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Abstract

®

CrossMark

Range resolved interferometry (RRI) applied to the interrogation of an extrinsic Fabry—Perot
based pressure sensor in laboratory and wind tunnel environments is presented. A simple,
compact sensor head design was fabricated and subsequently characterised using RRI, which
was shown to have a sensitivity of 1.627 x 1073 rad Pa~! with a noise standard deviation of 9 Pa
over a data rate of 1.5 kHz. When installed in a high-lift wing for surface pressure evaluation
during wind tunnel testing, the approach outlined here was able to perform as well as a
conventionally employed commercial device for relative static pressure measurements.

Keywords: interferometry, wind tunnel, optical fibre sensors, pressure measurements,

high-lift wing, RRI, Fabry—Perot

(Some figures may appear in colour only in the online journal)

1. Introduction

The measurement of pressure is of fundamental importance
in the characterisation of aerodynamic structures [1, 2]. In
the past decade, optical fibre pressure sensors have received a
large amount of interest from the research community. In com-
parison to other transduction methods that rely on a change in
an electrical signal, optical fibre devices are relatively immune

% Now at Institute of Process Measurement and Sensor Technology, Technical
University of Ilmenau, PF 100565, 98694 Ilmenau, Germany.
4 Now at Epic Games, Technopark, Technoparkstrasse 1, 8005 Zurich,
Switzerland.
> Now at School of Aerospace, Mechanical and Mechatronic Engineering,
;I‘he University of Sydney, NSW, Australia.

Author to whom any correspondence should be addressed.
Original Content from this work may be used under the

BY terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1361-6501/23/075202+12$33.00  Printed in the UK

to electromagnetic interference, are light-weight and compact
in size, and offer the possibility of multiplexing.

The inherent hydrostatic pressure sensitivity of light
propagating within an optical fibre is low [3]. In order to
enhance this, means of packaging to transduce the pressure
into an axial load acting on the fibre have been widely reported.
Typically, these schemes have exploited optical fibre Bragg
grating (FBG) technology to allow the monitoring of the res-
ultant changes in the fibre’s optical length [4]. While the use of
FBGs facilitates multiplexing of a serial array of sensors, the
sensitivity of such devices, when interrogated using the widely
exploited tuneable laser and spectrometer-based approaches,
is typically too low to be of use for aerodynamic measure-
ments. Higher sensitivity can be achieved by the interroga-
tion of short, low finesse optical cavities, where the length of
the cavity is pressure-sensitive. Such cavities can be formed
between the end faces of two optical fibres, or between the
end face of an optical fibre and a flexible diaphragm [5].

Interrogation of low finesse cavity-based pressure sensors
can be achieved by several methods. Generally, these can be

© 2023 The Author(s). Published by IOP Publishing Ltd
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categorised as either white-light, intensity, or phase demodu-
lation schemes. White light interferometry uses either a
broadband source or a tunable laser, producing a chan-
nelled spectrum upon interrogation of a Fabry—Perot (FP)
cavity. Spectral demodulation approaches include wavelength
tracking [6], peak-to-peak measurement [7], and Fourier
transformation [8]. While these schemes provide relatively
simple processing algorithms, and can provide absolute cav-
ity measurements in the case of the latter approach, they typ-
ically suffer from poor resolution and limited demodulation
bandwidth [9]. The use of cross-correlation in white light inter-
ferometry has been shown to improve resolution [10] how-
ever the process is computationally heavy and therefore limits
demodulation rates.

Intensity based methods typically involve the use of a
laser operating at a single wavelength to monitor intensity
changes on the linear portion, around the quadrature point, of
the optical cavity’s sinusoidal transfer function [11], provid-
ing a fast [12], cost-effective means of signal demodula-
tion but at the expense of dynamic range and the need for
additional feedback routines [13]. These limitations have
been overcome using passive and active phase demodula-
tion techniques. Passive schemes rely on the use of mul-
tiple lasers that have a quadrature phase shift between each
source, allowing two orthogonal signals to be constructed
and the phase changes determined trigonometrically [14—16].
Although high sampling rates and an improved dynamic range
can be achieved, the cavity length of the FP must be matched to
the interrogation sources to ensure quadrature thus restricting
the design of the sensor [17].

Active quadrature phase demodulation involves continual
manipulation of the interrogation source in order to avoid
some of the cavity design restrictions associated with pass-
ive phase demodulation. The most widely exploited act-
ive phase demodulation for FP cavity interrogation is the
phase generated carrier (PGC), scheme as it offers large
dynamic range and high linearity [18]. Traditionally in the
PGC approach, a high frequency, sinusoidally modulated laser
emission wavelength is used to address the FP cavity with
the resulting transfer function demodulated with Bessel func-
tion analysis coupled with either an arctangent or differential-
and-cross-multiplying algorithm [19, 20]. Despite the bene-
fits previously mentioned, the demodulation accuracy of PGC
is adversely affected by laser intensity disturbances, phase
delays [19] and phase modulation depth [21], additionally, the
wavelength modulation frequency dictates the minimum cav-
ity length that can be interrogated.

The ability to assess pressure at multiple regions along a
structure is of particular interest to the aerospace industry,
where accurate, high frequency (kHz) measurements are
necessary for quantifying the aerodynamic performance of
structures [22, 23]. Optical fibre FP pressure sensors are an
ideal solution to meet these requirements. However, all of
the schemes discussed above cannot easily be implemen-
ted for demodulating multiple FP cavities, requiring signi-
ficant investment in optical components (i.e. the need for
multiple sources and detectors) or considerable changes in
signal processing [24]. The technique of range resolved

interferometry (RRI), the approach employed in this work,
has been shown previously to be able to demodulate mul-
tiplexed interferometric cavities using a single source and
detector [25-27]. RRI is a pseudo-heterodyne signal pro-
cessing approach that measures relative changes in interfer-
ometric phase and has been shown to effectively measure the
change in optical path length at sub-nanometre resolution [25]
and at high data rates (>kHz) [28]. Furthermore, unlike other
active phase demodulation techniques, RRI has been shown to
produce highly linear results even in the presence of intensity
modulation and higher order reflections [25]. However, RRI
has not been previously exploited for FP based pressure sens-
ing, therefore the work presented here demonstrates the inter-
rogation of a single external FP pressure sensor using RRI in
a wind tunnel. It is shown that accurate, high frequency pres-
sure measurements can be obtained in a wind tunnel using a
simple, diaphragm-based optical fibre-based FP sensor head.

The remainder of the paper is outlined as follows. Section 2
describes relevant theory and fabrication of the RRI interrog-
ated FP pressure sensor, as well as the calibration and wind
tunnel test schedule. The results from the FP pressure sensor
and a widely utilised electrical pressure transducer from the
aforementioned experiments are compared and analysed in
section 3. This is followed in section 4 by critical analysis
of the phase measurement errors and their potential sources
in relation to the sensor head. Finally, the outcomes of the
research are summarised in section 5.

2. Method

2.1 Operating principle of the FP pressure sensor

FP based pressure sensors require two parallel reflective sur-
faces to form the cavity. Generally, this is achieved via the
use of the cleaved or polished end face of an optical fibre and
a diaphragm. This approach provides great flexibility through
the choice of diaphragm material, which significantly influ-
ences the sensitivity of the sensor and thus the pressure range
in which the device will operate [29]. The basic operation of
a diaphragm-based FP pressure sensor relies on the relation-
ship between the change in pressure and the resulting change
in sensor cavity length caused by the associated diaphragm
deflection. If a uniformly distributed load is applied to a circu-
lar diaphragm, the following relationship can be used to cal-
culate the expected diaphragm deflection, w, [30],

AP a? 2
"= 64D <l_r2) M

where a is the radial location of the deflection point, r is the
radius of the diaphragm, and AP is the change in pressure. D
represents the flexural rigidity and is defined as,

Enh?
P=nn=w @

with E and v being the Young’s modulus and Poisson ratio of
the diaphragm, respectively, and 4 is its thickness.
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Typically, the arrangement described above is used to form
a low finesse FP cavity, where the resulting interference spec-
trum, /, can be modelled using the general two-beam interfer-
ence expression [31],

I=A+ Bcos(Ag) 3

where A is the average optical intensity, B is the visibility, and
Ad¢ is the phase difference between the two-reflective surfaces
and is defined as,

4w nL
A =
o "

“

where A¢ is dependent on the cavity length, L, and the refract-
ive index of the cavity medium, n, for a given optical vacuum
wavelength, \g. It is this dependence on L that is exploited
by the pressure sensor here, where changes in pressure can be
measured via the demodulation of A¢, which, in this case, was
achieved using RRI processing techniques outlined in [32].

This approach interrogates one or multiple low-finesse FP
cavities via a continuous-wave laser diode that is subject to
a sinusoidal modulation of its injection current, which results
in a concomitant sinusoidal modulation of the output optical
frequency. This yields a return signal that, assuming negligible
signal processing delays, is given by [32],

I(f) = A+ Bcos (A sin (wy, (t — 0.57.)) + Ag).  (5)

Here w,,(#) is the laser modulation angular frequency, 7, is
the cavity time-of-flight, and A, is the phase carrier amplitude
defined as,

WinTL

2Aw .
= sin

1
AL = ~ ACJTL for T <KL — (6)

W Wi
in which Aw is the amplitude of the optical frequency modula-
tion of the laser output. The length of the cavity is encoded in
this signal via the dependence of the phase carrier amplitude
upon the cavity time of flight 7, = 2nL/c, where c is the speed
of light in vacuum.

As this signal is highly chirped, the demodulation approach
requires that it is subject to a Gaussian window function that
is centred on the quadrature point of the current modulation.
Demodulation is achieved by numerically generating a com-
plex carrier,

C(t) = exp(jAcsin (wy,t)) 7

that possesses phase carrier amplitude, A¢, approximately
equal to A;, which is multiplied by the filtered photodiode sig-
nal and then low pass filtered to remove unwanted harmonics
of the baseband signal. Analysis of the amplitude of the real
and imaginary terms of the output from the low pass filtered
signal allow the phase to be determined and subsequently
unwrapped. Through use of carriers with different phase car-
rier amplitudes Ac, signals from multiple constituent inter-
ferometers with differing optical path difference (OPD) can
be simultaneously demodulated, subject to a minimum OPD
difference determined by the amplitude of the wavelength
modulation [32].

2.2. Sensor configuration

The minimum cavity length that can be resolved with the RRI
approach implemented here is limited to approximately 8 mm
by the amplitude of the wavelength modulation achievable via
the injection current modulation of the distributed-feedback
laser employed. To allow the construction of a compact head,
with no auxiliary optical components, the optical cavities to
be demodulated were formed between the diaphragm and two
in-fibre reflectors. This allowed the tip of the optical fibre to
be position in close proximity to the diaphragm. To minimise
the influence of parasitic cavities that could not be resolved
by the RRI approach, fibre was terminated in an 8° angle pol-
ished ferrule, with a corresponding 60 dB suppression of the
back reflection. In this configuration, there are three optical
cavities of different lengths, formed between each of the in-
fibre reflectors (see section 2.3 for details) and the diaphragm,
and between the in-fibre reflectors themselves, resulting in
the highly-chirped photodiode signal seen in figure 1(b). The
dependence of the phase carrier amplitude on the cavity length
(equation (6)) allows each of these cavities to be interrog-
ated independently by using complex demodulation carriers
with appropriate values of A;. This can be seen from the plot
shown in figure 1(c), where the peaks correspond to each of
the defined cavities.

The phases of the cavities formed between R1 and the
diaphragm, «, and between R2 and the diaphragm, ~, are
influenced by the effects of pressure induced movement of
the diaphragm, while the cavity formed between R1 and R2,
B, has been included for performance analysis only (used in
section 4). The phase data used to derive the pressure meas-
urements here were determined through the interrogation of o
only.

Assuming that the diaphragm is formed from aluminium
foil of thickness 4 = 30 um and radius r = 1.25 mm and with
Young’s modulus E = 70 x 10° and Poisson’s ratio v =0.35,
and that the illuminating wavelength is A = 1521 nm, the pres-
sure sensitivity is calculated to be 1.755 x 103 rad Pa~'.
Assuming an instrument phase noise floor of 1 x 10~*rad
(Hz'/2)~1 above 100 Hz [32], which is cavity length independ-
ent, the estimated pressure noise floor is ~0.06 Pa (Hz!/?)~!.

2.3. Sensor fabrication

As described in previous work that has implemented RRI for
optical fibre sensors [27, 33], the in-fibre reflectors, R1 and
R2, were realised via the use of ultra-short and low reflectiv-
ity FBGs (LRFBGs). The locations of the LRFBGs in rela-
tion to the diaphragm were chosen to avoid overlap between
desired and parasitic constituent interferometers, and as a res-
ult they were separated by 35 mm. Fabrication of the 250 um
long LRFBGs in polyacrylate coated SMF28 optical fibre was
performed in a point-by-point fashion via a femtosecond laser
operating at a wavelength of 520 nm, with a pulse length
of 150fs and with a repetition rate of approximately 1kHz
(Spirit One, SpectraPhysics) using a micro-optics fabrication
system. The length and period of the LRFBGs were selec-
ted so the reflection peak had a full-width half maximum of
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Figure 1. Diagram showing the optical setup with the position of the low reflectivity fibre Bragg grating reflectors (R1 and R2) in relation to
the diaphragm of the external FP pressure sensor (a), the full spectrum of the FP sensor from a single laser period (b), and a plot showing the
resolved cavities of the FP sensor following RRI signal processing. LD—Ilaser diode; PD—photodiode.

approximately 5 nm with a centre wavelength of 1521 nm and
reflectivity of 0.01%. The broad reflection peak ensured that a
return signal at the laser wavelength would be observed des-
pite any temperature induced changes in the Bragg wavelength
during the experimental test.

The construction of the low-finesse FP static pressure
sensor was based on the design reported in [34]. The optical
fibre was glued into a castellated cylindrical ceramic ferrule,
with a length of 8 mm and diameter of 2.5 mm, using a two-
part epoxy adhesive (Araldite), such that R2 (see figure 1(a))
was located 9 mm from the fibre end face. The ceramic ferrule
had been polished with an angled end face of 8° in relation
to the fibre axis and a D-configured cross section, allowing a
stainless-steel capillary tube, with inner and outer diameter of
0.35 and 0.5 mm, respectively, to be adhered to the flat portion
of the ferrule to function as an atmospheric reference pressure
tap (figure 2(a)).

A circular diaphragm of 3.5 mm diameter was die-stamped
from a 30 pm thick aluminium sheet (purity >99%) and
attached to a ceramic sleeve of length 8 mm, outer diameter
of 3.5mm, and inner diameter of 2.5 mm, using a cyanoac-
rylate adhesive (figure 2(b)). The sleeve was gently slid over
the prepared ferrule and then adhered in place with the two-
part epoxy, sealing the sensor head, with the angle polished
end of the fibre and the diaphragm separated by ~500 pm.

2.4. Instrumentation hardware

The injection current applied to a laser diode (Eblana Photon-
ics, EP1512-DM-B), operating at a central wavelength of
1521 nm with a 1 MHz linewidth, was sinusoidally modulated
at a frequency of 24.4 kHz, resulting a sinusoidal modulation
of the wavelength of the output wavelength with a modulation
amplitude of +0.30 nm. The laser emission was guided into
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Reference pressure tap
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Figure 2. Image of the polished ferrule before (a) and after (b) the
mounting of ceramic sleeve with the diaphragm attached.

the pressure sensor via a single-mode optical fibre circulator,
where the returning signal was acquired using an InGaAs
photodiode (figure 1(a)). The interferometric signal was then
processed with an analogue-to-digital converter and demodu-
lated using field-programmable gate array based signal pro-
cessing to allow real-time phase acquisition [27]. For short
intervals (=5 s), the interrogation system used could acquire
phase measurements at a date rate of 24.4 kHz, however, for
the experiments reported here the data was filtered and down-
sampled on the interrogation unit to a data rate of 1.526 kHz,
unless otherwise specified, to allow longer acquisition times
(>5 min).

2.5. Sensor installation

The FP pressure sensor was installed in a Necuron block
along with a commercial electronic pressure transducer, Kulite
XCS-093, to allow the benchmarking of the optical measure-
ments. The Kulite pressure transducer was chosen since it is
widely used in wind tunnel tests for aerospace applications
[35-37]. The device operates via the use of a fully active,
four arm Wheastone bridge that is temperature compensated
for operation between —55 °C and 120 °C, and possesses
a maximum combined non-linearity and hysteresis of 0.5%
of full-scale [38]. The Kulite pressure sensor was calibrated
using the protocol outlined in section 2.6 and was determ-
ined to have a linear sensitivity of 1.343x10™* V Pa~!. A

| FP sensor |
[

N o
Wind direction

Figure 3. The Helix wing installed in the working section of the 2.4
x 1.8 m wind tunnel (a) with the Necuron sensor block highlighted
(b), indicating the FP pressure sensor, Kulite and thermocouple.

K-type thermocouple was also installed alongside the pres-
sure devices (figure 3(b)). The block of sensors was posi-
tioned in a recess of the Helix wing (described in detail in
section 2.7), 100 mm chordwise from the leading edge and
560 mm spanwise from the top end-plate (see figure 3(a)).
The sensor block was installed such that it is long axis was
perpendicular to the flow, with the sensors’ diaphragms flush
with, and normal to, the surface of the wing, thereby ensur-
ing minimal influence of wind directionality. A length of
PVC tubing was attached to the atmospheric pressure tap of
each pressure sensor to allow the reference pressure to be
positioned out of the wind tunnel’s free stream. Interroga-
tion of the Kulite sensor was achieved via the use of a high
speed DAQ USB X series (National Instruments), with a data
acquisition rate of 100 MHz, and a Kulite signal condition-
ing unit (KSC-2, Kulite) using an in-house written Python
script to acquire and process the data. Finally, the K-type
thermocouple was monitored using a data logger (USB TC-
08, Picolog) and associated software at an acquisition rate of
1 Hz.

2.6. Pressure sensor calibration and characterisation

The FP pressure sensor was calibrated alongside the Kulite
under laboratory conditions while the sensor block was
installed in the wing. The sensors were exposed to pressures in
the range of 4.5 to —4.5 kPa, in steps of 500 Pa, selected based
on pressures previously recorded in the wind tunnel at angles
of attack (AOA) and wind speeds representative of conditions
to be used in subsequent wind tunnel tests (section 2.8). The
output from an automated pressure calibration system (Druck
PACES000 with a CM2 control module), with an accuracy
of 0.025% of full-scale (3.75Pa), was attached to the atmo-
spheric reference tubes of the FP and Kulite pressure sensors.
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Table 1. Wind tunnel testing schedule and parameter details.

Operation mode

Ramped wind speed  Incremental steps

0to40m s~ in
steps of 5m s~! and
held at each wind
speed

0to40m s~!, held
at40m s~ and then
returned to Om s ™!

Wind speed protocol

Angles of attack (°) 10, 12, 14, 16, 18,20 10, 12, 14, 16, 18, 20
FP acquisition 1.526 20

frequency (kHz)

Kulite acquisition 1.526 20

frequency (kHz)

Acquisition time (s) 300 10

All measured pressure values obtained were relative to the
atmospheric pressure at the start of acquisition. A baffle was
placed around the sensors’ diaphragms to mitigate any pres-
sure changes caused by air movement created by the labor-
atory’s air handling system. The FP pressure sensor was also
characterised for hysteresis. The sensor was initially exposed
to —4.5 kPa, increased to 4.5 kPa then returned to —4.5kPa in
increments of 1.0 kPa.

2.7 Wind tunnel and wing model specifications

The facility at Cranfield Universityisa2.4m x 1.8 m (8’ x 6")
general-purpose low speed wind tunnel, which is a closed
return system with a 4:1 contraction. The working section
provides flow velocities in the range of 5-50m s~' with a low
turbulence level of <0.1% [39].

The tests were conducted using a quasi 2-dimensional, 3-
element high-lift wing configuration (Helix), which comprised
of a slotted leading edge slat, a main element, and a single
slotted trailing edge flap [40]. The model possessed a stowed
chord of 0.6 m and a span of 1.4m. The leading and trailing
components were constructed of carbon-fibre and had chords
of 0.127 m and 0.18 m, respectively, while the main element
was composed of wood. The model spanned 1.4 m between
two circular endplates of 1.2 m diameter, to reduce the three
dimensionality of the flow over the wing.

2.8. Wind tunnel testing schedule and sensor acquisition
details

The Helix wing was installed vertically in the working section
of the wind tunnel so that the AOA could be adjusted by rotat-
ing the end-plates (figure 3). Optical fibre and electrical leads,
in addition to the PVC tubing used for atmospheric referen-
cing, were passed out of the wing through an internal channel
and into the control room via the central strut. The test sched-
ule consisted of two operation modes, with the details outlined
in table 1. The AOAs were selected to create an unsteady, sep-
arated flow around the stall point. All wind speed and AOA
conditions were repeated 3 times, with testing taking place a
over a 3-day period.

3. Results

3.1. Calibration and characterisation

Figure 4 shows the calibration curve from the FP pressure
sensor in response to pressure in the range —4.5-4.5kPa.
The average phase was calculated over a 5s period, typic-
ally involving ~ 7600 data points, during each pressure step
and plotted against the pressure applied by the calibration sys-
tem. Following linear regression analysis, the sensitivity of the
FP pressure sensor was found to be 1.627x 1073 rad Pa~! at
an acquisition rate of 1.526 kHz, which is comparable to the
value of 1.755 x 10~ 3 rad Pa~! predicted in section 2.1. It is
suspected that the difference between the measured and pre-
dicted sensitivities is due to the manufacturing tolerances in
the thickness of the aluminium foil that was used to form the
diaphragm.

Figure 5 shows the time series for data recorded by the
FP pressure sensor and the Kulite device, following the same
incremental pressure ramp as used to calibrate both pressure
sensors. It can be seen that, in general, the FP pressure sensor
measurements are similar to those provided by the Kulite.
Additionally, the change in pressure between each pressure
step for both devices shows a rate of change of ~100Pa s~ !,
which is identical to the rate of change applied by the Druck
pressure calibration system. Furthermore, when the pressure
is maintained at a constant value, both the FP pressure sensor
and the Kulite show a 2-standard deviations (2¢) noise level
of 9 Pa and 6 Pa, respectively, for a bandwidth of 1.526 kHz.

However, it can also be seen in figure 5 that the Kulite
response is more linear than our FP interrogated sensor.
This was quantitatively confirmed through linear regression
analysis by comparing the Pearson’s correlation coefficient,
where a value further from O (in the range of —1 to —1) shows
a stronger linear relationship, which, in this case was 0.9979
for the FP pressure sensor and 0.9999 for the Kulite. The dis-
crepancies between the FP and Kulite pressure sensors are
most noticeable at applied pressures of 1.5 kPa and —2.5 kPa,
where the FP pressure sensor, shows deviations of —220 and
—230 Pa, respectively. These differences are attributed to the
sinusoidal modulation that is apparent on the calibration data
shown in figure 4, which is discussed further in section 4.

Figure 6 shows the results of a study of the hysteresis of
the FP pressure sensor, obtained using the hysteresis protocol
outlined in section 2.6. The data shows that there is minimal
hysteresis in the RRI pressure sensor, where the greatest devi-
ation of 73 Pa was noted at an applied pressure of —500 Pa,
equating to an error of 0.8% of full-scale. A summary of per-
formance characteristics can be seen in table 2.

3.2. Wind tunnel trials

Figure 7 displays the pressure response of the FP and Kulite
sensors for a 20° AOA during the ramped wind speed protocol
described in section 2.8. The background colourmap indic-
ates the wind speed in the tunnel’s working section, where,
as can be noted by the colour transition, the speed is continu-
ally increased until 40 m s !, held for approximately 30's, then
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Figure 5. Comparison of recorded pressures between the FP
pressure sensor and the Kulite for the basic calibration protocol.
Dashed grey lines represent the pressures applied by the automated
calibration system.

reduced back to Om s~!. It can be seen in figure 7 that both
sensors displayed a decrease in pressure as the wind speed
increased, which since they are positioned on the upper suc-
tion surface, is expected. At 40 m s—! the FP sensor showed a
similar pressure to that measured by the Kulite, approximately
—4.0kPa for a 20° AOA, this is equivalent to a pressure coef-
ficient of —4.154, consistent with previous data for a similar
3-part high-lift aerofoil [41].
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Figure 6. The response of the FP pressure sensor following the
application of a pressure cycle from 4.5 kPa to —4.5 kPa then
returning to 4.5 kPa, where the blue and red arrows indicate
decreasing and increasing pressure, respectively.

Table 2. Performance comparison between our FP pressure sensor
and Kulite.

FP Kulite

Sensitivity (x1073) 1.627rad Pa~! 0.134V Pa™!

Hysteresis (% 0.80% 0.50%
full-scale)

20 noise (Pa) 9 6
Linearity 0.997 0.999

In addition to the agreement of the pressures measured at a
wind speed of 40m s~!, the change in pressure measured by
both devices as the wind speed was ramped up and down is also
similar. However, there is a noticeable difference at ~ 1.0 kPa
in figure 7, which is thought to be caused by the non-linear
response previously mentioned.

Comparing 5 s averaged pressure intervals at 40 m s~ for
all tested AOA for both the Kulite and FP pressure sensor
(figure 8), it can be seen that as the AOA increases, the pressure
on the surface of the wing decreases in both devices. This is to
be expected since as the wing pitches up, the airflow accelera-
tion around the leading edge increases resulting in both trans-
ducers experiencing higher levels of suction (negative gauge
pressure). From figure 8 it can also be seen that the noise is
comparable between the Kulite and FP sensor. However, there
is a discernible difference in mean pressures between the two
devices as the AOA is reduced. Since the ramped tunnel wind
speed test schedule started at 20° and then decreased in AOA
for subsequent trials, this difference is most likely caused by
the ambient temperature in the tunnel increasing as the test-
ing schedule progressed throughout the day. An increase in
temperature would be expected to result in an increase in the
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Figure 7. Pressure measurements obtained from both Kulite (blue) and our FP pressure sensor (red) at 1.526 kHz during the ramped wind
speed protocol a 20° AOA, where white and dark green on the background colourmap represent wind speeds of Om s~' and 40m s,

respectively. The inset displays a 1 s interval over a range of 750 Pa.

cavity length due to the thermal expansion of the sensor hous-
ing, producing a positive phase shift and yielding a drift in
the pressure measurement baseline. While the FP sensor was
not thermally calibrated, it was estimated that it has a tem-
perature sensitivity of ~ 60Pa °C~!, based on the thermal
expansion of zirconia ceramic (the ferrule and sleeve mater-
ial), as this would be the dominant contributor to a temperat-
ure induced cavity length change. Using this thermal sensit-
ivity estimate to compensate for temperature, it can be seen
in figure 8 that, for the 2 °C increase noted by the thermo-
couple between the ramped tests involving AoAs of 10° and
20°, this would reduce the mean pressure of the 10° AOA
by ~120Pa to ~ — 2750 Pa, resulting in a similar difference
noted between our FP pressure sensor and the Kulite at an AoA
of 20°.

As well as providing relative static pressure measurements
comparable to the Kulite sensor, the FP pressure sensor here
was also able to discern frequency information. Figure 9
shows a spectrogram derived from short-time Fourier trans-
forms of the pressure measurements during the ramped wind
speed protocol at a 20° AOA. Initially, it can be seen that
the measurements from both the FP and the Kulite pressure
sensors exhibit similar frequency information, where, as the
wind speed increases, the intensity of all frequencies increases.
This increase in intensity for all frequencies is a result of the
increased energy availability in the turbulent boundary layer,
derived from the faster tunnel wind speed. It can also be seen
in figure 9 that there a number of constant frequencies present
in both pressure devices throughout the trial. These are most
likely electronic noise signals since they are present when the
wind speed was O m s~!. It can be seen in figures 9(a) and
(b) that at ~ —4.0 kPa there is a feature present at a frequency
of 690Hz in the data from both the FP pressure sensor and
the Kulite. To investigate this, spectral analysis of the data
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Figure 8. Relationship between average pressure and angle of
attack for the RRI pressure sensor and Kulite at 40 m s ~!. Error bars
represent 2 SD.

obtained during the 10s steady state runs was undertaken,
where the FP and Kulite sensors were acquiring data at rates
of 24kHz and 20 kHz, respectively.

Figures 10(a) and (b) show the amplitude spectral density,
determined using Welch’s method, for data acquired at wind
speeds of 0m s~! and 40m s~'. The spectra suggest that the
feature at 690 Hz in figures 9(a) and (b) is in fact an aliased fre-
quency from a signal at 900 Hz. Furthermore, the RRI pressure
sensor was also able to detect turbulent frequencies features
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Figure 10. Amplitude spectral density (ASD) determined from the FP

and Kulite pressure sensors acquiring at 24 kHz and 20 kHz,

respectively, for no wind speed (a) and during the 18° (b) and 20° (c) AOA steady-state runs at a wind speed of 40m s~

around 4 kHz that were also recognised in the Kulite trans-
ducer (figures 10(b) and (c)). Although the Kulite possesses
a lower noise floor than the RRI interrogated pressure sensor
in figure 10(a), the noise is comparable at freestream flow of
40m s~! for AOAs of 18° and 20° (figures 10(b) and (c)).

Interestingly, it can also be seen that when there is no air move-
ment in the tunnel, the RRI pressure sensor shows lower back-
ground electronic noise, where there are multiple frequency
signals between 3 and 8 kHz observed only in the Kulite data
(figure 10(a)).
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Figure 11. The normalised complex quadrature signal for a 27 phase shift presented in a Lissajous plot for the interferometer 5 (a) and -y
(b) during a localised temperature increase of /3, along with « during the initial pressure decrease of the calibration test (c) (the solid red
circle representing the ideal Lissajous figure is numerically generated to aid visualisation). (d), (e), and (f) are the angular error associated

with (a), (b), and (c), respectively.

4. Discussion

Whilst the results presented here demonstrate that RRI is a
suitable technique for interrogating a FP style pressure sensor,
there was a notable modulation seen in the calibration data
(figure 4). This modulation clearly has an effect on the accur-
acy of the pressure measurement and thus the prospects of
using this technique in future applications. Since this response
possessed a sinusoidal waveform, it is likely that it was derived
from cyclic errors associated with the RRI signal processing
and therefore it is important to understand the source of this
modulation.

A simple test was conducted that involved gently heat-
ing the interferometer formed between reflectors R1 and R2
(B, see figure 1) from 20 °C to 50 °C and assessing the res-
ulting complex signal from cavities 3 and v (R1 and the dia-
phragm) over a period of 2w when plotted as a Lissajous
diagram. A non-circular and non-centred form, would indic-
ate the presence of cyclic errors [42, 43]. These results were
compared to a Lissajous plot generated from the pressure
calibration data, also over a 27 interval. The Lissajous plots
were generated by averaging the quadrature amplitudes over
30 angular sectors and plotting them in the complex plane.
Quantification of the angular errors were established through
the application of a Heydemann ellipse to the averaged sectors
[44]. Figures 11(a), (b), (d) and (e) show that, when inter-
rogating the cavities 5 and -y during a localised temperature
increase, the cyclic errors are minimal, equating to an angular
error magnitude of 0.010 and 0.030rad, respectively, where
the slight increase in error in the latter appears to derive from
the static diaphragm. However, as is depicted in figures 11(c)
and (f), when the diaphragm is deflected due to pressure vari-
ations, the data in the complex plane is clearly off-centre and

the angular error is significantly increased to a magnitude of
0.250rad. When compared to the residuals calculated from
the linear regression analysis used to generate the calibration
curve for the RRI pressure sensor (figure 4), the errors depicted
in figure 11(f) are of a similar magnitude.

The data presented in figure 11 demonstrates that the bulk
of the cyclic errors are introduced by the design of the sensor
head and are not inherent to the RRI signal processing. Itis sus-
pected that the large offset from the centre seen in figure 11(c)
derives from demodulation of the overlap of two cavities,
namely, v and a cavity between R1 and the angle-polished
fibre tip (see figure 1). Since both of these cavities share
similar optical path lengths which cannot be resolved by the
RRI processing, it is not possible to demodulate them sep-
arately using this current setup, thus the phasors from each
cavity are processed as one. During the localised temperature
increase, the issue seen in figure 11(c) is masked because the
two cavities are changed to an equal degree since the phase
signals are dominated by the common temperature-induced
phase change between R1 and the fibre tip for both cases.
Therefore, their respective phasors rotate together and min-
imum cyclic errors are observed. However, during a pressure
change, only the length of 7 is dependent on the diaphragm
and thus the phasor associated with this cavity rotates around
the static phasor relating to the R1-angle-polished ferrule cav-
ity. Although the ferrule was angle polished to strongly sup-
press back reflections, it is clear from figures 11(c) and (f) that
the signal strength from the angle polished ferrule was of sig-
nificant, non-negligible magnitude compared to the returning
signal from the diaphragm. Therefore, in order to significantly
reduce the cyclic errors seen here, a change in sensor head
design would be required either through increasing the cav-
ity length between the ferrule and diaphragm such that the
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cavity could be demodulated using RRI (>8 mm), further sup-
press back reflections by either increasing the polished angle
on the ferrule (>8°) or applying an anti-reflective coating to
it, or by significantly increasing the signal from the diaphragm
thereby causing the signal contribution from the ferrule to be
negligible.

A direct comparison of the pressure sensing performance
stated here with previously published literature is difficult
due to the pressure sensitivity dependence of differing dia-
phragm materials. However, when comparing phase noise
with other active phase demodulation techniques such as PGC,
the technique proposed here is of a comparable level [19].
Furthermore, the use of RRI as signal processing technique
for low-finesse FP sensors reduces the constraints on sensor
design when compared to PGC. The demodulation algorithm
of PGC requires the carrier modulation depth (CMD), which is
dependent on cavity length and the maximum frequency shift
of the laser [45], to be an optimal value in order to ensure min-
imal harmonic distortion [9]. This dependence of CMD on
cavity length means that sensor heads and modulation para-
meters have to be specifically tuned to take this into consid-
eration. However, the demodulation approach that underpins
RRI allows the interrogation of any cavity length that is greater
than a minimum OPD, determined by the frequency modula-
tion excursion (see section 2.1), and can provide highly linear
measurements with no requirement to balance cavity length,
optical frequency modulation depth and operating wavelength,
thereby significantly easing sensor head design restrictions.

5. Conclusion

The work presented here has described the novel use of RRI to
interrogate a fibre optic FP pressure sensor, with the contribu-
tion being the demonstration of an optical sensor with meas-
urement performance equivalent to that of an industry standard
electrical pressure sensor used for aerodynamically relevant
measurements in relative static pressure and frequency ana-
lysis on a high lift wind in a wind tunnel. The sensitivity of
the sensor was determined to be 1.627x 1073 rad Pa~! with
a noise floor of 9Pa over a bandwidth of 1.526 kHz during
steady state characterisation. The operation of the device in
a harsh environment such as the wind tunnel indicates that
this approach is robust for exploitation in other challenging
aerospace and industrial applications, with the measurement
characteristics tailored by appropriate selection of diaphragm
material thickness and diameter. Future work will investigate
the use of different sensor head designs to compensate for the
influence of temperature and reduce the effects of cyclic errors,
in addition to exploiting the principles of RRI to facilitate mul-
tiplexed optical fibre pressure sensing.
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