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Introduction of lean premixed combustion to gadine technology reduced the emis-
sion of harmful exhaust gas species, but due tdile sensitivity of lean flames to acoustic
perturbations, the average life time of gas turl@ngines was decreased significantly. Very
dangerous to the integrity of the gas turbine strecis the mutual interaction between com-
bustion, acoustics and wall vibration. This phennorecan lead to a closed loop feedback
system, with as a result fatigue failure of the baostor liner and fatal damage to the gas tur-
bine rotor.

In this paper the use of numerical tools for CFD &8D analysis is described to predict the
hazardous frequencies at which the instabilities cacur. The two way interaction of the
combustible compressible flow and structural walsvestigated with the application of the
partitioning fluid-structure interaction approadh. this technique the fluid and structural
model are considered as individual but coupled dynaystems. Information of conditions
at the fluid-structure interface is exchanged aegitime steps through the interface connec-
tion created between the numerical domains. Thegetbe partitioned approach can take the
full advantage of existing, well developed and e@dstodes for both, fluid and structure
analysis. Next to the fluid-structure interactiomabysis, acousto-elastic and modal models
are applied to get insight into the acoustic andration pattern during the instability
process. The calculations use elements devoteldetsdlution of the acoustic and structural
fields. This approach has the advantage of higblmtion of the acoustics, but takes into ac-
count only one way combustion dynamics (taken ftbenCFD results).

All numerical solutions are compared to experimergaults obtained on a laboratory test
rig. The data is evaluated for both, pressure ahakity fields.

1. Introduction

Each flame posses an intrinsic instability whicadg to the noise generation. However, dif-
ferent sources of noise generation by flame cagigtenguished: the autonomous noise is a product
of the flame instabilities only; the coupled nois@n effect of the mutual interaction between #tam
and acoustic waves. The latter is of a great ingpae in a gas turbine industry as it can leadeo th
thermo-acoustics instabilities and, after couplivith walls vibration, to fatigue failure of the cem
bustion system. The genesis of the thermo-acouststabilities growing up effect was first de-
scribed by Lord Rayleigh His criterion with later chang@states that the instabilities are pro-
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moted when the heat fluctuations released by thimdl and pressure changes are in phase and
energy gain exceed energy losses to the wall, ged.E
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During the lean combustion, the turbulent flamehviis enormous thermal power amplifies acous-
tic pressure changes inside the combustion chaniltes. combustion chamber is acoustically
closed and only small part of the sound is ablleé&we it together with an exhaust gases. Since
dissipation of the pressure wave in the chambapissignificant, most of the sound is reflected
from walls and impinging flame, which is highly s#tive on acoustic perturbations. The acous-
tic source, i.e. flame, is modified by the reflectiwaves and it produces even stronger pressure
fluctuations inside the combustion chamber. In secahen self-excited instabilities arise in the
system, especially when their frequency is neaobyven matched with the resonant frequency
of the combustion chamber walls, the amplitude @aflwibration is enhanced significantly.
Furthermore, the high temperature of the envirorinibe liner operates in, has negative impact
on the walls strength and performances. Those facice. high amplitude of vibrations and
reduced material properties of the liner, combingith long operational time without any main-
tenance or overhaul lead finally to the fatigue dgmof the linet

Next to liner fatigue damage, the thermo-acougigtabilities are also a source of many other
undesirable effects occurring in the combustionndbex during the combustion process, like en-
hanced heat transfer to the walls, flashback awldff. Therefore, investigation and prediction pos-
sible thermo-acoustic instabilities are of a gregiortance in gas turbines technologies.

2. Experiment

The combustion setup investigated here is a laboraicale part of the real gas turbine com-
bustion chamber. Because of the significant geacatdimensions and high operational costs, it
was unpractical to build the whole combustion chamtogether with 24 burners. Instead, the
chamber with only one burner and thermal powereeduo 500 kW at 5 bar absolute pressure was
manufactured. In order to match acoustical andiral eigenfrequencies with the one occur in the
full scale device, the geometrical dimensions ef ithvestigated setup were modified. The investi-
gated flame is a natural gas lean premixed flartehization of flame is done by inner and outer
recirculation regions created by swirl tube. Betwdee liner and pressure vessel, the cooling flow
is present to decrease the overall liner temperatgveral pressure transducers and thermocouples
are located along the combustion test rig to mormptessure and temperature changes during dif-
ferent operating conditions. For the pressure nreasents, Kulite pressure sensors with measure-
ment range of 0-0.35 bar are used. To decreasesthef sensor damage due to high temperature,
the pressure transducers are mounted on the diés and cooled by external air flow. The side
tubes are connected to the semi-infinity hoseghAtend of each hose material absorbing acoustic
wave is used. Therefore, the sensors can readréssyse changes which are in the combustion
chamber without errors made by resonance insidéuthes or hose. To observe flame and measure
its properties, the setup is equipped with a sysieEmindows. Chemiluminescence and Planer La-
ser Induced Fluorescence (PLIF) are used to gatfmmation about flame. The measurements of
the liner vibrations are done on the part of tmediwith higher flexibility. This section has de-
creased thickness. This makes any variations inptleesure amplitude or frequency inside the
combustion chamber, directly translated to charfgine liner vibration pattern. Furthermore, the
flexible section located between stiff liner plagises well defined boundary conditions for the
numerical models. All thermocouples and presswaesttucers are placed in certain distance from
the flexible liner to preserve free vibration patteThe Laser Doppler Vibrometer allows high ac-
curacy measurements of the hot liner surface witlhontact with it. Measurements are performed
along slit window, because due to high length/widttio of the liner, only longitudinal modes are
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expected. Data from the pressure, velocity and éatpre sensors are collected by Labview and
Siglab data acquisition systems. Location of e&ctsar is presented on Fig. 1.
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Fig. 1. Combustion setup (left), drawing of theupetvith data collection points (right), where: TT-&re
thermocouples, P1-P6 are pressure transducersiarttlelLaser Doppler Vibrometer.

For measurements with pulsating equivalence raMO®G valve is used. The MOOG valve per-
turbs the mass flow of fuel in a controlled way pExment operating conditions and liner dimen-
sions are depicted in Tab. 1.

Combustion flow
Power Abs. pressureAir factor Mass flow rate  Airtemp.  Pulsation freq. Pulsation amp.

125 kW 1.5 bar 1.8 75.53 g/s 573 K 300 Hz 8.5%
Dimensions and material properties of theliner
Length to- Thickness stiff . . , . , .
talflexible part part/flexible part Width Density Young's modulus  Poisson’s ratio
1.813/0.400 m 0.004/0.0015m 0.150 m 7844 kg/m 138 GPa 0.3

Tab. 1. Operational parameters during combustiongss and liner dimensions

3. Numerical approach

Three different numerical approaches are emploggutedict the hazardous instabilities and
liner vibrations in the combustion system. All misdare based on coupled and uncoupled CFD and
CSD simulations.

3.1 Fluid-Structure Interaction

The partitioned approach is used here to solveflthd-structure interaction problem. In this
approach fluid and structural model are consideasdan isolated entities. This allows using
independent techniques to solve fluid and structwiedomains along the fluid-structure inter-
face at a given tinfe Thus, the partitioned approach can take the dditantage of existing,
well developed and tested codes for both, fluid stndcture analysis. The disadvantage of this
approach is the necessity of using additional cedech provides coupling interface between
investigated models. The data send through thefade can be contaminated by the errors cre-
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ated during mapping and interpolating procedurdse partitioning approach can be solved in
serial or parallel way and the fields can be codpheakly or strongly. The serial weak cou-
pling, where fluid and structural solver works attately, is used here. Both fields are solved in
successive steps and the coupling is done at thekthe time step. During the call, solutions
of one process are used as boundary conditionghéother process. The serial weak coupling
is very efficient technique as calculation time ammnputer power demands are much smaller
than during strong coupling, where data is exchdngeery sub-iteration. The weak coupling
method is devoted for the coupled fields with siigaint difference in density or characteristic
timescale, as well, when the displacement of thecaire is minot. All three conditions are
fulfilled in case of interaction analysis in combos chamber. The parallel weak coupling has
advantage in a shorter calculation time, in congmarito serial coupling. However, it can desta-
bilize the solution process as less recent resuétsapplied in each field solfer

To exam coupling between combustion, acoustics\@m@tions, three different numerical codes
are combined into one calculation process. Foituhaulent flow, heat transfer and combustion of
the reacting mixture calculations Ansys CFX 11 sedi Acoustic wave created by an oscillating
flame is solved during the CFD computations, ad.wiéie structural vibrations analysis is per-
formed using Ansys Multiphysics 11 commercial codbe interface connection between both
codes is ensured by the MFX coupling interface c@ibga exchange is done in two-way manner.
The two-way interaction method allows pressure @isglacement information exchange between
CFD and CSD numerical solver. The physical prodegsstigated here is driven by combustion
instabilities, thus combustible fluid flow processresolved first. Graphical interpretation of
partitioned coupling and serialb*S coupling is presented on Fig. 2.

structure U(n) @ U(nt+1)
®

— @
Fluid — Solid — Fluid Solid
tol o+l @
Stagger loop Stagger loop
flow v(n) (2) W(n+1)

Fig. 2. Partitioned coupling approach (left) andade&s>F coupling

The dynamic system behaviour including interacti@ween domains can be written in a ma-
trix form according to Eq. 2.

[ e | M A M ] =2

Where: MatrixM stands for mass matrix; for damping matrixK for stiffness matrix an@ is
coupling matrix. Nodal displacement vector is mdrsx and time dependent load vector fift).
Subscriptd ands stand for fluid and structure, respectively.

The mesh on the both side of the interface conoeas usually not conforming. In most of
cases, the elements density and the elements slidphed and structural mesh are not coinci-
dence spatially. In case the liner mesh is finetlmsender side a globally conservative inter-
polation method is used. In opposite case, a @giteserving interpolation method is applied.
A bucket search algorithm is used for mesh mappkigalgorithms are standard available in
the FEM Ansys package

For the CFD computation, the Scale Adaptive Sinmutatalso known as SAS is used. This model
was introduced first by Menter et aThe SAS formulation provides a turbulent lengthts, which

is not proportional to the thickness of the turbtilyer, but it is proportional to the local flow
structure. Standard turbulence models, on the dthad, always provide a lengths-scale propor-
tional to the thickness of the shear layer. Theyndb adjust to the local flow topology and are
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therefore overly diffusive For the reacting flow calculations, standard Gfixgle-step Eddy Dis-
sipation/Finite Rate Chemistry (ED/FRC) model aaction is uséd In ED/FRC model, the reac-
tion rate is limited by turbulence quantities orroyxing, depending on the local Damkdhler num-
ber. Thus while the rate for one step may be lithiig the chemical kinetics, some other step might
be limited by turbulent mixing.

To save computation time and to increase the numéesity of elements, the computational do-
main was reduced to a quarter section of the @abastion chamber, with periodic boundary con-
ditions. A total number of 720 000 unstructuredredats, mostly placed in the flame and recircula-
tion region are used for calculations. The neai-vegjion is created with the use of prism elements
to avoid generation of highly distorted tetrahedilaiments at the face. The velocity and turbulence
profiles at the inlet are taken from the steadyestalculations of the full setup geometry. Theicta
average pressure is imposed at the combustion adramaliet. Heat transfer coefficient is imposed
on the investigated wall. Other walls have adiabatid no-slip conditions. The influence of the
pressure from the cooling passage is neglectedidibkcalculation time was equal to 80 ms with
time step le-4s.

The structural model is simplified to one wall wftbxible section. The calculations are performed
with uniform material properties adequate to work®0°C. Mechanical loads from the CFX cal-
culation are transferred to the internal liner fagetotal number of 19 000 uniformly distributed
SOLID92 tetrahedral elements is used for the dynaraiculation. Time step and total calculation
time are the same as in the CFD calculation.

3.2 Acousto-elastic interaction and modal analysis

The acousto-elastic analysis is devoted to invasighutual interaction between moving walls and
acoustic field. The interaction between structund acoustic field is especially significant when
acoustic fluid is enclosed by the flexible struetuin case of acoustic fluid trapped in combustion
chamber domain only the compressibility and inezffact plays a major role. The presence of the
hot air trapped by surrounding structure changesptiysical behaviour of the system. The air in-
troduces additional mass, stiffness and danipifige acousto-elastic model includes gases with a
mean temperature adequate to the gas temperatung dloe combustion cycle and liner material
properties similar to one during the operating d¢tioials. To simulate acoustic wave in the combus-
tion chamber acoustic elements FLUID30 are emploledthe structure, SHELL63 elements with
the element real constant equal to the materiakitieiss are used. Between those two types, ele-
ments design to recognize structure on one sideflarmlon other are placed. This configuration
assures correct data transfer between the acamtistructural elements. The geometry is simpli-
fied to the rectangular shape without the exhaips. @'he reflection coefficient is calculated based
on change in the cross-section area and imposeddaacoustic conditions. At the inlet, an acousti-
cally hard wall is imposed. The pressure fluctusiare taken from the CFD analysis. The typical
acoustic field created by acoustic source can bieletl into two main regions: the near field and
the far field acoustics. The near field acoustictocated in the vicinity of the acoustic sourcd an
strongly depends on the source properties. Théidlar zone starts at a certain distance from the
source. Beyond the point of transition betweenntbar field and far filed acoustics, the wave distri
bution is mainly independent on the distance frbm source. Several definitions of the transition
point between near and far field acoustics existgedds on the relation between dimensions of the
source and the wave length, diffraction or the tgpthe acoustic sourt® The direct prediction of
the far field acoustics by the CFD computationifatlilt to achieve, mainly due to requirements of
meshing and time step. The CFD mesh must spahelivay to the reception points with enough
spatial resolution to directly resolve acoustic e&wver the propagation distance with minimal to
no numerical damping. However, the CFD results shthat in the investigated combustion cham-
ber, in some distance behind the monopole soureeflfame), the pressure fluctuations are one-
dimensional, see Fig. 3. Therefore the CFD domsitruncated in the vicinity of the flame, and
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pressure fluctuations are exported to acoustotelagidel, as shown on Fig. 3. The truncation dis-
tance is chosen close to flame, to preserve pressgmal no contaminated by the numerical errors.
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Fig. 3. One dimensional pressure change pattéith, @ad acousto-elastic interaction (right)

Next to acousto-elastic interaction a modal anslissperformed. The vibration characteris-
tics of the combustion chamber and the influencéhefhot gases trapped inside are investigated.
The eigenfrequencies and shape of the coupled navdesompared with each other and a relation
between them is observed. The numerical modekiséime as for the acousto-elastic investigation,
except the pressure field exported from the CFXecand a reflection factor, which are not applied
here.

4. Results

The results of the experiment are evaluated fosqume at location of pressure transducers P2
and for the liner velocity in the middle of thedinflexible section. Signal for experimental fre-
guency spectra was averaged over 40 measuremdmtseas for the time signal, only the most
recent result was recorded. The experimental ieanét compared to the numerical data. Moreover,
the modal analysis presents the shape of the abupbeles of the whole system.

During the fluid-structure interaction computatidhe partitioning error can occur. To exam the
influence of the error, the mesh displacement enGRX side is compared to original displacement
calculated by the structural code. As can be sedrig 4, the coupling algorithm works well. Dis-
placements on the structural and fluid face areséimee and only minor errors are visible.
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Fig. 4. Data transfer through the interface corinact

The experimental and numerical results of the piresshanges show good agreement. The numeri-
cal amplitude of the pressure fluctuations hasstirae order as the experimental one. The numeri-
cal results are under-predicted only by factor 2,.8lepends on the investigated model, see Fig. 5.
This behaviour is caused by the numerical disperaiod dissipation of the acoustic wave during
the CFD computations. Also, it is possible thataduse of very short calculation time (80 ms) the
instabilities has no time to grow up to the limliiserved during the experiment. Introduction of
finer mesh and longer calculation time should impreesults, but would also enormously increase
the total calculation time. The thermo-acoustidabsities observed during the experiment are lo-
cated at 439 Hz and 640 Hz. Both numerical modeddipted those peaks at 437 Hz and 625 Hz,
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which means that the acoustics, combustion and negaperature field during numerical calcula-
tion is resolved correctly. However, due to thesoees described above, the power of the instabili-
ties is under-predicted. The main peak visible ythe numerical computations is located at 300
Hz and it comes from the frequency of fuel-to-ajuiwalence ratio pulsations.
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Fig. 5. Pressure changes: experimental and nurheri€ag. 6. Velocity changes: experimental and numeri-
results in time domain (top), experimental resuts cal results in time domain (top), experimental hssu
frequency domain (middle), numerical results in in frequency domain (middle), numerical results in
frequency domain (bottom). frequency domain (bottom).

The same behaviour as in case of pressure fluohsis observed for the liner vibrations. The
maximum numerical amplitude of the vibrations, imikar to the one recorded by Laser Doppler
Vibrometer. The over-prediction visible on Figi$most likely a consequence of not including any
damping to the material properties of the linersdAtooling passage with cold air on the other side
of the liner is not investigated here. But it cogigde additional damping factor. The frequency
spectrum of the acousto-elastic model shows tharbams instability at 435 Hz, whereas instabili-
ties predicted by fluid-structure interaction moded located at 325 Hz and 450 Hz. Both spectra
predicted peaks close to the experimental spectnimth localized instabilities at 438 Hz and 846
Hz. In all investigated cases the forcing peakO&t Bz is also visible.

Next to fluid-structure interaction and acoustosétaanalysis, the modal analysis is performed. The
coupled modes are investigated in the range u@@Hz. Eight of them shows strong coupling
between acoustic and structural domain, see Figowever, only half of them represent a pattern
in which entrapped hot air is highly compressedanefied. Those modes are responsible for sig-




16" International Congress on Sound and Vibrationk#wa Poland, 5-9 July 2009

nificant volume changes in the system and as aecesice they can lead to the thermo-acoustic
instabilities. All the eigenfrequencies of the voketric modes match well with the frequency of the
instability peaks observed during the experiment.

| Frequency:| 219Hz 312Hz 355H| 429 Hz | 446 Hz| 542 Hz| 657 Hz | 669 Hz |

Fig.7. Coupled modes of the combustion chamber

5. Conclusions

Experimental and numerical investigation was danénvestigate thermo-acoustic instabili-
ties in the gas turbine combustion chamber. Theg@®ws numerical models with direct coupling
between fluid and structural fields were used tdmt the frequencies at which the instabilities ca
occur. The fluid-structure interaction, acoustosttaand modal analysis show instabilities at 437
Hz, 437 Hz and 446 Hz, respectively. All those ealare close to the thermo-acoustic instability
observed during the experiment at 439 Hz. The f&aqu of liner vibration was predicted correctly
as well. In case of pressure and velocity ampliteskemation, the numerical results differ from the
experimental one, but the order of magnitude wasgived. The discrepancy between numerical
results and experimental one comes mainly from migaedispersion and dissipation, lack of
physical damping in the investigated liner, lackcobling passage model and short calculation
time. Improving those factors should result in &dyeprediction not only of the frequency at which
the instability occurs but also its amplitude.
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