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Abstract: We demonstrate a technique allowing to develop a fully distributed optical fiber
hot-wire anemometer capable of reaching a wind speed uncertainty of ~ +0.15m/s (+0.54km/h)
at only 60 mW/m of dissipated power in the sensing fiber, and within only four minutes of
measurement time. This corresponds to similar uncertainty values than previous papers on
distributed optical fiber anemometry but requires two orders of magnitude smaller dissipated
power and covers at least one order of magnitude longer distance. This breakthrough is possible
thanks to the extreme temperature sensitivity and single-shot performance of chirped-pulse
phase-sensitive optical time domain reflectometry (POTDR), together with the availability of
metal-coated fibers. To achieve these results, a modulated current is fed through the metal coating
of the fiber, causing a modulated temperature variation of the fiber core due to Joule effect. The
amplitude of this temperature modulation is strongly dependent on the wind speed at which the
fiber is subject. Continuous monitoring of the temperature modulation along the fiber allows
to determine the wind speed with singular low power injection requirements. Moreover, this
procedure makes the system immune to temperature drifts of the fiber, potentially allowing for a
simple field deployment. Being a much less power-hungry scheme, this method also allows for
monitoring over much longer distances, in the orders of 10s of km. We expect that this system can
have application in dynamic line rating and lateral wind monitoring in railway catenary wires.

© 2018 Optical Society of America
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1. Introduction

For many years, the technique known as hot-wire anemometry (HWA) has been one of the most
widely applied methods for the measurement of flow speeds by exploiting the thermal phenomena
involved in fluid dynamics [1,2]. The traditional HWA technology is based on the dependence of
the convective dissipation of heat on the velocity of the fluid that drifts around the hot object. In
a typical HWA implementation, a conductive, thin and short wire or film is heated by means of
an electrical current and exposed to a fluid in motion. By monitoring the temperature evolution
of the hot wire, it is possible to indirectly quantify the flow speed by means of purely thermal or
electric measurements.

HWA sensors are nowadays a tool present in many environments, given their convenience for a
great amount of applications. The small size of the probe guarantees a low flow modification
during the measurement when compared with other sensors. HWA sensors are often employed in
large infrastructures for performing continuous wind speed measurements, especially in those
sensitive to wind, such as railways, overhead power lines, certain large buildings, bridges, large
wind turbines, large aircrafts [3], etc. However, in these structures, addressing only one (or few)
measurement points along their whole size turns out to be a strong limitation, since the wind speed
profile may vary substantially across the different locations. In such cases, a system capable of
monitoring the wind spatial distribution along the distance (i.e. a distributed anemometer) would
certainly help in managing the maintenance and risks of failure more efficiently. A particularly
interesting example of this is the high-speed railway, where lateral wind may cause disruption in
the catenary-pantograph interaction (for moderately high wind loads), and even wagon derailment
and overturn in more severe cases [4,5]. To enhance the safety and reliability of many railway
lines, it would be convenient to have the capability of monitoring the magnitude of lateral wind
over relatively long sections of e.g. tens of kilometers.

Another interesting potential application of large-scale spatially-resolved anemometry could be
the optimization of power transmission along overhead power lines [6—8]. There is an increasing
pressure from power grid managers to reduce operating costs by improving the throughput of
the power transmission facilities. The line ratings typically applied are well under the maximum
possible values, essentially because of reliability and safety concerns. Improved efficiency
can be achieved through novel power distribution management paradigm named dynamic line
rating (DLR) [9, 10]. These models are intended to maximize the electric power delivered through
the power cables by tracing the temperature distribution along their length and ensuring that no
point goes over the specified temperature rating. The models used in DLR essentially depend on
the conductor geometry, the local weather conditions (including wind speed), and the forecast



confidence intervals to which they are subject. It is unquestionable that DLR would greatly take
advantage of accurate and real-time weather information along the power line network in order to
optimize the ratings for smaller temporal and spatial windows. In particular, precise knowledge
of wind speed in every position across the power line would enhance the accuracy of thermal
models for line rating, hence allowing for better margins to improve the efficiency of the power
transfer [11, 12].

These particular applications would quite surely overload the possibilities of a multi-point
hot-wire anemometry system, given the scale of the systems to monitor. It would require installing
probe wires (and their corresponding interrogating units, wiring and communications) over a large
set of points (covering a distance of tens of km), each sensor requiring 2 or 4 wires, an independent
calibration and some kind of communication system. A high sensitivity, truly distributed sensing
implementation of the HWA principle could fulfill the requirements of the applications cited
above in a more simple and reliable way. The field of HWA still lacks, therefore, of a competitive
distributed counterpart. For this reason, a distributed optical fiber sensor (DOFS) [13, 14] could
represent a good candidate to solve some of the mentioned problems.

Thanks to a wide variety of light propagation phenomena, DOFS can perform measurements
at every point along an optical fiber. Through slight modifications of the sensing fiber, sensors
for weight [15], electromagnetic field [16], humidity [17], or even chemicals [18-20] have been
proposed. On the other hand, the challenge of designing a distributed hot-wire anemometer suits
the scope of the fiber-optics sensors community. Pursuing to meet the needs of technologies
like DLR, the authors present here a proof of concept for a distributed fiber optical sensor able
to provide fast measurements of the speed of a fluid with high sensitivity, immunity to fiber
temperature drifts and covering a long distance range. The key point of this paper is the availability
of a novel phase-sensitive Optical Time Domain Reflectometry (POTDR) system which employs
chirped pulses to achieve mK-resolution temperature measurements along kilometer ranges and
with update rates of several kHz, formerly developed by the authors [21,22]. Here we show that
having this high-resolution and rapid distributed temperature measurement system allows to
achieve the most power-efficient and long-range implementation of a distributed anemometer
shown to date.

In the next section we present the physical principles of the traditional HWA technique (2.1)
and its fiber optic implementation details, as well as the basic theory of how chirped-pulse
phase-sensitive reflectometry can allow a better determination of the wind speed over other
distributed sensing systems (2.2). The following section (3) states the details of the experiment
developed, whose results are offered and discussed in section number 4. We summarize the
conclusions of the article in the last section.

2. Working principles

2.1. Hot-wire anemometry

The present work relies in the basic principles of hot-wire anemometry. That is, the phenomenon
of forced convective heat transport which takes place around an electrically heated, thin conductive
wire. Convective flow and heat transport is a complex topic but, for many purposes, an approximate
model can be applied. In this simplified model, some details such as the wire aspect ratio, fluid
compressibility, non-forced convection or the variations in the thermal energy stored in the wire
are omitted (this would only be relevant for the high frequency response, and may be essential
when studying turbulent flows). The anemometer wire is then characterized by its electrical
resistance R, which depends on the fabrication material and its dimensions, and the surface area
exposed to the fluid S. In our system, the wire is replaced by a metal-coated sensing fiber. A
current is fed through the metallic coating of the fiber, and the temperature evolution is read in
the fiber core. The power dissipated by the conducting filament is P = IR? where [ is the heating
electric current. In a fully developed steady state, this dissipated power is totally delivered to



its surroundings by means of convection around its surface (whenever the thermal conductance
of the fluid is negligible). This process can be described approximately by the Newton’s law of
cooling [2,23]:

P=hu)S(Ty-Tw). 1)

Here Ty, is the temperature of the wire and 7 is the temperature of the surrounding fluid, far
enough from the heat source. The convective coefficient, h(u), depends on the flow speed u,
on the geometry of the system and on a set of thermal and dynamic coeflicients characteristic
of the considered fluid and flow regime, e.g. its viscosity or the Reynolds number. The exact
functional form of A(u) has already been modeled considering more complex, theoretical or
semi-empirical fluid dynamics concerns [24]. Many detailed equations have been proposed and
extensively studied within the HWA literature, such as the commonly employed King’s law [1].
However, there is no universal expression for this dependence, and for actual measurements a
device-specific calibration curve turns out to be mandatory, due to the sensitivity of the thermal
response to the aforementioned geometric and construction parameters. Usually, an exponential or
power law fits adequately to the measurements, depending on the variables employed. Note that,
in general, an angular factor may be included inside /(u), accounting for the relative orientation
of the fluid flow and the wire [25,26]. In our case, this factor has also been omitted, since the
dissipated power and the fraction of volume occupied by the fiber are both considerably small. A
more careful study should allow evaluating the angular dependence of the flow on the sensitivity.
Schemes to actually measure the flow direction can also be put forward [27], however this is out
of the scope of the present study. Anyway, it is clear that through Eq. (1) it is possible to calibrate
the sensor response and to correlate the speed u of the fluid with either the temperature of the
wire or the dissipated power, provided that the other factors remain constant.

The underlying mechanism of constant temperature anemometry (CTA), the most frequent
approach in traditional (electronic) HWA, consists in keeping the fluid-wire temperature drop
(T — Two) constant and monitoring the electrical heating power P required to do so. The technique
comprises an electrical circuit that compensates the variations of the temperature of the hot
wire over time. Provided that the electrical resistance depends on temperature, a variation of
the wire temperature due to the forced convection naturally leads to a variation of the electrical
current going along it. This automatically restores its usual temperature and resistance values.
The increase or decrease of the current demanded by the wire allows to record the wind speed,
after a proper calibration.

The purpose of the chirped-pulse @OTDR setup in our fiber-optic implementation of the HWA
is to register the temperature variations inside the fiber while a constant power P is dissipated as
heat to the flowing air. This power is delivered by an electrical current fed into the fiber metal
coating. By periodically switching the current on and off, the induced temperature cycles can be
distinguished from natural background variations. Thanks to the forced convection principles,
the amplitude of these cycles is tightly coupled to the wind speed, motivating the proposed
anemometer. The temperature difference between the heated and non-heated steady states of
the fiber is equivalent to the term (7 — 7w ) in Eq. (1), provided the cycles are slow enough
(for a given wind speed and heating power) to actually allow the system reach a quasi-steady
state. Since the temperature measurements are done for every single point of the whole fiber,
this allows to recover the thermal response of each point, and through a proper calibration of
h(u), the local wind speed. Note that the off periods of the current signal are fundamental to
establish a reference non-heated state for the evaluation of the true temperature drop. In addition,
the heating modulation serves to easily filter out the ambient temperature variations in time as
well as other possible non-correlated sources of drift in the setup (e.g. laser phase noise, etc.). In
our implementation, only the components at the frequency of the switching current are analyzed,
making the system robust against all these deleterious effects.

It is interesting now to look at the dynamic response of the heating and cooling cycles. We show



here that the direct integration of Eq. (1) leads to the characteristic exponential time-response
of heating/cooling bodies, which may serve as a reference dynamic model. In this model, to
characterize the heating wire response (in our case, the metal-coated fiber), we need to introduce
its heat capacity, which is defined as C = dE\,/dT,, where E\, is the thermal energy stored in the
wire. For a compound wire, such as the optical fiber used in our experiments, we will consider
an effective heat capacity (Ces), which will represent the effect of all the contributions coming
from the different materials in the structure. Now we can relate the power loss to the temperature
of the body under study through its heat capacity (P = —dE,,/dt = —C dT,/dt). Inserting this
into Eq. (1), it is trivial to arrive at the following dependence of the wire surface temperature on
time (¢):

To(t) —Too = A7, )

with k(u) = h(u)S/C. Note that negative values of the amplitude parameter A(u) account for the
response during heating up, while positive values account for the response during cooling. It
can be easily seen that the time constant of the process (7 = 1/k) will also depend on the speed
of the fluid through A(u). Even though this quantity may, in principle, be used for wind speed
measurements, we will see later that in our implementation it provides fairly inaccurate results.
However, by combining this expression with Eq. (1), we will show that the measurement of the
time constant can be employed in order to estimate a value for Ceg, which should lay in the range
of values of heat capacity of the different components embedded into the metallic-coated fiber.
This will allow to validate the measuring principles here presented.

2.2. Fiber optic implementation of a hot-wire anemometer

The principles of HWA explained above can be adapted to implement an anemometer based on
optical fiber sensing of the induced temperature changes, resulting in both point-sensors [28-33]
and distributed ones [27, 34]. As in conventional HWA, the sensing optical fiber has to be
artificially heated up. Accordingly, its temperature balance will be determined by convection
(Eq. (1)), which is in turn related to the surrounding fluid speed. Consequently, the fiber
temperature carries information about the speed of the wind drifting around it. The system
presented in [34], which is based on a Brillouin optical time domain analysis (BOTDA) sensor,
provides wind speed measurements in the range of 1-10 m/s with spatial resolutions in the
order of 1 centimeter. The anemometer developed in [27] employs optical frequency domain
reflectometry (OFDR) to probe a 70 m-long grid of fibers. It was demonstrated that the flow
rate, position and direction of several air jets could be determined, with a spatial resolution of
just a few microns. However, these demonstrated distributed methods are far from reaching the
specifications needed by DLR: their temperature resolution is relatively low (not below 0.1K),
which makes impossible for them to provide, in short acquisition times, high sensitivity wind
speed measurements along kilometers of fiber, unless the injected heating power is unrealistically
high. Thus, if the dissipated power has to be lowered to more realistic values, a method with
much higher temperature resolution is needed.

To monitor the temperature distribution of the optical fiber, we propose a method based on
phase-sensitive optical time domain reflectometry (OTDR). The core of the technique is the
analysis, in the time domain, of the Rayleigh-backscattered light generated by an intense and
coherent light pulse traveling along the core of a conventional optical fiber. The back-scattered
light signal or trace presents a speckle-like pattern produced by the interference of the light
reflected at millions of sub-wavelength size scattering centers. This trace constitutes a fingerprint
of the physical state of the fiber: it remains constant if the fiber and measuring conditions
do not change over time, but is locally altered under variations in the local fiber refractive
index or scattering centers positions, typically related to strain or temperature variations. In this
time-domain implementation, the time of flight of the pulse in the fiber naturally correlates to
the fiber position through the group velocity of the light in the fiber (z = ct/(2n)). Therefore,



whenever an external perturbation modifies the refractive index or the distance between scattering
centers at a certain spot in the fiber, the optical echo detected at its input end will be altered at the
corresponding time delay in the trace [35,36].

In a conventional ®OTDR sensor, a local modification of refractive index is manifested in the
shape or intensity of the traces, as the changes in phase of each reflection of the pulse affect the
local interference outcome. However, the intensity response at that position varies non-linearly
and even non-monotonically with the refractive index change, which makes it considerably
complex to retrieve the actual value of the applied stimulus [37]. Although some methods can in
principle track these variations (if they are slow enough) and provide sensitive measurements,
they do not offer information about aspects as relevant as the sign of the applied perturbation [38].
Some techniques have been developed in the last years that can retrieve the sign and magnitude
of the perturbation by performing intensity-only detection . For example, in their publication,
Liehr et al. [39] achieve true strain/temperature measurements (preserving the perturbation
sign) by alternating pulses of slightly different wavelengths. However, this technique necessarily
multiplies the acquisition time, limiting the dynamic performance of the sensor. In addition, there
exist in the state of the art other high performance temperature DOFS based on different sensing
principles, such as Raman scattering [40,41], Brillouin scattering [42], or even combinations of
multiple techniques [43]. While these techniques may be able to provide absolute temperature
measurements, they generally provide low resolution temperature measurements, and are not
well adapted to dynamic monitoring. This poses serious limitations to their use in distributed
anemometry.

Recent research carried out by the authors [21] has demonstrated an important advantage
by imprinting the ®OTDR probe pulses with a linear variation in its instantaneous frequency
(chirp). With chirped pulses, a local temperature/strain increase in the fiber is translated into a
local time shift of the trace fingerprint, while preserving the sign information. For pulse lengths
in the order of meters, the refractive index sensitivity of this technique turns out to be in the
order of 1078, which translates into mK/ne temperature/strain sensitivities. Once each trace is
acquired, a comparison with the previous trace is performed through the calculation of local
correlations. This procedure allows to track the local delay imprinted on the trace and, therefore,
the temperature or strain evolution. More importantly, the relationship between the applied
perturbation and the obtained delay is linear, with a proportionality constant related to the chirp
applied to the pulse [21].

Overall, the proposed method provides a linear response (which the traditional intensity-based
®OTDR lacks) and enables the system to perform single-shot measurements of small refractive
index variations, with spatial resolutions in the order of meters over distance ranges of several tens
of kilometers [44]. Such a result implies not only a fundamental advantage over intensity-based
®OTDR, but also opens up an interesting room for improved or even new applications. For
example, when working in intrusion detection via ®OTDR, a further analysis of the measurements
(beyond simple thresholding of the ®OTDR data) is frequently performed. Typically, pattern
recognition and machine learning strategies are applied [45,46]. Such techniques generally work
much better with a high-fidelity input, and keeping the sampling rate as high as possible.

For our anemometry setup, we are interested in the sensitivity of the technique to temperature
variations. The expression giving the local trace delay df due to a change in temperature o7 at the
point z is [21]:

5t(2) = 6.92 x 1070 K™! ;—; 7, 0T (2), 3)

where v, is the central frequency of the emitted pulse, dv is the chirp frequency span (i.e, the total
frequency bandwidth of the pulse), and 7, is the employed pulse duration. As it can be seen in
the above expression, this method presents a tunable sensitivity which can be easily controlled by
means of the applied frequency spread of the pulse. For a typical bandwidth of several hundreds
of MHz, a pulse duration of tens of nanoseconds, and a sampling rate in the order of tens of



GSPS, a sensitivity of the order of millikelvin is reached. Also, this chirp is small enough to make
the effects of dispersion negligible even after tens of km of propagation, as demonstrated in [44].

Now we are interested in having a first-hand evaluation of the potential sensitivity to wind
speed that can be achieved by combining the hot-wire anemometry concept with the chirped-pulse
®OTDR. By comparing with the wind speed sensitivities already achieved along the literature,
we can know the expectable wind speed sensitivity range for our setup, as it is proportional to
the available temperature sensitivity. Of course, we could also take advantage of the heating
power variable P, which allows to work with larger temperature changes and thus enhance the
anemometer sensitivity, at the expense of a much higher power consumption of the scheme.
Hence, it becomes necessary to specify the sensitivity achieved with a setup as a function of
the dissipated power. In our case, since the dissipated power needed to monitor a certain fiber
depends on the total distance to be monitored, the sensitivity should be specified as a function of
the dissipated power per meter of fiber. This will give us a fair evaluation of the improvement
given by this technique over previous techniques demonstrated in the literature. Note that, in
addition to a high temperature resolution, it is also necessary to keep the acquisition time as low
as possible, as otherwise the compensation of the background temperature would not be accurate
enough. Rapid switching between the current-on and current-off states would provide a better
estimation of the temperature drop. The chirped-pulse ®OTDR provides both features, unlike
techniques such as BOTDA, where a high sensitivity comes at the expense of a much longer
acquisition time.

Some remarkable experiments such as that of Chen et al. [27] achieve systems that, with a
distributed temperature sensor featuring a resolution of 0.1K, can determine wind speeds with
uncertainties down to ~ +0.08 m/s (at a wind speed around 0.25 m/s). However, it must be
noted that this impressive wind speed uncertainty comes at the expense of having temperature
changes in the fiber in the order of 100K, which implies power dissipations in the order of 5 W/m.
For a typical DLR span of e.g. 40 km this would imply a total power dissipation of 200 kW,
which can be considered unassumable for infrastructure operators. Enhancing the temperature
sensitivity to the mK range, the power requirements to achieve a similar wind speed resolution
become 100 times smaller, making the system much more attractive for transmission system
operators. Of course, having a much smaller temperature change implies that the effect of the
natural temperature drifts of the fiber becomes much more important. To avoid this problem, a
modulation of the power dissipation is performed in our setup, allowing to discriminate the drifts
from the background evolution simply by recovering the corresponding spectral components of
the temperature modulation.

3. Experimental setup

The basic components of the chirped-pulse ®OTDR experimental setup are depicted in the Fig. 1.
To monitor the fiber under test (FUT), a pulse train is generated along the upper branch of the
diagram. The same signal generator (SG) serves to modulate the instant frequency (6v ~ 1 GHz
around A, ~ 1547 nm) of the continuous wave (~ 50kHz static linewidth) external cavity laser
diode (LD) and to synchronously create a pulse (40kHz) repetition rate at its output by means of
a semiconductor optical amplifier (SOA), which windows a small portion of the frequency ramp
modulation. An SOA is employed to shape the pulse, taking advantage of its good extinction
ratio (50 dB). The selected chirp value and the digitizer speed (40 GSPS) allows to resolve
temperature changes of around 2 mK for pulses of duration 100ns. After being amplified (= 20dB)
with and erbium-doped fiber amplifier (EDFA) and adequately filtered (with a = 0.6 nm-wide
filter), the pulses are ready to probe the FUT.

The signal backscattered by the FUT through Rayleigh scattering is conditioned in the lower
branch of the scheme. This makes the traces powerful enough to be successfully detected with a
p-i-n high-speed photodetector (bandwidth of = 1 GHz) and further digitized and processed. Fiber
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Fig. 1. Diagram of the sensor setup. The deployment of the fiber under test is shown in Fig. 2.
Acronyms are explained within the text.

isolators and attenuators are inserted at several points of the setup to prevent from undesired
reflections and to limit the light power, respectively. Given the length of the employed FUT and the
experimental conditions, the temperature of the fiber could be acquired every 40 ms, considering
8 individual traces were averaged for each measurement in order to reduce vibration-induced
noise. With this probe pulse repetition rate, monitoring a 10km fiber requires processing around
6 GB/min in real time. This can be done with a graphic processing unit (GPU), which reduces
in real time each 40 GSPS ®OTDR trace to a 1000 points temperature trace, while the only
information finally stored is the temperature distribution along time (at a rate < 4 MB/min).

In our experiment, a commercial copper-coated fiber was used (IVG Fiber Cul300). This
fiber consists of a standard single-mode core and cladding (of diameter 125 pm) coated with
a (20 £ 5) um thick copper layer. A 22 m long piece was used, while only its central ~ 13 m
segment was deployed inside a wind tunnel (see Fig. 2), suspended from 7 points (2.2 m apart
from each other) with the help of 7 supporting reels. This was the monitored region, which was
chosen to approximately match the nominal spatial resolution of the setup (i.e. * 10 m when
launching 100 ns long pulses). The extra Sm at the ends ensure that no splices or connectors affect
the tested point. A reference anemometer (RS1340) was placed at the end of the wind tunnel
in order to monitor the wind speed u and to calibrate our results. Although reducing the pulse
length may be unnecessary for a distributed anemometer, this technique has provided successful
measurements with spatial resolutions of even 2m [20]. However, the quality of the chirp in this
regime may be compromised because of a slow operation of the SOA, which results in a parasitic
chirp contribution at the pulses edges.

In the laboratory experiment, the air current was chosen to flow longitudinally with respect to
the fiber due to the limitations of the employed wind tunnel and the need of installing around 10m
of fiber inside. Considering the aforementioned angular dependence of the convective efficiency,
this would be the least favorable situation for sensing. Alternative deployment schemes where the
fiber is fixed at every point may be advisable for wind speeds out of the range of our experiments
or for particular scenarios where more vibration sources are present.

Two electrodes were connected to the fiber coating at the ends of the tested region. The total
resistance of this fiber segment was ~ 100 and the electrical signal switched from 0 to ~ 80 mA
(= 8V total voltage drop) at a 100 mHz rate. This implies an on-state power supply for the fiber of
around 60 mW/m. According to the tolerances provided by the manufacturer of the copper-coated
fiber, the heating current should produce a relatively homogeneous temperature change along
the fiber distance (with variations < 22 %). If the characteristic length of the fluctuations of the
metal coating thickness is smaller than the resolution cell scale, the inhomogeneities may indeed



- Reference anemometer probe
Metal-coated optical fiber

F

Supporting reels

";\ Electrode Wind tunnel

Fig. 2. Diagram of the experimental sensing fiber deployment. The coated fiber is suspended
from seven points (5 cm diameter fiber reels) inside the wind tunnel.

result averaged. On the contrary, if it turns out to be larger, a calibration of the sensor after it is
deployed in a real scenario would be needed to compensate these variations. On the other hand,
the rotational symmetry considered above for the convection problem can also be considered
realistic: for this system the Biot number (which represents the ratio between heat convection and
conduction characteristic times) falls well under the typical homogeneity limit (0.1) [23, chapter
5]. In other words, the high copper thermal conductivity and small scale of the fiber guarantees a
fast enough thermalisation of the copper coating despite the inhomogeneous convective cooling
around the fiber cross section. Hence, the heat transfer from the copper layer to the glass cladding
should also be radially homogeneous.

It should be noted that the tests were done with and without a lead fiber spool of 20km with no
significant variation in performance. This implies that the developed setup could easily be used
to monitor a 20km span without major deviations in the performance reported in this paper.

4. Experimental results and discussion

The feasibility of our high-efficiency distributed anemometry method is shown in the present
section. The validation of the working principle is visible in Fig. 3. In this test, the temperature
evolution of the fiber core in the region exposed to the wind is plotted along time. During this
measurement, together with the periodic thermal excitation applied through the electric current
(=80mA), different wind speeds were tested in the wind tunnel. It can be appreciated that: (1) the
temperature modulation amplitude is lower for greater wind speeds, as it has been suggested by
the HWA model; (1r) the vibrations induced by higher wind speeds may set a limit of this sensor
for a certain fiber deployment; (111) the characteristic time constant of each cycle is also related to
the wind speed, as anticipated by the dynamic law of heating/cooling (Eq. (2)) derived in our
model.

From the conclusions shown above and the theoretical model developed in section 2.1, we
can devise two methods to recover the wind-speed information from the chirped-pulse ®OTDR
measurements: the first one consists on the measurement of the temperature modulation amplitude;
the second one consists on the exponential fitting of the heating/cooling processes, to determine
the time constant of the process and relate it to the wind speed. Although a single cycle is enough
to characterize the time constant and the amplitude, the accuracy of the results grows with the
number of cycles considered. In the analysis of our experimental results, the amplitude analysis
proved much more accuracy than the exponential fitting (Eq. (2)), and is the method primarily
considered here. It is believed that this is related to the fact that the curve fitting process is more
vulnerable to vibrations at high wind speed.

For an accurate measurement of the temperature modulation amplitude, we propose to compute
it in the frequency domain. This allows to focus on the actual excitation frequency, bypassing the
slow drifts (coming from the laser source instabilities; slow, mK-scale fluctuations of the ambient
temperature; etc.) and the fast variations due to noise at the trace level, mainly related to vibrations
in the sensing fiber. For this purpose, a fast Fourier transform (FFT) of the measurements
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Fig. 3. Demonstration of the working principle which allows to perform fast wind speed
measurements. The temperature evolution of the fiber is plotted along a few driving current
cycles (= 80mA), while the wind speed inside the tunnel was configured at three different
values: u; = 0.6m/s, up ~ 1.9m/s, and u3 = Omy/s. It is appreciable the time-response of the
system is conditioned by the wind speed.

acquired for different wind speeds was performed. Each processed time series comprised 24
complete cycles taken at 100 mHz along 250s. The FFT results are shown in the Fig. 4 (left),
where the magnitude at the driving frequency corresponds to half the peak-to-peak temperature
difference (AT (u)). The curves appear in order, from low wind speed values (bluish) to high
values (reddish), as was expected from the discussion of Fig. 3. The relation between the air
speed (as given by the reference anemometer) and the magnitude of the fundamental peak of
the FFT spectrum is shown in Fig. 4 (right). We can see that a measurement of the FFT peak
magnitude can provide a value for the air speed u through the displayed calibration curve. For
our system, the best simple fit of the dependence AT\, (1) (within the speed range considered in
the experiments) was quadratic. This fit corresponds to the functional dependence on u of the
inverse of the convective coefficient, i(u). The fitting R-squared coefficient (0.974) and the 95 %
confidence bounds for the independent term are also provided for visual guidance. The span
between these bounds provides an estimation of the measurement uncertainty over the selected
measurement time (4 minutes): ~ +0.15m/s (6u ~ 0.31 m/s around u = 0.25 m/s). However,
it should be noted that the confidence bounds strongly depend on the measurement time. This
span shows an approximately linear decay as the length of the time series considered for the FFT
calculation is incremented. This trend implies an almost zero width of this span for integration
times around 15min (= 80 cycles) in our configuration, letting the system reach its minimum
uncertainty.

A natural definition for the sensitivity is the inverse of the slope of the calibration curve of the
FFT peak magnitude vs u, represented in Fig. 4 (right). This definition has been evaluated and
plotted in red in the same figure (right axis). When measuring around u = 0.25m/s, the absolute
value for this sensitivity is 1.8 (m/s) K=!, which is almost two orders of magnitude higher than
that reported by [27]. Note that increasing the value of power dissipation (and consequently the
temperature modulation) would allow to achieve higher u sensitivity. In such case, it should be
taken into account that upscaling the power density factor substantially (one or two orders of
magnitude higher) may cast the convective problem out of our model: the natural convection
may become non-negligible in this case and some corrections may come into play. In addition,
for most realistic applications such a high sensitivity would probably not be required. In other
words, the estimation provided sets a comparison of this system with the state of the art, but is
meaningless in realistic terms. As counterpart, we have shown that we can lower the heating power
density roughly two orders of magnitude (from 5.4 W/m to 60 mW/m) while keeping sensitivity
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Fig. 4. Left: FFT of the cyclic exponential-like thermal time-response for several values of u.
The shown FFT magnitude corresponds to half the peak-to-peak range of the time series.
The value at the FFT peak corresponding to the frequency of the heating cycles (inset) and
its first harmonics scale with the applied wind speed. Right: the evolution of the maximum
at 100mHz for different reference anemometer readings has been plotted and fitted.

values significantly close to those demonstrated in earlier literature. Thus, the real contribution of
the present work is, more than an improvement in sensitivity, the power density reduction that
it demonstrates, as it makes possible to make truly distributed flow speed measurements over
distances of tens of kilometers and with affordable power dissipation.

It should also be considered that the data dispersion is mainly due to the vibrations of the fiber,
as it was only suspended from 7 points while being exposed to the air flow. Thus, a more robust
implementation should help keeping separated the mechanical and the thermal effects of the
wind on the tested fiber, making possible to properly measure its temperature with the accuracy
provided by the chirped-pulse ®OTDR interrogator. For example, we suggest attaching the
sensing fiber to a thick (more massive and rigid) cable. Such a system would naturally be immune
to vibrations in the time-scale of the heating-cooling cycles, which interfere in the temperature
tracking. In such a system, higher frequency vibrations would be present, but this would only
affect at trace level, and its impact on wind speed measurements could be reduced by increasing
the number of traces averaged per temperature distribution acquired. On the other hand, externally
attaching the coated fiber to such a structure would avoid reducing the convective efficiency
with isolating jackets, hence avoiding an impact in the anemometer wind speed resolution or
power consumption. In addition, it is also worth mentioning that the anemometer sensitivity is
related to the orientation of the fiber with respect to the wind direction. As such, the tests shown
here provide the worst convection efficiency, implying that this would be the worst sensitivity
attainable with this technique.

In the Fig. 5 (left) we show the cooling-down and heating-up curves corresponding to the 24
consecutive cycles of a particular time series (obtained for a wind speed of 0.56m/s). The data
has been processed to discard the slow room temperature drift and to show the repetitions of each
part of the cycle aligned together. This same procedure was applied to the measurements acquired
for different wind speeds. For each time series, the average cooling-down and heating-up curves
were calculated and fitted to exponentials, as shown in our model (Eq. (2)).

It should be noted in advance that in our implementation the time constant of the exponential
does not provide as good accuracy as the one obtained using the FFT. Thus, we do not use this
technique for performing actual measurements of wind speed. Still, these measurements allow us
to make a validation of the self-consistency of the measurement method and the model. This
is done by considering the results from the FFT peak magnitudes and the dynamic decay time
measurement together. According to the model given in section 2.1, we can estimate the fiber
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Fig. 5. Left: example of the thermal switching curves considered for the exponential fits.
The data corresponds to a set of 24 consecutive cycles registered under a wind flow of
speed 0.56 m/s. The corresponding fittings (blue markers) was performed on the average
curves (dashed lines). Right: Ezglp as obtained for different wind speeds from the fitting time
constant and the FFT magnitudes; the disagreement at high wind speed is due to the inrush
of fiber vibrations in the temperature measurements (inset).

effective heat capacity (Ceg) from these two measurements. From the steady states model (Eq. (1))
we can write down the convective coefficient as i(u) = P/(S ATw(u)). On the other hand, from
the dynamic model (Eq. (2)), we have that 4(u) = Ce/(S 7(u)). Putting the expressions together
and considering the specific heat capacity definition for a body of mass m (¢ = C/m), we can end
up obtaining an empirical result for 52 glp at each wind speed setting. This value should be constant
for all the measured wind speeds, as it is a property of the fiber materials in the coated fiber. The
resulting heat capacities are plotted in Fig. 5 (right). Although the dispersion is high, for « in the
range from 0 to 1.5m/s, the empirically-obtained heat capacity remains approximately constant,
with values in the order of ~ 400J/(kgK). We can now compare this result with a theoretical
estimation using the nominal properties of the components of the fiber and their relative masses.
By taking the copper and fused silica densities (p;) and specific capacities (¢;) from tables [23]
and considering the geometry and specifications of our sensing fiber (see section 3), we reach
a theoretical estimation of cf}f" = ¢; mi/myorg = 500J/(kgK). The empirical result obtained
for all the measurements is consistently smaller than the simple theoretical estimation shown
above (which is related to the high glass heat capacity), but turns out to be quite close to the heat
capacity of pure copper (385J/(kgK)), and certainly within the range of expectable values. In
addition, the fact that this empirical result keeps reasonably constant and within the expected
range for wind speeds up to 1.5m/s validates the consistency of the technique and the model. For
high wind speeds (> 1.5m/s), however, as it is shown in the inset of Fig. 5 (right), the vibration
induced on the fiber is so high that the exponential fitting of the acquired data becomes strongly
unreliable, and so do the experimental time constants recovered in these conditions. The noise
added by the mechanical vibrations makes the measurement not representative of the actual
temperature evolution, disrupting the exponential decay shape and leading to wrong values of
cf :;p. Lastly, it should also be considered that the disagreement of the empirical and theoretical
values (even for low wind speed values) might be partially related to the simplicity of the used
model.

5. Conclusions

In this work, a first demonstration of a fiber-optic distributed anemometer based on chirped-
pulse ®OTDR technology has been presented. This technology provides dynamic distributed



temperature measurements with high sensitivity (mK resolution), which provides the means to
precisely track the convective heating/cooling of a metal-coated fiber exposed to an air flow
while being periodically heated through Joule effect. The measurement of the heating cycles
allows to extract wind speed information through simple calibration processes. Some of the
parameters can be tuned in order to adaptively optimize the anemometer response: for example,
higher resolution values in the wind speed determination can be achieved at the expense of
more electrical power dissipation along the fiber. In terms of spatial resolution and range, our
proof of principle demonstration has shown a spatial resolution of 10 meters over a distance
range of roughly 20km. However, considering recent studies on the viability of combining the
chirped-pulse ®OTDR system with distributed Raman amplification, the present work could
easily be the basis for a distributed anemometer capable to operate in ranges reaching up to
75km [44] with similar resolution values (10m) as the present work, provided the availability
of computational means which fit the data-rate estimations stated in section (3). Alternatively,
other lower bandwidth implementations of distributed hot-wire anemometer based on similar
temperature measurement principles (such as the one proposed in [39]) could be developed.

It has been shown that the high temperature sensitivity of our measuring system allows to
achieve comparable wind speed uncertainty to former systems demonstrated in the literature using
the same HWA principle [27] but in our case requiring two orders of magnitude smaller dissipated
power. In addition, the fact that our system is modulated leads to a more robust behaviour against
the fiber temperature drifts. Our system presents therefore a huge leap in applicability for several
potential applications, particularly considering dynamic line rating (DLR).
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