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A high temperature resistant fiber-optical microphone (FOM) was developed and suc-
cessfully applied in a combustion chamber at a thermal power of 8.4 kW to measure

thermo-acoustic oscillations at a frequency of 85 Hz and a sound pressure level of 154
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dB. The sensor head temperature was estimated to ~1000 K. The core of the optical
setup used for the FOM is a Fabry—Perot interferometer. To create an acoustical sensor
based on this type of interferometer, a new method of generation and postprocessing of
the interference signal was developed. The simple replaceability of the sensor membrane
reduces the requirements concerning the sensor handling compared with conventional

condenser microphones and allows the adaptation of the sensor sensitivity to its appli-
cation case changing the membrane stiffness. [DOI: 10.1115/1.4001983]

1 Introduction

Design and development of new gas turbines focus mainly on
the realization of combustion systems with low emissions con-
cerning both pollutants and noise. Therefore, different combustor
designs, which are based on lean premixed combustion, are cur-
rently under investigation. This type of combustion, however, is
often accompanied by combustion instabilities increasing the
emissions aimed to be reduced and resulting in lower setup per-
formance or even in the break-down of the facility (see, e.g., Refs.
[1-3]). To study the occurrence of such combustion oscillations,
appropriate instrumentation to monitor the acoustics of the com-
bustion facility has to be provided.

State-of-the-art measurement techniques for combustion driven
acoustic pressure oscillations, however, show severe application
limitations: Conventional condenser microphones cover a wide
dynamic range and are very suitable for acoustic measurement but
are restricted to temperatures below 150°C and, therefore, an ap-
plication at temperatures exceeding this limit is not possible with-
out special efforts. References [4—6] show the possibility to apply
condenser microphones wall flush-mounted even at higher tem-
peratures using water-cooled holders for the sensors. However, all
water-cooled sensors require a constant (or at least controlled)
water temperature to stabilize the sensor sensitivity while being
accompanied by their highly increased space requirement.

Piezoelectric and piezoresistive pressure transducers with high
temperature and/or high pressure resistant designs are commer-
cially available but the dynamic ranges of these sensor types are
limited. Models, which cover the dynamic range of interest con-
cerning thermo-acoustic experiments, require again special cool-
ing systems accompanied by the same drawbacks as condenser
microphones. Reference [7] presents, e.g., a highly complex de-
sign of a sensor housing based on water cooling enabling pressure
oscillation measurements with piezoresistive sensors at tempera-
tures up to 1100-1400 K.

Special sensor designs, called probe sensors or remoting system
based sensors, which are generally based on one of the aforemen-
tioned techniques, enable the high temperature and high pressure
measurement while separating the position of the sensitive sensor
from the position where the acoustic pressure of interest has to be
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measured. Therefore, generally, at least a tube is used for trans-
mitting the acoustic signal to the sensor. This tube, however, in-
creases the stiffness of the sensor setup and its transfer function
has to be taken into account processing the sensor data (see, e.g.,
Refs. [8—11]). The accordant transfer function is not only often
modeled with a number of necessary simplifications but it can also
be obtained experimentally by means of special and complex cali-
bration setups. More information on this experimental determina-
tion of the transfer function and the application of probe micro-
phones can be found, e.g., in Refs. [12-16].

Several probe designs have been proposed in these references
including different ways to cool the sensors and to prevent hot
gases from entering the tube. In consequence, the consideration of
the influence of the resulting temperature gradient on the transfer
function of the tube has also been postulated [17].

A new measurement technique with a high potential to cover
the field of acoustic measurements in harsh environments, while
requiring neither special cooling nor increased space, is the tech-
nique of fiber-optical microphones. Different extrinsic fiber de-
signs are possible. The presented paper describes a prototype
based on the interferometric detection of acoustically induced
membrane displacements. To enable its application in harsh envi-
ronments, a highly stable optical setup has been designed and
used to realize this first fiber-optical microphone (FOM) proto-
type.

In general, fiber-optical sensors combine the following advan-
tages.

e The sensors can be constructed of high temperature resistant
materials.

e The sensor is immune to electromagnetic interference and
radio-frequency interference.

e The sensor has a high capability to be miniaturized.

The following section presents the basic idea to set up an FOM
and states the disadvantages of commercial interferometers that
have been tested in the past to create an FOM [18,19]. Afterward,
the interferometer used to set up the first prototype for combustion
diagnostics is introduced. The subsequent part presents results of
experiments performed under cold and hot conditions. Finally, the
current application limitations are clarified and suggestions for
further improvements of the technique are presented.
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Fig. 1 Principle setup of an extrinsic, fiber based FOM

2 Setup of a Fiber-Optical Microphone Based on In-
terferometry

Figure 1 shows the principle setup of a FOM based on the
interferometric detection of acoustically induced membrane
movements. A laser beam is guided via a glass fiber to the back of
a reflecting membrane on which the measurement beam is focused
by means of a lens. The reflection of the beam is collected via the
same lens and coupled back into the fiber. The projection of the
collected beam reflection and its accordant reference beam on a
photo receiver (e.g., an avalanche diode or PIN diode) enables the
monitoring of the resulting interference signal. The movement of
the membrane induced by the acoustic field that has to be mea-
sured influences the phase of the two interfering beams and, thus,
the acquired interference signal correlates to the acoustic signal.
To build up a stable FOM prototype, which is both high tempera-
ture resistant and insensitive to fiber vibrations, the use of an
interferometric setup is needed, which fulfills the two following
requirements.

e The setup can be based on nonpolarization maintaining sin-
glemode fibers with special metal coatings, which enable
application temperatures in the range of 800-1000 K.

* The two interfering beams are both traveling the glass fiber,
thus, fiber vibrations have no influence on the relative phase
between the interfering beams.

These requirements can be met with a fiber based Fabry—Perot
interferometer. This interferometer type is created automatically
by the cavity between the end of a singlemode glass fiber, in-
stalled perpendicular in front of a reflector, and the reflecting sur-
face itself (see Fig. 2). This setup has been realized and success-
fully applied in different fields of research in the past (e.g., Refs.
[20,21]).

Since both interfering beams travel the fiber, vibrations chang-
ing the optical length of the fiber influence the traveled distance of
both reflections and consequently no influence on the relative
phase between the interfering beams occurs. In Fig. 2, L repre-
sents the length of the FP cavity. Since the difference of the two
traveled distances of the two interfering beams is short (2L), the
resulting demand on the laser light source concerning the coher-
ence length is quite low. The reflection at the fiber end results
from the interface glass fiber—cavity, where the change in the
refractivity induces a reflection of ~4% (see, e.g., Ref. [22]).

(reflection '( reflection '
\

reflector

)
(

singlemode fiber <=

Fig. 2 Interfering reflections of a FP interferometer created be-
tween fiber end and reflector
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Fig. 3 A sinusoidal reflector movement measured with the FP
(black solid line) and a conventional Mach-Zehnder (red
dashed line) interferometer

The common projection of the two reflections on a photo re-
ceiver enables the monitoring of the resulting homodyne interfer-
ence signal. An example of an interference signal is represented
by the black solid line in Fig. 3 for a sinusoidal reflector move-
ment with a frequency of 250 Hz. The corresponding original
reflector movement is illustrated by the red dashed line, measured
with a commercial MZ interferometer. The interference signal rep-
resents the phase dependent change between constructive and de-
structive interference between the two reflections. Such a change
between destructive and constructive interference represents a re-
flector movement of one quarter of the wavelength of the laser
light source used [23], i.e., in case of a green laser with a wave-
length of 532 nm the change between constructive and destructive
interference represents a reflector movement of 133 nm. At the
extrema of the reflector movement, when the reflector changes its
direction of movement, the interference signal reaches its reversal
point and the signal is mirrored on a vertical line passing this
reversal point, as shown schematically by the gray vertical lines in
Fig. 3. These two lines indicate the distance between two consecu-
tive extrema of the measured reflector movement. The time dis-
tance between two extrema encodes the frequency of the reflector
movement, whereas the number of changes between constructive
and destructive interference in such a time interval encodes the
amplitude of the reflector movement. For the interpretation of
such a simple homodyne interference signal, the fringe-counting
method is often used (see, e.g., Ref. [24]). But the classical fringe-
counting procedure, where the changes between constructive and
destructive interference are counted to calculate the amplitude of
the reflector movement, shows a quite limited resolution since
only entire steps from constructive to destructive interference (and
vice versa) can be processed. A further grading of the signal is
only possible with highly stable optical signals. A signal encoding
several frequencies requires special efforts for interpretation.

The exemplary test case shown in Fig. 3 already presents a
quite high membrane displacement with an amplitude of about
300 nm, which can be reached in reality only with quite high
pressure fluctuations. The dynamic range of an FOM using such a
basic FP interferometer is not satisfactory for its application in
thermo-acoustic experiments. A novel approach to enhance the
resolution of the optical setup is subsequently described, which
extends the dynamic range of the new sensor in comparison to
sensors proposed in the past.
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Fig. 4 Optical setup of the FOM based on a FP interferometer

3 The Advanced FP Interferometer Setup

Due to these fundamental advantages of the fiber FP interfer-
ometer, an optical setup, increasing the dynamic range of the re-
sulting FOM, has been designed to enable the later application of
the new sensor under hot conditions. This optical setup has to be
placed in front of the glass fiber as shown in Fig. 4 to create two
quasi simultaneously acquirable homodyne interference signals
both encoding the same reflector movement and fulfilling the
quadrature condition, i.e., the signals have a constant phase dis-
tance of 90 deg. Similar methods are generally called quadrature
homodyne interferometry.

The designed setup extension creates two laser modes out of
one laser beam, whereas for the aspired kind of signal generation
the wavelengths of the two laser modes creating two homodyne
interference signals with a 90 deg phase distance have to be char-
acterized by a constant frequency distance Av adapted to the
length L of the FP cavity following Eq. (1) [25]:

L_)\/4-v0_ c
T 2.Av  8-Av

Here, N\ represents the wavelength of the laser light used, v is
the fundamental frequency of the laser light, and c is the speed of
light. As Eq. (1) shows, the required distance L depends on the
frequency distance between the two modes but is independent of
the wavelength of the laser light used.

Different possibilities of creating similar systems are reported
in literature, e.g., the use of two laser diodes [26] or the use of a
multimode laser in combination with optical filters [20]. Since the
aim of the presented project is the simple application of the FOM
for all kind of acoustic measurements in harsh environments, the
optical setup has to be realized as simple as possible, i.e., with a
minimum amount of optical components and one laser light
source only.

Figure 4 shows schematically the arrangement of the designed
optical setup, which is mainly based on the use of an optical
switch, realized with a Pockels-cell (2), and an acousto-optical
modulator (AOM) (4) to create the constant frequency distance
Av between the two laser beams. The optical setup presented in
the following contains a laser light source (1) with a nominal
optical power of 200 mW and a wavelength of 532 nm. The laser
beam is switched by means of the mentioned Pockels-cell (2)
between the two in Fig. 4 indicated optical paths, whereas both,
feeding the fiber based FP interferometer, create homodyne inter-
ference signals on the photodiode (5). Path 2 includes the AOM in
order to create the constant frequency distance Av.

To get a cavity length L acceptable for the design of an acous-
tical sensor head, an AOM with a frequency shift of 540 MHz has
been chosen. Thus, a cavity length L of ~70 mm has to be used
in the sensor head design to obtain the constant 90 deg phase
difference between the two interference signals. Since the optical
switch activates the two paths alternately according to the control
signal of the cell, the two interference signals are not acquired
simultaneously. A high switching frequency of the cell, however,

(1)
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Fig. 5 Single-frequency-excitation: acquired signals of the ad-
vanced FP setup

enables the correct reconstruction of the two homodyne interfer-
ence signals by means of averaging and linear interpolation, thus,
the signals are acquired quasi simultaneously.

Figure 5 presents an example of the acquired time signals for a
one frequency movement of the reflector: the diode signal (green
solid line) and the Pockels-cell control signal (gray thin solid
line), which has to be used to separate the two interference signals
(unequally dashed lines), which appear as the envelopes of the
diode signal. Further processing of data to obtain the original
reflector movement is done using the arc tangent function of the
quotient of the two separated interference signals. Due to their
constant 90 deg phase distance the polar diagram of the two sig-
nals represents a constant circle. Figure 6 shows the case of a
sinusoidal reflector movement: The upper left shows the two sepa-
rated homodyne interference signals (black solid and green dashed
line, respectively), the right the corresponding polar diagram. The
pointer (red) added in the polar diagram presents the vector to the
signal pair of the two separated homodyne interference signals; its
movement can be interpreted to get the original membrane move-
ment.

¢ The rotational speed of the pointer represents the velocity of
the reflector movement.

e The change in the direction of rotation represents the change
in the direction of movement of the reflector.
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Fig. 6 Signal processing for the advanced FP setup
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Fig. 7 FOM sensor head—photograph

* A closed circle in the polar diagram represents a reflector
movement of half the wavelength of the laser light used.

This information leads to the original reflector movement (blue)
as shown in the lower left in Fig. 6.

To realize an FOM based on this optical setup, a sensor head,
connecting the membrane with the fiber, has been manufactured.
Figures 7 and 8 show a photograph and a technical drawing of the
70 mm long FOM sensor head, respectively. The diameter of the
active area of the membrane is 6 mm. In the technical drawing,
the positions of membrane, lens and fiber end are indicated. Alu-
minum foils and stainless steel foils (thickness of the foils: varied
between 5 um and 50 wm) were studied for membrane materi-
als. Due to the dependence of the membrane stiffness on the
Young’s modulus of the membrane material and on the membrane
thickness, the sensitivity of the sensor can be varied according to
the desired case of application by varying its membrane proper-
ties. The membranes were clamped on the hollow cylinder with a
retaining ring. Thus, they were very easily and inexpensively re-
placeable and offer a handling, which is much easier for the de-
signed FOM than for conventional condenser microphones. The
position of the membrane regarding the fiber end is adjustable by
screwing the sensor head on the lens containing connecter.

4 Experimental Results: Acoustic Measurements With
the FOM

The presented results were all obtained with stainless steel
membranes since this type of membrane material has to be em-
ployed for the application at elevated temperature levels.

4.1 Results Obtained With the FP Setup Under Cold Con-
ditions: Sweep Excitation and Multitone Excitation. The FOM
was calibrated by means of a pistonphone to determine the sensor
sensitivity. Depending on the thickness of the used stainless steel
membrane diverse sensitivities could be reached. With a stainless
steel membrane, thickness 12.5 um, the resulting sensor sensitiv-
ity was ~20 nm/Pa. Membranes with a thickness of ~20 um
resulted in sensitivities of ~6 nm/Pa.

The calibrated sensor was then applied in a square cold acoustic
test rig to study its performance measuring different acoustic ex-
citation states. The acoustic driver was a loudspeaker. As refer-
ence sensor a conventional condenser microphone was placed in

= Fib position
@ 07
O

74
i
N

70mm

Fig. 8 FOM sensor head—technical drawing
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Fig. 9 Spectra of FOM and condenser microphone for sweep
excitation between 200 Hz and 2000 Hz

parallel at the same axial position as the FOM was installed with
an azimuthal displacement of 90 deg. Thus, the transfer function
of the two calibrated sensors has theoretically a constant ampli-
tude of 1 and a constant phase of 0. The test section was con-
nected to an anechoic termination to minimize acoustic
reflections.

The first excitation test case was a frequency sweep from 200
Hz to 2000 Hz. Figure 9 presents the two spectra of the two sensor
types, whereas the sound pressure level was calculated with the
reference 2 X 10> Pa. The spectrum of the FOM is represented
by the black solid line, the spectrum of the conventional con-
denser microphone by the red dashed line. Due to the fact that
both sensors were calibrated, the spectra show the sound pressure
level versus the frequency. The comparison of both spectra dem-
onstrates a very high agreement and confirms the good perfor-
mance of the new sensor for similar applications. Figure 10 shows
the coherence between the two signals and attests the noticed
agreement of the sensor signals. Figures 11 and 12 present the
transfer function of the two sensors, i.e., the amplitude, which is
close to the theoretically assumed value of 1, and the phase, which
is close to 0. Since the frequency range of excitation lies below
the first cut-on frequency of the acoustic duct (~2143 Hz), no
influence of sound waves propagating in higher modes has to be
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Fig. 10 Coherence between the sensors for sweep excitation
between 200 Hz and 2000 Hz
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Fig. 11 Transfer function for sweep excitation: amplitude

considered.

In a second test case an acoustic excitation was chosen, which
is more relevant for thermo-acoustic studies than a sweep excita-
tion: the multitone excitation in the frequency range below 300
Hz. For this purpose, several frequencies between 60 Hz and 250
Hz were excited simultaneously. The black solid line in Fig. 13
represents the spectrum of the FOM signal, the red dashed line the
spectrum of the acquired condenser microphone signal. The high
agreement between the spectra of the FOM and the condenser
microphone shows both the stability of the optical signal and the
stability of the data processing procedure, and finally the later
applicability of the new sensor for thermo-acoustic studies.

4.2 Application Under Hot Conditions: Installation in an
Atmospheric Combustion Chamber. As a first test under hot
conditions, the FOM was applied in an atmospheric combustion
chamber, which was operated at a thermal power of ~8.4 kW at
stoichiometric combustion conditions with an exhaust gas tem-
perature of ~1000 K at the combustor outlet. To enable the com-
parison of the FOM result to an established measurement tech-
nique for research applications at elevated temperature levels, a
probe sensor based on a conventional condenser microphone was
installed in parallel in the combustion chamber. The design of the
probe sensor used is shown in Fig. 14. This design of the German
Aerospace Centre (DLR e.V.) uses a semi-infinite tubing to guide
the acoustic wave to the microphone placed perpendicular to the
tubing. This tubing has to be flushed with air to avoid the inflow
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Fig. 12 Transfer function for sweep excitation: phase
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Fig. 13 Spectra of FOM and condenser microphone for low-
frequency multitone excitation

of exhaust gas into the tube affecting the sensitivity of the micro-
phone membrane. Due to the transfer function of this tubing, the
signal of the condenser microphone has to be corrected in post-
processing to get the data of a theoretically wall flush-mounted
sensor [12].

More details about the combustion chamber and its analysis
regarding combustion oscillations can be found in Refs. [13,14].
The combustion chamber wall made of stainless steel was perma-
nently at red heat. Figure 15 presents on the right a photograph of
the combustion test rig driven at the studied test case. The left side
shows the accordant three-dimensional design drawing of the
combustion chamber and the installed acoustic sensors. A prin-
ciple top view is displayed in Fig. 16 to clarify the location of the
sensors: The FOM was placed at the same axial position as one of
the two installed probe sensors but with an azimuthal displace-
ment of 90 deg. The FOM head was wall flush-mounted installed
and, thus, its membrane was directly exposed to flue gases and
flame radiation. Due to the low mass of the membrane, it can be
assumed that the sensor head temperature lies in the range of the
gas temperature measured at the combustor outlet.

Figure 17 illustrates the spectra of the two sensor signals for the
studied operating point. The spectrum of the probe microphone
(red dashed line) shows the sound pressure level, the spectrum of

Fig. 15 Combustion chamber: design drawing of flame tube

(L) and photograph (R)
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the FOM (black solid line), and the measured membrane displace-
ment. The peak at ~85 Hz in both spectra represents the thermo-
acoustic instability of the analyzed operating point of the combus-
tion test rig. The high agreement between the two spectra shows
again the applicability of the designed sensor for combustion di-
agnostic measurements. The applied sensor head was based on a
stainless steel membrane with a thickness of 20 um. The low
membrane displacement at relatively high acoustic sound pressure
levels (less than 1 wm at 153.5 dB) shows a decreased sensor
sensitivity (<1 nm/Pa) at this increased application temperature.
This observation, however, was not expected a priori and its oc-
currence is still under investigation. One possible explanation is
the occurrence of an increased membrane tension due to thermally
caused deformation of the sensor head.

S Potential Sensor Improvements

The performance of the designed sensor depends highly on the
performance of the optical components used. As Fig. 5 clarifies,
the switching frequency between the two optical paths has to en-
sure a correct separation of both interference signals. The higher
the acoustic frequency is, the higher the Pockels-cell switching
frequency must be to get the full information of both paths. Also,
a higher amplitude requires a higher switching frequency since the
amplitude influences the amount of changes between constructive
and destructive interference. A switching frequency too low for
the correct separation of the two interference signals leads to a
loss of information and, thus, the correct membrane movement is
not reconstructible.

Figures 18-20 represent this circumstance: a high switching
frequency enables the reconstruction of both interference signals
at high quality; with decreasing switching frequency, however, the
reconstructed interference signals lose their smooth shape and,
thus, necessary information for a high-quality analysis of the ac-
cordant polar diagram gets lost. This fact is visible in the polar
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Fig. 17 Spectra FOM and probe microphone applied in a com-
bustion chamber
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comparison experiment and theory

diagram since the common representation of the reconstructed in-
terference signals is not circular anymore. Figure 20 shows an
example, where the Pockels-cell switching frequency was de-
creased from 10 kHz to 3 kHz. From the theoretical point of view,
a minimum Pockels-cell switching frequency, needed to ensure
the correct reproduction of the membrane movement, is declarable
by the demand of phase distances of less than pi between succes-
sive samples. Thus, for a fixed amplitude A of object movement, a
minimum sampling frequency f; can be calculated accordant to
Eq. (2) (see, e.g., Refs. [27,28)),

2
fs=4-A-T7T~f )

where f represents the frequency of object movement and \ rep-
resents the optical wavelength of the laser light used.

This fact has also been studied experimentally by measuring the
movement of membranes, excited at different acoustic frequencies
and with different amplitudes of membrane movement, whereas
the switching frequencies of the Pockels-cell were varied. The
reconstructed time signals of the membrane movements were Fou-
rier transformed and the amplitudes were plotted versus the Pock-
els frequency. Figure 21 shows the result of this study: since the
excitation case was kept constant for each experimental series, the
real amplitude of the membrane movement is constant as well; a
Pockels-cell frequency, however, which does not allow the correct
recalculation of the membrane movement, results in an amplitude
that lies below this real value. As Fig. 21 clarifies, the minimum
Pockels-cell switching frequency is reached when the asymptotic
value of the calculated amplitudes is reached. The mentioned
theory applied for the test case with a frequency of 120 Hz and an
amplitude of ~550 nm of the object movement leads to a mini-
mum Pockels-cell switching frequency of ~3.12 kHz (indicated
in Fig. 21 by the left vertical, dashed line). This value fits approxi-
mately the experimental result, i.e., the frequency needed to reach
the asymptotic threshold of the amplitude. The test case of 120 Hz
and ~950 nm amplitude, however, shows that theory and experi-
ment deviate from each other, the experiment seems to require
much higher switching frequencies (the right vertical, dashed line
indicates the theoretically required Pockels-cell frequency). This
may result from the stability of the optical signal in the experi-
ment and the stability of the data processing routine. For the ex-
perimental use of the sensor, the Pockels-cell switching frequency
has to be chosen as high as possible to broaden the applicability of
the sensor regarding both frequency and dynamic range.

Since a Pockels-cell requires a high voltage control signal, its
performance at square wave control signals required for the pre-
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sented application, suffers at frequencies in the range of 10 s of
kHz. An improvement can be the substitution of the Pockels-cell
with an other optical switch that requires less effort for a high-
quality switching behavior, e.g., the combination of two AOMs.
This approach also gives the possibility of using the frequency
shift coming from the optical switch to create the frequency dis-
tance Av between the two required laser modes.

6 Conclusion

The way to build a high temperature resistant fiber-optical mi-
crophone applicable for acoustic measurements under hot condi-
tions and its successful application was presented. With a first
prototype a direct measurement of combustion oscillations with-
out the requirement of special cooling devices was effectively
performed in a combustion chamber at a thermal power of
~8.4 kW and a gas temperature of ~1000 K in the vicinity of
the sensor head.

The core of the designed optical sensor is a fiber Fabry—Perot
interferometer. The optic setup is designed to reach a resolution
that allows the detection of acoustically induced membrane dis-
placements. Therefore, the sensor creates quasi simultaneously
two homodyne interference signals, which fulfill the quadrature
condition and can be evaluated to calculate the membrane move-
ments. Detailed experiments under cold conditions confirmed the
high-quality performance of both the optical setup and the data
processing procedure.

The proposed sensor will help to solve the problems of the
state-of-the-art measurement techniques for combustion driven
pressure oscillations regarding cooling and data processing.
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Nomenclature
A = amplitude of object movement
¢ = speed of light
f = frequency of object movement
fs = minimum switching frequency of Pockels-cell
L = length of the Fabry—Perot cavity
N = wavelength of the laser
vy = frequency of the laser light
Av = frequency shift created by the Acousto-Optical
Modulator
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