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ABSTRACT Optical fiber Bragg grating (FBG) technology offers many advantages over conventional
electrical sensors for the measurement of fluid-structure interaction (FSI). In this work, FBGs are used to
measure the dynamic response of 3 mm, 2 mm, and 1 mm thick aluminum cantilever panels under the
influence of Mach 2 reflected shock impingement in the UNSW Canberra supersonic blowdown facility.
Results compared during start-up and steady-state with high-speed digital video schlieren and laser Doppler
vibrometry indicate that FBGs can successfully capture the temporal and spectral characteristics of high-
speed FSI. The torsional mode of the 1 mm plate is spectrally captured by the FBG with only a single sensor.
Furthermore, it is shown that error in the FBG signal is comparable to that of a laser Doppler vibrometer.
The greatest challenge remains the efficient decoupling of thermal effects.

INDEX TERMS Structural health monitoring (SHM), integrated vehicle health monitoring (IVHM),
fiber Bragg grating (FBG), fluid-structural interaction (FSI), fluid-thermal-structural interaction (FTSI),
aeroelasticity, aerothermoelasticity, high-speed, supersonic, hypersonic.

I. INTRODUCTION
The extreme environments in which high-speed vehicles
(HSVs) and their mass-constrained designs operate, result
in high failure rates [1]. Notable cases include DARPA’s
Falcon HTV-2 that experienced ‘‘unexpected aeroshell degra-
dation’’ [2], wind tunnel tests of the X-20, and the North
American X-15 where panel flutter resulted in structural
damage [3]. A notable cause of HSV failure is from fluid-
thermal-structural interaction (FTSI) wherein the complex
non-linear fluid and structural physics couple together to
introduce new phenomena. FTSI can result in reduced life,
diminished aerodynamic, stability, control, and propulsive
performance, and in extreme cases, catastrophic failure.

Greater understanding of FTSI has improved HSV
designs, yet there remain challenges. There is a scarcity of
high-fidelity data with the majority of data being collected
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from ground-based testing. Hypersonic wind tunnels are typ-
ically limited to very short duration flows (typically less
than 1 second). The use of supersonic blow-down facilities
with longer test times enables representative structures to be
observed for longer durations with reduced operating costs
and turnaround times, albeit at lower Mach numbers.

An alternative approach to ground testing is through the
use of an in-flight monitoring system for measuring FTSI
or a ‘‘failure detection system’’ as introduced by [4] for
hypersonic vehicles. This technology is an attractive means
of improving vehicle reliability as it enables quasi-real time
monitoring of the state of the vehicle. A conceptual depiction
of such a monitoring system is shown in Fig. 1. Monitoring
structural distortion during flight demands a departure from
the sensing and instrumentation systems typically employed
in ground-based testing. Advanced sensing systems become
essential as parameters of interest exhibit wide spatial and
temporal scales and must be capable of being able to survive
the extreme flight environment.
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FIGURE 1. General principle of a distributed health monitoring network.

Distributed optical fiber sensing (OFS) systems possess the
requisite characteristics for this purpose.While some conven-
tional sensing technologies may be applicable, the immunity
to electromagnetic interference, lightweight nature, ability
to operate at elevated temperatures, and versatility make
optical fibers particularly well-suited for the task. The high
multiplexing capabilities of OFS sensors open the door to
order-of-magnitude increases in sensor quantities and, con-
sequently, data production and spatial sensing resolution
compared to historical HSV programs [5], [6]. The EMI
immunity of fiber optic systems also presents the ability for
an integrated fly-by-light architecture [7] and realization of
shape morphing concepts [8]. The research in this paper is
directly applicable to future HSVs, contributing to data acqui-
sition and enhancing understanding of flow physics, along
with quasi-real time command and control functionality.

Whilst various OFS technologies exist, including interfero-
metric, scatter, and fiber Bragg gratings (FBGs), FBGs stand
out for their ease of multiplexing and exceptional versatility.
FBGs have proven effective in sensing and monitoring
static strain, temperature, pressure, radiation, corrosion,
and dynamic strain, such as vibration, ultrasound, acousto-
ultrasonics, and acoustic emissions [9]. Notably, FBGs have
demonstrated applicability as temperature sensors in environ-
ments reaching up to 1500 K in silica fiber and 2000 K in
sapphire fiber [10]. Consequently, FBGs are ideally suited for
the development of an integrated distributed sensing network
dedicated to the measurement of fluid-thermal-structural
interactions (FTSI).

An advantage of FBG sensors is their ability to be
multiplexed, where multiple gratings can be inscribed in
a single length of fiber. As each grating has a different
Bragg wavelength, multiple sensors can be read simultane-
ously. The Bragg wavelengths must be separated sufficiently
to prevent crosstalk over the expected dynamic range of
the sensor. Various methods for interrogating multiplexed

FBGs exist including time division multiplexing (TDM)
and wavelength division multiplexing (WDM). Presently, the
utilization of dense ultra-short FBG arrays has showcased
unparalleled multiplexing capabilities, with demonstrations
achieving over 600 discrete gratings per meter of fiber [5].

In this paper, FBGs are applied to measure the
fluid-structure interaction (FSI) of a cantilever panel under
the influence of shock impingement in a Mach 2 flow. These
ground-based experiments are conducted to qualify the use of
FBGs for flight testing and to improve experimental testing
capabilities.

Contemporary commercial off the shelf (COTS) FBG
interrogator technology delivers typical wavelength resolu-
tions of 1 pm or 5 pm. In the context of the initial sizing
for the experiments, a compliant cantilever panel measuring
135 mm x 45 mm (length x width) can be utilized along-
side Euler-Bernoulli beam theory to ascertain the deflection
sensitivity of the interrogation system. The ensuing analysis,
illustrated in Fig. 2, reveals that a coarse interrogator res-
olution results in tip deflection resolutions of the order
of 50 to 5 microns, whilst a finer interrogator resolution
extends the capability to measure deflections of the order
of 10 to 2 microns. More complex geometries such as
fully-clamped panels exhibit higher-order vibrational modes
which introduce nodes and antinodes at different locations,
necessitating an array of strain sensors for comprehensive
measurement [6].

FIGURE 2. Equivalent FBG wavelength shift as a result of trailing edge tip
displacement of different plate thicknesses.

A multiplexed array of sensors also permits the ability
for shape reconstruction. Shape reconstruction is a method
that determines the shape or deflection of a structure from
discrete strain measurements [11]. Ko’s displacement theory
is one such method that is derived from Euler-Bernoulli
beam theory. Typically, polynomial fits are created along
parallel multiplexed sensor lines, called strain lines (ϵ).
These strain lines are then used to solve for the out-of-
plane displacement (δ) along the length of the beam (x)
using (1) if the beam’s thickness (t) is known. Multiple strain
lines have been shown to be capable of capturing complex
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bending/twisting behavior.

d2δ
dx2

=
−2
t

ϵ (x) (1)

The aim of this research is to introduce optical fiber sensing
technology, in the form of FBGs for the measurement of FSI
in high-speed flows. The FBGs will be used to provide strain
information in the ground test whilst simultaneously support-
ing their validation for wider use on flight vehicles. Results
are compared with high-speed video schlieren imagery and
measurements obtained from laser Doppler vibrometery. The
usefulness and challenges in using FBGs are also discussed.
A full analysis of the FSI case will be addressed in a follow
up article.

II. METHODOLOGY
A. UNSW CANBERRA SUPERSONIC BLOWDOWN TUNNEL
The UNSW supersonic blowdown wind tunnel facility
employs three compressed air reservoirs totaling a volume
of 30m3 at a pressure of 14 MPa. Interchangeable nozzle
liners permit operation at Mach 2, 2.4, and 3. The settling
chamber can be operated between gauge pressures of 100 kPa
and 400 kPa and is controlled by a closed loop pneumatic
actuator [12]. The tunnel allows for total flow times up to
30 seconds of which approximately 20 seconds is the test
flow time as the result of an un-evacuated test section and
the resulting transient start-up and shut-down. A layout of the
tunnel is obtained from [12] and is shown in Fig. 3.

FIGURE 3. General schematic of the supersonic blowdown tunnel [12].

B. DESIGN OF THE REFLECTED SHOCK IMPINGEMENT
CASE
Due to the limitations imposed by the blowdown tunnel,
the installation of large models is restricted to prevent flow
blockage, as described by the Kantrowitz limit [13]. A com-
monly employed rule of thumb for this facility is to ensure
that the projected frontal area of any model remains below
10% of the tunnel cross-section. With a nominal tunnel cross-
sectionmeasuring 135mm x 90mm, this sets a constraint that
any model must have a projected frontal area not exceeding
12,000 mm2. In previous FSI studies either an angle-of-
attack [14] or shock generator [15] have been used to create
an aerodynamic load. However, the flow blockage limitation
in this facility severely restricts the ability to incline the can-
tilever model or include an additional rigid body. To illustrate
this challenge, a relationship between the model’s inclination

angle and blockage percentage is presented in Fig. 4 below.
It becomes evident that the maximum angle of attack that
can be employed while staying below the specified threshold
is approximately 1.7◦. However, such a shallow angle is
unlikely to generate the dynamic response necessary for an
FSI experiment.

FIGURE 4. Flow blockage of the test section as a function of the model’s
angle of attack.

In response to this limitation, an alternative approach has
been adopted. The leading-edge shock from the model is
strategically reflected off the tunnel walls, directing it to
impinge upon the cantilever plate, as shown in Fig. 6. This
arrangement generates an aerodynamic load that is sufficient
to excite the model. Importantly, this alternative setup allows
for the examination of FSI in the presence of a shock impinge-
ment, providing valuable insights into the system’s behavior.

Between the tunnel’s sidewalls, a rigid steel forebody,
referred to as the ‘‘hammerhead,’’ is securely mounted. The
hammerhead design was shown by [16] to significantly
reduce edge effects and lead to a more two-dimensional flow
across the compliant panel. The cantilever panel is adhered
to a steel insert, which is then mechanically fastened to the
hammerhead. This design facilitates the interchangeability
of panels with varying thickness, thereby offering different
levels of compliance. Additionally, the model incorpo-
rates internal channels for accommodating instrumentation,
including the FBGs, strain gauges, thermocouples, pressure
gauges, etc.

The leading edge is rigidly constrained on the forebody
by a sliding T-slot. This arrangement not only provides the
flexibility to alter the leading-edge angle but also allows for
adjustments in the model’s length. The assembled model,
along with its positioning in the wind tunnel, is illustrated
in Fig. 5.

An additional design feature takes advantage of the asym-
metry in the mounting points on the tunnel walls. This
arrangement allows for the asymmetrical reflection of the
model to alter the location of shock impingement on the
cantilever. In the scenario of a ‘‘panel up’’ model, the longer
path length is suitable for theMach 2 flow case. Conversely, a
‘‘panel down’’ model, characterized by a shorter path length,
is used for the Mach 3 case. A diagram illustrating the
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FIGURE 5. Cantilever model (top) and its mounted location in the tunnel
(bottom).

Mach 2 and 3 flow cases is presented in Fig. 6 below. The
incident shocks on the wall, annotated as SN , where N is
the operating Mach number, result in the formation of an
induced separation shock (RN1) and a reattachment shock
(RN2) [17]. Thus far, only the Mach 2 testing campaign has
been conducted with future testing planned at Mach 3.

FIGURE 6. Representative schematic of the Mach 2 and Mach 3 flow
cases.

The nominal freestream flow properties for both the
Mach 2 and Mach 3 cases are provided below in Table 1.
Dry air is sourced from the pressure reservoirs at ambient
temperature.

TABLE 1. Nominal freestream flow properties for Mach 2 and Mach 3 in
the supersonic tunnel.

To establish the relevance of the current FSI case and draw
comparisons with other experimental work, a map of reduced
frequency (fr – Eqn. 2.1) versus the aerodynamic to struc-
tural compliance ratio (3 – Eqn. 2.2) has been established.

This map, adapted from [18] and augmented with the inclu-
sion of the current study, serves as a valuable tool for analysis.
As 3 increases, the aerodynamic loads from the flow
also increase, shifting the response from being structurally
dominated towards aerodynamically dominated. Similarly,
a higher reduced frequency suggests a less compliant panel.
This map, given in Fig. 7, is divided into two distinct regions.
Experiments on the right side of the graph are representative
of fully clamped scenarios, while those on the left side involve
either cantilever or partially clamped configurations. Three
experiments are analyzed in this article with an aluminum
panel of thicknesses 1 mm, 2 mm, and 3 mm. The planned
experiments are strategically positioned to address a gap in
the literature at lower reduced frequencies.

FIGURE 7. Map of reduced frequency and aerodynamic to structural
compliance ratio for previous experimental work in FSI. C = Cantilever,
FC = Fully Clamped, PC = Partially Clamped.

The equations for fr and 3 are provided below, where L
is the total length of the panel, W is the width, fs is the
first natural frequency in Hertz, u∞ is the freestream flow
velocity, ρ∞ is the freestream density, E is Young’s Modulus,
I is the moment of inertia, and M∞ is the freestream Mach
number [18].

fr =
Lfs
u∞

(2.1)

3 =
ρ∞u2∞WL

3

EIM∞

(2.2)

The natural frequencies of the plates have been calculated
using several different methods. Equation (3) provides an
analytical method for a cantilever Euler-Bernoulli beam and
is compared to solutions obtained from the finite element
method employing beam and plate elements.

f =
1.8752

2π

√
EI

ρAL4
(3)

Table 2 summarizes the results. All three methods agree
well with each other with the plate element solution obtaining
slightly higher frequencies as it accounts for in-plane stresses.

The plate element solution is used to obtain the first three
modes of all thicknesses in Table 3. Only the plate element
can calculate twisting and bending/twisting modes which
have been encountered in the experiments.
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TABLE 2. First mode frequencies of the plate calculated using three
different methods.

TABLE 3. First three modes of the plates as calculated using the finite
plate element.

III. INSTRUMENTATION
A. FIBRE BRAGG GRATINGS
Fiber Bragg gratings (FBGs) are spectrally reflective ele-
ments embedded in the core of an optical fiber. These gratings
are formed by introducing a series of periodic variations in
the refractive index of the core, resulting in the creation of
a Bragg reflector that acts as a mirror to a specific wave-
length [20]. Several methods exist for manufacture, the most
common being the inscription of a masked photosensitive
optical fiber with an ultraviolet laser. Photosensitive optical
fibers are obtained by doping the fiber during manufacturing
with the rare earth element Germanium (Ge).

The reflected wavelength, termed the Bragg wavelength
(λB), correlates with the local strain and temperature. There-
fore, monitoring the change in the Bragg wavelength enables
the determination of strain and temperature at the grating
location. The relationship between the change in the Bragg
wavelength and mechanical strain (ϵ) and temperature (T ) is
described by (4), where the constants kϵ and kT denote the
sensitivity of the FBG to each measurand [28].

1λB

λB
= kϵϵ + kT1T (4)

The sensitivity parameters can be determined using (5.1)
and (5.2) and depend on the refractive index (n), Pockels
coefficients (p12, p11), Poisson’s ratio (ν), the coeffi-
cient of thermal expansion (α), and the thermoelastic
coefficient (ξ ) [29].

kϵ = 1 −
1
2
n2 [p12 − ν (p12 + p11)] (5.1)

kT =

[
1 −

1
2
n2 (p11 + 2p12)

]
α +

ξ

n
(5.2)

Expected values and uncertainties for these parameters are
obtained from [30] and [31] for a silica optical fiber and
are listed in Table 4. Where values could not be obtained an
uncertainty of 5% of the expected value has been used.

TABLE 4. Expected properties of a silica optical fiber and their
uncertainties.

The resulting thermal and mechanical sensitivities are
given below in Table 5 where the uncertainties are determined
via the method of propagation of uncertainties.

TABLE 5. Calculated FBG sensitivities and their uncertainties.

In these experiments, a single FBG has been affixed to the
root of the cantilever plate running parallel to its length using
aluminum tape as shown in Fig. 8.

FIGURE 8. An image of the experimental model in the test section with
an FBG adhered at the panel root using aluminum tape.

The fiber was routed out through the tunnel wall and was
interrogated using a COTS FS22 BraggMETER connected
to a laptop via an ethernet interface. The FS22 employs a
continuously swept scanning laser and is capable of measur-
ing hundreds of sensors over up to eight channels. Data was
acquired at a sample rate of 1,000 samples per second and
maximum resolution of 1 pm.

B. SCHLIEREN
Schlieren imagery was obtained using a Z-type configura-
tion [32] with two spherical mirrors of 2.62 m focal length
and diameters of 240 mm. A horizontal knife edge was used
which allows for the detection of density gradients perpendic-
ular to the direction of the flow. A diagram of the schlieren
setup is shown in Fig. 9.

The camera used was a Fastcam Mini AX 200 which is
capable of capturing 6,000 frames per second (fps) at a full
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FIGURE 9. Diagram of the Z-type schlieren configuration used in the
experiment.

resolution of 1024 × 1024 pixels or up to 900,000 fps with
a minimum exposure time of 260 ns. Each experiment was
performed at the full resolution and acquired at a rate of 2,500
frames per second with an exposure time of 0.2 ms. Images
were then exported in TIFF format after each run for further
analysis.

C. LASER DOPPLER VIBROMETER
In addition to the schlieren setup, a Polytec PDV-100 portable
laser Doppler vibrometer (LDV) was used to acquire a point
velocity at the trailing edge of the plate. Data was sampled
at a rate of 20,000 samples per second with an output of
125 mm/s/V and peak-to-peak range of 500 mm/s. The LDV
was connected to the tunnel’s data acquisition system via
BNC interface. An LDV is an interferometric non-contact
device typically used for vibrational measurements. The laser
is directed at the surface of the structure and the reflected
beam acquired allows for the velocity of the structure to be
determined from the Doppler shift. LDVs offer exceptional
sensitivity and accuracy and unlike accelerometers, do not
create a mass load on the structure. The main challenge with
the use of an LDV is suitable optical access and alignment
of the laser. COTS LDVs can also be prohibitive due to their
cost. Unfortunately, the dynamic range of the PDV-100 was
not large enough to capture the high velocities of the 1 mm
plate, resulting in signal saturation. However, good results
were obtained for both the 3 mm and 2 mm cases. Future
work aims to upgrade the LDV infrastructure for these more
demanding cases.

IV. RESULTS AND ANALYSIS
A. SCHLIEREN IMAGE PROCESSING
Schlieren images were used to track the motion of the plates
using an edge finding algorithm. Initially, a gradient-based
approach was adopted using the Sobel method [33], [34] to
ascertain the edge of the plate. This method proved noisy and
challenging and was quickly abandoned. Instead, a binarized
approach [35] was adopted where pixels were set based on an
intensity threshold. An advantage of this approach was that
the threshold could be set to either mask the flow or struc-
tural features of the image. Examples are shown in Fig. 10

and Fig. 11. In Fig. 10, a dark mask has been applied to
highlight the flow features. Conversely, in Fig. 11, a bright
mask removes the flow features and leaves the plate.

FIGURE 10. Dark masking of the schlieren image to highlight dominant
flow features.

FIGURE 11. Bright masking of the schlieren image to remove the flow
features and highlight the plate.

Different threshold values produced varied results and as
such, a parametric approach was adopted. Firstly, a schlieren
streak diagram [36] was extracted for a certain column of
pixels at or near the trailing edge of the plate. An example
of this is shown in Fig. 12.

FIGURE 12. Schlieren streak diagram extracted over an experimental run
for the 3 mm plate at the trailing edge.

The streak diagramwas then binarized using the previously
mentioned approach. The threshold was swept over a range of
values to obtain several estimates of the plate’s edge location,
following which the median result was taken. This method,
summarized in the flow chart in Fig. 13, proved robust and
did not rely on a single user-defined threshold that could bias
the analysis.
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FIGURE 13. Overview of the binarizing method to extract the deflection
of the plate from the schlieren images.

Using the binarized method, the positions of both the top
and bottom edges of the plate were determined. The thickness
of the plate in pixels could then be calculated and converted
to its true value. It was observed that the optically determined
thickness of the plate varied throughout the experiment due
to twisting. As such, the average thickness over the first
100 frames (40 ms) prior to start-up was used to calibrate the
results.

The midline location of the plate was then calculated as
the average of the top and bottom edge. The resulting dis-
placement is a digital value and can hence show seemingly
erroneous jumps in the data. Smoothing could be applied, but
this was not done as it removes high frequency components
which may prove valuable in analysis. Figure 14 shows an
example of the results using the described methodology for
the 3 mm plate case. The displacement history is broken
into three main regions – pre-start, start-up, and steady-state.
A shut-down region also exists at the end of the experiment,
similar in feature to the start-up, but was not captured due to
the limited acquisition time. The blowdown facility does not
feature an evacuated test section and as a result, the start-up
process is highly transient.

FIGURE 14. Trailing edge displacement of the 3 mm plate extracted from
the schlieren images.

The transient start-up has been included in the analysis
of the FSI case as it proves to introduce interesting phe-
nomena. Like an impulse, this period of the test creates a
broadband excitation in the plate. The spectral characteristics
of the experiment have been analyzed using a fast Fourier
transformation (FFT) and continuous wavelet transformation
(CWT) using the analytic Morse wavelet. The CWT yields
a scalogram [37], as shown in Fig. 15, and highlights the
presence of the broadband excitation from the start-up.
A FFT of the entire displacement history is also shown in
Fig. 15. The spectrum is visibly noisy and has been smoothed
post-transformation using both a 7th order Savitzky-Golay
and moving median filter. The full spectrum is not particu-
larly useful for analysis as the scalogram demonstrates that
there are two distinct regions of spectral behavior – the
start-up and steady-state. A thorough analysis of this behavior
will be undertaken in a separate article with a cursory analysis
used here for comparison with the FBG results.

FIGURE 15. Full spectrum of the 3 mm plate (top) and scalogram of the
3 mm plate (bottom).

The FFTs of the start-up and steady-state regions are
shown in Fig. 16. The distinct behavior of the two
regions is evident with different peak frequency components.
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FIGURE 16. Spectra of the start-up region (top) and steady-state region
(bottom) for the 3 mm plate obtained from schlieren imagery.

Likewise, the start-up region demonstrates broader spectral
content, including stronger low frequency components.

A summary of the dominant frequency component in the
start-up and steady-state regions is shown in Table 6. The
steady-state deflections are also shown as well as the com-
puted first mode frequencies from the finite plate elements.
The 1 mm case shows significant aerodynamic stiffening and
geometric non-linearities due to large deflectionswhich result
in an increased frequency.

TABLE 6. Summary of the features extracted from the schlieren imagery.

Of particular note is the 1 mm plate case, which
demonstrates strong FSI. A FFT of the steady-state region is
shown in Fig. 17. Here it is evident that two modes exist after
start-up.

FIGURE 17. Spectra of the steady-state region for the 1 mm plate
showing two modes.

The scalogram of the experiment is shown in Fig. 18. Once
again, we observe broadband excitation from the transient
start-up, however, two distinct frequencies persist into the
steady-state region.

FIGURE 18. Scalogram of the full trailing edge displacement of the 1 mm
plate showing the presence of the two modes.

An additional piece of analysis used for validation is a
phase portrait [38], shown in Fig. 19 for the 3 mm case. The
phase portrait provides a depiction of the velocity at a point on
the panel as a function of its displacement. A phase portrait is
a useful tool for studying dynamic systems and yields a repre-
sentation of the orbits in the phase plane. The portrait has been
colored in time to show temporal development. For the 3 mm
case, a chaotic start-up process is observed followed by the
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FIGURE 19. Phase portrait for the 3 mm plate showing the chaotic
start-up and cyclic attractor in the steady-state region.

presence of a cyclic attractor in the steady-state. The chaotic
start-up generates an impulse response in the panel due to the
sudden and large aerodynamic load, thereby exhibiting highly
non-linear and unsteady behavior. This behavior creates large
strains which may result in plastic deformation or sudden
failure. The steady-state region is dominated by a steady and
stable response, which is more likely to lead to fatigue after
long periods of time.

A similar diagram is shown in Fig. 20 for the 1mmplate but
has been colorized by region. The pre-start region, depicted
in green, is present at the origin of the diagram. The start-up
shows a chaotic repellor, following which the system settles
into limit cycle oscillations. As supported by Fig. 18, there is
no discernible decrease in oscillation amplitude.

FIGURE 20. Phase portrait for the 1 mm plate, showing the three distinct
regions of behavior.

B. LASER DOPPLER VIBROMETRY
In addition to image tracking, the LDV provides another
source of data for comparison and validation. The LDV func-
tions as a voltage signal from which the output is transformed
into velocity. A FFT of the LDV signals in Fig. 21 show
similar noise in the spectra of the plate’s vibration. Start-up
and steady-state frequencies are extracted and compiled in
Fig. 21 and Table 7.

FIGURE 21. Spectra of the start-up region (top) and steady-state (bottom)
for the 3 mm plate obtained from the laser Doppler vibrometer.

TABLE 7. Summary of frequencies extracted from the laser Doppler
vibrometer results.

C. THERMAL DECOUPLING OF FBGs
A simultaneous advantage and challenge of using FBGs is
their sensitivity to both strain and temperature. A standard
blow-down tunnel without heated reservoir always generates
a fast but cold flow, see the data in Table 1. This means that
any model in such a test facility always experiences strain and
temperature effects simultaneously, and both effects can be of
comparable magnitude.

Many methods exist to decouple the measurands which
vary in complexity. In this case, the dynamic nature of the
FSI case has been leveraged to create a simple decoupling
method. A high pass filter is applied to the signal to remove
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low frequency components. These low frequencies result
from static deflections and changes in temperature [39].
The resulting high-frequency signal yields the dynamics of
the plate. Figure 22 shows the raw signal and decoupled
components after applying a 5Hz high pass filter. A disadvan-
tage of this approach is that the static deflection component
observed in the steady-state region is collated and subse-
quently removed with the thermal signal.

FIGURE 22. Full signal acquired from interrogation of the FBG (top) and
the de-coupled dynamic strain and thermal components using a 5 Hz high
pass filter (bottom).

Different cut-off frequencies can be applied in an effort
to preserve more of the static deflection, but this results
in erroneous oscillations. Figure 23 shows a comparison of
the decoupled signals using 5 Hz, 1 Hz, and 0.2 Hz cut-off
frequencies, respectively. To capture the static deflection of
the plate, a more robust decoupling methodology should be
used. Several different methods are discussed later in this
paper and are planned for future experiments.

The thermal signal can then be converted from a wave-
length shift to a temperature change using the sensitivities
calculated in Table 5. A zero-wavelength temperature of

FIGURE 23. Comparison of the de-coupled FBG components using 5 Hz
(top), 1 Hz (left), and 0.1 Hz (right) high pass filters.

16◦C is added to the signal to account for the initial (room)
temperature. To provide a means of comparison, the adi-
abatic wall temperature (Taw) can be estimated using the
recovery factor (r), which is assumed equal to the square
root of the flow’s Prandtl number (Pr) [40]. The adiabatic
wall temperature can then be calculated knowing the absolute
temperature of the flow (T0) and the temperature at the edge
of the boundary layer (Te). In this case, the temperature at the
edge of the boundary layer is assumed to be the freestream
static temperature behind the leading edge shock.

r =
Taw − Te
T0 − Te

=
√
Pr (6.1)

Taw = r (T0 − Te) + Te (6.2)

The resulting calculations yield a recovery factor of
0.845 and adiabatic wall temperature of 270 K. Figure 24

FIGURE 24. Estimated temperature of the FBG during the 3 mm
experiment, including post-test temperature recovery.
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shows a plot of the low frequency components converted into
a temperature with the calculated adiabatic wall temperature
indicated. This temperature can only be taken as an estimate
of the true value, as it also contains the static deflection
component of the signal. Nonetheless, this simple analysis
showcases how the FBG can be used simultaneously as a
strain and temperature sensor. Further discussion is provided
in the proceeding section.

An additional analysis is formed via phase portraits.
Figure 25 (top) shows a phase portrait of the entire FBG
signal whilst Fig. 25 (bottom) is a phase portrait of only
the extracted high-frequency components. The phase por-
traits of the high-frequency components oscillate around a
cyclic attractor located at the origin. The phase portrait of the
entire signal shows the potential presence of two attractors
and translation between them as a result of start-up. This
also demonstrates that our simple method for decoupling the
dynamic strain destroys information that would otherwise be
valuable for analysis.

FIGURE 25. Phase portraits for the 3 mm plate using the full FBG signal
(top) and the de-coupled dynamic strain using a 5 Hz high pass filter
(bottom).

D. FBG COMPARISON
Despite the disadvantages of the simple decoupling method,
the dynamic strain can still be analyzed and compared against
results obtained from the schlieren and LDV, primarily in the
form of a frequency comparison. Firstly, as shown in Fig. 26,
the two FFTs are obtained from the start-up and steady-
state regions for the 3 mm plate. The results showcase very
similar spectral signals, including the first mode frequency.
Additional frequencies are observed in the lower end of the
spectrum (∼15 Hz) and the higher end (∼315 Hz) during the
start-up. A shift in first mode is observed under steady-state
that matches the schlieren and LDV analysis.

FIGURE 26. Spectra of the start-up region (top) and steady-state region
(bottom) for the 3 mm plate obtained from the de-coupled FBG dynamic
strain.

An additional comparison is given for the 1 mm plate in
the steady-state region. Figure 27 shows results previously
presented from the schlieren analysis and the addition of the
FFT of the FBG dynamic strain. Firstly, it is noteworthy that
the FBG has captured both modes of oscillation. Secondly,
the frequencies match very well for both modes. The FBG
appears to demonstrate greater levels of spectral noise which
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FIGURE 27. Comparison of steady-state spectra for the 1 mm plate
obtained from schlieren imagery (top) and the de-coupled FBG dynamic
strain (bottom).

is attributed to the method of affixing the sensor to the
structure. It is believed that under the large deflections and
velocities of the plate, the tape has inefficiently transferred
the strain to the sensor. Bonding of the FBG should provide
better signal-to-noise ratios.

The frequencies extracted from the FBG dynamic strain
signals are compiled in Table 8.

TABLE 8. Summary of frequencies extracted from the de-coupled FBG
dynamic strain.

V. DISCUSSION
The results and analysis presented thus far have concluded
that optical fiber Bragg gratings are suitable instrumentation
for the simultaneous measurement of strain and temperature

in a high-speed flow. As a summary, and the main point
of comparison, Fig. 28 highlights the dominant frequen-
cies encountered in the start-up and steady-state regions
in comparison to the first mode frequencies obtained from
the finite plate element method. This summary showcases
how FSI becomes more dominant with greater panel com-
pliance as a result of aerodynamic stiffening and geometric
non-linearities. The 1 mm panel exhibits very interesting
characteristics that will be explored in future work.

FIGURE 28. Summary of frequencies in the start-up and steady-state
regions for all plates, obtained from schlieren imagery.

Figure 29 similarly highlights the frequencies obtained
from each of the three methods presented – schlieren, laser
Doppler vibrometery, and optical fiber Bragg gratings. Data
obtained from the LDV is not available for the 1 mm plate
due to signal saturation from large trailing edge velocities.
In any case, all methods show very similar results for both
the start-up and steady-state regions with the exception of
the schlieren analysis of the 2 mm plate in start-up. The
discrepancy here is likely a result of the image processing
method. These charts illustrate the capability of FBGs tomea-
sure FSI induced vibrations in a high-speed flow. Frequencies
obtained from FBG and schlieren data agree within 3.5% and
0.75% on average for the start-up and steady-state regions,
respectively.

The most challenging aspect encountered was the thermal
de-coupling of the FBG signal. In this work, a simple high
pass filter approach was adopted to obtain the dynamic
strain for analysis. This yielded an aggregate static strain
and temperature signal which could only be used to estimate
the temperature of the sensor. Typically, a second strain-
isolated FBG or temperature sensor is used in conjunction
with the strain sensing FBG to decouple the results [41], [42].
Integration of a strain-isolated FBG is not always possible,
particularly in environments with strong temperature gradi-
ents or small volumes, such as ground test models.

Many other methods exist to de-couple the FBG signal
which do not rely on a transducer, several of which
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FIGURE 29. Comparison of frequencies obtained using all three methods
for the start-up (top) and steady-state regions (bottom).

are discussed here. In [43] a method was examined that
enabled simultaneous temperature and curvature sensing and
employed a seven-core optical fiber. At the same location
along the fiber, FBGswere inscribed in each of the cores, such
that curvature could be measured by examining the difference
in fiber pairs. Likewise, when curvature and temperature were
simultaneously changed, the central core of the fiber was
insensitive to the curvature change and hence, could be used
to calculate temperature. Others have employed a simple
method where a FBG under bending in a non-linear strain
region exhibited creation of periodic chirp [44]. Conversely,
changes in temperature would generate a uniform change
in the Bragg wavelength. An approach where a short-length
FBG inscribed into a polarization-maintaining fiber produced
two Bragg wavelengths from birefringence has also been
applied [45]. The two wavelengths emanate from the slight
difference in refractive indices between the two orthogo-
nal polarization modes. The Nelder-Mead simplex algorithm
was used to calculate the temperature and strain owing to
the different sensitivities of each Bragg wavelength. Finally,
[46] used a single phase-shifted FBG to simultaneously

measure temperature and strain. The phase shift showed dif-
ferent behavior from temperature and strain, allowing for the
two properties to be measured.

All the methods vary in their complexity and interrogation.
For example, the measurement of the entire FBG reflected
spectra limits the sampling rate of the system.Modern optical
spectrum analyzers (OSA) have sampling rates on the order
of 1 kHz which can be suitable for low-frequency FSI cases.
Alternatively, swept laser approaches with Fourier domain
mode locking (FDML) have achieved sweep times of up to
50 kHz which is suitable for virtually all FSI analysis [47].

VI. CONCLUSION
This work has studied the FSI of a Mach 2 reflected
shock impingement upon a cantilever panel and the use of
fiber Bragg gratings for the measurement of the structural
response. The FBG results have been compared with data
obtained using digital image processing of high-speed video
schlieren as well as velocity measurements obtained from
a laser Doppler vibrometer. The results indicate that FBGs
can accurately measure the strain on the panel undergoing
FSI. Frequencies obtained from FBGs agree within 3.5% and
0.75% with the schlieren results for the start-up and steady-
state regions, respectively. The largest challenge encountered
was the thermal decoupling of the FBG signal. Here, a simple
approach has been adopted wherein a high pass filter was
used to extract the dynamic strain for further analysis. Several
methods for improving the decoupling and the interroga-
tion of the fiber were discussed and are planned for future
experiments. Ultimately, the use of FBGs has been validated
for high-speed FSI experiments and highlights the merits of
optical fiber systems for both the ground and flight test of
high-speed vehicles.
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