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ABSTRACT

THE EFFECT OF FLARE GEOMETRY ON THE FLOW FIELD
GENERATED BY RADIAL-RADIAL SWIRLERS

Bay, Ayse
M.S., Department of Aerospace Engineering

Supervisor: Assist. Prof. Dr. Mustafa Percin

January 2023, [53] pages

An experimental investigation is conducted to assess the impact of the flare geom-
etry on the mean flow field generated by radial-radial swirlers. Two-dimensional
two-component PIV measurements are performed on the mid-plane of a non-reacting
planar combustor test section. A baseline geometry without a flare is compared to
four swirlers with three different flare geometries. Analysis of the time-averaged
flow fields reveals that there is an increase in radial velocity values and a decrease
in axial velocity values as a result of the introduction of the flare geometry, which
results in a sudden expansion of the swirling jet. When different flare geometries
are compared, almost identical flow fields are observed and the formation of a CRZ
is not observed for any configuration that employs a flare geometry. Although the
maximum negative axial velocity values decrease for geometries with flare, due to
the increase of the recirculation radius, the recirculating mass flow rate is higher than
the baseline swirler. On the other hand, the recirculating mass flow rate is higher in
the co-rotating swirler configuration due to a stronger adverse pressure gradient along
the central axis of the jet when compared to the counter-rotating configuration. High

TKE regions are observed at shear layers between the swirling jet and the CTRZ as



well as the swirling jet-CRZ for the Baseline-CR. Regions of high TKE generate in-
tense mixing regions. Coherent flow structures are identified by using the snapshot
POD method and different mode shapes obtained for swirlers with and without flare
geometry are reported. It is shown that the change in the sense of rotation and flare
geometry does not bring about any differences in the POD modes and their energy

contents for the given swirl number and confinement conditions.

Keywords: Swirling flow, PIV, flare angle, channel orientation
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0z

YONLENDIRICI GEOMETRISININ RADYAL-RADYAL DONDURUCU
AKIS ALANINA ETKISI

Bay, Ayse
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yoneticisi: Dr. Ogr. Uyesi. Mustafa Percin

Ocak 2023 ,[53]sayfa

Yonlendirici geometrisinin radyal-radyal dondiiriiciiler tarafindan olusturulan orta-
lama akig alanina etkisini incelemek iizere deneysel bir ¢alisma yiiriitiilmiistiir. 2 bo-
yutlu 2 bilesenli parcacik goriintiilemeli hiz 6lciim teknigi kullanilmistir. zotermal
yanma odasi test riginde gerceklestirilen bu testlerde dondiiriicii ¢ikist orta diizle-
minde Ol¢iim alinmistir. Yonlendirici geometrisine sahip olmayan referans dondii-
riicti ile ii¢ farkli yonlendirici geometrisine sahip dort farkli dondiiriicii birbirleri
ile kargilagtirilmistir. Zaman ortalamali akig alanlar1 incelendiginde yonlendirici ge-
ometrisinin eklenmesi sonucunda radyal hiz bileseninde artis, eksenel hiz bileseninde
azalis gozlemlenmistir. Bu durum sonucunda dondiiriicii jetinin ani bir radyal agi-
lim ile duvara yapistig1 gozlemlenmistir. Birbirinden farkli yonlendirici geometrileri
kargilastirildiginda akis alaninda belirgin bir farklilik gzlemlenmemis, yonlendirici
geometrisine sahip hicbir konfigiirasyonda kose resirkiilasyon bolgeleri olusmamis-
tir. Yonlendirici geometrisine sahip dondiiriiciilerin yaratti§i merkez resirkiilasyon
bolgelerindeki eksenel hiz degerlerinin referansa gore diisiik olmasina ragmen daha

yiiksek resirkiilasyon debileri oldugu hesaplanmistir. Es-doniislii dondiiriicii tarafin-
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dan karsit yonde giiclii basing gradyanlar1 yaratilmasi sebebi ile resirkiilasyon debi
miktar1 ters-doniislii konfigiirasyona gore daha yiiksektir. Yiiksek tiirbiilans kinetik
enerjisine sahip bolgeler referans dondiiriicli geometrisi i¢in dondiiriicii jeti ile mer-
kez resirkiilasyon bolgesi ve dondiiriicii jeti ile kose resirkiilasyon bolgesi arasinda
kalan katmanlarda gézlemlenmistir. Yiiksek tiirbiilans kinetik enerjisi goriilen yerler
yanmis ve yanmamis gazlarin karisimi i¢in karisim yogunlugu yiiksek bolgeler olus-
turmaktadir. Koherent akis yapilar1 enstantane POD metodu ile tanimlanmis ve mod
sekilleri referans ile yuvarlatilmis yonlendirici geometrisine sahip dondiiriiciiler i¢in
belirlenmigtir. Caligmalarin gerceklestirildigi hapsetme orani ve doniis say1s1 kosulla-
rinda doniig yoniiniin POD modlar1 ve bu modlarin enerji seviyeleri iizerine bir etkisi

olmadig1 gdzlemlenmistir.

Anahtar Kelimeler: Dondiiriicii etkisindeki akis, Parcacik goriintiilemeli hiz 6l¢iimii,

yonlendirici agisi, doniis yonii
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CHAPTER 1

INTRODUCTION

Gas turbines are frequently used in engineering for power and thrust generation. Ap-
plications can vary from industrial to aviation purposes. The thermodynamic princi-
ple behind the gas turbine is known as the Brayton Cycle. The simple Brayton Cycle
comprises air pressurization, heat addition to the pressurized air, and work extraction
from the heated air as depicted in Fig. 1.1. The remaining energy after this process
can be used for thrust generation via propelling nozzles or power generation with the
help of a power absorber. The amount of energy remaining strictly depends on the
heat added to the system. Therefore, the design of the combustor is an important part
of any gas turbine project, and it is desired to obtain the most ef cient combustion

with the least amount of loss in pressure.

Figure 1.1: The thermodynamic Brayton Cycle [2]

Modern combustors consist of several parts which serve different aspects of achiev-

ing the most ef cient temperature rise. Generally, an air casing, a diffuser, a liner,

1



and fuel injectors exist in all combustor chamber designs. The diffuser slows down
the air coming from the compression process which serves as an initial preparation
for it to be combusted. If a diffuser was not incorporated and the combustion was to
be made inside a straight pipe, there would be an unacceptable amount of pressure
loss. Another necessity of the combustor is to x the ame position by generating a
region of recirculation. This low-speed region prevents the ame from elongating and
leaving the combustor together with the air moving out of it. The liner is employed

to assure only a portion of the air within the ammability limits of the used fuel en-
ters the combustion process whereas the rest enters the chamber at more downstream
locations. These are stated as the key elements of a gas turbine combustion chamber
[5], but more sophisticated designs are added to this base con guration to achieve the
design requirements of the combustor. A schematic of the parts of a combustor and

the ow inside of itis given in Fig. 1.2.

Figure 1.2: Schematic of a combustor's parts and the ow inside of it [3]

The primary zone is usually where the ame is anchored. The ow inside the primary
zone must be such that there is suf cient time, mixing, turbulence, and temperature
to complete the chemical combustion reaction. Several ways exist to assure ame
stabilization which is of critical importance in gas turbine combustors. The common
feature of these methods is the generation of the toroidal recirculation zone where hot
combustion products are mixed with freshly entrained air and fuel [5]. The ow eld

generated by a cylindrical bluff body, the integration of the V-gutters, and the initia-

2



tion of vortex breakdown are common examples of methods in the literature. How-
ever, generating recirculation regions by vortex breakdown is advantageous over other
methods, due to the strong shear regions produced by swirl components contributing
to increased turbulence levels and mixing rates [5]. Swirl-stabilized combustion pro-
duces higher rates of entrainment of the surrounding uid and assures rapid mixing
close to the exit nozzle as well as the recirculation zone boundaries helping to reduce

the combustion lengths [14].

The vortex breakdown phenomena can be initiated with the help of swirling ows.
Introducing a rotating motion to a uid upstream of an ori ce generates a tangential
velocity component which makes it different than a normal jet ow. The presence
of the tangential velocity component causes pressure gradients in axial and radial
directions. With a suf ciently high tangential velocity, a strong adverse axial pressure
gradient can be obtained which will cause ow reversal. [15]. A simple sketch of the

ow generated by swirlers inside a combustor is shown in Fig. 1.3.

Figure 1.3: Simple sketch of ow eld generated by dual- ow swirlers inside a com-
bustor [4]

Swirlers can be designed to direct the air ow to the primary zone either axially or
radially. Axial swirler applications are more common in the aero-engine industry.
A simple schematic of axial and radial swirlers is given in Fig. 1.4. Moreover, the
swirlers can be designed to have single or double passages in which case they generate

co- or counter-rotating ows. Axial and radial passages can also be combined in the
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case of double-passage (i.e. dual- ow) swirlers.

Figure 1.4: Axial and radial swirlers [5]

There are several design parameters in uencing the ow eld generated by swirlers.

Some of these are listed as follows

Swirl number

Swirler type (axial or radial)
Direction of rotation

Flow split ratio

Con nement ratio

Flare angle

Chamber length

Dome geometry

Reynolds number



Outlet conditions

Extensive experimental and numerical research is carried out on each of these design
parameters. The ow eld generated by two different double-passage swirlers was
investigated by Kao et. al. [16]. A co-axial counter-rotating radial-radial swirler
was compared to an axial-radial swirler. The Laser Doppler Velocimetry (LDV) ex-
periments revealed that the radial-radial swirler had an open-shape Central Toroidal
Recirculation Zone (CTRZ) due to the highly dispersing characteristic of the ow
under uncon ned conditions. The ow of the radial-radial swirler was attached to the

dome whereas the swirling jet expansion angle was lower for the axial-radial swirler.

The channel orientation was studied by Merkle et. al. [17], Ky ¢ and Perg¢in [1], Ki-
lik and Finstad [18]. In general, it was observed that for the co-rotating con guration,
the axial length of the recirculation zone increases whereas the recirculating mass
ow rate decreases. The interaction between the co-rotating channel ows prevents
a shear layer from forming between the two ows which lowers the dissipation of
the tangential momentum. Larger swirling jet expansion angles are observed for co-
rotating con gurations. The effect of con nement was studied by Ky ¢ and Pergin
[1] for high swirl number applications whereas Fu et. al. [19], [20] investigated low
swirl number cases. As the con nement ratio decreases, the expansion of the swirling

jetincreases. The highest turbulence is observed for the smallest con nements.

Gencer et. al. [21] performed an experimental study to investigate the effect of the
channel geometry as well as the number of passages by keeping all other design
parameters of the swirler to be the same. The number of passages was not found
to have a signi cant effect on the time-averaged ow eld given the conditions and
other design parameters of the investigated cases. However, they have shown that the
square-shaped vanes have narrower swirling jet expansion angles making the width
of the CTRZ smaller.

Other than the geometry of the swirler, the downstream conditions also have an im-
pact on the ow eld generated. Kao et. al.[6] studied the effect of the chamber
length by conducting 2 component LDV measurements on a non-reacting test rig. As
the chamber length decreases, the ow would be accelerated by a favorable pressure

gradient along the axis of the swirler. This increased the axial and tangential velocity

5



magnitudes inside the swirling jet.

Some studies aimed to understand the conditions under reactive conditions. Merkle
et. al. [22] focused on the mechanisms which make the counter-rotating (CR) swirler
have a larger operating range when compared to the co-rotating (CO) con guration.
The additional vortex formed at the nozzle vicinity as well as the dampening ef-
fect of the tangential velocity pro les causes the mixing rates to increase. Near-
stoichiometric conditions are obtained for larger areas which widen the operational
envelope of the CR swirler. Marinov et. al. [23] compared swirl-stabilized ow elds

in isothermal and reactive conditions. They observed that the formation of an inner
and outer recirculation region is observed in both cases. While the shape of the inner
recirculation zone changes (closes in reacting conditions), the general ow structure
and the outer recirculation regions do not vary between isothermal and reacting con-
ditions. Cai et. al. [24] used ow imaging techniques to assess the dynamics of the
combustion process. Dynamics related to the fuel-lean and fuel-rich regions were
studied. Whereas the fuel-rich modes were related to the interaction between the un-
burnt fuel and the dilution jet, the fuel-lean modes were attributed to the unsteady
swirling ow.

Itis obvious that different parameters have been the interest of numerous studies. The
next section focuses on the studies conducted to understand the impact of the are ex-

pansion geometry which will help to explain the motivation behind the current study.

1.1 The impact of the are geometry

The are geometry is an extension to the swirler exit which directs the ow at a cer-
tain angle before leaving the swirler. A dual- ow swirler cup with are expansion is
shown in Fig. 1.5. Different are geometries can exist including lleted and cham-
fered are geometries. In the case of chamfered are geometries, a are expansion
angle can be de ned from the vertical axis passing through the center of the swirler
as shown in Fig. 1.6. A limited number of studies investigated the effect of the are

expansion angle on the ow eld generated by swirlers.



Figure 1.5: A dual- ow radial-radial swirler with are expansion [6]

Figure 1.6: The are expansion angle

Estefanos et. al. [25] conducted 2D high-speed Particle Image Velocimetry (PIV)
measurements in a water test rig. Their UCRI 2 swirler had a design (theoretical)
swirl number of 0.64 [26], a ratio of con nement area to swirler exit area (i.e. con-
nement ratio) of 5.1 [26], [27] and was tested in isothermal conditions. Three are
expansion angles of 30.9°, 35.9°, and 40.9°were studied. They have analyzed both
mean ow guantities as well as dynamic behavior changes with the help of temporal
Fast Fourier Transform (FFT) analysis. In their mean ow eld results, they have ob-
tained that the jet expansion angle increases together with increasing are expansion
angle. A larger are angle increases the radial velocity component magnitude and
lowers the axial velocity magnitude at the swirler exit as well as at downstream loca-
tions until the swirling jet becomes a wall jet. Moreover, when they compared their

results with a previous study of the same swirler without are [27], they have seen
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that the swirling jet expansion is restricted with the addition of the are geometry. In
their dynamic analysis, they found that for the narrowest are expansion angle, there
are two instability regions and four exist for the wider are angles. They claim that

a circumferential mode of instability reveals itself due to a phase difference of 3.14
radians between the high Turbulence Kinetic Energy (TKE) regions.

It is dif cult to nd other contemporary studies focusing on the effect of the are
geometry. However, Wang et. al. [28] published an experimental study in 1995
comparing the ow eld generated by swirlers with two different are angles. They
performed two component Phase Doppler Particle Analyzer (PDPA) measurements
on the CFM56 swirl cup for uncon ned conditions. Continuous phase velocity re-
sults are extracted from statistics obtained for particles with smaller diameters than
4.17 m . They have observed that the wider are angle (60°) constructs a wider re-
circulation zone with lower recirculating speeds when compared to the narrow are
angle (45°). At downstream locations, the wide are stream sweeps the surrounding
air into the recirculation zone causing the recirculating mass ow rate to be larger
than the injected mass ow rate. The mean axial, radial, and tangential velocity com-
ponents of the wide are are smaller due to dissipation at the swirler exit. The ow
attaches to the dome and is not restrained by the shear layer as it was for the narrow
are.

It can be seen that the number of studies interested in are expansion geometry is
rather limited. Uncon ned and low con nement cases were investigated with rel-
atively low swirl numbers. Further investigation in this area is needed for a bet-
ter understanding of the impact of the are geometry on the ow eld generated by

radial-radial swirlers.

1.2 Turbulence, coherent structures and mode identi cation

Swirling ows are highly turbulent by nature. Turbulent ow is a 3D ow that is
essentially unsteady. The quantities of the ow are random functions of time and
space however, they have statistical averages which are considered to be determinis-
tic. The properties of the turbulent ows are still obtained using the Navier-Stokes

equations given in Eq. 1.1 and Eq. 1.2 which are written for incompressible uid
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ow in isothermal conditions with negligible body forces.

@,euv_,

@t @x
@ui) , QuUiY) _  @p, @;
@t @x @x X

(1.1)

(1.2)

The turbulent ow quantities can be represented in terms of time-aver&y¢cnd

uctuating (g) components as was done by Reynolds.

This procedure is called

Reynolds averaging formulated as in Eqg. 1.3 vithbeing any quantity of the ow.

Q=Q+g

(1.3)

The time-averaged quanti®; is de ned as given in Eq. 1.4 by using the averaging

parameters depicted in Fig. 1.7. Here, the times the period over which the time

average of all the uctuating components is zero.

Z it

Qi = Qi()d

1
T

Figure 1.7: Time averaging parameters [7]

(1.4)



Applying the Reynolds decomposition to the equations given in 1.1 and 1.2, one can
obtain the Reynolds Averaged Navier Stokes Equations (RANS) as in Eq. 1.5 and
1.6, which converts a problem with 4 equations (1 continuity and 3 momentum con-
servation equations) and 4 unknowns (velocity components & pressure), to a problem
of 4 equations and 13 unknowns where 9 of these unknowns are components of the

Reynolds stress tensor.

@Qu) QUY)_ @p @; UL)
@t @x @x X;

(1.6)

The additional termst;T; is the3 3 Reynolds stress tensor. Methods based on the
solution of the Reynolds stresses in numerical analysis are various turbulence model-
ing techniques used in conjunction with RANS equations. Similarly, this averaging
can be done in the spatial domain which is the basis of LES numerical modeling. It
can be concluded that turbulent ows are dif cult to deal with and thus a source of
interest to many researchers who conduct experimental and numerical studies to be
able to understand the ow quantities and dynamics.

The turbulent ow consists of many eddies. Eddies can be de ned as a grouping of
speci ¢ molecules which choose to stay together for a limited time. They form or
keep the identity (i.e. the kinetic energy and momentum) of the group, before trans-
mitting their energy and forming other structures. The size and energy content of the

eddies can be graphed as in Fig. 1.8.

The scale with the most energy-containing structures is called the integral scale. Ed-
dies in the integral scale, disperse and construct smaller eddies which also exist for a
certain time and disperse. This process continues and the smallest eddies formed dur-
ing this dispersion are affected by the viscosity which causes them to dissipate into
heat. The dissipation due to viscosity takes place in the Kolmogorov scale. However,
the amount of energy that is dissipated is not in direct relation to the viscosity. Vis-
cosity only determines the scale at which dissipation occurs. The amount of energy

that dissipates is determined by the larger energy-containing structures which gained
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Figure 1.8: Kolomogorov energy spectrum of turbulent ows[8]

their energy from the mean ow. In other words, the rate at which energy is transmit-
ted from the mean ow to the turbulence, and at which it leaves from larger eddies
forming smaller ones in the ow is determined by large-scale dynamics. When the
energy reaches the smallest scales, the rate of dissipation can no longer be affected.
Understanding the large-scale dynamics of the ow is therefore of great importance.
The most evident structures are exhibited in these energy-containing large scales and

are called coherent structures [29].

Coherent structures are energetically dominant structures that repeat their presence
in ow periodically. They are usually formed as a result of local ow instabilities
[30]. Different from eddies, coherent structures can not be superimposed or do not
transmit their energy to smaller eddies. Their interaction forms other structures of
various scales. In order to fully and realistically encompass the motions of different
sizes inside of a turbulent ow, the ow eld needs to be decomposed into mean and

a hierarchy of both coherent and incoherent motions of various scales [30].

In order to identify coherent structures, it is common practice to deploy modal anal-
ysis. With modal analysis, dominant features of a uid ow in terms of energy level
can be extracted. The ow features are represented by a set of spatial modes and
energy content levels (or growth rates and frequencies) associated with those spatial
modes. In Fig. 1.9 results of a POD analysis are given on a laminar separated 2D ow
over a at plate [9]. By investigating the instantaneous ow eld, the formation of the

Karman-vortex street can be observed. This can be mathematically expressed by the
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time-averaged ow eld combined with two of the most energetic modes found when
the modal analysis is applied. As it can be seen from the reconstructed ow in Fig.
1.9, for the given case the instantaneous ow eld can be realistically anticipated by

only two of the oscillatory modes.

Figure 1.9: Modal decomposition of 2D incompressible ow over a at plate [9]

Modal decomposition techniques are based on the eigenvalue decomposition of ma-
trices. The eigenvalues and eigenvectors of a matrix capture the directions in which
vectors can grow or shrink [9]. The vectwoand the scalar ofann n square matrix

A are said to be its eigenvector and eigenvalue if the relation in Eg. 1.7 holds. This
expression means that if an operafors applied to its own eigenvector, this opera-
tion can be de ned by simply multiplying the eigenvectowith a scalar associated

with that eigenvector.

Av = v (1.7)

Supposing thaA hasn linearly independent eigenvectorg (= [vq; V»;:::vy]) and

eigenvalues (= diag( 1; »;::; n)) associated with the eigenvectors, then Eqg. 1.7
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can be extended into Eq. 1.8

AV =V (1.8)

The eigenvalue problem is solved by post-multiplying each side of Eq. 1.8 by the
inverse of the eigenvector matrix as shown in Eq. 1.9. This procedure is called

eigenvalue decomposition.

A=V Vv! (1.9)

Proper orthogonal decomposition (POD) method and its derivatives, dynamic mode
decomposition (DMD), global linear stability analysis, etc. are modal analysis meth-
ods based on the solution of the above-mentioned eigenvalue problem. The most fre-
guently used method in uid ow is the POD analysis. The POD technique aims to
decompose a given set of data into a minimum number of modes (or basis functions)
so that the limited number of modes captures as much energy as possible. Once the
eigenvalue problem is solved, the eigenvalues are arranged from largest to smallest
ordering the modes in terms of the kinetic energy level of the ow eld. The snapshot
POD method is a derivative of the classical POD method suggested by Sirovich [31].
Instead of solving the eigenvalue problem in the entire spatial domain oh, the
snapshot POD method usesnumber of snapshots capturing the important uctua-
tions inthe ow eld and solves then m eigenvalue problem. Another variation of

the classical POD analysis is the spectral POD proposed by Lumley [32]. The spectral
POD provides a set of modes with discrete frequencies rather than mixed frequencies.
This is achieved by applying temporal Fourier Transform on the ow eld data before
extracting the spectral POD modes.

Extracting the coherent structures of swirl- ow-generated vortex breakdown is of
great importance. In literature swirl induced vortex breakdown is said to be followed
by a global ow instability called the Precessing Vortex Core (PVC) [33]. The PVC
is a helical ow structure wrapping itself around the reverse ow boundary [10]. The
center of the vortex is different from the center of the swirler. A representation of the
PVC can be seenin Fig. 1.10.
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Figure 1.10: Representation of PVC [10]

Many researchers focus on the identi cation of the PVC mode in swirl-stabilized
combustors. Sieber et. al. [11] developed an improved POD analysis that they have
called Spectral POD analysis (S-POD, different from the previously explained spec-
tral POD) in order to extract the dominant modes of swirling ow inside a combustor.
When represented in terms of the radial velocity component, the PVC has an anti-

symmetric structure as shown in Fig. 1.11.

Figure 1.11: Anti-symmetric ow structure represented in terms of radial velocity

component [11]

Sieber et. al.[11] conducted SPOD on the PIV measurements and compared the per-
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formance of POD and SPOD. They have captured modes that resemble the PVC |
mode. However, with the SPOD method, the PVC | mode had a better-de ned peak
in the frequency spectrum. They have concluded that the SPOD method generates

results for which it is easier to relate the modes with their physical interpretations.

Terhaar et. al. [33] conducted an experimental and numerical study to investigate the
in uence of the vortex breakdown type on the global modes in swirling ow. The
POD results on the experimentally obtained isothermal & reacting cases reveal that
similar vortex patterns along the inner shear layers are observed in both cases. As they
injected air axially, they observed that the dominant mode shifted from PVC type |
to PVC type Il. Moreover, comparing the reacting and isothermal results, they found

that the frequency of the self-excited oscillation is not in uenced by combustion.

Oberleithner et. al. [12] conducted an experimental study on the effect of the pres-
ence and shape of the ame on the suppression of the PVC in a swirl combustor.
Applying POD analysis to the obtained results they have seen that in all isothermal
conditions, the presence of the PVC is manifested over a range of modes. However,
when the reacting conditions were investigated, the formation of the PVC was not
always observed in the most energetic 3 modes as shown in Fig. 1.12. The presence
of the PVC was linked to the ame shape (i.e. the operating condition of the burner).
In case of the isothermal and M-shaped ame conditions (A and C respectively), the
rst two modes represent the coherent helical PVC located at the inner shear layer.
For the V-shaped ame (denoted as Case B) however, the energy content of the most
energetic modes is signi cantly lower, and there are no vortex patterns observable in

the inner shear layers.

To conclude, it is important to understand the dynamic changes in the ow initiated
by varying the swirler design parameters. A POD study is conducted in this thesis
to identify mode structures with the addition and variation of the are expansion

geometry.
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Figure 1.12: Average ow eld and POD modes of different operating conditions of
the same burner geometry [12]

1.3 Motivation and problem de nition

There is extensive knowledge in literature focusing on the effect of changing design
parameters of swirlers on the ow elds generated by them. Researchers focused
heavily on parameters such as the con nement ratio, the channel orientation, the swirl
number, etc. However, there is a limited number of studies focusing on the impact of
the addition and variation of the are geometry on the ow eld generated by radial-
radial swirlers. Moreover, the existing studies restrict their investigations to low swirl
numbers, low con nement, or uncon ned cases. The identi cation of mode shapes
of the swirling ow generated by swirlers employing a are geometry is not studied
extensively in the eld. The current study aims to contribute to these aspects by
presenting two-dimensional two-component Particle Image Velocimetry (2D2C PIV)

results conducted on the ow eld generated by co- and counter-rotating radial-radial
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swirlers in isothermal conditions where swirl number & con nement ratio are xed.

1.4 The outline of the thesis

This thesis presents the results of an experimental investigation conducted to under-
stand the impact of the are geometry on the ow eld generated by radial-radial
swirlers. It is constructed of four chapters. In the rst one, some introductory knowl-
edge is shared regarding gas turbine applications, combustors and their working prin-
ciples, ow structures generated by swirlers, etc. Studies found in literature focusing
on the effect of are geometry are mentioned before concluding with the motiva-
tion behind the current study and the thesis outline. The second part elaborates on
the experimental methodology applied. Some theoretical information regarding the
concept of Particle Image Velocimetry (PIV) is given. The swirler geometries under
investigation are depicted and their design parameters are provided. Moreover, the
experimental facility and setup are introduced giving insight into all the necessary
equipment. The methodology behind the uncertainty and POD analyses applied to
the test data obtained in this study is explained. The next section presents all the ex-
perimental results that are obtained. The addition of the are geometry, the variation
of are geometry, and the channel orientation effects are studied explicitly. Results of
the POD analysis are shared and identi cation of the mode shapes is conducted at the
end of this section. Finally, in the last part, the ndings of the study are summarized,
and the most important outcomes of the study are stated.
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CHAPTER 2

METHODOLOGY

In this section, the details related to the experimental setup are presented. First, the
experimental method is introduced. Next, details about the swirler geometries under
investigation are given. A thorough introduction to the test chamber as well as the PIV
setup is provided. The uncertainty of the experimental results is shown to support the
reliability of the obtained data. Finally, the methodology of the proper orthogonal

decomposition is explained.

2.1 Experimental method

Particle Image Velocimetry (P1V) is a quantitative, non-intrusive measurement tech-
nigue used in experimental uid mechanics. Suf ciently small tracer particles are
introduced to the ow in order to move along with it. A source of light illuminates
these particles and causes them to scatter light. A visual recording device, such as a
high-speed camera, captures the light scattered by the particles at least twice with a
short time period between them. A comparison of two consecutive captures reveals
the motion of the ow of interest.

Whereas most of the experimental techniques allow velocity measurement of a single
point in the ow, the images captured during PIV have a large spatial resolution. In
planar PIV, a 2-dimensional laser sheet is generated within the ow, and the illumi-
nated sheet is recorded. To analyze the motion, these images are divided into smaller
interrogation windows. Each interrogation window includes a number of particles
that are assumed to move homogeneously. Local velocity vectors of all particles are

calculated and a single velocity vector describing the motion of the ow inside that
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interrogation window is generated with the use of statistical methods such as cross-
correlation.

The components of a PIV measurement system inside a wind tunnel are given in Fig.
2.1 [13]. Laser sheet optics are used to generate a thin layer of light and re ect on
the ow area of interest with the help of mirrors. Imaging optics (lenses) focus on
the particles to obtain high-quality images which are easier to analyze with statistical
methods when compared to blur images. Usually, a synchronizing device is used to
arrange the times of laser pulses, image capturing, and data transmission to the com-
puters. Instantaneous images of the ow phenomenon under investigation are taken
at timest andt®which can then be analyzed with several different methods, without

the need of repeating the experiments.

Figure 2.1: Schematic of a PIV setup in a wind tunnel [13]

2.2 Swirler geometries

In this study, the ow elds of ve different swirler geometries are investigated ex-
perimentally. In order to study the effect of the are expansion geometry on the ow
eld generated by radial-radial swirlers, all other design parameters were set to be
identical except for the are expansion geometry. Each of the swirlers has 8 primary
and 12 secondary channels. Whereas 28% of the ow passes through the primary

vanes, the remaining 72% ows through the secondary vanes. The schematic of the
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swirlers is given in Fig. 2.2.

Figure 2.2: 2D and 3D drawings of the swirler with are geometry

The design of the swirlers is such that they yield identical swirl numbers of value 1.2.
The swirl number of the primary and secondary channels are computed separately by
using Eq. 2.1 and Eqg. 2.2 as de ned by Beér and Chigier [15]. Swirl numbers are
computed at the Venturi section with the same diameter of 30 mm.

Z
SN, = Reo Uaxial Utangential r2dr (2 1)
” 0 RDO Uaxial Utangential rdr '
Z R
so U . U . rzdr
SNgec = axial tangential (2.2)

Rsi I:\)po Uaxial Utangential rdr

It was suggested by Halpin [34] that the swirl number can be computed by taking
the mass average of the primary and secondary swirl numbers. Eq. 2.3 is used to
calculate the swirl numbers of all swirlers.

SN = SNy 21 4 gNg, B (2.3)

Myotal Myotal

Tab. 2.1 summarizes the geometrical properties of the swirlers. Additionally, to un-
derstand the effect of the introduction of are geometry, experimental results obtained
previously by Ky ¢ and Percin [1] are compared with those of the present study. Ge-
ometrical parameters of this baseline swirler, which does not have a are geometry,
are also given in Tab. 2.1. Different are con gurations of the swirlers are demon-
strated in Fig. 2.3.
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