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Abstract

The energy transfer from the heat release of the combustidnet acoustic pressure oscillations is the

driving element of combustion instabilities. This enengnsfer is described by the Rayleigh criterion and

depends on the phase shift between the pressure and heaered¢e oscillations. A research rocket com-

bustor operated with the propellant combination hydrggeygen was equipped with dynamic pressure

sensors and fibre optical probes to measure the flame radidtiis setup has been used for a phase shift
analysis study which showed that unstable operation isachenised by a phase shift leading to an energy
transfer from the heat release to the acoustic pressuréatiscis.

1. Introduction

High frequency combustion instability in liquid propeltancket engines (LPRES) is a problem which is known since
the beginning of the development of these enginEstensive studies have been carried out all over the waaldisg
in the 1950's>* Due to the complexity of the problem reliable predictive afifities could not be developed so
far. Experimental research of combustion instabilitiersaat understanding the underlying physical processes and
mechanisms being responsible for this phenomenon. Thiafuental knowledge is required for the development of
stability prediction tools:®

The random pressure oscillations created by the combugtamess or by turbulence cause an excitation of the
acoustic resonance modes of the combustion chamber. Theiflatns can result in oscillatory combustion causing
a periodic modulation of the heat release rate. Rayleigtufaied in 1878 that an acoustic oscillation is excited dthe
is added at the moment of greatest compression or subtratted moment of greatest expansicghThis so called
Rayleigh criterion has been formulated in a simple mathealatay by Putnam and Dennis'°

f gpdt>0 1)

cycle

This formulation neglects damping and requires that the fimegral over a cycle of the oscillation of the presspire
and the volumetric heat release rgtenust be greater than zero. If mono frequent oscillationgasemed this means
that the absolute value of the phase angle between botladiscis must be between 0 angR. If the Rayleigh criterion

is fulfilled energy is transferred from the heat release #oaboustic oscillations. This causes a rapid increase of the
acoustic pressure oscillation amplitudes which can leathtoage or even the destruction of the whole engine, which
is then called combustion instability.If the absolute values of the phase angle is betwg@randr the oscillation is
damped.

Self-excited combustion instabilities of the first tang@intL T) mode were found in a research hydrogemgen
rocket engine combustor named BKD. During unstable opmraltie amplitude of the pressure osciallation shows large
fluctuations'? This is an indication that the Rayleigh criterion accordingq. (1) is not permanently fulfilled causing
a varying energy transfer. The research combustor BKD ifpegd with dynamic pressure sensors to measure the
acoustic pressure oscillations and fibre optical probes#tyae the oscillation of the combustion process. Thisgsetu
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can be used as an experimental platform in order to analgspréssure and heat release rate oscillation according
to eq. (1). In the past phase shift analysis studies wer@eed especially under forced excitation conditidfra’

But also self-excited combustion instabilities in a lathorg-scale combustor have been analysed under this résearc
questiont® The BKD ofers an experimental platform to extend this analysis teesaifted combustion instabilities
under representative conditions for LPREs with the cryagpropellant combination hydrogfxygen. In this work,

a first phase shift analysis study is presented in order thuateaa newly developed methodology to analyse the data
of the BKD test runs with regard to the phase shift betweeague and flame radiation intensity oscillation.

A pressure field reconstruction procedidris used to process the dynamic pressure sensor signals lanthta
the amplitude and orientation of the 1T mode pressure fieldh YWe aforementioned fibre optical probes the OH*
flame emission is measured for selected positions. Thetsesfuthe pressure field reconstruction procedure are used
to calculate the pressure oscillation for the selectediposi observed by the fibre optical probes. As a result foheac
position two signals are obtained which are used for a pHafteasalysis study.

Using this methodology two selected load points, one statdkeone unstable have been analysed. In both cases
the phase shift is continuously varying and shows a fluatgatiehaviour on the time scales of the 1T oscillation
period. Statistical analysis were performed on the obthpiease shift signals in order to identify any structure. For
both load points on large time scales all phase shift sigstadsv a rather continuous increase or decrease showing
that the pressure and OH* intensity do not oscillate withghme frequency. A histogram analysis shows that the
phase shift signals for the unstable load point are chaiaeteby a concentration of samples in the region around
a phase shift of zero which is in agreement with the Rayleigferion. The same analysis for the stable load point
shows a dierent result. Here only a slight, much less pronounced cdratéon of samples can be found. This shows
significantly diferent structures in the phase shift signals of a stable astdlie load point.

2. Experimental Setup

The test specimen used for this investigation is the reseaymbustor BKB% 2! with the injector head L42 operated
at the P8 test facili§?~2* of the DLR Institute of Space Propulsion in Lampoldshausistonsists of the injector head,
the cylinder segment, and the nozzle segment as shown ineFlgan the left side. The L42 injector head has 42 shear
coaxial injectors and is operated with the propellant caovation hydrogefoxygen. The combustion chamber has a
cylindrical shape with a diameter of 80 mm. The nozzle thdiameter is 50 mm which leads to a contraction ratio of
2.56. The maximum combustion chamber presspgg @uring the test run which was used for the presented amsalysi
was 80 bar. The highest mixture ratio (R&Fn,/My2) was 6.0. For the load poim.. =80 bar with ROF= 6.0 the
total propellant mass flow rate is 6.7/kg
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Figure 1: Combustion chamber BKD (left) with HF measuremarg (right)
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According to eq. (1) the evaluation of the Rayleigh critari@quires the simultaneous measurement of the
acoustic pressure oscillatigni(t) and the volumetric heat release rgtét). The measurement @f (t) can be achieved
relatively easy by the installation of dynamic pressureseesn The measurement @/f(t) is much more challenging
especially at the conditions found in rocket engifredJsually the measurement ¢f(f) is approximated using the
flame radiation which is easy to measure. In hydrggeygen combustion the radiation of the excited hydroxylead
(OH*) has been used as a marker pft) due to its good detectabilifi?: 26

In order to measure thp'(t) oscillations in the combustion chamber as well as the fatatns of the OH*
intensity the BKD combustor has been equipped with a sggdakigned HF measurement ring as shown in Figure 1
on the right side. This ring is installed between the inje¢tead and the cylindrical combustion chamber segment
as shown in Figure 1 on the left side. It is equipped with 8 flmsfunted water cooled Kistler dynamic pressure
sensors with an equiangular spacing of.4bhe dynamic pressure sensor sigr%l@n(t) are sampled with a sampling
frequency of 100 kHz.

In order to measure the flame radiation at specific locatibedHF measurement ring is equipped with 3 fibre
optical probes. This method of obtaining an optical acoes$ise combustion chamber with minor modifications of the
engine is well known in the field of reciprocating engifég® Due to higher seal demands when using hydrogen as a
fuel this technology had to be adapted to LPREs with the plamtecombination hydroggoxygen. A small sapphire
rod is installed in the optical probe which creates the @ptccess. The full acceptance angle of the optical probes
is approximately 2 The radiation captured by the probes is transferred togohoitiplier (PM) detectors using an
optical fibre. The PMs are equipped with interference filteith a centre wavelength of 310 nm. As discussed in detail
in other work by the author®, the OH* intensity signals measured by the PMs can be seen agmoximation for
the oscillation of they” as they measure an integrated line of sight sigh&ut it must be kept in mind, that theg(t)
signals are not identical to the PM signals. A variatiorfois not the only cause for a variation of the OH* intensity.
Nevertheless the PM signals are a measure for the flame dgsainthe injector exit. The phase shift analysis has
therefore been performed between {#1é) signals and the OH* intensity signalqt). Like the p;jdyn(t) signals also
thel’(t) signals are sampled with a sampling frequency of 100 kHz.

The narrow field of view of the fibre optical probes has beew tis@lign the probes to 3 specific injectors of the
outer ring of the injector pattern as shown in Figure 2. THedd®n of the injectors was based on the mode symmetry
of the 1T mode. The angular distance between the nodal lideagressure anti note of the 1T mode i$.9Probe
A andB were therefore aligned to the injectors 19 and 13 with an kanglistance of 90 ProbeC was aligned to
injector 10 with an angular distance of*4® injector 13. Prob®& was aligned to the centre of the injector while probes
A andC were aligned tangentially to the reaction zone. The alignnoé probesA andC has shown to improve the
signal quality as a larger part of the reaction zone liesiwithe field of view. On the other hand this alignment is more
sensitive to capture radiation coming from other injectors

optical probe A

injector 19

Figure 2: Alignment of fibre optical probes to selected itges
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3. Data Analysis Methodology
3.1 Pressure Field Reconstruction

The 1T mode pressure field reconstruction algorithmas originally developed for the CRC research combu$tor.
The pressure oscillations are measured on the wall of adyial combustion chamber. The amplitude and orientation
of the 1T pressure field as functions of time are determingtdmeasurement plane described by the dynamic pressure
sensors. The procedure has been successfully appliedstdrdat the BKD test serie®: 2

The basis of the pressure field reconstruction algorithrhasfact that the wall pressure distribution of the 1T
mode is a sine function with one period in circumferentiaédiion. The first step is to band pass filter the dynamic
pressure sensor signqjgdyn(t) signals to extract only the contribution of the 1T mode. A tway filtering proceduré
in combination with a Butterworth filter of second order igd$o avoid a phase shift of the signal during the band pass
filtering. In the case of the BKD HF measurement ring for eale istep of thepg)d (1) signals 8 data points consisting
of an angular positios and a pressure valyg are available. A sine function with 3 parametets gprr, Porr) is fitted
to this data set.

P(6) = Asin(6 - pprr) + Por (2)

If this sine function is known the whole 1T pressure field ig¥m. This is done for every time step of tlpgdyn(t)
signals so as a result three signa(y), ¢pr(t), and per(t) are obtained.

These 3 signals completely describe the temporal evolutidhe 1T mode pressure field in the measurement
plane of the HF measurement ring. They provide the podsilidi calculate thgy'(t) signal of the 1T mode at any
given position in this plane. Here they are used to calculaeg’ (t) signal of the 1T mode at the positions of the 3
injectors which were observed by the fibre optical probes.

3.2 Pressure Signal Calculation

Based on the fundamental equations of cylinder acodstioe pressure field of the 1T mode is described by

ol
R

p'(r,0,t) = J; ( ) [M cos(6 + wt — 61) + N cos(d — wt — §7)] 3
wherer andd are the polar coordinatetsthe time,J; the Bessel function of first ordety; a root of the Bessel function
depending on the resonance méde the radius of the cylindedM and N amplitude constantsy the oscillation
frequency of the 1T mode arid ands, phase constants. In order to obtain the wall pressure lolisioh eq. (3) must
be evaluated on the cylinder watl£€ R).

p’(0,1) = J1 (mao1) [M cos(6 + wt — 61) + N cos(d — wt — 62)] 4)

This can be transformed to a simple sine function with a vargimplitudeA(t) and a varying phasgy:(t) as has been
shown previously?

p(6.1) = A)sin(6 - gpr(t)) (5)

The combination of eq. (3), (4), and (5) together with theadtiction of thepys(t) signal leads to the equation to
calculate thg' (t) signal of the 1T mode for any given position based on thelteefithe pressure field reconstruction
algorithm.

p(r.0,t) = A(t)w sin(6 - gprr(t)) + Por(t) (6)
,0,1) = 1 (raron) Ppfr off
If the radius () is set to the radius of the cylindeR) eq. (6) reduces to eq. (2) which is the equation for the wall
pressure distribution in the pressure field reconstruatigorithm.

If the signalsA(t), ¢pr(t), and pos(t) of the pressure field reconstruction algorithm are usedastifor eq. (6)
it can be used to calculate thg(t) of the 1T mode at any given position within the measureméamepof the HF
measurement ring € R, 8 €[0°,360)).
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3.3 Phase Analysis Methodology

The l’(t) signals are filtered with exactly the same filter settingsctvlwere used for the filtering of the rap{)dyn(t)
signals of the dynamic pressure sensors in the pressuredimidstruction procedure. This way the same frequency
band is extracted out of tHé(t) signals which was extracted out of the rﬂ[%yn(t) signals. Thep'(t) andl’(t) signals
now can be compared directly in order to calculate the phaiftiesgynalo(t).

A first comparison of the two signals shows that the phas¢salaetween them is not constant but continuously
varying. For this reason the procedure to calculategtmeust be able to handle a varyiggbetween the analysed
signals. Diferent approaches have been investigated in their abilicakoulate thep(t) signal between the'(t) and
I’(t) signals from the BKD test runs. A general assumption whicbammon for all approaches is that both signals
oscillate with the same frequency and can therefore be ithesichy

p'(t) = sin(wt - ¢p(t)) )

I"(t) = sin(wt — ¢ (1)) (8)

It will be later shown that this assumption is not perfectiyrect as the oscillation frequenciesgi(t) andl’(t) are not
identical. The approach to calculate thi) signal is still valid as a frequencyftierence can also be represented by a
linearly increasing or decreasiggt).

In order to be able to capture a varyipgoetween both signals common to all investigated approashibe
division of both signals into blocks. In each block thés assumed to be constant. For each blockthetween both
signals is calculated in order to compute a varyit) signal. The length of the blocks must be adjusted accorling
the rate of change of the If the ¢ varies slowly the block length can be large in order to redheenumber of blocks
and to decrease the computation time. Another advantapatisiore data is available per block which facilitates the
calculation of thep. If the ¢ varies quickly compared to the oscillation frequency ofitiput signals, the block length
must be small. This can be problematic if the block lengtlobees smaller than the period of one oscillation. Short
blocks hinder the calculation of thefor some approaches. In the case of the BKD data it was olzbéned thep
shows quick variations which makes it necessary to use d binek size of less than a period of the oscillation.

Next to the division of the signals into blocks, another skdyich is common to all investigated procedures is
the normalisation of the input signals in order to facibitttte computation of thg. Due to the band pass filtering both
input signals are nearly mono frequent. This is a requiréfogrthe whole methodology as the oscillation frequency
of both signals is assumed to be equal and constant. This/maano frequent character of the signals enables an
easy way to calculate the amplitude (envelope) signal bgrdehing the maxima and minima of the signal. The input
signal is then divided by the amplitude signal in order taagbt signal with a constant amplitude of 1.

Due to the small block size required for the BKD data the comsselation method which has been used previ-
ously to calculate the(t) signal for data of the CRC research combu$tevas not applicable anymore as it caused
large inaccuracies. For the same reason the determindtitve @ by the measurement of the position of the zero
crossing which creates very accurate results is not afigdicdherefore a phase fitting procedure has been used which
worked well with small block sizes and showed good accurdsy/the phase of both signals and therefore also the
phase shifty is assumed to be constant in each block the normafpi§gdandl’(t) inside the block are represented by

p'(t) = sin(wt - ¢p) 9)

1"(t) = sin(wt - ¢) (10)

A sine function with one parametep) is fitted to both signals inside the block using a least-segifitting procedure
in order to obtain the values gf, andy,.

y() = sin(wt - ¢fit) (11)
These values are then used to calculate the the phase shift

©=9¢p—¢ (12)

The ¢(t) signal with the sampling frequency of the(t) and|’(t) signals is then obtained using a cubic spline
interpolation with thep values of the blocks as input data. An exemplary result af phdcedure to calculate tipt)
signal is shown in Figure 3. The plot shows the normalisedtisggnalsp’(t) andl’(t) together with thep values of
the blocks and the interpolatext) signal.
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Figure 3: Exemplary result of the phase fitting procedure

3.4 Validation of Methodology

The methodology to calculate thgt) signal presented here is a chain offelient sub procedures. It consists of a
number of sub steps to get from the raw data ofmp(g,n(t) signals and thé’(t) signals to the final result of the(t)
signal. Therefore each sub step of the methodology has bstadtand validated before the whole procedure has been
applied to the BKD test data.

The pressure field reconstruction algorithm has been usedad¢imes for data from the CRC research combus-
tor!® and the BKD?21 1t is therefore seen as tested and validated at this poirthevork presented here it is tested
together with the procedure from section 3.2 as a single teddwrder to validate eq. (6). The second sub procedure
which requires testing and validation is the procedure toutate thep(t) signal described in section 3.3.

In order to test the pressure field reconstruction togettlitr the methodology from section 3.2 a 1T pressure
field has been simulated using eq. (3). This equation has leshto calculate the signaﬂ%d (1) of the 8 dynamic
pressure sensors. Furthermore this equation has beencusaldulate thegy'(t) signal at a selected test position. Here
the position of injector 10 has been chosen for this testiposiThe simulated sensor signqd§dyn(t) have then been
used as input for the pressure field reconstruction algoriaind the signal\(t), ¢pr(t), and por(t) were obtained.
These signals were then used as input for eq. (6) to calctilate(t) signal at the test position. This signal then was
compared with the signal at the test position which was dafed using eq. (3) together with the simulatg, (t)
signals. The result is shown in Figure 4 on the left side. Asdhs no diference visible between the simulatg/dt)
signal and the signal obtained with eq. (6) it is shown thatrfethodology reconstructs thp(t) signal at the test
position with good accuracy.

The phase shift calculation procedure from section 3.3lidated by simulating two signalg (t) andy,(t) with
a knowng(t) signal and test the ability of the procedure to reconstthistp(t) signal.

y1(t) = Ag(t) sin(wt) (13)

Ya(t) = Ax(t) sin(wt — ¢(t)) (14)

The amplitude signalgy(t) and Ax(t) as well as the phase shift signalt) were simulated using a random number
generator. The signalg(t) andy,(t) were then used as input for the phase shift calculationguia®. As a result of
this procedure the phase shift sigpé) is obtained which is then compared with the simluated digsed in eq. (14).
The result is shown in Figure 4 on the right side. As there iglifi@rence visible between the simulated and the
reconstructeg(t) signal it is shown that the methodology described in sa@id is able to reconstruct tht) signal
with good accuracy.

4. Application to Test Data

The presented analysis methodology has been applied toeterctsd load points of a single test run of the BKD test
series. These load points were selected as they incorpamatstable and one unstable load point. Figure 5 shows
the test sequence of the selected test run with the signéhe @ombustion chamber pressyxg(t) and mixture ratio
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Figure 4: Validation of methodology: Signal at the test fosicalculated using the pressure field reconstructidt) (le
Reconstruction of a simulated phase shift signal (right).

ROF() together with onep;)dyn(t) signal of the dynamic pressure sensors in the HF measutaingn Thep dyn(t)
signal shows increased oscillation amplitudes for the fo@idt p.c = 80 bar, RO 6. This is an instability otpthe 1T
mode as has been shown in previous wirk! For the phase shift analysis this unstable load point (Le@ther with
a stable load point (LP7.. = 60 bar, ROF= 4) were selected. The corresponding analysis windows wigmgth of
one second are marked in Figure 5 with gray areas.

Test Sequence Dynamic Pressure Sensor Signal
100 12

80 / \ 10 -‘

a1

[«2]

o
—

e}

Pressure [bar]
Mixture Ratio [-]
dyn. Pressure [bar]
o

N
o

.
o

'
(4]

% AN .

XL
LP3 LP7 L LP3 LP7

0 10 20 30 40 50 0 10 20 30 40 50
Time [s] Time [s]

e

Figure 5: Test sequence of the selected test run with definiti analysis windows

For each analysis window l%yn(t) and 3I’(t) signals are available. For the selected analysis windbeg(t)
signal was calculated for the 3 injector positions obsebxethe fibre optical probes. Threfore a total number g{t)
signals have been calculated, 3 for LP3 and 3 for LP7.

The band pass filter for the pressure field reconstructioorigifign is centered to the 1T frequency of the corre-
sponding load point. For LP3 this igp3=10239 Hz and for LP7#_p7=10605Hz. The pass band width was set to
2800 Hz. In order to better resolve the rotational charaaftehe 1T mode the signals are upsampled to a sampling
frequency of 800 kH22 %21 Using the results of the pressure field reconstructiorptt} signals of the 1T mode are
calculated for the 3 injector positions using the coordinathown in Table 1. The(t) signals were filtered with the
same settings as ﬂT%dyn(t) signals. Thep(t) signal is calculted with a block length of 0.5 periods of 1iefrequency
with an overlap of 0.25 periods.
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Table 1: Injector coordinates

injector 10 13 19
r [mm] 31 31 31
0[] 225 270 0
probe C B A

5. Results

Figure 6 shows an exemplagyt) signal as result of the phase shift calculation. The exansiaken from the analysis
of the unstable load point LP3. The plot shows the normalBéd signal at the position of injector 10 together with
the normalised’(t) signal of probeC and the calculated(t) signal. Plotted is a length of 5ms which is 0.5% of the
full length of the analysis window. The(t) signal has been limited to the intervakz]. Figure 6 clearly shows that
the ¢(t) signal is characterised by a fluctuating behaviour on tine scales of the 1T oscillation period which is the
case for all 6 calculated(t) signals. Therefore statistical or signal analysis apghiea are required in order to analyse
the¢(t) signals.

1
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T T T T
norm. pressure
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TR 5,
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Figure 6: Exemplary result of the phase shift calculation

Generally there are two ways to represent i@ signal. First, the signal can be limited to the intervai, ]
as has been done for the plot in Figure 6. This representaiceguired in order to analyse the signal with regard
to the Rayleigh criterion. Second, the valuesp@) can be represented without any limitation to a specificrirtie
This enables to analyse the signals in fiedient way: If both oscillationgy (t) and1’(t) are characterised by slighty
different oscillation frequencies this would cause a contieuiocrease or decrease of thi) signal.

Figure 7 shows the plot of all 6 calcultedt) signals with no limitation to the intervalf;x]. On the left side the
signals of the 3 injectors are plotted for the unstable lagidt@nd on the right side for the stable load point. For both
load points an average increase or decrease apf)esignals can be observed showing that the average osmilati
frequencies ofy (t) andl’(t) are indeed not identical. Furthermore, for both load [mfhe behaviour of all 3 signals is
different. For LP3 the injectors 10 and 13 show a general decvddkeinjector 19 shows a general increase. For LP7
injector 19 shows a stronger general decrease than inje@t@mnd 13. An interesting aspect is that in both cases injecto
19 shows a significantly fierent behaviour than the other two injectors. The plots dhiotlier a significant dference
between the stable and unstable load point. For LP@(8lkignal are characterised by a more stepwise character. The
signals stay in a specific region and then show a sudden juhgsignals of LP7 show a more continuous variation.

For both cases the increase or decrease apff)esignals on long time scales shows that the frequenciegHf
andl’(t) are not identical. The frequency of tip&t) signals for the 3 dferent positions on the other hand is always
identical as these signals are created by the 1T mode whichtladl positions the same frequency. The fact thap(be
signals for the 3 dferent injectors show a fierent behaviour indicates that the 3 injectors behafferently. In other
work by the author® it was shown that th& (t) oscillations are created by the injectors. Furthermotdéations were
found that the oscillations created by the injectors areeraindependent to the oscillations of the chamber pressure
The fact that all injectors creat&t) oscillations with slightly diferent behaviour supports these indications.

From the phase shift signals shown in Figure 7 an averagaedrey diterence between thg(t) andl’(t) signals
can be estimated. These values are summarised in Table 2wahtheo(t) signal has been calculated a negative
frequency diferenceAf means that the average oscillation frequency’() is lower than the average oscillation
frequency ofp’(t) and the other way round. Figure 8 shows the power spectraityg PSD) of the 3’(t) signals for
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Figure 7: Plot of the 6 phase shift signals with no limitattorthe interval [#,x]

both load points. The peaks of the PSD signals are the imjeesmnance frequencié$.The pass band of the filter
has been marked with a grey box. The PSD signals of the uestadd point show that thE(t) signal of injector 19
has a second, smaller peak at higher frequencies which llee signals do not have. This means, thatltli@ signal

of injector 19 has components at higher frequencies withdrigmplitudes compared to thét) signals of the other
injectors which is in agreement with Table 2. The PSD sigoétbe stable load point show that also here the PSD of
thel’(t) signal of injector 19 shows a unique feature compared tother signals. It shows a peak at approximately
9.5kHz which does not exist in the PSD data of the other signa@his explains why the(t) signal of injector 19
shows a much clearer trend for the stable load point thagifesignals of injector 10 and 13. The PSD data of the
I”(t) signals support the results of the phase shift analysigh&umore, the phase shift analysis has shown to be a very
sensitive analysis methodology which is able to detectifeatin the signals which would not have been detected with
a PSD analysis alone.

Table 2: Average frequency fEitrences estimated
from Figure 7

LP3 LP7
Aw Af Aw Af
[1/s] [Hz]  [1/s]  [HZ]
injector 10 -220 -35 -220 -35
injector 13 -220  -35 -100 -16
injector 19 120 19 -600 -95

A second analysis which has been applied to the phase gintlsiis to represent them in histogram plots. For
this analysis the(t) signals are restricted to the intervat Jg]. This interval is divided into a number of sub intervals.
For each sample of thg(t) signals it is decided to which interval it belongs to andttital number of samples of each
interval is counted. This is an easy way to determine if ttegeeany intervals in which the signal is to find with a
higher probability and to identify if there is any structimethe signal.

Figure 9 shows the histograms of the@) signals of the unstable load point LP3. The plots show végrty
that all 3¢(t) signals have a strong concentration of samples in thevataroundy = 0. This is generally in agreement
with the expectations from the Rayleigh criterionyfaround 0 causes an energy transfer from the heat release to th
acoustic pressure oscillations. This explains the inegascillation amplitudes for this load point. Also heresitpr
19 shows a slightly dierent behaviour compared to the injectors 10 and 13: The pk#he histogram if shifted
slightly to positive values. The strong concentration afipkes in a specific interval is in agreement with the results
from Figure 7 where the(t) signals of the unstable load point showed longer periodsrevthey stayed in specific
intervals.

Figure 10 shows the histograms of the@) signals of the stable load point LP7. Here the plots showma-co
pletely diferent structure of the(t) signals compared to the unstable load point. Also heregatstioncentration of
samples in specific intervals can be observed but this ctratem is much less pronounced compared to the unstable
case. Further this concentration is found in the intervalvben 0.2 and 0.6 which would result in lower ampli-
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unstable load point LP3 stable load point LP7
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Figure 8: Power spectral density of the PM signals for thel@sed load points with filter pass band

Injector 10 Injector 13 Injector 19

Number of Samples [-]
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Figure 9: Histograms of the 3 phase shift signals of the inhstaad point LP3

fication or even damping of the acoustic oscillations acogrdo the Rayleigh criterion. The generally much less
pronounced concentration of samples in specific intergadls agreement with the results from Figure 7 which showed
a much more continuous variation of th&) signals.

Injector 10 Injector 13 Injector 19
" - T o o
° - L IR IR
= | —
£ SRE
<
n
S
@
Qo
[S
p=}
b4
-1 -0.5 0 0.5 1-1 -0.5 0 0.5 1-1 -0.5 0 0.5 1
Phase Shift [pi] Phase Shift [pi] Phase Shift [pi]

Figure 10: Histograms of the 3 phase shift signals of thelestabd point LP7

The(t) signals of the stable and unstable load point show signifidiferences. The signals of the unstable load
point show a concentration of samples in a region which caaseamplification of the acoustic pressure oscillations
according to the Rayleigh criterion. The signals of the Istddlad point show a much less pronounced concentration
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of samples in specific intervals. This means that periodsaoffing and driving are more equally distributed for the
stable load point while the unstable load point is char&zdrby longer periods of driving.

6. Summary and Conclusions

A phase shift analysis study has been performed with expetiah data from a research combustor named BKD.
This combustor shows self-excited combustion instabgditof the 1T mode for specific load points. The combustion
chamber has been equipped with dynamic pressure sensoessura the acoustic pressure oscillations as well as fibre
optical probes to measure the OH* intensity oscillationa aseasure for the heat release rate oscillations. The fibre
optical probes were aligned to 3 selected injectors in daereasure the OH* intensity fluctuation generated by these
injectors. The dynamic pressure sensor signals and theabgtgnals have been processed using a newly developed
analysis methodology.

The dynamic pressure sensor signals are processed with add pnessure field reconstruction procedure. The
results of this procedure are used to calculate the pressuaiiations of the 1T mode at the positions of the 3 selected
injectors. The optical signals are band pass filtered tordgpiency of the 1T mode pressure oscillations. As a result of
this preparation for all 3 injector positions a pressuréliagion and an OH* intensity oscillation signal are availa
which are used as input for a phase shift analysis procedlinés procedure calculates a phase shift signal which
describes the phase shift between the pressure and OHsitytescillation.

The analysis methodology has been applied to 2 selectedblmats (one stable and one unstable) of a single
test run of the BKD test series. Generally the calculatedelshift signals show that the phase relation between the
pressure and OH* intensity oscillation is not constant. phase shift signals show fluctuations on the time scales of
the oscillation frequency of the analysed signals. On lang scales on the other hand they show a trend which can be
explained by dferent oscillation frequencies of the pressure and OH* Bitgrsignals. It has been shown previously
that the oscillation frequencies of pressure and OH* aredwmitical which is supported by the results of the phase
shift analysis. Furthermore the analyis was able to det@@rdnces in the dynamics of the observed injectors. Two
injectors show a similar behaviour while the third one dmsgdrom the others. The reason for this behaviour could not
be identified so far but a power spectral density analysis®fQH* intensity signals supports the results of the phase
shift analysis. The phase shift signals of the unstable jpmadt show a concentration of samples around the value of
zero which is in agreement with the Rayleigh criterion. Tigmals of the stable load point on the other hand show a
much more equal distribution over the intervakfr] meaning that periods with damping and driving are much more
equally distributed for this load point.

The newly developed methodology has shown to be applicalileetexperimental data of the BKD test series.
It has shown to be able to discover new information about threachic processes of BKD. The procedure is a very
sensitive analysis method which is able to detect aspediseoflynamic processes with a high level of detail. The
complexity of the resulting phase shift signals hinder thalgsis of these signals. Further analysis of the currently
calculated 6 signals is therefore required. Up to now theéhodlogy has only been applied to two load points of a
single test run. The analysis needs to be extended to otaemploints and test runs of the BKD test series in order to
form a statistical basis for the discovery of general trantich is not possible with the analysis of only two selected
load points.
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