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ABSTRACT

This research describes a method of using distributed acoustic sensing to noninvasively measure
volumetric flow rate via multiple unique sensor styles. This work modifies previously used
methods of flow detection via fiber optic acoustic sensors affixed onto the exterior body of a
flow apparatus. Flow rate measurement methods for two unique sensor styles are described.
Weak trends are additionally observed as a function of flow temperature that may represent

opportunity for future optimization.

A discussion of current noninvasive flow rate measurement methods is given as well as their
limitations. A background of distributed acoustic sensing is presented along with a summary of
its fundamentals as well as its functionality in noninvasive flow rate measurement. A
description of previous techniques that utilized distributed acoustic sensing in conjunction with

fiber optic acoustic sensing is shown.

The acoustic properties of the fluid-induced vibrations are measured as a function of flow rate
and flow temperature utilizing a special type of fiber optic sensor. Numerically smoothed
frequency domain acoustic peaks are evaluated by intensity, area, central frequency, and full

width at half maximum as flow conditions vary. All tested sensors were found to yield a strong



dependence between peak intensity and flow rate. A dependence between central frequency and
flow temperature was observed in some cases. The sensor system developed was able to
measure fluid-induced vibration intensity and vibrational central frequency and offers potential

uses in a myriad of vibrational applications.
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General Audience Abstract

This research provides a method of measuring fluid-induced vibrations caused by internal
pressure fluctuations stemming from a variety of flow conditions. In this case, a specially
fabricated optical fiber is applied to the external surface of the pipe. As water flows at a known
volumetric flow rate and temperature, the acoustic signal generated is detected by the optical
sensor signal demodulation system. The fiber used is a silicate material designed to transmit
optical signals over long distances with minimal loss. Modifications to the fiber can be made to
differentiate the measured optical signal loss by frequency band, as well as to designate the
spatial position on a fiber sensor to locate where loss is occurring. By measuring optical loss of
distinct fiber spatial positions at high sampling frequencies, an abundance of sensing
opportunities become available. In knowing optical signal travel time of select wavelengths to
corresponding strain characteristics amongst a section of fiber, optoelectronic devices with
strong computing power called interrogators can powerfully measure the intensity and rate of

fiber strain at a significantly high sampling frequency.

Fiber optic sensors have been used in many areas where monitoring of changes in positional
microstrain is desired. Such sensors are embedded in-ground for seismic monitoring, as well as
on the ocean floor for submarine structural characterization with long singular fibers. Flow rate

measurement is performed with fiber coils and various other geometries for active oil wells,



fission reactors, and other areas. Improving the performance and applicational flexibility of

these sensors allows for greater opportunity for scientific advancement in an array of fields.

This research was completed to offer a new method of flow rate measurement while also
gauging if flow temperature was able to be measured via a single fiber optic sensor. Fiber strain
was observed to be strongly dependent on flow rate, whereas the rate at which strain occurred
suggests simultaneous flow and temperature measurement is possible in certain types of fiber
arrangements. The work produced in this research is a step towards singular-fiber flow rate and

temperature sensing.
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Introduction

Fused silica optical fiber is commonly used in transmitting light long over distances between the
ends of fiber, the distance for which is limited by the optical attenuation. Fibers have been
developed with an ultra-low optical loss, which occurs at narrow wavelength windows around
1.3 and 1.55 um [1]. These two high-transmission regions exist due to having minimal
absorption stemming from the OH absorption band centered at 1.37 um, absorbing less light
from Rayleigh scattering than shorter wavelengths, and being located just before multiphonon
vibration absorption at longer wavelengths [2]. From this phenomenon, optical fiber has been
developed into many different types of sensors. One such sensor is a fiber optic interferometer, a
sensor that divides an originating optical signal over multiple unequal paths. When the resulting
signals are reunited and detected, the resulting interference pattern is measured. Some prominent
interferometer sensors styles include Fabry-Perot, Mach-Zehnder, Michelson, and Sagnac, each
style uniquely measuring the core concept of interference patterns between multiple signal beams
[3]. Fiber optic sensors are used to measure strain [4], temperature [4, 5], pressure [6], rotation
[7], refractive index [5], and other properties. The resultant signal can be based on intensity [8],

phase shift [9], polarization [10, 11], and other qualities.

In order to create uniquely sensed sections in the fiber, a fiber Bragg grating (FBG) is created by
inscribing reflectors of predetermined refractive index changes into the fiber at predetermined
length intervals. These intervals and refractive index changes create a unique band-stop filter that
reflects wavelengths of a desired frequency range from entering the next section of fiber, while
allowing light outside this frequency range to pass. In creating an FBG in the fiber, sections

between reflectors are independently sensed as instantaneous optical loss between reflectors is



determined. One such type of fiber optic sensor is distributed acoustic sensing (DAS), which
utilizes instantaneous scattering measurements within the fiber as a means to measure

instantaneous strain variations at sections throughout the fiber.

Developments in high sensitivity fiber optic sensing have led to the technology obtaining many
applicational upsides, such as capability for passive monitoring, high sensitivity, flexibility of
function, immunity to electromagnetic noise, and resistance to extreme environments. One
application that requires these qualities is a noninvasive sensor that is sensitive to flow and
temperature. Nuclear reactors safety systems implemented in sodium-cooled fast reactors
(SFRs), lead-cooled fast reactors (LFRs), and liquid metal-cooled reactors (LMRS) require fully
passive and noninvasive flowmeter that can withstand toxic, extreme temperature, and extremely
reactive environments [12]. Similar requirements are necessary in downhole well flow
monitoring, along with the ability to survive in high-pressure environments and service life of at
least 20 years [13]. For these reasons and more, it is important to develop a high sensitivity

noninvasive flowmeter that can withstand extreme environments with a long lifespan.

One method used by noninvasive flow sensors is to measure the relationship between flow rate
and fluid-induced vibrations (FIVs). After FIVs were first reported [14], multiple numerical
dynamic analyses of the phenomenon were performed [15-19]. Early FIVV-detecting sensor
systems utilized a piezoelectric (PZT) accelerometer to measure the quadratically related
standard deviation of pressure fluctuations and accelerometer noise with flow rate [20, 21].
Methods to calculate flow rate and velocity profile have also been reported using one or a
number of ultrasonic transducers and Doppler effect measurements [22-25]. Coriolis flowmeters

have also been developed as a means of externally measuring flow via the Coriolis acceleration



stemming from some electrostatic, acoustic, piezoelectric, or some other originating force [26-
29]. Flow measurement and vibration detection have been reported with standard piezoelectric
devices [30, 31], as well as via the use of piezoelectric P\VDF sensors or tubes [32-34]. While
these sensors offer a variety of noninvasive methods to measure flow, they are subject to
electromagnetic interference and lack the ability to serve for long lifecycles in extreme

environments.

Optical fiber sensing systems are relatively inexpensive in comparison to other sensing systems
that can passively function in extreme environments [35]. Such areas that benefit from optical
fiber-based sensors include nuclear core sensing systems [35], pipeline monitoring [36-38], and
oil and gas exploration [39]. Additionally due to the high sensitivity of these systems, use of
unique acoustic sensing systems has expanded to ocean observation applications [40], structural
integrity assessment of rigid bodies [41-46], and geological seismic surveying [47-50]. As a
means of using fiber optic sensors to measure flow via FIVs, a number of approaches have been
reported. An optical time-domain reflectometry (OTDR) system measuring distributed vibrations
has been reported [51], however DAS is typically preferred to OTDR systems due to higher
sensitivity and lower fiber length requirements. A preliminary fully fiber optic FBG
accelerometer was reported [52] measuring the previously known standard deviation of radial
FIVs and flow rate, as well as the relationship between flow rate and natural frequency,
determined in this system to shift lower from 49.47 Hz to 49.17 Hz as flow rate increased from
2.19 m3 /hr to 5.67 m3 /hr. However, the accelerometer’s accuracy, signal filtering, and general
optimization was self-reported as needing more study. One recent noninvasive optical fiber

flowmeter design [53] used an optical fiber DAS system to record the standard deviation of



pressure fluctuations from FIVs vs. flow rate, however this design does not report temperature
variance of the flowing liquid affecting standard deviation measurements of the pressure
fluctuations. Another recent optical fiber flowmeter design [54] uses two FBGs at the elbow of
the pipe — one on the internal radius and one on the external radius — to measure the difference in
strain between the FBGs located at the outer and inner radii as flow velocity increases. While
this method eliminates the effect of thermal strain on the wavelength measurements, systems
using differentials of two points contain higher error potential as the standard deviation of a flow

case increases.

The natural frequency is defined as the frequency at which a system oscillates at when the system
is disturbed. When a system is exposed to external forces of a frequency that excites the system’s
natural frequency, resonance will cause vibrations to occur at the system’s natural frequency
[55]. This set of vibrations is particularly relevant in sensing FIVs in a pipe, as the natural
frequency of the pipe is the central frequency of the sensed FIVs when a time-domain signal is
transformed into the frequency-domain. The natural frequency of a pipe has been modeled and
experimentally validated amidst varying pipe conditions [56]. By determining the natural
frequency of a given pipe system, one could use a noninvasive flowmeter to sense the FIVs at a

waveband approximately centered at the system’s natural frequency.

This research presents a noninvasive flow measurement technique utilizing an optical fiber DAS
system in which the intensity of sensed FIVs at the pipe’s natural frequency is measured as flow
rate and flow temperature change. The central frequency of the peak, full-width half maximum

(FWHM), and peak area are also calculated as these conditions vary. Flow characteristics and



FIV intensity analysis as a function of adjacency to the inflowing pipe elbow are also

investigated. The relationship between sensitivity and fabricated sensor design is also discussed.



Background

1. Fundamentals of DAS

Measurements within the fiber can occur in several ways within a DAS system. Original DAS
systems used the Rayleigh backscatter from an optical fiber received by an optoelectronic device,
and the signal was then processed into strain intensity from acoustic disturbances. In this
instance, Raman [57] and Brillouin [58] scattering, as well as Rayleigh scattering that is not
directly backscattered, also occurs in lesser amounts during acoustic sensing. Of these types of
scattering, Rayleigh scattering is defined as linear because the scattered light remains at the same
frequency, whereas nonlinear Raman and Brillouin scattering are characterized by light scattered
at varied frequencies than the originating signal. Raman scattering is the result of high-frequency
optical phonons causing thermal molecular vibrations within the fiber, resulting in a wavelength
shift corresponding to the angle of scattered photons. Brillouin scattering is much like Raman
scattering, only the incident particle is an acoustic, low-frequency phonon causing a photon to
scatter at some smaller angle than Raman scattering, causing a smaller wavelength shift and
typically a weaker power of scattering [59]. In contrast to Raman and Brillouin scattering,
Rayleigh scattering is caused by inhomogeneities within the fiber that have distinct refractive
indices from the core [59]. While it is possible to use DAS by measuring Brillouin or Raman
scattering, typically Rayleigh scattering was the primary scattering choice as it easier to design
sensing systems around due to its predictability, as well as its ability to be measured in weaker

incident pulses.



Modern distributed acoustic sensing is characterized as a system that uses a sensing instrument to
measure optical qualities over a desired length of optical fiber. DAS systems utilize optical fibers
with unique grating spacing to independently measure optical qualities along these divided
sections, thus spatially dispersed information in the fiber distinguishes the system as distributed
[60]. In these sensing systems, the term acoustics refers to a broad scope of forces that
encompasses any propagation of mechanical disturbances, such as surface vibrations [61]. The
ability to independently measure the propagation of mechanical disturbances along a desired
fiber length originates from the creation of fiber-Bragg gratings (FBGs). An FBG operates by
reflecting narrow signal bands centered at the Bragg wavelength of each successive grating
reflector. The transmitted signal is defined as the portion of the input signal that passes through
all reflectors of the FBG, whereas the reflected signal is the portion of the input signal that is
reflected from the FBGs. Both signals are capable of use in DAS systems. The reflectors in an
FBG are created by varying an ultrashort length of the fiber core’s refractive index in relation to
the rest of the fiber. The refractive index of the core can be modified to reflect or transmit target
wavelength bands by manipulating the spacing, depth, and/or the shape of fiber inscriptions.
These reflectors are typically created by high-intensity ultraviolet radiation lasers [62, 63] with
periodicity equal to the grating’s desired periodicity [64]. The central wavelength of a signal

reflected is defined as the Bragg wavelength, Az, and is given by:
Ag = 2n4, 1)

where n is the refractive index of the reflector and 4 is the grating period [64]. Oftentimes the

grating period between reflectors is uniform and reflects a portion of the input signal at a specific



wavelength. However, linearly varied grating periods create what is defined as a chirped grating,
often used to reflect multiple optical wavelengths. Each fiber section between these reflectors is
designated as a sensor length that independently records an optical response to a stimulus laser

pulse propagating throughout the fiber.

In order to reflect light of a desired frequency, inhomogeneities can be purposely fabricated
within the fiber at desired angles, typically 90°, to maximize backscattering to an optoelectronic
reception device. The time duration of a waveband portion of the input pulse can be measured
and processed into strain depending on the refractive index of the individual Bragg reflectors.
After initializing an optical fiber sensor with a known fiber length, an optoelectronic device can
receive backscattering reflected from each FBG and calculate individual strain from the phase
difference between each sensor section [65]. The relationship between strain and photon velocity

has been widely studied [66-68], and for plane wave incidence strain can be calculated as,

= -, @)

&
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where &, is strain, u, is particle velocity, and c is apparent phase velocity along the cable axial
direction x (distance from the interrogation unit increases) [65]. This strain is calculated by an
interrogator that receives reflected Rayleigh backscatter from FBGs at the scale of the preceding
laser input. This entire process of measuring phase-altered backscattered light is known as
optical time domain reflectometry (OTDR). In OTDR, the backscattered light is received by a
photodiode in tandem with an integrator that digitizes the incoming optical array and averages a
set of incoming measurements to improve the signal-to-noise ratio (SNR). Averaging to

maximize the SNR in DAS is typically carried out via weighted spatial averaging, a method that



weighs received optical signal as inversely proportional to the mean square noise of its
corresponding measurement [69]. In addition, the pulse-to-pulse response between two Bragg
reflectors when considering the light speed is measuring the fiber elongation through a
nanostrain per second scale, as the light speed and frequency of pulses between two fiber
sections allows ample measurements for not only a high SNR, but a high precision as well via
instantaneous and constant integration. Nevertheless, this averaged signal is then sent to a
logarithmic amplifier so that averaged measurements at the fiber sensor’s length between
gratings are plotted on a chart recorder. The resulting chart gives location-dependent values
regarding where attenuation values are the highest in the fiber. In other words, the resulting plot
shows the attenuation per unit length of the optical fiber sensor, created from the slope of the plot
of the reflected power over the time domain [70]. Figure 1-1 below shows a block schematic of a

backscatter measurement that is typical for optical time domain reflectometry.
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Figure 1-1: Principle of backscatter measurement in optical time domain reflectometry.

Using the above OTDR measurement method, DAS techniques achieve high robustness against

laser noise and high sensitivity [60]. Additional applicational upsides to using OTDR within



DAS are singular channel data acquisition, short calibration times, and quick detection of failure

points.

Several factors contribute to fiber optic strain via FIVs when measured by DAS. Interfacial bond
strength of the optical fiber sensor to the pipe directly correlates to accuracy and precision of
FIV-induced strain. The relationship between sensor adjacency to a 90° elbow and signal
intensity is measured and discussed within this paper. Due to the high sensitivity and scale of
strain for optical fiber-based sensing systems, several noise factors contribute to the observed
strain measurements. Inline metallic ball valves and similar metallic pipe fixtures may alter the
central frequency of FIVs. Inline throttling valves may contribute damping to the calculated
strain intensity caused by FIVs. All such noise was minimized during the experiments within this

work.

2. Modal Analysis

Each object has a unique set of mode shapes, qualities that can be described as inherent
dynamic characteristics that intrinsically determine a structure’s dynamic behavior. Mode
shapes for a system can be modeled with a series of eigenvectors representing stiffness,
inertia, support, etc. up to some n-order mode shape. Each mode shape represents the
frequency of oscillation where a specific cause of deflection in a desired direction is
maximized. In mechanics, these modes typically define n-order mode shapes for bending and
torsion in the X, Y, and Z directions. As the order of a mode increases, the number of
oscillation inflection points increases resulting in the object’s oscillation becoming more local.
Due to this behavior, the maximum deflection along a body at a higher order mode will be

lower than that of the same mode shape at a lower order mode. The lowest frequency at which
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an object will oscillate at is oftentimes referred to as the fundamental frequency of an object,
or also the first harmonic and first modal natural frequency, whereas the nth-harmonic
corresponds to the nth-order mode of a mode shape. Single objects each have a unique natural
frequency, a dominant frequency where a system oscillates at amidst a non-driving
disturbance, whereas systems often tend to have a number of natural frequencies
corresponding to their complexity. The natural frequency is best described as the resonant
system of harmonics within the object, whereas the fundamental frequency denotes the natural
frequency with the highest deformation amplitude, oftentimes being the first harmonic. In the
instance within this paper, flow of varying turbulence travels throughout a pipe system, and
internal flow creates pressure fluctuations on the interior face of the pipe, the strength of
which corresponds to the flow velocity as turbulence increases with flow velocity. The
internal pressure fluctuations on the inside face of the pipe create external FIVs. These
resultant FIVs are a type of free vibration as the force from vortex shedding onto the interior
face of the pipe has been characterized as an impulsive force that elicits free vibration rather
than an overwhelming forced response [71, 72]. Thus, these vibrations occur at a waveband

central to the system’s natural frequency.

The natural frequency of an object can be modeled using the object’s Size, shape, material,
weight, and numerous other factors. The modal analysis for a pipe system can be investigated
via a few approaches. The theoretical method considers a pipe system a simple beam and uses
either Euler-Bernoulli or Timoshenko beam theory to model the free vibration of a pipe

system undergoing transverse vibration conditions [73] . Using d’Alembert’s principle, free
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vibration in a single-span beam with homogenous material and uniform cross section can be

written as,

oty (x,t) Py
ox* + 'DAa? =0, (3)

El

where El is the beam’s bending stiffness, p is the beam’s material density, and A is the beam’s
cross-sectional area. From modeling a simply supported beam using Euler-Bernoulli beam

theory, the natural frequency w,, of the beam can be written as,

an = (B [, @

where,

sinfl =0 , (5)

due to the displacement and bending moment at ends equaling zero in the simply supported
condition [73], E is the beam’s modulus of elasticity, | is the beam’s moment of inertia, p is
the beam’s material density, A is the beam’s cross-sectional area, and | is the beam’s length.
Using Euler-Bernoulli equations to model natural frequency, it is important to note that a
planar surface remains planar, and that beam deflections are small and that the simply

supported beam bends into a circular arc [74].

Finite element analysis (FEA) is useful for many engineering applications because it allows
highly complex systems with structural, vibrational, heat transfer, and other considerations to
be more easily modeled. Using FEA, the natural frequency and mode shapes of a simply

supported beam that were formulated in theory are also able to be supported with high-



accuracy computational analysis, and subsequently validated experimentally [73]. Analytical
models for free vibration can be used in cases where expensive software FEA models are not
necessary [75, 76]. In computer-assisted FEA for a supported pipe system, changing the
support materials and flow condition instantaneously yields a new set of vibrational modes
and natural frequency calculations [77, 78]. The numerical relationship between pipe length,
support span length, and support rigidity with the pipe’s natural frequency has also been
studied [79]. Vibration modal analysis has also been studied with varying pipe wall thickness
and diameter [80], as well as variable pipe cross-section [81]. Using finite element modal
analysis, the theoretical equation for the natural frequency in a pipe has been modified to
include pipe support condition amidst calculations spanning altering pipe material, length,
support condition, and whether fluid was present or not within the pipe. The natural frequency
for a uniform span of piping has been calculated and experimentally verified [56] and can be

expressed as,

A EI
fo=+- i7 (6)

where f, is the pipe span natural frequency, A is a dimensionless frequency factor derived
from the pipe system’s support condition [82], g is the gravitation constant, E is the pipe’s
modulus of elasticity, | is the pipe’s moment of inertia, p is the weight per unit length of the

pipe including fluid and insulation.

Modal analysis via an experimental approach is another method oftentimes used to verify FEA
solutions. Experimental modal analysis (EMA) is typically carried out by attaching

electromagnetic shakers or PZT accelerometers to send excitation signals through a system
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body and measure vibrational force corresponding to the excitation signal frequency. Doppler
vibrometers can also be used for EMA by emitting a laser at a system’s surface and measuring
the shift in received frequency as vibration within the system occurs. Received signals
undergo a Fourier transform so that resonances within the system can be viewed via the
frequency domain. EMA for pipe systems amongst various flow, support, and materials

conditions has been reported [83-87].

3. Flow Characteristics

As fluid circulates through a pipe system, the behavior of the flow can be characterized as
laminar or turbulent. Laminar flow is best defined as smooth, platelike flow where momentum
diffusion is high. In laminar flow through a circular cross-sectional pipe, fluid tends to move in
concentric layers with minimal inter-boundary mixing as the fluid particles from a boundary lack
the momentum to move to a boundary with a faster or slower velocity profile. For laminar,
incompressible flow moving through a tube with positive wall frictional force, the velocity
profile is highest at the vertical and horizontal centerline as shear forces at the pipe wall slow

nearby flow boundaries [88]. A two-dimensional velocity profile is shown below in Figure 3-1.

Yy vy

Figure 3-1: Two-dimensional velocity profile of laminar, incompressible flow between two rigid surfaces.
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The Reynolds number of a flow is commonly described as the ratio between inertial forces and

viscous forces, and can be expressed as,

Re =—, @)

where p is fluid density, V is the characteristic velocity of the flow, L is the characteristic
length of the flow, and x is the dynamic viscosity of the flow. Laminar flows are described as
flows with a low Reynolds number, characterized as at sufficiently laminar at or below Re =
2300 [89]. Beyond this Reynolds number there is what is called a transitional zone where the
fluid is neither sufficiently laminar nor turbulent. Turbulent dynamic fluid structures known as
puffs begin to appear above Re = 2300, which when Re > 3000 are characterized as slugs, the
difference between the two residing in the behavior of the leading-edge velocity of the
turbulent structures [90-92]. As the Reynolds number increases in the transitional zone,
turbulent structures endure for longer time periods before diffusing as flow becomes less
laminar, whereas flow can be described as turbulent at Re ~ 4200-4300 [93, 94]. Turbulent
flow is characterized as chaotic, irregular, and highly diffusive flow with a high Reynolds
number, distinctive of flow with high inertial force. In turbulent flow, vortices of swirling
fluid opposite the current known as eddies occur which disrupt the sheetlike flow that is
characteristic of the laminar regime. Eddies are described as a primary attribute of the
distinctive rotationality in turbulent flow, as the force of eddies are stretched due to high flow
inertia. In addition to creating deviating pressure fluctuations on the pipe interior face, eddies
prevent internal flow from fully developing in the instantaneous time scale [88]. Figure 3-2

shows a time-averaged turbulent flow profile.
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Figure 3-2: Two-dimensional time-averaged velocity profile turbulent flow between two rigid surfaces.

Compared to the laminar regime, the shear stress at the wall is significantly greater, causing a
higher profile gradient. Additionally, the difference in average velocity as radial distance
increases from the centerline results in a significantly smaller velocity difference when

compared to the laminar case.

When flow changes directionality via pipe elbows, flow undergoes short-term turbulence that
diffuses as flow returns to a steady condition after a sufficient length of constant
directionality. As flow travels around a 90° bend, centrifugal force moves the faster and
previously more central flow boundaries off the centerline of flow and onto the internal outer
radius of the pipe elbow, or the extrados, while slower flow boundaries move towards the
internal inner radius, also known as the intrados [95, 96]. Pressure fluctuations occur as flow
returns from a relatively turbulent state in the elbow to steady in downstream flow. It is
reported that in higher velocities, pressure fluctuations depend on mean velocity in the pipe,
with the distribution of standard deviation of pipe fluctuations increasing in kurtosis as mean

velocity increases [97]. This is supported by earlier [20, 21] and later [53, 54] studies
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observing that the standard deviation of internal pressure fluctuations increases quadratically

with mean velocity.

Proximity to pipe support is also a strong factor in FIV strength, as the 1st mode shape of a
simply supported beam contains the highest amplitude of deflection at the center of the beam.
The magnitude of FIVs is thus expected to be greater near the center of the pipe than near the

support of the pipe for equal flow conditions.
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Materials and Methods

Non-invasive detection DAS techniques via fiber optic sensors amidst an array of flow and
viscosity values have been developed. This section describes the method for fabrication of a fiber
optic sensor, application of the sensors onto the pipe system, as well as theoretical and

experimental modal analysis for the pipe system.

4. Experimental Design

FIV detection testing was conducted with a variety of sensors at unique positions on the pipe
system. Acoustic sensing was performed at volumetric flow rates of 0 liters per minute (I/min)
to 50-60 I/min (0.64-0.76 m/s), the maximum depending on the pump limitation at the time of
testing, at a step rate of 5 I/min with the exception of testing at 40°C, all of which were
completed at a step rate of 1 I/min. Flow rate was measured down to O I/min, however the
smoothed peak properties become unmeasurable around a floor of 5-15 I/min (0.06-0.19 m/s)
dependent on the sensor sensitivity due to weak internal pressure fluctuations. This testing
was performed with four unique sensors, the last of which was placed at three unique
locations on the pipe system. This testing was performed at water temperatures from 15°C-
60°C at a step rate of 5°C with the exception of one of the three locations of the fourth sensor.
All reported flow rates have an error of 0.2 I/min, and all reported temperatures have an error
of 1°C. Tests run for about 15 seconds after flow and temperature are approximately steady at

a sampling frequency of 36.678 kHz.
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4.1 Sensor Design and Application

Two styles of sensing arrays were applied to the pipe system in a number of locations along
the system. Coil sensors, the first style of two, are jacketed single mode fiber sections
wrapped in tension around the pipe circumference in a gapless helix. When FIVs are present,
coil sensors measure strain from circumferential disturbances. Sensing pads, the second style
of two, are devices comprised of unjacketed single mode fiber glued onto a sheet of semi-rigid
insulation via epoxy. The sensing pads are affixed to the pipe system using external hose
clamps to increase the interfacial bonding strength of the pads to the pipe system. Similarly to

coil sensors, sensing pads measure strain via circumferential disturbances caused by FIVs.

Coil Sensors

Coil sensors are comprised of single mode fiber with a germanium-doped silica core and a
pure silica cladding. The fiber is coated with a layer of acrylate to protect the fiber physical
damage and to increase the fiber bending allowance. The fiber is jacketed with Hytrel, a
thermoplastic polyester elastomer which gives the fiber higher mechanical durability and
flexibility. With added mechanical stability from the coating and jacket, the fiber is able to be
tightly wound with ease at a bend radius of one inch. Continuous gratings are present
throughout the fiber at a distance of 2 meters to allow for DAS along each 2-meter fiber
section. Individual fiber channels are identifiable via optical fault detection and instantaneous
impulse additives such as fiber tapping in conjunction with DAS. Figure 4-1 shows a coil

sensor wrapped on the pipe system with outer pipe diameter 1.315 inches.
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Figure 4-1: Image of a coil sensor wrapped around the exterior of the pipe system.

Two coil sensors were used in this experiment, the first of which pictured in Figure 4-1 was
placed about 0.08 meters from the vertical centerline of the pipe elbow, and about 0.48 meters
from the nearest pipe support. The second coil sensor was placed about 2.16 meters from the

pipe elbow, and about 0.31 meters from the nearest pipe support.

Sensing Pads

Sensing pads were designed and fabricated as a means to increase sensor sensitivity to FIVs
when compared to traditional coil sensors. Sensing pads are fabricated by applying a layer of
epoxy on a sheet of partly or fully rigid material and embedding fiber within the epoxy before
the epoxy is fully hardened. In this experiment, two unique sensing pads were fabricated, both
using SMF-28 acrylate-coated fiber with Bragg gratings written every 2 meters within the fiber.
Both pads also used clear sealant as the epoxy. The first pad used a fiberglass pipe insulation
base fitted to wrap around the size of the pipes used. The second pad used a flat sheet of

microporous aerogel insulation as the base. During fabrication, a layer of epoxy was applied onto
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the inner surface of the fiberglass pad and one side of the aerogel pad. Fiber was embedded on
both pads in a loop orientation centered at the middle of each pad with a bend radius of about an
inch for each pad, the approximate workable limitation for the fiber. Figure 4-2 and Figure 4-3

show both finished pads.

Figure 4-2: Image of aerogel pad with optical fault detector identifying embedded fiber channels and gratings (left) and without
optical fault detector (right).

In the left portion of Figure 4-2, fiber is illuminated with an optical fault detector that is typically
used to identify fiber breaks via high scattering. Exposed fiber with written FBGs also contain
points of high scattering at the FBG locations due to the mismatch of refractive indices. Portions
of fiber are also seen illuminated most prominently in areas of high fiber strain as a result of the
fabrication process. Three gratings are observed in the aerogel pad, yielding two sensor channels
and one length of fiber that leads to the end reflection, seen at the bottom of the left half of Figure

4-2.
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Figure 4-3: Image of fiberglass pad with optical fault detector identifying embedded fiber channels and gratings (left) and without
optical fault detector (right).
Again, the left half of Figure 4-3 shows fiber illuminated by an optical fault detector. Much of
this fiber is illuminated due to the tight bend radius of the fiber orientation yielding high strain
when the sealant holding the fiber in place completely set. The fiberglass pad was placed on the
pipe about 1.65 meters from the elbow centerline and 0.85 meters from the nearest pipe support.
The fiberglass sensing pad was tested at one constant downstream position, while the aerogel
sensing pad was tested at three locations: the corresponding downstream position of the
fiberglass sensing pad (location 1), a location adjacent to the flow elbow (location 2), and an
additional downstream position adjacent to a pipe support (location 3). The first location is the
same location as the fiberglass sensing pad was tested at. The second location is 0.39 meters
from the elbow centerline and 0.17 meters from the nearest pipe support. The third location is

2.52 meters from the elbow centerline and 0.31 meters from the nearest pipe support. Hose

22



clamps were used with both sensing pads in order to ensure strong bonding to the pipe surface.
Adjusting the tightness of the hose clamp noticeably altered the intensity and central frequency
of the first mode smoothed frequency domain peak from FIVs. After discovery of this behavior,
hose clamp tightness was adjusted to yield the maximum sensed FIV frequency domain peak
intensity as a calibration technique. The fiberglass pad was applied onto the bare surface of the
pipe. The aerogel pad was placed onto a shell of about 9 layers of aerogel insulation created to
increase the bonding area of the pad to the pipe system. Conventionally the large amount of
insulation added damps the resultant signal, however early testing with the pad showed a
stronger signal being received as the diameter of the shell increased, likely due to the more
efficient interfacial bonding. Figure 4-4 and Figure 4-5 show both pads as they were applied onto

the pipe system.

Figure 4-5: Image of fiberglass pad affixed to the pipe system from a front view (left) and a side view (right).
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4.2 Pipe System Design

The water used in the flow loop is housed in a tank and sourced from a local well. Water exits
the bottom of the tank to the system’s pump, and from there the water is sent to a diversion
where flow to the pipe system is controlled. All pipes in the pipe system are size 1 NPT. After
the diversion, there are two tubes with shut-off valves, the first of which sends water to the pipe
system and the second of which empties into the tank. As water enters the pipe system, there is
an initial 3-way ball valve that was originally intended to control the flow seen in the pipe
system, however initial tests observed that the valve when partially closed added a significant
amount of noise to every sensor that was tested. While the valve was open completely, no

significant noise was apparent thus the valve remained in that position for the duration of

experimentation. Water then flows through the bottom pipe, is diverted upwards via a pipe elbow

and then rightwards via another pipe elbow. The first pipe immediately after the second elbow is

a 10-foot stainless steel pipe which was used for all testing in this work. After this pipe there is
an inline magnetic-inductive flow meter used to verify flow and temperature of flowing water

throughout the experiment. Figure 4-6 shows a side view of the pipe system.
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Figure 4-6: Image of the pipe system.

The pipe system is supported by an apparatus of vertical and horizontal struts that allow for
rubber pipe clamps for pipe support. A suspended tank heater was used to heat the water within
the tank, and water from the well was used to cool the water. Figure 4-7 shows the tank with the

heater suspended as well as the flow control valves used.

Figure 4-7: Image of tank, heater, and flow control valves from a front view (left) and a side view showing the water’s tank exit
(right).
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In addition to separating the flow control valves from the pipe system structure, additional noise
reduction methods were taken to minimize noise originating from the pump operation, seen to be
a strong, distributed low frequency (<200Hz) spread that created difficulty in data analysis.
Walls separating the tank room and pipe system room were re-insulated after creating a hole for
the water-carrying tubes. These operating conditions were held constant throughout the

experiment.

4.3 Interrogation

Fiber interrogation was completed using a DASnova-02 Fiber Optic DAS System interrogator
from Sentek Instrument. This system features zero crosstalk between sensors that is a
fundamental strength of fiber optic sensing systems, as well as little sensitivity deterioration
under 1 kilometer distance. The Sentek interrogator is reported to improve upon traditional DAS
systems in areas of fiber fabrication, interrogator design, and signal processing, all
contributing to a reported strain sensitivity of < 0.2 ne [98]. Figure 4-8 and Figure 4-9 show

an image of the interrogator as well as a sample image of real measurement data, respectively.
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Figure 4-8: DASnova-02 Fiber Optic DAS System used through experimentation.
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Figure 4-9: Sample real measurement data from the software control panel of the interrogator. [98]

Figure 4-9 shows a sample measurement in an instance of 360 sensors with gratings located

every 5 meters where a singular channel of fiber is acted on by a piezoelectric cylinder driven by

a function generator. In this instance, one channel shows a strain measurement over a short

duration with no channel crosstalk. In this experiment, the fiber channel length used throughout
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all tests was 2 meters. The coil sensors had 1 and 3 active sensor channels on the elbow and
downstream coils, respectively, while all sensing pads had 1 active sensor channel during the

experiment.

5. Modal Analysis of Pipe System

The modal analysis of the pipe system was carried out numerically via previously reported
equations. Modal analysis was also evaluated experimentally using frequency spectrum analysis

via a piezoelectric accelerometer.

5.1 Numerical Modal Analysis

All experiments were completed on a continuous 10-foot SAE 304 stainless steel pipe with fixed-
fixed support. Table 5-1 below notes the material properties and dimensions for all variables in

Equation 6.

Table 5-1: Properties and dimensions of the tested pipe.

Frequency Factor 22.40
Gravitation constant (m/s) 9.8
Modulus of Elasticity (GPa) 215
Moment of Inertia (m*) 3.6355e-8
Weight per unit length (kg/m) | 2.818

By using equation 6, the approximate natural frequency of the pipe used is 67.2 Hz. Across the
pipe, there are longer unsupported sections where flow was tested and these sections are
expected to have lower natural frequencies [56], whereas shorter unsupported pipe sections are
expected to have higher natural frequencies. Affixation condition and tightness were observed to
alter a computationally smoothed resonant frequency, with tight hose clamps correlating with

higher central smoothed frequency.
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5.2 Experimental Modal Analysis

Experimental modal analysis was performed on the pipe system in order to experimentally
confirm the numerical modal analysis. The analysis was carried out via a Virtins IEPE
accelerometer CA-YD-181 bonded to the pipe at the support-distant location. Free vibration was
measured via Virtins Multi-Instrument measurement software. Vibration was captured in the
frequency domain via the software’s built-in spectrum analyzer and smoothed with Hann
smoothing. Vibration was induced via instantaneous impacts with wrenches and hammers at

different locations. Figure 5-1 shows the accelerometer bonded to the pipe.

Figure 5-1: Image of the bonded accelerometer.

After performing the experiment, the first mode was experimentally determined to center around
67.35 Hz These results closely match that of the numerically obtained modal analysis, as well as
show additional system modes at 176.13 Hz and 279.08 Hz, respectively. Figure 5-2 shows the

frequency spectrum during the experimental modal analysis.
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Figure 5-2: Frequency spectrum of experimental modal analysis.

In Figure 5-2, it is important to note that the resolution note in the bottom left corner pertains to

of the software panel pertains to the visual display, not the calculated peak frequency.
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Results and Discussion

6. Data Post-Processing

After designating a sensor channel, individual tests yielded strain results in the time domain.
This data was then converted to the frequency domain by using the built-in Matlab fast
Fourier transform function. A smoothing filter was then applied to the data using a fifth order
Savitzky-Golay finite impulse response filter. The maximum of the resulting peak located
approximately 60-80 Hz was denoted as the peak intensity, with the corresponding frequency
being denoted as the peak central frequency. Peak minimums were automatically identified by
prominence level and manually verified in order to calculate the peak full width at half
maximum and peak area. Noise floors that coincided with peak frequencies were locally
approximated to better estimate peak area as a result of strain caused by FIVs. These four
resulting properties were plotted against flow rate and flow temperature. Flow temperature
analysis was not completed for the third aerogel pad location due to an insufficient number of
temperature steps. Several trends were observed across each sensor. Sensor position and
affixation quality remained constant throughout all testing for a given sensor. The ability to
measure FIVs with fiber optic sensors as a function of frequency peak intensity was gained.
Other trends have emerged that may suggest further study and optimization can lead to

increased sensing capabilities.
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7. Peak Intensity Relationships
7.1 Flow Rate

The relationship between smoothed peak intensity and flow rate was calculated for all sensors.
Figure 7-1 shows the downstream coil’s measured peak intensity as flow rate varies at a constant
flow temperature of 40°C at a step rate of 1 I/min. Figure 7-2 shows the same relationship at
60°C and a step rate of 5 I/min. Figure 7-3 and Figure 7-4 show the same relationships for the

elbow coil.

Peak Intensity vs. Flow Rate, 40°C
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Figure 7-1: Maximum FIV peak intensity vs flow rate at 40°C with quadratic fit line measured via the downstream coil.
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Peak Intensity vs. Flow Rate, 60°C
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Figure 7-2: Maximum FIV peak intensity vs flow rate at 60°C with quadratic fit line measured via the downstream coil.
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Figure 7-3: Maximum FIV peak intensity vs flow rate at 40°C with quadratic fit line measured via the elbow coil.
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Peak Intensity vs. Flow Rate, 60°C
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Figure 7-4: Maximum FIV peak intensity vs flow rate at 60°C with quadratic fit line measured via the elbow coil.
As reported in publications regarding the relationships of FIVs and flow velocity, a quadratic
relationship with a strong coefficient of determination (R2) is calculated in both coil sensors.
When tested at the same temperature, the peak intensity at the same flow rate of the elbow coil to
the downstream coil is considered to be about twenty percent stronger on the elbow coil with no
apparent velocity-dependent relationship. The trend between singular peak intensity and flow
rate is observed across the full array of tested temperatures with strong correlation and low
individual test variation. Table 7-1 and Table 7-2 show the calculated R? and standard deviation

for the downstream coil and elbow coil, respectively.
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Table 7-1: Downstream coil peak intensity Rz and standard deviation across tested temperature array

Flow Temperature (°C) R2 o (I/min)
15 0.9988 0.52
20 0.9818 2.34
25 0.9896 1.84
30 0.9860 1.43
35 0.9871 1.29
40 0.9934 1.58
45 0.9959 1.32
50 0.9818 2.76
55 0.9940 1.10
60 0.9967 0.90
Average 0.9905 1.51
Table 7-2: Elbow coil peak intensity R2 and standard deviation across tested temperature array
Flow Temperature (°C) R? o (I/min)
15 0.9935 0.96
20 0.9965 1.31
25 0.9857 3.13
30 0.9941 0.74
35 0.9942 0.88
40 0.9941 0.86
45 0.9910 1.93
50 0.9786 1.31
55 0.9989 1.02
60 0.9988 0.91
Average 0.9925 131

In both cases, the calculated average R? value is above 0.99 and average flow rate standard
deviation is below 2 I/min. Standard deviation was primarily attributed to high individual
variance at the lower end of peak measurability 10-20 I/min. Numerically this can be attributed

to the limitations of quadratic curve fitting, additionally it can also be experimentally explained
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as a higher ratio of the total sensed signal at the central frequency originating from non-FIV

noise.

Smoothed peak intensity was also calculated at an array of temperatures for both sensing pad
designs. Figure 7-5 through Figure 7-12 show the relationship between peak intensity and flow
rate at a constant flow temperature of 40°C at a step rate of 1 I/min, as well as the same

relationship at 60°C and a step rate of 5 I/min for all four sensor sets.

Peak Intensity vs. Flow Rate, 40°C

0.007
T
S~
= 0.006 y = 0.0000032 - 0.000092x + 0.000764
= R? = 0.9870 g
£ 0.005 e
= o®
Fry i
‘S 0.004 “
g Yoo
€ 0.003 b )
£ .,.0
© .
(') .
5 0.001 Q"b".‘
s ' ey
0.000 PN,
0 10 20 30 40 50 60

Flow Rate (I/min)

Figure 7-5: Maximum FIV peak intensity vs flow rate at 40°C with quadratic fit line measured via the fiberglass sensing pad.
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Figure 7-6: Maximum FIV peak intensity vs flow rate at 60°C with quadratic fit line measured via the fiberglass sensing pad.
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Figure 7-7: Maximum FIV peak intensity vs flow rate at 40°C with quadratic fit line measured via the aerogel sensing pad,

location 1.
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Peak Intensity vs. Flow Rate, 60°C
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Figure 7-8: Maximum FIV peak intensity vs flow rate at 60°C with quadratic fit line measured via the aerogel sensing pad,

location 1.
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Figure 7-9: Maximum FIV peak intensity vs flow rate at 40°C with quadratic fit line measured via the aerogel sensing pad,

location 2.



Peak Intensity vs. Flow Rate, 60°C

., 0014
= oon2 y =0.000007x2 - 0.000216x + 0.001852
< R? = 0.9941 o
g 0.010
Z 0.008 JE
c ‘...
£ 0.006 .
c =
5 0.004
5 %
(%] e
& 0.002 o
= .. 2
S 0.000 0.2
0 10 20 30 40 % o o

Flow Rate (I/min)

Figure 7-10: Maximum FIV peak intensity vs flow rate at 60°C with quadratic fit line measured via the aerogel sensing pad,

location 2.
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Figure 7-11: Maximum FIV peak intensity vs flow rate at 40°C with quadratic fit line measured via the aerogel sensing pad,

location 3.
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Figure 7-12: Maximum FIV peak intensity vs flow rate at 60°C with quadratic fit line measured via the aerogel sensing pad,

location 3.
A quadratic relationship between peak intensity and flow rate is universally observed amongst all
sensing pads with strong quadratic correlation. Similar to the coil sensors, the average peak
intensity difference between the aerogel sensing pad elbow-adjacent location 2 and downstream
location 3, is about twenty percent. In the downstream location 1 instance where the nearest pipe
support is about three times further than in location 2, peak intensity is on average about 143%
stronger. The trend between singular peak intensity and flow rate is also noticed across the full
array of tested temperatures as observed via the coil sensors. Table 7-3 through Table 7-6 show
the calculated R2 and standard deviation for the fiberglass sensing pad and the three locations

tested via the aerogel sensing pad.
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Table 7-3: Fiberglass sensing pad peak intensity R? and standard deviation across tested temperature array

Flow Temperature (°C) R2 o (I/min)
15 0.9920 1.74
20 0.9969 0.74
25 0.9725 2.27
30 0.9887 2.11
35 0.9938 1.73
40 0.9859 1.59
45 0.9926 1.53
50 0.9984 0.53
55 0.9980 1.14
60 0.9941 1.72
Average 0.9913 151

Table 7-4: Aerogel sensing pad peak intensity R2 and standard deviation across tested temperature array, location 1

Flow Temperature (°C) R2 o (I/min)
15 0.9700 1.93
20 0.9973 1.68
25 0.9941 1.90
30 0.9957 1.18
35 0.9903 1.93
40 0.9968 1.50
45 0.9981 0.57
50 0.9943 0.99
55 0.9962 0.99
60 0.9962 2.24
Average 0.9929 1.49
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Table 7-5: Aerogel sensing pad peak intensity R? and standard deviation across tested temperature array, location 2

Flow Temperature (°C) R2 o (I/min)
15 0.9919 2.15
20 0.9941 2.58
25 0.9903 3.04
30 0.9960 0.89
35 0.9986 1.47
40 0.9944 2.00
45 0.9955 1.89
50 0.9967 1.97
55 0.9972 1.67
60 0.9941 2.06
Average 0.9949 1.97

Table 7-6: Aerogel sensing pad peak intensity R2 and standard deviation across tested temperature array, location 3

Flow Temperature (°C) R? o (I/min)
15 0.9969 1.84
20 0.9952 2.23
30 0.9852 2.80
40 0.9924 2.71
50 0.9935 2.28
60 0.9960 2.16
Average 0.9932 2.34

In all cases, the measured average R? value is above 0.99 and average flow rate standard
deviation is below 2.5 I/min. Instances of standard deviation above 2 I/min contain high
individual variance at the floor of peak measurability 10-20 I/min. Standard deviation was
primarily attributed to high individual variance at the lower end of peak measurability 5-20

I/min.
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7.2 Flow Temperature

The relationship between maximum peak intensity and flow temperature at constant flow rates
was also observed. The y-axis scale in this section is smaller than that in 1.7.1 to enlarge
variation. Figure 7-13 and Figure 7-14 below show the graphs of calculated peak intensity and
flow temperature for 15 and 50 I/min for the downstream coil respectively. Figure 7-15 and

Figure 7-16 show the same data for the elbow coil.
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Figure 7-13: Maximum FIV peak intensity vs flow temperature at 15 I/min measured via the downstream coil.
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Peak Intensity vs. Flow Temperature, 50 |/min

0.0010
0.0009

0.0008 ° ° °
0.0007

0.0006 °
0.0005

0.0004

0.0003

0.0002

0.0001

0.0000
0 10 20 30 40 50 60 70

Micro-Strain Intensity (um/m)/Hz

Flow Temperature (°C)

Figure 7-14: Maximum FIV peak intensity vs flow temperature at 50 I/min measured via the downstream coil.
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Figure 7-15: Maximum FIV peak intensity vs flow temperature at 15 I/min measured via the elbow coil.
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Peak Intensity vs. Flow Temperature, 50 |/min
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Figure 7-16: Maximum FIV peak intensity vs flow temperature at 50 I/min measured via the elbow coil.
No apparent trend was determined in charting peak intensity and flow temperature at any
individual flow rate. Deviation in this relationship can be attributed to randomness in flow due to

lack of thermal effect on the thermoplastic elastomer fiber jacket to contribute to increased strain.

The relationship between maximum peak intensity and flow temperature at constant flow rates
was also observed in the fiberglass sensing pad. Figure 7-17 and Figure 7-18 below show the
graphs of calculated peak intensity and flow temperature for 15 and 50 I/min, respectively, in

the fiberglass sensing pad.
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Peak Intensity vs. Flow Temperature, 15 |/min
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Figure 7-17: Maximum FIV peak intensity vs flow temperature at 15 I/min measured via the fiberglass sensing pad.
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Figure 7-18: Maximum FIV peak intensity vs flow temperature at 50 I/min measured via the fiberglass sensing pad.

In this case, a positive trend is seen between peak intensity and flow temperature at individual
flow rate. This can be attributed to the direct contact that the silicone sealant has with the pipe
surface. Due to the sealant’s low coefficient of thermal expansion, the elevated external pipe

temperature is easily transferred to the face of the sensing pad, adding thermally induced
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mechanical strain to the fiber. Linear fitting for tests plotting peak intensity and flow temperature

for the fiberglass sensing pad yields R? values of 0.75-0.95, with high deviation between flow

rate sets unlike that of the relationship between peak intensity and flow rate.

The relationship between peak intensity and flow temperature was calculated via the aerogel
sensing pad in three locations. Figure 7-19 and Figure 7-20 below show the graphs of
calculated peak intensity and flow temperature for 15 and 50 I/min for the support-distant
downstream aerogel pad, respectively. Figure 7-21 and Figure 7-22 show the same data for the

aerogel sensing pad in the support-adjacent case.
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Figure 7-19: Maximum FIV peak intensity vs flow temperature at 15 I/min measured via the aerogel sensing pad, location 1.
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Peak Intensity vs. Flow Temperature, 50 |/min
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Figure 7-20: Maximum FIV peak intensity vs flow temperature at 50 I/min measured via the aerogel sensing pad, location 1.
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Figure 7-21: Maximum FIV peak intensity vs flow temperature at 15 I/min measured via the aerogel sensing pad, location 2.
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Peak Intensity vs. Flow Temperature, 50 |/min
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Figure 7-22: Maximum FIV peak intensity vs flow temperature at 50 I/min measured via the aerogel sensing pad, location 2.

In these cases, the 15 I/min tests are inconsistent as the support-distant case shows a weak
positive trend as flow temperature increases. In the support-adjacent case, there is no apparent
trend. In the 50 I/min tests there is a positive trend until a local temperature threshold, 40°C in
the support-distant case and 30°C in the support-adjacent case, and subsequently peak intensity
in higher temperatures fails to maintain this trend. These cases resemble an upward exponential
decay trend. In these cases, as the aerogel sensing pad is affixed onto a shell of insulation about 5
inches thick, the face of the sensing pad is sufficiently insulated from the heat of the pipe exterior
surface. Since the sensing pad is fully insulated from increased temperature and subsequent

thermally induced mechanical stress, this relationship is fully intrinsic to flow.

8. Peak Area Relationships
8.1 Flow Rate

The relationship between smoothed peak area and flow rate was determined for all tests. Figure

8-1 shows the downstream coil’s calculated peak area as flow rate varies at a constant flow
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temperature of 40°C at a step rate of 1 I/min, and Figure 8-2 shows the same relationship at 60°C
and a step rate of 5 I/min. Figure 8-3 and Figure 8-4 show the same relationships for the elbow

coil.
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Figure 8-1: Peak area vs flow rate at 40°C with quadratic fit line measured via the downstream coil.
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Figure 8-2: Peak area vs flow rate at 60°C with quadratic fit line measured via the downstream coil.
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Figure 8-3: Peak area vs flow rate at 40°C with quadratic fit line measured via the elbow coil.
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Figure 8-4: Peak area vs flow rate at 60°C with quadratic fit line measured via the elbow coil.

Similar to the peak area relationship with flow rate, a quadratic relationship with a strong R2 is

observed in both coil sensors when measuring the relationship with peak area and flow rate. The

trend between singular peak area and flow rate is seen across the full array of tested temperatures
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with strong correlation and low individual test variation. Table 8-1 and Table 8-2 show the

calculated R? and standard deviation for the downstream coil and elbow coil, respectively.

Table 8-1: Downstream coil peak area RZ and standard deviation across tested temperature array

Flow Temperature (°C) R2 o (I/min)
15 0.9952 1.11
20 0.9754 2.78
25 0.9836 2.43
30 0.9859 1.41
35 0.9764 1.92
40 0.9846 2.02
45 0.9955 1.87
50 0.9698 3.06
55 0.9923 1.45
60 0.9938 1.59
Average 0.9853 1.96

Table 8-2: Elbow coil peak area R? and standard deviation across tested temperature array

Flow Temperature (°C) R? o (I/min)
15 0.9700 2.44
20 0.9983 1.28
25 0.9701 3.56
30 0.9785 1.68
35 0.9870 1.33
40 0.9976 1.15
45 0.9882 2.31
50 0.9689 1.31
55 0.9935 1.94
60 0.9944 1.59
Average 0.9847 1.86

In both cases, the calculated average R? value is above 0.98 and average flow rate standard

deviation is below 2 I/min. Standard deviation was again primarily attributed to high individual
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variance at the lower flow rates, in these instances most commonly 10-20 I/min. Numerically this
can be attributed to the limitations of quadratic curve fitting, additionally it can also be
experimentally explained as a higher ratio of the total sensed signal at the central frequency
originating from non-FIV noise. Additional error in peak area cases can be attributed to peak
shape inconsistency in individual flow tests stemming from noise in the same frequency band as

the FIVs.

Smoothed peak area was also calculated at an array of temperatures for both sensing pad designs.
The fiberglass sensing pad was tested at one constant downstream position, while the aerogel
sensing pad was tested at three locations: the corresponding downstream position of the
fiberglass sensing pad (location 1), a location adjacent to the flow elbow (location 2), and an
additional downstream position adjacent to a pipe support (location 3). Figure 8-5 through Figure
8-12 show the relationship between peak area and flow rate at a constant flow temperature of
40°C at a step rate of 1 I/min, as well as the same relationship at 60°C and a step rate of 5 I/min

for all four sensor sets.
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Figure 8-5: Peak area vs flow rate at 40°C with quadratic fit line measured via the fiberglass sensing pad.
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Figure 8-6: Peak area vs flow rate at 60°C with quadratic fit line measured via the fiberglass sensing pad.
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Figure 8-7: Peak area vs flow rate at 40°C with quadratic fit line measured via the aerogel sensing pad, location 1.
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Figure 8-8: Maximum FIV peak area vs flow rate at 60°C with quadratic fit line measured via the aerogel sensing pad, location

1.
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Peak Area vs. Flow Rate, 40°C
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Figure 8-9: Peak area vs flow rate at 40°C with quadratic fit line measured via the aerogel sensing pad, location 2.
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Figure 8-10: Peak area vs flow rate at 60°C with quadratic fit line measured via the aerogel sensing pad, location 2.
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Figure 8-11: Maximum FIV peak area vs flow rate at 40°C with quadratic fit line measured via the aerogel sensing pad, location

3.
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Figure 8-12: Maximum FIV peak area vs flow rate at 60°C with quadratic fit line measured via the aerogel sensing pad, location

3.
A quadratic relationship between peak area and flow rate is again universally seen amongst all
sensing pads with strong quadratic correlation. The trend between singular peak area and flow

rate is also seen across the full array of tested temperatures as observed via the coil sensors.
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Table 8-3 through Table 8-6 show the calculated R2 and standard deviation for the fiberglass

sensing pad and the three locations tested via the aerogel sensing pad.

Table 8-3: Fiberglass sensing pad peak area RZ and standard deviation across tested temperature array

Flow Temperature (°C) R? o (I/min)
15 0.9977 1.30
20 0.9926 2.85
25 0.9745 2.47
30 0.9830 2.47
35 0.9904 2.95
40 0.9923 1.34
45 0.9930 1.50
50 0.9978 1.74
55 0.9979 1.47
60 0.9952 1.67
Average 0.9914 1.98

Table 8-4: Aerogel sensing pad peak area R? and standard deviation across tested temperature array, location 1

Flow Temperature (°C) R? o (I/min)
15 0.9531 2.33
20 0.9954 1.90
25 0.9866 2.29
30 0.9912 2.69
35 0.9899 1.32
40 0.9953 1.58
45 0.9942 1.11
50 0.9949 1.07
55 0.9728 1.95
60 0.9716 2.88
Average 0.9845 1.91
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Table 8-5: Aerogel sensing pad peak area R? and standard deviation across tested temperature array, location 2

Flow Temperature (°C) R? o (I/min)
15 0.9897 2.16
20 0.9839 291
25 0.9850 3.10
30 0.9930 1.03
35 0.9986 1.70
40 0.9912 1.86
45 0.9960 2.31
50 0.9870 2.23
55 0.9968 2.42
60 0.9923 2.85
Average 0.9914 2.26

Table 8-6: Aerogel sensing pad peak area R? and standard deviation across tested temperature array, location 3

Flow Temperature (°C) R? o (I/min)
15 0.9842 2.98
20 0.9937 2.26
30 0.9923 1.76
40 0.9886 2.69
50 0.9911 2.17
60 0.9949 2.43
Average 0.9908 2.38

In all cases, the calculated average R? value is above 0.98 and average flow rate standard
deviation is below 2.5 I/min. Instances of standard deviation above 2 I/min contain high
individual variance at the floor of peak measurability 10-20 I/min. Standard deviation was
primarily attributed to high individual variance at the lower end of peak measurability 5-20
I/min. Numerically this can be attributed to the limitations of quadratic curve fitting, additionally

it can also be experimentally explained as a higher ratio of the total sensed signal at the central
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frequency originating from non-FIV noise. Additional error in peak area cases can be attributed
to peak shape inconsistency in individual flow tests stemming from noise in the same frequency

band as the FIVs.

8.2 Flow Temperature

The relationship between maximum peak area and flow temperature at constant flow rates was
also measured. The y-axis scale in this section is smaller than that in 1.8.1 to enlarge variation.
Figure 8-13 and Figure 8-14 below show the graphs of calculated peak area and flow
temperature for 15 and 50 I/min for the downstream coil respectively. Figure 8-15 and Figure

8-16 show the same data for the elbow coil.
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Figure 8-13: Peak area vs flow temperature at 15 I/min measured via the downstream coil.
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Peak Area vs. Flow Temperature, 50 |/min
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Figure 8-14: Peak area vs flow temperature at 50 I/min measured via the downstream coil.
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Figure 8-15: Peak area vs flow temperature at 15 I/min measured via the elbow coil.
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Peak Area vs. Flow Temperature, 50 |/min
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Figure 8-16: Peak area vs flow temperature at 50 I/min measured via the elbow coil.
No apparent trend was noticed in charting peak area and flow temperature at any individual flow
rate. Deviation in this relationship can be attributed to randomness in flow due to lack of thermal

effect on the thermoplastic elastomer fiber jacket to contribute to increased strain.

The relationship between maximum peak area and flow temperature at constant flow rates was
also observed in the fiberglass sensing pad. Figure 8-17 and Figure 8-18 below show the
graphs of calculated peak area and flow temperature for 15 and 50 I/min, respectively, in the

fiberglass sensing pad.
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Peak Area vs. Flow Temperature, 15 |/min
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Figure 8-17: Peak area vs flow temperature at 15 I/min measured via the fiberglass sensing pad.
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Figure 8-18: Peak area vs flow temperature at 50 I/min measured via the fiberglass sensing pad.
Again in the fiberglass sensing pad case, a positive trend is seen between peak area and flow
temperature at individual flow rate. This can likely be attributed to the direct contact that the
silicone sealant has with the pipe surface. Due to the sealant’s low coefficient of thermal

expansion, the elevated external pipe temperature is easily transferred to the face of the sensing
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pad, adding thermally induced mechanical strain to the fiber. Linear fitting for tests plotting peak
intensity and flow temperature for the fiberglass sensing pad yields R? values of 0.70-0.95, with
high deviation between flow rate sets unlike that of the relationship between peak area and flow

rate.

The relationship between peak area and flow temperature was measured on the aerogel
sensing pad in three locations. Figure 8-19 and Figure 8-20 below show the graphs of
calculated peak intensity and flow temperature for 15 and 50 I/min for the support-distant
downstream aerogel pad, respectively. Figure 8-21 and Figure 8-22 show the same data for the

aerogel sensing pad in the support-adjacent case.
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Figure 8-19: Peak area vs flow temperature at 15 I/min measured via the aerogel sensing pad, location 1.
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Peak Area vs. Flow Temperature, 50 |/min
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Figure 8-20: Peak area vs flow temperature at 50 I/min measured via the aerogel sensing pad, location 1.

Peak Area vs. Flow Temperature, 15 |/min

0.006
0.005
0.004 L o °
0.003
0.002
0.001

0.000

Micro-Strain Intensity (um/m) 2/Hz

0 10 20 30 40 50 60 70
Flow Temperature (°C)

Figure 8-21: Peak area vs flow temperature at 15 I/min measured via the aerogel sensing pad, location 2.
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Peak Area vs. Flow Temperature, 50 |/min
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Figure 8-22: Peak area vs flow temperature at 50 I/min measured via the aerogel sensing pad, location 2.
In these cases, the 15 I/min tests are inconsistent as the support-distant case shows a weak
positive trend as flow temperature increases. In the support-adjacent case, there is no apparent
trend. In the 50 I/min tests, there is no apparent trend. In these cases as the aerogel sensing pad is
affixed onto a shell of insulation about 5 inches thick, the face of the sensing pad is sufficiently
insulated from the heat of the pipe exterior surface. Since the sensing pad is fully insulated from
increased temperature and subsequent thermally induced mechanical stress, any relationship in
with peak area and flow temperature calculated via the aerogel sensing pad is fully intrinsic to

flow.

9. Peak Central Frequency Relationships
9.1 Flow Rate

The relationship between peak central frequency and flow rate was measured for all sensors.

Figure 9-1 shows the downstream coil’s calculated peak central frequency as flow rate varies at a
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constant flow temperature of 40°C at a step rate of 1 I/min. Figure 9-2 shows the same

relationship for the elbow coil.

Central Frequency vs. Flow Rate, 40°C
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Figure 9-1: Peak central frequency vs flow rate at 40°C measured via the downstream coil.
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Figure 9-2: Peak central frequency vs flow rate at 40°C measured via the elbow coil.
In both cases there is an upward exponential decay trend until a local flow rate threshold, where

after this threshold central frequency maintains no apparent trend. In both instances, 22 I/min
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appears to be the approximate broad trend threshold. This can be explained by signal smoothing
in the flow rate range resulting in a lower signal-to-noise ratio (SNR) due to weak FIVs. The
relationship between peak central frequency and flow rate was also measured in the sensing

pads. Figure 9-3 shows this relationship for the fiberglass sensing pad.
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Figure 9-3: Peak central frequency vs flow rate at 40°C measured via the fiberglass sensing pad.
No apparent trend was detected. Higher average calculated central frequency can be contributed
to the affixation method of the sensing pad creating varied interfacial bonding. Figure 9-4
through Figure 9-6 show the relationship between peak central frequency and flow rate for the
aerogel sensing pad in the support-distant, elbow-adjacent, and support-adjacent locations,

respectively.
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Central Frequency vs. Flow Rate, 40°C
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Figure 9-4: Peak central frequency vs flow rate at 40°C measured via the aerogel sensing pad, location 1.
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Figure 9-5: Peak central frequency vs flow rate at 40°C measured via the aerogel sensing pad, location 2.
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Central Frequency vs. Flow Rate, 40°C
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Figure 9-6: Peak central frequency vs flow rate at 40°C measured via the aerogel sensing pad, location 3.
In the elbow-adjacent and support-adjacent cases, no apparent trend was seen. In the support-
distant case, measured central frequency steadily increases throughout the range of tested flow
rates. This can be attributed to gradually increasing response volume in a frequency band
adjacent to frequency band containing the FIV response. Figure 9-7 illustrates the raw frequency

domain as flow increases for the aerogel pad corresponding to Figure 9-4.
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Aerogel Pad Frequency Spectrum - 15 I/min
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Figure 9-7: Measured unsmoothed frequency domain data for the aerogel pad in location 1 at a constant 40°C at 15 I/min (top)

30 I/min (middle), and 45 I/min (bottom).
As flow rate increases, the increasing signal intensity in the 74-83 Hz range gradually increases
the smoothed central frequency calculation, despite the primary signal remaining between 68-70

Hz.

9.2 Flow Temperature

The relationship between peak central frequency and flow temperature at constant flow rates

was also measured. Figure 9-8 and Figure 9-9 below show the graphs of calculated peak
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central frequency and flow temperature for 15 and 50 I/min for the downstream coil

respectively. Figure 9-10 and Figure 9-11 show the same data for the elbow coil.
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Figure 9-8: Peak central frequency vs flow temperature at 15 I/min measured via the downstream coil.
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Figure 9-9: Peak central frequency vs flow temperature at 50 I/min measured via the downstream coil.
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Central Frequency vs. Flow Temperature, 15 |/min
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Figure 9-10: Peak central frequency vs flow temperature at 15 I/min measured via the elbow coil.
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Figure 9-11: Peak central frequency vs flow temperature at 50 I/min measured via the elbow coil.

In the 15 I/min case for both sensors, there is high variability in frequency calculations between

flow temperatures, and no apparent trend in central frequency as temperature increases. In the 50

I/min case for both sensors, another upward exponential decay trend emerges that is increasing

through the complete temperature domain in the downstream coil case, whereas in the elbow coil
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a threshold is reached at 40°C. In this case after 40°C, central frequency remains within the 70-71
Hz range rather than increasing at the rate seen before 40°C. Figure 9-12 shows the raw

frequency domain of the downstream coil at 50 I/min as temperature increases.
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Figure 9-12: Measured unsmoothed frequency domain data for the downstream coil at a constant 50 I/min at 15°C (top), 35°C

(middle), and 55°C (bottom).
In the downstream case, the raw shape of the peak remains approximately the same and shifts

to higher frequencies as flow temperature increases. This behavior was also similarly seen in
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the elbow coil under the same test conditions. The relationship between peak central
frequency and flow temperature at constant flow rates was also calculated in the fiberglass and
aerogel sensing pads. Figure 9-13 and Figure 9-14 below show the graphs of measured peak

area and flow temperature for 15 and 50 I/min, respectively, in the fiberglass sensing pad.

Central Frequency vs. Flow Temperature, 15 |/min
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Figure 9-13: Peak central frequency vs flow temperature at 15 I/min measured via the fiberglass sensing pad.
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Figure 9-14: Peak central frequency vs flow temperature at 50 I/min measured via the fiberglass sensing pad.
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No apparent trend was seen in either the 15 I/min or the 50 I/min case. The relationship
between peak central frequency and flow temperature at constant flow rates was also
measured in the fiberglass and aerogel sensing pads. Figure 9-15 and Figure 9-16 below show
the graphs of calculated peak area and flow temperature for 15 and 50 I/min, respectively, in
the aerogel sensing pad at the support-distant location. Figure 9-17 and Figure 9-18 show the

same data for the aerogel sensing pad at the elbow-adjacent location.
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Figure 9-15: Peak central frequency vs flow temperature at 15 I/min measured via the aerogel sensing pad, location 1.
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Central Frequency vs. Flow Temperature, 50 |/min
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Figure 9-16: Peak central frequency vs flow temperature at 50 I/min measured via the aerogel sensing pad, location 1.
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Figure 9-17: Peak central frequency vs flow temperature at 15 I/min measured via the aerogel sensing pad, location 2.
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Central Frequency vs. Flow Temperature, 50 |/min
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Figure 9-18: Peak central frequency vs flow temperature at 50 I/min measured via the aerogel sensing pad, location 2.
No strong apparent trend was observed in any cases using the sensing pad designs. Weak upward
exponential decay relationships may be examined in Figure 9-16 and Figure 9-17 similar to those
seen in Figure 9-1 and Figure 9-2 in relation to flow rate and Figure 9-11 in relation to flow
temperature. As this relationship is seen in central frequency relationships with both flow and
temperature, there appears to be a relationship between the kinematic viscosity of a fluid and the

central frequency at which FIVs are centrally located.

10. Peak Full Width at Half Maximum Relationships
10.1 Flow Rate

The relationship between peak FWHM and flow rate was measured for all sensors. Figure 10-1
shows the downstream coil’s calculated peak FWHM as flow rate varies at a constant flow
temperature of 40°C at a step rate of 1 I/min. Figure 10-2 shows the same relationship for the

elbow coil.
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FWHM vs. Flow Rate, 40°C
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Figure 10-1: Peak FWHM vs flow rate at 40°C measured via the downstream coil.
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Figure 10-2: Peak FWHM vs flow rate at 40°C measured via the elbow coil.
No apparent trend in FWHM and flow rate is noticed in either case. Individual instances of
narrowing are observed but not sustained, suggesting inconsistent flow causing a lack of
consistency in sensed FIVs. These instances correlate highly with high standard deviation in

peak area calculations. The relationship between peak FWHM and flow rate was also calculated
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in the sensing pads. Figure 10-3 shows this relationship for the fiberglass sensing pad at 40°C at

a step rate of 1 I/min.
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Figure 10-3: Peak FWHM vs flow rate at 40°C measured via the fiberglass sensing pad.

Again, no apparent trend is noticed in FWHM as flow rate increases. FHWM appears to vary
between tests with large disparity without an apparent relationship. The relationship between
FWHM and flow rate was also measured for the aerogel sensing pad in three locations. Figure
10-4 through Figure 10-6 show the relationship between peak FWHM and flow rate for the
aerogel sensing pad in the support-distant, elbow-adjacent, and support-adjacent locations,

respectively.
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FWHM vs. Flow Rate, 40°C
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Figure 10-4: Peak FWHM vs flow rate at 40°C measured via the aerogel sensing pad, location 1.
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Figure 10-5: Peak FWHM vs flow rate at 40°C measured via the aerogel sensing pad, location 2.
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FWHM vs. Flow Rate, 40°C

33
31 (]

® o ¢° 0 ®
29 ® ® o0 o0 0% o o0 00 © 60 G0
=27 o o o0 ©e 000 00 o
L g eee® @ ¢
525 () ®
T 23
521
[ J
19
[ ]
17
15
0 10 20 30 40 50 60

Flow Rate (I/min)

Figure 10-6: Peak FWHM vs flow rate at 40°C measured via the aerogel sensing pad, location 3.
Again, no apparent trend is noticed in FWHM and flow rate. Individual cases of strong

narrowing are observed due to standard flow inconsistency.

10.2 Flow Temperature

The relationship between peak FWHM and flow temperature at constant flow rates was also
measured. Figure 10-7 and Figure 10-8 below show the graphs of calculated peak FWHM and
flow temperature for 15 and 50 I/min for the downstream coil respectively. Figure 10-9 and

Figure 10-10 show the same data for the elbow coil.
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FWHM vs. Flow Temperature, 15 |/min
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Figure 10-7: Peak FWHM vs flow temperature at 15 I/min measured via the downstream coil.

FWHM vs. Flow Temperature, 50 I/min
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Figure 10-8: Peak FWHM vs flow temperature at 50 I/min measured via the downstream coil.
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FWHM vs. Flow Temperature, 15 |/min
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Figure 10-9: Peak FWHM vs flow temperature at 15 I/min measured via the elbow coil.

FWHM vs. Flow Temperature, 50 |/min
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Figure 10-10: Peak FWHM vs flow temperature at 50 I/min measured via the elbow coil.
No apparent trend in FWHM and flow temperature is seen in either case. High variation is
observed in nearby temperatures tested. The relationship between peak FWHM and flow

temperature was also measured in the sensing pads. Figure 10-11 and Figure 10-12 below show
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the graphs of calculated peak FWHM and flow temperature for 15 and 50 I/min for the fiberglass

sensing pad respectively.
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Figure 10-11: Peak FWHM vs flow temperature at 15 I/min measured via the fiberglass sensing pad.
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Figure 10-12: Peak FWHM vs flow temperature at 50 I/min measured via the fiberglass sensing pad.
No apparent trend in FWHM and flow temperature is noticed in either case. High variation is

observed in nearby temperatures tested. Figure 10-13 and Figure 10-14 show the relationship
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between peak FWHM and flow temperature for the aerogel sensing pad in the support-distant
location at 15 I/min and 50 I/min respectively. Figure 10-15 and Figure 10-16 show the same

relationship in the elbow-adjacent case.
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Figure 10-13: Peak FWHM vs flow temperature at 15 I/min measured via the aerogel sensing pad, location 1.
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Figure 10-14: Peak FWHM vs flow temperature at 50 I/min measured via the aerogel sensing pad, location 1.
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FWHM vs. Flow Temperature, 15 |/min
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Figure 10-15: Peak FWHM vs flow temperature at 15 I/min measured via the aerogel sensing pad, location 2.
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Figure 10-16: Peak FWHM vs flow temperature at 50 I/min measured via the aerogel sensing pad, location 2.
No apparent trend in FWHM and flow temperature is noticed in either case. High variation is

observed in nearby temperatures tested.



11. Discussion

In all sensors that were tested, the correlation between smoothed peak intensity and flow rate
was calculated to be strong and quadratic as other similar FIV characteristics have been
reported. A significant majority of tests yielded an R? value over 0.99, and standard deviation
in flow rate calculations respective of the measured trendline was under 2 I/min in all but one
case. Much of the standard deviation summation of squared differences stems from peak
intensity calculations at 20 I/min or lower. At 25 I/min and above, squared difference
calculations are reduced significantly, and consequently standard deviation and overall sensor
precision improve significantly as well. The phenomenon of high variability in low flow
velocities can likely be attributed to a lower signal-to-noise ratio at flow rates with weaker
FIVs . In the relationship between peak intensity and flow temperature, only the fiberglass
sensing pad measured a consistent positive trend as temperature increased. This is likely due
to the direct bonding of the fiber face with the external pipe surface causing thermal strain that

trends linearly with flow temperature.

Peak area when calculated against flow rate closely followed the same trend as observed with
peak intensity. Coefficient of determination measures of peak area and flow rate were slightly
lower than that of peak intensity with all tests averaging between 0.98 < R? < 0.992. Standard
deviation measures were observably higher with all sensor-averaged calculations marking
between 1.85 <o <2.40 I/min. This trend degradation can be attributed to minor shape
inconsistencies such as small-scale peak width randomness. In the absence of large-scale peak
narrowing or broadening with a trend as flow rate increases, peak area is observed to be

primarily a function of peak intensity with minor shape inconsistencies to the calculation
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which subtract from its correlation with flow rate. In turn, the peak area relationship with flow
temperature mirrored that of the peak intensity and flow temperature relationship for all tested

SENSOrs.

The relationship between central frequency and flow rate follows an exponential decay
upward trend in instances with singular raw FIV-sourced peaks. In these instances, central
frequency shifted higher until a flow rate threshold where after the threshold central frequency
would vary on the small-scale. Figure 9-4 and Figure 9-7 show an instance where multiple
adjacent frequency domain peaks induced from FIVs were smoothed to create another
exponential decay upwards trend, but at a much wider flow rate range. With this observation,
possibilities of vibration characteristics manipulation arise for flow rate measurement via n-
number adjacent raw frequency domain peaks induced from FIVs. In measuring the
relationship between flow temperature and central frequency, both coil sensors showed
exponential decay upward trends with flow temperature with increasing strength as flow rate
increased. The same relationship in sensing pads showed either random variation or a weak
exponential decay upward trend. Similar to the relationship seen in Figure 9-4 and Figure 9-7
for variable flow rate, possibilities arise for widening the decay range in this instance to better
sense flow temperature by manipulating vibration characteristics above a local velocity
threshold. In the case of the sensing pads, central frequency itself was seen to vary by
affixation tightness of the hose clamps used, which explains the difference in central

frequency between the sensing pads and coil sensors.

As flow rate increased, FWHM measurements were without an apparent trend. Instances such

as those in Figure 10-5 were relatively stable with individual instances of narrowing. These
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instances correlated with similar drops in peak area, but not in peak intensity. Instances where
this occurs may potentially be used to identify instances of irregular flow, or flow with
particulate, however there are also cases such as Figure 10-3 where FWHM is largely random
throughout the flow rate range. The aerogel sensing pad relationship with FWHM and flow
rate appears relatively constant, while the same relationship in that of the fiberglass sensing
pad and the coil sensors appears more chaotic. Further optimization of the aerogel sensing pad
and its affixation method may lead to more consistent FWHM measurements. No apparent

trend was noticed in the relationship between FWHM and flow temperature in any sensor.
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Conclusions

In this research, a DAS technique previously used to measure FIVs as a function of volumetric
flow rate was modified to examine the potential for simultaneous flow rate and temperature
measurement via acoustic sensors immune to electromagnetic interference with sensitivity at the
picometer scale. This research assisted in furthering the understanding of the relationship
between FIVs and a variety of frequency-domain characteristics yielded from two unique
acoustic sensor styles. A discussion of current methods used to sense FIVs and similar flow
characteristics as a function of flow is reviewed with limitations examined. The benefits of using
a fiber optic DAS sensor in order to measure FIVs as a function of flow were discussed. The

benefits of improved sensitivity and potential for temperature sensing were discussed.

Sensing pad prototypes were fabricated to increase acoustic sensitivity compared to traditional
fiber coils. Flow rate was measured via FIV-induced strain in the frequency domain using peak
intensity with a strong quadratic trend and low average standard deviation in all sensors.
Frequency domain peak intensity was observed to positively correlate with flow temperature in
instances where the fiber in a sensor was heated by high pipe surface temperature, though no
trend was noticed when the sensor was well insulated. The same trends are observed in
frequency domain peak area due to lack of peak narrowing as flow conditions change. The
quadratic trend between peak area and flow rate is calculated to be slightly weaker than the
corresponding relationship with peak intensity for all sensors. Standard deviation measurements
are likewise higher in peak area measurements when compared to peak intensity in all sensors.
Frequency domain peak central frequency appears to rise in low flow to a threshold and maintain

a constant frequency range as flow rate increases via an upward exponential decay relationship.
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It was noticed that multiple FIV-induced raw frequency domain peaks can be numerically
smoothed to reveal a trend in central frequency and flow rate, in this case exponential decay
upward. A positive trend was seen in central frequency and flow temperature in coil sensors at
higher tested flow rates, though the trend subsides as flow rate decreases. No apparent trend was
noticed in FWHM as either flow rate or temperature increased. Sensors adjacent to the pipe
elbow were measured to yield higher strain at the same flow rate and temperature than
downstream counterpart sensors when similarly adjacent to a pipe support, though sensors
distant from supports regardless of distance to the pipe elbow were measured to yield higher

strain due to higher deflection according to beam theory.

The new contributions to the body of literature in this field of noninvasive flow measurement are

summarized below:

« Expanded on methods used to measure flow rate via FIVs using optical fiber sensors
utilizing DAS.
o Successfully confirmed the quadratic relationship between frequency domain
peak intensity generated from FIVs with noninvasive fiber optic based acoustic

Sensors.

o Determined the relationship between peak intensity and area in the absence of
acoustic frequency domain peak narrowing in regard to FIV flow rate
measurement.

o Determined the relationship of numerically smoothed frequency domain central

frequency with flow rate in singular and multisource vibrational cases.
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o Obtained FWHM measurements revealing lack of trend in bandwidth as flow rate
changes
» Developed understanding of potential for flow temperature sensing using optical fiber
sensors utilizing DAS.
o Observed positive correlation in frequency domain peak intensity and flow
temperature in select sensing pad tests.
o Observed positive correlation in frequency domain peak area and flow
temperature in select sensing pad tests.
o Observed positive correlation in frequency domain peak central frequency and
flow temperature in select coil sensor tests.
o Observed a lack of trend in frequency domain FWHM with flow temperature in
all sensors.
* Produced prototype sensing pads to allow for acoustic strain measurement with
significantly increased sensitivity compared to traditional helically wrapped fiber.
o Observed lower measurable flow rate floor due to weak FIVs being more easily
received by sensing pad designs.

o Discovered tunable frequency reception stemming from affixation conditions.
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Future Work

This work was successful in demonstrating a new approach to noninvasive flow rate
measurement via DAS. An abundance of frequency domain strain relationships as FIV
characteristics varied were reported and present many unique applied sensing opportunities.

Future research made available by this study are below:

Optimization of sensor pad design using alternate embedded fiber geometries and

superior coatings for smaller bend radii for sensitivity maximization.

» Exploration into flow temperature sensing within coil sensors at sufficiently high flow
rates.

» Further analysis of peak intensity and flow temperature relationship in instances of
sensing pad interfacial exposure to variable flow temperatures for flow temperature
measurement in instances of flow rate measurement that is not intensity-based.

» Investigation into adjacent raw FIV peak alteration as flow rate increases yielding
quantifiably significant upwards exponential decay as an alternative means of
noninvasive flow testing.

« Expansion of FIV sensing flexibility of application through optimized sensing pad

geometries.
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