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METHOD ANDSYSTEM FOR MULTI-PHASRYE FLOW MEASUREMENT
BACKGROUND
Field

[8661] The presently disclosed subject matter relates to methods and systems for
determining the flow distribution of a fluid through a component. More particularly, the

preseuntly disclosed subject matter relates to measuring mulii-phase flow in a pipe.
Description of Related Art

18662f Componcents of certain cquipment, such as that used in the petroleum and
petrochemical industry, which includes the exploration, production, refining, manufacture,
supply, transport, formulation or blending of petroleum, petrochemicals, or the direct
compounds thereof, arc often monitored to maintain rehiable operation. However, such
components can invoive harsh conditions, such as high temperature, high pressure, and/or a
corrosive environment, making it ditficult or costly to obtain rchiable measurements.

[8063] Determining a condition of multi-phase flow can facilitate the metering of
production from a gas or oil well, identification of irregular flow in a4 pipe in a refinery or
chemical planet, determuine the corrosion environment in a pipelineg, and more geverally to
measure phase in a pipe flowing svstem.

[8084] Conventional techniques for measuring multi-phase flow include meter by a
separator. For example, media flowing through a pipe can be directed to a separator which
can, for example, separate the media (e.g., vapor, water, and oil) in a tank. The fraction of
cach medium can thus be determuned. A separator, however, can be bulky and measurement
typically must be accomplished offline and thus cannot be used for real time control.
Additionally, conventional techniques for measuring multi-phase flow can include
combining an average flow rate {¢.g., measured using a venture flow device or a turbine
placed within the flow}) and an average phase measurement (e.g., measured vsing an acoustic
systermn). Such techniques, however, provide only Hmited information about multi-phase
flow.

1808587 Certain radiation-based approaches have also been proposed. For example, muclear
magnetic resonance imaging techniques can be used to image the flow in a small pipes, but

cannot be used for lager pipes. Other radiation-based approaches, such as X-ray and
i
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gamma-ray imaging and clectrical tomography can achicve only limited resolution and can
be inadequate for many application.
18086} Accordingly, there 5 a continued need for improved techniques for detecting a

condition of multi-phasc flow through a componcent.
SUMMARY OF THE INVENTION

[8067F The purpose and advantages of the disclosed subject matter will be set forth in and
apparcnt from the description that follows, as well as will be learncd by practice of the
disclosed subject matter. Additional advantages of the disclosed subject matter will be
-ealized and attained by the methods and systerns particularly pointed out in the writicn
description and claims hereof, as well as from the appended drawings. To achicve these and
other advantages and in accordance with the purpose of the disclosed subject matter, as
embodied and broadly described, the disclosed subject matter inchudes systems and methods
for determining the flow distribution of a fluid throagh a component.

[8088] In accordance with one aspect of the disclosed subject matter, a method for
detecting a condition of multi-phase flow through a component having one or more media
flowing therethrough includes providing within the component a first sensing cable aligned
with a heating clement and including at least one active optical fiber sensor at a first sensing
focation. The method inchudes providing within the component at least 8 seccond sensing
cable including at least one optical fiber sensor at a second sensing location a predetermined
distance from the first sensing location. The method includes propagating at least one heat
pulse through the heating clement along at least a portion of the first sensing cable to affect
an exchange of thermal energy between the heating element and at least one medium
cxposed to the sensing cable and measuring, over time, a first temperature profile of the first
sensing cable at the first sensing focation corresponding to the heat pulse and a second
temperature profile of the sccond sensing cable at the second sensing location corresponding
to the heat pulse. The method includes determining a flow velocity of the one or more
media flowing through the component by correlating the first temperature profile with the
second temperature profile and detecting a condition of flow of the one or more media by
determining a phase of the at least one medium exposed to the sensing cable at the first

sensing location based on the first temperature profile and the determined flow velocity.
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18009} In certain embodiments, the first sensing cable can include an active fiber optic
sensor array having a plurality of active sensors, cach active sensor having a location within
the component, and the method can include measuring, over time, a temperature profile of
the first sensing cable at cach of the plurality of active sensors corresponding to the heat
pulse. Detecting the condition of flow can include determining the phasc of the at least one
medium exposed to the sensing cable at cach of the plurality of active sensors hased on the
corresponding teroperature profile and the determined flow velocity, The plarality of active
sensors can be arranged circumferentially along a perimeter of a wall of the component.
Additionally, or alternatively, the plurality of active sensors are arranged in a grid pattern
over a cross section of the component,

[8018] As embaodied heren, detecting the condition of flow can include detecting an
instantancous phase fraction based upon the determined phase of the at least one medium at
cach of the plurality of active sensors and the location of cach of the plurality of active
sensors within the component. Additionally or alternatively, detecting the condition of flow
can include detecting flow regime based upon the determined phase of the at least one
medium at cach of the plurality of active sensors over time and the location of cach of the
pharality of active sensors within the component.

{8011 In certain embodiment, the second sensing cable further includes a passive fiber
optic sensor array having a plurality passive sensors and the method can include measuring,
over time, a temperature profile of the second sensing cable cach of the plurality of passive
sensors corresponding to the heat pulse. The method can inchude determining a flow
velocity of the one or more media flowing throngh the component at cach of the plurality of
active sensors by corrclating the temperature profile of cach of the active sensors with the
temperature profile of at least a respective one of the passive sensors. Detecting the
condition of flow can further include detecting a volumetric and mass flow rate of cach
phase of the instantancous phasc fraction of the one or more media based upon the
determined flow velocity at cach of the plurality of active sensors, the determined phase of
the at lcast onc medium at cach of the plurality of active sensors, and the location of cach of
the plurality of active scnsors within the component.

18012} In accordance with another aspect of the disclosed subject matter a system for

detecting a condition of multi-phasc flow through a component having one or more media
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flowing therethrough includes a first scusing cable aligned with a heating element and
including at lcast onc active optical fiber sensor at a first sensing location within a
componcent and at lcast a second sensing cable including at lcast one optical fiber sensor at a
sccond sensing location, the scoond sensing location being at a predetermined distance from
the first scnsing location. The system includes an cxcitation source configured to propagate
at least one heat pulse through the heating element along at least a portion of the first
sensing cable to affect an exchange of thermal energy between the heating element and at
feast one medium exposed to the sensing cable, The systern includes an optical signal
interrogator coupled with the first sensing cable and the second sensing cable, to measure,
over fime, a first temperature profile of the first seusing cable at the first sensing location
corresponding to the heat pulse, and a second temperatare profile of the second sensing
cable at the second sensing location corresponding to the heat pulse. The system includes a
control unit, coupled to the optical signal interrogator, to determine a flow veloeity of the
one or more media flowing through the component by correlating the first temperature
profile with the second temperature profile; and configured to detect a condition of flow of
the one or more media by determining a phase of the at least one medium exposed to the
sensing cable at the first sensing location based on the first temperature profile and the
determined flow velocity.

18613] In certain embodiments, the first sensing cable can include an active fiber optic
sensor array having a plurality of active sensors, cach active sensor having a location within
the component and the optical signal interrogator can be configured to measure, over time, a
temperature profile of the first sensing cable at cach of the plurality of active sensors
corresponding to the heat pulse. The control unit can be configured to detect the condition
of flow further by determining the phase of the at least one medium exposed to the sensing
cable at each of the phurality of active sensors based on the corresponding temperature
profile and the determined flow velocity, The plurality of active scnsors can be arranged
circumferentially along a perimeter of a wall of the component. Additionally or
alternatively, the plurality of active sensors can be arranged in a grid pattern over a Cross
section of the component.

18014}  As embodied hercin, the control unit can be configured to detect the condition of

flow by detecting an instantancous phasc fraction basced upon the determined phasce of the at
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lcast one medinm at cach of the plurality of active sensors and the location of cach of the
plurality of active sensors within the component. Additionally or alternatively, the control
unit can be configured to detect the condition of flow by detecting flow regime based upon
the determined phase of the at least one medium at cach of the plurality of active sensors
over time and the location of cach of the plurality of active sensors within the component.
[8015]  In certain embodiments, the second sensing cable can include a passive fiber optic
sensor array having a plorality passive sensors. The optical sigonal interrogator can be
configured to measure, over time, a tewperature profile of the second sensing cable cach of
the plurality of passive sensors correspounding to the heat pulse and the control onit can he
configured to deterroine a flow velocity of the one or moore edia flowing through the
corapounent at cach of the plurality of active sensors by correlating the temperature profile of
at least a respective one of the active sensors with the temperature profile of each of the
passive sensors. The control unit can be further configured to detect the condition of flow
by detecting a volumetric and mass flow rate of cach phase of the instantaneous phase
fraction of the onc or more media based upon the determined flow velocity at each of the
plurality of active sensors, the determingd phase of the at least one medium at cach of the
pharality of active sensors, and the location of each of the plurality of active sensors within
the component.

[8616] 1t is to be understood that both the foregoing general description and the following
detailed description are exemplary and are intended to provide further explanation of the
disclosed subject matter claimed.

188171 The accompanying drawings, which arc incorporated in and constitute part of this
specification, are included to illustrate and provide a further understanding of the disclosed
subject matter. Together with the description, the drawings serve to explain the principles of
the disclosed subject matter.

BrIEY DESCRIPTION OF THE DRAWINGS

[8018] Fig. 1A 15 a schematic diagram of an excmplary sensing system in accordance with
the disclosed subject matter,

18619] Fig. 1B is a cross sectional view of an excmplary sensing cabie configuration in

accordance with the disclosed subject matier.
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18020] Fig, 1C s a cross sectional view of another exemplary scnsing cable configuration
in accordance with the disclosed subject matter.

16021} Fig, 2 depicts a representative plot of current and heat pulses and corresponding
temperature responsce in accordance with the disclosed subjoct matter.

16022} Fig, 3 is a graph illustrating a direct temperature scnsing technique for a plurality
of sensor locations in accordance with the disclosed subject matier,

180231  Fig. 4A 15 a graph illustrating log-time regression sensing technique in accordance
with the disclosed subject matter,

[8024] Fig. 4B 5 a graph iHustrating log-time regression sensing technique for a plurality
of sensor locations in accordance with the disclosed subject matier,

[8025] Fig. 5A 1s a graph illustrating thermal excitation energy concentration at harmonics
and fundamental frequencics of heat pulses in connection with a freqoency spectrum sensing
technique.

[8026] Fig. SB is a graph illustrating the phase of a frequency-derivative spectrum in
connection with frequency spectrom sensing techniques over a phlurality of sensor locations
in accordance with the disclosed subject matter.

186271  Fig. 8C 15 a graph illustrating the amphitude of a frequency-derivative spectrom in
connection with frequency spectrum sensing techniques over a plurality of sensor locations
in accordance with the disclosed subject matter.

[6028] Fig, 6 is a schomatic representation of a system for determining flow distribution
through a component in accordance with certain embodiments of the disclosed subject
matter.

180629 Fig. 7 is an image and graph illustrating an cxemplary system and method for
determining flow distribution through a component in accordance with the disclosed subject
matter.

16030} Fig, 8 is a schomatic reprosentation of a plurality of sensing cables arranged in grid
paticrns in accordance with certain embodiments of the disclosed subject matter.

18031} Fig, 9 is a schematic reprosentation of a system and method for detecting a
condition of multi-phase flow in accordance with certain embodiments of the disclosed

subject matter,
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16032} Fig, 10 is a schematic representation of a systerm and method for detecting a
condition of multi-phasc flow including a plurality of active sensors arranged in a grid
pattern over a cross section of a component in accordance with the disclosed subject matter.
{8033} Fig. 11 i3 a schomatic representation of a system and method for detecting a
condition of multi-phase flow including a plurality of active scnsors arranged
cireumnterentially along a perimeter of a wall of a component in accordance with the

disclosed subject matier,
BETAILED DESCRIPTION

[8034] As noted above and 1n accordance with one aspect of the disclosed subject matter,
methods disclosed herein for detecting a condition of multi-phase flow ina component
include providing within the component a first sensing cable aligned with a heating clement
and including at least one active optical fiber sensor at a first sensing location. The method
includes providing within the comaponent at least a second sensing cable including at least
one optical fiber sensor at a second sensing location a predetermined distance from the first
sensing location. The method includes propagating at least one heat pulse through the
heating clement along at least a portion of the first sensing cable to affect an exchange of
thermal enecrgy between the heating element and at least one medium exposed to the sensing
cable and measuring, over time, a first temperature profile of the first sensing cable at the
first sensing location corresponding to the heat pulse and a second temperature profile of
the second sensing cable at the second sensing location corresponding to the heat pulse. The
method inclndes determining a flow velocity of the one or more media flowing through the
component by correlating the first temperature profile with the second temperatare profile
and detecting a condition of flow of the one or more media by determining a phase of the at
feast one medinm cxposed to the sensing cable at the first sensing focation based on the first
temperature profile and the detormined flow velocity.

18035} Furthermore, systems for detecting a condition of multi-phase flow in a component
are also provided. Such systems include a first sensing cable aligned with a heating element
and including at least one active optical fiber sensor at a first sensing focation within a
component and at least a sccond sensing cable including at least one optical fiber sensorat a
sccond sensing location, the sccond sensing location being at a predetermined distance from

the first sensing location. The system inchudes an excitation source configured to propagate
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at lcast onc heat pulse through the heating clement along at least a portion of the first
sensing cable to affect an exchange of thermal encrgy between the heating clement and at
feast one medium cxposed to the sensing cable. The system includes an optical signal
interrogator coupled with the first sensing cable and the second sensing cable, to measure,
over time, a first temperature profile of the first sensing cable at the first sensing location
corresponding to the heat pulse, and a second teraperature profile of the second sensing
cable at the second sensing location corresponding to the heat pulse. The system includes a
control unit, coupled to the optical signal interrogator, to determine a flow velocity of the
one or more media Howing through the component by correlating the first teraperature
profile with the second temperature profile; and configured to deteet a condition of flow of
the one or more media by determining a phase of the at least one medium exposed to the
sensing cable at the first sensing location based on the first temperature profile and the
determined flow velocity.

[8336] Reference will now be made 1n detail to the various exemplary embodiments of the
disclosed subject matter, exemplary embodiments of which are itlustrated in the
accompanying drawings. The accompanying figures, where hike reference numerals refer to
identical or functionally similar elements, serve to further illustrate varions embodiments
and to explain various principles and advantages all in accordance with the disclosed subject
matter. The accompanying figures, where like reference numerals refer to identical or
functionally similar elements, serve to further illustrate various embodiments and to cxplain
varigus principles and advantages all in accordance with the disclosed subject matter. For
purpose of cxplanation and illustration, and not limitation, exemplary embodiments of the
disclosed subiect matter are shown in Figs. 1-11.

188371  In accordance with the disclosed subject matter, characteristics of one or more
materials can be measured with the use of an optical fiber sensor array having a plurality of
scnsor locations aligned with a heating/cooling element in a sensing cable. At least one
heating/cooling pulse s propagated through the heating/cooling element along at least a
portion of the sensing cable to affect an cxchange of thermal encrgy between the
heating/cooling element and one or more media exposed to the sensing cable, A
temperature profile of the sensing cable {e.g., in the time domain and/or spatial domain)

corresponding to the heating/cooling pulse at the plurality of sensor locations on the optical
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fiber sensor array can be measured to support a varicty of technigues in accordance with the
disclosed subject matter.
18038} Generally, for purpose of illustration and not limitation, thermal propertics, such as
material density, thermal conductivity, heat capacity, or heat diffusion cocfficient, of one or
more materials can be measured by generating a heat disturbance and scnsing a teraperature
csponse. In like fashion, dynamic physical propertics, such as the flow of a material, can
also be measured. As disclosed herein, technigoes for measuring temperature can mclude
obtaining temperature measurements in both the teraporal and spatial domain, For example,
distributed temperature sensing (DTS) systems can provide temperature measurements along
the length of a sensing cable continwously or at vegular intervals., The change in these
temperature measarements can correspond to certain properties of a swrrounding material or
materials,
180391 For purpose of dlustration, and not limitation, an exeroplary system for measuring
the characteristics of a material in accordance with certain embodiments of the disclosed
subject matter will be described. In general, with reference to Fig. 1A, an exemplary
sensing system in accordance with the disclosed subject matter can inclode a sensing cable
181 having disposed therein a heating/cooling device 183 and optical fiber sensor array
having a phirality of sensors 182, The sensing cable 181 can be operatively coupled with a
control unit 186, For example, the heating/cooling device 183 can be coupled with an
excitation source 185, which in turn can be coupled with the control unit 186. Likewise, the
optical fiber sensor array 102 can be coupled with a signal interrogator 184, which can be
coupled with the control unit 186, Generally, uniform heat can be delivered {e.g., heat
cnergy can be provided or absorbed) along the sensing cable 181 via the heating/cooling
device 183 and the excitation source 188, A tomperature profile or its variation with time
{e.g., variation rate) can be measured using the optical fiber sensor array 182 and signal
interrogator 184, The control unit 106 can be adapted to collect data, process data, and/or
present data for visnalization, for example via one or more displays (not shown).
16040} The scnsing cable 101 can be arranged in a variety of configurations, Two
cxemplary configurations are depicted in Fig. 1B and Fig, 1C, respectively, For example,
Fig, 1B depicts a cross section of a sensing cable 161 with the heating/cooling device 103

and the optical fiber sensor array 162 arranged in paralich with cach other. The sensing
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cable 181 can include, for cxample, an outer casing (not shown) optionally filled with a filler
material 118 to maintain the heating/cooling device 183 and optical fiber sensor array 102 in
place. Additionally or alternatively, the filler can be extended about the heating/cooling
device 183 and temperature sensor 182 with or without the outer casing. The filler can be,
for example, a material with high thermal conductivity, such as magnesium oxide (MgO).
The outer casing can be a rigid and/or durable material, for example a metal tube. To ensure
measurement accuracy, e.g., under harsh conditions, such as fouling or corrosion, the
sensing cable 181 casing can be treated with a suitable coating, as described in more detail
below. Alternatively, and as depicted in cross section n Fig. 1, the heating/cooling device
1683 and the teroperature sensor array 182 can be generally coaxial with each other, wherein
the heating/cooling device 183 1s disposed concentrically around the temperature sensor
array 102,

18041} As embodiced hergin, the sensing cable 181 can be muneral insulated for protection
ot a optical fiber sensor array 182 including one or more optical fibers. The optical fibers
can be coated and placed into a protective tabe structure for enhanced mechanical integnity
and resistance to adversary effects of environmental factors, such as Hy, H,S and moistare.
The sensing cable 181 can further be protected using metal and mineral insulation material
{e.g., MgQ) for effective thermal conduction. The optical fibers can have a relatively small
diameter, and thus can be placed into a protective tube with a relatively small diameter,
allowing a faster thermal response and dynamic process monitoring. One of ordinary skill in
the art will appreciate that the dimensions of the sensing cable 181 can be sclected fora
desired application. For example, if further protection from the local environment is
desired, a sensing cable 101 with a larger diameter, and thus additional filler, can be
sclected.

18042 Furthermore, a number of commercially available fibers for the temperature sensor
162 can be used, such as a Fiber Bragg Grating array, Raman scattering based sensor,
Rayleigh scattering based sensor or Brillioun scattering based sensor. One of ordinary skill
in the art will appreciate that cach type of fiber sensor can have certain propertics, such as
response time, sensing resclution, immunity to hydrogen darkening, effective sensing cable
length, and ability to sense temperature and/or strain, as illustrated for purpose of example

and not limitation in Table 1. For cxample, a Fiber Bragg grating sensing system can
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include a relatively fast response time, high spatial resolution, and can be employed over a
sensing cable length upwards of 100 ki or longer in connection with the use of optical fiber
amplifiers. Raman and Brillouin scatiering sensing systems can have relatively low
response times {e.g., on the order of several seconds), and spatial resolution on the order of
centimeters. Rayleigh scattering sensing systems, when operated to sense temperature, can

have a response time of several seconds with relatively high spatial resolation.

Table 1
Sensor types Fastest Typical point  Immunity to HZ  Longest sensor
response time sensor size (m} darkening cable lengih
Fiber Bragg < 10 ms .01 high < 100 km or
Grating (FBG) ionger
Raman >Several 0.25~0.5 low < 100 km
scattering sensor  seconds
Rayleigh >Several 0.01 low <70m
scattering sensor  seconds
(Temp)
Raylcigh <1 ms 0.5 low <100 km
SCAtiCring sensor
{Acoustic)
Brillouin >Several 0.1~50 low < 100 km
scattering sensor  seconds

180431  One of ordinary skill in the art will also appreciate that certain of the various types
of sensing systems can be used to sense temperature and/or sirain {e.g., 10 sense acoustics).
For cxample, Fiber Bragg Grating sensing systems can be used to measure both temperature
and strain, for purposes of sensing temperature and acoustics. Raman scattering sensing
systems are typically used to sense temperature. Brillouin scattering sensing systems can be
uscd to measure temperature and strain, and are typically used to sense temperature.

Ravleigh scattering sensing systems can be used to measure temperature and strain, and can
) o o )
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be used to sense either teraperature or acoustics. Onc of ordinary skill in the art will
appreciate that when Ravleigh scattering sensing systems are used to $€ns¢ acoustics,
response time can incrcase to lower than 1 s and spatial resolution can increase to
approximately 50 cm.

16044} Reforring again to Fig. 1A, and as noted above, the control unit 186 can be
coupled with the signal interrogator 184, The signal intervogator 104 can be, for example,
an optical signal interrogator. Various optical signal interrogators may be used, depending
on the type of optical fiber sensing techniques to be employed. The controller 1846 can be
adapted to perform signal processing on real-time temperature data provided by the signal
interrogator 184, For example, the control unit 186 can be adapied to identify and record
contingous or repeated temperatare measureroents at each of a phlurality of sensor locations
along the sensing cable 101, Additionally, the control unit 186 can be adapted to process
temperature measurements over time to identity a charactenistic of the material surrounding
the sensing cable at one or more sensor locations,

180451  As disclosed herein, a variety of suttable methods can be employed for generating
the heating/cooling pulse along the sensing cable 181, As used herein, the term “pulse”
includes a waveform of suitable shape, duration, periodicity, and/or phase for the intended
purpose. For example, and not limtation, and as described further below, the pulse may
have a greater duration for onc intended use, such as the determination of deposits, and a
shorter duration for another intended use, such as the determination of flow. As embodied
herein, the heating/cooling device 183 can be an clectrically actuated device. For example,
the heating/cooling device 183 can includc a resistive heating wire, and the excitation source
185 can be clectrically coupled with the heating wire and adapted to provide a current
therethrough. Passing of a current through the resistive heating wire can provide thermal
cnergy along the length of the sensing cable 181, thereby generating a uniform
heating/cooling cffect along the sensing cable. Alternatively, the heating/cooling device 143
can include a thermoelectric device, and can be hikewise coupled to the excitation source
165, The thermocelectric deviee can use the Peltier effect to heat or cool a surrounding
medium, That is, for cxample, the thermoelectric device can be a solid-state heat purap that
transfers heat from one side of the device to the other. The thermoelectric device can be

configured, for cxample, to provide heating to the optical fiber sensor for a certain polarity
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of clectric potential and cooling for the opposite polarity. As disclosed herein, and for
purpose of simplicity, the terms “heating/cooling device”, and “heating/cooling pulse”™ will
be referred to generally as g “heating device” or “heating element”™ and as a “heat pulse,”
respectively, Depending upon the context, such terms are therefore understood to provide
heating, cooling, or both heating and cooling.

[8046] In certain embodiments of the disclosed subject matter, the excitation source 185
can be configured to deliver current in a predetermined manner. For example, the excitation
source 188 can be configured to generate pulses having predetermined wave forrs, such as
square waves, sinusoidal waves, or saw tooth waves. The excitation source 185 can be
configured to generate the pulses at a predetermined frequency. For example, and not
Hmitation, and with reference to Fig. 2, the excitation source 188 can be configured to
generate an electric pulse of a rectangular wave forr 218 through the heating/cooling
clement 183, The electric pulse can create a heat pulse 228 in the heating/cooling element
$83 with the same wave form. That is, for example, the heat flow through the
heating/cooling element 103 can be given by 7 R/ 4, where / is the current, R is the
resistance of the heating/cooling elemeunt 183, and 4 s the surface area of a cross section of
the heating/cooling element 183, The heat pulse can result 1o a heat exchange between the
sensing cable 181 and the surrounding media. The temperatore at cach sensor location can
be recorded to generate a “temperature profile” 238 for cach sensor location. For example,
the temperature at cach sensor location can be recorded with a sampling frequency of 54 Hz.
The temperature profile 238 can correspond to characteristics of the mediiim surrounding
the sensing cable 181 at each sensor location.

180471 For purposes of iHustration, and not himitation, the underlying principles of
thermally activated (“TA”) measurement technigques will be described generally, Prior to
heating or cooling by the heating/cooling device 163, temperature measurements of the
surrounding medium can be taken with the optical fiber sensor array 162 of the sensing
cable 181 and the temperature profile can be recorded as a reference. Due to the Joule
effect, the heating device 143 can deliver a constant and uniform heat along the cable,
heating up both cable and surrounding medium near the cabie surface. For purposes of
illustration, the temperature measured by the optical fiber can be described by the following

cquation:
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where £, 1s the heat generation rate per unit length from the heating device, £, 18 the
heat loss rate due to heat transter from the sensing cable fo the surrounding medium, and m
and ¢, represent the roass and heat capacitance of the sensing cable per unit length, The heat
generation within the sensing cable due to the Joule effect can be given by:

B o Zit (2)

gen
where Z is the impedance of the sensing cable per unit length and the rate of heat loss from
the sensing cable to the surrounding media can be decomposed into heat diffusion and heat

convection {e.g., £,

[{oANY

can include both heat diffusion (conduction) in a stationary medium
and or convective heat transfer in a flowing mediom):

Elos,‘: = Ed{,fﬁ,-sm + Ecomecmn (3
For a stationary medium, the heat loss term can be given as:

E,., o« ARAT {4}
where A is effective heat transfer area of the sensing cable, k is effective heat conduction
coefficient of the medium and AT is the effective temperature gradient across the sensing
cable and the medinm.

[8048] The heat capacitance of the cable per unit length can limit the frequency of the
thermal response of the cable, and thus the cable can be designed with a heat capacitance
suited to the desired data frequency. Because heat generation can be relatively constant and
uniform, the rate of change in localized temperature can depend primarily on the heat
transfer between the cable and the swrrounding medium. I the localized heat transfer is high
at a particular point on the sensing cable, then the rate of change of temperature at that point
along the cable, measured by one temperature sensor inn the optical fiber, can be small.
Otherwise, the temperature changing rate will be large. When subject to a heterogencous
medium or a nuxed muedium consisting of layers of different fluids or the like, the spatial
distribution of the temperature along the sensor array can be ndicative of the nterface
between the different media.

[8049]  For purpose of illustration, and not limitation, transient temperature analysis
techniques to deternune characteristics of a roedium will now be described with the seusing
i4
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cable modeled as an infinitely long thin cylinder placed in an infinite homogencous medium.
For purposes of this description, it is assumed that at time zero (t = §) an clectrical current, ,
and the heat generation rate per length of the cylinder is given by:

g = mrzit, {3}
where 1y 1S the radius of the cylinder, and 2o is the resistance of the cylinder per unit of
volume. A closed form solution for the temperature on the surface of the ¢vlinder can be

given as:

o o0 i
T{n, 0T, = ‘""-"{iiw' (6
o) =T, = 2 )

where k and o are the heat conductivity and diffusivity coefficients of the medium, and T. i3
the initial temperature distribution along the sensing cable. The normalized temperature
change and normalized time t can be defined as:

T~ T,

ape= T00- (7)
g /{47
and
4 -
H % ---f;-&-f- . (8)
Eguation 6 can thus be given as:
AT* = j” ‘ £ du. (%)

The incomplete gamma function can have following expansion form for small but non-zero
value of z {({I<z<2.5):

~—md,/z—--- ~In{z)~ “7{ ) (10)

=~ nin! )

Iz} =

N'L-uxn 8

The temperature responsc as given by eguation 6 above can be further approximated as
AT* —;"—111(1/1*),
(1)
when
z=1/1* <<, (12)
186561  In accordance with this illustrative and non-limiting model, comparison of the

normalized temperatiure change as a function of normalized time (e.g., as given by equation
15
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% and eguation 11, respectively) indicates that when the normalized time is greater than
approximately 10, eguation 11 is a good approximation of normalized temperature change.
Moreover, eguation 11 above indicates that temperature change can increase lincarly with
the log of time when the heating time is sufficiently large so as to satisfy the criteria in
eguation 12. Thus, the equation can be written as:

AT 0y~ a+blolt), {13)
where parameters a and b are function of thermal properties of the medium for given heating

rate, and arc given by:

{ RN
a:—q——;—y—lnéi]; (14}
i L \\40:/}
and
4
= . {15)
4k

[8081]  Thus, equation 13 can provide a theoretical basis for determining the thermal
properties of a medium based on measurement of transient temperature. One of ordinary
skill in the art will appreciate that continuous heating can consume more electrical energy
and make measurements less sensitive to dynamic change of the thermal properties to be
measured {e.g., when the medium mixture changes with time}, and thus pulsed heating in
accordance with the disclosed subject matter can provide benefits such as decreased
clectrical energy usage and for measurement of dynamic conditions of surrounding
materials.

[8052]  For purposc of illustration, and not limitation, an exemplary method of measuring
the characteristics of the media swrrounding the sensing cable using thermal analysis sensing
techniques will be described. In general, an optimized waveform of electrical pulse (for
example, a square wave) can be delivered along the length of the heating/cooling device
183, and temperature can be monitored using a temperature sensor array 102, e.g., optical
fiber sensors. Owing to the uniformity of the heating/cooling ctfect along the sensing cable,
temperature readings can vary depending on localized heat transter process, which can be a
function of the thermal properties {e.g., thermal conductivity, heat capacity) and physical

conditions (static or flow} of the medium surrounding the sensing cable 181, The control
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unit 186 can be adapted to determine the characteristics of the surrounding media
simultancously, using the temperature profile.

[6053} A single heating pulse {e.g., arising from an optimized waveform of electrical
pulse) can create a temperature response which can be derived in accordance with the
exemplary and non-limiting model described herein using superposition as follows:

g

T

Tr.t)=7, = (16)

The first term in the bracket of eguation 16 can represent the heating from t to ¢, and the
2nd term the cooling after to. Data collected during heating and cooling are analyzed
scparately, as disclosed herein, to derivate estimates of thermal properties of the mediom.
[8054] Based upon the above, the control unit 186 can be adapted to determine the
characteristics of the surrounding roedia using a variety of suttable techuiques. For example,
the temperature profile at each sensor location can be used to deterroine the characteristics
of the surrounding media divectly. The temperature measurements during heating and/or
cooling of the sensing cable, correspounding to the timing of the rectangular electrical pulse,
can be used to generate a feature-ternperature profile at cach sensor location. For exarople,
the feature-teroperature profiles can be extracted from the teroperature data at distinctive
conditions: heating {e.g., the condition during which the heat pulse is passing over a sensor
focation), cooling {e.g., the condition during which the heat pulse has passed over the seusor
location and heat is being exchanged between the sensing cable and the surrounding media}
and peak temperature {e.g., approximately the maximum temperature recorded at the sensor
location for each heat pulse}.

180881 For purpose of iltustration, and not limitation, and with reference to Fig. 3, the
control unit 186 can be configured to determine temperature characteristics of surrounding
media using the feature-temperature profile at cach sensor location. Fig. 3 shows
distribution of feature temperatures along a sensing cable exposed to different media at
different sensor locations. Graph 33¢ dopicts the measured tomperature profiles fora
plurality of sensor locations. In accordance with the disclosed subject matter, feature-
temperatures 331b, 332h, and 333b can be oxtracted from the measured temperature profile
depicted in graph 338. For example, at cach sensor location, feature-temperature 331b can
correspond to a heating condition {e.g., while the heat pulse 18 passing over the scnsor

{
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location), and can be extracted for cach sensor location at a corresponding time 331a.
Likewise, feature-temperature 332b can correspond to a peak temperature, and can be
extracted for cach scnsor location at a corresponding time 332a. Similarly, feature
temperature 333b can correspond to a cooling condition (e.g., after the heat pulse has passed
over the sensor location and during which heat exchange between the cable and the
surrounding media takes place) and can be extracted for cach sensor location at a
corresponding tiroe 333a. Teroperature 316 1s the measured temperatore at cach sensor
tocation during armabient conditions {e.g., no heat is applied).

[8056]  As illustrated by Fig. 3, the feature temperature at cach sensor location can
correspond to the temperature characteristics of the surrounding media. For example, as
depicted in Fig. 3, a 36 inch sensing cable arranged in a vertical configuration with a sensor
disposed or located cach unit 1nch along the cable can be exposed to a stack of atr, oil,
eroulsion, and water. It should be noted that Fig. 3 depicts data from 24 sensor locations.
Assuming each medium is stationary around the sensing cable, the rate of heat exchange,
and thus the feature-temperature profiles 331b, 332h, and 333b, between the sensing cable
and the surrounding media at each sensor location can correspond {o the heat conduction of
the surrounding media. That is, for example, heat transfer between the sensing cable and
surrounding air can be lower than that between the sensing cable and water, as water has a
higher heat conduction. Oil and emulsion layers can also be identified in this manner.
{8057} The determination of the characteristics of the media surrounding the sensing cable
can be achieved by further configuring the control unit 186 to process the temperature
profile. For example, in accordance with certain embodiments of the disclosed subject
matter, the regression of the temperature over log of time can be performed over an interval
ot time corresponding to cach heat pulse for cach sensor location. The slope and intercept of
the regression can be used to identify the material characteristics. For example, the
regression can take the functional form of T =h+min{7), where T is the temperature
measurement, n{t} is the natural log of the time of the temperature measarement, b is the
intercept of the regression, and m is the regression coefficient.

[8088] The interval over which the regression is taken can be, for example, during the
heating condition described above {e.g., during which the heat pulse passes over the sensor
location). Because heating can occur in a logarithmic manner, taking the regression as a
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function of the log of time and provide for results with lower error {e.g., a higher correlation
coefficienty. That is, for cxample, the temperature as a function of the log of time can be
substantially lincar over the heating period. Alternatively, the mterval over which the
cgression is taken can be during the cooling condition described above. For purpose of
iltustration, and not Himitation, for a square electrical pulse from O current to a constant non-
zero value, the constant non-zero current value can correspond to the heating stage, and zero
current can correspond to the cooling stage. The slope of the regression for the heating stage
can be compuied over a fraction of pulse duration when the current 15 non-zero, while slope
of'the regression for the cooling stage can be computed over a fraction of the tuue for which
the current changes to zero valoe. Additionally or alternatively, the regression can take a
namber of suitable functional forms. For example, an #th order polynomial regression can
be taken if the functional form of the temperature profile reserables an sth order polyvnomial,
[8059] For purpose of dlustration, Fig. 4A shows the regression results of one temperature
measurement at a sensor focation in cach material of Fig. 3. Line 428 corresponds to a plot
of temperature at a sensor location in oil over the log of time. Likewise, tines 438, 440 and
458 correspond to a plot of temperature at a sensor location in air, enuulsion, and water,
respectively, over the log of time. Regression can be performed over a regression interval
418, which can correspond to the heating condition of the respective temperature sensor.
The results of the regression can be plotted. For exampile, line 421 is a plot of the regression
ot line 428. As illustrated by Fig. 4A, the slope and intercept of cach regression can
correspond to a characteristic of the surrounding material, and such characteristics can be
determined. That is, with reference to Fig. 4A, each material having different thermal
characteristics can have a different slope and intercept, and can thus be identified. As
depicted in Fig. 4A, The deviations in measurements resulting from the linear fitting line
after the regression interval, as shown by line 428 and line 421, can be due to boundary
effects from the wall of the vessel, One of ordinary skill in the art will appreciate that the
description of the underlying principles herein assumes the thermal energy delivered by the
scnsing cable diffuses out without any boundaries. However, in the presence of such
boundaries, thermal energy will be contained in a finite space and eventually thermal
equilibriuro will be reached. Accordingly, the regression interval can be selected basedon a

desired application, including corresponding boundary conditions.
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18060} For purposc of tllustration, Fig. 4B shows the regression results for 24 temperature
sensors of Fig. 3, showing both slopes 450 and intercepts 478, As illustrated by Fig. 4A and
Fig, 4B, in certain circumstances these technigues can provide determination of material
characteristics with reduced error, comparing resulis from Fig, 4B with Fig. 3 to
differentiate the emulsion layer and the oil layer. The interval over which the regression can
be performed can be predetermined to reduce boundary effect errors {e.g., error 422 induced
by boundary effects ju the plot of tine 428). That s, for example, taking the regression over
a small interval can omit certain features of a temperature profile that can correspond to a
particular characteristic. Accordingly, the regression interval can be predetermined such
that errors juduced by boundary effects are reduced. For example, the regression interval
can be predetermined by calibration and/or with reference to known parameters or operating
conditions of the system, such as expected features of a temperature profile.

18061} In accordance with another aspect of the disclosed subject matter, enhanced
determination of the characteristics of media surrounding the sensing cable can be achieved
with a control unit 186 configured to process the temperature profile in the frequency
domain., A N-pulse train (7.e., application of a certain pertodic form of current through the
sensing cable to generate N eveles of heating and cooling) can be propagated through the
heating/cooling element 3. The period of a heating/cooling cycele, {o, the number of
heating cycles, N, and the current amplitude, lo, can be selected. The heating/cooling pulses
can be applied to the heating/cooling clement 183 with the excitation source 165 o generate
thermal cxcitation within the sensing cable 101,

180862} Temperature readings from the optical fiber sensor array 182 can be collected via
the signal interrogator 184 at a selected sampling frequency. The sampling frequency can
be, for example, at least twice the maximum signal frequency of intergst. A temperature
series, Ti(1}3,Ti{2), T{3), ... can be generated where 1= 1, 2, 3, ... M, is the sensor index. In
accordance with certain embodiments, synchronized sampling techniques can be employed
to reduce the sample number, increase the signal to notse ratio, and improve Fourier
transform accuracy. The time difference of the temperature readings AT={T{(k+H-T{G VAL,
can be calculated using the control unit 186 to generate time series of temperature
derivative ATi{(1), AT(2), AT¢3)..., where sensor index 1= 1, 2, 3 ... M. In connection with

the following description, the temperature difference, differenced temperature, or
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temperature derivatives are all referred to as the time series AT, A transform {e.g., a Fast
Fourier Transform [FFT], or Discrete Fourter Transform [BFT]) can be applied, using the
control unit 186, to generate a spectram of time series of temperature difference for M
sensors. For cach sensor, the real and tmaginary values of the spectrum at fundamental
frequency of N-Pulse train can be selected fy=1/ts. The characteristics of the surrounding
media can thus be determined as disclosed hercin using M pairs of the values derived from
the spectrum of the temperature difference as described above. Alternatively, the frequency
differenced spectrum (7.e., obtained by applying the operation of taking the derivative of the
spectrum of temperature difference with respect to the frequency) and the real and imaginary
values of the differenced spectrum can be used. The characteristics of the surrounding
media can thus be determined as disclosed herein using M pairs of the values derived from
the differenced spectrurm as described above.

[8063] That s, for example, the time derivative of the temperature data can be determined
(i.e., resulting in the differenced temperature). The Fourier transform of the time-derivative
temperature can then be determined, and the derivative of the complex spectruom with
respect to the frequency can be caleulated (7.e., resulting in the differenced spectrum). The
amplitode and phase of the frequency-derivative spectrum (differenced spectrum} can then
be calenlated. The amplitude and phase of the frequency-derivative spectram can
correspond to the charactenistics of the surrounding media at each sensor location. For
purpose of lustration, Fig. 5B shows the phase of the frequency-derivative spectrum of the
termperature measurements over the sensor locations as itlustrated in Fig. 3. Likewise, Fig,
SC shows the amplitude of the frequency-derivative specirurn of the temperature
measurements over the sensor locations as iHustrated in Fig, 3. As tllustrated by the figures,
the techniques disclosed herein can provide for enhanced accuracy in the measurement and
differentiation of the levels and interfaces between the air, oil, emulsion, and water layers.
186641 As embodied herein, the sensing cable 181 can be calibrated, e.g., with the control
unit $86. Calibration can include calibrating the sensor array to ensure that each sensor at a
different location along the sensing cable provides the same ouiput when subject to the same
material of a constant thermal property. For example, the sensing cable 181 can be
submerged into a homogenous medium of known thermal property, and the temperature

measurements and processing technigues disclosed hercin can be applied. Ifthereisa
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difference between sensor sutput, the difference can be used as compensation and can be
applied during measurements. Additionally, calibration can include ensuring that the sensor
output accurately estimates the particular characteristic of interest (e.g., thermal conductivity
and/or diffusivity). For cxample, a number of materials with known thermal properties can
be measured for a broad range of values and a database can be constructed including
correlations between measurements and determined characteristics of the known materials.
The database can then be used to interpolate a measured characteristic of an unknown
material,

[8065] For purpose of dlustration, and not limitation, the underlying theory of
measureruent techuiques i accordance with this exemplary embodiment will be deseribed.
In connection with this description, for purpose of example, the waveform of the pulse tram
propagated through the heating device can be a square shape current, e.g., as illastrated 1n

Fig. 2. The current can be defined mathematically as:

yof . / Ay
i1y = Zﬁ H(z - - H A %—)zﬁ el {17}
=l L \ 2

where 1y 18 the period, Iy is the amplitude of the current, and H denotes the Heaviside step

function defined by:
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The heating rate can thus be given as:
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where o is related to the current by equation 8.

18066] Instead of analyzing the temperature in time domain, the temperature rate, i.e., the
derivative of the temperature with respect to time, can be considered in the frequency
domain. The derivative operation, a high-pass filtering, can remove the slow-varying trend
of the temperature for easier analysis. The time derivative of the temperature and heating
generation rate can be defined as follows:

T,y = ar {20

dr

and
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180671 In frequency domain, the counterparts to the teroperature and heating generation
rate can be complex spectrum functions of S(r, wyand & {(w) . For large distances away
from the heating elernent, the thermal diffusion process can exhibit the behavior of an
attenuated and dispersive wave, The complex spectrum of the change rate of the
temperature on the sensing cable’s surface can be given as:

T () Hg’ (&7}

Sy, @) = oD L0000 (22
2k wy HU{amy)

The contribution of the heating component, €2 at a conter frequency of ©, to the change rate
of the temperature on the sensing cable's surface can thus be given as:

di(r, w0y = 8(r,, Ve’ dar . (23)
[8068] Integration of above over all frequencies can recover the temperature rate in fime
domain. Therefore, S can be used as indicator of the mediom. For purpose of tllustration,
and not limitation, the excitation term, O will now be described in greater detail. From

eguations 19 and 21, the derivative of the heating generation can be given as:

N[ ; Vi
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i time domain, and:
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in frequency domain, Because N is fintte, 2 can contain all frequencies. The components at

the harmonte frequencies can be given as:
3 . o k ((}{\. o k — 5 (2(’\)

with index &.
[806%] Evaluation of eguation 25 at the harmonic frequencies gives:
[INg,  k=135.

3
Qe )= '

i d

As such, £ peaks at odd harmonics but zeros at even harmonics. At non-harmonic

frequencies, £ is complex in general. Fig, 8A depicts an exemplary plot of ©/q, verse w/ayg
s
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for N=1, 2, or 3. Accordingly, the thermal excitation energy can be concentrated at odd
harmonics of fundamental frequency of pulses and increase as N increasces
18070}  As embaodied herein, one of the odd harmonic frequencies can be chosen to
increase signal to noise ratio in analysis of temperature measurements. In this manner, any
temperature variation introduced by non-clectrical heating can introduce noisc which could
be difficult to handle in time domain but can be reduced in frequency domain via N-pulse
train: the number of cycles, N, can be increased to boost the peak vahue at odd harmonics.
Additionally or alternatively, synchronized saropling techniques or harmonic tracking can
also be used to reduce the noise.
{8071} In accordance with certain embodiments, the spectrurn S{®), e.g., 35 given in
eguation 22, can be used to estimate the thermal property of a medium surrounding the
sensing cable. A characteristic frequency can be given as:

w =2 (2%)

-”n

200

The complex argument to the Hankel functions can thus become:

I o &
=7 e’”, {29}
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Where 0=3/4n for w >0. At low frequencies where w/a® (amplitude of xrg} is less than 1,

Ky =

the Hankel functions can be approximated as:

By 2 1= (30)
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where the normalized transfer function, and temperature change response to the thermal

excitation £3/2nk at frequency o/w™ can be given as:
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after neglecting terms of higher order.

180721 As disclosed herein, and n accordance with certain ernbodiments of the disclosed
subject muatter, the amplitude and phase can decrease monotonically with frequency so that
higher frequency corresponds with lower response of teraperature o the heating.
Accordingly, lower frequencics can obtain significant heating response and higher signals.
Additionally, the imaginary part of the complex spectrum can be nearly linear with the
frequency while the real part can exhibit linear behavior beyond certain frequency values.
Therefore, the derivative of the transter function spectrum with respect to frequency can
lead to constants beyond certain valaes of ©o/w*, One of ordinary skill in the art will
appreciate that, mathematically, the spectral derivative is equivalent to the Fourier transform
of the temperature rate with respect to the log of time. Thas there is connection of the
derivative spectrum with the lincar relationship of the temperature change with log(t) in the
time domain as shown in equation 13.

IB073]  As embodied herein, systems and methods in accordance with the disclosed subject
matter include determining the lignid/gas flow distribution of a fhnd through a component
with a sensing cable including an optical fiber sensor array aligned with a heating/cooling
clement. The method includes propagating at least one heating/cooling pulsc through the
heating/cooling clement along at feast a portion of the sensing cable to affect an exchange of
thermal energy between the heating element and the fluid exposed to the sensing cable. The
method includes measuring, over time, a temperature profile of the sonsing cable
corresponding to the heat pulse at cach of a plurality of sensor locations on an optical fiber
scnsor array. The method includes determining a flow distribution of the fluid by
determining onc or more propertics of the fluid exposed to the g cable at cach of the

phurality of sensor locations based on the temperature profile corresponding thereto.
35
Feay
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18074} For purpose of illustration and not limitation, reference is made to the exemplary
embodiments of Fig. 1. The method and system disclosed hercin can be used to determine
flow distribution in variety of components and vessels. For cxample, the component can be
a particulate bed, a wash bed including packing material, an absorbent bed, a structured bed,
g filter, or the like. In operation, it can be desirable to determine flow conditions through
such components, For example, fixed bed reactors, such as hydrotreating reactors and
hydrocracking reactors, can develop ligunid/gas maldistribution and corresponding localized
“hot spots,” which can cause a runaway condition in exothermic reactions within the reactor.
As another example, lignid/gas maldistribution can occur in coraponents such as the wash
beds of a vacuum pipe still ("VPS”) distillation tower, which can cause problerns such as
unplanned capacity loss, increased operational costs, and increased cnergy usage.
Determunation of flow distribution of a fluid through such components can allow for
mitigation strategies, such as increasing the How rate of wash oil or otherwise varying
operational parameters of the component. Accordingly, the techniques disclosed herein can
be emploved to determine the flow distribution of a flid through a component in connection
with a refining operation. However, it is recognized that the system and method herein can
be applied to numercus other environments and vessels in which the determination of flow
distribution is beneficial.

186751 In accordance with this cxemplary embodiment, the system for detecting a
liquid/gas flow distribution vessel can include the components and features described herein
with reference to Fig, 1A-C. The sensing cable {e.g., sensing cable 101) can further include
an anti-fouling coating to resist fouling and/or coking deposition on the sensing cable. For
cxample, the sensing cable can be coated with a suitable coating to resist coking, such as
Teflon, or coatings formed from modificd fluoropolymer and co-polymer reinforcements.
These coatings can be engincered for high release (non-stick), non-wetting, thermal stability,
diclectric strongth and chemical resistance, where comparatively thin films are desired or
otherwisc beneficial.

18076} Using the systems and technigues as disclosed, and suitable modifications as
desired, a method of determining the flow distribution of a fluid through a component i
provided and disclosed herein with reference to Fig, 1A through Fig. 5. For purposc of

cxample, and with reference to Fig. 6, the method of determining the flow distribution of a
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fluid through a component will be described in connection with cortain exemplary
cembodiments, wherein the vessel is a fixed bed, such as in a fixed bed of a hydrotreating or
hydrocracking reactor or a fixed structured wash oil bed of a VPS distillation tower. Onc of
ordinary skill in the art will appreciate that the techniques disclosed herein can be applicd in
connection with a variety of suitable components, and the disclosed subject matter is not
intended to be himited to the exemplary embodiments disclosed hercin.

180771 With reference to Fig. 6, the method of flow through a vessel 818 can include
positioning a sensing cable 181 within a wash bed 828 of a VPS distillation tower 818. For
example, the sensing cable 181 can be positioned across a surface of the wash bed 828 such
that the sensing cable 181 is aligned perpendicular to an axis of the vessel 818, In this
manner, sensor locations along the sensing cable 161 can correspond to locations about a
cross section of the vessel 818, The sensing cable 181 likewise can be positioned and/or
arranged 1o a variety of other suitable configurations as desived or needed. For exarple, the
sensing cable 181 can be positioned parallel to an axis of the vessel 818 with the sensor
locations along the sensing cable 181 gencrally correspond to locations along a vertical axis
within the vessel 818, such as along an inside wall of the vessel 818, Morcover, as shown in
Fig. 8, the sensing cable 101 can be arranged in a grid pattern or array 911 and 812, or any
other suitable pattern, about a surface of the wash bed 828 or otherwise within the vessel
816. Onc of ordinary skill in the art will also appreciate that more than onc sensing cable
can be employed. For example, as depicted in Fig. &, a sccond sensing cable 916, which can
also be positioned in a grid pattern, can be positioned on an opposite surface of the wash bed
820.

180781  As previously noted, the sensing cable 181 includes a heating/cooling clement 183,
such as a heating wire, and an optical fiber sensor array 102, as disclosed herein, The
optical fiber includes a plurality of sensing locations along the length of the fiber, such that
cach sensing location corresponds to a position about the surface of the wash bed 828, For
cxample, and as previously noted, the optical fiber can include a plurality of sensors along
its length and/or a single fiber scusor can be movable to define a plurality of sensor
tlocations. The optical fiber scnsor is coupled to an optical signal interrogator 184 to process

an optical signal therein to obtain temperature measurements at cach of the sensor locations.
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The optical signal interrogator 184 can further be coupled to a control unit 106 to process
the temperature measurcments.

18079} As previcusly described herein, the heating wire is coupled to an excitation source
185 adapted to propagate clectromagnetic waves {e.g., current 218} through the heating
wirg, thereby creating corresponding heat pulses {e.g., heat pulse 228}, As the heat pulses
propagate through the heating wire, heat is exchanged between the heating wire, the scosing
cable, and the surrounding media at each sensor location. The temperature at cach sensor
tocation can be recorded, e.g., via the optical signal interrogator and control unit, to generate
a temperature profile for cach sensor location. For example, temperature can be measured
as a function of time at each sensor location along the optical fiber. The temperature profile
at cach sensor location generally will correspond to the characteristics of the medium
surrounding the sensing cable at that sensor location. In this manner, for purpose of
iltustration, sensor locations over which fhuid in the vessel 818 is flowing can result in a
termperature profiles distinguishable from sensor locations over which fhuid is not flowing.
[8080G] The temperature profile (i.e., the temperature as a function of time at a sensor
focation) can generally exhibit an increase in temperature coinciding with the exposure to
the heat pulse at the corresponding sensor location. For purpose of illustration, and not
Himitation, and with reference to the laws of thermodynamics, the temperature will generally
increase over the duration of the heat pulse at a rate corresponding to the characteristics of
the surrounding media, and thereafter decrease as the heat from the heat pulse diffuses into
the surrounding media at a rate corresponding to the characteristics of the surrounding
media. Thus, the temperature profiles for cach sensor location can correspond to the
characteristics of the surrounding media, e.g., the rate of flow of the swrrounding media. For
example, and not limitation, at a sensing location over which the surrounding fluid has a
substantial flow, the heat transfer from the heating wire into the surrounding media can be
relatively high due to convective heat transfer arising from the flow, and thus a cold
spot/region can be detected. By contrast, at a sensing location exposcd to stationary media,
the heat transfer from the heating wire into the surrounding media can be relatively low due
to the lack of convective heat transfer, and thus a hot spot/region can be detected. That is,
for purpose of illustration, and with reference to Equation 1 and Eqguation 3, heat loss at a

particular sensor location can depend on the rate of flow of the fluid surrounding that sensor
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location due to convective heat transfer from the sensing cable into the surrounding fluid.
Additionally, assuming a homogenous mediurn of constant temperature flowing within the
component, the flow rate of the medinm can be determined at cach sensor location.
Moreover, assuming a medium having a non-uniform temperature and substantially constant
flow across the sensing cable, the temperature of the medinm without heating pulse can be
measured first, follow by measurement of the temperature of the medium with heating
pulse. The difference between the tewperature rocasurement without the heating pulse and
the temperature measurements with the heating pulse can indicate the flow rate of the
mediom,

180811 For purpose of iltastration, and not limitation, reference will be made to an
example of the method disclosed herein with veference to Fig, 7. Fig. 7 inclades an tmage
1218 of a sensing cable 1211 embedded between two lavers of packing material. The
sensing cable 1211 can include an optical fiber sensor array adjacent a heating wire. A
water stream can be arranged to flow through a portion of the packing material (e.g., from
the top layer, over the sensing cable 1211, and through the bottom layer). As depicted in the
image 1218 of Fig. 7, the water stream 1s initially directed through the packing material at a
location approximately corresponding to 10-20 cm along the sensing cable 1211, As a heat
pulse propagates through the heating wire, heat is exchanged between the heating wire, the
sensing cable 1211, the surrounding packing material, air, and the water stream flowing over
the sensing cable 1211, During heating, overall toemperature readings at cach sensor location
increase, and the temperature profife reveals the location of the water stream. For example,
Fig. 7 inchudes a plot 1228 of temperature {z-axis} versus sensor location in meters (X-axis)
as a function of time (v-axis). Plot 1228 shows a trough of cooler temperature profiles
corresponding to the water stream due to convective heat loss. The region 1223 of plot 1226
corresponds to the sensor locations along the sensing cable 1221 exposed to air and outside
packing material, and itllustrates a relatively higher temperature profile duc to lack of
convective heat loss, As depicted in Fig. 7, at approximaiely 400 seconds, the water stream
was moved back and forth about the sensing cable 1211, As illustrated by plot 1220,
wherever the water flow passes over the sensing cable 1221, the temperature profiles at
corresponding sensor locations 1222 will be lower. The “Z” patiern represents a cold

temperature region can is caused by the water strearmn moving back and forth.
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18082}  As disclosed herein, the control unit thus can be adapted to determine the
characteristics of the surrounding media at cach sensor location using a varicty of
techniques, and thereby determine the flow distribution of a fluid through a component, For
cxample, referring again to Fig. 6, the control unit 186 can be adapted to determine, with
reference to the known positions of the sensor locations and the corresponding temperature
profiles, a relative rate of flow at cach sensor location and thus determine the flow
distribution of the media surrounding the seosing cable. In connection with the operation of
a VPS distillation tower 818, for example, vapor 1118 can flow upwards through one or
more wash beds 838 such that different fractions (i e., different petrochericals in the vapor)
can be separated. However, during operation, coking can occur on the wash bed, which can
create uneven fow of vapor 1118 through the tower 818, Accordingly, the methods
disclosed herein can determine the How distribution of the vapor 1118 and thus detect a
maldistribution condition associated with coking. VGO wash oil $128 can be introduced
into the VPS distitlation tower 818 to prevent the formation of coke deposits, for example
upon detection of a coking condition. The methods disclosed herein can likewise determine
the flow rate and distribution of the wash o1l 1128.

180837 For purpose of illustration, and not limitation, the direct temperature measurement
techniques described above can be used to determine the flow distribution of a fhud through
a component. Particularly, a feature temperature profile {e.g., including three temperature
measurements corrgsponding to a heating period, a peak temperature measurement, and a
cooling period) can be extracted and processed to determine characteristics of the medium
surrounding cach sensor location. For example, and as depicted in Fig. 7, the temperature
profile of sensors exposed to a medium having a flow characteristic can have a relative low
peak, heating, and cooling temperature relative to the temperature profile of sensors exposed
to a stationary medium of the same kind.

18084}  Alternatively, and as described herein with reference o Fig. 4B, a log-time
regression technique can be used to determine certain characteristics of the mediom
surrounding each sensor location by further processing the tomperature profile at cach
sensor location. That is, by performing the regression of the temperature over log of time
over an interval of time corresponding to cach heat pulse for cach sensor location, the

resulting slope and intercept of the regression can be used to identify characteristics of the
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mediom. For example, the slope and intercept of sensor locations exposed to a medium
having a flow characteristic can be distinguishable from the slope and intereept of sensor
locations cxposed to the same medium having a stationary characteristic.

[8085] In accordance with another exemplary embodiment of the disclosed subject matter,
the frequency spectrum techniques disclosed herein with reference to Fig, SA-C can be
employed to determine the flow distribution of a fluid through a component with increased
measurement sensitivity, accoracy, and/or reliability, In this exemplary embodiment, and as
described above, an N-pulse train can be propagated through the heating wire of the sensing
cable 181 with pre-selected parameters, including heating cycle period, t, number of heating
cycles, N, and current amplitude, fo. The parameters can be selected according to the
operating characteristics of the component such that the resulfing temperature profile can be
measured with a desired signal-to-noise ratio. For example, a longer heating cycle period or
higher current amplitude can result in higher signal-to-noise ratio relative to a shorter
heating cycle period or lower current amplitude. Likewise, an increase in the number of
heating cycles can further increase the signal-to-noise ratio. One of ordinary skill in the art
will appreciate that such parameters can be varied depending upon desired application. For
example, if determination of flow distribution is desired at short time intervals, a shorter
heating cycler period and a higher current amplitude can be employed. For purpose of
cxample, and not limitation, in connection with a fixed bed reactor or VPS distillation tower
having a diameter of approximately 20 to approximately 40 feet, approximately 4 to 5 layers
of wash bed packing materials, and a total height of approximately 6 to approximately 10
feet. The heating cycle period for the sensing cable can be approximately 1 Hz or slower
{i.e., the excitation source can be adapted to deliver a current pulse at 1 Hz or slower. The
current amplitude can be several mili-amperes to several amperes.  One of ordinary skill in
the art will appreciate that, in accordance with the disclosed subject matter, suitable
frequency and current amplitude can be determined for a particular application by routine
testing in accordance with known methods.,

[6086] The optical signal intcrrogator 184 can be adapted to measure temperatures from
the optical fiber at a pre-selected sampling frequency. In accordance with certain
erabodiments, the sampling frequency can be at feast twice the expected frequency of the

temperature profile and/or heat pulse. For example, and not limitation, in conncction with a
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fixed bed reactor or VPS distiliation tower, the sampling frequency can be 10 Hz, The
derivative with respect to time of the temperature measurements for cach sensor location can
then be generated. For cxample, the measured femperatures a sensor location at cach
sampling interval can be given as a temperature series. The difference between each
temperature in the serics can then be calculated to generate a temperature derivative series.
A transform {e.g., a FFT or DFT) can be applied to convert the temperature derivative series
into the frequency domain, and thus generate a spectram of time series of temperatare
differences for cach sensor location. The derivative of the spectrum, with respect to the
frequency, can be generated. That amplitude and phase of the frequency-derivative
spectruom {e.g., the real and imaginary parts of the complex frequency-derivative spectram)
can then be determined. For example, using the heating cyele period, g, the real and
imaginary values of the spectruro at the fundamental frequency of the N-pulse train can be
selected at f=1/to.

180871 The amplitude and phase of the frequency-derivative spectrum at each sensor
location thus can correspond to the characteristics of the medium surrounding the sensing
cable 181 at a particular sensor location. For example, the amplitude and phase can decrease
monotonically with frequency so that higher frequency corresponds with lower response to a
change in temperature from the heating element. Accordingly, lower frequencies can obtain
significant heating response and higher signals. Additionally, the imaginary part of the
complex spectrum can be nearly lincar with the frequency while the real part can exhibit
linear behavior beyond certain frequency values. Therefore, the derivative of the transfer
function spectrum with respect to frequency can correspond to the linear relationship of the
temperature change with log(t) in the time domain. In this manner, the amplitude and phase
ot sensor locations exposed to a flowing medium can be distinguishable from the amplitude
and phase of sensor locations exposed to non-flowing medium of the same kind, or a higher-
velocity flowing medium from a lower-velocity flowing mediom.

18088} The sensing cable 101 can be calibrated, e.g., with the control unit. Calibration
can include, for cxample, calibrating the sensor array to determine the amplitude and phase
of the frequency-derivative spectrum of certain known media. For example, a mumber of
materials with known thermal propertics can be measured for a broad range of values and

for a broad range of flow rates, and a database can be constructed including corrclations
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between the generated amplitude and phase and characteristics, such as flow rate, of the
known materials. The database can then be used as to determine the flow rate of the
surrounding medium at a particular sensor location in the vessel,

(8089} The control unit 186, with reference to the known locations of each sensor and the
corresponding amplitude and phase of the freguency-derivative spectrum, can determine the
flow distribution of a fluid through the component. To determine the flow distribution, the
control unit can be configured to store the known position of cach sensor location in one or
more memories. For example, for a 36 inch long sensing cable, having 36 sensor locations
cach spaced apart by a unit inch, positioned about the surface of a 36 inch wash hed 826, the
conirol untt can store the distance of each sensor location from the wall of the component
818 (i.e., for sensor location 1= {1, 2, ..., 36}, the control unit can store a corresponding
distance measurement Dy = {1 in, 210, ..., 36 1n}). For cach sensor location, 1, the control
unit can determine the amplitude and phase of the frequency derivative spectrum as
disclosed herein. With reference to, for example, a database storing the amplitude and phase
of the frequency derivative spectrum for known flow rates of the known media, the control
unit can thus determine the relative flow rate at cach sensor location and thus the flow
distribution using the determined amplitude and phase at each sensor location.

180901 Additionally or alternatively, and as embodied herein, the control unit can process
the determined amplitude or phase of the frequency derivative spectrum of adjacent sensor
focations to determine the flow distribution. That is, for example, assuming the vessel
contains media with otherwise constant characteristics, a change in the amplitude across two
sensor focations can correspond to a different flow rate across the two sensor location.
Likewise, a change in the phase can correspond to a different flow rate of the same media.
In certain embodiments, the control unit can process both the amplitude and phase of
adjacent sensors to enhance determination of flow distribution. For example, a change in
both the amplitude and phase can correspond a different flow rate across the two sensors,
Moreover, in certain embodiments, the control unit can monitor the amplitude and phase of
cach sensor location over time {e.g., throughout the operation of a VPS distillation tower)
and determine whether the temperature profile of one or more sensor locations changes with
time. For cxample, the control unit can be configured to monitor the temperature profile of

ong or more sensor locations over time, identify a change in said temperature profile and,
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with reference, e.g., to a database of known characteristics corresponding to flow rate,
determine the flow distribution.

18091} In another exemplary embodiment, multiple layers of sensors can be deployed
between different layers of packing materials, for example as depicted in Fig, 8.
Measurement from each layer of sensor can reveal localized conditions, such as the flow rate
at cach sensor location. In this manner, entrainment of resid can be inferred by comparison
of measurement results across sensor layers,

[B8092]  The techniques disclosed herein can provide for continuous determination of flow
distribution through a component. No moving mechanical parts need be included inside the
sensing cable. Because material thermal properties can be measured for determination of
flow distribution, the measurement results can be independent of electrical conductivity,
salinity, and crude oil constituents, sach as sulfor, iron sulfide/oxide. Moreover, relative
temperature changes before and after heating/cooling can be used fo infer material thermal
properties for determination of flow distribution, and temperature baseline can be taken cach
time before heating/cooling is applied. Accordingly, the methods disclosed herein need not
require long term stability for temperature sensors.

180931 Moreover, the system disclosed herein can operate at temperatures ranging from
cryogenic temperatures up to over 1000 “C. The size of the sensing cable can be relatively
small (e.g., compared to conventional thermocouples) and can be cost effective for large
arca coverage with a large amount of sensors. Utilizing cost-effective optical fiber
temperature sensors, the system disciosed herein can incorporate a large number of sensors,
and can offer a high spatial resolution, e.g., less than 1 mm, over a long measurement range,
2.5, several meters to kilometers. The diameter of the compact sensing cable can small,
e.g., less than 2 mm. The small diameter of the sensing cable can allow for measurement in
a tight space with reduced intrusiveness. Furthermore, the heating/cooling clement can be
turned off, and the sensing cable can be converted to a temperature sensor, which can
provide absolute temperature measurements inside the vessel, such as measurements of the
wash bed packing materials. Such absolute teraperature measurements can be used to infer
higuid/vapor distributions, for example, inside packing materials, where temperatare

differences between liquid and vapor
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16094} Additionally and/or alternatively to the systems and methods for determining fhuid
flow distributions, as described above, the disclosed subject matter further includes systems
and methods for detecting a condition of multi-phase flow through a component having one
or more media flowing thercthrough, The method includes providing within the component
a first sensing cable aligned with a heating element and including at least one active optical
fiber sensor at a first sensing location. The method includes providing within the component
at least a second sensing cable including at feast one optical fiber sensor at a second seosing
tocation a predetermoined distance from the first sensing location. The method inclades
propagating at least one heat pulse through the heating element along at least a portion of the
first sensing cable to affect an exchange of thermal encrgy between the heating element and
at least one mediom exposed to the sensing cable and measuring, over time, a first
termperature profile of the first sensing cable at the first sensing location corresponding to
the heat pulse and a second teroperature profile of the second sensing cable at the second
sensing location corresponding to the heat pulse. The method inchudes determining a flow
veloeity of the one or more media flowing through the component by correlating the first
termperature profile with the second temperature profile and detecting a condition of flow of
the one or more media by determining a phase of the at least one medium exposed to the
sensing cable at the first sensing location based on the first temperature profile and the
determined flow velocity.

180958} For purposc of iilustration and not limitation, reference is made fo the exemplary
embodiments of Fig. 9. The method and system disclosed herein can be used to detect a
varicty of multi-phase flow conditions, including for example flow regime {(such as full
flow, slug flow, bubble flow, annular flow, and the like}, flow phase fraction cross section,
volumetric and mass flow rate of cach phase, and/or instantancous and statistical average
over a given time. Furthermore, the method and system disclosed herein can be used to
detect a condition of multi-phasc flow in a variety of components. For cxample, the systom
and method disclosed herein can be used to meter production from a gas or ol well, to
troubleshoot an trregular flow in a pipe in a refinery or chemical plant, and/or to 1dentify a
fcak in a pipcline. For purposc of illustration, and not Hmitation, the techniques disclosed
herein will be described with reference to detection of a condition of multi-phase flow ina

pipe. Howcever, it is recognized that the system and method herein can be applicd to
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numerous other environments and components in which the detection of a condition of
multi-phase flow is beneficial or desired.

18096} With reference to Fig. 9, the method for detecting a condition of nulti-phase flow
through a component {¢.g., pipc 918) having onc or more media {¢.g., water 911 and gas
912) flowing thercthrough can include providing within the pipe 918 a first scosing cable
181 aligned with a heating clemnent and including at lcast one active optical fiber sensor at g
first sensing location SE. The first sensing cable can be, for example, the sensing cable 181
described with reference to Fig, 1A-C 1ncluding heating elernent 183 and optical fiber 182,
At lecast a second sensing cable 962 including at least one optical fiber sensor at a second
sensing location a can be provided within the component a predetermined distance from the
first sensing location ST, For example, the second sensing location can be provided at
tocation 82 with reference to Fig. 9. Fig. 9 depicts, for purpose of tllustration and not
Hmitation, a cross sectional view 928 of pipe 918 at the first sensing location 81 and a cross
sectional view 938 of pipe 918 at the sccond sensing location 82, The first sensing location
81 and the second sensing location 82 can be separated by a distance d within the pipe 918
along a longitudinal axis of pipe 918, The first sensing location $1 can be positioned
uapstream from the second sensing location 82,

183971 At least onc heat pulse can be propagated through the beating element along at
feast a portion of the first sensing cable 181 to affect an exchange of thermal encrgy between
the heating clement and at least one medium {¢.g., 911 or 912} cxposed to the sensing cable.
A first temperature profile 948 of the first sensing cable 161 at the first sensing location 51
corresponding to the heat pulse can be measured over time. A sccond temperature profile
886 of the second sensing cable 982 at the second sensing location 82 corresponding to the
heat pulse can also be measured over time. The first temperature profile 946 can be
correlated with the second temperature profile 988 to determine a flow velocity of the onc or
more media flowing through pipe 918, For example, and not Hmitation, the known distance
d separating the first and second sensor locations 81 and 82 can be used to determinge a time
delay 1 representative of the time taken for the thermal encrgy generated by the heat pulse at
the first sensor location 81 to reach the downstream sccond sensor location 81, and thus the

velocity of the media flowing through pipe 916,
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18098} In accordance with certain embodiments, the time delay, T, measures the time of
transportation of the heat pulse from the first sensor location, $1, to the second sensor
location, 82, and can be determined by a number of methods, for example by detecting the
arrival time of a leading edge or peak of the pulse, and/or by cross correlation analysis. The
cross corrclation of the temperature profile Ti(t) and To{t) measured at sensor locations 81

and 82 respectively over a time period of T can be given as:

The transportation time of the pulse, 1, 1s egual to the value of 1% that maximize Ry, The
instantancous velocity of one or more media {c.g., 911 and 912) flowing through pipec 918 at
focation 8 given by its Cartesian coordinates (X4, vy and z;} in the dircction from 81 to 82

can then be determined by

o |4

180991 A condition of flow of the one or more media can be detected by determining a
phase of the at least one medium exposed to the scosing cable at the first sensing location 81
based on the first temperature profile 948 and the determined flow velocity. That is, the
phase of the mednim at the first sensor location 81 can be determined by decoupling the heat
transferring effects due to the flow velocity and due to the fhuid phase’s thermal properties.
As in eguation 3, the overall heat exchange rate between the sensing cable and surrounding
medium is due to both heat conduction and convection, depending on both flow velocity and
thermal propertics of the medium. The overall heat exchange rate of sensing cable to the

surrounding medinom can be expressed as follows:

= 4 %AT,

where % 1s cttective overall heat transfer coefficient, A, 1s the effeciive heat transfer area of
the sensing cable, and AT is the effective temperature gradient across the sensing cable and

the medium in the direction of flow, The heat transfer due to flow can depend on a

~d
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dimensionless number, which can be referred to in the art as the Nusselt number, which can

be given as

(39)

where k is the heat conductivity of the medium and L is the characteristics length (e.g., the
diameter of the sensing cable, D). For a prescribed geometry (€.g., sensing cable, pipe, and
flow direction}, the Nusselt number can be represented as a function of Reynolds and

Prandtl numbers. The Reynolds number, which can correspond to flow, can be given by

iy =

3
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g

(40)

and Prandt] number, which can correspond to medium properties, can be given by

(41}

where u 1s the viscosity, p 1s the density of the mediurg, C, 1s the speciflic heat capacity of
the medium, and V is the velocity. The dependence of N as a function of R, and P, can
vary for differont ranges of R and P, vakaes, and can be derived empirically in accordance
with techniques known the art. For purpose of ithustration, and not limitation, the Nusscit
number, over a practical range of flow velocity and mediums of interest, can be expressed in

the following form:

(42)
where the coefficients A and B depend on the vahie P, or medium properties only, and mis a

constant. The overall heat transfer coefficient can then be expressed as:

Lulmmwdhan propesifos evloally) — =

(43}

Once the velocity, V, at the first sensor focation is determined from equation 37, the phase

of the mediurn can be estimated from eguation 43 above.

o2e]
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180100} For purposc of illustration, and not limitation, an cxample of a multiphase flow
gystem of gas, water, and oil, which can be common in petroleum industrics such as flow in
a producing well, is provided. Assuming that the instantancous phase of the media at
focation ST at time t 1s onc of three phases, gas, water and oil, the instantancous heat transfer

cocfficient at the sensor location 81 can be cxpressed as

where k can be assigned as 1 (gas}, 2 (water}, and 3 (oil}. The calibration of h as a function
ot flow velocity for gas, water and oil can be made to determine the value of the coefficient
a, b and m. Since the value of P, are very different among gas, water and o, it is expected
that the values of a and b for each phase arc distinet, and leads to different curves of heat
transfer cocfficient, h, verse flow velocity, V for different phase. Since any measuroment
method {e.g., characteristic temperature such as heating, cooling or peak temperature, log
regression, or frequency spectrum magnitude or phasc} discussed previously measures the
heat transfor cocfficient h, the calibration curves can be developed for specific measurement
method with which classification rules arc developed to classify the phase at §1 based on the

value of measurements,

{80101} In connection with this non-limiting example, and to demonstrate phase
determination, the instantancous phase of the media at location 51 and at time t can be
assumed to be onc of three phases: gas, water and oil, and described by a binary phase

indicator defined as follows:

With the flow velocity determined at S1, the phase at 81 can be classified into one of three
phases hased on comparison of the feature of temperature measurement at 81 and calibration
data. The value of the phase indicator can be assigned, and the phase flow rate can be

calculated as follows:
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for k=1, 2, or 3 where AA, is a very small arca around the location 81 within which the
phase can be assumed to be the same.

180102] In addition to the instantaneous flow at 81, the average flow rate ¢an also be
determined and can be used for applications such as flow metering. The volumetric flow

rate of cach phase at S1 averaged over a time period from tto t+7 can be given by

AL ORELE Sy 0T g con TS S
A IRLE T = = _\\fﬁ BRSNS R )R8
(47)

AR EL L Ti=

(48)

If the phase density, py, is known, the time-averaged local mass flow rate at $1 can be given

(49}

The local phase fraction at 81 within the time period of T can be given by

[803103] This von-limiting exarple tlustrates the basic principal of determining local flow
condition of multiphase flow when a pair of sensors s used. One of skill 1o the art will
appreciate, however, that flow conditions of muthtiphase flow can also be determined with
multiple pairs of sensors.

184104} For pwpose of Hlustration, and not limitation, additional exemplary embodiments
will be described with reference to Fig. 1§ and Fig. 11, In accordance with these exemplary
erabodiments, the first sensing cable can include an active fiber optic sensor array having a
plurality of active sensors. Additionally or alternatively, the second sensing cable can also
include a fiber optic sensor array having a plurality of sensors. A temperature profile of the

first sensing cable at cach of the plurality of active sensors corresponding to the heat pulse
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can thus be measured over time. Detecting the condition of flow can include determining
the phase of the at least one medium cxposed to the sensing cable at each of the plurality of
active scnsors based on the corresponding temperature profile and the determined flow
velocity.

180105} With reference to Fig. 18, for cxaruple, the phurality of active sensors (e.g., 1681a,
1801b) can be arranged in a grid pattern over a cross section of the component 918,
Additionally or alternatively, the plurality of active sensors {¢.g., 1181a, 1181b) can be
arranged circumferentially along a perimeter of a wall of the component 918,

[80106] As embaodied heren, detecting the condition of flow can include detecting an
instantancous phase fraction based upou the determined phase of the at least one medium at
cach of the plurality of active sensors and the location of cach of the plurality of active
sensors within the coraponent. For example, and vot lunitation, consider the mulfiphase
flow 1o a circuldar pipe and N of optical fiber sensor pairs in a grid pattern as shown in Fig,
§8. Each pair of sensors consists of an active fiber optical sensor in the first sensing cable
at sensor location Sijand an temperature fiber optical sensor at sensor location, $2;. The
two sensors can be separated by a known distance of d and their axis can be parallel to the
flow. The pipe cross section can be divided in to N subsections with ¢ach subsection
associated with a sensor. The local flow velocity, V, phase indicator, Py, and tocal phase
volumetric flow rate, AQy at sensor location 81, and at time t, can be measured and

estimated with the method described previounsly. The jnstantancous volumetric flow rate of

cach phase in the pipe can then be given by
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and

%

W

(55)

One of skill in the art will further appreciate that time-averaged values of above parameters

can likewise be derived.

1801071 Moreover, as embodied herein, detecting the condition of How can include
detecting flow regime based upon the determined phase of the at least one medium at cach
of the plurality of active sensors over time and the location of cach of the plurality of active
sensors within the component. For example, the phase fraction can be measured, over time,
and recorded. A slug flow regime can be determined by comparing the phase fraction, over
time, to identify an increase in gas phase relative to liquid phase.

180108] As disclosed herein, the control unit can be adapted to determine the characteristics
st the surrounding media at cach sensor location using a variety of techniques, and thereby
determine the a characteristic of multi-phase flow of the onc or more media flowing through
the component. For purpose of illustration, and not limitation, the dircet temperature
measurement techniques described above can be used to determine the a condition of multi-
phase flow. Particularly, a feature temperature profile (e.g., including three terperature
measurements corresponding to a heating period, a peak tomperature measurement, and a
cooling period) can be extracted and processed to determine characteristics of the medium
surrounding cach sensor location.

1801097  Alternatively, and as described herein with reference to Fig. 4B, a log-time
regression technique can be used to determine certain characteristics of the mediom
surrounding cach sensor location by further processing the temperature profile at cach
sensor location. That is, by performing the regression of the temperatare over log of time
over an interval of time corresponding to cach heat pulse for each sensor location, the

resulting slope and intercept of the regression can be used to identify charactenistics of the
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mediom. For example, the slope and intercept of sensor locations exposed to a medium
having a flow characteristic can be distinguishable from the slope and intereept of sensor
locations cxposed to the same medium having a stationary characteristic.

{80110} In accordance with another exemplary embodiment of the disclosed subject matter,
the frequency spectrum techniques disclosed herein with reference to Fig, SA-C can be
employed to determine the a condition of multi-phase flow through a component with
increased measureruent sensitivity, accuracy, and/or rehiability. Tn this exeroplary
emboditoent, and as described above, an N-pulse train can be propagated through the
heating wire of the sensing cable 181 with pre-selected parameters, incloding heating cycle
perioed, to, number of heating cycles, N, and current amplitude, Io. The parameters can be
selected according to the operating characteristics of the cormponent sach that the resulting
terperature profile can be measured with a desired signal-to-noise ratio. For example, a
longer heating cycle period or ligher current amplitude can resolt in higher signal-to-noise
ratio relative to a shorter heating cycle period or lower current amplitude. Likewise, an
increase in the number of heating ¢veles can further increase the signal-to-noise ratio. One
of ordinary skill in the art will appreciate that such parameters can be varied depending upon
desired application. For example, if determination of multi-phase flow condition 1s desired
at short time intervals, a shorter heating cveler period and a higher current amplitude can be
cmployed. For purpose of example, and not limitation the heating cyele period can be
approximately several milliscconds to several seconds (i e., the excitation source can be
adapted to deliver a current pulse at approximately 0.01 Hz to 1006 Hz). The current
amplitude can be approximately 1 mA to approximately 1 A, One of ordinary skill in the
art will appreciate that, in accordance with the disclosed subject matter, suitable frequency
and current amplitude can be determined for a particular application by routing testing in

accordance with known methods,
ADDITIONAL EMBODIMENTS

180111} Additionally or alternately, the invention can include one or more of the following
embodiments.

186112} Embodiment 1: a method for detecting a condition of multi-phase flow through a
cormponent having onc or more media flowing thercthrough, comprising: providing within a

component g first sensing cable aligned with a heating element and including at least one
43
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active optical fiber sensor at a first sensing location; providing within the component at lcast
a second scnsing cable including at lcast one optical fiber sensor at a second sensing
location, the second sensing location being at a predetermined distance from the first sensing
location; propagating at least onc heat pulse through the heating clement along at leasta
portion of the first sensing cable to affect an exchange of thermal energy between the
heating element and at lcast one medium exposed to the sensing cable; measuring, over
time, a first teraperature profile of the first sensing cable at the first sensing location
corresponding to the heat pulse; measuring, over time, a second temperature profile of the
seeond sensing cable at the second sensing location corresponding to the heat pulse;
determining a flow velocity of the one or more media Howing through the component by
correlating the fivst temperature profile with the second temperature profile; and detecting a
condition of flow of the one or rore media by determining a phase of the at least one
mediom exposed to the sensing cable at the first seosing location based on the first
termperature profile and the determined flow velocity.

186113} Embodiment 2: the method of any of the previous embodiments, wherein
measuring the temperatire profile corresponding to the heat pulse at the first sensing
location includes measuring at least a heating temperature measurement during propagation
of the heat pulse over the sensor location, a peak temperature measurement, and a cooling
temperature measurement after propagation of the heat pulse over the sensor.

180114} Embodiment 3: the method of any of the previous embodiments, wherein
measuring the temperature profile corresponding to the heat pulse at the first sensing
focation includes measuring a phurality of temperatures over a period of time upon arrival of
the heat pulse at the sensor location.

180118} Embodiment 4: the method of embodiment 3, wherein determining the phase of the
medium exposed to the sensing cable at the first sensing location inchudes performing a
regression of the plurality of temperatures over a logarithm of corresponding measurement
times for a predetermined time window in the period of time to gencrate a slope and an
intercept of the regression, wherein the slope and the intercept relate to the phase of the
medium exposed to the sensing cable at the first sensing location.

180116} Embodiment 5: the method of embaodiment 3 or 4, wherein determining the phase

of the medium exposed to the sensing cable at the first sensing location includes: generating
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a time derivative by calculating a derivative of the plurality of temperature measurements
with respect to time; applying a transform to the time derivative to generate a complex
spectrum; and determining an amplitude and a phasce of the complex spectrum, wherein the
amplitude and the phase of the complex spectrum relate to the phase of the medium exposed
to the sensing cable at first sensing location.

(80117} Embodiment 6: the rocthod of ernbodiment 5, wherein determining the phase of the
media exposed to the sensing cable at the first sensing location {urther includes: generating a
frequency derivative spectrurn by calculating the derivative of the coroplex spectrum with
respect to frequency; and determining an amoplitude and a phase of the frequency derivative
spectrom, wherein the amplitude and the phase of the frequency derivative spectrum relate
to the phase of the medium exposed fo the sensing cable at the first sensing location.

{80118} Embodiment 7 the method of any of the previous embodiments, wherein the first
sensing cable includes an active fiber optic sensor array having a plurality of active sensors,
gach active sensor having a location within the component, the method further comprising:
measuring, over tune, a temperature profile of the first sensing cable at cach of the pharality
ot active sensors corresponding to the heat pulse; and wherein detecting the condition of
flow further comprises determining the phase of the at least one medium exposed to the
sensing cable at each of the phurality of active sensors based on the corresponding
temperature profile and the determined flow velocity.

180119} Embodiment 8: the method of embodiment 7, wherein the plurality of active
sensors are arranged circumferentially along a perimeter of a wall of the component,

180128} Embodiment 9: the method of embodiment 7, wherein the plurality of active
sensors are arranged in a grid pattern over a cross section of the component.

180821] Embodiment 10: the method of embodiment 9, wherein detecting the condition of
flow includes detecting an instantancous phase fraction based upon the determined phase of
the at lcast onc medium at cach of the plurality of active sensors and the location of cach of
the plurality of active sensors within the component.

180122} Embodiment 11: the method of embodiment 9 or 10, wherein detecting the
condition of flow includes detecting flow regime based upon the determined phase of the at
lcast one medinm at cach of the plurality of active sensors over time and the location of cach

of the plurality of active sensors within the component.
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180123} Embodiment 12: the method of embodiment 10 or 11, wherein the second sensing
cable further includes a passive fiber optic sensor array having a plurality passive sensors,
the method further comprising: measuring, over time, a temperature profile of the second
sensing cable cach of the plurality of passive sensors corresponding to the heat pulse; and
determining a flow velocity of the one or more media flowing through the component at
cach of the plurality of active sensors by correlating the temperature profile of cach of the
active sensors with the temperatare profile of at teast a respective one of the passive sensors.
[80124] Embodiment 13: the method of erobodiment 12, wherein detecting the condition of
flow further includes detecting a volumetric and mass flow rate of each phase of the
instantancous phase fraction of the one or more media based upon the determained flow
velocity at cach of the plarality of active sensors, the determuned phase of the at least one
medium at cach of the plurality of active sensors, and the location of each of the plurality of
active sensors within the component.

[83128] Embodiment 14 a system for detecting a condition of multi-phase flow through a
compounent having one or more media flowing therethrough, comprising: a first sensing
cable aligned with a heating element and including at least one active optical fiber sensor at
a first sensing location within a component; at least a second sensing cable including at feast
one optical fiber sensor at a second sensing location, the second sensing location being at a
predetermined distance from the first sensing location; an excitation source configured to
propagate at least one heat pulse through the heating cloment along at least a portion of the
first sensing cable to affect an exchange of thormal energy between the heating clement and
at lcast one medium exposed to the sensing cable; an optical signal interrogator coupled with
the first sensing cable and the second sensing cable, to measure, over time, a first
temperature profile of the first sensing cable at the first sensing location corresponding to
the heat pulse, and a second temperature profile of the second sensing cable at the second
scnsing location corresponding to the heat pulse; a control unit, coupled to the optical signal
interrogator, to determine a flow velocity of the one or more media flowing through the
componcent by correlating the first temperature profile with the sccond temperature profile;
and configured to detect a condition of flow of the once or more media by determining
phase of the at lcast onc medium exposcd to the sensing cable at the first scnsing location

bascd on the first temperature profile and the determined flow velocity,
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180126} Embodiment 15: the system of embodiment 14, wherein the optical signal
interrogator i1s configured to measure the temperature profile corresponding to the heat pulse
at the first sensing location by measuring at least a heating temperature measurement during
propagation of the heat pulse over the sensor location, a peak temperature measurement, and
a conling temperature measurcment afier propagation of the heat pulse over the sensor.
(801271 Embodiment 16: the system of embodiment 14 or 15, wherein the optical signal
interrogator 1s configured fo measure the temperature profile corresponding to the heat pulse
at the first sensing location by measuring a plurality of temperatures over a period of time
upon arrival of the heat pulse at the sensor location,

[80128] Embodiment 17: the system of embodiment 16, wherein the control unit is
configured to determine the phase of the medium exposed to the sensing cable at the fivst
sensing location by performing a regression of the plurality of temperatares over a logarithm
of corresponding measurement times for a predetermuned time window in the period of time
to generate a slope and an intercept of the regression, wherein the slope and the intercept
relate to the phase of the medium exposed to the sensing cable at the first sensing location.
1B8012%9] Embodiment 18: the system of embodiment 16 or 17, wherein the control unit is
configured to determine the phase of the medivm exposed to the sensing cable at the fivst
sensing location by: generating a time derivative by calculating a derivative of the plurality
of temperature measurements with respect to time; applying a transform to the time
derivative to generate a complex spectrum; and determining an amplitude and a phase of the
complex spectrum, wherein the amplitude and the phase of the complex spectrum relate to
the phase of the medium exposed to the sensing cable at first sensing location.

[8013¢] Embodiment 19: the system of embodiment 18, wherein the control unit is
configured to determine the phase of the medium exposed to the sensing cable at the first
sensing location by further: generating a frequency derivative spectrum by calculating the
derivative of the complex spectrum with respect to frequency; and determining an amplitude
and a phase of the frequency derivative spectrum, wherein the amplitude and the phase of
the frequency derivative spectrum relate to the phase of the medium exposed to the sensing
cablc at the first sensing location.

180131} Embodiment 20: the system of embodiment 14, 15, 16, 17, 18 or 19, wherein the

first sensing cable includes an active fiber optic sensor array having a phurality of active
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scnsors, each active sensor having a location within the componcunt; wherein the optical
signal interrogator is further configured to measure, over time, g temperature profile of the
first scnsing cable at cach of the plurality of active sensors corresponding to the heat pulse;
and wherein the control unit is further configured to detect the condition of flow further by
determining the phase of the at least one medium exposed to the sensing cable at cach of the
plarality of active scnsors based on the corresponding temperature profile and the
determined flow velocity.,
{80132} Embodiment 21: the system of embodiment 20, wherein the plurality of active
sensors are arranged civcumferentially along a perimeter of a wall of the component.
{80133} Embodiment 22: the system of embodiment 20 or 21, wherein the plurality of
active sensors are arranged in a grid pattern over a cross section of the component.
[80134] Embodiment 23: the system of embodiment 22, wherein the control umit 1 further
configured to detect the condition of flow by detecting an instantancous phase fraction based
upon the determined phase of the at least one medium at cach of the plurality of active
sensors and the location of each of the plurality of active sensors within the component.
1B0135] Embodiment 24: the system of embodiment 22 or 23, wherein the control unit is
further configured to detect the condition of flow by detecting flow regime based upon the
determined phase of the at least one medium at each of the plurality of active sensors over
time and the location of cach of the plurality of active sensors within the component.
180136] Embodiment 25: the system of embodiment 23 or 24, wherein the second sensing
cable further inchades a passive fiber optic sensor array having a plurality passive sensors;
wherein the optical signal interrogator is further configured to measure, over time, a
temperature profile of the sccond sensing cable cach of the plurality of passive sensors
corresponding to the heat pulse; and wherein the control unit is further configured to
determine a flow velocity of the one or more media flowing through the component at cach
of the plurality of active scnsors by correlating the temperature profile of at lcast a
cspective one of the active sensors with the temperature profile of cach of the passive
SCHSOTS.
(80137} Embodiment 26: the system of embodiment 23, wherein the control unit 1s further
configured to detect the condition of flow by detecting a volumetric and mass flow rate of

cach phasc of the instantancous phase fraction of the one or more media based upon the
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determined flow velocity at cach of the plurality of active sensors, the determined phase of
the at least one medium at cach of the plurality of active sensors, and the location of cach of
the plurality of active sensors within the component.

180138} While the disclosed subject matter 18 described herein in terms of certain
exemplary embodiments, those skilled in the art will recognize that various modifications
and improvements can be made to the disclosed subject matter without departing from the
scope thereof, Moreover, although individual features of one embodiment of the disclosed
subject toatter can be discussed herein or shown in the drawings of the one embodiment and
not in other erobodiments, it should be apparent that individual features of one embodiment
can be combined with one or more featares of another crobodiment or features from a
plurality of embodiments.

[80139] In addition to the specific embodiments claimed below, the disclosed sabject
matter is also directed to other embodiments having any other possible combination of the
dependent features clatmed below and those disclosed above. As such, the particular
features presented in the dependent claims and disclosed above can be combined with cach
other in other manners within the scope of the disclosed subject matter such that the
disclosed subject matter should be recognized as also specifically directed to other
cembodiments having any other possible combinations. Thus, the foregoing description of
specific embodiments of the disclosed subject matter has been presented for purposes of
itlfustration and description. It is not intended to be exhaustive or to limit the disclosed
subject matter to those embodiments disclosed.

186146} 1t will be apparent to those skilled in the art that various modifications and
variations can be made in the method and system of the disclosed subject matter without
departing from the spirit or scope of the disclosed subject matter. Thus, it is intended that
the disclosed subject matter include modifications and variations that are within the scope of

the appended claims and their equivalents.
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CLAIMS

L. A method for detecting a condition of multi-phase flow through a component

having one or more media Howing therethrough, comprising:

providing within a component a first sensing cable aligned with a heating

element and including at least one active optical fiber sensor at a first sensing location;

providing within the component at least a second sensing cable including at
least one optical fiber sensor at a sceond sensing location, the second sensing location being

at a predetermined distance from the first sensing location;

propagating at lcast one heat pulse through the heating element along at least
a portion of the first sensing cable to affect an exchange of thermal encrgy between the

heating clement and at least one medium exposed to the sensing cable;

measuring, over time, a first tomperature profile of the first sensing cable at

the first sensing location corresponding to the heat pulse;

measuring, over time, a second temperature profile of the second sensing

cable at the sccond sensing location corresponding to the heat pulse;

determining a flow velocity of the one or more media flowing through the
cormponent by correlating the first temperature profile with the second teraperature profile;

and

detecting a condition of flow of the one or more media by determining a
phase of the at least one medium cxposed to the scnsing cable at the first sensing location

based on the first temperature profile and the determined flow velocity.

2. The method of claim 1 or claim 2, wherein measuring the temperature profile
corresponding to the heat pulse at the first sensing location includes measuring at least a
heating temperature measurernent during propagation of the heat pulse over the sensor
location, a peak temperature measurement, and a cooling temperature measurement afler

propagation of the heat pulse over the sensor.
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3. The method of claim 1 or claim 2, wherein measuring the temperature profile

corresponding to the heat pulse at the first sensing location includes measuring a plurality of

temperatures over a period of time upon arrival of the heat pulse at the sensor location.

4. The method of claim 3, wherein determining the phase of the medium
exposed to the sensing cable at the first sensing location includes performing a regression of
the plurality of temperaturcs over a logarithm of corresponding measurement times for a
predetermined time window in the period of time to generate a slope and an intercept of the

cgression, wherein the slope and the intercept relate to the phase of the mediom cxposed to

the sensing cable at the first sensing location.

5. The method of claim 3, wherein determining the phase of the medium

exposed to the sensing cable at the first sensing location includes:

generating a tirae derivative by calculating a derivative of the plurality of

temperature measarements with respect to time;

applying a transform to the time derivative to gencrate a complex spectrum;

and

determining an araplitude and a phase of the complex spectrum, wherein the
aroplitude and the phase of the coroplex spectrum relate to the phase of the medium exposed

to the sensing cable at first sensing location.

6. The method of claim S, wherein determining the phase of the media exposed

to the sensing cable at the first sensing location further inclades:

generating a frequency derivative spectrum by calculating the derivative of

the complex spectrum with respect to frequency; and

determining an amplitade and a phase of the frequency derivative spectram,
wherein the amplitude and the phase of the frequency derivative spectrur relate to the phase
of the mediurn exposed to the sensing cable at the first sensing location,
7. The method according to anyone of the preceding claims, whercin the first
sensing cable includes an active fiber optic sensor array having a plurality of active sensors,

gach active sensor having a location within the component, the method further comprising:
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measuring, over time, g temperature profile of the first sensing cable at cach
of the plurality of active sensors corresponding to the heat pulse; and

wherein detecting the condition of flow further comprises determining the
phase of the at least one medium cxposed to the sensing cable at cach of the plurality of

active scnsors based on the corresponding temperature profile and the determined flow

velocity.
8. The method of claim 7, wherein the plurality of active sensors are arranged

circurnferentially along a perimeter of a wall of the component.

9. The method of claim 7, wherein the plurality of active sensors are arranged in

a grid pattern over a cross section of the component.

18, The method of claim 9, wherein detecting the condition of flow includes
detecting an instantancous phasc fraction based upon the determined phase of the at least
one medium at cach of the plurality of active sensors and the location of cach of the plurality

of active scnsors within the component.

11, The method of claim 9, wherein detecting the condition of flow includes
detecting flow regime based upon the determined phase of the at least one medium at each
of the plurality of active sensors over time and the location of each of the plarality of active

sensors within the cowponent.

12, Themethod of claim 10, wherein the second sensing cable further inchudes a
passive fiber optic sensor array having a phurality passive sensors, the method forther

COMPrISIng:

measuring, over tune, a temperature profile of the second sensing cable cach

of the plurality of passive sensors corresponding to the heat pulse; and

determining a How veloeity of the one or more media flowing through the
cormpounent at cach of the plurality of active sensors by correlating the temperature profile of
cach of the active sensors with the teroperature profile of at least a respective one of the

pﬁSSi\/Q SCUSOTS,

13. The method of claim 12, wherein detecting the condition of flow further

includes detecting a volumetric and mass flow rate of each phase of the instantancous phase
57
ey



WO 2015/099818 PCT/US2014/032134

fraction of the one or more media based upon the determined flow velocity at each of the
plurality of active sensors, the determined phase of the at least one muedium at each of the
plurality of active sensors, and the location of cach of the plurality of active sensors within

the component.

14, A system for detecting a condition of multi-phase flow through a component

having one or more media flowing therethrough, comprising:
& E ped

a first sensing cable aligned with a heating clement and inchuding at least one

active optical fiber sensor at a first sensing location within a component;

at least a sceond sensing cable including at fecast one optical fiber scnsor at a
second sensing location, the sccond sensing location being at a predetermined distance from

the first scnsing location;

an ¢xcitation source configurcd to propagate at least one heat pulse through
the heating clement along at feast a portion of the first sensing cable to affect an exchange of
thermal encrgy between the heating element and at least one medium exposed to the sensing

cable;

an optical signal interrogator coupled with the first sensing cablc and the
second sensing cable, to measure, over time, a first tevoperature profile of the first sensing
cable at the first sensing location corresponding to the heat pulse, and a second temperature
profile of the second sensing cable at the second sensing location corresponding to the heat

pulse;

a coutrol unit, coupled to the optical signal interrogator, to determune a flow
veloeity of the one or more media flowing through the component by correlating the first
temperature profile with the second temperature profile; and configured to detect a condition
of flow of the one or more media by determining a phase of the at least one medium exposed
to the sensing cable at the first sensing location based on the first temperature profile and the

determined flow velocity.

15, The system of claim 14, wherein the optical signal interrogator is configured
to measure the temperature profile corresponding to the heat pulse at the first sensing

location by measuring at least a heating temperature measurement during propagation of the
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heat pulse over the scnsor location, a peak temperature measurement, and a cooling

temperature measurement after propagation of the heat pulse over the sensor.

6. The system according to claims 14 or claim 15, wherein the optical signal
interrogator s configured to measure the temperature profile corresponding to the heat pulse
at the first sensing location by measuring a plurality of temperatures over a period of time

upon arrival of the heat pulse at the sensor location.

17. The system of claim 16, wherein the control unit is configured to determine
the phase of the medium exposed to the sensing cable at the first sensing location by
performing a regression of the plurality of temperatures over a logarithm of corresponding
measurement times for a predetermined time window in the period of time to generate a
slope and an intercept of the regression, wherein the slope and the intercept relate to the
phase of the medium exposed to the sensing cable at the first sensing location.

18, The gsystem of claim 16, wherein the control unit is configured to deternune
the phase of the medium exposed to the sensing cable at the first sensing location by:

generating a time derivative by calculating a derivative of the plurality of
termperature measurements with respect to time;

applying a transform to the time derivative to generate a complex spectrum;
and

determining an amplitude and a phase of the complex spectrum, wherein the
amplitude and the phase of the complex spectrum relate o the phase of the medium exposed
to the sensing cable at first sensing location.

19, The system of claim 18, wherein the control unit is configured to determine
the phase of the medinm exposed to the sensing cable at the first sensing location by further:

generating a frequeney derivative spectrum by calculating the derivative of
the coroplex spectrum with respect to frequency; and

determuning an aroplitude and a phase of the frequency derivative spectrum,
wherein the amplitude and the phase of the frequency derivative spectrum relate to the phase

of the medium exposed to the sensing cable at the first sensing location.
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20, The system according to anyone of claims 14-19, wherein the first sensing
cable includes an active fiber optic sensor array having a plurality of active sensors, cach

active scnsor having a location within the component;

wherein the optical signal interrogator 1s further configured to measure, over
time, a temperature profile of the first sensing cable at each of the plurality of active sensors

corresponding to the heat pulse; and

whercin the control unit is further configured to detect the condition of flow
further by determining the phase of the at least one medium exposed to the sensing cable at
cach of the plurality of active sensors based on the corresponding temperature profile and

the determined flow velocity.

21, The system of claim 20, wherein the plurality of active sensors are arranged

circumferentially along a perimeter of a wall of the component.

22, The system of claim 20, wherein the plurality of active sensors are arranged

in a grid pattern over a cross scction of the component.

23, The system of claim 22, wherein the control unit is further configured to
detect the condition of flow by detecting an instantancous phasc fraction based upon the
determuned phase of the at least one mediurn at each of the plurality of active sensors and the

tocation of each of the plurality of active sensors within the component.

24, The system of claim 22, wherein the control untt 8 further configured to
detect the condition of flow by detecting flow regime based apon the determined phase of
the at least one medium at each of the plarality of active sensors over time and the location

of cach of the plurality of active sensors within the component.

25, The system of claim 23, wherein the second sensing cable farther includes a

passive fiber optic sensor array having a phurality passive sensors;

wherein the optical signal interrogator 1s further configured to measure, over
time, a temperature profile of the second sensing cable cach of the phurality of passive

sensors corresponding to the heat pulse; and

wherein the control unit is further configured to determine a flow velocity of

the one or more media Howing through the coraponent at each of the plurality of active
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scnsors by correlating the temperature profile of at least a respective one of the active

sensors with the temperature profile of each of the passive sensors,

26. The system of claim 23, wherein the control unit is further configured to
detect the condition of flow by detecting a volumctric and mass flow rate of cach phasc of
the instantancous phase fraction of the one or more media based upon the determined flow
velocity at cach of the plurality of active sensors, the determined phase of the at least one
mediom at each of the plurality of active sensors, and the location of cach of the plurality of

active sensors within the component.



