quantities needed to ewalthe swirl nhumber according to
Equation (2.68) is usually a difficult task anduggqs complex field measurements. Therefore
it is common to calculate a theoretical swirl numingth the geometric parameters of the
nozzle. According to Leuckel [61], this can be ddmyeneglecting the turbulent fluctuation
terms and the influence of the static pressure,amsdming a homogeneous block profile of
the velocity. The theoretical swirl numhb®y, is then calculated by:

1 Rgt Rl 2
S = R i — 1 - (-) , 2.71
th = S 1 SIn am R < R ( )

wheren is the number of swirl ductdsp denotes the flow cross-section of a single swidtd
and the ternR, sin a describes the eccentricity of the swirl ducts (@i/g2.7).R; andR,, are
the inner and the outer radius of the nozzle quisipectively.

Figure 2.7. Eccentricity R, sin a used for the calculation of S,

For the case when the nozzle consists of two swjrlhe theoretical swirl number of the
nozzle can be determined according to the progmsKlerr and Fraser [62]:
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_ Sthis |, SthOTS

Sy = ,
=TT T et
. (2.72)
, A (1—x5 _ mys
with € = andxls =
Aots \ Xots Mmors + Mys

Sthis and Sy ors are the theoretical swirl numbers of the outer &mel inner swirler,
respectively A;s stands for the smallest flow cross-section initimer swirler anddgrg for

the smallest flow cross-section in the outer swinie;s andmgrs denote the corresponding
swirler mass flows. The nozzle that is installedhi@ investigated modular combustor consists
of two swirlers with different theoretical swirl mbers. The ratio of the mass flows through
each swirler was varied, which results in differglabal theoretical swirl numbers and affects
the flame characteristics. This is discussed imitlet the description of the nozzle design in
4.1.1 and the discussion of the investigated opeygiints in 4.3.

2.3.5 Turbulent Combustion Modelling

In order to perform numerical simulations of tudmitl combustion processes with acceptable
computational effort, it is generally necessaryuse a model for the turbulent flame in
addition to the model for the turbulent flow. In saeases, the flame front is too thin to be
resolved by the highest acceptable grid resoluasrthe flame thickness and the time scale of
the chemical reaction can be on the order of madaibf the time and the length scales of the
smallest turbulent structures. In addition, withdlk use of a flame model, it would be
necessary to solve a balance equation for eachidh@il species participating in the chemical
reaction of the combustion process. The GRI3.0-Manism for the combustion of methane
and air, provided by the Gas Research Institutg f@#sists of 325 elementary reactions with
53 different species. As a result, the computatieffart for a direct simulation of a turbulent
flame exceeds acceptable limits in most cases.

A variety of model approaches for turbulent comlmusexist; a few of them are listed here:

- Modesbased on correlationsfor the turbulent burning velocity
The reaction rate is modelled in dependency ortut®ilent burning velocity, which
is calculated by correlations for asymptotic timad dength scales. Similar to the
description of laminar combustion, in many casely @me characteristic chemical
time scale and turbulent time scale is used to mibdeflame-turbulence interaction.
Correlations for the turbulent burning velocity weformulated for example by
Zimont [64] and Schmid et al. [65, 66].

- Modelsbased on the scalar dissipation rate
These models are based on the assumption thahémical time scale is very small
compared to the turbulent time scale. The scalasigition rate describes the
relaxation of fluctuations due to molecular mixifidhe reaction rate is assumed to
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only depend on turbulent mixture processes. A Wetlwn category of such models
are represented by the already mentioned FlamebeteM for non-premixed
combustion, where the reactive-diffusive structafehe flame is described by the
scalar dissipation rate and the position of then8iafront is defined by the zone of
stoichiometric mixture.

- PDF-Models
The turbulent fluctuations of the main quantitiels tbe combustion process are
modelled by the usage of probability density fumes (PDF). It is assumed that the
turbulent and the chemical time and length scalesedlected by the shape of the pdf.
No restrictions are made beforehand concerningitietics of the chemical reaction
and the turbulent transport processes [67].

Further models for turbulent combustion processwkraore detailed discussions about the
named model approaches may be found in [33, 4%81,

2.3.5.1 Simplification of Reaction Mechanisms

As stated in the beginning of this section, usiatpdied chemical mechanisms in simulations
of turbulent flames would require solving a balarespiation for each chemical species
included in the reaction mechanism. Since thissisally beyond computational capacities, it
is necessary to use methods that simplify the i@adystem. Simplifications of reaction

mechanisms based on assumptions of quasi-steaiy astd partial equilibrium are often

limited to certain conditions, for example to certaemperature ranges or mixture
compositions [49].

One method to circumvent this problem is given Iy intrinsic low-dimensional manifold
method (ILDM) by Maas and Pope [69]. In the ILDMetreduction of the reaction system is
based on an eigenvector analysis, in order to talg into account the chemical reactions
with the largest time scales. It is then possiblddscribe the reaction system by a reduced set
of variables. A progress variable can be used soritge the reaction progress and the mixing
of the fuel and the oxidizer can be described Inyidure fraction. Possible formulations for
these quantities are introduced in the next secbioa next step, a look-up table is generated.
It provides species mass fractions and reactiasriagit dependence on progress variable and
mixture fraction and is searched by the usage dfittimear interpolations [33].

Another possibility is represented by the Flam@8etnerated-Manifolds (FGM). Similar to

the ILDM formalism, a progress variable is usedronitor the chemical reaction progress
and the mixing of the fuel and the oxidizer is dis by a mixture fraction. Look-up tables,
also providing reaction rates and species massidra; are derived from calculations of
idealized systems (e.g. the laminar premixed fldescribed in section 2.3.2.1) with complex
chemical mechanisms.
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2.3 Fundamentals of Combustion

2.3.5.2 Unified-Turbulent-Flame-Speed-Closure Model (UTFC-Model)

In the simulations discussed in the present woekUhified-Turbulent-Flame-Speed-Closure
Model was used to perform LESs of the reactive fiowhe investigated modular combustor.
The model describes premixed combustion and nomigesl combustion. It was established
at the Engler-Bunte-Institute, Combustion Technglag KIT Karlsruhe and is described in
detail in [70]. In the following, the model will bdiscussed briefly.

Basic Concept

Similar to the popular Flamelet-Model, the basieadf the UTFC-Model is that a turbulent
flame can be described by an ensemble of lamirsaticars zones with different equivalence
ratios. The UTFC-Model employs a progress varigdhkt describes the reaction and the
propagation of the flame from burnt to fresh ga8sdance equations for a mixture fraction
and its variance are solved in order to accountherturbulent mixing process in turbulent
non-premixed combustion. Tabulated chemistry basedimulations of laminar premixed

1D-flames is used to determine species mass frectamd laminar burning velocities. A

correlation for the turbulent burning velocity ippdied in order to model the influence of

turbulence on the reaction rate.

Progress Variable and Mean Reaction Rate
In the UTFC-Model the progress variable is defibgdhe consumption of oxygen, following
the suggestion by Habisreuther [67]:

Yoz,bound

(2.73)

= - ,
mln(YOZ,needed’ YOZ,present)

whereY,, . is the chemically bounded concentration@f in the productsY,, . .

d
constitutes the concentration @ necessary for a complete combustion of all spenidise
local mixture.YOzlpresent is the locally present concentration@f. The denominator switches
betweenty, . ieq andYoz_presem, depending on whether the reaction takes placerdedn or

fuel rich conditions.

Like several other combustion models, the UTFC-Madebased on solving a balance
equation for the progress variable:

0(p) , 0(pu9) _ 9 (i + k. 06
at dx;  0x;\ Sc; 0x;

> + Wy, (2.74
wherewy represents the mean reaction rate that has toodellad. As indicated by its name,
the UTFC-Model applies a correlation for the tugmil burning velocity to model turbulent
combustion. The implemented correlation for thebwgnt burning velocity is the one
proposed by Schmid et al. [65, 71]:
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St ut o Tt lt C\%v a
—=1 —. (1 D 2 1/4”D = — = — 1. 2.75
S * s (1+Da™) ¢ T, U / (0.09 st (2.75)

C,, represents a specific constant which may be addptéhe chosen fuel. As proposed by
Schmid, the mean reaction rate is calculated by:

By = oS 4B (1= ) = puC G (1- 5 2.76
Go =goup 48 A=B) = pu 0 (1-0), (2.76)

whereD; is the turbulent diffusivity modelled by, ~ u;l;. The correlation for the turbulent

burning velocity and the equation for the mean tieacrate were originally intended to be
used in RANS models. In order to use the Schmid-@lodLES, the turbulent velocity, time

and length scale were substituted with the subggidcity, time and length scale. They are
calculated using the filter width, the Smagorinsky constafit and|§|:

u; = C,AIS|, I, = CeA, T = ui /1 = |S]. (2.77)

The value ofl; tends to be zero @ — 0, which would result in an infinitely high reaction
rate. Hence, the laminar diffusivity is added te tarbulent diffusivityD; in equation (2.76):

_ st

0g = p, —— 0 (1 —0). 2.78
This leads to a consistent transfer from LES to DakSthe DNS resolves the laminar flame
front. ForA — 0 ors; — s; the mean reaction rate tends to:

2

Do = pu;—LL 6(1-8). (2.79)

Mixture fraction and mixture fraction variance

In order to simulate non-premixed combustion, tR€Imodel of Schmid has to be extended,
since it was formulated for premixed turbulent coistibn. Hence, a mixture fraction is
introduced which describes the fuel concentratiothe turbulent flow field. For two-stream
flows with pure streams of the fuel and the oxidizbe mixture fraction can be expressed
using the element mass fractions [49]:
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Zi = Ziox
§ =D, 2.80
Zi,fuel - Zi,ox ( )

where Z; denotes the element mass fraction of itle element. The subscripts “fuel” and
“ox” indicate thatZ; ¢,; andZ; o, are the initial element mass fractions at the stilam inlet
and the oxidizer stream inlet, respectively. Fouatqdiffusion coefficients of chemical
species, the mixture fraction can be expressetieasatio of the fuel mass flow to the total
mass flow in unburnt state [51]:

m
= el (2.81)
Miyel + Mox
In general¢ takes the valué = 1 in the fuel stream arfd= 0 in the oxidizer stream. Based
on this definition, various formulations for thexture fraction can be derived, as discussed in
[51].

Under the assumption of equal species diffusivities transport of all chemical species can
be described by a single transport equation fontheure fraction. The implemented mixture
fraction transport equation reads:

0(p) , 9(pmg) _ 0 (m+p 08 (2.82)
ot ox;  x;\ Sc, 0x;)° .

Equation (2.82) does not show a source term fontixéure fraction and is therefore valid for
definitions of the mixture fraction using elemenass fractions. In the UTFC-Model, the
mixture fraction serves as a passive scalar whids ehot participate in the chemical reaction.
It provides the local fuel concentration in the umii state.

In order to account for the influence of the unhesa turbulent scales on the mixing process,
a balance equation for the mixture fraction var@éfi€ is solved:

at 0x; x;\ Sc; Ox;

3(5E™) . o(pug™) _ 0 (uL + 6€7Z> + By (2.83)

The source term for the mixture fraction variaﬁqez is given by [51]:
-~ =12 .
Wgrz = 2pD.|VE|" - 2p%, (2.84)

wherejy denotes the Favre-filtered scalar dissipation, kakech is assumed to be proportional

to the inverse of the turbulent time scale an#
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¥ = 2D, (ﬁa—*() o 157"2. (2.85)

This leads to the used expression for the subgabtkscalar dissipation rate:

¥ =c,IS1E7, (2.86)

where the value foa'X is set toc, = 2.

Pre-Processing and Coupling of the LES with the Chemistry Table
In order to perform an LES of a turbulent flamehntihe UTFC-Model, some pre-processing
is required to build the chemistry table used fodelling the chemical reaction.

As mentioned in the beginning of this section, thE-C-Model is based on the assumptions
that mixing of the fuel and the oxidizer takes pldefore the chemical reaction and that a
turbulent flame can be described by an ensembldifofsive-reactive flame sheets with
different equivalence ratios. The influence of thdbulence on the burning velocity on those
flame sheets is modelled by calculating the tunubairning velocity and the reaction rate
according to the Schmid-Model. The mixture fractidescribes the mixture field in the
turbulent flame and the reaction progress variablesed to model the chemical reaction. As a
consequence, the density of the unburned mixgyrehe laminar burning velocity, and the
thermal diffusivitya,, in the unburnt state directly depend on the metinaction, whereas
the species mass fractiokis depend on the mixture fraction and the progressig. The
corresponding values for these quantities can rmeed experimentally or alternatively by
the calculation of laminar 1D premixed flames. Eoe latter method, 1D-laminar premixed
flames are computed for different mixture fractiohke computations can be carried out, for
example, by using the PREMIX code of the CHEMKINgram package [72]. This was also
done in the pre-processing of the LESs performetarscope of this work.

As discussed, a transport equation for the mixfxaetion variance&’’2 is solved in order to
account for the influence of the turbulence onrtieing process. The quantities derived from
the calculation of the 1D-flames are statisticalyeraged by using a PDF which features the

shape of a beta function determinedébgndé’2:
1
gi(§&m) = fgi(f)P(f)df, 9i = 1, pu, Yi(0), ay, . (2.87)
0

The statistically averaged quantitigs g, ?k(é) andd, are tabulated as a function of the

control parameters, §”2 and 6 (Figure 2.8). Intermediate values are calculatsthg
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multidimensional interpolation. During the calcudat, the CFD-Solver provides the values
for £, £72 andd. The species mass fractions are used to solvealaace equations of mass,
momentum and enthalpy. The values fgru; andzt, are provided by the turbulence model.

The tabulated values fa@y, p,, andd, and the values of the turbulent scales are utilioe
compute the mean reaction ratg according to the Schmid-Model.

Pre-Processing CFD - Solver
Calculation of 1D Transport equations concerning chemistry
laminar flames 8/75 N 8ﬁi§ 0 W, +ou Y =
$.(£): P (&) ot ox,  0x, Sc, Ox, @
au(é)’ Y/c(g‘e) 6,(75 n ('7’/0_17,47 _ 0 [ M, T U, 65 j
Averaging ot ox, ox, Sc, ox,
over PDF —5"2 —~ T T -
ops ~ opud " O [t 08| 7
Chemistry ot ox, ox, Se, ox, :
1001<~-up~ table C?, 9?"2’ 5 59 B
5.7 T A
: =~ SL’ pu’ c’u Schmid 5 o~ Slz é‘(l_’é') 7/7
pu (595 ) model: 0= Pu D” _|_D[ !
o F O ' H
a,(&.£7) - L,z u '
)7/(6? > 6? "29 5) hy (V) Basic equations of conservation & Modeling of turbulence
8_,5 6,5’17]. =0
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—t+ —(puu; )+ —=— + -
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oph _op 7 ) = o [ (u,+u,) oh
ot ot ; ! ox, Pr, 0x,

Figure 2.8. Process chart for the coupling of the chemistry look-up table and the CFD
Solver [70]

Calculation of the Heat Release Rate
In the UTFC-Model, an equation for the heat reldas@so implemented. Theoretically, the
heat release is given by the specific enthalpigbetpecies and their reaction rates:

Ni
CTI= —thak-
1

Determining the reaction rates would require sa@van balance equation for each species,
which often leads to unacceptable computation tirBasce the mixture fraction, the mixture
fraction variance and the progress variable desdtie simplified reaction mechanism, an
eqguation can be derived which models the heatseleadependence on the control moments

&, &2 andd [70]:

(2.88)

32



2. Theoretical Background

Vp = —Wsrr2z + —= Wg. 2.89
“k T pgm Ut T g v (2.89)

Applicability of the UTFC-Model

As discussed in [70], the UTFC-Model is essentiahly applicable for the combustion
regime with thin reaction zones fdu > 1 andKa < 1, since laminar flamelets are used to
describe the turbulent flame structure. The eféédurbulent eddies penetrating the flamelet
is not included in the model. In addition, the laar flame sheets do not affect each other,
which implies that the UTFC-model is only validthre fast chemistry limit witlba > 1.

Nevertheless, the UTFC-Model has proven to be &ffedn the LES of premixed and non-
premixed combustion, as well as in the simulatidncembustion noise and combustion
instabilities [70, 73-78].
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3. Combustion Instabilities

Flames and acoustics can interact in different w@ye possibility is that the flame generates
broadband noise and the feedback of the acoustgspre oscillations on the flame is either
non-existent or negligible. Lighthill's acousticadagy [79] is recognized as the first approach
to assess aero-acoustic noise, whereas Strahlevfg0jhe first to apply Lighthill's method to
turbulent combustion. Broadband noise emissiontdifulent flames are still an important
subject and therefore numerous investigations 786,75, 81-84] can be found in literature.
The aim is to develop methods which identify anqioedict the most important sources of
combustion noise.

Another possibility for flame-acoustics interactigrthat a strong coupling between the flame
and the acoustic oscillations is present. This mesylt in a feedback loop, which causes a
massive pressure-heat release pulsation known asustion instability. Combustion
instabilities can result in damage to the combustoanponents or complete engine failure [85,
86]. The interaction between pressure and heatsel®scillation was first reported by
Rayleigh [5, 87]. Based on his observations, Putrtefined the well-known Rayleigh-
Criterion [88]:

fp’(t)q’(t) > 0, (3.1)

T

wherep’(t) represents the pressure oscillation gh(d) is the heat release oscillation in the
reaction zone. The integral over the periodic titnef the instability mode in Equation (3.1)
is positive when the phase angle between pressdrbeat release oscillationgs90°. Under
these conditions, the flame adds energy to thesticofield. However, a positive value of the
integral and does not necessarily mean that a cetmbwill become unstable. The acoustic
energy dissipated inside the combustor and/or inétedd through the combustor boundaries
damps the thermoacoustic oscillation. Thereforeetiergy transferred from the flame to the
acoustic field must exceed the loss of acoustiaggné order to generate an unstable
combustor mode. This can be expressed mathemutioya[B9]:

ff p'(x,t)q' (x,t)dtdV > ffZLi(x, t)dedV. (3.2)
VT VT i

wherep’(x,t) and q'(x,t) represent the combustor pressure oscillationshead-addition
oscillations, respectively, denotes the combustor volume dndkx, t) is thei-th energy loss
process. While the Rayleigh-Criterion is still itm®st commonly used criterion to assess the
stability of a combustor, alternatives and extendeshulations are discussed in literature [7].
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3.1 Driving Mechanisms for Combustion Instabibtie

Combustion instabilities have been observed irkiallis of combustion systems, such as in
rocket motors [90, 91], aero engines [92, 93] aad wirbines [85, 94]. This indicates that
numerous different excitation mechanisms exist anahy may still be unknown. Some of
them are briefly discussed in the next section.ithalthl, more detailed discussions of driving
mechanisms can be found in literature. For examplegeview of different excitation
mechanisms in gas turbine combustion chambers&dyy Keller in [95], whereas Ducroix
et al. discuss excitation mechanisms of premixahds in [96].

3.1 Driving Mechanisms for Combustion Instabilities

The schematic in Figure 3.1 shows processes wlanhdave combustion instabilities in gas
turbines. However, the basic principles can besfieaned to all kinds of combustion systems.
According to Lieuwen and Zinn [6] driving mechansgan be classified into:

- Coupling of the fuel feed line with acoustic oscillations
Pressure oscillations in the combustion chambet teaoscillations of the pressure
drop over the fuel nozzle. Since the pressure drogulates the fuel flow rate into the
combustion chamber or the combustion system, aiatsy pressure drop leads to
an oscillation of the fuel flow rate and in turrsudts in an oscillating heat release. An
example is given by [97].

- Ogcillations of the equivalenceratio
Pressure oscillations in the combustor lead to eamlst mixing processes in the
premixing process or modulate the oxidizer andher fuel flow rate. This leads to
oscillations of the equivalence ratio of the miet@ntering the combustion chamber,
resulting in periodic variations of the heat retefg8—-100].

- Periodic variations of atomization, vaporization and mixing
Pressure oscillations in the combustor lead toupeations of the fuel spray which
may result in periodic changes in droplet sizegpevation rates and mixing rates of
the vaporized fuel with surrounding gases. As alteescillations of the fuel supply
rate and equivalence ratio are possible, leadingpeat release oscillations which
excite acoustic oscillations [101].

- Ogcillations of the flame area
Acoustic velocity oscillations result in periodianations of the flame area that lead to
a periodic increase in the overall heat release wdtich causes intensified acoustic
oscillations [102].
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3. Combustion Instabilities

- Flamelvortex interactions

Large coherent vortex structures, which initiallgnsist of combustible gases, form
inside the combustion chamber. During the formatbrihe vortex structures they

entrain hot gases, leading to an impulsive combnstif the reactive mixture inside

the vortex. The vortex then breaks down into smeedile turbulent structures. Vortex

structures can also lead to distortions of the éasurface, which results in periodic

variations of the flame surface area. The heatseleoscillates with the oscillating

flame surface area which leads to massive pulsatidren the heat release oscillates
in phase with the pressure oscillation. Examplestlae ring-vortex structures in lean-

premixed swirl flames observed by Blichner et &, [l6, 103] and precessing vortex
structures [104-107].

Fuel flow rate oscillations

and
reaction rate
oscillations

Flow rate
oscillations

Unsteady mixiﬂg, ~ Vortex/Flame
vaporization, Fue.11/1 airratio  [nteractions
atomization oscillations

Figure 3.1. Driving mechanismsfor combustion instabilities. Adapted from [6].

In general, combustion instabilities are found @g@iencies that can be associated with
acoustic eigenmodes of combustor components (gegait supply pipes or the combustion
chamber). In the range of their eigenfrequenciesy show increased acoustic responses to
acoustic excitations and thus may amplify pressamd heat release disturbances. The
formation of acoustic resonances is briefly disedss the next section.

On occasion, oscillations are observed in combssidrich are not purely associated with
acoustic modes. One example is an oscillation érgd by entropy waves [100, 108]. Hot-gas
packets (entropy waves), e.g. caused by equivaleatte oscillations, are convectively
transported towards the combustion chamber owtlleére they induce acoustic waves that
travel back to the flame.

3.2 Acoustic Resonances in Combustion Systems

In the previous section it was stated that unstabtzles are frequently caused by the
excitation of acoustic eigenmodes of the combust@ramber or other combustor
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3.2 Acoustic Resonances in Combustion Systems

components. In many cases, acoustic eigenmode®lated to Helmholtz-type oscillations
and standing waves in cavities (Figure 3.2).

1. Harmonic 3. Harmonic

AN

I ' (t)

\

2. Harmonic
1. Harmonic

2. Harmonic

Figure3.2. 1.h.s.: Acoustic oscillationsin Helmholtz resonators; r.h.s.: Standing wavesin
pipeswith one open end and two closed ends

The basic principle of a Helmholtz-Resonator casdzn in analogy to a spring-mass system.
The enclosed air is compressible and serves aspitireg, whereas the air in the open neck
corresponds to the oscillating mass. The pressistabaition inside the cavity is typically
uniform and fluctuates periodically, resulting invalocity oscillation at the outlet. The
frequency of the Helmholtz-oscillation can be estied by:

Co Ap
fup = — ’ 3.3
AR 2 VHRln,eq ’ ( )

wherec, corresponds to the speed of soufigddenotes the surface area of the outlet/gpg

the equivalent length of the neck, which is eqoats physical length plus an end correction.
A common approach to calculate the equivalent hexafith is given by:

T
lneq = In + 2AL, with Al = 7 Ry, (3.4)
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3. Combustion Instabilities

whereR, represents the radius of the neck. The actuakvalAl, depends on the geometry
of the resonator neck. In order to account forfedint inlet and outlet radius of the resonator
neck, one can calculaig., by

| lneq = ln+ AL + ALy, (35)
with Al ; = /4 - Ry andAl, , = /4 - Ry 0.
R,; andR,, denote the inner and the outer radius of the msomeck, respectively. Often
Helmholtz modes are present in combustors whichaaseciated with the burner nozzle or
the combustion chamber exit, which have small dtarseand serve as resonator necks for the
large volumes of the combustor plenum (see e.@])X¥ the combustion chamber.

Standing waves are caused by interference of dacouaves travelling in opposite directions
and can be found in pipes, for example. Assumiggrestant speed of sound, frequencies of
standing waves in pipes can be calculated with wlaee lengthA. In pipes with one
acoustically closed end and one acoustically opeh #he frequencies of the standing waves
can be calculated by

2-n—1
- - . 3.6
2 : (3.6)
whereas in pipes with two acoustically closed a@hddrequencies attain values of
n
f= 5 A (3.7)

At an acoustically closed end, the incoming waveefected with a phase-shift af (180°),
whereas the phase-shift for the reflection at avusiically open end constitutag2. This
leads to differences between the frequencies ofistg waves in pipes with two acoustically
closed ends and pipes with one acoustically clesedone acoustically open end.

The accuracy of the approximation of frequenciesacdustic resonances using equations
(3.3)-(3.7) depends on to what extent the acoustaracteristics of combustor components
and their acoustic boundaries correspond to Helimmesonators or pipes with ideal acoustic
boundaries. In most cases, they do not comply witth idealized systems. Additionally,
large temperature gradients in combustors resulliffierent sound speeds. Therefore, more
sophisticated strategies are necessary to modelcthestic behaviour of combustion systems
(see 3.4.1 and 3.4.2).
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3.3 Damping processes

3.3 Damping processes

As previously discussed, in order to assess th®lisgaof a combustor one has to account for
the losses of acoustic energy and damping mechaniéetording to [6], there are three
mechanisms which remove energy from unstable modiesad to dissipation processes.

- Transfer of acoustic energy to turbulence (visgouxesses) or entropy disturbances
(heat transfer processes)

- Transport of acoustic energy out of the combustprcbnvection and/or sound
radiation

- Energy transfer between different acoustic modes

These processes are based on complex physical metisaand are not discussed in detalil.
Further and more detailed explanations can be found6]. Based on these damping
processes, methods have been developed which &lowamping of unstable combustor
modes. These are discussed briefly in the nextosect

3.4 Control and Modelling Approaches for Combustion Instabilities

Combustion instabilities represent a major riskdombustor components as well as for the
combustor itself. If a combustor becomes unstahti the amplitude of the unstable mode
exceeds acceptable limits, one possibility to pnewiamage to the combustion system is to
change the operating parameters into a stable eegiimwever, this limits the operating range
and the combustor flexibility, which represent impat features of modern combustors.

Another possibility is to damp unstable modes bgspee or active damping methods. Passive
methods usually employ baffles, resonators and simodiners, which are effective in
damping high-frequency oscillations [110]. Exampes given in [13, 14, 93, 111]. It is also
possible to modify the fuel injection geometry irder to change the flame characteristics.
Active control methods employ actuators to pertindoinstability cycle. In order to decouple
the heat release from the acoustic field, the flogl rate or mixing process can be modulated
[12, 112]. Also, secondary fuel injection can belegel to damp combustion instabilities [9].
All methods are usually based on the perturbationone or more of the discussed driving
mechanisms. Further approaches for the active @arsitcombustion instabilities are given in
[10, 94, 113, 114].

In order to effectively apply passive and activatcol methods, it is necessary to model the
thermoacoustic stability of the combustor. Modgliapproaches that are able to predict the
stability of the combustor in the test phase omewethe design phase would be of great
advantage. In this case, the combustor design dmutdodified (if necessary) to ensure stable
operating conditions in the desired range of opmmatSome commonly used modelling
approaches used to assess the thermoacoustigtgtabh combustion system are discussed
briefly in the following sections.
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3. Combustion Instabilities

3.4.1 1D-Network Models and Flame Response Modelling

Figure 3.3 shows typical feedback mechanisms ihnieal combustion chambers with the
corresponding input and output parameters of timebcstor components. The feedback loop
is closed by the flame, since it responds with he#tase oscillations to mass flow or
equivalence ratio oscillations. It modulates theiliion of the combustion chamber pressure
which in turn modulates mass flow and/or fuel flate.

Based on the idea that a combustion system careberided as a network of combustor
components, network model approaches have beerogedewith the aim to describe and
predict the thermoacoustic stability of the combust

Turbulent burning velocity s, —— Equivalence ratio ¢
Mean thermal load QTth —1— Characteristic time delay ¢’
Frequency of disturbance fyis —— Amplitude of disturbance p',u’ — Rayleigh Criterion
| Geometry—— Energy dissipation
Periodic heat release of the flame
. v
mmix(t)_ﬁ Mimix(t) | - Within quasi-steady flame Qn(®) .| Combustion Pec(t) -
»( 5 > >
7 geometry " £) | chamber
*| - Combustion of large coherent fluegas ()
turbulent ring-vortex structures
Stabilization
M mix(£) ¢'(t) Mo e Pec(t) ’B—]ﬂ-
mn‘g unit < | Bumner
- Apair - Geometry, burner type
-
m mix(t)
—— APgas —— Pressure drop

Figure 3.3. Feedback mechanismsin technical combustion systems (adapted from [15])

One common approach is the transfer-matrix approadhere the acoustic response
characteristics of burner components are descrilyedn acoustic element with a specific
transfer function. Figure 3.4 shows an acoustimel@ modelled as an acoustic two-port.

Uy uj

Figure 3.4. Acoustic elementsrelating pressure and velocity fluctuations on both sides of
theelement (u — upstream, d - downstream)

In the frequency domain the acoustic two-port camléscribed by the equation [115]
Pfi) _ <T11 T12> (pﬁ) 38
(u('i To1 Typ) \wy)’ (38)
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3.4 Control and Modelling Approaches for Combustiastabilities

whereT;,-T,, represent the elements of the transfer mdtnxhich has to be determined for
every element. This can be achieved experimenigilgcoustic forcing and must be carried
out for two independent test cases. While analyggaressions may be derived for acoustic
elements other than the flame (see for example),[3B¢ modelling of the flame and the
oscillations triggered by its unsteady heat relgase a great challenge. In the transfer matrix
approach, the flame can be included as a sounee[fel5], which has to be determined by an
additional test case. Under the assumption thabtineer transfer matriB does not change
with combustion, the Flame Transfer FunctkffF¥ can be determined by:

FTF =TB™, (3.9)

whereT represents the measured transfer matrix. Fordudbtails see [11, 115].

Another commonly used approach to describe thedflaansfer function is given by:

F(o) = % (3.10)

<l

whereé corresponds to the mean volumetric heat reledsearadu is the mean value of a
velocity, which is usually the axial velocity nehe outlet of the burner nozzIl@! andu’ are
the Fourier components of the measured signalseativing angular frequenay. The FTF
may be written in complex form in terms of g&irand phase:

F(w) = G(w)e?@, (3.11)

The FTF describes the flame response to a velpetiurbation at the combustion chamber
inlet. The sensitivity of the flame’s heat releasethe perturbation is expressed by the gain
The frequency-dependent phagedescribes the time delay between the enteringhef t
perturbation into the combustion chamber and that helease response. Therefore all
characteristic time scales are included in the @haxluding the time delays induced by
mixing, convection of fuel into the flame frontnigion and reaction rate. In many cases, the
convective time delay is dominant. At unstable ¢bowls, the total time delay often
approximately corresponds to an odd multiple oftib#-periodr/2 of the frequency of the
unstable mode [102, 109, 116]. The mass flow awedetbre the velocity oscillation at the
combustion chamber inlet are modulated by the catidou chamber pressure which in turn
has to be in phase with the heat release oscilatio

The FTF can be dependent on the magnitude of thierpation|u’|. One possible reason for
this nonlinearity of the flame response is a simteagnitude of the mean velocilyand the
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3. Combustion Instabilities

velocity oscillation|u’|. A common non-linear model approach is to extdr@ KTF to the
Flame Describing Function (FDF) [117]:

Q.
Q-

'/

ul

F(w,|u']) = (3.12)

~
I

The FTF may be determined analytically, for exammyethen — 7 time lag model [118].
However, FTFs and FDFs are generally determine@raxentally [16, 18, 19, 22, 26, 116,
119] or by CFD methods [120, 121]. The resulting=Far FDF can then be integrated in a
network model [23, 26].

3.4.2 3D-Methods: Helmholtz-Solvers and Large-Eddy-Simulation

It is also common to apply 3D-methods in orderttalg and model combustion instabilities,
since they usually provide a higher level of accura’he downside of 3D-methods is that
they usually require an increased computationareffrhis is especially true for the LES, as
it requires long computation times. Therefore, insicases it is not possible to perform
parameter studies with the LES when investigativg dtability a combustor. However, the
LES is capable of reproducing a large number ofalisty mechanisms when an adequate
flame model is applied. It is also useful for gextestudies of combustion instabilities, as a
large number of quantities is available, which adrbe accessed by experimental methods.

In general, the LES of combustion instabilities d@n performed with or without acoustic
forcing. The “forced response” method has some matdgges, as it usually requires smaller
computational domains than the “self-excited” methim addition, the computational time
which is needed for the system to reach limit cymiessure amplitude may be shorter for the
forced LES. The self-excited method may be morerte, since it only models the “natural”
instability of the combustion system. However, aefimbustor components that may be
relevant for the excitation of the unstable modeehto be modelled. Additionally, it is
possible that a significantly longer time periodesgjuired for the unstable mode to develop,
which can result in unacceptable computation tinbescussions of the topic of forced LES
vs. self-excited LES can be found in [33, 122]. d®ehces which discuss the LES of
combustion instabilities are [121, 123-129].

Acoustic analysis using Helmholtz-solvers requiless computation time than the LES.
Helmholtz-solvers solve the inhomogeneous Helmbkedfzation in the frequency domain.
They rely on the assumption that the mean flow aiglds slow compared to the speed of
sound. The Helmholtz-equation for reactive flows d&e derived from the wave equation,
assuming harmonic wavegx, y,z) = p’e~* and harmonic oscillations of the heat release
g=q'e

—iwt.
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3.4 Control and Modelling Approaches for Combustiastabilities

V-ciVp' + w?p =iwly —1)q¢, (3.13)

where ¢, is the local speed of sound [33] apdthe ratio of the specific heats. Solving
equation (3.13) leads to the harmonic acousticnéiggquencies of the modelled system. In a
first step, it is possible to calculate the eigegfrencies of a combustor by neglecting the
oscillations of the heat release and assuming ataonh temperature field inside the
combustion chamber. For example, the heat releasecan be modelled using the- 7 time

lag model [118]. Examples for the acoustic analgsisombustion systems with Helmholtz-
solvers are given in [130] and [25].

3.4.3 Acoustic Impedance and Acoustic Boundaries

The thermoacoustic stability of a combustor isrggig influenced by acoustic transmission
properties of the reactive flow and the acoustigrataries of the combustor components. The
acoustic transmission properties of a medium aserdeed by its specific acoustic impedance
Z,. It represents the ratio of the sound presgtrand the particle velocity'. For planar
waves, it holds

!

2y = % = pey s (3.14)

wherep denotes the density of the gas or fluid. Accorlyinpr a one-dimensional planar
acoustic wave propagating in a constant crossasedtict [33]

X X
pl = A* (t——)+A- (t+—), (3.15)
Co Co

the velocity perturbation yields

(R ). @16

A* is the amplitude of the wave propagating in thsitpe x-direction andA~ denotes the

amplitude of the wave propagating in the oppositection. The acoustic transmission

properties of an acoustic boundary are dependenthenratio of its specific acoustic

impedancezg and the specific acoustic impedance of the gad/ilu which the acoustic

waves propagate. This may be described by a rediypmsgific acoustic impedance
_m_1m

=—= —. (3.17)
Zo pPCUy
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The reflection coefficienR of an acoustic boundary at a locatior= x, is defined as the
amplitude ratio of the acoustic waves:

_ AT(t — xp/co)

= : 3.18
A+ xp/c0) (348
Thus it can also be defined using the reduced Bpecioustic impedancs:
Z+1
= 3.19
R=7—7 (3.19)

Table 3.1 shows the reduced specific acoustic irmpees and reflection coefficients for the
acoustic boundaries of an ideal one-dimensionat. déiche duct is infinitely long in the
positive x-direction, all acoustic waves propagate in the itp@s x-direction. As a
consequencd™ is zero andr is infinite. When the duct is infinite in the neiga x-direction,
A" and therefore alsB are zero. In both cas&sequals unity.

. Boundary
Configuration . R Z
condition
— —) Non-
. o0 1
reflecting
Infinite duct on the right side
o G Non- 0 )
reflecting
Infinite duct on the left side
L ] pi =0
—) piz 0 -1 0
Duct terminating in large vessel
u; =0
- /
— u=0 1 o0
Duct terminating on rigid wall

Table 3.1. Reflection coefficients and specific acoustic impedancesin ideal one-
dimensional ducts (adapted from [33])
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At closed ends, for example walls, all incoming esvare reflected and the velocity
perturbations vanishu(= 0). The acoustic boundary is “sound hard” anduies infinite
specific acoustic impedance, which results in keotibn coefficient ol = 1. When the duct
leads into a large cavity, where the pressure @mdnsidered constant and the pressure
perturbations are zerg (= 0), the acoustic boundary is considered to berfdosoft”. The
specific acoustic impedance is zero and the reflecoefficient constituteR = -1.

Real acoustic boundaries of combustor componentommbustion chambers do not feature
reflection coefficients or specific acoustic impedas which correspond to the discussed
ideal acoustic boundaries, since their reflectiaefficients are influenced by area and
temperature variations as well as mean flow effése [131]). The modelling of the acoustic
transmission characteristics with complex geometige even more involved. Perforated
plates, for example, show a frequency-dependeriectadn coefficient which is also
influenced by the presence of mean flow [132]. émeyal, specific acoustic impedances of
combustor components and their boundaries have etoddiermined experimentally or
predicted by adequate models.
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4. Experimental Investigations

In this chapter, first the modular combustor isadiéed that was used to perform the
experimental investigations. In the subsequent téet test facility, the diagnostic tools and
the operating conditions under which the measurégsnerere performed are explained.
Afterwards, the results of the measurements acussed in detail.

4.1 Design Concept of the Modular Combustor

The aim of the design process of the modular cotobwgas to construct a burner system
which can be operated in single- and multiple-buomafiguration. Additionally, it should be
possible to realize different arrangements of thgle-burners.

In the following sections, the concept of the madwdombustor used for the investigations
presented in this work is explained in detail. fritke design of the nozzle and the single
burner will be discussed. Additionally, the way 8iegle-burners are assembled together into
the multiple-burner setup is described. The last plathis chapter focuses on the diagnostic
techniques which were applied to investigate cordusnstabilities in the combustor.

4.1.1 Design of the Burner Nozzle

The nozzle is a double-concentric swirl nozzle witlo swirlers and was used for studies in
several subprojects of the Collaborative Researfitr€ 606. The inner, primary swirler has
8 swirl ducts with a rectangular flow cross-sectadrb.2 mm x 6.7 mm that lead into a first
conical and then circular duct with a diameter &f hm. The outer, secondary swirler
contains 12 rectangular swirl ducts of 4 mm x 5ré@ mihich lead to a partly conical duct with

an outlet diameter of 25 mm. The fuel flows frone tluel supply pipe through two small

chambers, which are connected by six ducts of 4 mime. fuel exits the second chamber
through 60 circumferentially distributed holes wildiameter of 0.5 mm and mixes with the
air flow of the primary swirler (Figure 4.1).

The theoretical swirl number of each swirler cadtetl according to Equation (2.71)
constitutesSy, ;s = 0.46 for the inner swirler ary, ors = 1.02 for the outer swirler. Since the
swirlers do not feature the same individual theoattswirl number, the swirl number of
resulting swirl flow depends on the ratio of therfey mass flows (see equation (2.72)).

4.1.2 Design of the Single-Burner

In order to be able to independently control thessridtow through each swirler, the air inlets
for both swirlers are separated (Figure 4.2). Thlosszsection of the outer pipe is of quadratic
shape (outside dimensions 100 mm x 100 mm) withak tickness of 5 mm, whereas the
first inner pipe is circular, with an outside diamreof 80 mm and a wall thickness of 2 mm.
Inside the inner pipe, a second circular pipe ofmd in outside diameter and a wall
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4.1 Design Concept of the Modular Combustor

thickness of 2 mm is placed, whose outer wall seagthe inner boundary for the air flow
inside the plenum. The pipe for the fuel supplyhaf nozzle is situated inside this third pipe.

@25

60 Fuel injection

holes @ 0.5 12 secondary
swirler inlets

8 primary
@50 swirler inlets

Fuel inlet

Figure4.1. Double-concentric swirl nozzle with two swirlers. Theyellow arrowsindicate
the secondary air flow, the whitearrowsthe primary air flow and thered arrowsthe
fuel flow.

The air for the secondary swirler is introducedtiyh the upper inlet port and flows between
the outer pipe and the first inner pipe. The fleathomogenised by a perforated plate with a
free area of 10 % before it enters the inlets efawirler. The air flow for the primary swirler
enters the burner plenum through the lower inlat.pét first it flows through the outer
gquadratic pipe and is then also homogenised byfarpéed plate with 10 % free area. It then
flows between the first and the second inner pipihe inlets of the swirler.

The nozzle is centred inside the top of the plenlins pressed inside the centring using a
screw nut at the bottom in order to avoid bypassvfinto the combustion chamber. The
combustion chamber is equipped with four quartzglaindows, which are held by steel

frames and form a quadratic flow cross section@frBn x 89 mm. The outlet is divided into

a conical part, where the inner diameter decrefases 75 to 50 mm and a circular part with a
constant inner diameter of 50 mm. The combusticand¥er is centred on the top of the
plenum and two pins of 2 mm in diameter circumwempiossible rotational movement due to
vibrations.
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In order to combine the single-burners into mudtiplrner configurations, the outer pipe has
seven additional openings, which are covered bg aagingle-burner mode. This allows for
combining the plenums of the single-burners whisgeing the air inlets for the inner and
outer swirlers connected. Adapters are placed énglte openings, which simplify the
alignment of the burners. In addition, two glassidews are removed and adapters are
inserted into the slots of the glass windows, ieoto combine the combustion chambers of
the single-burners into a unified combustion chambth multiple flames.

Combustion
chamber

\ Ports for

microphone

Perforated
probes

plate

__Secondary

— air inlet
Perforated
__Primary air

Fuel supply
Figure4.2. Single-burner with two separated air inlets

4.1.3 Multiple-Burner Setups

As shown in Figure 4.3, in the first multiple-burreetup (MBS1) four single burners are
linearly aligned (multiple-burner setup 1, MBS1).this setup, the outer flames are bounded
by three combustion chamber walls and have onehheiging flame. The inner flames are
bounded by two side walls and have two neighboutages

In the second multiple-burner setup (multiple-bursetup 2, MBS2) four burners are
arranged in an “annular” arrangement (Figure 4R)wever, the inner and the outer
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boundary of the combined combustion chamber areuzdratic shape. Each flame is
bounded by two side walls and two flames. The rafidhe distance between the burner
centerliness,. and the diameter of the nozzle eXjt, (= 25 mm) constitutes in both MBSs
Spe/dnz = 4.1.

AR \ 3 Y
P d Yyl

Combined
combustion chambers

MBS1

Combined plenums

Figure 4.3. Modular combustor in MBS1 and MBS2
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4.2 TestRigand Diagnostic Methods

The combustor is mounted onto a sliding carriagechvhis mounted onto a frame
construction. The combustor can be moved horiziyntath electric motors and manually by
a thread which is turned by using a hand wheel.dihis supplied by a compressor and flows
through an air duct to the test rig, where it iBtspto two air flows. Each flow is controlled
independently with a hand valve. The mass streaiarcare measured upstream by two
thermal Bronkhorst mass flow meters, with a dewiatof 1 % for the upper value of the
measurement range 0-80 m3/h (STR; 273 K,p = 1013 mbar). The air flows then enter the
air distributors, which are needed to enable thesapply of all single burners in multiple-
burner configuration. Flexible tubes connect thketiports of the combustor with the air
distributors.

The flow of natural gas is controlled independemtiyh M+W mass flow controllers for
every burner. The measurement accuracy of the fltagsontrollers constitutes 3 % for the
upper value of the measurement range 0-100 I/miiRPYS

4.2.1 Setup for the Measurement of Pressure Oscillations

Pressure oscillations in the combustion chambertlamgblenum are measured by using three
microphone probes with Bruel & Kjaer pressure fiadcrophones. The probe, which is
connected to the combustion chamber, is a coiled with a straight length of 4 m. This
protects the microphone from the high temperaturdéise combustion chamber. Additionally,
a very small nitrogen flow is introduced into thécrophone probe, which prevents exhaust
gases from entering the probe. The microphonesameected to Bruel & Kjaer conditioning
amplifiers. The output signal of the amplifiers tsansformed with Fast Fourier
Transformation (FFT) by an Agilent 35670a signalgser.

Since the probes can alter the pressure signatlamgp or amplify certain frequencies, it is
necessary to measure the frequency response ofithephone probes. This is done with a
small branch pipe tee which serves as calibratt@mber. Two microphones are connected
to the opposite openings, whereas one microphooenisected via the microphone probe. A
small loudspeaker is connected to the third opeamdjsends a periodic computer generated
chirp in the range of 20 to 1600 Hz into the brapie tee. The signal analyser puts the two
microphone signals in reference and calculatesfrdguency response of the microphone
probe.

4.2.2 High-Speed Measurements of OH*-Chemiluminescence

The OH*-chemiluminescence can be used as a lodalator for the heat release in laminar
flames [133]. In the case of perfectly premixedtuent flames, it can be used to monitor the
integral heat release and for quantitative analgkithe heat release [134, 135]. In diffusion
flames and partially-premixed or “technically presl” flames, it has to be considered that
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4.2 Test Rig and Diagnostic Methods

the OH*-chemiluminescence also reacts to equivaleato fluctuations. Schuermans et al.
derived in [134] the following relations for the ®fihtensity fluctuations’ and heat release
fluctuationsQ’ for low Mach number flows:

! ml YI
QT ==+ _Fuel ’ (4.1)
Q m YFuel
II ml YI
—=—+ta _Fuel . (4.2)
1 m YFuel

Q, I, m and¥g,. denote the mean values of heat release, OH*-iityemsass flow into the
combustion chamber and fuel mass fraction. Theofagtdescribes the dependency of the
OH*-intensity on fluctuations of the fuel mass tian Yg,.;. For perfectly premixed flames,
the fluctuations of the fuel mass fraction vanisfy,{ = 0). In this case, OH*-intensity
fluctuations can be used as a measure for heaisesfictuations.

In flames where equivalence ratio fluctuationsgesent Yz, # 0), it depends on the value
of a as to how far OH*-intensity fluctuations represkaat release fluctuations. According to
[134], typical values ofa in technical combustion chambers are in the raoig&-10.
Therefore great care has to be taken in intergetie results of OH*-chemiluminescence
imaging in case of non-perfectly premixed flamesafaples where OH*-chemiluminescence
imaging was used to monitor heat release osciflatio non-perfectly premixed flames are
found in [98, 136, 137].

4.2.3 Recording and Analysis of the OH*-Intensity Signal

The OH*-chemiluminescence was recorded with a Levii$ligh-Speed-Star CMOS camera
which is equipped with a signal intensifier. Thesghiluminescence signal of the flame is
filtered with a band-pass filter (308 nm) to filtgre OH*-chemiluminescence. In the MBS1
the OH*-chemiluminescence of one of the inner flam@as recorded. It was chosen to record
the flame of the particular single-burner which wased in the SBS, to ensure a consistent
comparison between the SBS and the MBSL1. In the MB% camera was put at an angle of
about 40° to the combustion chamber walls in otdemonitor two flames simultaneously
and to avoid areas where the summed OH*-intenditypath flames is recorded by the
camera. However, as the flames are oscillatingreble region of summed intensity persists.

Series of high-speed images also provide the pbssilmf a frequency-locked post-
processing, in order to visualize certain modethenflame oscillations. With consideration
for the restrictions mentioned in 4.2.2, an analyggithe modes of the integral OH*-intensity
by Fast Fourier Transformation (FFT) can providnimation if pressure and heat release
oscillate at the same frequency.
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4. Experimental Investigations

4.3 Investigated Operating Points

The combustor employs separate air inlets for thieless and provides a high flexibility
regarding its setup. As a consequence, a highbiléyi concerning possible operating
conditions for the combustor is also given. Themefohoices had to be made regarding the
OPs to be investigated. The following section gisesummary of the operating conditions
chosen for the microphone measurements.

Pressure oscillations were measured in all combsstiups without additional preheating of
the combustion air for different thermal powers aglivalence ratios. In the SBS, the
thermal power was varied from,;, = 15-30 kW and in the MBSs from 60-120 kW (or
15-30 kW/burner). The range of the equivalencerstiietches frongp = 0.85 down to a value
of ¢ = 0.55, depending on the lean stability limit. The contbusiesign also allows the
operation of the combustor with different swirleass flow ratios, since the mass flow
through each swirler is controlled independentllye Bwirler mass flow ratid is defined as
the ratio of the air mass flow through the outeirlewto the air mass flow through the inner
swirler:

Morts

L=——.
mis

(4.3)

At a value of L = 1.6 both swirlers generate approximately the esgmmessure drop.
Measurements were performed for all combustor sefiup. = 1.2, 1.6 and 2.0. As discussed
in 4.1.1, this leads to different theoretical swadmbers for the swirl flow. The resulting
values forSy;, are shown in Table 4.1. Thus, the value of thelsmmass flow ratid. leads to
changes in the flow field in the combustion chambed influences the swirl-induced
recirculation zone, which in turn leads to diffarlame shapes and flame characteristics.

L 1.2 1.6 2.0
Seh 0.7 0.78 0.82

Table4.1. Theoretical swirl number Sy, at L=1.2, 1.6, 2.0

Figure 4.4 shows the averaged OH*-intensity for= 1.2, 1.6, 2.0 in the MBS1 at
Py, = 25 kW/burnerg = 0.7. It clearly illustrates that the value logffects the flame shape.
The most significant difference is that the flaneedimes much shorter with increasingrhe
augmented swirl intensity results in higher intégranversion rates, possibly caused by
increased recirculation rates of burnt gases.

However, in technical combustors, the swirlers ofillle-concentric swirl nozzles normally
employ combined swirler inlets and thus are opératiéh the same pressure drop. Hence, the
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4.3 Investigated Operating Points

swirler mass flow ratid. = 1.6 was used as the default setting and mosteoinvestigations
were carried out with this value. Table 4.2 giveserview of the investigated OPs.

Figure4.4. Average OH*-intensity at L = 1.2, 1.6, 2.0 in the MBSL1 at
Py, = 25kW/burner, ¢ =0.7

Combustor setup P, APy, ¢ A L

SBS 15-30kWw | 25kw| 0.85-0.6 0.05 1.6
MBSL (4 burners) 60-120kW | 10kw | 0.85-0.6 0.05 1.6

MBS2 (4 burners) 60-120kW | 10kw | 0.85-0.6 0.05 1.6

SBS 15-30kW | 5kwW 0.85-0.55 0.05 2.0

MBSL1 (4 burners) 60-120kWw | 10kW | 0.85-0.6 0.05 2.0

MBS2 (4 burners) 60-120kW | 10kW | 0.85-0.6 0.05 2.0

Table4.2. List of the OPsinvestigated in the SBS, MBS1 and MBS2. AP, and A¢
denotethe step sizefor the variations of thermal power and equivalenceratio.
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4. Experimental Investigations

4.4 Experimental Results

This section begins with the discussion of the alWesound pressure levels (OASPLS)
measured in the different combustor setups. Sulesglgu the typical combustor modes are
presented followed up by their detailed analysis.

4.4.1 Overall Sound Pressure Levels and Lean Stability Limit

To give an impression as to how the combustion ayos in the combustor are affected by
different operating conditions, the overall soundssure levels (OASPL) measured in the
combustion chamber are plotted against the thepmakr and the equivalence ratio in Figure
4.5. The white triangles mark the OPs with existimgasurement data. The data in between is
derived by data triangulation.
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Figure4.5. OASPL for all combustor setupsin the combustion chamber at L = 1.6
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In all combustor setups the OASPL increases witheised thermal power. In the SBS, the
OASPL augments continuously with the equivalend® nap to the maximum of 156 dB at
¢ = 0.85. In the MBSs, the peak values of the OASRL slightly smaller with a value of
154 dB in both MBSs. In contrast to the SBS, theSPAs in the MBSs do not increase
continuously with the equivalence ratio and the iimaxns are observed gt= 0.75 (MBS1)
and¢ = 0.8 (MBS2).

In the MBSSs, the values of the OASPL are considgralwer than in the SBS in the range of
Py, < 30 kW/burner, but can exceed the OASPL in thé& $BP,;, = 30 kW/burner. This is
illustrated in Figure 4.6 fop = 0.8. Depending on the operating conditions, naweustic
energy is dissipated in the MBSs and the multifdesés setup damps the amplitudes of the
pressure oscillations in the rangePgf < 30 kW/burner.

The lean stability limit of the flame is also affed by the burner configuration. For the SBS,
stable flames can be observed for all plotted @P&reas in the MBS1, the lean stability
limit is exceeded in the range Bjf, = 20-30 kW/burner angp = 0.65, 0.6. In the MBS2, it is
only possible foPy, = 30 kW/burner to operate the combustop at 0.6.

SBS
1601 mBst
. MBS2
155- O S . 3
150 A
m ]
] []
B 1451
14041 A
135 A A O
:@ @
130; I T T T T T 1
15 175 20 225 25 275 30

P/KW/burner

Figure4.6. OASPL L,/dB in all combustor setupswith increasing P,/burner at ¢ = 0.8

4.4.2 Typical Combustor Modes in the Different Combustor Setups

In each combustor setup numerous dominant mode®anel. In general, their amplitudes
and in some cases their frequencies are dependeihiecoperating conditions. Some of the
modes are observed in all combustor setups, in s@wes at different operating conditions,
whereas others are only observed in the SBS oMtBSs. In this section, an overview is
given for the typical unstable modes observed @ ittvestigated combustor setups. These
modes are discussed in more detail in the subségaetions.
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4. Experimental Investigations

4.4.2.1 Low-Frequency Modes in the Frequency Range of 100-300 Hz

In the low-frequency range fat; < 30 kW, the pressure spectra in the combustiamder

of the SBS show a dominant frequency at around HZ0as depicted in Figure 4.7 for
Py, = 20 kW/burnerg = 0.85, 0.7 al. = 1.6. The frequency of the mode at ~140 Hz is not
affected by the equivalence ratio, and therefonmeoisinfluenced by the flow rate. However,
its amplitude is significantly augmented at loweuiwalence ratios. The first harmonic
oscillation also seems to be excited at 280 Hz. Sgextra of the MBSs both show dominant
modes at 120-130 Hz. Unlike the mode at 140 HhénSBS, their frequencies increase with
increasing flow rate.

At Py, = 30 kW/burnerL = 1.6, the spectra of the SBS also show the mode \Wehflow
rate-dependent frequency at ~160 Hzgorx 0.85 and 180 Hz fap = 0.75 (Figure 4.8). At

¢ = 0.75, an additional dominant frequency is obsérat ~240 Hz. At = 0.85, the spectra
of the MBSs show the mode with the flow rate-degendrequency (similar to the SBS) at
~160 Hz. In the MBS2, additional dominant modes @bserved at ~180 Hz and ~210 Hz.
The spectrum of the MBS1 is quite similar to the ohthe SBS ap = 0.75, but the spectrum
of the MBS2 differs significantly from the spectvhthe other combustor setups, as only one
peak at 200 Hz is observed. It is assumed thattmsinant frequency is a similar oscillation
to the one at 180 Hz &t = 0.85. A similar oscillation can also be foundtle SBS and the
MBSL1 at different operating conditions, which isalissed in 4.5.1.4.

At ¢ = 0.65, in the SBS-spectrum the mode with the ftate-dependent frequency is still
observed at a frequency of approximately 210 HZhBdBSs show a dominant pressure
oscillation at ~225 Hz with relatively high amplites of about 135 dB which is not observed
in the SBS af. = 1.6. However, as indicated by the dashed lingu(€ 4.8), it is possible to
generate a similar oscillation in the SBS by desirgathe swirler mass flow ratio fo=1.2.

P, =20kW/burner, L =1.6 —— SBS
140 140 MBSI1
|9=0.85 {0=07 MBS2
I\ /\
~ 120 120
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_E | At v g [ | a N PALAANT
~ 1001 ~\Q/“v Ad 1001 % ad
§0+——— — 804+———— —
100 200 300 100 200 300
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Figure4.7. Low-frequency modesin the combustion chamber in the SBS, MBS1 and
MBS2 at P, = 20 kW/burner, ¢ =0.85,0.7, L= 1.6
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Figure 4.8. L ow-Frequency modes in the combustion chamber for the SBS, MBS1 and
MBS2 at P, = 30 kW/burner, ¢ =0.85, 0.75,0.65, L = 1.6

4.4.2.2 Unstable Mode in the Frequency Range of 400 Hz

In all combustor setups an unstable mode with tegl amplitudes (values > 150 dB) can be
observed (see Figure 4.9). In the SBS, this moda aehkeady be observed at
Py, = 25 kW/burner, whereas in the MBSs thermal pow&7.5 kW/burner is necessary in
order to generate the instability. The amplitudehaf mode strongly decays in leaner flames
which is visible in the spectrum fé;, = 30 kW, ¢ = 0.65. No influence of the flow rate on
the frequency of the mode can be observed. Sligfgrences in frequency between the
different OPs may be triggered by temperature &ffec

4.4.2.3 Unstable Mode in the SBS in the Frequency Range of 750 Hz

In the frequency range of around 750 Hz an unstaidee can be observed in the SBS
(Figure 4.9). It is excited at arouil, = 30 kW/burner in combination with an equivalence
ratio of ¢ = 0.85. Unlike the mode around 400 Hz, it is nbserved in the MBSs, which is
illustrated in Figure 4.10. In leaner flames, ipditude decreases significantly. The
frequency of the mode shows no dependency onakertte.
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Figure 4.9. Unstable mode at ~400 Hz in the combustion chamber in the SBS, MBS1 and
MBS2 at different OPs, L = 1.6
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Figure 4.10. Unstable mode at ~750 Hz in the SBS at Py, = 30 kW/burner, ¢ = 0.85, 0.8,
L=16
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4.4.3 Summary of the Combustor Modes

As discussed in the previous section, similariiesvell as differences are observed regarding
the OASPLs and the frequencies and amplitudes @fdibminant pressure modes in the
different combustor setups.

The unstable modes with the highest amplitude@SBS are found around 400 Hz and
750 Hz. The amplitudes of these modes strongly mipmn the thermal power and the
equivalence ratio. The frequencies of these mode®in relatively constant with varying
operating conditions. An overall increase in thehimde is observed in richer flames. This is
also reflected in the distribution of the OASPL.alddition, several modes are observed in the
low frequency range of 140-210 Hz and around 240wiuch exhibit high amplitudes in the
range of¢p = 0.65-0.75. At certain OPs, a low-frequency misdebserved, whose frequency
increases with decreasing equivalence ratio, wimditates a dependency of its frequency on
the overall flow rate.

In the MBSs, the major combustor modes are locatdcbquencies around 400 Hz and in the
low frequency range. The mode at ~400 Hz is onlgeoled for high thermal power and

equivalence ratios and can oscillate at very higiplaudes of 155 dB. In the low frequency

range, the pressure spectra normally show dommades around 120-225 Hz. It is observed
that the frequency of one of the low-frequency nsodbanges to higher values at lower
equivalence ratios, i.e. with increasing flow rateombustion air.

4.4.4 Definition of the Designations for the Different Combustor Modes

In order to simplify the understanding of the ipretations and the discussions of the results
in the following sections and chapters, designatiéor the major combustor modes are
defined. These are listed in Table 4.3.

Frequency range Designation of the mode
140-160 Hz “Low-Frequency-Model” (LF-Model)
190 Hz 190-Hz mode

160-210 Hz (SBS)

“Low-Frequency-Mode2” (LF-Mode2)
120-230 Hz (MBS1 and MBS2)

~240 Hz (SBS)

“Low-Frequency-Mode3” (LF-Mode3)
~220 Hz (MBS1 and MBS2)

~400 Hz 400-Hz mode

~750 Hz (only SBS) 750-Hz mode

Table 4.3. Designations of the typical combustor modes
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In the low-frequency range, three major modes asewved in addition to the 190-Hz mode.
They are referred to by the designations “Low-Fesgpy-Model”, “Low-Frequency-
Mode2”, “Low-Frequency-Mode3”. Low-Frequency-ModeHers to the mode with the flow
rate-dependent frequency. The mode in the range0f160 Hz is called Low-Frequency-
Model. The mode which exhibits frequencies of ~B40in the SBS and ~220 Hz in the
MBSs is called Low-Frequency-Mode3.

4.5 Detailed Analysis of the Combustor Modes

In the previous sections, an overview was given tfag typical modes in the different
combustor setups and how they are affected by @goower, equivalence ratio, and swirler
air mass flow ratio.

In this section, the major combustor modes listedTable 4.3 are further analysed and
discussed in order to identify their characterssaad excitation mechanisms. In addition, the
aim is to investigate possible causes for the eksedifferences between the different
combustor setups regarding the frequencies anditachgd of the combustor modes. For this
purpose, the pressure oscillations measured ircohgbustion chamber are investigated in
reference to the pressure oscillations in the catadouplenums and the analysis of the
recorded OH*-chemiluminescence images.

4.5.1 Low-Frequency Modes

In this section, the low-frequency modes are stlithedetail in order to investigate potential
excitation mechanisms of the modes. Possible ictierss between the modes are discussed.

4.5.1.1 Low-Frequency Mode1l and the 190-Hz Mode atL = 1.6

As discussed in 4.4.2.1, high amplitudes of LF-Mbdethe SBS are observed fbe= 1.6 at
Py, =20 kW andPy, = 25 kW, which is illustrated in Figure 4.11. Tpiot also shows the
acoustic response in the inner plenum to the presscillations in the combustion chamber.
The augmented acoustic response in the frequenggraf ~140 Hz indicates the presence of
an eigenmode in the inner plenum.

At Py, = 20 kW, decreasing the equivalence ratio results higher acoustic response in the
inner plenum. This is not observed B}, = 25 kW, where the acoustic response remains
relatively constant with changing equivalence rafiois indicates that the air flow rate affects
the acoustic response of the inner plenum, posdiplynfluencing the impedance of the
perforated plate installed inside the inner plenAiso the specific acoustic impedance of the
flow inside the inner swirler is influenced by the and fuel flow rates, which may lead to
changes in the characteristics of the acousticorespof the inner plenum. In the spectrum of
Py, = 25 kW,¢ = 0.7 an increase in the frequency of LF-Modeinfrel40 Hz to ~160 Hz is
observed. This may be caused by interference oiMMbBel with LF-Mode2. This is
discussed further in 4.5.1.3.
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In contrast to the SBS, the pressure spectra irtdngustion chamber of the MBS1 in the
low-frequency range are mostly dominated by LF-Mtdehose frequency increases with the
flow rate (Figure 4.12). This is also the casetlier MBS2.

SBS, L= 1.6 — ¢=07  sBS 1-16 ¢$=0.7
P, =20 kW —— 0=08 ' p —25KkW »=0.8
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Figure4.11. SBS, L = 1.6: Pressure oscillationsin the combustion chamber (CC) and
acoustic responsesin theinner plenum (1P) at different equivalenceratios at
Py, =20kW and Py, = 25 kW

However, it is observed &;, = 20 kW/burnerg = 0.85 andPy, = 25 kW/burnerg = 0.7 that
LF-Mode2 is amplified when its frequency approackeaehies of 120-140 Hz and around
190 Hz. The increased acoustic responses in thex plenums of the MBS1 and the MBS2
indicate that natural frequencies of the inner phaa are present in these frequency ranges.
The inner plenum works as a resonator and amplihesoscillation of LF-Mode2. The
frequency range of 120-140 Hz is approximately etmahe frequency range of LF-Model
observed in the SBS (~140 Hz) at the same thermakpper burner. The geometry of the
inner plenum of a single-burner in the MBSs is ¢qoadhe inner plenum of the SBS, except
for the missing walls where the single-burners@menected. Therefore it is expected that a
similar eigenmode is found in the inner plenumshtd MBSs. However, these geometric
differences seem to result in significantly lowetcoastic responses in the MBSs at
Py, = 20 kW/burner an@,, = 25 kW/burner. The different geometries of theeinplenums of
the SBS and the MBS2 may also be the reason thatigh acoustic responses in the inner
plenums of the MBSs at ~190 Hz are not found inSB& (Figure 4.12).
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Figure4.12. MBS1, MBS2, L = 1.6: Pressure oscillationsin the combustion chamber
(CC) and acoustic responsesin theinner plenum (IP) at Py, = 20 kW/burner and
Py, =25 kW/burner, ¢p =0.7, 0.8, 0.85

It is observed that changing the thermal powerthedeuivalence ratio also leads to changes
in the acoustic responses of the inner plenumsenMBSs. With increasing thermal power
and equivalence ratio, the acoustic response irdréggiency range of LF-Model decreases,
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4.5 Detailed Analysis of the Combustor Modes

whereas an augmentation of the acoustic resportbe iinequency range of the 190-Hz mode
is observed.

4.5.1.2 Influence of the Swirler Mass Flow Ratio on LF-Model and the 190-Hz
Mode
Figure 4.13 shows the spectra of the pressurelatsmils and the acoustic responses in the
inner plenum in the low-frequency range for the $B8,;, = 25 kW,L = 1.2, 1.6 and 2.0 for
different equivalence ratios. At= 1.2, the inner plenum features significantly ésvacoustic
responses in the frequency range of LF-Model thdn=al.6 and shows increased acoustic
responses in the frequency range of the 190-Hz mblde amplitude of LF-Model in the
combustion chamber at this OP is also reduced, hwhipresses the importance of the
acoustic response of the inner plenum for the emmnt of LF-Model.
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Figure4.13. SBS, L = 1.2, 1.6, 2.0: Pressure oscillationsin the combustion chamber (CC)
and acoustic responsesin theinner plenum (IP) at different equivalenceratios and
swirler massflow ratiosat Py, = 25 kW, ¢p =0.65 (L = 1.2), 0.7, 0.8, 0.85

This corroborates the assumption that LF-Modek$®aated with a natural frequency of the
inner plenum. Decreasing the equivalence ratibatl.2 from¢ = 0.7 to a value op = 0.65
eventually results in the excitation of the 190+Hade in the SBS. The excitation of the 190-
Hz mode is only observed at this specific OP. Sitngeacoustic reponse is comparable to
¢ = 0.7, this is most likely the result of an incged thermoacoustic flame response.
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At L = 2.0, a peak in the frequency range of LF-Modebnly visible in the combustion
chamber spectrum @ = 0.7, although the acoustic response in the iphEmum does not
show significant change. Thus, the lower amplituafelsF-Model atp = 0.85 andp = 0.8 at
L = 2.0 are most likely caused by reduced flameaesgs.

Figure 4.14 shows the influence of the swirler miég®s ratio on the low-frequency modes
for the MBSs atPy, = 25 kW/burner. Changing the swirler mass flowiorab L = 1.2 or

L = 2.0 strongly influences the pressure oscillaionthe low-frequency range in the MBSs.
In the spectra fot. = 1.2, an obviously visible frequency scaling leé dominant modes with
the flow rate is not observed, which complicatesigasng the peaks to the corresponding
modes. However, the spectra of the acoustic regpanghe inner plenum indicate that
decreasingd. to L = 1.2 leads to a damping of LF-Model in the inplenum at¢ = 0.7 in
both MBSs, which is also observed in the SBS.

A reduction of the swirler mass flow ratio frain= 1.2 toL = 1.6 leads to an amplification of
the 190-Hz mode in the combustion chamber in theSBESince the acoustic responses in the
inner plenums remain nearly constant, this is riksly caused by stronger flame responses.
At L = 2.0, similar toL. = 1.6, the dominant frequency in the MBSL1 in the-frequency
range increases with the air flow rate and thustrilsly corresponds to LF-Mode2. In the
MBS2, the peaks in the low-frequency range are alswost certainly associated to LF-
Mode2, as indicated by the increased frequency hef ¢orresponding peak at lower
equivalence ratios. However, @t= 0.7, the pressure spectrum in the combustiombba
also shows a high amplitude of the 190-Hz mode elkag an increased acoustic response of
the inner plenum.

The results for. = 1.2 andL = 2.0 support the assumption that LF-Model and1®@Hz
mode are associated with eigenmodes of the ineaupis. The acoustic response in the inner
plenum in the frequency range of LF-Model is sigaifitly affected by the flow rate and the
swirler mass flow ratio. Increasing the flow ratethe inner plenums tends to damp the
acoustic response in the frequency range of LF-NMladeall combustor setups. This may be
caused by an enhanced damping of the mode in tiee plenums or the inner swirlers, which
is due to increased viscous effects that removeggnom the acoustic oscillation. The
pressure amplitudes of both modes in the combustiamber seem to be strongly dependent
on the flame response.
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Figure4.14. MBS1, MBS2, L = 1.2, 1.6, 2.0: Pressure oscillationsin the combustion
chamber (CC) and acoustic responses of theinner plenum (I1P) at different equivalence
ratiosand swirler massflow ratiosat Py, = 25 kW/burner, ¢ = 0.7, 0.8, 0.85
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4.5.1.3 Low-Frequency Mode2 and Low-Frequency Mode3 atL = 1.6

In order to characterize LF-Mode?2, first it is istigated whether or not the frequency of LF-
Mode2 indeed shows a linear scaling with the budfoeity. In addition, the acoustic
responses in the plenums are analysed in ordeatteegmore information about LF-Mode3
and the interactions of LF-Mode2 with LF-Model d8f)-Hz mode.

The pressure oscillations in the combustion chanapel the amplitude response of both
plenums in the SBS are plotted in Figure 4.15Pgr= 25 kW andP, = 30 kW. Additionally,
the graphs with the pressure spectra in the conaoushamber also show the curves of the
Strouhal-Number. The Strouhal-Numlsgris calculated by

-d
st= L dn (4.4)
I/1’1, nz/Anz

whereV. stands for the volumetric flow rate through thezle at STPA,, denotes the

n, nz

cross-sectional area of the nozzle outlet @pdis the outer diameter of the nozzle outlet.

As shown in the previous section, ¢at= 0.85 andp = 0.8, the frequency of the dominant
low-frequency mode is nearly identical (~140 Hzjnce those oscillations represent
oscillations of LF-Model. Fromp = 0.8 down top = 0.65, a scaling of the frequency with
increasing bulk velocity is observed, which indesathat the peaks correspond to LF-Mode2.
The peaks exhibit similar Strouhal-Numbers, whickams that the frequency of LF-Mode2
grows almost linearly with the bulk velocity. Whére value of the frequency of LF-Mode2
approaches that of LF-Model, the amplitude of #spective peak increases € 0.8, 0.75,
0.7). This may be the result of a constructiverfetence of the two modes which leads to an
amplification of LF-Mode2 due to high acoustic respes in the inner plenum. The inner
plenum also shows a relatively strong acousticarse in the frequency range of LF-Mode3
at ~250 Hz, which indicates the presence of a ahfuequency of the inner plenum in this
frequency range. Atp = 0.65, the spectrum of the acoustic responsén@firiner plenum
differs from the other equivalence ratios, since Highest responses are observed in the
frequency range around 170 Hz. Despite the higheustic response in the corresponding
frequency range, LF-Mode2 exhibits significantlykr amplitudes.

At Py, = 30 kW, slightly lower Strouhal-Numbers (~3 % abserved betweef = 0.85-0.7,

which may be caused by measurement uncertaintiedifierent flow conditions in the

combustion chamber due to the increased thermalepoWhe Strouhal-Numbers of the
dominant peaks are in the range of 0.176-0.17%pmxor ¢ = 0.65, where a slightly higher
value is observed. Therefore the peaks most cgrtapresent oscillations of LF-Mode2. The
spectra of the acoustic response of the inner plefallows the tendency observed at
Py, = 25 kW, since the acoustic response diminishdbkenfrequency range of ~140 Hz and
increases in the frequency range of 180-200 Hz witheasing mass flow. The acoustic
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4.5 Detailed Analysis of the Combustor Modes

response spectra in the inner plenum also showvaha high values in the frequency range
of LF-Mode3 (~240 Hz). However, a significant pe@akhe frequency range of LF-Mode3 is
only visible at¢ = 0.85. The amplitude of LF-Mode3 in the combustibhamber seems to be
strongly influenced by the flame response.
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Figure4.15. SBS, L = 1.6: Pressure oscillations in the combustion chamber (CC) and
acoustic responsesin theinner plenum (1P) and the outer plenum (OTP) at Py, = 25 kW
and Py, = 30 kW, ¢ = 0.65-0.85

An analysis of the frequency scaling of LF-Mode2the MBSs atl. = 1.6 shows a nearly
linear increase of LF-Mode2-frequency with the buldocity for most OPs (Figure 4.16,
Figure 4.17). However, the spectra also indicaterferences between the low-frequency
modes. For example, B, = 25 kW/burner it is impossible to distinguishweén LF-Mode2
and the 190-Hz mode &t = 0.7, 0.65. In the corresponding frequency rawogéy one peak
with an augmented amplitude is observed. This maythe result of a constructive
interference of LF-Mode2 in the combustion chamaed the 190-Hz mode in the inner
plenum.
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In the spectra of the pressure oscillationg at 0.65 in the MBS1 and gt = 0.65, 0.7 in the
MBS2 only one significant peak is observed at ~280) The spectra indicate that this
oscillation is associated with a constructive ifgeance of LF-Mode2 with LF-Mode3. The
spectra of the acoustic response do not indicateralafrequencies as the source of
excitement for LF-Mode3. However, the value of #teustic response is comparably high in
both plenums, which may contribute to the sustaitroéthe pressure oscillation.
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Figure4.16. MBS, L = 1.6: Pressure oscillationsin the combustion chamber (CC) and
acoustic responsesin theinner plenum (1P) and the outer plenum (OTP) at
Py, = 25 kW/burner and Py, = 30 kW/burner, ¢ = 0.65-0.85
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Figure4.17. MBS2, L = 1.6: Pressure oscillationsin the combustion chamber (CC) and
acoustic responsesin theinner plenum (I1P) and the outer plenum (OTP) at
Py, = 25 kW/burner and Py, = 30 kW/burner, ¢ = 0.65-0.85

4.5.1.4 Influence of the Swirler Mass Flow Ratio on LF-Mode2 and LF-Mode3

Figure 4.18 shows the pressure spectra in the cstivbuchamber ak,;, = 25 kW/burner and
Py, = 30 kW/burner at. = 1.2 and 2.0. AL = 1.2, LF-Mode2 is only observed in the pressure
spectrum of the SBS &, = 30 kW,¢ = 0.85, 0.8 and 0.75 at relatively low amplitud&sis
indicates that LF-Mode2 is strongly damped comp#wdd= 1.6 in all combustor setups.

In the SBS, LF-Mode3 shows a very high amplitude-d85 dB atP,, = 30 kW, ¢ = 0.65,
which significantly exceeds the maximum amplitudé&F-Mode3 atL = 1.6 (~123 dB). In
the MBSs the amplitudes of LF-Mode3 B, = 30 kW/burner are strongly augmented in
comparison td. = 1.6. The high pressure amplitudes suggest stitwergnoacoustic feedback
of the flame. The main difference observed for 88S and the MBSs for the pressure
oscillations in the low-frequency range lat= 1.6 is that the maximum amplitudes of the
unstable modes are significantly increased.
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Figure4.18. SBS, MBS1, MBS2, L = 1.2, 2.0: Pressure oscillationsin the combustion
chamber (CC) at P, = 25 kW/burner and Py, = 30 kW/burner, ¢ = 0.65-0.85
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The spectra at = 2.0 show a clear scaling of the frequenciehefdominant low-frequency
modes for most OPs. Therefore they most likely @spnt oscillations of LF-Mode2.
However, nonlinearities of the frequency scaling abserved. These are most significant in
the MBS2, indicated by the wider range of Stroudatbers of the dominant modes. The
range of the Strouhal-Numbers is indicated by tfeg golour in the diagrams. In contrast to
the OPs af. = 1.2, the maximum amplitudes of the unstable rmaate lower than those at
L = 1.6 in all combustor setups.

Figure 4.19 shows the spectra of the acoustic resgsoin the plenums At= 1.2, 1.6, 2.0 for
Py, = 30 kW/burner and the equivalence ratfos 0.65 (SBS) angp = 0.7 (MBS1, MBS2).
The spectra of all combustor setups comply with desumption that the higher pulsation
levels of the pressure in the combustion chambgr=t.2 are mainly caused by an increased
thermoacoustic feedback of the flame, since noifsigntly higher acoustic responses in the
plenums are observed. The spectra of the SBS shmeased acoustic responses in the inner
plenum atlL = 1.2 in the relevant frequency range of 240-2%0atP,;, = 30 kW, ¢ = 0.65.
However, the differences to the acoustic respoasds= 1.6 are not very significant and
therefore most likely not sufficient enough to gexe the increased pulsation levels.
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4.5.1.5 OH*-Intensity Responses to the Low-Frequency Pressure Oscillations

In this section the images of the high-speed OHgraituminescence recordings are analysed,
in order to characterize the flame responses toldefrequency pressure oscillations.
Spectra of the OH*-intensity oscillations are conapato spectra of pressure oscillations in
the combustion chamber and acoustic responses enplBnum for certain OPs. The
amplitudes of the OH*-intensity,y- oscillations are normalized with the mean OH*-

,rms

intensityloy:.

Figure 4.20 shows the spectrum of the OH*-intensggillations in the SBS d&;, = 25 kW,

¢ =0.7,L = 1.6, along with the spectra of the pressurdlatons in the combustion chamber
and the acoustic response in the inner plenumedtian 4.5.1.3, it was noted that the low-
frequency pressure oscillation at 160 Hz at thisr@kesents a combined pressure mode of
LF-Model and LF-Mode2. The spectrum of the OH*4nsi¢y shows a high amplitude in the
corresponding frequency range. The strong acoussgonses in the inner plenum contribute
substantially to the low-frequency OH*-intensity cokations. Since the flames are not
perfectly premixed, it is possible that the OH*ansity not only represents oscillations of the
flame’s heat release, but also oscillations ofefyeivalence ratio.
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Figure4.20. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Pressure and OH*-intensity oscillations
in the combustion chamber (CC) and acoustic responsein theinner plenum (1P)

Figure 4.21 illustrates the oscillation cycle oé tOH*-intensity at 160 Hz. The images are
derived from frequency-locked averaging of the ksglkeed images. The flame periodically
propagates upstream towards the exit of the inwetes. However, the flame oscillation is
not very intense. The smallest distance betweempadléion of the flame root and the nozzle
is visible atp = 180°.The periodic propagation of the flame towards thezieexit indicates
the presence of an instability of the IRZ, whichdiscussed in the following paragraph in
reference to the results obtained for the MBS Igatvalent operating conditions.
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p=315° @=270° p=225° p=180°

Figure4.21. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Oscillation cycle of OH*-intensity at
160 Hz; theimages show a weak flame oscillation near the nozzle exit.

In the MBS1, the dominant frequencies the OH*-signastly coincide with the dominant
frequencies of the pressure oscillations (Figug2}.However, this is not the case for the
corresponding peak of LF-Model at ~140 Hz and tkakpat ~190 Hz. Although the
amplitude of the pressure oscillation at 190 Hsziggificantly higher, the peak of the OH*-
intensity oscillation at the frequency of LF-Mode%ceeds the amplitude of the peak at
190 Hz. In 4.5.1.3 it was suggested that the presescillation at 190 Hz represents an
oscillation of LF-Mode2, amplified by a constru@iwnterference with the 190-Hz mode in
the inner plenum. A visualization of the oscillasoat 140 Hz by frequency-locked averaging
of the high-speed OH*-images only gives inconclagiesults, which is most likely due to the
interference of several dominant frequencies iaraaw frequency range.

Similar to the SBS, a periodic propagation of tlaenke towards the nozzle exit is observed in
the high-speed images. The snapshots shown inéiy@3 indicate that this oscillation is
much more intense in the SBS, since the regiomaierased OH*-intensity is significantly
wider in the SBS near the nozzle exit. The spedfttae average OH*-intensity oscillations in
the yellow rectangles show that the OH*-oscillatiarthe frequency range of LF-Model is
much more dominant near the nozzle exit in bothlmastor setups. The pressure oscillation
of LF-Model in the inner plenum possibly inducesargyes in the structure and width of the
IRZ, as it modulates the velocity at the outlethed inner swirler.

Since the theoretical swirl number of the innerrlwiis considerably lower than the one of
the outer swirler, an increase in the outlet véjoaf the inner swirler results in a decrease in
the overall swirl number near the nozzle exit asalds to a contraction of the IRZ. Swirl

number oscillations in a swirl burner were alsocorégd in [109].
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Figure4.22. MBS1, Py, =25 kW/burner, ¢ = 0.7, L = 1.6 Pressure and OH*-intensity
oscillations in the combustion chamber (CC) and acoustic responsein theinner plenum

(IP)

With decreasing outlet velocity of the inner swirl¢he IRZ re-expands and is possibly
penetrated by the main fuel flow, which leads tarameased transport of fuel into the IRZ.
As the IRZ is quite narrow near the nozzle exig tbcal reaction may take place at
comparably fuel rich conditions. This would expl#e relatively high response of the OH*-
intensity to the pressure oscillation of LF-Modeince, as discussed in 4.2.2, the OH*-
intensity shows a significant reaction to equivakerratio oscillations. In the SBS, the
oscillation is likely more intense because LF-Modelthe inner plenum and LF-Mode2
oscillate at similar frequencies. This may geneeatdosed feedback loop where the inner
plenum serves as a resonator for the pressurdatiseil of LF-Mode2 in the combustion
chamber. In the MBS1, the frequency of LF-Modealsut 50 Hz higher than that of LF-
Model, which hinders the generation of a similadteack loop. The pressure oscillation of
LF-Mode2 in the MBS1 seems to be amplified by tiergy acoustic response in the
frequency range around 190 Hz in the inner plendowever, as discussed in the previous
paragraph, the OH*-intensity oscillation has arsger response to the pressure oscillation of
LF-Model. A possible explanation for this is tHa inner plenum also acts as a resonator for
the pressure oscillation at 180 Hz of LF-Mode2 he tombustion chamber, but does not
affect the structure of the IRZ or the mixing pres@ear the nozzle exit.

Based on these observations, it is concluded tRavlbde2 is most likely caused by vortex
shedding in the shear layer of the swirl flow, sirtbe high-speed images in Figure 4.23
indicate the presence of such vortices in the slaw. A similar oscillation with a Strouhal-
Number ofSt = 0.25 was found in the shear layer of a swirlvfloy Schildmacher et al.
[138]. The Strouhal-Number of LF-Mode2 has complrabalues of around 0.18. The
frequency of vortex shedding typically increaseshwihe flow velocity. It also strongly
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influences the mixing process of fuel and air ie tombustion chamber. In the SBS, LF-
Model and LF-Mode2 oscillate at similar frequenci€lse interaction of the modes at the
discussed OP possibly intensifies the OH*-intensgyillations, as LF-Mode2 may contribute
to the discussed mixing of fuel into the IRZ nda hozzle exit. In the MBS1, LF-Mode2 and
LF-Model oscillate at different frequencies; noenatction between the modes takes place.
This results in two characteristic OH*-intensitycigtions at 140 Hz and 180 Hz. The fact
that LF-Mode2 features different frequencies in &5 and the MBS indicates differences
in the flow fields of the SBS and the MBS1.

L=1.6 | Lo s ! Ioye » Rectangle Nozzle Exit
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Figure4.23. SBS, MBS1, Py, = 25 kW/burner, ¢ = 0.7, L = 1.6: High speed snapshots of
the OH*-chemiluminescence and comparison of the overall OH*-intensity spectrain the
combustion chamber (CC) and OH*-intensity near the nozzle outlet
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The spectrum of the OH*-intensity oscillation iretMBS2 atP,;, = 25 kW/burnerg = 0.7,

L = 1.6 (Figure 4.24) is different from the SBS ahd MBS1. In the SBS and the MBS1,
several dominant frequencies are found in the Qt#rsity spectrum, whereas the spectrum
of the MBS2 shows only one dominant frequency i@ tAnge ~190 Hz and its harmonic
mode at ~380 Hz. The maximum amplitude exceedsrtieimum amplitudes in the low-
frequency range in the SBS and MBS1. The OH*-intgnescillations match with the
dominant frequencies visible in the pressure spetind the acoustic response of the inner
plenum.

Since the OH*-intensity mainly oscillates in a vergrrow frequency range, it is possible to
visualize the oscillation cycle via frequency-lodkaveraging at 190 Hz. The resulting images
show a periodic increase of the width and lengthhefflame (Figure 4.25). The spectra in
Figure 4.26 illustrates that decreasintp L = 1.2 at the same thermal power and equivalence
ratio leads to an increase in the amplitude ofgiessure oscillation and the OH*-intensity
oscillation at 190 Hz. Figure 4.27 shows the cqroesling oscillations of the recorded flames
in the MBS2. The flame oscillation is similar tetbne observed &t= 1.6, but the intensity

of the oscillation in augmented. The flames pedallly contract and stretch towards the exits
of the nozzle and the combustion chamber, accoragdy a significant increase of the OH*-
intensity in the stretched state.
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Figure4.24. MBS2, P, = 25 kW/burner, ¢ = 0.7, L = 1.6 Pressure and OH*-intensity
oscillationsin the combustion chamber (CC) and acoustic responsein theinner plenum

(IP)
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0 = 180°

Figure4.25. MBS2, Py, = 25 kW/burner, ¢ = 0.7, L = 1.6: Oscillation cycle of the OH*-
intensity at 190 Hz
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Figure4.26 MBS2, P, = 25 kW/burner, ¢p = 0.7, L = 1.2: Pressure and OH*-intensity
oscillations in the combustion chamber (CC) and acoustic responsein theinner plenum

(IP)

In the MBS1, the flame oscillation also switchesataimilar pulsating flame oscillation
(Figure 4.28) when the value @f decreases fromk = 1.6 to 1.2. The frequency of the
oscillation constitutes ~190 Hz, which is visibtethe OH*-intensity spectrum in Figure 4.29.
Compared td. = 1.6, the flame shows a stronger thermoacoussiganse, which explains the
augmented pressure amplitude. In the SBS, the XOMhte is also observed in the pressure
and OH*-intensity spectrums when the swirler mdos fatio is decreased o= 1.2 and the
equivalence ratio is lowered ¢ = 0.65 (Figure 4.30). This also leads to a sigaiit increase

in the maximum amplitude of the OH*-intensity ofadions. The frequency-locked averaged
images in Figure 4.31 show that the flame osailatissociated with the 190-Hz mode in the
SBS is equivalent to the pulsating flame mode okeskin the MBSs.
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¢ = 315° ¢ = 270° ¢ = 225° ¢ = 180°

Figure4.27. MBS2, P, = 25 kW/burner, ¢p = 0.7, L = 1.2: Oscillation cycle of the OH*-
intensity at 190 Hz

¢ = 315° 0 = 270° ¢ = 225° ¢ = 180°

Figure4.28. MBS1, P, = 25 kW/burner, ¢ =0.7, L = 1.2: Oscillation cycle of the OH*-
intensity at 190 Hz
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Figure4.29. MBS2, P, = 25 kW/burner, ¢ =0.7, L = 1.2: Pressure and OH*-intensity
oscillations in the combustion chamber (CC) and acoustic responsein theinner plenum
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Figure4.30. SBS, Py, =25kW, ¢ = 0.7, L = 1.6: Pressure and OH*-intensity oscillations
in the combustion chamber (CC) and acoustic responsein theinner plenum (1P)

High pressure and OH*-intensity amplitudes in tregjfiency range of LF-Mode3 (~240 Hz)
are found in the SBS &,;, = 30 kW,¢ = 0.65 atL = 1.2 (Figure 4.32). The spectrum of the
acoustic response of the inner plenum indicatesitlsrves as a resonator for the pressure
oscillation in the combustion chamber. The osadlatcycle of the flame is shown in Figure
4.33.
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Figure4.31. SBS, Py, = 25kW, ¢ =0.65, L = 1.2: Oscillation cycle of the OH*-intensity
at 190 Hz
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Figure4.32. SBS, Py, =30kW, ¢ = 0.7, L = 1.2: Pressure and OH*-intensity oscillations
in the combustion chamber (CC) and acoustic responsein theinner plenum (1 P)

A periodic pulsation of the flame is visible, whiggems to be similar to the previously
illustrated flame oscillations corresponding to th@0-Hz mode. High amplitudes of the
pressure and OH*-intensity oscillations in the treqcy range of LF-Mode3 are also found in
the MBS2 atP,, = 30 kW/burnerg = 0.7 atL = 1.2. The spectra of the acoustic responses in
the inner plenum and the outer plenum show locatima in the nearby frequency range
(Figure 4.34). The frequency-locked averaged imadms show the pulsating flame mode, as
depicted in Figure 4.35.
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¢ = 315° o =270° @ =225° ¢ =180°
Figure4.33. SBS, Py, =30kW, ¢ =0.65, L = 1.2: Oscillation cycle of the OH*-intensity
at 240 Hz
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Figure4.34. MBS2, P, = 30 kW/burner, ¢ = 0.7, L = 1.2: Pressure and OH*-intensity
oscillationsin the combustion chamber (CC) and acoustic responsein theinner plenum
(IP) and the outer plenum (OTP)

Figure 4.36 shows high-speed snapshots taken &@msewhich display the pulsating flame.
The images illustrate the periodic formation ofgrivortices. According to [103], these ring
vortex structures are caused by pulsating infloto ithe combustion chamber. The ring
vortices initially consist of fresh gases and draracterized by rapid and intense mixing with
burnt gases. As a result, the enclosed fresh gaspslsively react, which leads to a
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significant augmentation of the heat release. Tésults indicate that the ring vortex
formation is associated with the potential acoustgenmodes in the plenums. According to
[139], the product of the amplitude and the StrétNamber of a mass flow perturbation has
to reach a certain value in order to induce thenédron of ring vortices. This may explain
why the frequencies of the pulsating flame oscdled match or are found close to
frequencies where high acoustic responses in onthefplenums or both plenums are
observed. At those frequencies it is more likebt thigh pressure amplitudes are generated in
the plenums which in turn induce the necessary iaudel of the mass flow oscillation. In
order to amplify the oscillation, the flame respor®as to reach a sufficient phase angle,
which is influenced by the characteristic time gedd the flame. In general, the phase angle
of the flame response increases with the frequehtlye mass flow oscillation. The fact that
differences between the combustor setups are daaberegarding the frequencies of the
pulsating flame oscillations and the operating domas under which they occur indicates
that the combustor setups affects the charactetiste delay of the flame.

@ =315° @ =270° @ =225° @ =180°
Figure4.35. MBS2, Py, = 30 kW/burner, ¢ = 0.7, L = 1.2: Oscillation cycle of the OH*-
intensity at 230 Hz

4.5.1.6 Summary and Discussion of the Results for the LF-Modes

The characteristics of the low-frequency combustodes were analysed in this section. The
results indicate that the acoustic response clarsiits of the plenums significantly affect
the pressure oscillations in the combustion chanfeiModel seems to be mainly the result
of the excitation of a natural frequency of thedanmplenum by the flame. The pressure
oscillation of LF-Model in the inner plenum modekathe flow rate at the outlet of the inner
swirler and causes periodic changes of the swimilver. This leads to periodic mixing of fuel
into the IRZ near the nozzle exit, which causedllatons of the OH*-intensity in this
region, due to equivalence ratio and heat relesséaiions.
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SBS,L=12
Py, =25kW, ¢ =0.65

SBS,L=1.2
Py =30kW, ¢ = 0.65

Formation of
ring vortex structures

MBSI1,L =12
Py =25kW, $=0.7

MBS2,L=1.2
Py =30kW, ¢=0.7

Figure 4.36. High-speed snapshots of the OH*-chemiluminescencetaken at the OPs
whereintense flame pulsation are observed
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The analysis of the pressure spectra and the Otdhsity recordings indicates that the main
source of excitement for LF-Mode2 is a periodioMlimstability, since the frequency of LF-
Mode2 shows a nearly linear scaling with the budloeity. It was concluded that LF-Mode2
is excited by vortex-shedding at the outer or insbkear layer of the swirl flow. This
assumption may also explain why the amplitude ofMdde2 is strongly influenced by the
swirler mass flow ratio, since changes of the ®wirhass flow ratio strongly affect the flow
conditions in the shear layers of the swirl flowiff€ent frequencies were found for LF-
Mode2 in the SBS and the MBSs, which indicatesedsifices in the flow fields in the
combustion chamber.

Regarding LF-Mode3, the results indicate that @imib LF-Model, the pressure oscillations
of LF-Mode3 are mainly caused by the excitatiomatural frequencies in the plenum by the
flame. In the SBS, the spectra of the acousticaesgs in the plenums show an increased
response of the inner plenum in the correspondiguiency range. In the MBSs, the acoustic
response in the frequency range of LF-Mode3 isisogimtly smaller. This is possibly caused
by the different geometries of the inner plenumthanSBS and the MBSs.

The results indicate that the 190-Hz mode in theSglRlIso represents an eigenmode of the
inner plenum, since the spectra of all discussed §h@w increased acoustic responses in the
frequency range around 190 Hz. However, in the $®Beased acoustic response in the
frequency range around 190 Hz is only observedcéotain operating conditions. This also
may be explained by different acoustic impedandabainner plenums of the SBS and the
MBSs.

At certain OPs, augmented pressure amplitudes ef180-Hz mode and LF-Mode3 are
observed in the combustion chamber. It was condldlolat this is caused by two mechanisms.
The first mechanism represents a constructiveferemnce of the 190-Hz mode or LF-Mode3
with LF-Mode2. For example, this is observed in hBS1 atP,;, = 25 kW/burnerg = 0.7,

L = 1.6, where the inner plenums acts as a resofattite pressure oscillation at ~190 Hz of
LF-Mode2 in the combustion chamber. The second armesh leads to significantly higher
amplitudes and is characterized by a very intetsad oscillations. The high-speed images
show the periodic formation of ring vortices, whigad to intense heat release oscillations.
The coupling between the pressure and heat relessékations in the combustion chamber
induces high pressure amplitudes in the combustiamber, which in turn modulate the flow
of the fuel-air mixture into the combustion chamblewas observed that the flame pulsation
frequencies match with or are close to frequenaiksre the plenums show high acoustic
responses. The assumption was made that the lowidgmates in the plenums at these
frequencies increase the probability for the neargssass flow oscillation amplitude, which
is crucial for the formation of ring vortex struots.
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4.5.2 400-Hz Mode

The 400-Hz mode represents a major combustor modé combustor setups. In the MBSs,
it even is the mode that has the highest amplitules observed for high thermal power
(P, > 25 kW/burner).

Figure 4.37-Figure 4.39 show the pressure osaliatiin the combustion chamber and the
plenums and the acoustic responses of the plenurtie ifrequency range 300-500 Hz in all
combustor setups @t = 1.6. The high pulsation levels of the 400-Hz maechich result in
amplitudes of up to 154 dB clearly indicate thespreee of combustion instabilities and
strong thermoacoustic flame responses.

In the SBS, high amplitudes (> 145 dB) of the 400-ode are already observed at
Py, = 25 kKW. It is clearly visible that the highest @itudes are reached ét= 0.8, 0.75, 0.7.
Relatively high pressure amplitudes are also measur the plenums, although the acoustic
responses in the frequency range around 400 Hzigméicantly lower than those observed in
the frequency ranges of the low-frequency modegeaally in the inner plenum. On the
other hand, the values of the acoustic responsbssigmificantly exceed the absolute
minimum values. Hence, the acoustic response deaistecs of the plenums may contribute
to the oscillation of the 400-Hz mode, but the lssand the very high amplitudes clearly
indicate that the main source of excitement is@ngtthermoacoustic feedback of the flame.

In contrast to the SBS, amplitudes of > 145 dBhaf 400-Hz mode are not observed in the
MBSs atPy, = 25 kW/burner. On the other hand, the maximum ldaunges in the MBSs at
Py, = 30 kW/burner exceed those observed in the SB&il& to the SBS, the 400-Hz mode
shows augmented amplitudes in the MBS#& at 0.8, 0.75, 0.7. However, in contrast to the
SBS, in the MBSs high pressure amplitudes are wisible at ¢ = 0.85. The acoustic
responses of the plenums in the MBSs around 40@reizimilar to those in the SBS, except
for the outer plenum in the MBS1, which shows cdesbly higher responses than the other
setups. The observed distortions of the acoussigarese curves in the MBS2 may be caused
by vibrations of the combustor housing which areitexi by the high pressure amplitudes in
the combustor. Due to the fixed mounting of theroptiones to the combustor housing, the
vibrations are also transferred to the microphaares possibly distort the measured pressure
signal. The reason why this is especially noticeainl the MBS2 may be due to the
arrangement of the single-burners in the MBS2.sltpossible that the more compact
combustor structure is more sensitive to the exmta by pressure oscillations.
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Figure4.37. SBS, L = 1.6: Pressure oscillationsin the combustion chamber (CC) and the
plenums and acoustic responsesin the plenumsat Py, = 25 kW and Py, = 30 kW at

¢ = 0.65-0.85
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Figure4.38. MBS, L = 1.6: Pressure oscillationsin the combustion chamber (CC) and
the plenums and acoustic responsesin the plenums at Py, = 25 kW/burner and
P, = 30 kW/burner at ¢p = 0.65-0.85
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Figure4.39. MBS2, L = 1.6: Pressure oscillationsin the combustion chamber (CC) and
the plenumsand acoustic responsesin the plenumsat Py, = 25 kW/burner and
Py, = 30 kW/burner at ¢p = 0.65-0.85
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4.5.2.1 Influence of the Swirler Mass Flow Ratio on 400-Hz Mode

The spectra of the pressure oscillations in thebr@tion chamber at = 1.2, 1.6, 2.0 for
Py, = 25 kW/burner an@,, = 30 kW/burner ah = 0.85, 0.8, 0.7 are illustrated in Figure 4.40
for all combustor setups.

The influence of the swirler mass flow ratio on #@-Hz mode is much more significant in
the SBS than in the MBSs. In the SBSPgt= 25 kW, switching from. = 1.6 toL = 1.2 or

L = 2.0 results in a reduced oscillation of 400 HaeM. The damping is more substantial at
¢ = 0.7, where a decrease in the amplitude from <dBlatL = 1.6 to ~135dB at = 2.0 is
observed. AL = 1.2 an even stronger reduction to 122 dB is iveske

In the MBS1 atPy, = 25 kW/burner, the 400-Hz mode is also damped=atl.2 andL = 2.0
and shows the lowest amplitudeslLat 1.2 for all equivalence ratios. In contrasthatt the
influence of the swirler mass flow ratio on the ditnpe the 400-Hz mode in the MBS2 is
strongly dependent on the equivalence ratio.¢gAt 0.85 and 0.8, the 400-Hz mode is
strongly damped at = 1.2 compared téd = 1.6, whereas at = 2.0, the amplitude of the
400-Hz mode inreases ap = 0.8. At¢ = 0.7, a contradictive behaviour in comparison to
¢ = 0.8 is observed, since the amplitude augmeritsdecreasing swirler mass flow ratio.

At Py, = 30 kW/burner, the combustor dynamics are algingty affected by the value @éf

In the SBS, the maximum amplitudes of the 400-Halenare now found in the spectra at
L =1.2 for¢p = 0.85, 0.8. Atgp = 0.7, a reduction in the amplitude of around 5isiBbserved
whenL is decreased from 1.6 to 1.2. At 2.0, the mode is dampeddat= 0.8, 0.7, whereas
for ¢ = 0.85 the amplitude increases slightly.

DecreasingL from 1.6 to 1.2 results in an amplitude increasethe 400-Hz mode at
¢ = 0.85, 0.8 and a strong damping of the 400-Hzeraig = 0.7 in both MBSs. AL = 2.0,
the 400-Hz mode is damped for all equivalence satidhe MBS1, whereas in the MBS2 its
amplitude decreases slightlygt= 0.85, 0.8 and is slightly increasedpat 0.7.

Since thermal power, equivalence ratio and swirlass flow ratio significantly influence the
amplitude of the 400-Hz mode, it can be stated tivatexcitation and the amplitude of the
400-Hz mode are mainly determined by the flameadttaristics. This is also corroborated by
spectra of the acoustic responses in Figure 4iAde she value of. only slightly affects the
response characteristics in the relevant frequeange. Thus, the observed differences in
amplitude are most likely not caused by alteregaase characteristics of the plenums.
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Figure4.40. SBS, MBS1, MBS2, L = 1.2, 2.0: Pressure oscillationsin the combustion
chamber (CC) at Py, =25 kW/burner and Py, = 30 kW/burner, ¢p =0.7, 0.8, 0.85
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Figure4.41. SBS, MBS1, MBS2, L = 1.2, 1.6, 2.0: Acoustic responsesin theinner plenum
and the outer plenum at Py, = 30 kW/burner, ¢ =0.7, 0.8, 0.85
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4.5.2.2 OH*-Intensity Responses to the 400-Hz Mode

The spectra of the pressure oscillations in thebr@tion chamber and the corresponding
OH*-intensity oscillations in the SBS and the MBf8s Py, = 30 kW/burner,¢ = 0.85 at
L=1.2, 1.6, 2.0 are shown in Figure 4.42, Figu#34and Figure 4.44. The spectra of the
OH*-intensity illustrate the strong correlation Wween the pressure amplitude of the
400-Hz mode and the flame response.

In the SBS, the maximum pressure amplitude of 0Hz mode as well as the highest OH*-
intensity amplitude are observed lat= 1.2. AtL = 1.6 andL = 2.0, the OH*-intensity
oscillations of the 400-Hz mode are drasticallyusztl compared tb = 1.2. The MBSs show
basically the same tendency, but the decreaseeoOth*-intensity amplitude compared to
L =1.2 is much smaller. The smallest differencesvben the peak amplitude of the OH*-
intensity oscillation of the 400-Hz mode is obserwethe MBS2, which corresponds with the
pressure amplitudes.

In the SBS, the decrease of the OH*-intensity &sadn at 400 Hz is accompanied by an
increase of the OH*-intensity oscillation of thed7ZHz mode, which is expected regarding the
increased pressure amplitude of the 750-Hz mode.ildiscussed in more detail in 4.4.2.3.

Due to the high oscillation levels of the OH-intiéysit is possible to visualize the

corresponding flame oscillation of the 400-Hz matdke frequency-locked averaging. Figure
4.45 illustrates the oscillation cycle in the SBSgure 4.46 and Figure 4.47 show the
oscillation cycles in the MBS1 and the MBS2, respety. The character of the flame

oscillation of 400-Hz mode is very similar in atbrabustor setups. The flames periodically
propagate further downstream towards the combusii@mber outlet and simultaneously
expand in the radial direction. In the expandetestsignificantly increased OH*-intensity is
observed.

Selected snapshots of the high-speed recordinglfatiscussed OPs show the presence of
ring vortex structures in all combustor setups (Fég4.48). Therefore the feedback loop

driving the combustion instability is similar toetlone observed for the 190-Hz mode and LF-
Mode3 discussed in 4.5.1.5.

The most significant difference regarding the 400+#Hode in the SBS and the MBSs is
characterized by the fact that in the SBS high quness amplitudes > 145 dB are already
observed atP;, = 25 kW, as discussed in 4.5.2. Figure 4.49 shoves @i*-intensity
spectrum aPy, = 25 kW, ¢ = 0.7 forL = 1.6. The pulsation is less intense comparetiéo t
OPs that were already discussed in this sectiahsawveral modes in the low-frequency range
are visible in the spectrum. However, the domin@ht*-intensity oscillation is located at
400 Hz and the high-speed images also show theatmm of ring vortices (Figure 4.50).
This clearly indicates that the observed flamellagimn is similar to the oscillations of the
400-Hz mode observed in flames at the discusseda@®Rs= 30 kW/burner.
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Figure4.42. SBS, L = 1.2, 1.6, 2.0: Pressure and OH*-intensity oscillationsin the
combustion chamber (CC) at Py, = 30 kW, ¢p = 0.85
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Figure4.44. MBS2, L = 1.2, 1.6, 2.0: Pressure and OH*-intensity oscillationsin the
combustion chamber (CC) at Py, = 30 kW/burner, ¢ =0.85
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Figure4.45. SBS, Py, = 30kW, ¢ =0.85, L = 1.2: Oscillation cycle of the OH*-intensity
at 400 Hz

p=0° 9 =36° 9 =12° 9 = 108° 9 = 144°

Figure4.46. MBS1, P, = 30 kW/burner, ¢p = 0.85, L = 1.2: Oscillation cycle of the OH*-
intensity at 400 Hz
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Figure4.47. MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.2: Oscillation cycle of the OH*-
intensity at 400 Hz
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Figure4.48. SBS, MBS1, MBS2: High-speed snapshots of the OH*-chemiluminescence
at OPswith high pulsation levels of the 400-Hz mode
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Figure4.49. SBS, L = 1.6: Pressure and OH*-intensity oscillationsin the combustion
chamber (CC) at P, =25 kW, ¢ =0.7
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Figure 4.50. SBS, L = 1.6: High-speed snapshot of the OH*-chemiluminescence which
showsthe periodic formation of ring vortex structures corresponding to the 400-Hz
mode

4.5.2.3 Summary and Discussion of the Results for the 400-Hz Mode

The formation of ring vortex structures was ideatifas the main driving mechanism of the
400-Hz mode. The analysis of the acoustic respoakdise plenums does not indicate the
presence of natural frequencies in the frequenogeaf 400 Hz. Therefore the pulsation may
be driven mostly by the flame itself. This may eiplwhy 400 Hz-Mode is only observed at
high thermal powers. The amount of energy transteto the pressure oscillation must be
high enough to overcome the damping effects irpteeums at 400 Hz.

As discussed in 4.5.1.5, the characteristic timaydef the flame plays an important role in
the process of generating ring vortices. Lohrmamwed in [139] that higher swirl numbers
reduce the frequency-dependent phase angle ofatine fesponse to mass flow perturbations.
A similar observation was reported in [140]. Thigkains the strong influence of the swirler
mass flow ratio on the 400-Hz mode, since it charte swirl number and therefore affects
the characteristic time delay of the flame.
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4.5.3 750-Hz Mode

The 750-Hz mode is the second major combustor nobdlee SBS, after the 400-Hz mode,
since it also reaches pressure amplitudes > 15AtR. swirler mass flow ratio of = 1.6,
these high pressure amplitudes are observef,at 30 kW, ¢ = 0.85 (Figure 4.51). At
Py, = 25 kW, the pressure spectra in the SBS show mirdmt peak at around 680 Hz.
Considering the similar frequency range of this ma@ohd the fact that it also reaches its
maximum amplitudes at high equivalence ratios, thesk may represent an equivalent
oscillation to the 750-Hz mode By, = 30 kW.
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Figure4.51. SBS, MBS1, MBS2, L = 1.6: Pressure and OH*-intensity oscillationsin the
combustion chamber (CC) at Py, = 25 kW/burner and 30 kW/burner, ¢ = 0.85, 0.8, 0.7
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Unlike the 400-Hz mode, the 750-Hz mode is nottexkin the MBSs. The peaks at ~800 Hz
represent a harmonic oscillation to the 400-Hz mdaehe MBS1 atP,;, = 25 kW/burner, a
dominant mode is observed at 660 Hz, which dematestra similar behaviour to the mode at
680 Hz in the SBS, since its amplitude increasdbd wi The maximum amplitudes have
values around 122 dB, which is considerably smahan the maximum amplitudes in the
SBS.

Figure 4.52 shows the pressure spectra in the drexyurange of the 750-Hz mode for all
combustor setups &;, = 30 kW/burnerg = 0.7, 0.8, 0.85 fot. = 1.2, 1.6, 2.0. In the SBS at
L = 1.2, the oscillation of the 750-Hz mode is sglgnattenuated. This is also the case at
L = 2.0, except fopp = 0.85, where the 750-Hz mode features an amgliticiround 140 dB.

In the MBSs, a dominant peak in the frequency rasfgbe 750-Hz mode is not observed at
L=12,2.0.

The spectra of the acoustic responses in the plerdonnot show strong responses in the
corresponding frequency range (Figure 4.53). Timcates that the 750-Hz mode is mainly
driven by an increased thermoacoustic flame respons
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Figure4.52. SBS, MBS1, MBS2, L = 1.2, 1.6, 2.0: Pressure oscillations in the combustion
chamber (CC) at Py, = 30 kW/burner, ¢ =0.85, 0.8, 0.7
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Figure4.53. SBS, MBS1, MBS2, L = 1.2, 1.6, 2.0: Acoustic responsesin theinner plenum
(IP) and the outer plenum (OP) at Py, = 30 kW/burner, ¢ =0.85, 0.8, 0.7
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4.5 Detailed Analysis of the Combustor Modes

4.5.3.1 OH*-Intensity Responses to the 750-Hz Mode and Estimation of the
Helmholtz-Resonator Frequency of the Combustion Chamber
The spectra of the OH*-intensity oscillations ftetOPP,, = 30 kW, ¢ = 0.85,L = 1.6,
illustrate that the 750-Hz mode represents the dantimode in the pressure and the OH*-
intensity spectrum. In Figure 4.54, they are shdeagether with the spectra &t = 2.0.
Although the pressure amplitude of the 750-Hz misdstill relatively high with a value of
~140 dB atL = 2.0, a significant decrease in the OH*-intensityplitude is observed. This
indicates that comparably small heat release asicifls can be sufficient in order to generate
high pressure amplitudes of the 750-Hz mode.
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Figure4.54. SBS, L = 1.6, 2.0: Pressure and OH*-intensity oscillations in the combustion
chamber (CC) at P, = 30 kW/burner, ¢p = 0.85

The high-speed OH*-images also show the formatibmirgg vortices in the combustion
chamber. However, in comparison to the ring-vortexmation observed for the
400-Hz mode, the flame remains much more compatttaa ring-vortices start to form near
the bottom wall of the combustion chamber (Figufsbi The flame only slightly oscillates
in the axial direction. The frequency-locked avexhgnages for the 750-Hz mode shown in
Figure 4.56 corroborate the observations madeherhigh-speed images, as only a slight
stretching of the flame towards the combustion diemexit is visible. The biggest difference
between the images represents the level of OHHQgity, which reaches its maximum at
¢ = 0°, where the flame shows the maximum expansion.
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400-Hz mode Formation of 750-Hz mode
ring vortex structures

SBS,L=1.2 SBS,L=1.6
Py, =30kW, ¢ =0.85 Py, =30kW, ¢ =0.85

Figure4.55. SBS, L = 1.2/1.6: Comparison of thering-vortex formation in the SBS
associated with the 400-Hz mode and the 750-Hz mode at P, = 30 kW, ¢ =0.85

9 =300° 0 = 240° 0 =180°
Figure4.56. SBS, L = 1.6: Oscillation cycle of the OH*-intensity at 750 Hz at
Py, =30kW, ¢ =0.85

Although the high-speed recording images also sti@arformation of ring-vortex structures
during the oscillation of the 750-Hz mode, the &xmient mechanism of 750-Hz mode seems
to differ from that of 400 Hz mode. High pressunepéitudes of the 400-Hz mode are usually
accompanied by very intense OH*-intensity oscillati. As discussed in the beginning of this
section, this is not always the case for the 750dzle. A reason why a comparably small
heat release oscillation can sustain a combusti@tability with a very high pressure
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4.5 Detailed Analysis of the Combustor Modes

amplitude may be an increased acoustic respontte @lombustion chamber due to a natural
frequency. A standing quarter-wave in the axiaédion of the combustion chamber would
have a frequency of approximately 1200 Hz at typoaditions ¢, = 850 m/s), which is not
in the range of the frequency of the 750-Hz modegeiimodes of cavities which feature
lower frequencies than quarter-wave eigenmodesusw@lly Helmholtz-Resonator modes.
Figure 4.57 shows the Helmholtz-Resonator frequericie combustion chamber depending
on temperature. A constant, homogenous temperdilce in the combustion chamber is
assumed and the Helmholtz-Resonator frequency Iculated using Equations (3.3) and
(3.4). A calculation of the equilibrium temperatwath CHEMKIN under atmospheric
conditions p, = lbar, T, = 293 K) gives a value for the equilibrium tempeara of
approximatelyl,, = 2080 K (including the products of dissociati@actions H, CO) for a

mixture of CH, and air with an equivalence ratiogf= 0.85.
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Figure 4.57. Helmholtz-Resonator frequency of the combustion chamber (CC) in the
SBS dependent on the mean temperature

The resulting value of ~714 Hz for the HelmholtzsBeator frequency is in the range of the
typical frequencies of the 750-Hz mode. The eff@tthe nozzle outlet are neglected in this
calculation, as well as the non-stationary, andtrikaly not homogeneous temperature field
inside the combustion chamber.

The coupling of the flame oscillation with the Hélaltz resonance in the combustion
chamber in the range of ~714 Hz would explain whg telatively small heat release
oscillations in the frequency range of 750-Hz maude sufficient to sustain the pressure
oscillation observed at;, = 30 kW, ¢ = 0.85,L = 2.0. Note that calculating the Helmholtz-
Resonator frequencies of the combustion chambeitsedfIBSs according to Equations (3.3)
and (3.4) leads to values similar to the SBS (-H80 The 750-Hz mode is possibly damped
in the MBSs due to different characteristics of thermoacoustic flame response in the
MBSs.
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In [141] two possible feedback mechanisms betwden Helmholtz-Resonator pressure
oscillation and the flame’s heat release are dssmlisby Thring which may sustain a
combustion instability induced by a Helmholtz-Reston oscillation. In the first feedback
loop described by Thring, the overall pressuredase in the combustion chamber brings the
flame front closer towards the nozzle exit and eases the percentage of the combustion
chamber volume which is occupied by hot reactiardpcts. As a result, the temperature in
the combustion chamber increases and the additexgdnsion of the hot gases causes the
pressure to rise even more. In the second mechattigrcombustion-induced expansion of
the gases in the combustion chamber overcomperfeatéee reduced flow rate of unburned
fuel-air-mixture and sustains the pressure osmhat

Both mechanisms can lead to an increase in thealbVerat release, since the reaction rate
increases with rising temperature inside the comtnmuschamber and the decreased flow
velocities may lead to an increase in the flow oagwhere the flame is able to stabilize,
which in turn results in an increase in the flanneface area. When the pressure in the
combustion chamber decreases again, it causesxtieese effects. The flow rate into the
combustion chamber increases and an augmented ambthe fuel-air-mixture enters the
combustion chamber and starts to react after aacterstic time delay. The rising pressure in
the combustion chamber increases the combusti@msity and the next oscillation cycle
starts. Therefore the oscillating pressure causessgillating heat release, which further
intensifies the pulsation and excites an intenselestion instability, when the phase angle
between pressure and heat release oscillation doegxceed 90° (Rayleigh’s Criterion).
Since the combustion chamber pressure directlcisffile heat release rate, it is most likely
that for a Helmholtz-Resonator oscillation of tlembustion chamber the Rayleigh-Criterion
is fulfilled [103].

4.5.4 Pressure Oscillations in the Non-Reactive Flow

Measurements of pressure oscillations in the nantiee flow were also conducted for the
SBS and the MBS2. The corresponding results acaisied in this section.

The analysis of the different combustor modes enfdfevious chapters indicated that some of
the combustor modes are mainly excited due to tkeeepce of natural frequencies in the
plenums. Natural frequencies of the different costbucomponents should also be observed
in the spectra of the pressure oscillations of ¢bkel flow. Only the air flows were sent
through the combustor while conducting these exrpenmis.

4.5.4.1 Pressure Oscillations in the Non-Reactive Flow in the SBS

The spectra of the pressure oscillations in thebr@tion chamber in the non-reactive flow
show dominant frequencies in the range of 800-188(Figure 4.58). The results indicate
that the observed peaks correspond to the samiabeni, whose frequency scales with the
flow rate. The peaks associated with the osciltetifieature a similar Strouhal-Number in the
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4.5 Detailed Analysis of the Combustor Modes

range ofSt = 1.11-1.15. The tone generated by this oscilfaisoalso very audible. A possible
explanation is that the tone is associated witiv@&,Rvhich is often found in the swirl flows,
or a radial-axial vortex shedding at the nozzld,exhich is typically induced by the PVC.
The characteristics of PVCs in the swirl flows asdensively discussed in literature. Some
key references are given by [104, 106, 107].

The broadband character of the pressure oscil&tiorthe low-frequency spectrum and the
presence of several dominant frequencies in thereactive flow in the SBS complicate the
characterization of the peaks. In Figure 4.59, 9dpectra are plotted against the combustor
flow rate and the pressure amplitude in the comdwsthamber represents the contour
variable. The spectra show a pressure oscillatiath va Strouhal-Number of about
St = 0.172, which is slightly smaller than the StrouNalmber of LF-Mode2 observed in the
reactive flow. Therefore, this mode most likely negents the pressure oscillation of LF-
Mode2 in the non-reactive flow. A higher Strouhalshber for LF-ModeZ2 in the reactive
flow is expected due to the increased temperatamesthe augmented velocities induced by
the addition of the fuel flow. The spectrum of {hressure oscillations in the inner plenum
shows dominant peaks in the frequency range of Ideidd and LF-Mode3. Several
additional peaks are observed, which mainly matdh e previously discussed acoustic
response spectra of the inner plenum, which is thisaase for the acoustic response spectra
of the outer plenum (Figure 4.60). The spectrunthef outer plenum shows an increased
amplitude of the PVC-oscillation because the mibmope in the outer plenum is located much
closer to the nozzle exit than the one in the ipplenum. In both plenums, the amplitudes of
the dominant modes are only slightly affected kgyftow rate.
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Figure4.58. SBS, L = 1.6: Pressure oscillationsin the combustion chamber (CC) in the
non-reactiveflow at Py, = 25 kW, ¢ = 0.7, 0.75, 0.8, 0.85
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Figure4.59. SBS, L = 1.6: Pressure oscillationsin the combustion chamber at different
volumetric flow rates
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Figure 4.60. Pressure oscillationsin theinner plenum (I P) and the outer plenum (OTP)
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4.5 Detailed Analysis of the Combustor Modes

4.5.4.2 Pressure Oscillations in the Non-Reactive Flow in the MBS2

Figure 4.61 illustrates that the mode with the fl@ate-dependent frequency observed in the
SBS in the frequency range between 800 Hz and HXB also present in the combustion
chamber of the MBS2. The fact that two peaks wiighty different frequencies are
observed may be the result of slight differencesvben the single swirl flows. These
differences are possibly caused by small geométvimaances between the swirlers, since
they were manufactured without CNC. The Strouhatlers for the different OPs shown in
Figure 4.61 represent the average of the Stroubaid¢rs of the respective peaks.

In Figure 4.62, the isolinét = 0.17 marks the peaks that supposedly correspmrid--
Mode2. Similar to the spectra of the SBS, the preseof numerous peaks in the low-
frequency range makes are a clear identificatioim@bserved peaks difficult. The Strouhal-
Number ofSt = 0.17 is similar to the one observed in the nortrea flow in the SBS and
also close to the Strouhal-Numisg#r~ 0.21 of LF-Mode2 observed in the reactive flow.

The major difference from the SBS is seen in th@-H2 mode, which is the dominant mode

in the spectrum of the inner plenum (Figure 4.8 high amplitude of the 190-Hz mode in

the pressure spectra of the non-reactive flow Gomates the assumption that the mode
represents a natural frequency of the inner pleatithe MBS2.
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Figure4.61. MBS2, L = 1.6: Pressure oscillationsin the combustion chamber (CC) in the
non-reactiveflow at Py, = 25 kW/burner, ¢ = 0.7, 0.75, 0.8, 0.85
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Figure4.62. MBS2, L = 1.6: Pressure oscillationsin the combustion chamber (CC) at
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4.5 Detailed Analysis of the Combustor Modes

4.5.5 Discussion of the Stability Charts of the Combustor Setups

Figure 4.64 shows the stability charts of the costtausetups at different swirler mass flow
ratiosL. The symbols mark OPs, where unstable combustdemwith pressure amplitudes
of prms > 130 dB are observed. The different colours dmessof the symbols indicate the
frequency range and the amplitude range of therebdenodes.

In the SBS, it is clearly visible that with risirsyvirler mass flow ratio, unstable combustor
modes tend to emerge at lower equivalence ratidstlagrmal power. The augmentation of
the swirl number due to the increased swirler mi@® ratio apparently widens the
thermoacoustic response spectrum of the flameddiitian, the higher swirl intensity seems
to increase the probability that combustor modes Wwequencies betweefi= 600-900 Hz
are excited in the SBS. These findings comply wibtservations discussed in [20], where the
combustion dynamics of a variable swirl number eystare investigated. The results
presented in this work indicate that increasing sherl intensity broadens the response
spectrum of the flame and decreases the phase hegleen mass flow oscillations at the
nozzle outlet and the corresponding flame respoRsis. can be explained by an augmented
reaction density in flames with higher swirl intépswhich leads to a shorter flame length
[15]. Therefore, increasing the swirl intensity memts the critical mass flow perturbation
frequency which results in an unstable phase afglee flame response.

At L = 1.2 in the SBS, no combustor modes with ampdisud 140 dB are observed for the
frequency range 600-900 Hz. On the other hand, fleguency combustor modes with
amplitudes > 130 dB are generated, which is notcdme atl. = 1.6, 2.0. Similar to the
influence of the swirl number on the phase anglinefflame response, lower swirl intensities
increase the characteristic time delay of the flaAks a consequence, a phase angle of the
flame response which is sufficient to generate abistcombustor modes is reached at lower
frequencies. This may explain why intense low-femry modes are only observed.at 1.2.

When comparing the stability chart of the SBS amel MBSs atP,;, = 30 kW/burner, it is
noteworthy that the combustor dynamics of the SBS=al1.2 and the MBSs &t= 1.6 show
many similarities regarding frequency and intensityhe observed combustor modes. In all
combustor setups, the 400-Hz mode features ampé$tod > 140 dB afp = 0.85, 0.8, 0.75,
0.7, whereas atp = 0.65, a low-frequency mode is excited. The egjemt flame
characteristics may be explained by the investigatmade by Hirsch et al. in [27]. Based on
the observations made in [142], Hirsch et al. artina¢ the observed differences in the flow
field between the single-burner combustor and tivaiar combustor are caused by different
flow regimes of the swirl jet. In the first regim&here the ratio of the combustion chamber
area and the area of the nozzle e&t/A,, is sufficiently high, the flow field in the
combustion chamber resembles that of a free setirMy/hen the ratid:/A,, is decreased
to a critical value, the swirl jet angle increasgmificantly and attaches to the wall. The swirl
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flow has switched from the “free jet” regime inteet“wall jet” regime. The wall jet features a
wider inner recirculation zone combined with snrabeter recirculation zones. The critical
value of the ratidd¢c/A,, that leads to the switch from the free jet regimehe wall jet
regime depends on the effective swirl number of ghérl jet. In the annular combustion
chamber the swirl intensity is reduced due to tlmementum exchange between the adjacent
swirl jets. These have opposite swirl directionghwiespect to the axis of the swirl jet
considered, which reduces the angular momentunefitrained in the ORZs. Thus, the swirl
jets in the annular combustion chamber switch ® filee jet regime for lower values of

ACC/Anz-

Therefore the combustor dynamics of the SB atl.2 are similar to those of the MBSs at
L = 1.6 because the corresponding swirl flows argsidy all in the free jet regime. In the
MBSs, this is induced by the missing side walls #mel momentum exchange between the
adjacent swirl jets. In the SBS, the swirl flowirsthe free jet regime as a result of the
decreased swirl intensity due to the reductionnofler mass flow ratio td. = 1.2.

However, the results for the MBSs &t = 1.2 indicate that the differences in the
thermoacoustic behaviour cannot only be causedwoydifferent flow regimes, since the
combustion dynamics in the MBSs are strongly a#fécby the swirler mass flow ratio,
although the swirl jets may feature the charadiesiof a free jet. It is clearly visible, that
low-frequency combustor modes are much more fretpebserved atL = 1.2 than at
L =1.6. The decrease of the swirler mass flow ratioombination with the multiple-burner
arrangement possibly leads to a significant deer@ashe swirl intensity in the combustion
chamber flow. This results in an increased charistie time delay of the flame, which in
turn results in stronger responses of the flamewefrequency mass flow oscillations.

It is concluded that the main reason for the olemifferences in the combustor dynamics
between the SBS and the MBSs is the momentum egeHhagtween the adjacent swirl jets in
the MBSs which results in a decrease in the swidrisity. The lower swirl intensities lead to
higher characteristic time delays of the flameha MBSs and stronger flame responses to
low-frequency perturbations. The effect that theltipke-burner arrangement reduces the
swirl intensity in the combustion chamber flow ni@yeven more significant in the MBS2, as
all swirl jet have two adjacent swirl jets. As sult, low-frequency modes are observed even
more frequently in the MBS2 than in the MBS1.

These findings may also explain why increasingsweler mass flow ratio td = 2.0 seems
to only slightly affect the combustion dynamicstlie MBSs. The increase in swirl intensity
induced by the increased mass flow through theravt@ler leads to a wider swirl jet angle
near the nozzle exit and possibly increases thaebdo-burner flow interaction. However,
this may result in a further decrease of the emddhiangular momentum flux and may
compensate for the effect on the increased swighsity atL. = 2.0.
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Figure 4.64. Stability charts of the combustor setupsfor L = 1.2, 1.6, 2.0. The symbols
mark OPs, where unstable combustor modes with pressure amplitudes of
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of the symbolsindicate the frequency range and amplitude range of the modes.
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This chapter is devoted to the numerical invesogat which were performed for the SBS
and the MBS2. After a brief description of the fl@elver, the computational grids and the
boundary conditions that were used are descrilvethd subsequent sections, the investigated
OPs are introduced and the results of the simulatibat were performed are described.

5.1 Numerical Setup

5.1.1 Flow Solver

The simulations were performed with the open sosofvare package OpenFOAM 2.1.1. It
contains software libraries which allow for the dpment and implementation of numerical
solvers for continuum mechanics problems. Numef@EB-solvers for specific applications
are already implemented which employ the finiteuvmoé method with a cell-centred storage
arrangement. The solver used in the LES-studiedwsiad in the scope of this work uses a
fully implicit compressible formulation of the balkee equations shown in 2.1 and the
pressure-implicit split operator (PISO) techniqoe the pressure correction. The convective
and diffusion fluxes were discretised using secander schemes based on central
differencing. The Crank-Nicholson scheme was usedtlie discretization of time. To
increase the stability of the computation, the &fllicholson scheme was blended with the
Euler scheme using a blending factor of 0.6, wisith provides second-order accuracy. For
detailed information about the applied numericahteques, the reader is referred to literature
[143, 144].

The Smagorinsky-Model was used to model the suksgade turbulence, with a constant

value for the Smagorinsky constant@f= 0.1. The turbulent Schmidt and Prandtl-Numbers
were set to constant valuesSif, = Pr, = 0.7. The computational grid was used for the LES
filtering, where the filter widtlA was calculated using the cubic root of the celline.

As discussed in 2.3.5, the UTFC-Model was usedddehthe turbulent flame. Therefore, in
addition to the balance equations of momentum, raasisenthalpy, balance equations are
also solved for the mixture fraction, the mixturaction variance and the reaction progress
variable. The chemistry look-up table was builtdzh®n computations of a laminar 1D-
premixed flame at atmospheric conditiops<1 bar,T = 293 K). In the simulations, Ghvas
used instead of natural gas. The impact of thewifft fuels in the experiments and the LESs
should be very small, due to the high percentagaethane (> 90 %) in the natural gas used
in the experiment.

115



5.1 Numerical Setup

5.1.2 Geometric Model and Computational Grid

Most parts of the geometrical model for the SB$(Fe 5.1) were derived from the 3D-CAD

model of the SBS. The computational grid for thewdation of the SBS shown in Figure 5.2
was constructed using the commercial software ANS¥&NMCFD and contains about
6.5 million nodes. The grid of the SBS was builtaablock-structured grid and the domain
contains about 6500 blocks. The Fluent V6 outptérface of icemCFD was used to output
the grid as an unstructured grid. The “fluent3DMeBloam” converter included in the

OpenFOAM package was applied to convert the FlvEhimesh to the OpenFOAM mesh

format. In order to avoid a boundary condition la toutlet of the combustion chamber,
additional geometry was added to the CAD model. inkets were set at the location were the
perforated plates are located in the SBS. The kbamyncbnditions are discussed in detail in
the next section.

Outlet Outlet

Wall

Combustion
chamber

Inlet outer

Inlet inner
plenum

plenum

Figure5.1. Geometry of the SBS used for the LESs

In the SBS the 60 fuel inlets are discretised Wishcells and the grid is refined in the region
where the fuel jets mix with the air flow. This wdsene to capture the main physics of the
mixing process of fuel and air. The fuel entersabmputational domain upstream of the fuel
injection holes at the modelled section of the fmahifold. The grid resolution is reduced in
the combustor plenums in order to reduce the napgssmputational resources.

Figure 5.3 shows the geometrical model for the MB®Re volume of the mesh region
between the outlet of the domain and the combustlmmber outlet is reduced and is of
guadratic shape. This is a result of the conswuacfirocess of the MBS2-grid. In order to
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5. Numerical Investigations

create the grid for the MBS2, the grid for the SB& modified and rotated. In addition to the
already mentioned removal of the mesh refinemdmd, iolumes of the interface regions

between the single-burners were added and the sifape “atmosphere” mesh region was
altered from the cylindrical shape to a rectangslape. The latter modification simplifies

the connection of the mesh regions between the gstitim chamber outlets and the outlets of
the computational domains.

A cut plane of the grid used for the MBS2 is showfigure 5.4. The grid for the MBS2 does
not feature the refined mesh region. Since it aoatabout 21 million nodes, it was necessary
to increase the possible time step, which stilvjgtes a stable running simulation, in order to
realize the simulation in an acceptable periodimoet Therefore, the grid for the MBS2 is
about 30-50 % coarser in the mixing region andftie¢inlets are resolved with 8 cells. Like
in the real MBS2, the combustion chambers and tflkeaums of the single-burners are
connected.

% Fuel inlet EHN

EE]

|
Combustion chambef
outlet

Outlet outer swirler

Outlet inner swirler

60 discretisized fuel
injection holes

Figure5.2. Cut planethrough the computational grid used for the LESs of the SBS
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Figure 5.3. Geometry of the MBS2 used for the LESs

Figure5.4. Cut planethrough the computational grid used in the LESsfor the MBS2
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5. Numerical Investigations

5.1.3 Boundary Conditions

Performing compressible Large-Eddy Simulation resgii using adequate boundary
conditions (BCs) for the pressure at the outletd #me inlets. Zero gradient boundary
conditions reflect pressure waves, whereas physiadets and inlets are normally non-
reflective. Therefore the application of zero geadiBCs for pressure can lead to pressure
oscillations in the computation that are not présen reality. In OpenFOAM, the
“waveTransmissive” BC is available, which was ugadmodelling the outlets. The approach
of the “waveTransmissive” BC implemented in OpenfDAs a simplification of the
approach presented in [145]. The calculation ofgtessure at the outlet is described in the
following [146].

First the velocity of the outgoing pressure waves calculated by

w=u; -n+1/9, (5.1)

where7n corresponds to the normal vector at the outletiarienotes the compressibility of
the fluid. The velocity of the pressure wave isduse calculate the pressure wave coefficient
a and the relaxation coefficieht

_ A At -
a—w6, —a)loo, ()

whered refers to the cell-face distance coefficient @&tdo the time step. The value of the
outlet pressure is then calculated by using theviehg properties:

Do + bPw 1+0b
_ z = 5.3
Ptrans 1+b 1+a+b’ (5-3)

wherep, is the pressure of the previous time-step @gdhe value of the far-field pressure.
To calculate the outlet pressupg,iet, the value ofp...ns iS relaxed using the relaxation
factor £ with the pressure in the cefi ;) closest to the outlet:

Poutlet = EPtrans T (1-2). (5.4)

The values of the pressuyrg andl,, are defined by the user. A higher valud gfcauses the
BC to be less reflective. Unfortunately, when tladue ofl,, is set too high, the BC tends to
drift from the value set for the far-field pressuféus, the value df, has to be adjusted for
every specific problem. In the simulations discdssethis work, the value df, was set to
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5.1 Numerical Setup

1 m, as it was observed that values in the rangikeoiength of the computational domain
usually provide good results.

A non-reflective BC for inlets is not implementad ©®penFOAM. A BC with a fixed total
pressure is available, which includes the compbéggiof the fluid in the calculation of the
inlet pressure. However this allows little contooker the actual mass flow rate, since no fixed
mass flow rate can be set. The modelling of thetsnbf the combustor investigated in the
present work is even more delicate than the madgldf non-reflective inlets. Perforated
plates, similar to the ones installed in the plesunypically show complex acoustic
impedances. This means that their reflection coefit is frequency-dependent and specific
frequencies are damped. In addition, their acoustpedance is influenced by the mean flow
and therefore depends on the operating conditions.

One possibility to deal with the acoustics of peated plates in simulations is to apply
adequate models [132], which are unfortunatelyavailable in OpenFOAM. Another way to
circumvent this problem is to resolve the openinfgshe perforated plates. However, this
would significantly increase the demands on the mamational grid, resulting in very long
computation times. Moreover, this only transfers groblem from the modelling of the
perforated plate to the modelling of non-reflectiméet, which, as mentioned above, is also
not included in OpenFOAM. Consequently, it was dedito place the numerical inlets at the
location of the perforated plates and to defineer@ gradient BC for the pressure. Therefore
the perforated plates are assumed to be fullyawfle This was considered to be the best
compromise, since several models predict an incrgascoustic impedance of a perforated
plate and therefore a more wall-like behaviour vimtreasing bulk flow [132]. This was also
observed in the study discussed in [147].

The velocity in the vicinity of walls was modellagsing the wall function provided by

Spalding in [148], which is implemented in OpenFOAM the inlets, constant mass flows
are defined for the velocity BCs in the LESs of 8®S. For the MBS2, the velocities were
imposed at the inlets, superimposed by cell-limitaddom velocity fluctuations. This was
done to provide some small additional initial pdsations, in order to shorten the time for the
LES to develop potential unstable modes. At théetajta zero gradient BC was applied for
the velocity in case of outgoing flow. For incomithgw, the velocity value was set to zero.

The temperature at the inlets was set to value98f R. The walls and the outlets were
modelled as adiabatic. The heat loss at the conaoushamber walls in the real combustor
was estimated to be small compared to the therowaépof the flame.

The mixture fraction constitutes unity at the furdét and zero at the air inlets, since the flame
is not premixed. For the mixture fraction variameel the progress variable zero gradient BC
were defined at all boundaries.
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5.2 Investigated Operating Points

LESs at two OPs were performed for the SBg:=25kW, ¢ = 0.7 andPy, = 30 kW,

¢ = 0.85, each for a swirler mass flow ratioLof 1.6. For each OP, the non-reactive and the
reactive flow were simulated. As explained in thgcdssion of the experimental results, the
400-Hz mode shows a high amplitude in the SBRat= 25 kW, ¢ = 0.7, whereas at
Py, = 30 kW, ¢ = 0.85, an oscillation of the unstable mode atAh@-Hz mode is observed in
the experiment. In addition, Particle-lmage-Veloetng (PIV) measurements of the flow
fields in the combustion chamber were providedh®y DLR Stuttgart for these OPs, which
allows a comparison of the LES results to experialgnobtained velocities.

In order to investigate the influence of the mudtipurner arrangement on the flow fields as
well as the pressure and heat release oscillatldéSs of the non-reactive and the reactive
flow in the MBS2 atP,;, = 30 kW/burnerg = 0.85,L = 1.6 were performed. An additional
purpose of the LESs was to find possible excitatr@chanisms of the 400-Hz mode in the
MBS2, which shows very high amplitudes in the ekpent at this OP.

The operating conditions and the corresponding rflaasrates are shown in Table 5.1. The
simulations of the non-reactive and the reactiwsvél in the SBS were performed with a
constant time step oAt = 1le-07 s, which resulted in a maximum Courant lemof
Co = 0.5. The simulation of the non-reactive flowlre tMBS2 was run using a constant time
step of At = 1e-06 s, which resulted in a maximum CourantimemofCo =~ 2.0. For a stable
computation of the reactive flow in the MBS2, thexaimum value of the Courant number
needed to stay in the range @ =~ 0.5, which lead to a constant time stepAof= 2e-07 s.
The length of the computed period of time conggut0.1 s for all performed simulations.

Py, /burner ) mgrs/burner mg/burner meya/burner L
SBS 25 kW 0.7 453.6 g/min 283.5 g/min 28.4 g/min 1.6
SBS, MBS2 30 kw 0.85 448.3 g/min 280 g/min 34.1 g/min 1.6

Table5.1. Operating conditionsfor the performed LESsin the SBS and the MBS2.

5.3 Numerical Results

In this section, the results of the performed LE&sdiscussed, starting with the results of the
simulations of the non-reactive flows. Subsequetitky results of the simulations of the
reactive flows are presented.

With the exception of the PIV measurements, theeergental results shown in this section
correspond to the experiments discussed in Chépter
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5.3 Numerical Results

The flow quantities in the discussion (such as siglp pressure, temperature, etc.) represent
the filtered quantities, which for convenience memsare not marked with the corresponding
favre-filtered superscript. Therefore any quangtyn this section corresponds to its resolved
component § — §). The time-averaged value of any resolved quarnsitynarked with an
overbar §).

5.3.1 Non-Reactive Flow

5.3.1.1 LES Single-Burner Setup, Pw, = 25 kW, ¢=0.7,L = 1.6

Figure 5.5 shows the results for the mean valugbeotixial velocityii,,, the radial velocity
u,- and the tangential velocity, of the PIV measurements in comparison to the L&Seur
different axial positions in the combustion chamber

SBS, P, =25 kW, ¢=0.7,L=1.6
Non-reactive flow, yz-plane, z =0
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Figure5.5. SBS, Py, = 25 kW, ¢p = 0.7, L = 1.6: Profiles of thetime-averaged velocity in
the non-reactive flow at different axial distancesto thennozzlein the LES and the
experiment
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In general, a good agreement between the simulaimh the experiments is visible.
Especially near the nozzle exit the velocity pesdicorrespond very well.

The LES shows higher radial velocities, which resuh flatter profiles of both the axial
velocity and the tangential velocity, due to ther@ased radial transport. Therefore a wider
angle of the swirl jet is observed in the contolat ghown in Figure 5.6. The inner vortex
structure of the swirl flow reaches down to thettwt of the inner swirler. The LES shows
higher tangential velocities than in the experimaetr the nozzle exit, whereas further
upstream the measured valuestipexceed the ones of the simulation.

SBS, P, =25 kW, ¢=0.7, L =1.6
Non-reactive flow, yz-plane, z = (0

Eax/n’]/S: -15-12-9 -6 -3 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45

0.12 0.12 7 PIV
0.1 0.1
0.08 o.os—f
0.06 o.oe—f
= 0.04 0.04—f
0.02 0.02
0 0-
-0.02 0.02-

0.04-0.02° 0002 0.04

Figure5.6. SBS, P, = 25 kW, ¢ = 0.7, L = 1.6: Contour plotsof the time-averaged axial
velocity in the non-reactive flow in the LES and the experiment

A possible explanation for the deviation betweethefvalues of the LES and the experiment
may be the increased velocity fluctuations in tHeSL(Figure 5.7). Up to a distance of

x =20 mm the calculated axial, radial and tangéfitiatuations mostly exceed the measured
values. The augmented turbulence intensity leadstmcreased angular momentum flux in
the radial direction, which results in a wider innecirculation zone.

A comparison of the pressure spectrum of the ewpari and the LES shows that the LES is
able to reproduce the main characteristics of ttesgure oscillations in the combustion
chamber. However, the dominant frequency at ardl0@D Hz observed in the experiment
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5.3 Numerical Results

features significantly smaller amplitudes in theS.EAs illustrated by the contour plot of the
axial velocity and the spectrum of the axial velpdn the monitor point 1 (MP1) in Figure
5.8, this peak possibly represents an oscillatssoeiated with the vortex shedding frequency
at the outlet of the inner swirler. The deviatiatween the experiment and the LES may be
caused by the missing fuel flow in the experimerte fuel flow in the LES possibly
increases the turbulence near the exit of the imwarler which results in an increased
dissipation of the shed vortices.
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Figure5.7. SBS, Py, = 25 kW, ¢p = 0.7, L = 1.6: RM S velocity fluctuationsin the non-
reactive flow at different axial distancesto the nozzlein the LES and the experiment
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Figure5.8. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Spectra of pressure oscillationsin the
combustion chamber in the experiment and at MP1 in the LES and velocity spectrum at
MP2; contour plot of the instantaneous axial velocity

The spectra of the pressure oscillations in thesrirplenum at MP4 (Figure 5.9) indicate
that the LES overestimates the pressure oscillatiorthe inner plenum. This may explain
why the velocity fluctuations are increased in thES, since the augmented pressure
oscillations lead to increased flow rate oscillaioThe two dominant modes in the measured
pressure spectrum at ~140 Hz and ~520 Hz are #@#aevin the spectrum of the LES, but
show much higher amplitudes, especially the osmhaat ~520 Hz. As illustrated in the
contour plot of thep',,s —values in the inner plenum, the high amplitudeth&f ~520-Hz
mode is due to the formation of a standing halfevavthe inner plenum. The formation of
this standing wave is fostered by the zero gragieedsure BC, which has infinite impedance
and is therefore perfectly reflective for any indoghpressure waves, whereas the perforated
plate installed in the real combustor causes aufrgy-dependent damping of the incoming
pressure waves and may lead to attenuation of tides(see 5.1.3). The lack of attenuation
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compared to the experimental setup is most likegponsible for the overestimation of the
pressure amplitudes in the inner plenum in the UBShe spectrum of the MP3 in the inner
swirler, the oscillation at ~140 Hz features anreligher amplitude, whereas the oscillation
at ~520 Hz is slightly damped. Due to the matcHneguencies, the oscillation at ~140 Hz

most likely represents the equivalent oscillatiorLE-Model. The pressure spectrum of the
LES in the inner plenum also shows increased aut#g in the frequency range of LF-

Mode3, which complies with the findings in the dission of the experiments.
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Figure5.9. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Spectrum of the pressure oscillationsin
theinner plenum (IP) in the non-reactive flow in the LES and the experiment; contour
plot of the standing half-wavein theinner plenumin the LES

As indicated by the high'.,,s -values near the isoling,, = 0, the pressure oscillations in the
inner swirler also strongly affect the structuretloé IRZ, since they directly influence the
pressure gradient which enables the formation®iRZ. LF-Model is the dominant pressure
mode in the inner swirler at MP3, as illustrated=igure 5.10. The spectrum of the mixture
fraction at MP3 (Figure 5.11) also shows a domirigeguency in the frequency range of LF-
Model (130-140 Hz).
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These findings corroborate the assumption made.®nl4%, where it is stated that the
oscillation of LF-Model causes a periodic changdhéwidth of the IRZ near the nozzle exit,
which in turn evokes a periodically increased ngxiof fuel into the IRZ. However, the

maximum amplitudes in the spectrum of the mixtuection oscillations are observed at
1100 Hz.
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Figure5.10. SBS, Py, = 25 kW, ¢ = 0.7, L = 1.6: Spectrum of the pressure oscillationsin
theinner swirler (1S) at MP3in the non-reactive flow in the LES

A possible explanation for this mixture fractiorcitlation is the PVC, which strongly affects

the mixing process of fuel and air flow, as illaséd in Figure 5.12. The PVC interacts with
the fuel jets due to its tumbling movement andeases the mixture intensity, as indicated by
the isoline of the stoichiometric mixture fractiorhe presence of the PVC near the nozzle
exit also indicates that the velocity fluctuatiamsar the nozzle exit are not only associated

with acoustic oscillations, but are also causedhymyrodynamic pressure oscillations induced
by the PVC.
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Figure5.11. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Spectrum of the mixturefraction
oscillations at M P2 and isoline of the stoichiometric mixture fraction near the nozzle exit
in thenon-reactive flow in theLES
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Figure5.12. SBS, Py, =25kW, ¢ = 0.7, L = 1.6: Visualization of the PVC with the

isosurface at p = 99600 Pa in the LES of the non-reactive flow
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5.3.1.2 LES Single-Burner Setup, P =30 kW, ¢ =0.85,L = 1.6

Comparison of the calculated velocity fields with the PIV measurements

Figure 5.13 shows the velocity profiles of the Rivasurements and the LES in the non-
reactive flow at different distances to the nozelét at the OPP,, = 30 kW, ¢ = 0.85 at
L=1.6. The air mass flow rates through the swsrlare only slightly decreased in
comparison to the previously discussed OP andudlenfiass flow rate is decreased by 20 %.
Since the fuel mass flow rate is still very smalinpared to the air mass flow, the flow fields
in the combustion chamber at both OPs are expéatee very similar.
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Figure5.13. SBS, Py, =30kW, ¢ =0.85, L = 1.6: Time-averaged velocity profilesin the
non-reactive flow at different axial distanceto thenozzlein the LES and the experiment
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This is indeed the case for the results of the PBAsurements. The results of the LES also
show similar results for the two OPs, but the dédfeces between the mean velocity fields are
greater than in the experiment. The LES for theRgR= 30 kW, ¢ = 0.85 shows a narrower
jet angle of the swirl flow than &,;,, = 25 kW,¢ = 0.7, as illustrated in the contour plot of the
axial velocity in Figure 5.14. This results in achubetter agreement between the results of
the LES and the PIV measurements, which is alsacdke for the RMS-values of the velocity
fluctuations (Figure 5.15). Especially at= 20 mm andx = 30 mm, the deviations of the
mean velocities between the experiment and the d&rleSignificantly reduced. Regarding the
velocity fluctuations, the PIV results and the LE&h show increased valuesPat = 30 kW,

¢ = 0.85, but the difference between the OPs is msaeificant for the PIV results. The
reduction of the width of the IRZ observed in tHe9 with increasing fuel flow is something
that can be expected, since the increased fuel fltagsate augments the axial momentum
flux of the flow in the inner swirler. This is ilrated by the increased maximum of the
calculated mean axial velocity B}, = 30 kW,¢ = 0.85 atx =5 mm.
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Figure5.14. SBS, Py, =30kW, ¢ =0.85, L = 1.6: Contour plots of the time-aver aged
axial velocity in the non-reactive flow in the LES and the experiment
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The turbulent kinetic energy in the inner swirldr Ry, = 30 kW, ¢ = 0.85 is increased
compared tdy, = 25 kW,¢ = 0.7 (Figure 5.16). This is most likely the resflthe increased
fuel flow rate. The increased turbulent kinetic rggyeleads to a more broadband distribution
of the pressure oscillations in the combustion demat MP1 atP,, = 30 kW, ¢ = 0.85
(Figure 5.17). The augmented turbulent intensitgrnée nozzle outlet also influences the
mixture fraction oscillations.
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Figure5.15. SBS, Py, = 30 kW, ¢ =0.85, L = 1.6: RM Svelocity fluctuationsin the non-
reactive flow at different axial distanceto the nozzlein the LES and the experiment

The spectra of the mixture fraction oscillationsMi®3 indicates that the mixture fraction
oscillation associated with LF-Model is reducedg@t= 30 kW, ¢ = 0.85, as illustrated in
the spectrum in Figure 5.18. Also the modes aro8®@d Hz, 450 Hz and 900 Hz show
reduced amplitudes. Therefore the flow charactesishear the nozzle outlet are very
sensitive to changes of the fuel flow rate.
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The PVC remains the main source of the mixturetisacoscillations at MP2. The isoline of
the mean stoichiometric mixture fraction shows #statchiometric mixtures are also found at
the burner axis, which is most likely the resulttioé increased fuel flow rate. Figure 5.19
shows a visualization of the PVC with an isosurf@sodine atp = 99600 Pa. The contour plot
of the mixture fraction illustrates the strong ughce of the PVC on the mixing process.
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Figure5.16 SBS, L = 1.6: Contour plots of the time-averaged turbulent kinetic energy in
thenon-reactiveflow intheLESat Py, = 25 kW, ¢ = 0.7 (I.h.s.) and Py, = 30 kW,
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Figure5.17. SBS, L = 1.6: Comparison of the spectra of the pressure oscillationsin the
combustion chamber (CC) at MP1for Py, =25kW, ¢p =0.7 and Py, = 30 kW, ¢p = 0.85
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Figure5.18. SBS, Py, =30kW, ¢ =0.85, L = 1.6: Spectrum of the mixture fraction
oscillations at M P2; isoline of the stoichiometric mixturefraction in the LESin the non-
reactive flow
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Figure5.19. SBS, Py, = 30kW, ¢ = 0.85, L = 1.6: Visualization of the PVC with an
isosurface at p = 99600 Pa for the LES of the non-reactive flow
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5.3 Numerical Results

5.3.1.3 LES Multiple-Burner Setup 2, Pw, = 30kW/burner, ¢ = 0.85,L = 1.6

Comparison of the Mean Velocities in the SBS and the MBS2

Figure 5.20 shows the computed velocity profilesliferent axial positions in the SBS and
the MBS2 atP,, = 30 kW/burner,¢ = 0.85 atL = 1.6. Values > 1 of the normalized
coordinate indicate the side of the adjacent buiméine MBS2. Atx = 5 mm, the velocities
in the SBS and the MBS2 are quite similar. The flawhe SBS features a higher absolute
value of the maximum negative velocity in the IRZle burner axis. Also the maxima of the
axial velocity in the positivec-direction and the tangential velocity are higherthe SBS.
However, the radial velocities in the MBS2 excdsel anes in the SBS.
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Figure5.20. SBS, MBS2, P, = 30 kW/burner, ¢ = 0.85, L = 1.6: Time-averaged velocity
profilesin the non-reactive flow
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Figure5.21. SBS, MBS2, Py, = 30 kW/burner, ¢ =0.85, L = 1.6: Axial velocitiesand
recirculation zonesin the non-reactive flow

At the axial positions farther downstream, it igic@able that the maximum of the tangential
velocity in the flow field of the MBS2 is located higher radial distances than in the SBS.
This is also the case for the radial velocitiesichtalso attain higher maximum values in the
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5.3 Numerical Results

MBS2 than in the SBS. In the MBS2, the transporarmjular momentum to greater radiuses
seems to be more intense. As a consequence, thésIRider in the MBS2 than the in the

SBS, which is also illustrated by the contour plotshe axial velocities and the isoline at
U,y = 0 in Figure 5.21. The swirl flow in the MBS2athes to the wall at a smaller axial

distance to the nozzle. In addition, it can be ol that the ORZs of the adjacent swirl jets
combine to form a unified recirculation zone.

The profiles of the RMS velocity fluctuations ateow/n in Figure 5.22. The profiles comply
with the observations made for the mean flow fiellise velocity fluctuations in the radial
direction are significantly increased in the MBS@npared to the SBS, especially in the
direction of the adjacent burner. The augmentedakactlocity fluctuations in the MBS2
possibly cause the increased transport of angutanentum in the radial direction.
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Figure5.22. SBS, MBS2, P, = 30 kW/burner, ¢p =0.85, L = 1.6: RM S velocity
fluctuationsin the non-reactive flow
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5. Numerical Investigations

Figure 5.23 shows the vectors of the velocity congmbs in theyx-plane atc = 0.03 m. The
co-rotating swirl jets induce a secondary flowhe tentre of the combustion chamber which
rotates in the opposite direction of the swirl jets

npmEn i ENHARRE
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4
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Figure5.23. MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: Vectors of the velocity
componentsin the yz-planeat x = 0.03

Oscillations of Pressure, Velocity and Mixture Fraction

Figure 5.24 compares the pressure oscillationsiencombustion chamber computed by the
LES with the measured pressure spectrum. A gooeeaggnt between the measured and the
computed spectrum is observed.
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Figure5.24. MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: Comparison of the measured
and computed pressure oscillations in the combustion chamber
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5.3 Numerical Results

The deviation of the peaks at around 1000 Hz inLtB® may be caused by the missing fuel
flow in the experiment which leads to a smallegfrency of the described vortex shedding at
the nozzle outlet. The frequency at ~1150 Hz inltB&-spectrum most likely belongs to the

PVC and represents hydrodynamic pressure oscigtiovhich are not captured by the

microphone in the experiment.

The spectrum of the mixture fraction oscillatiotsMP2 (Figure 5.25) comply with the
assumption that the peak in the computed prespacrsm corresponds to the PVC. Similar
to the SBS, the dominant frequency is found aralitsD Hz. The amplitudes of the mixture
fraction oscillations in the MBS2 are generally #arathan in the SBS. The most significant
differences are the peaks in the spectrum of th® &B360 Hz and 750 Hz, which are not
observed in the MBS2.

R 085 ] sBS.g,./E,MP2
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Figure5.25. SBS, MBS2, Py, = 30 kW/burner, ¢ = 0.85, L = 1.6: Mixturefraction
oscillationsin the non-reactive flow at M P2

The PVC can be visualized by an isosurface of tilesgure ap = 99600 Pa, as shown in

Figure 5.26. It is clearly visible that the PVCosigly affects and intensifies the mixing

process of air and fuel. The spectra of the axaéddbaity in the inner swirler at MP3 and the

inner plenum at MP4 (Figure 5.27) illustrate thlaé tmultiple-burner arrangement has a
destabilizing effect on the IRZ. The amplitudestwé axial velocity oscillations in the inner

plenum are significantly smaller in the MBS2 andyonne peak in the range of the

190-Hz mode is observed. However, the velocityysbdtions in the region at the onset of the
IRZ in the inner swirler exceed the ones in the $§San order of magnitude. The contour
plots of the mixture fraction oscillations in Figub.28 also illustrate the higher mixing

intensity in the MBS2 in the radial direction, whas the SBS shows a higher mixing rate in
the axial direction, which is indicated by the iselof the stoichiometric mixture fraction.
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Figure5.26. MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: Visualization of the PVC
with theisosurface at p = 99600 Pa in the MBS2
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LES,L=1.6
P, =30 kW/burner, ¢ = 0.85, 0 SBS, u’_ . /i, , MP4, IP
Non-reactive flow 0 MBS2, v’ /ii, , MP4, 1P
0.06 - I
IE;:
¢ 0.04 -
T 0.02 1
0
100 300 500 700 900 1100 1300 1500
/(Hz)
I MBS2,u’, . /i, |, MP3,1S
0 SBS, u’, . /i |, MP3,1S
20 0.5
; 15 I
< 10 g
o =
2 4
S n
0
100 300 500 700 1100 1300 1500

./'(HZ)

Figure5.27. SBS, MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: Axial velocity
oscillationsat MP3in theinner swirler (1S) and at MP4 in theinner plenum (I1P)
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Figure5.28. SBS, MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: RMS mixture fraction
oscillations and isoline of the stoichiometric mixturefraction in the non-reactive flow
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5. Numerical Investigations

Mean Recirculation Rates in the SBS and the MBSZ2 in the Non-Reactive Flow

Figure 5.29 compares the mass flow recirculatidasran the IRZ and the ORZ, the global
mass flow recirculation rate and the angular moomantlux. The terms of the turbulent
fluctuations were neglected in the calculationted aingular momentum flux. In the MBS2,
the mass recirculation rates and the angular mamefiux were calculated for one single-
burner, which was extracted from the flow region.
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Figure5.29. SBS, MBS2 at Py, = 30 kW/burner, ¢ =0.85, L = 1.6: Mass flow
recirculation rates and angular momentum flux

It is clearly visible that the MBS2 features a #igantly higher inner recirculation rate,
whereas a higher amount of mass is recirculatederORZs of the SBS. The characteristics
of the swirl flow in the MBS2 are much more comyeato a swirl jet in wall jet regime, in
spite of the missing side walls and the slightlgueed angular momentum flux around
x = 0.08.
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5.3 Numerical Results

The swirl flow in the SBS features the charactmssof a free-jet, with high mass flow

recirculation rates in the ORZs. The slight decgeak the angular momentum flux in the
MBS2 with increasing axial distance to the nozzlaynbe caused by the reduction of the
angular momentum due to the adjacent swirl jet rilesd by Hirsch et al in [27], as already
discussed in 4.5.5.

5.3.2 Reactive Flow
5.3.2.1 LES Single-Burner Setup, Pu =25 kW, ¢ =0.7,L=1.6

Comparison of the calculated velocity fields with the PIV Measurements
At Py, = 25 kW, ¢ = 0.7, the mean velocity profiles of all veloctgmponents derived from
the LES agree quite well with measured values, Wwhiwisible in Figure 5.30.
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Figure5.30. SBS, P, =25kW, ¢ = 0.7, L = 1.6: Time-averaged velocity profilesin the
reactive flow at different axial distancesto the nozzlein the LES and the experiment
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5. Numerical Investigations

However, some deviations between the simulationtb@experiment are visible. Noteworthy
are the higher radial velocities in the LEScat 10 mm and 20 mm. In addition, the angle of
the swirl jet predicted by the LES exceeds the @mserved in the PIV measurements, which
is visible atx = 20 mm andc = 30 mm as well as in the contour plot of the bx&ocity in
Figure 5.31. The LES seems to overestimate thalr&dinsport of angular momentum. It is
possible that the reason for the observed devid@ween the LES and the PIV is caused by
the increased turbulence level in the LES neamthezle outlet. This was also observed for
the non-reacting flow. The location of the maximuatues of the RMS velocity fluctuations
of the LES and the PIV measurements are very sinblat the calculated maximum values
are more than 100 % higher in the LES than in ttpeement (Figure 5.32). The increased
turbulence intensity in the LES possibly increasesradial transport of angular momentum,
which results in a more wall-bounded flow field tha the experiment.
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Figure5.31. SBS, Py, =25kW, ¢ = 0.7, L = 1.6: Contour plots of the time-averaged axial

velocity in thereactive flow in the LES and the experiment

The velocity fluctuations are highly dependent twe intensity level of the combustion
dynamics, and more intense pressure oscillationgnalty lead to increased velocity
fluctuations. Therefore the intensity of the undieheat release of the flame has a major
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5.3 Numerical Results

influence on the velocity fluctuations in the expent and the LES. Therefore different
amplitudes of unstable modes in the PIV measuresremdl the LES may contribute to the
observed deviation. It is also possible that th& li& not statistically converged, considering
the computed time period of ca. 0.12 s. This cad e deviations of the mean and the RMS
values between the LES and the experiment, whemgdig times of about 1 s are common.
In addition, as outlined in the discussion of then-meactive flow, the inlet BCs do not

consider possible damping effects of the perforagikdes, which can result in increased
velocity fluctuations. This is discussed in mordadein the next but one section, where
spectra of heat release, velocity and pressurdaigms are analysed.
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Figure5.32. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: RM Svelocity fluctuationsin the
reactive flow at different axial distancesto thenozzlein the LES and the experiment
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5. Numerical Investigations

Mean fields of Mixture fraction, Temperature and Heat release

Figure 5.33 shows the average temperature andréleaise distributions in the combustion
chamber. The maximum calculated temperatures atieeimange of 1900 K and are located
inside the IRZ. The IRZ and the ORZs stabilize flaene by recirculating burnt gases, as
indicated by the high temperatures in these ar€hs. high mean reaction rates near the
nozzle outlet on the burner axis are induced biclsimmetric mixture fractions. The flame
shape and the distribution of the main reactionesoresembles the mean OH*-intensity
(Figure 5.34).

p = 97000 Pa

(e2]
(=)
o

N
5)
S

lll”_m|ll|| N

Figure5.33. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Mean temperaturefield in the
combustion chamber (I.h.s.); Mean heat release field (r.h.s.)
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Figure5.34. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Mean mixturefraction in the
combustion chamber
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5.3 Numerical Results

Pressure, Velocity and Heat Release Oscillations

At first, it should be investigated whether or tio¢ LES is able to reproduce the combustion
dynamics of the flame pulsation which was observethe experiment. Figure 5.35 shows
both the measured and the calculated spectra gbréssure oscillations in the combustion
chambers.

The spectra show a partial agreement between expetriand simulation, as the dominant
frequencies at 320 Hz, 570 Hz, 700 Hz and 800 Hhenmeasured spectrum are reproduced
by the LES. However, the peak frequency in the cBistitutes around 480 Hz and therefore
does not match with the measured peak frequencichwh ~400 Hz. In addition, several
peaks show higher amplitudes in the LES. As megtioin the discussion of the results for
the non-reactive flow, this may be induced by thespure BC at the inlets which lack the
frequency-dependent attenuation of the perforatesplinstalled in the real combustor.
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Figure5.35. SBS, Py, =25kW, ¢ = 0.7, L = 1.6: Measured and calculated spectrum of
the pressure oscillationsin the combustion chamber

Comparing the spectra of the OH*-intensity andHhbat release oscillations calculated by the
LES, one can observe that the normalized heatseleacillations are significantly smaller
than the OH*-intensity oscillations (Figure 5.36Jowever, several peaks in the spectra
match, for example at ~380 Hz and ~570 Hz. Theee saveral possible reasons for the
deviation between heat release and OH*-intensityllagons. First, as discussed in 4.2.2, the
OH*-intensity oscillations are most likely assoeidtwith heat release oscillations as well as
equivalence ratio oscillations, since the flamend$ perfectly premixed. In addition, if the
oscillation in the LES at ~380 Hz corresponds tdhcillation of the 400-Hz mode observed
in the experiment, then the 400 Hz-Mode apparettlgs not reach similar amplitudes in
terms of heat release and pressure oscillations.
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Figure5.36. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: OH*-intensity spectrum of the high-
speed OH*-recordings and heat release oscillations computed by the LES

Figure 5.37(a) shows the time series plot of that helease calculated by the LES. The
plotted time does not correspond to the overall paimg time. Starting with the cold flow
solution, the LES was run for about 0.01 s (physitae) in order to wait for the initial
disturbances to settle down and the flame to spireaidde the combustion chamber. Another
0.01 s was computed in order to wait for the reactiow to generate instabilities. The plot
demonstrates the discussed problem when performeeifyexcited LES (see 3.4.2) of
combustion instabilities. A lot of interfering fregncies are visible and it is not clear, whether
or when the system will tune to one specific oatitin when the simulation is continued.
However, the presence of several modes in the lda$lies with the experiment.

More distinct periodic fluctuations of the heateigde are visible at the end of the time series
plot. This is also illustrated by the plot in Figus.37(b), which shows the sequence marked
with the dashed rectangle in Figure 5.37(a). Initaaddto the heat release oscillations, the
pressure oscillations at MP1 are plotted. At thgifb@ng of the sequence, pressure and heat
release are in phase, which leads to augmentedyseeand heat release oscillations. Starting
at around 0.082 s, the phase between the pressdreeat release oscillation starts to grow
again, and the amplitudes of pressure and heatseslescillation start to diminish. It appears
that several modes in the heat release fluctuadomsterfering, which leads to temporary in-
phase oscillations of heat release and pressuresti&th or not the temporary in-phase
oscillations of heat release and pressure takes gladodically could only be determined by
additional computing. The spectra of the sequentédse pressure and heat release are shown
in Figure 5.38. Two major modes for pressure arat helease are observed in the range of
400 Hz and 570 Hz. The 570-Hz mode is much moreimkm compared to the mode at
400 Hz, and features significantly higher ampliwdethe LES than in the experiment.
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Figure5.37. SBS, Py, =25kW, ¢ = 0.7, L = 1.6: (a) Time series plot of computed heat
release; (b) Sequence of computed heat release and pressure oscillations

Therefore, the mode at 570 Hz represents the miagtable mode predicted by the LES. The
time series of the mass flow rates at the swiriéets, the fuel mass flow rate at the nozzle
outlet and the heat release shown in Figure 5l@8tiate the mechanism which drives the
instability. Since heat release and pressure incttmabustion chamber oscillate almost in
phase, the increasing heat release results in an &uther increase in the combustion
chamber pressure. The oscillating combustion chamigssure results in oscillations of the
air and fuel mass flow rates inside the nozzlectwhin turn modulate the heat release. The
oscillations of the mass flow rates show relativaystant frequencies around 570 Hz.

The instantaneous image of the heat release inrd-ig4d0 shows ring vortices which form
inside the combustion chamber. Due to the intenassnflow rate oscillation, the fuel-air-
mixture entering the combustion chamber is per@tlicaccelerated and catches up with the
slower fuel-air-mixture inside the combustion chambThe flow deflects in the radial
direction and forms the observed toroidal vortiddse coupling of the heat release oscillation
with the intense pressure oscillation in the inplenum is the mechanism which leads to the
unstable mode. The contour plot of the RMS presBuctuations indicates the presence of a
standing half-wave in the inner plenum. This isfeamed by the pressure spectrum at MP4 in
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5. Numerical Investigations

the inner plenum (Figure 5.41). The amplitude a$ tlesonance significantly exceeds the
measured amplitude. The deviation may again bea@ed by the different acoustic
impedances of the inlet BC in the LES and the patéal plate installed in the real combustor

and is possibly also the reason for the differegqjdiencies of the ring vortex formation in the
LES and the experiment.
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Figure5.38. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Spectra of the time sequence of
computed pressure und heat release oscillations shown Figure 5.37(b)
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Figure5.39. SBS, Py, =25kW, ¢ = 0.7, L = 1.6: Computed time series of mass flow rates
at theinlets of theinner (1S) and outer (OTS) swirler, fuel massflow rate at the nozzle
outlet and heat release
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Figure5.40. SBS, Py, =25kW, ¢ = 0.7, L = 1.6: Ring vortex formation in the
combustion chamber (l.h.s)); standing half wavein theinner plenum (I1P) (r.h.s.)
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Figure5.41. SBS, Py, = 25kW, ¢ = 0.7, L = 1.6: Measured and computed pressure

spectrain theinner plenum (1P)
5.3.2.2 LES Single-Burner Setup, Pu=30kW, ¢$ =0.85,L=1.6

Comparison of the Calculated Velocity Fields with the PIV Measurements

As discussed in 5.3.1.2, the LES of the non-readlow for Py, = 30 kW, ¢ = 0.85 shows a
much better agreement to the experimental reshdis the LES folPy, = 25 kW,¢ = 0.7. As
shown in Figure 5.42 and Figure 5.43, this is #&ocase for the LESs of the reactive flows.
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Figure5.42. SBS, Py, = 30kW, ¢ =0.85, L = 1.6: Contour plots of the time-aver aged

axial velocity in thereactive flow in the LES and the experiment
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5.3 Numerical Results

Deviations between the LES and the experiment bserved regarding the jet angle of the
swirl jet, which is wider in the LES. This compliegth the higher radial velocities in the LES
that cause an increased transport of angular mameta higher radiuses, as illustrated by the
velocity profiles of the tangential velocity. Aldbe calculated mean velocities and the RMS
values of the velocity fluctuations show resultatthre similar to the results obtained by the
PIV measurements (Figure 5.44). However, higheoarsi fluctuations are observed in the
LES, possibly induced by the inlet BCs, calculatione and different unstable modes, as
discussed in the previous section.
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Reactive flow, yz-plane, z =0

30 — LES |3,
201 PIVI | 20
101 47 T 101 | &
" / N ) f\ O_m \4’% g
-10- -101 B
201 - - 201 v
| | | | |
30- - - 30
201 L 201
10 A AN 104 B E
0_ ol S 7 }_ O_J\M&\ E
> -107 107 T
£ |20 £ 120 .
\EL [ [ Ix._ 1 1 I
30- - - 30-
20- 201 A
10- 10 4 gt g
0= 0] Py
-104 - - 101 - i
201 - - 2201 - v
| | |
304 - - 30
201 201
e AVA Y
01 X N 01 5
104 104 o
=201 =20 =
1 05 0 05 1 105 0 05 1
Y/ R Y/ R

Figure5.43. SBS, Py, = 30kW, ¢ =0.85, L = 1.6: Time-averaged velocity profilesin the
reactive flow at different axial distancesto thenozzlein the LES and the experiment
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Figure5.44. SBS, P4, = 30 kW, ¢ =0.85, L = 1.6: RM Svelocity fluctuationsin the
reactive flow at different axial distancesto the nozzlein the LES and the experiment

Mean fields of Temperature, Heat Release and Mixture Fraction

Figure 5.45 shows the results for the mean temyerabeat release and mixture fraction. The
highest temperatures of around 2200 K are locatélde IRZ. The increased fuel flow results
in higher maximum temperatures compared to the BijP= 25 kW, ¢ = 0.7. The high
temperatures of ~2000 K in the ORZ are caused byrekirculation of burned gases. The
isoline of the stoichiometric mixture fraction mchted further upstream thanPa = 25 kW,

¢ = 0.7, which is expected due to the increasedffael rate. The PVC is visualized by the
isoline at 97000 Pa. It also strongly affects theimg process in the reactive flow, but breaks
down at smaller axial distances to the nozzle thahe non-reactive flow.
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5.3 Numerical Results

The contour plot of the mean heat release rate shbat the flame stabilizes close to the
nozzle exit. The comparison with the recorded OH&miluminescence indicates a good
agreement between simulation and experiment ingesfnrmean flame position and mean
flame shape (Figure 5.46).

i

Stoichiometric
mixture fraction

Figure5.45. SBS, Py, =30kW, ¢ =0.85, L = 1.6: Mean fields of temperature and
mixturefraction

OH*-intensity

__ NN

Figure5.46. SBS, P4, = 30 kW, ¢ =0.85, L = 1.6: Calculated mean heat releasein the
LES (l.h.s.) and Abel-transformed mean OH*-chemiluminescence (r.h.s)
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5. Numerical Investigations

Pressure, Velocity and Heat Release Oscillations

Figure 5.47(a) compares the computed and measuesdype oscillations in the combustion
chamber. It is observed that the unstable modeigteed by the LES differs from the
experiment.

LES,L=1.6
P, =30kW, ¢=0.85,
| Reactive flow
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Figure5.47. SBS, Py, =30kW, ¢ =0.85, L = 1.6: (a) Computed spectrum of the pressure
oscillationsin the combustion chamber (CC) in theLES at MP1 and measured pressure
spectrum; (b) Heat release oscillationsin the LES and OH*-intensity oscillations

Similar to the LES of ORPy, = 25 kW, ¢ = 0.7, the peak amplitude is found at around
570 Hz, whereas in the experiment the 750-Hz medba dominant pressure oscillation, as
illustrated in the discussion of the experimengdults. A dominant pressure mode around
750 Hz is also found in the spectrum of the LES,vaith significantly lower amplitudes. A
peak in the range of the dominant mode predictethbyLES can also be observed in the
measured spectrum, but at much lower amplitudegir€i5.47(b) illustrates that the unstable
mode in the LES is caused by the coupling betwkemhsteady heat release and the pressure
mode at 570 Hz. Figure 5.48 shows that heat relaadepressure oscillate temporarily in

155



5.3 Numerical Results

phase which amplifies the instability, but the systdoes not reach a “stable” limit cycle with

constant amplitudes of pressure and heat relebleash not in the simulated period of time of

around 0.12 s. Instead, the amplitudes temporatdgrease and increase again, which
indicates that pressure and heat release are emlgararily in phase. This is also visible at

the end of the sequence shown in Figure 5.48.
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Figure5.48. SBS, Py, =30kW, ¢ =0.85, L = 1.6: Pressure and heat release oscillation in
theLES

The instability is driven by oscillations of the ssaflow rate, as indicated by the oscillations
of the mass flows in the plenums and the fuel ftate at the nozzle outlet (Figure 5.49). The
heat release periodically oscillates with a phasgleaof around 180° to the flow rate
oscillations. The heat release simultaneously as@e with the pressure, which causes the
pressure to rise even more. The oscillating pressiiop between the plenums and the
combustion chamber modulates the flow rate of tindual mixture into the combustion
chamber, which in turn modulates the heat release.

Similar to the LES of the OP,, = 25 kW,¢ = 0.7, the strong pressure oscillation at ~570 Hz
is caused by a standing half-wave that forms initimer plenum. As a consequence, the
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5. Numerical Investigations

spectrum of the pressure oscillations in the irplenum shows the maximum amplitudes in
this frequency range (Figure 5.50). The amplitutithe oscillation significantly exceeds the
one in the experiment. As discussed in the prevsagsions, this is most likely induced by the
different acoustic impedances of the inlet in tHeSLand the perforated plate located at the

position of the numerical inlet in the real comloustFigure 5.51 illustrates the pressure
oscillation in the inner plenum.

—0®/Q
m(t)/m, 1S
2+ — m(t)/m, OTS
—— m(t)/m, CH4

m(t)/m

m(t) /m

time (s)

Figure5.49. SBS, Py, = 30 kW, ¢ =0.85, L = 1.6: Oscillations of fuel and air mass flow
ratesand heat releasein the LES
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Figure5.50. SBS, P, =30kW, ¢ =0.85, L = 1.6: Comparison of the pressure oscillations
in theinner plenum in the LES and the experiment
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Oscillating pressure at inlet
of inner swirler with

f =570 Hz
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o
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Figure5.51. SBS, Py, =30kW, ¢ =0.85, L = 1.6: Oscillating pressurein theinner
plenumat f =570 Hz

In contrast to the previously discussed BpP= 25 kW, ¢ = 0.7, the oscillation of the flow
rate at 570 Hz does not lead to the formation o wortices. The simulation shows an
unsteady wrinkling of the flame, which increases flame surface and therefore the heat
release (Figure 5.52). The wrinkling is causedrstabilities in the shear layers of the swirl
flow, similar to Kevin-Helmholtz instabilities.

Flame wrinkling Flame wrinkling

Figure5.52. SBS, Py, =30kW, ¢ =0.85, L = 1.6: Framewrinkling and the formation of
flame pocketsobserved in the LES
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5. Numerical Investigations

5.3.2.3 LES Multiple-Burner Setup 2, Pm= 30 kW/burner, ¢ = 0.85,L = 1.6,

Comparison of the Flow Fields in the SBS and the MBS2

Figure 5.53 compares the mean velocity profiledifférent axial positions in the SBS and the
MBS2. In contrast to the flow fields in the nonctee flow, the flow fields in the reactive
flow are very similar in the SBS and the MBS2. Apected, differences are observed around
y/Rcc = 1, where the combustion chambers of the singtedys are connected in the MBS2
and a wall is located in the SBS. In this regitwe tangential velocities are higher than in the
SBS at equal radiuses.

SBS/MBS2 P, =30 kW/burner, ¢ = 0.85, L = 1.6
Reactive flow, yz-plane, z =0
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Figure5.53. SBS, MBS2, Py, = 30 kW/burner, ¢p = 0.85, L = 1.6: Time-averaged velocity
profilesin thereactive flow
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5.3 Numerical Results

The profile of the MBS2 clearly illustrates the lugnce of the adjacent swirl jets in the
reactive flow. In contrast to the earlier findinigs the non-reactive case, in the reactive flow
the setup of co-rotating swirl jets seems to desgr¢he swirl intensity. This may be the reason
why the maximum negative axial velocities in theZlBre greater in the SBS than in the
MBS2, especially near the nozzle outlet.

Further downstream, the value of the maximum negatkial velocity in the MBS2 exceeds
the one in the SBS, as shown in Figure 5.54. Thimast likely induced by the missing side
walls in the MBS2 which results in different flovielids in the SBS and the MBS2, as
indicated by the axial velocity profile at= 50, 60 mm. The IRZ is longer and slightly wider
in the MBS2, as illustrated in the contour plotglod axial velocity in Figure 5.55. Similar to
the non-reactive case, a combined recirculatiorezzan be observed between the adjacent
burners in the MBS2.

The RMS velocity fluctuations in Figure 5.56 shdvwattthe fluctuations in the SBS exceed
the ones in the MBS2, apart from the interfaceae®f the swirl flows. In particular, the
velocity fluctuations in the radial direction areora intense in the MBS2. However, the
overall characteristics of the velocity fluctuatoare similar in both combustor setups.

SBS/MBS P, =30 kW/burner, ¢ = 0.85, L = 1.6
Reactive flow, yz-plane, z =0

a LES, SBS
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Figure5.54. SBS, MBS2, Py, = 30 kW/burner, ¢ =0.85, L = 1.6: Time-averaged velocity
profilesin thereactive flow
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Figure5.55. SBS, MBS2, P, = 30 kW/burner, ¢p =0.85, L = 1.6: Axial velocities and
recirculation zonesin thereactive flow in the SBS and the MBS2
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SBS/MBS2, P, = 30 kW/burner, ¢ = 0.85, L = 1.6
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Figure5.56. SBS, MBS2, P, = 30 kW/burner, ¢p =0.85, L = 1.6: RM S velocity
fluctuationsin thereactiveflow in the SBS and the MBS2 at P, = 30 kW/burner,
¢$=0851L=16

Mean fields of Mixture fraction, Temperature and Heat release

Figure 5.57 and Figure 5.58 show the time-averagedure fraction and temperature fields
in the MBS2. The mixing in the radial direction seeto be less intense in the flow region
between the swirl jets, as indicated by the isotih¢he stoichiometric mixture fraction. The
PVC is indicated by the isoline at= 99600 Pa. Similar to the findings for the reaetilow

in the SBS, the PVC strongly affects the mixingha vicinity of the nozzle outlet, but breaks
down at smaller axial distances to the nozzle ihathe non-reactive flow. The maximum
temperatures constitute around 2230 K and aredddatthe IRZ, close to the isoline of the
stoichiometric mixture fraction. The maximum temgdares found in the ORZs are smaller
than in the SBS and have values around 1700 Kr&igub9 shows the mean heat release in
the MBS2 and compares it to the mean heat releasieei SBS. The MBS2 shows higher
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5. Numerical Investigations

maximum heat release rates. The reaction zoneiie tispersed in the SBS and the reaction
also takes place in proximity to the ORZ. As a liedhe unsteady recirculation of burned
gases into the ORZ takes place more frequentlyhen $BS which explains the lower
temperatures in the MBS2 in these flow regions.

=
=
Iy

p = 99600 Pa

Figure5.57. MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: Mean mixture fraction and
PVC at p = 99600 Pa

~l

Figure5.58. MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: Mean temperature and IRZ
(indicated by theisoline at u,, = 0)
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5.3 Numerical Results

Figure5.59. MBS2, P, = 30 kW/burner, ¢p =0.85, L = 1.6: Mean heat releasein the
MBS2 and the SBS
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5. Numerical Investigations

Figure 5.60 shows the vectors of the velocity congmbs in theyx-plane atx = 0.03 m.
Similar to the non-reactive case, the co-rotatingrlgets induce a secondary flow in the
centre of the combustion chamber which rotatebaréverse direction.
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Figure5.60. MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: Vectors of the velocity
componentsin the yz-planeat x = 0.03 in the reactive flow

Pressure, Velocity and Heat Release Oscillation

Figure 5.61 shows the computed heat release ibEBeof the MBS2. Oscillations of the heat
release are clearly visible, but the amplitude #redfrequency of the oscillations vary over
time. Pressure and heat release are only temponandhase. As a consequence, no unstable
mode develops in the simulated period of timehkndéxperiment, the 400-Hz mode is clearly
the dominant mode of the pressure and OH*-intenssillations, whereas the LES shows
several modes with equivalent amplitudes for presand heat release (Figure 5.62). A peak
IS also observed at around 400 Hz, but for the tagpresents the oscillation corresponding
to the 400-Hz mode observed in the experimengatures significantly lower amplitudes.

Figure 5.63 shows that the dominant pressure nmoteeiinner plenum in the MBS2 is in the
frequency range around 540 Hz. A similar mode veasdl in the inner plenum for the cases
of the SBS. Similar to the SBS, the pressure @dimh leads to oscillations of the flow rate of
the air-fuel mixture at the nozzle outlet, as iatike by the spectrum of the overall fuel mass
flow rate at the nozzle outlet in Figure 5.64. Hoesm the spectrum of the heat release
oscillations reveals that the multiple-burner flaexdibits a stronger response to the flow rate
perturbations in the frequency range of 150-400IHzcontrast to the flame in the SBS, it
does not couple with the dominant mode at 540 He dscillations of the heat release are
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5.3 Numerical Results

induced by unsteady flame wrinkling due to theratéon of the flame with vortices in the
shear layer of the swirl flow, as illustrated imgéie 5.65.

One possible reason for the deviation of the LE&fthe experiment may again be reasoned
by the different acoustic impedances of the nurakridets and the perforated plate installed
in the real combustor. The amplitude of the mod&4&x Hz exceeds the amplitude observed
in the experiment (Figure 5.63) and therefore sltdre acoustics in the inner plenum
compared to the experiment. In this way, it maywpne the amplification of one of the other
modes to which the flame shows a stronger response.

Another reason for the deviation between the erpmmt and the LES may be the

computation time. In the experiment, the multiplerters oscillate in phase, but they may
require a certain amount of time in order to tumene frequency. Of course, this does not
pose a problem in the experiment, but represerig)assue in the LES, due to its high

demand of computational effort.
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Figure5.61. MBS2, Py, = 30 kW/burner, ¢ =0.85, L = 1.6: Pressure and heat release
oscillation in the LES of the MBS2
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Figure5.62. MBS2, Py, = 30 kW/burner, ¢ = 0.85, L = 1.6: Pressure and heat release
oscillationsin the LESin comparison to pressure and OH*-intensity oscillationsin the

experiment
MBS2,L=1.6
| P, =30kW/burner, ¢ = 0.85,
| Reactive flow | p'_, LES, MP4
: — p' 1P, Exp.
120 _ p rms p

(dB/Hz)

rms

PSD

100 300 500 700 900 1100 1300 1500
J(Hz)

Figure5.63. MBS2, Py, = 30 kW/burner, ¢p = 0.85, L = 1.6: Pressure oscillationsin the
inner plenum in the LES of the MBS2
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Figure5.64. MBS2, P, = 30 kW/burner, ¢p = 0.85, L = 1.6: Oscillations of the overall
fuel massflow rate at the outlet of thelSin the LES of MBS2

Figure5.65. MBS2, P, = 30 kW/burner, ¢ = 0.85, L = 1.6: Flame wrinkling due to
vorticesin the MBS2

Mean Recirculation Rates in the SBS and the MBSZ in the Reactive Flow

The mass flow recirculation rates are often consui¢o be a measure for the stability of the
flame, since the recirculation of burned gases r@ssiine ignition of the fresh gases entering
the combustion chamber. The mass flow recirculatatas also affect the characteristic time
scales of the flame and therefore affect its thewonastic response to pressure and velocity
perturbations.

Figure 5.66 shows the mean recirculation ratestaaéngular momentum flux in the reactive
flow at Py, = 30 kW/burnerg = 0.85,L = 1.6.
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Figure5.66. SBS and the MBS2 at P, = 30 kW/burner, ¢ =0.85, L = 1.6: Mean
recirculation rates and angular momentum flux in thereactive flow

As indicated by the results for the mean velocities flow characteristics in the MBS2 and
the SBS are much more similar in the reactive ¢thae in the non-reactive case. The most
significant difference is represented by the higleeirculation rates in the IRZ in the SBS up
to x = 0.04 m, which complies with the observations enfat the mean axial velocities. The
outer recirculation rates are almost equal and exkdbke ones in the IRZ. As a result, the
overall mass flow recirculation rates are also veipilar in both combustor setups. The
slightly decreased inner recirculation rate maynoeiced by the reduced swirl intensity in the
MBS2 near the nozzle exit. As pointed out in thecdssions of the experimental results in
4.5.5, this may be the result of the effect desdtibby Hirsch et al. in [27]. Due to the
exchange of angular momentum between the co-rgtatinrl flows, the swirl intensity of the
mass flow recirculated in the ORZ is reduced whircturn results in a decrease in the overall
effective swirl number.
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5.3.2.4 Estimation of the Convective Time Delay in the LES

The convective time delay represents a charadtetiste scale of the flame, as discussed in
3.4.1. In order to further characterise the sinmdaturbulent flames in the SBS and the
MBS2, the convective time delay was estimated utegstreamlines of the mean flow field.
The streamlines correspond to the velocity comptném the xy-plane (parallel to the
combustion chamber wall) on a slice with the basmtplocated on the burner axis. The
streamlines start in the inner swirler 11 mm=-0.011 m) upstream to the nozzle exit, next
to the location of the fuel jets. Figure 5.67 ithases that the streamlines pass through the
main reaction zone, as indicated by the contouteemean reaction rate.

MBS2
Pth =30 KW/burner

¢ =0.85
Time delay (s)

y y \E

Mean reaction rate (kg/(m?s))

25 50 75
HHHHH‘H\HHH‘HHH\H‘\M
0 100

Figure 5.67. Streamlines used for the estimation of the convective time delay

From the streamlines, the points were extracteadiveBhow mean reaction rates in the range
of 80-100 % of the maximum mean reaction rate. fEhative frequencies of the determined
convective time lags are plotted in Figure 5.68 fine SBS and the MBS2 at
Py, = 30 kW/burnerg = 0.85 and in Figure 5.69 for the SBSgt= 25 kW,¢ = 0.7.

It is clearly visible that in the SBS &}, = 30 kW, ¢ = 0.85, a fluid particle or a perturbation
reaches the flame front with a significantly smati@nimum time delay of ~0.0007 s than in
the MBS2 atPy, = 30 kW/burner,¢ = 0.85 (~0.001 s). Also the time delays with the
maximum relative frequencies, which may be intdgateas the characteristic convective time
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delay, are higher in the MBS2 than in the SBShimMBS2, they are observed at ~0.0014 s
and at ~0.00125 s in the SBS.

Figure 5.69 shows that the characteristic timeydealaP,;, = 25 kW, ¢ = 0.7 in the SBS is
similar to Py, = 30 kW, ¢ = 0.85. Apparently, the flow characteristics amilsr for both
OPs, which may be expected as the air flows areoappately equal. The distribution of the
time delay appears to be narrowerPgt= 25 kW, ¢ = 0.7. This is possibly induced by the
decreased fuel flow rate, which in turn resulta smaller length of the main reaction zone, as
indicated in Figure 5.68.

SBS, P, =30 kW, ¢ =0.85,L =1.6
MBS2, P, =30 kW/burner, ¢=0.85, L =1.6
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Figure 5.68. Relative frequency of thetimelag in the SBS and the MBS2 at
Py, =30 kW/burner, ¢ =0.85and inthe SBSat Py, = 25kW, ¢p =0.7

SBS, P, =25kW, ¢=0.7,L=1.6

e
~

< <
\o] W
LI I B B L B [ B B I

relative frequency

e
=

1 ! ! ! ) 1 ! ! ! ) ] ! ! ! 1 !
0.0005 0.001 0.0015 0.002
time delay (s)

Figure 5.69. Relative frequency of thetimelag in the SBSat Py, = 25kW, ¢p =0.7

171



5.4 Concluding Remarks for the Discussion of thuenidrical Results

The discussed results for the convective time deiap only be interpreted as an
approximation for the characteristic time delaywdwer, the tendency is very clear and may
explain why the flame in the MBS2 shows a strongsponse to lower frequencies than the
flames in the SBS. As discussed in section 3.4dertin phase of the flame response to a
velocity or equivalence ratio perturbation is nekfte the generation of unstable modes. In
the MBS2, the flame response already shows theseapephase at lower frequencies than in
the SBS, due to the increased characteristic coneetime delay.

5.4 Concluding Remarks for the Discussion of the Numerical Results

The results of the LESs in this chapter show thatrhain characteristics of the mean flow
fields are captured by the performed simulatiomsc&the numerical results of the mean flow
fields in the SBS show a good agreement with th¥ Rdsults, it is likely that the
characteristic features of the mean flow fieldna MBS2 are reproduced by the simulation.

The non-reactive flows in the SBS show similar flbelds and the observed differences are
attributed to the higher fuel flow rate. Signifitatifferences were found between the non-
reactive flow fields in the SBS and the MBS2. Dé&sghe missing side walls, the MBS2

shows a much wider IRZ and features the charatterigf a wall-bounded flow. In contrast,

the flow field in the SBS resembles the one of eefjet and attaches the walls further
downstream than the swirl flow in the MBS2. Thisswalso reported by Sangl for the

isothermal flow in a multiple-burner arrangemertqlL

It has been shown that the application of adeqaatstic boundaries is crucial for the
correct prediction of combustion instabilities. Thequencies of the predicted unstable
modes in the LESs of the SBSs deviate from theufrrgies of the unstable modes observed
in the experiment. A possible explanation is gibgrthe different acoustic impedances of the
numerical inlets and the perforated plates inslab¢ the corresponding locations in the
experiment. Due to the fully reflecting inlet BC the inner plenum, a standing wave with
high pressure amplitudes and a frequency of ar@ftdHz forms inside the inner plenum
and dominates the pressure oscillations. The flamése LESs show a temporary coupling
with this oscillation; the feedback loop of the mod closed by an in-phase oscillation of
combustion chamber pressure and heat release, whiahn modulates the oscillation of the
flow rate of fuel and air. Although the frequencadsthe unstable modes are different in the
experiment and the LES, the driving mechanism agpeabe similar. Therefore, it can be
stated that the LESs of the SBS also identify dmins of the air and fuel flow rates as the
main driving mechanisms of the unstable modes enSBS and therefore comply with the
findings in the experiments.

In the simulation of the MBS2, no dominant mode whserved in the simulated time period.
It is assumed that one major reason for this belavs that in the combustion systems with
multiple flames it takes a certain amount of tinedope the system has tuned to one specific
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5. Numerical Investigations

frequency. The results of the LES of the MBS2 atseealed that the flame shows a stronger
response to frequencies in the low-frequency rgag0 Hz) than the flames in the SBS. As
a consequence, the flame does not couple withnbations caused by the dominant pressure
oscillation at 540 Hz in the inner plenum that i@snd to be an equivalent oscillation to the
oscillation of the pressure in the inner plenunthef SBS at 570 Hz.

In order to further characterise the simulated ulebt flames, the characteristic convective
time delay in all flames was estimated. It was tbdnat the convective time delay in the

MBS2 exceeds the one in the SBS for the investig@tes. However, the characteristic time

delay may vary with the operating conditions anda@lobal analysis, it would be necessary
to analyse more OPs. On the other hand, the resutply with the assumptions made in the
discussion of the experiments. In the MBS2, it isrenlikely that an unstable mode in the

low-frequency range with frequencies < 400 Hz igitexi. The increased characteristic

convective time delay in the MBS2 leads to an iasecof the frequency-dependent phase
angle of the flame response to low-frequency véfatdisturbances compared to the SBS. As
a consequence, the phase angle of the flame respdnsh is necessary for the generation of
instabilities is already reached at lower frequescthan in the SBS.

The different time delays are most likely inducgddidferences in the flow fields of the SBS
and the MBS2. In contrast to the non-reactive cteeflow fields in the SBS and the MBS2
at Py, = 30 kW/burnergp = 0.85 are quite similar. However, higher massvflecirculation
rates near the nozzle outlet are observed in tlZeitRthe SBS. This possibly leads to the
smaller axial distance between the main reactiore znd the nozzle exit in the SBS and the
therefore reduced characteristic convective timyden the MBS2, the reduction of the
mass flow recirculation in the IRZ may be inducgdlie reduction of the angular momentum
in the shear layers of the adjacent swirl jets.aAsesult, the mass flow recirculated in the
ORZ of the MBS2 carries less angular momentum thahe SBS, which leads to a reduced
swirl intensity in the MBS2, as discussed in [27].
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6. Summary and Conclusions

The present thesis focuses on the investigationghef influence of multiple-burner
arrangements on combustion instabilities in tecréombustion systems. For this purpose, a
modular combustor was designed and manufactureidhvaan be operated in single- as well
as different multiple-burner setups. The combustaperated under atmospheric conditions,
using natural gas as fuel. A double-concentric Iswiozzle is employed for flame
stabilization. A special feature of the combustothat the swirlers employ separate air inlets
which allows for varying the ratio of the mass fwhrough the swirlers. In this way, the
theoretical swirl number can be altered and difieflame characteristics can be achieved.

The combustor was operated in single-burner seBlg5)] and two multiple-burner setups
(MBSSs). In the first MBS (MBS1), the single-burnease linearly arranged. In the second
MBS (MBS2), the single burners are arranged inaamular” arrangement. Experimental and
numerical investigations were performed to analytse combustion instabilities in the
combustor.

In the experiments, microphone measurements ofpreoscillations in the plenums and the
combustion chamber were carried out and high-sg#dttimaging was applied to monitor
the heat release of the flame. The focus of themxgntal investigations was to identify the
operation parameters which lead to unstable camditin the combustor. It was found that
unstable modes are more likely to develop at axthepower ofP,, > 25 kW in the SBS and
Py, > 27.5 kW/burner in the MBSs. Several unstable esodere identified in the low-
frequency range of 100-300 Hz and one major conobusbode in the range of 400 Hz. While
these modes are found in all combustor setupsmibe@e found in the frequency range of
750 Hz is only present in the SBS. This complieshwhe overall observed tendency
regarding the frequencies of the unstable modes-ftequency modes in the range of 100-
300 Hz are found much more frequently in the MBIBsvas concluded that the observed
differences in the thermoacoustic behaviour araiged by differences in the flow field
between the SBS and the MBSs which are inducedhéynultiple-burner arrangement. The
exchange of momentum between the co-rotating $etsllead to lower the swirl intensity in
the MBSs. Based on the findings reported in eaditerdies, it was concluded that the
decreased swirl intensity in the MBSs leads toraneiased characteristic time delay between
a pressure/velocity perturbation and the flameamlse. As a consequence, a phase angle of
the flame response which is sufficient to geneuattable combustor conditions is reached at
lower frequencies in the MBSs than in the SBS. lfmguency modes are observed even
more frequently in the MBS2 than in the MBS1. Itsn@asoned that the reduction of the
swirl intensity may be even more significant in i8S2, as all swirl jet have two adjacent
swirl jets. The OH*-intensity recordings revealéattthe formation of ring vortex structures
plays a major part in driving the unstable modde formation of the ring vortex structures is
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induced by strong mass flow oscillations, which medulated by in-phase oscillations of the
pressure and the heat release in the combustionbgra

The numerical investigations focused on the ingesibns of the major combustor modes in
the frequency range of 400 Hz and 750 Hz, whichevadrserved in the experiments. At first,
the results of the non-reactive flows were discdsseorder to investigate possible influences
on the mixing process. The results of the mean fields for the SBS were validated by the
comparison to experimental data of PIV measurenm@otdded by DLR Stuttgart.

A good agreement was found with the PIV measuresnezgpecially for the OR = 1.6,
Py, =30 kW, ¢ = 0.85. The results for the non-reactive casestteroperating conditions
L=1.6, Py, =30kW, ¢ =0.85 in the SBS and the MBS2 were compared,catitig
significant differences in the flow field charadagtics which are induced by the adjacent swirl
jets. Despite the missing side walls, the MBS2 shawflow field which resembles a wall
bounded flow and the flow field in the SBS showes tharacteristics of a free jet.

The simulations of the reactive flow in the SBS evalso compared to PIV data provided by
the DLR Stuttgart. The LESs were able to captuee rain characteristics of the mean
reactive flow and show reasonable results. Howether,importance of adequate acoustic
boundaries for the correct prediction of the ample and frequency of unstable combustor
modes was illustrated by the results of the LEShefreactive flow in the SBS. The unstable
modes predicted by the simulations deviate fromftbguencies observed in the experiment.
Deviations were explained by the different acoustipedances of the numerical inlets and
the perforated plates installed at the correspangiositions in the real combustor. It was
concluded that the acoustic impedance of the nwalerlets causes increased amplitudes of
the half-wave mode in the inner plenum, which dates the remaining pressure modes. The
flame temporarily couples with this oscillation aadgmented pressure and heat release
oscillations are generated in the simulations. Kbetess, the results of the LESs comply
with the assumptions made in the discussion ofetkgeriments, indicating that flow rate
oscillations of the fuel-air mixture, modulated inyphase oscillations of the heat release and
combustion chamber pressure, are the main drivieghanisms for the unstable modes in the
investigated combustor.

The LES of the reactive flow in the MBS2 does raiw an unstable mode. It was concluded
that one possible reason for this behaviour isrglwethe fact that the multiple flames need a
certain amount of time to tune to one specific ltetn. Waiting several seconds does not
pose a problem in the experimental investigatidng, is beyond available computational
capacities for LES. However, the simulation illasits that the multiple-burner flame shows a
stronger response to low-frequency perturbatioas the flames in the SBS, which complies
with the findings from the experiment. A possiblepkanation is given by an increased
characteristic convective time delay in the MBS#ioh was derived by the analysis of
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streamlines in the mean flow field. It was concllidieat the different convective time scales
are induced by different flow characteristics ie tieactive flow of the SBS and the MBS2.
The mean flow fields are much more similar in thactive case than in the non-reactive case,
but the SBS shows higher recirculation rates inIR&, which may be the reason for the
smaller distance between the main reaction zondtendozzle outlet in the SBS. Therefore
the results for the flow field characteristics Imetreactive case show a contrasting behaviour
to the non-reactive case, which illustrates theomaypact of the flame on the flow field in
the combustion chamber.

As a consequence, it can be stated that singlesbexperiments can only partially reproduce
the thermoacoustic response characteristics ofipredburner flames. It has to be considered
that even in the absence of large-scale flame-flameractions significant differences

between single-burner and multiple-burner setupg owur regarding the thermoacoustic
stability of the combustor, due the interactionsha flow fields and their indirect influence

on the flame characteristics. This non-linear behavmakes it complicated to obtain an
adequate prediction of the combustor stability wittodels derived from single-burner

analysis.

The results of the LESs performed within the scopthis work confirm that LES is a very
useful method when dealing with unsteady combugyaamics. Compressible LES captures
most of the acoustic field and also large scaleewaft structures and hydrodynamic
instabilities. Therefore, with LES it is possibte d¢alculate broadband combustion noise and
to predict or investigate driving mechanisms fombaistion instabilities, such as acoustic
eigenmodes and large-scale flame-vortex interagtiorhus, LES is a suitable tool to
investigate the combustion dynamics of multipleAaurarrangements. The results of the LES
of the multiple-burner setup demonstrate that LESapable of providing the necessary
insight into the complex flow and flame interacsahat may allow for extension of existing
modelling approaches for combustion instabilitiestisat they are capable of predicting the
combustion dynamics of multiple-burners from siriglener analysis.

However, the results also demonstrate that applyadgquate acoustic boundaries is
indispensable when performing compressible LES Wighpurpose of predicting combustion
instabilities. In addition, self-excited LESs ofngbustion instabilities may require long
computation times which can pose a huge problenctofsequence, it may be advantageous
to apply acoustic forcing in order to investigatamplex multiple-burner systems, as limit
cycle oscillations may be reached with less contprtdime.

177



178



Bibliography

[1]
[2]
[3]
[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

International Energy Outlook 2013, WashingtDg, 2013.

J. Le Conte, Philosophical Magazine HP, 2358)8

Curiosities of Sound. (Concluded.), Watson’s 2ournal. (1868).

J.T.R. DAVISON, Music in medicine, The Lanc&&4 (1899) 1159-1162.

J.W.S. Rayleigh, The Explanation of Certain Astical Phenomena, Nature. 18 (1878) 319—
321.

T.C. Lieuwen, B.T. Zinn, Combustion Instab#iti: Basic Concepts, in: T.C. Lieuwen, V. Yang
(Eds.), Combustion Instabilities in Gas Turbine iBeg: Operational Experience ,
Fundamental Mechanisms and Modeling, 2005: pp. 3-24

F. Nicoud, T. Poinsot, Thermoacoustic Instdigiti: Should the Rayleigh Criterion be Extended
to Include Entropy Changes?, Combustion and Fladi (2005) 153-159.
doi:10.1016/j.combustflame.2005.02.013.

C.O. Paschereit, W. Weisenstein, E. Gutmark)téi of Thermoacoustic Instabilities and
Emissions in an Industrial Type Gas-Turbine Comimygymposium International On
Combustion. 2 (1998) 25.

S. Tachibana, L. Zimmer, Y. Kurosawa, K. Suzukttive Control of Combustion Oscillations
in a Lean Premixed Combustor by Secondary Fuettioje Coupling with
Chemiluminescence Imaging Technique, Proceedingseofombustion Institute. 31 (2007)
3225-3233.

S. Barbosa, M. de La Cruz Garcia, S. DucrBixl.abegorre, F. Lacas, Control of Combustion
Instabilities by Local Injection of Hydrogen, Preckngs of the Combustion Institute. 31
(2007) 3207-3214. d0i:10.1016/j.proci.2006.07.085.

B. Schuermans, Modeling and Control of Theromsstic Instabilities, Docteur és sciences,
Ecole polytechnique fédérale de Lausanne, 2003.

D. Guyot, C.O. Paschereit, S. Raghu, ActivenBastion Control Using a Fluidic Oscillator for
Asymmetric Fuel Flow Modulation, International Joak of Flow Control. 1 (2009) 155-166.

N. Tran, S. Ducruix, T. Schuller, Damping Camskion Instabilities with Perforates at the
Premixer Inlet of a Swirled Burner, Proceedingshef Combustion Institute. 32 (2009) 2917—
2924. doi:10.1016/j.proci.2008.06.123.

M.R. Bothien, N. Noiray, B. Schuermans, A NbiZamping Device for Broadband
Attenuation of Low-Frequency Combustion Pulsation&as Turbines, in: Proceedings of
ASME Turbo Expo 2012, ASME, Copenhagen, Denmark22@p. 1-11.

C. Kulsheimer, H. Biichner, Combustion Dynano€d urbulent Swirling Flames, Combustion
and Flame. 84 (2002) 70-84.

179



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

180

M. Lohrmann, H. Blchner, N. Zarzalis, W. KreBsame Transfer Function Characteristics of
Swirl Flames for Gas Turbine Applications, in: ASMHErbo Expo 2003, Collocated with the
2003 International Joint Power Generation ConfeeeASME, Atlanta, Georgia, USA, 2003:
pp. 109-118.

B. Schuermans, D. Guyot, C.O. Paschereit,fetle, D. Pennell, Thermoacoustic Modeling
of a Gas Turbine Using Transfer Functions Measuheder Full Engine Pressure, Journal of
Engineering for Gas Turbines and Power. 132 (201Qp03.

P. Palies, T. Schuller, D. Durox, L.Y.M. GiaguS. Candel, Acoustically Perturbed Turbulent
Premixed Swirling Flames, Physics of Fluids. 231(?0037101. doi:10.1063/1.3553276.

D. Durox, T. Schuller, N. Noiray, S. Candekderimental Analysis of Nonlinear Flame
Transfer Functions for Different Flame Geometriesiceedings of the Combustion Institute.
32 (2009) 1391-1398. d0i:10.1016/j.proci.2008.06.20

D. Durox, J.P. Moeck, J.-F. Bourgouin, P. Madan, M. Viallon, T. Schuller, et al., Flame
Dynamics of a Variable Swirl Number System anddhbgity Control, Combustion and Flame.
160 (2013) 1729-1742. doi:10.1016/j.combustflam&3208.004.

W. Krebs, P. Flohr, B. Prade, S. Hoffmann, itheacoustic Stability Chart for High-Intensity
Gas Turbine Combustion Systems, Combustion Sciandel echnology. 174 (2002) 99-128.
doi:10.1080/00102200208984089.

P. Palies, D. Durox, T. Schuller, S. Candanhhear Combustion Instability Analysis Based
on the Flame Describing Function Applied to Turlbml@remixed Swirling Flames,
Combustion and Flame. 158 (2011) 1980-1991. ddif@®/j.combustflame.2011.02.012.

J. Kopitz, A. Huber, T. Sattelmayer, W. Poéfkl hermoacoustic Stability Analysis of an

Annular Combustion Chamber With Acoustic Low Ortitadeling and Validation Against
Experiment, in: ASME Turbo Expo 2005: Power for HaGea and Air, ASME, 2005: pp.

583-593. do0i:10.1115/GT2005-68797.

A.P. Dowling, S.R. Stow, Acoustic Analysis Gas Turbine Combustors, Journal of
Propulsion and Power. 19 (2003) 751-764. doi:101256192.

I. Hernandez, G. Staffelbach, T. Poinsot, R@man Casado, J.B.W. Kok, LES and Acoustic
Analysis of Thermo-Acoustic Instabilities in a Rally Premixed Model Combustor, Comptes
Rendus Mécanique. 341 (2013) 121-130. doi:10.1@16/¢.2012.11.003.

D. Laera, G. Campa, S.M. Camporeale, E. Betto] S. Rizzo, F. Bonzani, et al., Modelling of
Thermoacoustic Combustion Instabilities Phenom&palication to an Experimental Test
Rig, Energy Procedia. 45 (2014) 1392-1401. doi(16]j.egypro.2014.01.146.

D. Fanaca, P.R. Alemela, C. Hirsch, T. Sattgler, B. Schuermans, Comparison of the Flow
Fields of a Swirl Stabilised Premixed Burner infamular and a Single Burner Combustion
Chamber, Journal of Engineering for Gas TurbinesRower. 132 (2010) 071502.
doi:10.1115/GT2009-59884.

N. a. Worth, J.R. Dawson, Modal Dynamics off&xcited Azimuthal Instabilities in an
Annular Combustion Chamber, Combustion and Flaré@.(2013) 2476-2489.
doi:10.1016/j.combustflame.2013.04.031.



[29] N. a. Worth, J.R. Dawson, Self-excited circengitial instabilities in a model annular gas
turbine combustor: Global flame dynamics, in: Pesttegs of the Combustion Institute, The
Combustion Institute, 2013: pp. 3127-3134. doi:Q06lj.proci.2012.05.061.

[30] F. Durst, Grundlagen der Stromungsmechanikin§pr, Berlin, 2006.

[31] H. Oertel, Prandtl-Fuhrer durch die Stromuebsé, Springer Vieweg, 2012.

[32] H. Herwig, Stromungsmechanik, Vieweg+TeubMéresbaden, 2008.

[33] T. Poinsot, D. Veynante, Theoretical and nuosrcombustion, 2005.

[34] L.F. Richardson, Weather prediction by numarjgrocess, University Press, Cambridge, 1922.
[35] S. Pope, Turbulent flows, Cambridge Univergttgss, Cambridge, 2000.

[36] A. Kolmogorov, The local structure of turbutnin incompressible viscous fluid for very large
Reynolds numbers, in: Proceedings of the USSR Aungae Sciences 30, 1941: pp. 299-303.

[37] A. Kolmogorov, Dissipation of Energy in the tally Isotropic Turbulence, in: Proceedings of
the USSR Academy of Sciences 32, 1941: pp. 16-18.

[38] J. Boussinesq, Théorie de I'écoulement tolahilant et tumultueux des liquides dans les lits
rectilignes a grande section, Paris, Gauthier-klk&t Fils. (1897).

[39] W.P. Jones, B. Launder, The prediction of laamization with a 2-equation model of
turbulence, International Journal of Heat and Miassisfer. (1972) 301.

[40] B. Launder, B. Sharma, Application of the aedissipation model of turbulence to the
calculation of flow near a spinning disc, LetterdHeat and Mass Transfer. | (1974) 131-137.

[41] S. Pope, A more general effective-viscositpdtyesis, Journal of Fluid Mechanics. 72 (1975)
331-340.

[42] K. Hanjalic, B. Launder, Sensitizing the digsiion equation to irrotational strains, Journal of
Fluids Engineering. 102 (1980) 34-40.

[43] D. Wilcox, Multiscale model for turbulent flasy AIAA Journal. 26 (1988) 1311-1320.
doi:10.2514/3.10042.

[44] J. Froehlich, Large Eddy Simulation turbuleriéroemungen, Teubner, 2006.

[45] J. Smagorinsky, General Circulation Experinsamith the Primitive Equations, Monthly
Weather Review. 91 (1963). doi:10.1126/science2¥.394.

[46] A. Yoshizawa, Statistical theory for comprédsiturbulent shear flows, with the application to
subgrid modeling, Physics of Fluids. 29 (1986) 21d#:10.1063/1.865552.

[47] M. Germano, U. Piomelli, P. Moin, W.H. Cabstdynamic subgrid-scale eddy viscosity
model, Physics of Fluids A: Fluid Dynamics. 3 (192Z60. doi:10.1063/1.857955.

[48] S. Arrhenius, Uber die Reaktionsgeschwindigkei der Inversion von Rohrzucker durch
Sauren, Zeitschrift Fur Physikalische Chemie. (3889

181



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

182

J. Warnatz, U. Maas, R.W. Dibble, VerbrennuBpringer, Berlin, Heidelberg, 1997.

N. Peters, Length scales in laminar and twbuflames, Numerical Approaches to
Combustion modeling(A 92-16977 04-25). Washingi@@, American Institute of Aeronautics
and Astronautics, Inc. (1991) 155-182.

N. Peters, Turbulent combustion, Cambridgeversity press, Cambridge, 2000.

J. Gottgens, F. Mauss, N. Peters, Analyticapimations of burning velocities and flame
thicknesses of lean hydrogen, methane, ethylehanet acetylene, and propane flames,
Symposium (International) on Combustion. (1992)-11235.

Y. Zeldovich, D. Frank-Kamenetskii, A theorf/tbermal propagation of flame, Zh. Fiz. Khim.
(1938).

N. Peters, Kinetic foundation of thermal flatheory, Advances in Combustion Science: In
Honor of Ya. B. Zel'dovich(A 97-24531 05-25), Rast&A, American Institute of
Aeronautics and Astronautics, Inc.(Progress ingxsutics and Aeronautics. 173 (1997) 73—
o1.

N. Peters, Local quenching due to flame shretied non-premixed turbulent combustion,
Combustion Science and Technology. (1983).

N. Peters, Laminar diffusion flamelet modeaision-premixed turbulent combustion, Progress
in Energy and Combustion Science. (1984).

G. Damkoéhler, Der Einflu® der Turbulenz aug éilammengeschwindigkeit in Gasgemischen,
Zeitschrift Fur Elektrochemie Und Angewandte Phgiiche Chemie. 46 (1940) 601-626.

R. Abdel-Gayed, D. Bradley, Lewis number eféegn turbulent burning velocity, in:
Symposium (International) on Combustion, 1985:55-512.

R. Borghi, Turbulent combustion modelling, Bress in Energy and Combustion Science. 14
(1988) 245—-292.

P. Maier, Untersuchung turbulenter, isotheraallfreistrahlen und turbulenter Drallflammen,
Universitat Karlsruhe, 1967.

W. Leuckel, Swirl Intensities, Swirl Types aktiergy Losses of Different Swirl Generating
Devices, Doc Nr. G, International Flame Reseamim@ation, l|jmuiden, 1967.

N.M. Kerr, D. Fraser, Swirl, Part 1: Effect éxisymmetrical Turbulent Jets, Journal of the
Institute of Fuel. 38 (1965) 519-526.

G.P. Smith, D.M. Golden, M. Frenklach, N.W. Naoty, B. Eiteneer, M. Goldenberg, et al.,
http://www.me.berkeley.edu/gri_mech/, (n.d.).

V. Zimont, A. Lipatnikov, A numerical model giremixed turbulent combustion of gases,
Chemical Physics Reports. (1995).

H.-P. Schmid, P. Habisreuther, W. Leuckel, Adel for calculating heat release in premixed
turbulent flames, Combustion and Flame. 113 (1998P1.



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771]

[78]

[79]

[80]

[81]

H.-P. Schmid, Ein Verbrennungsmodell zur Besithung der Warmefreisetzung von
vorgemischten turbulenten Flammen, Karlsruhe, 1995.

P. Habisreuther, Untersuchungen zur Bildung theermischen Stickoxid in Turbulenten
Drallflammen, Universitat Karlsruhe (TH), 2002.

P.A. Libby, F.A. Williams, eds., Turbulent iang flows, Academic, London, 1984.

U. Maas, S.B. Pope, Simplifying chemical kiost Intrinsic low-dimensional manifolds in
composition space, Combustion and Flame. 88 (1282)264. doi:10.1016/0010-
2180(92)90034-M.

F. Zhang, Numerical Modeling of Noise Emissiaraused by Turbulent Combustion, 2014.

H.-P. Schmid, Ein Verbrennungsmodell zur Besithung der Warmefreisetzung von
vorgemischten turbulenten Flammen, Karlsruhe, 1995.

R. Kee, J. Miller, T. Jefferson, CHEMKIN: A geral-purpose, problem-independent,
transportable, FORTRAN chemical kinetics code pgek#&1980).

C. Bender, F. Zhang, P. Habisreuther, H. BochkhMeasurement and Simulation of
Combustion Noise emitted from Swirl Burners, in:3chwarz, J. Janicka (Eds.), Combustion
Noise (DFG Research Unit 486). Fluid Mechanics lémépplications, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2009: pp. 33-64:1h1007/978-3-642-02038-4.

F. Zhang, P. Habisreuther, M. Hettel, H. Bazkly Numerical computation of combustion
induced noise using compressible LES and hybrid /CRBA methods, Acta Acustica United
with Acustica. 98 (2012) 120-134. doi:10.3813/AAR3498.

F. Zhang, P. Habisreuther, H. Bockhorn, H. Katlv, C.O. Paschereit, On Prediction of
Combustion Generated Noise with the Turbulent iRed¢ase Rate, Acta Acustica United with
Acustica. 99 (2013) 940-951. doi:10.3813/AAA.918673

F. Zhang, P. Habisreuther, M. Hettel, H. Baokh Modelling of a Premixed Swirl-stabilized
Flame Using a Turbulent Flame Speed Closure MadeES, Flow, Turbulence and
Combustion. 82 (2008) 537-551. doi:10.1007/s10438HDL 75-X.

F. Zhang, P. Habisreuther, M. Hettel, H. Bazkh Numerical Investigations of the Noise
Sources Generated in a Swirl Stabilized Flame2989) 1-10.

F. Zhang, P. Habisreuther, M. Hettel, H. Baokl Application of a Unified TFC Model to
Numerical Simulation of a Turbulent Non-PremixedrhgE, in: Proceedings of the 8th
International ERCOFTAC Symposium on Engineeringbllence Modelling and
Measurements - ETMMS8, Marseille, France, 2011:681—686.

M. Lighthill, On Sound Generated Aerodynamigal. General theory, Proceedings of the
Royal Society of London. Series A. Mathematical Bhgsical Sciences. 211 (1952) 564-587.

W. Strahle, On combustion generated noisePrpulsion Joint Specialist Conference.
(1971). doi:10.2514/6.1971-735.

T.P. Bui, W. Schrdder, M. Meinke, Numericabdysis of the acoustic field of reacting flows
via acoustic perturbation equations, Computersdsl 37 (2008) 1157-1169.
doi:10.1016/j.compfluid.2007.10.014.

183



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

184

C.F. Silva, M. Leyko, F. Nicoud, S. Moreau,s&ssment of combustion noise in a premixed
swirled combustor via Large-Eddy Simulation, Conepsit& Fluids. 78 (2013) 1-9.
doi:10.1016/j.compfluid.2010.09.034.

F. Flemming, a. Sadiki, J. Janicka, Invesimabf combustion noise using a LES/CAA hybrid
approach, Proceedings of the Combustion InstiBit§2007) 3189-3196.
doi:10.1016/j.proci.2006.07.060.

C. Hirsch, J. Wasle, A. Winkler, T. Sattelmay& spectral model for the sound pressure from
turbulent premixed combustion, in: Proceedingshef@ombustion Institute, 2007: pp. 1435—
1441. doi:10.1016/j.proci.2006.07.154.

K. Smith, J. Blust, Combustion instabilitiesindustrial gas turbines: Solar turbines’
experience, Progress in Astronautics and Aerorauy2005) 29-41.

J. Sewell, P. Sobieski, C. Beers, Applicatifrcontinuous Combustion Dynamics Monitoring
on large industrial gas turbines, Proceedings dfiIES urbo Expo 2004, Power for Land, Sea
and Air. (2004) 1-9.

J.W.S. Rayleigh, The Theory of Sound, 2 (1945)

A.A. Putnam, Combustion-driven oscillationsifaustry, American Elsevier Publishing
Company. (1971).

B. Zinn, T. Lieuwen, Combustion instabilitie®asic concepts, Progress in Astronautics and
Aeronautics. (2005).

L. Crocco, S.-I. Cheng, High frequency comimrsinstability in rockets with distributed
combustion, Symposium (International) on Combustib(i1953) 865-880.

B.T. Zinn, E.A. Powell, Nonlinear combustiamstability in liquid-propellant rocket engines,
Symposium (International) on Combustion. 13 (19%4)-503. doi:10.1016/S0082-
0784(71)80051-6.

J. Cohen, W. Proscia, J. DeLaat, Characteozand control of aeroengine combustion
instability: Pratt & Whitney and NASA experienceapBress in Astronautics and Aeronautics.
(2005).

T. Scarinci, Combustion instability and itsspave control: Rolls-Royce aeroderivative engine
experience, in: Progress in Astronautics and Aartics, 2005.

J. Hermann, S. Hoffmann, Implementation ofwectontrol in a full-scale gas-turbine
combustor, Progress in Astronautics and Aeronay@95).

J. Keller, Thermoacoustic oscillations in cambon chambers of gas turbines, AIAA Journal.
33 (1995).

S. Ducruix, T. Schuller, D. Durox, S. Candegmbustion instability mechanismsin premixed
combustors, Progress in Astronautics and Aeroray@©05).

D.W. Kendrick, T.J. Anderson, W.A. Sowa, TShyder, Acoustic sensitivities of lean-
premixed fuel injectors in a single nozzle rig, @l of Engineering for Gas Turbines and
Power. 121 (1999) 429-436.



[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

W. Meier, P. Weigand, X. Duan, R. Giezendatimaven, Detailed characterization of the
dynamics of thermoacoustic pulsations in a leampeed swirl flame, Combustion and Flame.
150 (2007) 2—26. d0i:10.1016/j.combustflame.200D02.

S. Hermeth, G. Staffelbach, L.Y.M. Gicquel,Foinsot, LES evaluation of the effects of
equivalence ratio fluctuations on the dynamic flaesponse in a real gas turbine combustion
chamber, Proceedings of the Combustion Institut€2813) 3165-3173.
doi:10.1016/j.proci.2012.07.013.

T. Lieuwen, B.T. Zinn, The role of equivalengatio oscillations in driving combustion
instabilities in low NOx gas turbines, Symposiumtérnational) on Combustion. 27 (1998)
1809-1816. doi:10.1016/S0082-0784(98)80022-2.

M. Delacruzgarcia, E. Mastorakos, a Dowlimyestigations on the self-excited oscillations in
a kerosene spray flame, Combustion and Flame. 2088} 374-384.
doi:10.1016/j.combustflame.2008.11.018.

S. Candel, Combustion dynamics and contnagkess and challenges, Proceedings of the
Combustion Institute. 29 (2002) 1-28. doi:10.101648€-7489(02)80007-4.

H. Buchner, Stromungs-und Verbrennungsin§taten in technischen Verbrennungssystemen,
Universitat Karlsruhe (TH), 2001.

N. Syred, J. Beer, Combustion in swirlingvi& a review, Combustion and Flame. (1974).

N. Syred, A. Gupta, J. Beer, Temperaturedabity gradient changes arising with the
precessing vortex core and vortex breakdown inldwimers, Symposium (International) on
Combustion. (1975).

N. Syred, W. Fick, T. O'Doherty, a. J. Griffs, The Effect of the Precessing Vortex Core on
Combustion in a Swirl Burner, Combustion Scienca &echnology. 125 (1997) 139-157.
doi:10.1080/00102209708935657.

N. Syred, A Review of Oscillation Mechanisargd the Role of the Precessing Vortex Core
(PVC) in Swirl Combustion Systems, Progress in Bypand Combustion Science. 32 (2006)
93-161. doi:10.1016/j.pecs.2005.10.002.

J. Eckstein, E. Freitag, C. Hirsch, T. Satiyer, Experimental Study on the Role of Entropy
Waves in Low-Frequency Oscillations in a RQL ContbysJournal of Engineering for Gas
Turbines and Power. 128 (2006) 264. doi:10.1115%82379.

K.-U. Schildmacher, a. Hoffmann, L. Selle,kach, C. Schulz, H.-J. Bauer, et al., Unsteady
flame and flow field interaction of a premixed mbdas turbine burner, Proceedings of the
Combustion Institute. 31 (2007) 3197-3205. doi:Q06lj.proci.2006.07.081.

S.M. Candel, Combustion instabilities couplgdpressure waves and their active control,
Symposium (International) on Combustion. 24 (19027-1296. doi:10.1016/S0082-
0784(06)80150-5.

S. Forster, U. Michel, I. Rohle, Optimierudgr passiven und aktiven Dampfung von
thermoakustischen Schwingungen, Berlin, 2005.

K.H. Yu, Active Control of Engine Dynamic$undamentals and Fluid Dynamics —
Experiments 1 . Active Control Classification, (2004-18.

185



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

186

M.R. Bothien, J.P. Moeck, C. Oliver Paschigictive control of the acoustic boundary
conditions of combustion test rigs, Journal of Sband Vibration. 318 (2008) 678—701.
doi:10.1016/}.jsv.2008.04.046.

C.O. Paschereit, W. Weisenstein, E. Gutma@dqtrol of thermoacoustic instabilities and
emissions in an industrial-type gas-turbine comiys: Symposium (International) on
Combustion, 1998: pp. 1817-1824.

C.0O. Paschereit, B. Schuermans, W. Polifkeyi@ttson, Measurement of transfer matrices and
source terms of premixed flames, Journal of Engingdor Gas Turbines and Power. 124
(2002) 239-247.

D. Durox, T. Schuller, S. Candel, Combustitymamics of inverted conical flames,
Proceedings of the Combustion Institute. 30 (2A09)7-1724.
doi:10.1016/j.proci.2004.08.067.

A. Dowling, Nonlinear self-excited oscillatie of a ducted flame, Journal of Fluid Mechanics.
346 (1997) 271-290.

L. Crocco, Research on combustion instabititliquid propellant rockets, Symposium
(International) on Combustion. 12 (1969) 85-99:1nil016/S0082-0784(69)80394-2.

M. Lohrmann, H. Blichner, N. Zarzalis, W. Keelirlame Transfer Function Characteristics of
Swirl Flames for Gas Turbine Applications, in: ASMErbo Expo 2003, Collocated with the
2003 International Joint Power Generation ConfezeASGME, Atlanta, Georgia, USA, 2003.

W. Polifke, a. Poncet, C.O. Paschereit, Kbb&ling, Reconstruction of Acoustic Transfer
Matrices By Instationary Computational Fluid DynamjiJournal of Sound and Vibration. 245
(2001) 483-510. doi:10.1006/jsvi.2001.3594.

G. Staffelbach, L.Y.M. Gicquel, G. Boudier, Foinsot, Large Eddy Simulation of Self Excited
Azimuthal Modes in Annular Combustors, Proceedivigghe Combustion Institute. 32 (2009)
2909-2916.

H. Krediet, Prediction of limit cycle pressupscillations in gas turbine combustion systems
using the flame describing function, Twente, 2012.

L.Y.M. Gicquel, G. Staffelbach, T. Poinsoilge Eddy Simulations of gaseous flames in gas
turbine combustion chambers, Progress in EnergyCamadbustion Science. 38 (2012) 782—
817. doi:10.1016/j.pecs.2012.04.004.

B. Franzelli, E. Riber, L.Y.M. Gicquel, T. Pgot, Large Eddy Simulation of combustion
instabilities in a lean partially premixed swirlédme, Combustion and Flame. 159 (2012)
621—637. doi:10.1016/j.combustflame.2011.08.004.

P. Wolf, G. Staffelbach, L.Y.M. Gicquel, J-Bliller, T. Poinsot, Acoustic and Large Eddy
Simulation studies of azimuthal modes in annulantwestion chambers, Combustion and
Flame. 159 (2012) 3398-3413. d0i:10.1016/j.combarst.2012.06.016.

R. Garby, L. Selle, T. Poinsot, Large-Eddyn8iation of combustion instabilities in a variable-
length combustor, Comptes Rendus Mécanique. 3413J22P0—-229.
doi:10.1016/j.crme.2012.10.020.



[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

L. Selle, Compressible large eddy simulatibturbulent combustion in complex geometry on
unstructured meshes, Combustion and Flame. 1372 )2@9-505.
doi:10.1016/j.combustflame.2004.03.008.

S. Menon, W.-H. Jou, Large-Eddy Simulatioh€ombustion Instability in an Axisymmetric
Ramjet Combustor, Combustion Science and Technoltgy1991) 53-72.
doi:10.1080/00102209108924078.

C. Fureby, Large eddy simulation modellingcofnbustion for propulsion applications.,
Philosophical Transactions. Series A, Mathematiehysical, and Engineering Sciences. 367
(2009) 2957-69. d0i:10.1098/rsta.2008.0271.

B.E. Motheau, L. Selle, Y. Mery, T. PoinsAtmixed acoustic-entropy combustion instability
in a realistic gas turbine, (2012) 449-458.

T. Lieuwen, Unsteady combustor physics, Cadger University Press, Cambridge, 2012.

S. Mendez, J.D. Eldredge, Acoustic modelihgexforated plates with bias flow for Large-
Eddy Simulations, Journal of Computational Phys2@8 (2009) 4757-4772.
doi:10.1016/j.jcp.2009.03.026.

T. Kathrotia, U. Riedel, A. Seipel, K. Mosharar, A. Brockhinke, Experimental and
numerical study of chemiluminescent species in poassure flames, Appl Phys B. 107 (2012)
571-584.

B. Schuermans, F. Guethe, W. Mohr, OpticarBfer Function Measurements for Technically
Premixed Flames, Journal of Engineering for Gadifiess and Power. 132 (2010) 081501.
doi:10.1115/1.3124663.

M. Lauer, T. Sattelmayer, On the adequacyh@miluminescence as a measure for heat release
in turbulent flames with mixture gradients, JouroBEngineering for Gas Turbines and Power.
132 (2010).

A.M. Steinberg, C.M. Arndt, W. Meier, ParametStudy of Vortex Structures and their
Dynamics in Swirl-Stabilized Combustion, Proceedinfithe Combustion Institute. 34 (2013)
3117-3125. doi:10.1016/j.proci.2012.05.015.

M. Stohr, R. Sadanandan, W. Meier, Experiraksiiidy of unsteady flame structures of an
oscillating swirl flame in a gas turbine model camstor, in: Proceedings of the Combustion
Institute, 2009: pp. 2925-2932. doi:10.1016/j.p2208.05.086.

K. Schildmacher, R. Koch, S. Wittig, Experimal investigations of the temporal air-fuel
mixing fluctuations and cold flow instabilities afpremixing gas turbine burner, Journal of
Engineering for Gas Turbines and Power. 127 (2@05)-300.

M. Lohrmann, Die Bedeutung flammeninterner(gszeiten fir die Entstehung selbsterregter
Verbrennungsinstabilitdten, Karlsruhe, 2006.

D. Durox, J.P. Moeck, J.-F. Bourgouin, P. Eioton, M. Viallon, T. Schuller, et al., Flame
Dynamics of a Variable Swirl Number System anddhb#ity Control, Combustion and Flame.
160 (2013) 1729-1742. doi:10.1016/j.combustflamiE3203.004.

M.W.M. Thring, Combustion oscillations in iastrial combustion chambers, Symposium
(International) on Combustion. 12 (1969) 163—-168.

187



[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

188

Y. Fu, J. Cai, S.-M. Jeng, H. Mongia, Confirent Effects on the Swirling Flow of a Counter-
Rotating Swirl Cup, in: Proceedings of GT2005 ASWiEbo Expo 2005: Power for Land, Sea
and Air., ASME, Nevada, 2005: pp. 469-478. doi:103/GT2005-68622.

J. Ferziger, M. Pe&Yi Computational methods for fluid dynamics, 3rd, &pringer, Berlin,
Heidelberg, New York, 2002.

M. Schafer, Computational Engineering — ldtrotion to Numerical Methods, Springer Berlin
Heidelberg, 2006.

T. Poinsot, S. Lelef, Boundary conditions flirect simulations of compressible viscous flows,
Journal of Computational Physics. (1992).

F. Dynamics, F. Peng, A. Mechanics, Numeridatielling of Diesel Spray Injection ,
Turbulence Interaction and Combustion, 2008.

E. Gullaud, S. Mendez, C. Sensiau, F. NicdudRoinsot, Effect of multiperforated plates on
the acoustic modes in combustors, Comptes Renduarigie. 337 (2009) 406—414.
doi:10.1016/j.crme.2009.06.020.

D. Spalding, A single formula for the lawtbie wall, Journal of Applied Mechanics. 28 (1961)
455-458.

J. Sangl, Erh6hung der Brennstoffflexibilitéitn Vormischbrennern durch Beeinflussung der
Wirbeldynamik, Minchen, 2011.



