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APPARATUS, SYSTEMS, AND METHODS FOR NON-INVASIVE
THERMAL INTERROGATION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. provisional patent application serial
number 62/869,208, filed on 1 July 2019, the contents of which are incorporated herein
by reference.

BACKGROUND

[0002] Temperature sensors and other thermal sensing systems are important in
many different technological fields and applications. Of particular importance are
temperature sensors and other thermal sensing systems that are non-invasive. The
technology in this application is directed to non-invasive thermal interrogation apparatus,
systems, and methods that provide improved reliability, accuracy, cost, complexity, size,
ease of manufacture, ease of use, computational time, processing power required,

response time, and applicability across different industries.

[0003] Non-Invasive Thermal Interrogation (NITI) provides non-destructive testing
and monitoring using thermal sensing. Non-Invasive Thermal Interrogation (NITI) is
conducted using simultaneous combinations of surface temperature signals and surface
heat transfer (e.g., heat flux) signals. When measured simultaneously on an object or
system surface, the surface temperature and surface heat flux signals may be used to
non-invasively determine internal parameters (e.g., thermal conductivity, density, heat
capacity, convection coefficient, steady-state thermal resistance, etc.) and internal
temperature distribution (e.g., an internal temperature profile) of the internal region of the
object or system. The internal temperature distribution of the object or system is typically
a function of the internal parameters. Depending on the object or system undergoing NITI
and/or NITI application, the internal parameters may vary. The internal parameters and
internal temperature distribution are defined as internal properties of the object or system.
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[0004] Because NITI allows for the non-destructive testing and monitoring of an
object or system whenever thermal signals are present, NITI may be utilized in many
diverse applications. In cases where sufficient thermal signals are not present, they can
be generated at the object or system surface.

SUMMARY

[00044a] In an aspect, the present disclosure refers to a system for non-invasive
sensing of an object having a volume with a surface and an internal region, comprising:
a non-invasive sensor including: a heat flux sensor having one or more heat flux sensor
output terminals; a temperature sensor having one or more temperature sensor output
terminals, wherein the non-invasive sensor is adapted to be placed on or near the surface
of the object, where the internal region of the object has internal properties indicated by
corresponding internal parameter(s) and an internal temperature distribution. The heat
flux sensor is arranged to produce a voltage that is related to heat transfer leaving or
entering the object at the surface by a calibration constant, a sensitivity constant, a
calibration curve, or a sensitivity curve associated with the heat flux sensor. Circuitry,
coupled to the one or more heat flux sensor output terminals and the one or more
temperature sensor output terminals, to: receive a measured temperature signal from the
temperature sensor at one or more specified times; receive a measured heat flux signal
from the heat flux sensor at one or more specified times; determine an estimated
indicative quantity for one or more of the internal properties at one or more specified times
based on at least the measured temperature signal and the measured heat flux signal;
and generate information indicating one or more of the estimated indicative quantit(ies)
determined for the internal propert(ies) of the object at one or more specified times.

[0004b] In another aspect, the present disclosure refers to a system for non-invasive
sensing of an object having a volume with a surface and an internal region, comprising:
a first non-invasive, heat flux sensor-temperature sensor pair; a second non-invasive,
heat flux sensor-temperature sensor pair; each of the first and second non-invasive, heat
flux sensor-temperature sensor pairs including: a heat flux sensor having one or more
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heat flux sensor output terminals; a temperature sensor having one or more temperature
sensor output terminals, wherein the first and second non-invasive, heat flux sensor-
temperature sensor pairs are adapted to be placed at different locations on or near the
surface of the object and are subject to a differential heat flux environment, and where
the internal region of the object has internal properties indicated by corresponding internal
parameter(s) and an internal temperature distribution, circuitry, coupled to the one or
more heat flux sensor output terminals and the one or more temperature sensor output
terminals of each of the first and second non-invasive, heat flux sensor-temperature
sensor pairs, and configured to: receive a first measured temperature signal from the
temperature sensor in the first non-invasive, heat flux sensor-temperature sensor pair at
one or more specified times; receive a first measured heat flux signal from the heat flux
sensor in the first non-invasive, heat flux sensor-temperature sensor pair at one or more
specified times; receive a second measured temperature signal from the temperature
sensor in the second non-invasive, heat flux sensor-temperature sensor pair at one or
more specified times; receive a second measured heat flux signal from the heat flux
sensor in the second non-invasive, heat flux sensor-temperature sensor pair at one or
more specified times; determine an estimated indicative quantity for one or more of the
internal properties of the object at one or more specified times based on at least the
measured temperature signals from the temperature sensors in the first and second non-
invasive, heat flux sensor-temperature sensor pairs at one or more specified times and
the measured heat flux signals from the heat flux sensors in the first and second non-
invasive, heat flux sensor-temperature sensor pairs at one or more specified times; and
generate information indicating one or more of the estimated indicative quantit(ies)
determined for the internal propert(ies) of the object at one or more specified times.

[0004c] In another aspect, the present disclosure refers to a non-invasive sensor
adapted to be placed on or near a surface of an object having a volume with a surface
and an internal region, where the internal region of the object has internal properties
indicated by corresponding internal parameter(s) and an internal temperature distribution,
the non-invasive sensor comprising: a non-invasive, heat flux sensor-temperature sensor
pair; the non-invasive, heat flux sensor-temperature sensor pair including: a heat flux
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sensor having one or more heat flux sensor output terminals to provide a measured heat
flux signal for a location on or near the surface of the object, and a temperature sensor
having one or more temperature sensor output terminals to provide a measured
temperature signal for a location on or near the surface of the object, wherein the heat
flux sensor includes two or more thermocouple junctions connected in series to provide
a voltage output that is indicative of a temperature difference across a given thermal

resistance

[0004d] In another aspect, the present disclosure refers to a non-invasive sensor
adapted to be placed on or near a surface of an object having a volume with a surface
and an internal region, where the internal region of the object has internal properties
indicated by corresponding internal parameter(s) and an internal temperature distribution,
the non-invasive sensor comprising: a first non-invasive, heat flux sensor-temperature
sensor pair; a second non-invasive, heat flux sensor-temperature sensor pair; each of the
first and second non-invasive, heat flux sensor-temperature sensor pairs including: a heat
flux sensor having one or more heat flux sensor output terminals; a temperature sensor
having one or more temperature sensor output terminals, wherein the first and second
non-invasive, heat flux sensor-temperature sensor pairs are adapted to be placed at
different locations on or near the surface of the object and are subject to a differential

heat flux environment.

[0005] At least some examples provide a system for non-invasive sensing of an
object having a volume with a surface and an internal region. The system comprises a
non-invasive sensor including: a heat flux sensor having one or more heat flux sensor
output terminals, and a temperature sensor having one or more temperature sensor
output terminals. The non-invasive sensor may be placed on or near the surface of the
object. The internal region of the object has internal properties indicated by corresponding
internal parameters and an internal temperature distribution. Control circuitry, coupled to
the one or more heat flux sensor output terminals and the one or more temperature sensor

output terminals, is adapted to: receive a measured temperature signal from the
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temperature sensor at one or more specified times; receive a measured heat flux signal
from the heat flux sensor at the one or more specified times; determine a measure of heat
transfer leaving or entering the object at the surface based on the measured heat flux
signal at the one or more specified times; determine a value for each of the internal
parameters at the one or more specified times; determine an internal temperature
distribution of the internal region of the object at the one or more specified times based
on the measured temperature signal, the measured heat flux signal, and the values of the
internal parameters; and generate information indicating the internal temperature
distribution of the internal region of the object at the one or more specified times.

[0006] At least some examples provide a system for non-invasive sensing of an
object having a volume with a surface and an internal region. The system includes a non-
invasive sensor including: a heat flux sensor having one or more heat flux sensor output
terminals, and a temperature sensor having one or more temperature sensor output
terminals. The non-invasive sensor is adapted to be placed on or near the surface of the
object, and the internal region of the object has internal properties indicated by

corresponding internal parameters and an internal temperature distribution. Control
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circuitry, coupled to the one or more heat flux sensor output terminals and the one or
more temperature sensor output terminals, is adapted to: receive a measured
temperature signal from the temperature sensor at one or more specified times; receive
a measured heat flux signal from the heat flux sensor at the one or more specified times;
determine estimated values for one or more of the internal parameters at the one or more
specified times based on the measured temperature signal and the measured heat flux
signal; and generate information indicating one or more of the estimated values
determined for the internal parameters at the one or more specified times.

[0007] At least some examples provide a system for non-invasive sensing of an
object having a volume with a surface and an internal region. The system comprises a
first non-invasive, heat flux sensor-temperature sensor pair and a second non-invasive,
heat flux sensor-temperature sensor pair. Each of the first and second non-invasive, heat
flux sensor-temperature sensor pairs includes a heat flux sensor having one or more heat
flux sensor output terminals and a temperature sensor having one or more temperature
sensor output terminals. The first and second non-invasive, heat flux sensor-temperature
sensor pairs may be placed at different locations on or near the surface of the object. The
internal region of the object has internal properties indicated by corresponding internal
parameters and an internal temperature distribution. Control circuitry, coupled to the one
or more heat flux sensor output terminals and the one or more temperature sensor output
terminals of each of the first and second non-invasive, heat flux sensor-temperature
sensor pairs, is configured to: receive a first measured temperature signal from the
temperature sensor in the first non-invasive, heat flux sensor-temperature sensor pair at
one or more specified times; receive a first measured heat flux signal from the heat flux
sensor in the first non-invasive, heat flux sensor-temperature sensor pair at the one or
more specified times; receive a second measured heat flux signal from the heat flux
sensor in the second non-invasive, heat flux sensor-temperature sensor pair at the one
or more specified times; determine a value for each of the internal parameters at the one
or more specified times; determine an internal temperature distribution at the one or more
specified times based on the measured temperature signals from the temperature
sensors in the first and second non-invasive, heat flux sensor-temperature sensor pairs

at the one or more specified times, the measured heat flux signals from the heat flux
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sensors in the first and second non-invasive, heat flux sensor-temperature sensor pairs
at the one or more specified times, and the values of the internal parameters at the one
or more specified times; and generate information indicating the internal temperature
distribution at the one or more specified times.

[0008] At least some examples provide a system for non-invasive sensing of an
object having a volume with a surface and an internal region, comprising a first non-
invasive, heat flux sensor-temperature sensor pair and a second non-invasive, heat flux
sensor-temperature sensor pair. Each of the first and second non-invasive, heat flux
sensor-temperature sensor pairs includes a heat flux sensor having one or more heat flux
sensor output terminals and a temperature sensor having one or more temperature
sensor output terminals. The first and second non-invasive, heat flux sensor-temperature
sensor pairs may be placed at different locations on or near the surface of the object. The
internal region of the object has internal properties indicated by corresponding internal
parameters and an internal temperature distribution. Control circuitry, coupled to the one
or more heat flux sensor output terminals and the one or more temperature sensor output
terminals of each of the first and second non-invasive, heat flux sensor-temperature
sensor pairs, is configured to: receive a first measured temperature signal from the
temperature sensor in the first non-invasive, heat flux sensor-temperature sensor pair at
one or more specified times; receive a first measured heat flux signal from the heat flux
sensor in the first non-invasive, heat flux sensor-temperature sensor pair at the one or
more specified times; receive a second measured temperature signal from the
temperature sensor in the second non-invasive, heat flux sensor-temperature sensor pair
at the one or more specified times; receive a second measured heat flux signal from the
heat flux sensor in the second non-invasive, heat flux sensor-temperature sensor pair at
the one or more specified times; determine an initial value for each of the internal
parameters at the one or more specified times; determine one or more internal
parameters of the object at the one or more specified times based on the measured
temperature signals from the temperature sensors in the first and second non-invasive,
heat flux sensor-temperature sensor pairs at the one or more specified times and the
measured heat flux signals from the heat flux sensors in the first and second non-invasive,

heat flux sensor-temperature sensor pairs at the one or more specified times, and the
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values of the internal parameters at the one or more specified times; and generate
information indicating one or more internal parameters of the object at the one or more
specified times.

[0009] At least some examples provide a non-invasive sensor that may be placed
on or near a surface of an object having a volume with an internal region, where the
internal region of the object has internal properties indicated by corresponding internal
parameters and an internal temperature distribution. The non-invasive sensor comprises
a non-invasive, heat flux sensor-temperature sensor pair that includes a heat flux sensor
having one or more heat flux sensor output terminals to provide a measured heat flux
signal for the surface of the object, and a temperature sensor having one or more
temperature sensor output terminals to provide a measured temperature signal for the
surface of the object. The heat flux sensor and temperature sensor are configured to be
subject to the same thermal conditions.

[0010] At least some examples provide a non-invasive sensor that may be placed
on or near a surface of an object having a volume with a surface and an internal region.
The non-invasive sensor comprises a first non-invasive, heat flux sensor-temperature
sensor pair and a second non-invasive, heat flux sensor-temperature sensor pair. Each
of the first and second non-invasive, heat flux sensor-temperature sensor pairs includes
a heat flux sensor having one or more heat flux sensor output terminals and a temperature
sensor having one or more temperature sensor output terminals. The first and second
non-invasive, heat flux sensor-temperature sensor pairs are adapted to be placed at
different locations on or near the surface of the object, where the internal region of the
object has internal properties indicated by corresponding internal parameters and an
internal temperature distribution.

[0011] Further aspects, features and advantages of the technology presented in
this application will be apparent from the following description of examples, which is to be
read in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES

[0012] Figure 1 shows an example of a heat flux sensor having a thickness t, a
width W, and a length H in accordance with an example heat flux sensor embodiment.
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[0013] Figure 2A shows a cross-section of a differential thermopile that includes a

thermal resistance layer in accordance with an example embodiment.

[0014] Figure 2B shows a cross-section of a differential thermopile that includes a
thermal resistance layer and may be easier to manufacture in accordance with an

example embodiment.

[0015] Figure 3 shows an example where heat flux is imposed across a junction,
and the flow of heat is generally restricted to conduction through the contact spots.

[0016] Figure 4 shows a cross-section of an example CHFT+ embodiment that
includes a heat flux sensor and a temperature sensor placed on a surface of an object
with unknown internal properties where a heater (external thermal device) is placed on
the heat flux sensor.

[0017] Figure 5 shows a cross-section of an example CHFT- embodiment that
includes a heat flux sensor and a temperature sensor placed on a surface of an object

with unknown internal properties.

[0018] Figure 6A shows a cross-section of an example CHFT- embodiment that
includes a heat flux sensor, a temperature sensor, and a piece of insulation on the heat

flux sensor and temperature sensor (i.e., heat flux sensor —temperature sensor pair).

[0019] Figure 6B shows a cross-section of an example CHFT- embodiment that
includes a heat flux sensor, a temperature sensor, and a piece of insulation on the heat
flux sensor and temperature sensor (i.e., heat flux sensor — temperature sensor pair) as

well as a portion of the surrounding object area.

[0020] Figure 6C shows a cross-section of an example CHFT- embodiment that
includes a heat flux sensor, a temperature sensor, and a piece of insulation on and
surrounding the heat flux sensor and temperature sensor (i.e., heat flux sensor —

temperature sensor pair).
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[0021] Figure 7A shows a cross-section of an example CHFT+ embodiment that
includes a heat flux sensor, a temperature sensor, and an external thermal device (e.g.,

a heater).

[0022] Figure 7B shows a cross-section of an example CHFT+ embodiment that
includes a heat flux sensor, a temperature sensor, and an external thermal device (e.g.,
a heater) that provides a thermal event to the heat flux sensor — temperature sensor pair.

[0023] Figure 7C shows an example CHFT+ embodiment which includes a
temperature sensor, a heat flux sensor, a heater, and corresponding output terminals.

[0024] Figure 7D shows a cross-section of an example CHFT+ embodiment that
includes a heat flux sensor, a temperature sensor, and an external thermal device (e.g.,
a heater), where the temperature sensor is located between the heat flux sensor and the

external thermal device.

[0025] Figure 7E shows a cross-section of an example CHFT+ embodiment that
includes a heat flux sensor, a temperature sensor, and an external thermal device (e.g.,
a heater), where the temperature sensor is located within the heat flux sensor.

[0026] Figure 7F shows a cross-section of an example CHFT+ embodiment that
includes a heat flux sensor, a temperature sensor, and an external thermal device (e.g.,
a heater), where the heat flux sensor and the temperature sensor are separated by a

substrate.

[0027] Figure 7G shows a cross-section of an example CHFT+ embodiment that
includes a heat flux sensor, a temperature sensor, and an external thermal device (e.g.,
a heater), where the heat flux sensor and the temperature sensor are separated by a
substrate and the temperature sensor is surrounded by thermally compatible materials.

[0028] Figure 8 is a function block diagram that illustrates an example NITI system
to perform NITI with a CHFT-.

[0029] Figure 9 is a function block diagram that illustrates an example NITI system
to perform NITI with a CHFT+.
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[0030] Figure 10 is a flowchart outlining non-limiting example procedures
performed by the control circuitry in an example NITI system that includes a NITI sensor
for determining one or more internal properties of an object, including an internal
temperature distribution of the object at one or more specified times using measured heat

flux, measured temperature, and determined values of internal parameters of the object.

[0031] Figure 11 is a flow diagram showing example procedures for a parameter
estimation scheme performed by the control circuitry in a NIT| system.

[0032] Figure 12 shows a cross-section of an example DUO (parallel sensor pairs)
CHFT+ (with a heater) embodiment placed on a surface of an object with unknown
internal properties.

[0033] Figure 13 shows a cross-section of an example DUO (parallel sensor pairs)
CHFT- embodiment with different amounts of thermal insulation on each sensor node.

[0034] Figure 14 shows a cross-section of an example DUO (parallel sensor pairs)
CHFT- embodiment with one CHFT- node incorporating thermal insulation while the other

is exposed.

[0035] Figure 15 shows a cross-section of an example DUO (parallel sensor
nodes) CHFT+/- sensing embodiment where one sensor node incorporates a CHF T+ and
one incorporates a CHFT-.

[0036] Figure 16 shows a cross-section of an example DUO (parallel sensor pairs)
CHFT- embodiment where neither sensor node has thermal insulation.

[0037] Figure 17 is a function block diagram that illustrates an example NITI
system to perform NITI with two non-invasive heat flux sensor —temperature sensor pairs
operating in parallel for determining one or more internal properties of an object.

[0038] Figure 18A is a flow diagram showing example procedures related to a

differential based data processing method performed by the control circuitry.
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[0039] Figure 18B is a flow diagram showing example procedures related to a
differential based data processing method performed by the control circuitry in steady-
state conditions.

[0040] Figure 19A is a flow diagram showing example procedures related to a
quotient based data processing method performed by the control circuitry.

[0041] Figure 19B is a flow diagram showing example procedures related to a
quotient based data processing method performed by the control circuitry in steady-state
conditions.

[0042] Figure 20 is a flowchart outlining non-limiting example procedures for an
example DUO NITI embodiment using two non-invasive heat flux sensor — temperature

sensor pairs for determining one or more internal parameters of an object.

[0043] Figure 21 is a flowchart outlining non-limiting example procedures for an
example DUO NITI embodiment using two non-invasive heat flux sensor — temperature

sensor pairs for determining an internal temperature distribution of an object.
[0044] Figure 22 shows an example application to blood perfusion (flow) in tissue.

[0045] Figure 23 is a graph that shows the parameter estimation scheme’s ability

to determine an optimal perfusion (w) value when used with experimental data.

[0046] Figure 24 is a graph illustrating an example of matching between a
calculated (output) sensor temperature curve and a measured (input) sensor temperature
for an example CHFT+ blood perfusion embodiment.

[0047] Figure 25 is a graph illustrating an example of mismatching between a
calculated (output) sensor temperature curve and a measured (input) sensor temperature
for an example CHFT+ blood perfusion embodiment.

[0048] Figure 26 is a graph illustrating the differing sensitivity of the calculated
(output) sensor temperature curve to internal parameters over time in the example blood

perfusion application.
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[0049] Figure 27 is a graph showing results of an example DUO CHFT+
embodiment and an example Periodic CHFT+ embodiment when used to measure
perfusion rate of a perfusing pseudo tissue.

[0050] Figure 28 is a graph showing results of an example CHFT+ embodiment
(Active Thermometry) when used to measure the core temperature of perfusing pseudo
tissue.

[0051] Figure 29 is a graph showing results of an example CHFT- embodiment
(Passive Thermometry) when used to measure the core temperature of perfusing pseudo
tissue.

[0052] Figure 30 is a graph showing results of an example CHFT+ ZHF

embaodiment (Zero Heat-Flux Thermometry) when used to measure the core temperature

of perfusing pseudo tissue.

[0053] Figure 31 shows another application of the technology to determining one

or more parameters related to fluid flowing in a pipe or other conduit.

[0054] Figure 32 is a graph showing an example correlation developed with

experimental measurements for fluid flow in a copper pipe.

[0055] Figure 33 is a graph showing the parameter estimation scheme’s ability in
determining the optimal convection coefficient (h) value when used with experimental

data.

[0056] Figure 34 is a graph showing an example of matching between a calculated
(output) sensor temperature curve and a measured (input) sensor temperature for an
example CHFT+ fluid flow in copper piping embodiment.

[0057] Figure 35 is a graph showing results of an example CHFT+ embodiment
(Active Thermometry) when used to measure the internal temperature of fluid flow within

a copper pipe.
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[0058] Figure 36 is a graph showing results of an example DUO CHFT+/-
embodiment (one sensor node with heater and one sensor node without) when used to
measure the internal temperature of fluid flow within a copper pipe.

[0059] Figure 37 is a graph showing results of an example DUO CHFT+/-
embodiment (one sensor node with heater and one sensor node without) when used to
measure the internal temperature of fluid flow within a CPVC pipe.

DESCRIPTION OF EXAMPLES

[0060] Some specific examples will be discussed below. It will be appreciated that
the invention is not limited to these particular examples.

[0061] The following description sets forth example embodiments for purposes of
explanation and not limitation. But it will be appreciated by those skilled in the art that
other example embodiments may be employed apart from these specific details. In some
instances, detailed descriptions of well-known methods, interfaces, circuits, and devices
are omitted so as not to obscure the description with unnecessary detail. Individual blocks
are shown in some figures. Those skilled in the art will appreciate that the functions of
those blocks may be implemented using individual hardware circuits, using software
programs and data in conjunction with a suitably programmed digital microprocessor or
general purpose computer, and/or using applications specific integrated circuitry (ASIC),
and/or using one or more digital signal processors (DSPs). Software program instructions
and/or data may be stored on a non-transitory, computer-readable storage medium, one
or more clouds, one or more servers, and when the instructions are executed by a
computer or other suitable processor control, the computer or processor performs the
functions associated with those instructions.

[0062] The term signal is used herein to encompass any signal that transfers
energy and/or information from one position or region to another in an electrical,
electronic, electromagnetic, magnetic, or mechanical (e.g., ultrasonic signals) form.
Signals may be conducted from one position or region to another by electrical or magnetic
conductors, but the term signals also includes light and other electromagnetic forms of

11
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signals and other signals transferred through non-conductive regions due to electrical,
electronic, electromagnetic, magnetic, or elastic effects. Signals include both analog and
digital signals. An analog electrical signal includes information in the form of a
continuously variable physical quantity, such as voltage. A digital electrical signal includes
information in the form of discrete values of a physical characteristic, which could also be,

for example, voltage.

[0063] A component, layer, or other structure is thermally conductive or thermally
conducting if it sufficiently conducts thermal energy (e.g., thermal energy transferred by
conduction, radiation, and/or convection) from one position or region to another that
operations in the other position or region can be affected by the thermal energy. The term
sensing means obtaining information from a physical stimulus, and therefore, sensing
includes actions such as detecting, measuring, and so forth. Thermal sensing is sensing
of a thermal stimulus such as heat, temperature, or random kinetic energy of molecules,
atoms, or smaller components of matter. A thermal sensor is an electronic device that
performs thermal sensing and generates signals related to thermal energy. If thermal
energy includes information, then a thermal sensor or combinations of thermal sensors
that detect the thermal energy may be able to sense the information. Depending on the
context, different forms and/or types of thermal energy and related thermal signals, as
used in this application, may be regarded as heat transfer, heat transfer signals,
temperature, and temperature signals.

[0064] Unless the context indicates otherwise, the terms circuitry and circuit refer
to structures in which one or more electronic components have sufficient electrical
connections to operate together or in a related manner. In some instances, an item of
circuitry can include more than one circuit. An item of circuitry that includes a processor
may sometimes be separated into hardware and software components; in this context,
software refers to stored data that controls operation of the processor or that is accessed
by the processor while operating, and hardware refers to components that store, transmit,
and operate on the data. Circuitry can be described based on its operation or other
characteristics. For example, circuitry that performs control operations is sometimes

12
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referred to as control circuitry, and circuitry that performs processing operations is

sometimes referred to as processing circuitry.

[0065] In general, sensors, processors, and other such items may be included in a
system in which they are operated automatically or partially automatically. The term
system refers to a combination of two or more parts or components that can perform an

operation together. A system may be characterized by its operation.

[0066] An integrated structure is a structure with electrical components and
connections produced by microfabrication or similar processes. An integrated structure
may, for example, be on or over a substrate on which it was produced or another suitable
support structure. Other components could be on the same support structure with an
integrated structure, such as discrete components produced by other types of processes.

[0067] Thermal based sensing and monitoring is typically performed with only
temperature sensors and/or temperature signals. For example, in order to determine the
internal temperature of an object or system, invasive temperature probes are inserted at
a prescribed depth of interest. An example uses invasive temperature probes that are
inserted in thermowells to measure internal flow temperature within a pipe or conduit.
Thermowell placement typically requires complicated procedures where the pipe or
conduit surface is drilled and/or otherwise penetrated in order to place the thermowell
within the internal fluid flow. A temperature sensor (e.g., thermocouple, resistance
temperature device (RTD), thermistor, thermometer, etc.) is then inserted within the
thermowell where it is protected from the fluid flow. Due to heat capacity of the thermowell,
the response time of temperature sensors within them is slowed. Additionally, because
thermowell walls may conduct heat out of (or into) the pipe or conduit, temperature sensor
accuracy may be negatively impacted. Typically, this approach in measuring fluid flow
temperature is more accurate than, for example, measuring surface temperature
measurements of the pipe or conduit. However, due to the invasive nature of such
technology, a number of design considerations typically take place before their use.
These design considerations can be complicated and costly for many applications. For

example, the material and/or design characteristics of the thermowell may differ based
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on application and need to adhere to extensive standards (e.g., American Society for
Testing and Materials (ASTM) standards). Furthermore, the invasive nature of
thermowells results in complicated long term maintenance, e.g., due to corrosion and/or
prolonged exposure to high energy fluid flow which can cause structural stress and

vibrations.

[0068] Another thermal based sensing example of where invasive probes are used
for object and/or system internal temperature measurement is core body temperature
measurement. For example, in healthcare, the current methods utilized and accepted as
accurate methods of real-time core body temperature measurement are, for example,
esophageal, rectal, and pulmonary artery based temperature measurements. All of these
methods utilize invasive and often uncomfortable probes that are placed at different
locations within the body. Because of their invasive nature, such methods can lead to
infection and/or other complications. The invasive nature of such methods also limits the
scope of where and when measurements can be made. For example, invasive probes
are rarely used unless the patients have undergone anesthesia or other similar
procedures. Invasive probes are also not suitable for wearable technologies or devices.

[0069] Given the limitations of invasive internal temperature measurement
technologies, an alternative approach may be to make internal temperature
measurements of an object or system based on surface and/or other external temperature
readings (e.g., ambient temperature). This approach, however, typically results in
inaccurate measurements and may require complex hardware and software systems in
an attempt to determine internal temperature measurements based on such non-invasive
temperature measurements. In some embodiments, multiple temperature sensors may
be used on or near an object or system surface and/or internally within a device that is
placed on or near the surface of the object or system. In addition, one or more thermally
calibrated components (e.g., insulation pieces, precise temperature sensors, etc.) may
be required. This further results in complicated and/or complex measurement systems.
Other embodiments may include one or more control systems, one or more heaters, one
or more coolers, and/or multiple temperature sensors. These embodiments may be, for

example, designed to create and determine a zero heat-flux environment for internal
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temperature measurement. Such non-invasive approaches are typically slow and
inaccurate, especially in changing or extreme thermal conditions. Furthermore, in some
cases, for accurate internal temperature measurements, sensor and/or device placement
may be limited to specific areas on an object or system surface. For example, with regard
to core body temperature measurement, sensor and/or device placement may be limited
to certain auxiliary locations on the body (e.g., armpit or forehead). Additionally, due to
hardware complexity, embodiments may be associated with large form factors, resulting
in an inconvenience for many applications. For example, with regard to core body
temperature measurement, large form factors are impractical for wearable applications.
With regard to non-invasive internal pipe or conduit temperature measurement, large form
factors may prevent sensor and/or device mounting in certain locations, e.g., in between
a pipe surface and surrounding thermal insulation. Finally, the complexity of such systems

may result in manufacturing difficulty as well as increased manufacturing costs.

[0070] Other thermal based sensing applications may use temperature based
signals to determine internal fluid flow via thermal anemometry. This approach requires
internal probing in order to make measurements of fluid flow that correspond to measured
temperature signals via established correlations. To the contrary, thermal dispersion flow
meters are non-invasive systems that use temperature sensors on the surface of a pipe
or conduit in between which a heater provides thermal energy into the pipe/conduit
surface. The temperature difference between the temperature sensors placed before and
after the heating element is correlated to internal fluid flowrate. However, thermal
dispersion flow meters do not function properly with pipes made of thermally insulating
materials. Furthermore, they are susceptible to inaccuracies when used in differing
conditions because the specific amount of thermal energy (i.e., heat transfer) entering the
pipe or conduit via the heater is unknown and can only be estimated with underlying
assumptions. Thus, thermal dispersion flow meters are typically calibrated for specific

conditions and use cases.

[0071] Other thermal based technologies may be used to predict (e.g., analytically
determine) object or system surface heat transfer (e.g., heat flux) using surface and/or
internal temperature measurements. Such techniques may be further used to determine
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internal properties of an object or system based on the predicted surface heat transfer
(e.g., heat flux) and surface or internal temperature signals. However, these techniques
may have a number of limitations such as poor accuracy, low resolution, prolonged
processing time, and noise amplification due to a mathematical integration required when

determining heat transfer (e.g., heat flux) from measured temperature signals.

[0072] For example, determined surface heat transfer (e.g., heat flux) of an object
or system may be compared with measured surface heat transfer (e.g., via a heat flux
sensor) in order to determine internal properties of the object or system. Again, due to
the limitations of heat transfer (e.g., heat flux) prediction based on temperature
measurements, the values determined via such techniques for internal properties of an
object or system may be inaccurate and impractical for application. Furthermore, when
using such techniques, there may be a mismatch between the measured temperature
(e.g., surface temperature), from which surface heat transfer is determined, and the
measured heat transfer (e.g., surface heat flux) of an object or system. For example, a
mismatch may occur when the heat transfer (e.g., heat flux) measured at the object or
system surface, e.g., via a heat flux sensor, is not the same as the heat transfer (e.g.,
heat flux) occurring at the location of the surface temperature sensor. This can be caused
by, for example, a surface temperature sensor that is located in proximity to a heat flux
sensor where it is not subject to the same thermal (e.g., heat transfer and/or temperature)
conditions experienced by the heat flux sensor. In other examples, a temperature sensor
may be located on or near a heat flux sensor but in a location outside of the heat flux
sensor sensing area, which may also result in a mismatch of measurements. Similar
issues may arise when using a temperature sensor that, for example, is located on or
near a heat flux sensor sensing area but causes inadequate contact between the heat
flux sensor and object/system surfaces as a result of, for example, its design (e.g.,
thickness) and/or materials. In this example, the mismatch occurs because the measured
temperature is not an accurate representation of the surface temperature and/or the
measured heat transfer is not realistic of what is occurring at the object/system surface
and/or experienced by the temperature sensor. In other examples, the materials used to
construct the heat flux sensor and temperature sensor and/or their surroundings may be
sufficiently different (e.g., different thermal resistance values) and cause a non-uniform
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response to uniform thermal conditions. This may also result in a mismatch between the

heat flux sensor and temperature sensor outputs.

[0073] In another example, a thin-film thermocouple, which is an example thin
temperature sensor, may be located on a heat flux sensor sensing area where adequate
contact is established between the heat flux sensor and object/system surfaces. In this
case, although the thin-film thermocouple temperature sensor does not create any of the
example issues described above (e.g., inadequate contact due to thickness) and is
subject to the same thermal (e.g., heat transfer and/or temperature) conditions as the
heat flux sensor, it may experience thermal shunting where the measured temperature is
inaccurate due to thermal energy being conducted to or from (i.e., leaving or entering) the
thermocouple junction via the thermocouple materials and/or output terminals (e.g.,
thermocouple leads). In such cases, the measured temperature may be lower or greater
than the actual temperature experienced at or near the heat flux sensor sensing area. All
of these non-limiting and example conditions are potential issues for accurate
determination of an object or system internal properties when using thermal based
sensing technologies.

[0074] A problem with using heat transfer (e.g., heat flux}) measurements in thermal
based sensing technologies is inefficiency. Heat transfer is conventionally understood
and explained as a consequence of temperature gradients. This conventional approach
may lead to inefficient and inaccurate heat transfer (e.g., heat flux) measurement
techniques as well as general confusion between the differences of heat transfer (e.g.,
heat flux) and temperature. For example, one way to measure heat transfer may use one
or more temperature sensors, e.g., thermocouples, RTDs, negative or positive
temperature coefficient (NTC) sensors, thermistors, etc. on either side of some sort of
insulating material (i.e., thermal resistance layer) to create a layered heat flux gage, a
type of one-dimensional planar (i.e., flat) gage. In this example method, a determination
(e.g., average) of absolute temperature on either side of the insulating material is
measured, and the difference between them is used to determine the amount of heat
transfer occurring through the insulating material with a calibrated or otherwise
determined thermal resistance value. In another example approach, a thermocouple may
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be placed on either side (e.g., top and bottom) of a calibrated insulating material (i.e.,
thermal resistance layer), forming a thermocouple pair. The thermocouple pair may be
arranged so that, when connected in series, the output of the thermocouple pair is a
differential voltage that is indicative (e.g., proportional) to the temperature difference
across the thermal resistance layer and to the heat transfer (e.g., heat flux) occurring
through the thermal resistance layer. These example approaches may result in slow,
inaccurate, high cost, and large heat flux device(s) (i.e., heat flux channel(s)) that may
require multiple calibrations and may be difficult to manufacture.

[0075] Another shortfall in thermal based sensing techniques is failure to determine
or otherwise account for thermal contact resistance. This leads to erroneous surface
temperature measurement which may influence the accuracy of thermal based sensing
and monitoring. However, modeling and/or determination of thermal contact resistance
when performing thermal based sensing may be difficult and unclear. This is in part due
to the complexity and inaccuracies associated with determining thermal contact
resistance using only temperature signals and/or methods that predict heat transfer based
on temperature signals.

[0076] The technology described in this application solves these technical
problems and provides the following example technical benefits. Most importantly, in
addition to a measure of surface temperature, the technology described in this application
provides a measure of the heat transfer (e.g., heat flux) entering or leaving an object
and/or system surface as a part of a thermal based sensing and/or monitoring routine
(i.e., technique). This measure of heat transfer (e.g., heat flux) is used as a direct input
and/or a boundary condition in one or more thermal mathematical model(s) that may differ
for different applications. The measure of heat transfer (e.g., heat flux) as an input and/or
direct boundary condition, allows for accurate and robust thermal sensing and monitoring

(i.e., interrogation) techniques.

[0077] The technology performs the measure of heat transfer (e.g., heat flux) via
one or more heat flux sensor(s). For the purpose of this application, the term heat flux

sensor refers to a sensor designed to measure heat transfer (e.g., heat flux) using
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differential voltage output signals that are a consequence of the heat transfer (i.e., thermal
energy) flowing through the sensor. A non-limiting example of a measure of heat transfer
is heat flux which is defined as the amount of thermal energy entering or leaving a surface
per unit of area per unit of time and can be measured in S| units of W/m2. A heat flux
sensor typically has a calibration constant (i.e., sensitivity value) that directly relates the
heat flux sensor differential voltage output signals to the heat transfer (e.g., heat flux)
occurring through it. A calibration constant may vary with sensor operating temperature,
the effects of which can be accounted for via a determined calibration curve that specifies
a calibration constant based on sensor operating temperature. As pertains to this
application, it is important to note the distinctions between a heat flux sensor and a heat
flux device, a heat flux channel, etc. A heat flux sensor is typically thin and has a fast
response time as a result of its design. This provides example benefits including
increased accuracy, a smaller form factor, and robust measurement capability unrealized

by other heat transfer measurement technologies.

[0078] Additionally, the technology described in this application ensures,
regardless of the proximity of the temperature sensor to the heat flux sensor (e.g., next
to, on, or near the heat flux sensor sensing area, etc.), that a mismatch does not exist
between the measured temperature (e.g., surface temperature) and the measured heat
transfer (e.g., surface heat flux) of an object or system (i.e., the heat flux sensor and
temperature sensor are subject to the same thermal conditions). For example, when
possible, the temperature sensor may be located on or near the heat flux sensor sensing
area while maintaining adequate contact between the heat flux sensor and object/system
surfaces and, if applicable, designing for possible effects related to thermal shunting
and/or thermal homogeneity of materials used for construction. In other example
embodiments, the temperature sensor may be located on or near (e.g., adjacent to)the
heat flux sensor and/or the heat flux sensor sensing area and may be surrounded by
and/or in contact with materials that ensure the same thermal (e.g., heat transfer and/or
temperature) conditions between the heat flux sensor and temperature sensor.

[0079] Another major benefit of the technology in this application is the ability to
easily and quickly determine thermal contact resistance between a temperature sensor
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and object or system surface. This improves the accuracy and validity of thermal sensing
and monitoring, especially in example applications where the effects of thermal contact
resistance are not negligible and/or unpredictable.

[0080] Another major benefit of the technology in this application is non-
invasiveness and simplicity of use. For example, extensive design considerations or
precautions required for invasive technologies are not needed. Furthermore, the
technology is not restricted to applications where invasiveness is permissible.

[0081] Further benefits of the technology in this application include minimal
processing time and reduced processing power required. This benefit is in part attributed
to the use of a heat flux boundary condition as well as incorporating fast and refined
methods of determining thermal contact resistance. Reduced calibration needs for
sensors designed for heat transfer (e.g., heat flux) measurement is another benefit. For
example, the technology in this application typically only requires one calibration constant

(i.e., sensitivity value) for heat transfer measurement via a heat flux sensor.

[0082] The technology in this application is based on the simultaneous use of heat
flux and temperature sensors to non-invasively determine one or more internal properties
of an object and/or system. Object(s) and/or system(s) are not limited to solid objects but
also include, for example, fluid (e.g., water, air, etc.) or other material(s), e.g., metallurgic
powder, epoxies, carbon fiber composite materials, etc. For simplicity, the term object as
used in this application includes a system. For example, a pipe with fluid flowing inside is
an object. The term Non-Invasive Thermal Interrogation (NITI) is used herein to refer to
sensor technology based on simultaneous combinations of surface heat flux and surface
temperature measurements. When placed on an object, an NITI sensor measures one or
more simultaneous combinations of surface heat transfer (e.g., heat flux) and surface
temperature signals that are converted to digital form and processed to determine one or
more internal properties of the object. For a given measurement, the term simultaneous
combination as used in this application refers to one or more surface heat transfer (e.g.,
heat flux) and surface temperature signals measured within a range of time (i.e., within a

specified amount of time). A range of time may include a single time (i.e., a specified
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time). For simplicity, the term specified time as used in this application is defined to

include a range of time (i.e., within a specified amount of time) as well as a single time.

[0083] Non-limiting, example applications of the NITI technology include but are
not limited to: internal temperature distribution measurement of an object (e.g., mammal,
non-mammal, meat, pipe/conduit, power transformer, lumber/timber, wall, machine,
battery, etc.), internal parameter measurement of an object (e.g., mammal, non-mammal,
meat, pipe/conduit, power transformer, lumber/timber, wall, machine, battery, etc.}, blood
perfusion (flow) measurement of tissue, tissue ulcer prevention and/or monitoring,
hemorrhage detection and/or monitoring, concussion detection and/or monitoring,
hydration measurement of tissue, metabolic heat generation measurement, athlete
performance monitoring, calorie expenditure measurement, sleep monitoring, circadian
rhythm monitoring, ovulation prediction and/or detection of mammals, heatstroke
monitoring and/or prevention, sickle cell anemia detection and/or monitoring, anemia
detection and/or monitoring, cardiovascular heath, skin flap and/or graft monitoring,
disease/illness prediction, monitoring, and/or detection (e.g., Alzheimer's, Parkinson’s,
cancer, etc.), flow rate measurement in pipes and/or conduits, energy measurement in
pipes and/or conduits, pipe/conduit freezing prevention, pipe/conduit defrosting, HVAC
frost/defrost detection, HVAC system monitoring, HVAC refrigerant level monitoring, leak
detection (e.g., pipe/conduit water leak, HVAC refrigerant leak, etc.), hot water heater
monitoring, heat exchanger monitoring, corrosion detection and/or measurement (e.g.,
pipe/conduit corrosion, etc.), fouling detection and/or measurement (e.g., pipe/conduit
fouling, etc.), flow level detection, presence and/or motion detection, semiconductor
hardware monitoring, heat sink performance monitoring, thermal interface material
monitoring, thermal resistance measurement, building insulation measurement, density,
heat capacity, volumetric heat capacity, thermal conductivity, thermal inertia, thermal
effusivity, thermal diffusivity, etc. of object(s) and/or material(s) (e.g., metallurgic powder,
epoxies, carbon fiber composite materials, etc.) measurement, hydration/water content
measurement, convective heat transfer coefficient measurement, advection heat transfer
coefficient measurement, heat treatment, thermal sanitation, thermal processing, thermal
comfort, thermal performance of buildings, precision agriculture, smart farms, food
processing, freezing of objects, thawing of objects, metallurgic processing, 3D printing,
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quality control of objects, smart buildings, efficiency monitoring, object overheating
prevention, object (e.g., machine, gearbox, compressor, fan, electro-mechanical system,
etc.) failure detection and/or prediction/prevention, advanced temperature control, battery
performance monitoring (e.g., lithium-ion battery state of health overtime, etc.), battery
calorimetry, internet of things (loT), wearable sensors, predictive analytics, prescriptive

analytics, descriptive analytics, artificial intelligence, and research and development.

[0084] The term internal temperature distribution of the internal region of an object
(i.e., internal temperature distribution) as used in this application includes a single
temperature at a specific depth in the object at one or more specified times, multiple
temperatures as a function of depth in the object at the one or more specified times, a
single average temperature at a specific depth in the object at one or more specified
times, multiple average temperatures as a function of depth in the object at the one or
more specified times, a single highest or lowest temperature in the object at one or more
specified times, multiple highest or lowest temperatures in the object at the one or more
specified times, a single highest or lowest average temperature in the object at one or
more specified times, or multiple highest or lowest average temperatures in the object at
the one or more specified times. Furthermore, the internal temperature distribution of the
internal region of the object is defined to include measures of object surface temperature.
For example, the internal temperature distribution may be evaluated at the object surface

(i.e., depth (x) of 0) at one or more specified times.

[0085] The term internal parameters of the internal region of an object (i.e., internal
parameters) as used in this application includes one or more thermal, physical,
mechanical, etc. characteristics of the object. For example, internal parameters of the
object may include the thermal conductivity of the object, the density of the object, the
thermal heat capacitance of the object, the volumetric heat capacity of the object, the
thermal diffusivity of the object, the thermal inertia of the object, the thermal effusivity of
the object, the steady-state thermal resistance of the object, the internal or external
convection coefficient of the object, the internal or external advection coefficient of the
object, the thickness of the object, the volume of the object, the mass of the object, the

cross-sectional area of the object, the porosity of the object, the state of the object (e.g.,
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liquid, solid, gas, etc.), the depth of interest from the surface of the object, etc. Some
internal parameters may be based on a combination of internal parameters (e.g., a
quotient and/or product of two or more internal parameters). Furthermore, not all internal
parameters of an object may be utilized and/or necessary for an NITI embodiment and/or
application. For simplicity, the term internal parameters as used in this application
includes one or more internal parameters that are necessary and/or desired for the NITI
embodiment being performed for the object (i.e., corresponding internal parameters).

NITI SENSOR EXAMPLE EMBODIMENTS

[0086] Example sensor embodiments for NITI (i.e., NITI sensors) include one or
more heat flux sensors and one or more temperature sensors. A heat flux sensor and a
temperature sensor that are subject to the same thermal (e.g., heat transfer and/or
temperature) conditions and make simultaneous measurements at one or more specified
times are referred to as a heat flux sensor — temperature sensor pair (i.e., sensor pair).
A NITI sensor may also include an external thermal device that is used with a control
circuitry intended for NITI.

[0087] In other example sensor embodiments, an optional external thermal device
creates a thermal energy source on one side of a NITI sensor that travels through the
NITI sensor and into an object for which measurements are being made. In other example
embodiments, an optional external thermal device creates a thermal energy sink (i.e.,
heatsink) on one side of a NITI sensor that causes heat transfer from an object, for which
measurements are being made, through the NITI sensor, and into the heatsink. An
external thermal device may be a heater and/or cooler (e.g., a Peltier device) that is used
with a control circuitry intended for NITI to create a thermal event (heating and/or cooling)
so that differing simultaneous combinations of heat transfer (e.g., heat flux) and
temperature signals can be generated at an object surface, acquired (e.g., measured),
and processed. An external thermal device may operate in any manner (steady, periodic,
cycled, etc.). In some example embodiments, an external thermal device may be used to
provide a periodic (e.g., sinusoidal) temperature and/or heat flux condition at the object

surface over time. Further example embodiments use phase angle determination
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techniques with one of more of the NITI techniques described to determine one or more

internal properties of the object.

[0088] Typically, the external thermal device is adapted to provide the thermal
event to an area encompassing the entirety of the heat flux sensor - temperature sensor
pair where, at a minimum, the entire heat flux sensor sensing area is subject to the
thermal event. In other example embodiments, the external thermal device may be
adapted to provide the thermal event to an area encompassing the entirety of the heat
flux sensor - temperature sensor pair as well as object surface areas surrounding the heat
flux sensor - temperature sensor pair. In other example embodiments, an external thermal
device may provide a thermal event to multiple heat flux sensor - temperature sensor
pairs. In other example embodiments, for example, when the object undergoing
interrogation has a non-planar (e.g., curved) surface, an external thermal device may be
designed provide a thermal event to the area including a heat flux sensor — temperature
sensor pair and not the surrounding object surface,

[0089] In other example sensor embodiments, an external thermal device may be
used with a control circuitry intended for NITI to eliminate the heat transfer occurring
between the object and NITI sensor surfaces. For example, an external thermal device
(e.g., heater) could apply or remove heat (i.e., thermal energy) at the object surface and
create a “zero heat-flux environment” between the contacting object and NITI sensor
surfaces. In a zero heat-flux environment, the heat flux sensor component of the NITI
sensor, outputs and maintains a minimal voltage (e.g., “0”) and, when in steady-state
conditions, the corresponding surface temperature measured by the NITI sensor at the
object surface is indicative of the internal temperature distribution of the internal region of
the object.

[0090] With regard to example NITI sensor and/or system embodiments described
below, CHFT+/- refers to Combined Heat Flux and Temperature Sensor (i.e., heat flux
sensor — temperature sensor pair) and the + or - indicates use of an external thermal
device (e.g., heater, Peltier device, etc.) that is used with a control circuitry intended for

NITI or not, respectively. DUO NITI refers to NITI sensor and/or system embodiments
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with multiple (e.g., two) NITI sensors (e.g., CHFT+ or CHFT-) operating in parallel. DUO
NITI example embodiments may, for example, use differential and/or quotient based data
processing methods to simplify and make more robust NITI measurements. Furthermore,
DUO CHFT+ refers to DUO NITI example embodiments that only utilize two or more
parallel CHFT+ embodiments. Similarly, DUO CHFT- refers to DUO NITI example
embodiments that only utilize two or more parallel CHFT- embodiments. DUO CHFT+/-
refers to DUO NITI example embodiments that utilize at least one CHFT+ example
embodiment and at least one CHFT- example embodiment operating in parallel. As
related to this application, CHF T+, CHFT-, DUO CHFT+/-, DUO CHFT+, and DUO CHFT-
are non-limiting examples of NITI sensor embodiments that may be utilized in different
NITI systems, some of which are described below.

[0091] Although heat flux device(s), heat flux channel(s), etc. may be used for NIT],
heat flux sensor(s) are preferred for reasons described prior. All kinds of heat flux
sensor(s) (i.e., heat flux gage(s), heat flux gauge(s), heat flux transducer(s), heat flux
meter(s), heat flow meter(s), heat flow gage(s), heat flow gauge(s), etc.) that are
manufactured using a variety of methods and technologies (e.g., thin-film technologies,
thick-film technologies, thermopile technologies, differential thermopile technologies,
thermoelectric technologies, Seebeck effect technologies, transverse Seebeck effect
technologies, butt-weld technologies, Microelectromechanical System (MEMS) based
technologies, Nanoelectromechanical System (NEMS) based technologies,
Complementary metal-oxide-semiconductor (CMOS) based technologies, additive
manufacturing technologies, screen printing technologies, ink-jet technologies, textile
sensor technologies, wire-wound technologies, RTD based technologies, NTC based
technologies, thermistor based technologies, semi-conductor based technologies, etc.)
may be used for NITI. In some example embodiments, the one or more heat flux sensors
are based on differential thermopile technology as described by ASTM standard E2684
and further discussed in ASTM standard E2683. A differential thermopile is a type of
passive electronic transducer that converts thermal energy into electrical energy (e.g.,
voltage and/or current). A differential thermopile is typically composed of several
thermocouples connected in series or, less commonly, in parallel. Typically, the
thermocouples (i.e., thermocouple junctions) are located on either side of one or more
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materials (i.e., thermal resistance layer). The individual thermocouples (i.e.,
thermocouple junctions) measure the temperature differential from their junction point to
the point in which the thermocouple voltage output is measured. When in series, the
voltage output of two thermocouples on either side of a thermal resistance layer (i.e., a
differential thermocouple pair or thermocouple pair) is typically a differential voltage that
is related (e.g., proportional) to the temperature difference across (e.g., through) the
thermal resistance layer and to the heat transfer (e.g., heat flux) occurring through the
thermal resistance layer. Adding more thermocouple pairs in series increases the
magnitude of the differential voltage output, consequently resulting in higher heat flux
sensor sensitivity. The differential voltage output is also affected by the thermocouple
(i.e., thermoelectric) materials used. Hence, for a given temperature difference across a
thermal resistance layer, some thermocouple materials may result in a higher differential
voltage output than others. Thus, thermocouple material selection also impacts heat flux
sensor sensitivity. Likewise, the materials and/or thickness used for the thermal
resistance layer may affect heat flux sensor sensitivity as well as heat flux sensor
response time. Differential thermopiles can be constructed with a single thermocouple
pair, composed of at least two thermocouple junctions, or multiple thermocouple pairs.
Differential thermopiles do not measure absolute temperature, but instead generate a
differential voltage output indicative of (e.g., proportional to) a local temperature
difference or temperature gradient. This temperature gradient, as previously mentioned,
is a consequence of the heat transfer (e.g., heat flux) occurring through the differential
thermopile and/or thermal resistance layer and, thus, indicates a measure of the heat
transfer (e.9., heat flux) occurring through the differential thermopile and/or thermal
resistance layer.

[0092] One example differential thermopile for heat transfer measurements is
constructed using thin-film materials and polyimide (i.e., thermal resistance layer) to
create a thin heat flux sensor with accurate readings and fast response time (<<1 second).
Another example may be differential thermopiles constructed via one or more electrically
conductive through holes (i.e., VIAs) in a thermal resistance layer. Other examples could
include devices that are based on differential thermopile technology but are designed to

convert thermal energy to electrical power via, for example, thermal energy harvesting

26



WO 2021/003140 PCT/US2020/040266

(e.g., Thermoelectric Generators (TEGs)). In addition to thermal energy harvesting, these
devices can be utilized as heat flux sensors given they can output a differential voltage
indicative of (e.g., proportional to) the heat transfer (i.e., thermal energy) occurring
through the device. However, due to different design criteria, current TEG technology is
often expensive and have large form factor when compared to differential thermopiles
that are designed for heat flux sensor applications. Thus, using such devices can result
in difficulty of use and/or inaccuracy of heat transfer (e.g., heat flux) measurements as
well as slow response time. Another example is textile based heat flux sensor(s) where a
differential thermopile is constructed within fabric or other materials designed to be worn
or otherwise in contact with or in proximity to, for example, the human body.

[0093] For simplicity, the measure of heat transfer measured by heat flux sensor(s)
as used in this application is heat flux with units of W/m?2. This is an example and non-
limiting measure of heat transfer that may be used for NITI and/or associated topics (e.g.,
heat flux sensor design, thermal contact resistance effects, data processing methods,
etc.).

[0094] Figure 1 shows an example of a heat flux sensor based on differential
thermopile technology having a thickness t, a width W, and a length H. A sensing area
is defined by a width A and a length B, and sensor outputs include heat flux output voltage
leads (i.e., output leads).

[0095] Figure 2A shows a cross-section of an example differential thermopile that
includes a thermal resistance layer where k is the thermal conductivity of the thermal
resistance layer, T1 is a hot temperature junction, Tzis a cold temperature junction, AT is
the temperature difference between T1 and T2 and equivalent to the temperature
difference across the thermal resistance layer, and AV is the differential voltage output by
the thermocouple pairs connected in series and is directly indicative of (e.g., proportional
to) AT, which is a consequence of ', the heat flux occurring through the thermal
resistance layer. The greater the number of thermocouple pairs, the greater the heat flux
sensor sensitivity (greater AV for a given amount of q'). In this example, each temperature

junction is formed by connecting two dissimilar thermoelectric materials (e.g., M1 and M2)
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in series through the thermal resistance layer. Dissimilar thermoelectric materials may
include materials that have different Seebeck coefficients in order to generate a
thermoelectric voltage (e.g., copper and constantan, copper and nickel, copper and silver,
antimony and bismuth telluride, positively doped materials and negatively doped

materials, p-type semiconductor materials and n-type semiconductor materials, etc.)

[0096] Figure 2B shows another example differential thermopile that includes two
dissimilar thermoelectric materials (i.e., M1 and M2) as well as an electrical conductor
(M3). In this example embodiment, M3 is used to connect M1 and M2 in series through
the thermal resistance layer. This configuration of the example differential thermopile has
example benefits including lower cost of manufacture, higher sensitivity, greater design
freedom, etc. and may be realized using one or more manufacturing technologies (e.g.,
MEMS based technologies, NEMS based technologies, CMOS based technologies,
additive based technologies, etc.). In other example embodiments, manufacturing may
further be simplified where M3 is designed to be the same material as M1 or M2.

[0097] When a thermocouple junction is formed by pressing two similar or
dissimilar metallic materials together or when a temperature sensor is put in contact with
an object surface, only a small fraction of the nominal surface area is actually in contact
because of the non-flatness and roughness of the contacting surfaces. If a heat flux is
imposed across the junction and/or the surfaces in contact, the flow of heat (i.e., thermal
energy) is generally restricted to conduction through the contact spots. See the example
shown in Figure 3. The limited number and size of the contact spots results in an actual
contact area which is significantly smaller than the apparent contact area. This limited
contact area and the presence of gaps causes a thermal resistance referred to as contact

resistance or thermal contact resistance (R().

[0098] The presence of thermal contact resistance (R;) affects the quality of
temperature measurement. Specifically, the presence of thermal contact resistance (R;)
between a temperature sensor of, for example, an example NITI embodiment and object
surface causes inaccurate temperature readings. In other words, the actual surface

temperature of an object differs from what is measured by a temperature sensor even
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when adequate contact and thermal shunting design is achieved via, for example, thin-
film thermocouple technology. This inaccuracy is related to the amount of thermal contact
resistance (R;) present (typically constant) and the heat flux occurring through it at a

specified time. This relationship is expressed below mathematically:

TSurface (t) = TSensor (t) - q;ensor (t) X R(’J’ [1]

where heat flux is defined to be positive when entering the object and where:

t is a specified time, ggqnsor (t) IS the measured heat flux at the specified time , Tsepsor ()
is the sensor measured surface temperature (i.e., measured sensor temperature,
measured temperature) at the specified time, and Tgu fqc.(f) is the actual surface
temperature at the specified time. As pertains to this application, unless the context
indicates otherwise, the thermal contact resistance (R;) between a temperature sensor
of an example NITI sensor embodiment and object surface may be referred to as the
thermal contact resistance between the NITI sensor and the object surfaces.

[0099] Figure 4 shows an example CHFT+ embodiment that includes a heat flux
sensor and a temperature sensor placed on a surface of an object with unknown internal
properties relating to an internal region of the object and where a heater (i.e., external
thermal device) is placed on the heat flux sensor. In this example, a heat flux sensor
contacts with a temperature sensor which contacts with a surface of the object. Again,
the limited contact area between the temperature sensor and object surface causes a
thermal resistance between the temperature sensor and the object surface temperature
and is shown as a thermal contact resistance (R;'). Additionally, layers (e.g., as a result
of protective layers, adhesives, etc.) on the temperature sensor can impact (e.g.,
increase) the amount of thermal contact resistance (R;) present. Heat flux (¢"’) is shown
as a vector pointing into the object and is defined to be positive in that direction. Thus, as
indicated in Equation [1], the object’s actual surface temperature (Tgurrece(t)) is
determined using the measured temperature from the temperature sensor (Tsensor (),
the measured heat flux from the heat flux sensor (gs.,so-(t)), and the thermal contact

resistance (R7). In some example embodiments, an effort may be made to minimize the
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thermal contact resistance (R7) in order to assume a value of “0” in Equation [1]. This
may be done, for example, by using thermally conductive adhesives in between the

contacting surfaces.

[00100] In other example embodiments, to obtain an accurate actual surface
temperature measurement (Tsyrace(t)), an estimated value for the thermal contact
resistance (R;) may need to be determined (e.g., measured). In some cases, the
estimated thermal contact resistance (R¢) (i-e., thermal contact resistance (R7)) value
may be determined to be negligible or zero. In other cases, the estimated thermal contact
resistance (R;) value may be determined using predetermined specifications from, for

example, a manufacture specification for an adhesive tape used to mount an NITI sensor.

[00101] Example embodiments are capable of making accurate NITI measurements
of an object whether conducted in steady-state or transient environments. The example
embodiments utilize heat flux boundary conditions in their respective thermal
mathematical models (heat flux is an input) which are more robust and accurate than
temperature based boundary conditions. Example outputs include accurate values for
internal properties of an object such as an internal temperature distribution of the internal

region of the object and/or one or more internal parameters of the object.

[00102] Referring to Figure 5, an example CHFT- embodiment includes a heat flux
sensor and a temperature sensor placed on a surface of an object with unknown internal
properties. One example application is in situations where there is some form of an
external thermal event occurring, e.g., a CHFT- is placed on an engine where the external
thermal event is the heat produced and emitted by the engine. Ancther application is
where the CHFT- is placed on the body of a human or other animal, e.g., an athlete
exercising. In this latter example, the combination of body heat dissipation and airflow
moving over the CHFT- corresponds to an external thermal event. Other external thermal
events could be sourced from a heat lamp, a fan, a heat sink, solar radiation, contact with
other objects (e.g., metal plates), etc. that are not used with a control circuitry intended
for NITI (i.e., uncontrolled external thermal event).
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[00103] To limit heat flux noise and sporadic signals from registering as a result of,
for example, small environmental changes and/or other external stimuli, a piece of
thermal insulation (i.e., layer of thermal insulation or insulation piece) may be placed on
top of the CHFT- as shown in Figure BA. This piece of insulation acts as a filter and only
allows substantive heat flux and temperature signals to be detected by the CHFT-.
Furthermore, the thermal insulation piece can be used to control (i.e., limit, increase, etc.)
the amount of heat flux occurring through the CHFT-. The thickness, material, form factor,
and size of the insulation piece is dependent on the application the CHFT- is being used
for among other factors. In some example embodiments, thermal insulation may be
embedded within a substrate or material on which the heat flux sensor and/or temperature
sensor is mounted. For example, air gaps or other areas with low thermal conductivity
may be designed within a printed circuit board (e.g., rigid and/or flex material) that is used
to arrange and connect electrically connect to the heat flux sensor and/or temperature

sensor.

[00104] Figure 6A shows an example where the thermal insulation piece is adapted
to cover the entirety of the heat flux sensor - temperature sensor pair. In other example
embodiments, as illustrated in Figure 6B, the insulation piece may also overlap object
surface areas surrounding the heat flux sensor - temperature sensor pair. In some
example embodiments, such as illustrated in Figure 6C, the thermal insulation piece or
additional thermal insulation may be specified to surround the heat flux sensor and/or
temperature sensor to minimize thermal loss. In some example embodiments thermal
insulation materials could include metals or other thermally conductive materials designed
to enhance and increase the amount of heat flux occurring through the CHFT-. The
insulating, filtering, and heat flux control techniques shown in Figure 6A — Figure 6C may

optionally be used for some or all NITI sensor embodiments.

[00105] Referring to Figure 7A, example CHFT+ embodiments include a heat flux
sensor, a temperature sensor, and an external thermal device, e.g., a heater, a cooler, a
fluid flow channel, a fan, a heat lamp, etc. that is used with a control circuitry intended for
NITI. CHFT+ embodiments are particularly useful when external thermal events do not
occur and, for the most part, steady-state conditions are maintained. However, they may
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also be used in situations where an uncontrolled external thermal event is occurring. With
the external thermal device, the CHFT+ can generate a controlled thermal event that
creates a transient response (i.e., differing thermal signals). For example, the external
thermal device can cycle heater (i.e., an external thermal device) power to provide a
periodic thermal event at an object surface. When needed, external thermal devices can
be controlled to achieve steady-state conditions. In other example embodiments, a
CHFT+ may include more than one external thermal device. For example, both a heater
and a Peltier cooler may be utilized as external thermal devices in order to create thermal
heat sources and thermal heat sinks as desired. As another example, a single Peltier
device may be used as the external thermal device to achieve both thermal heating and
cooling. In Figure 7A, a heater is illustrated as an example of an external thermal device.
In this example, the heater (i.e., the external thermal device) is designed to provide the
thermal event to an area encompassing the entirety of the heat flux sensor - temperature
sensor pair as well as object surface areas surrounding the heat flux sensor - temperature
sensor pair. In Figure 7B, another example embodiment is illustrated where the heater
(e.g., the external thermal device) is designed to provide the thermal event to an area
encompassing the entirety of the heat flux sensor - temperature sensor pair only. A top
view of an example CHFT+ embodiment is shown in Figure 7C which includes a
temperature sensor with output leads (i.e., output terminal connection), a heat flux sensor
with output leads (example output terminals), and a heater (an example external thermal
device) with power leads (example power terminals). In this example, the output and
power leads are connected (e.g., soldered) to the corresponding output terminals of each
component. In other example embodiments, the output terminals may be connected to
other terminals (e.g., electrically conductive pads) designed for surface mounted or
through-hole devices, e.g., by using rigid and/or flex printed circuit board technologies. In
other example CHFT+ embodiments, a heater may be constructed within, for example, a
printed circuit board via trace patterns with controlled resistance, shape, and/or size that
directly connect to a power source within the circuitry. This may ease manufacturing
processes given the embedded aspect of such a design. In some example NITI sensor
embaodiments, one or more of the temperature sensor output leads may be connected to
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a ground terminal and/or reference resistor that may be used as a part of circuitry to make

temperature measurements based on a temperature sensor resistance (e.g., thermistor).

[00106] In other example embodiments, such as illustrated in Figure 7D, the
temperature sensor may be located on or near the opposite side of the heat flux sensor
sensing area that is in contact with the object surface. In these example embodiments,
the output of the temperature sensor may be assumed to be the same as the output of a
temperature sensor as configured in Figure 7A. This is especially the case when the heat
flux sensor has a negligible thermal resistance as a result of its design (e.g., low
thickness, high thermal conductivity, etc.) and/or where a zero heat-flux condition is
created. In other example embodiments, for example embodiments where the thermal
resistance of the heat flux sensor may not be negligible, the one or more effects of the
heat flux sensor’s thermal resistance may be modeled as a part of the thermal contact
resistance between the temperature sensor and object surfaces. In other example
embodiments, for example, embodiments where the number of heat flux sensor junctions
and heat flux sensor sensitivity are accurately known, the heat flux sensor output may be
used to determine the temperature difference across the heat flux sensor in real-time
such that the output may be combined with the temperature sensor in Figure 7D to
determine the temperature between the heat flux sensor and object surface.

[00107] In other example embodiments, such as illustrated in Figure 7E, the
temperature sensor may be embedded within the heat flux sensor and/or the heat flux

SeNnsor sensing area.

[00108] In other example embodiments, such as illustrated in Figure 7F, the heat
flux sensor and temperature sensor may be located on either side of a substrate while
avoiding a mismatch of measurements. For example, the heat flux sensor and
temperature sensor may be aligned on either side of a substrate (e.g., a flexible printed
circuit board) such that the heat flux sensor and/or the heat flux sensor sensing area
encompass the temperature sensor on the opposing side. This may be achieved by, for
example, placing the heat flux sensor beneath or on top of the temperature sensor that is

on the opposing side of the substrate. In these example embodiments, the heat flux
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sensor and/or temperature sensor may be further surrounded by and/or in contact with
other thermally compatible materials (e.g., materials with thermal resistances close to the
temperature/or heat flux sensor) to ensure a uniform thermal energy flow (e.g., heat flow)
through the heat flux sensor and temperature sensor. An example embodiment is
illustrated in Figure 7G.

[00109] The non-limiting features of the example embodiments illustrated in Figure
7D — Figure 7G may optionally be used in any example NITI embodiments, including
example CHFT- embodiments.

SYSTEM EMBODIMENTS WITH ONE OR MORE HEAT FLUX SENSOR —
TEMPERATURE SENSOR PAIRS FOR DETERMINING ONE OR MORE INTERNAL
PROPERTIES OF AN OBJECT

[00110] Figure 8 illustrates an example NITI system to perform NITI using the
CHFT-. The CHFT- includes a temperature sensor and a heat flux sensor (i.e., a heat flux
sensor — temperature sensor pair). In other example embodiments, the CHFT- may
include more than one temperature sensor and/or more than one heat flux sensor (e.g.,
multiple heat flux sensor — temperature sensor pairs). The configuration of the
temperature sensor and the heat flux sensor with respect to each other and the object
may be, for example, as illustrated in any of Figures 5 and 6A-6C. Analog signal outputs
from the temperature sensor and the heat flux sensor corresponding to measured
temperature sensor and measured heat flux sensor analog signals are provided via
suitable communication paths (e.g., electrical conductors) and converted to digital signals
by data acquisition (DAQ) circuitry, which may include, for example, one or more analog-
to-digital converters (ADCs), microcontrollers, etc. The DAQ circuitry provides measured
temperature sensor and measured heat flux sensor digital signals via suitable
communication paths (e.g., electrical conductors, radio signals, etc.) to control circuitry
for processing as described in more detail below. The control circuitry may include one or

more suitably configured computers, microprocessors, DSPs, FPGAs, or other data
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processors. Suitable configuration of the control circuitry may be implemented in
hardware, in software, or a combination. The control circuitry includes or is in
communication with an output such as a display, a network, a cloud computer system, a
communications device like a cell phone, wearable technology, etc. The output may also
be used for one or more control operations such as sensor enablement and disablement,
remote monitoring, measurement start/stop, data logging, temperature control, energy
control, system failure control, preventive maintenance control, diagnostics, system

performance, data input, data display, analytics, etc.

[00111] Figure 9 illustrates an example NITI system to perform NITI with a CHFT+.
Like the CHFT-, the CHFT+ includes a temperature sensor and a heat flux sensor (i.e., a
heat flux sensor — temperature sensor pair). In other example embodiments, the CHFT+
may include more than one temperature sensor and/or more than one heat flux sensor
(e.g., multiple heat flux sensor — temperature sensor pairs). In addition, the CHFT+
includes an external thermal device such as a resistive heater shown. The configuration
of the temperature sensor, the heat flux sensor, and the external thermal device with
respect to each other and the object may be, for example, as illustrated in any of Figures
7A-7G. In other example embodiments, the CHFT+ may include more than one external
thermal device (e.g., a heater and a cooler). Analog signal outputs from the temperature
sensor and the heat flux sensor corresponding to measured temperature sensor and
measured heat flux sensor analog signals are provided via suitable communication paths
(e.g., electrical conductors) and converted to digital signals by data acquisition (DAQ)
circuitry, which may include, for example, one or more analog-to-digital converters
(ADCs), microcontrollers, etc. The DAQ circuitry provides measured temperature sensor
and measured heat flux sensor digital signals via suitable communication paths (e.g.,
electrical conductors, radio signals, etc.) to control circuitry for processing as described
in more detail below. The control circuitry may include one or more suitably configured
computers, microprocessors, DSPs, FPGAs, or other data processors. Suitable
configuration of the control circuitry may be implemented in hardware, in software, or a
combination. The control circuitry includes or is in communication with an output such as
a display, a network, a cloud computer system, a communications device like a cell
phone, wearable technology, etc. The output may also be used for one or more control
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operations such as sensor enablement and disablement, remote monitoring,
measurement start/stop, external thermal device operation, data logging, temperature
control, energy control, system failure control, preventive maintenance control,
diagnostics, system performance, data input, data display, analytics, etc. In this non-
limiting example, the external thermal device is controlled using a relay (an example
switch), and the relay is operated by a relay signal from the DAQ which in turn provides
the relay signal based on input from the control circuitry.

[00112] Figure 10 is a flowchart outlining example procedures performed by the
control circuitry in a non-limiting and example NITI system that includes a NITI sensor for
determining one or more internal properties of an object, including an internal temperature
distribution of the internal region of the object at one or more specified times using
measured heat flux, measured temperature, and determined values of internal
parameters of the object. A measured temperature signal is received by the control
circuitry from the temperature sensor at one or more specified times (step S1). The control
circuitry also receives a measured heat flux signal from the heat flux sensor measured at
the one or more specified times to produce a measure of the heat transfer leaving or
entering the object at the surface (step $2). The control circuitry determines values of
the internal parameters at the one or more specified times in step S3 and determines an
internal temperature distribution of the internal region of the object at the one or more
specified times based on the measured temperature signal, the measured heat flux
signal, and the values of the internal parameters in step S4. The control circuitry
generates information (e.g., for output) indicating the internal temperature distribution at
the one or more specified times (step S5). The control circuitry also generates information
(e.g., for output) indicating one or more of the internal parameters at the one or more
specified times in step S6. The control circuity may optionally perform step S6 before step
S5 and/or may optionally not perform step S4, step S5, and/or step S6. The control
circuitry may optionally perform step S2 before step S1. In some example embodiments,
the control circuitry may optionally perform step S3 before step S2 and/or step S1.

[00113] Additional procedures may be used in further example embodiments. For
example, a thermal mathematical model (i.e., thermal model) of the object is determined
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and appropriate initial and boundary conditions are prescribed in order to solve for a
thermal mathematical solution (i.e., mathematical solution). Thermal mathematical
models and corresponding thermal mathematical solutions may be found in heat transfer
literature for more general cases, while models for more unique cases may need to be
derived and solved. A variety of methods for deriving and/or solving a thermal
mathematical model may be used, including, but not limited to, analytical methods, finite
difference methods, numerical methods, etc. Thermal mathematical models may be
based on one-dimensional heat transfer or multi-dimensional heat transfer (e.g., two-

dimensional).

[00114] For more accurate, robust, and consistent NITI, the boundary conditions of
the thermal mathematical model are defined to include a surface heat flux boundary
condition resulting in a thermal mathematical solution (e.g., internal temperature
distribution) for the object with a heat flux input. A surface heat flux boundary condition
can be used because the NITI sensor directly measures heat flux using, for example, a
heat flux sensor at the object surface. Thus, heat flux can be directly used in the thermal
mathematical model (i.e., heat flux boundary condition) which results in a heat flux input
in the corresponding thermal mathematical solution (i.e., mathematical solution). Table
1 provides a detailed but still example one-dimensional thermal mathematical model (i.e.,
thermal model) which includes, a partial differential equation (PDE), appropriate boundary
conditions, and an initial condition for a semi-infinite solid (i.e., semi-infinite medium), an

example object and a general case in heat transfer literature.

Table 1. Thermal Model of a Semi-Infinite Solid with Heat Flux Boundary Condition

2
PDE g = o°T
ot 0x?
aT .
Boundary _ka = qsensor(t) , x=0
Conditions
T — TO , X —> 00
Initial Condition T=T, , t=0
where:
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k = thermal conductivity of the object

p = density of the object

C = specific heat capacity of the object

a = thermal dif fusivity of the object

x = depth from object surface

t =time

T = internal temperature distribution of the object (a function of x and t)

Ty = initial temperature of the object

[00115] For a constant step heat flux input that occurs at the surface (x = 0) of the
semi-infinite medium (object), the mathematical solution of the thermal model in Table 1
is found as:

1

" at\z
ZqSensor,O (?)

k

T(x,t) = Ty + 21

—x? g x
exp(4at) _ qSensor,O erfC(Z )

x
k Jat

where qg,,.,., is the constant step heat flux input at the boundary.

[00116] Using the Duhamel Method of Superposition (an example mathematical
method), Equation [2] can be derived for heat flux inputs that change with time which is
realistic of NITI sensor output:

3 (a(tm -t 1)

1
m )2
. . —x? x x
C =Tot ) (@sonson — Giemsoror) . exp( )——erfC(i) 3]
0 4 Sensor,j Sensor,j—1 k 4d(fm _ tj—l) k 2 (Z(tm — fjfl)

where m indicates the m™ measurement made by the NITI sensor so that T,, (x, t,,,) refers
to the internal temperature of the object at a depth of x and at the m‘* measurement which

corresponds to a specified time (t,,).

In this example, Equation [3] represents the thermal mathematical solution, i.e., the
mathematical expression for the internal temperature distribution of the internal region of
the object, for the non-limiting and example thermal model specified in Table 1.

[00117] Evaluating Equation [3] at the surface (x = 0) and realizing that o = p—kC:
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m

. 2
TSurface,m = TSurface,O + qSensor,j - qSensor,j—l) X RS tm - t]—l X \/E—\/kp_c [4]

Jj=1

where Tgurracem 1S the calculated surface temperature of the example object modeled in
Table 1. Note that in this example, Equation [4] is a function of the surface object
temperature in steady-state conditions (Ts,rrqce,0) @and is determined, e.g., prior to or after
a transient thermal event. Equation [4] is also a function of surface heat flux
measurements at one or more specified times (q}ensor’m) and the square root of the
product of object thermal conductivity (k), object density (p), and object specific heat
capacity (€). This internal parameter of the object (W) is commonly referred to as

thermal inertia (i.e., thermal effusivity).

[00118] The calculated object surface temperature as determined in Equation [4]
can be used with a data processing method that may include, for example, one or more
parameter estimation schemes. For NITI sensor output values (i.e., heat flux and
temperature) measured at one or more specified times, the data processing method may
compare the measured sensor temperature against the calculated surface temperature
as found, in this example, when using Equation [4]. Among other things, this allows for
the determination of estimated values for the corresponding internal parameters of the
object; in this case, the internal parameter of thermal inertia (i.e., thermal effusivity) of the

object (ykpC).

[00119] In other data processing methods, estimated values for the internal
parameters of, in this example, object thermal conductivity (k), object density (p), and
object specific heat capacity (€) may be determined individually. For example, for the
case presented above, predetermined values of density (p) and specific heat capacity
(C) may be determined from reference materials such as a textbook or manufacture
specification, allowing for a data processing method to determine an estimated value for
thermal conductivity (k) based on the estimated value of thermal inertia (i.e., thermal
effusivity) of the object (\/kp_C) or kpC. In other examples, a different thermal

mathematical model may be developed with a corresponding thermal mathematical
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solution that, as opposed to Equation [4], distinguishes between each individual internal
parameter when evaluated at a depth (x) in the object (e.g., x = 0). This would allow for
the determination of estimated values for each individual internal parameter (e.g., k, p, C,
etc.) when used with an appropriate data processing method. The control circuitry may
also perform further steps to improve the accuracy and/or expand the applications of NITI
sensor(s). For example, as mentioned prior, the measured sensor temperature is not the
same as a measure of the actual surface temperature of the object (e.g., semi-infinite
solid) due to the presence of thermal contact resistance (R¢) between the temperature
sensor and object surface. This causes a difference between the actual surface
temperature of the object and the measured sensor temperature. Thermal contact
resistance (Rg) may result from materials that may be layered over the temperature
sensor of a NITI sensor as well as how well it adheres to the object surface. The
smoothness/roughness of the object surface can also affect the thermal contact
resistance (R;) as well as the overall accuracy of NITI. Thus, a smooth surface may be
preferred. Use of adhesives (e.g., thermal paste, pressure sensitive adhesives, etc.) to
mount the sensor may also affect thermal contact resistance (R(). Figure 4 illustrates

thermal contact resistance (R/) as pertains to an example NITI embodiment.

[00120] Mathematically, the measured sensor temperature and actual surface
temperature can be related by Equation [1], shown here in index form as:

_ " "
TSurface,m - TSensor,m - qSensor,m X RC [5]

where heat flux is defined to be positive when entering the object.

In an electrical engineering analogy, thermal contact resistance (R¢) may be modeled as
a resistor and q;emor,m as current. Thus, as current (qéensor‘m) flows through the resistor
(R¢), a voltage drop (difference) is created. Here, the voltage difference is analogous to
a temperature difference between the sensor (i.e., measured) and object (i.e., actual)

surface temperatures.

[00121] In some cases, the thermal effects associated with materials used to mount
the sensor may also need to be considered. For example, one or more effects associated
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with, for example, mounting material thermal conductivity (k), mounting material density
(p), and mounting material specific heat capacity (€) may need to be included and
accounted for in a thermal mathematical model used for NITI.

[00122] For more accurate NITI, the effects of thermal contact resistance (R;)
should be taken into account. Using Equation [4] with Equation [5] produces an

expression for calculated sensor temperature in Equation [6].

— " "
TCalculated,m - TSensor,O ~ Ysensor,0 X RC

Zm . . 2 . [6]

+ i f— Vim ™ 4 ensor,m R¢
j=1(qSensor,} qSensor,] 1) X t t] 1 X \/E\/k_pc+ qS f X C

[00123] Instead of Equation [4], Equation [6] may be used in a data processing

method and, for example, compared against the measured sensor temperature output
from the NITI sensor in order to determine estimated values for one or more internal
parameters of the object. One example and non-limiting method of doing this is to define
an objective function for minimization in a parameter estimation scheme. An example
objective function could be defined as the Root Mean Squared Error (RMSE) between

the two different measures of sensor temperature using Equation [7].

M-1
1 2
RMSE = m Z (TSensor,m - TCalculated,m) 171
m=1
where
TCalculated,m = TSurface,m + qgensor,m X R(’J’ [8]

[00124] Thus, Equation [7] can be rewritten as:

M-1
1 " " 2
RMSE = M—— (TSensor,m - (TSurface,m + sensor,m X RC)) 9]

m=1

where M is the total number of measurements made by the NITI sensor over a period of

time (i.e., one or more specified times). It should be noted that, depending on the
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embodiment, m may not always begin at the value of 1 as shown in Equation [7] and
Equation [9]. Similarly, the quantity M — 1 may also differ depending on the embodiment.
For example, M — 1 could be replaced by M — 15 or M. In other example embodiments,
M —1 may be replaced by m+ 30, m+ 10, m + 5, eic. which defines the objective

function for a specified number of measurements after the m™* measurement.

In other data processing methods, a formulation based on the derivative of the objective
function (e.g., Equation [9]) may be, for example, set equal to zero. The values of
corresponding internal parameters and thermal contact resistance (R;) that best satisfy

this condition are the determined estimated values.

[00125] As iterated prior, a major component of accurate and practical NITI is
thermal contact resistance (R;) determination. For some cases, for example, low heat
flux environments (e.g., zero heat-flux conditions) or otherwise negligible thermal contact
resistance (R;) conditions, the thermal contact resistance (R;) may be ignored or
otherwise determined to have an estimated value of zero. But for many cases, this is not
an accurate assumption. In these cases, an estimated value for thermal contact
resistance (R;) may, for example, need to be determined beforehand through previous
measurement, determined as a part of a data processing method (e.g., via a parameter
estimation scheme), or otherwise determined (e.g., predetermined by manufacture
specification).

[00126] One way to determine an estimated value of thermal contact resistance (R()
is to include it as an unknown variable in a data processing method that may include a
parameter estimation scheme. The combination of corresponding internal parameter
values and thermal contact resistance (R;) value that generate the best match between
the calculated sensor temperature and the measured sensor temperature, i.e., a least
error, may be deemed to be the determined estimated values (i.e., optimal output values).

[00127] For example, for the general and example semi-infinite object case
presented above, for each value attempted (e.g., guessed) for ./kpC, an array of different

R; values is also attempted and input into Equation [6]. For each combination of
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attempted \/W and R/ values, the result of Equation [6] (i.e., calculated sensor
temperature) is compared against the measured sensor temperature as output by the
NITI sensor. This comparison can be conducted via, for example, an objective function
such as the one defined in Equation [7]. In this example, the combination of values
attempted for the internal parameters (e.qg., \/k;TC) and thermal contact resistance (R;)
that generate the best match between the calculated sensor temperature and the
measured sensor temperature, i.e., a least error (e.g., least RMSE value), may be
deemed to be the determined estimated values (i.e., optimal output values). However,
this example approach (i.e., a brute force data processing method) may be time
consuming, especially when more accurate results are desired. Consequently, this
approach makes a majority of NITI applications impractical. Although time consuming,
this technique is more accurate and faster than a brute force data processing method that
is based on a mathematical solution found using a temperature based boundary
condition. This is a result of the complexities and limitations of temperature based

boundary conditions.

[00128] Another approach is to determine estimated values of the corresponding
internal parameters (e.g., qu)_C) and the thermal contact resistance (R/) value via an
optimization scheme. For example, an optimization scheme may be designed to minimize
the objective function (e.g., Equation [7]) by, for example, non-linearly varying
combinations of the internal parameter values (e.g., \/W) and the thermal contact
resistance (R;) value. This approach could yield faster results when compared to the

brute force data processing method described above but may not be as accurate.

[00129] A novel approach to determine an estimated value for thermal contact
resistance (R;) is to determine (e.g., calculate) it based on the internal properties of the
object. This significantly reduces processing time and makes the technology more
practical for many applications. This approach takes advantage of the thermal contact
resistance (R;) being constant with respect to time. Thus, at any specified time or at any

given measurement, the thermal contact resistance (R7) is equivalent to the thermal
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contact resistance (R;) at preceding or following specified times or measurements.

Mathematically this can be expressed as:

R{ =R{ [10]

where n indicates the n'"™ measurement made by the NITI sensor (total of N
measurements during a period of time). Thus, for purposes of this non-limiting example,
N = M. Furthermore, the quantity n may differ depending on the embodiment. For

example, n could be replaced by n — 1 orn + 1.

[00130] Given this consistency, the thermal contact resistance (R;) at a specified
time or measurement is equivalent to the average thermal contact resistance throughout

the period of time for which measurements are being made and can be expressed as:

N-1p!
Rg :Zn=1 RCn [11]
n N—-1
[00131] Furthermore, Equation [5] can be rearranged as:
Rgn — TSensor,n - TSurface,n [12]

qgensor,n
[00132] Combining Equation [10], Equation [11], and Equation [12] produces:
ZN_l TSensor,n B TSurface,n

et q;ensor,n [13]
N-1

"o__
Rf =

[00133] With regard to the example data processing method described prior,
inputting Equation [13] into Equation [9], an example objective function of a parameter

estimation scheme, results in:

2
N—1 TSensaT.n - TSurfaL‘e,n
n=1 ™

1 " qs, ;
RMSE = M-1 Z Tsensorm — (Tsurracem + Isensorm X m _m;sorn ) [14]
m=

M-1

Al
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It should be noted that, depending on the example embodiment, n may not always begin
at the value of 1 as shown in Equation [14]. Similarly, the quantity N — 1 may also differ
depending on the embodiment. For example, N — 1 could be replaced by N — 15 or N. In
other example embodiments, N — 1 may be replaced by n + 30, n + 10, n + 5, etc. which
defines Equation [13] for a specified number of measurements after the n*

measurement.

Compared to Equation [9], this version of the example objective function in Equation [14]
is largely independent of the thermal contact resistance (R{). The only term that is

dependent on the thermal contact resistance (R¢) iS Tsyrraceo Where, as a result of

Equation [5], is defined as Tsgpsor0 — X RC It should be noted that, in many cases,

qS ensor,0

the quantity q;‘ensor,() X R'L: may be negligible. In cases where it is not negligible, a better

design is needed and the quantity qgensor‘Ong may need to be accounted for. An
example method of achieving this is by attempting (e.g., guessing) an initial value for
thermal contact resistance (Rg) before conducting, in this data processing method
example, a parameter estimation scheme. Regardless of the initial value attempted, the
parameter estimation scheme will determine an accurate estimated value for thermal

contact resistance (R.) as well as accurate estimated values for the internal parameters.

[00134] As a part of a data processing method, using Equation [14] as the objective
function in a parameter estimation scheme greatly reduces the time needed to make NITI
measurements. For comparable accuracy and using the same computer, the inventor
determined that this data processing method may be completed in less than 1 second of
processing time as compared to approximately 15 minutes when utilizing a data
processing method based on the brute force approach described above for the same data
set (75 seconds of data — 1HZ sampling frequency).

[00135] Finally, another non-obvious approach is to determine an estimated value
for the thermal contact resistance (R/) based on the internal parameters and the overall
steady-state thermal resistance (R7,.,;) of a given object. A non-limiting example of this

is described below for an example NITI application.
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[00136] It should be noted that these approaches for thermal contact resistance (R;)
determination are not limited to a specific data processing method and/or NITI technique.
Instead, they can be used as general expressions and approaches for thermal contact
resistance (R¢ ) determination regardless of the data processing method being utilized for

NITI and/or NITI application.

[00137] Figure 11 is a flow diagram showing non-limiting example procedures for
an example data processing method performed by the control circuitry in order to
determine one or more internal properties of an object (i.e., internal properties) and an
estimated thermal contact resistance (R;) between the object and NITI sensor surfaces.
In this example, the data processing method includes a parameter estimation scheme.
Measured surface temperature (i.e., measured sensor temperature) for the object at one
or more specified times, measured surface heat flux for the object at the one or more
specified times, initial values for one or more of the internal parameters of the object (e.g.,
R (the steady-state thermal resistance of the object), k, p, C, /kpC, etc.) at the one or
more specified times, and an initial value for the thermal contact resistance (R;) are input
to a calculated sensor temperature equation (e.g., Equation [6]) to generate a calculated
sensor temperature for the one or more specified times. In this example, a difference
(e.q., error) is determined between the calculated sensor temperature for the one or more
specified times and the measured sensor temperature for the one or more specified times.
The difference is, for example, compared to a predetermined threshold and if greater than
the threshold, then the difference is used to adjust one or more of the internal parameter
values and thermal contact resistance (R; ) value. For simplicity, the one or more adjusted
internal parameter values and the one or more other (i.e., non-adjusted) internal
parameter values are collectively referred to as updated values. Adjustment can be made
in a number of different ways. For example, subsequent values of one or more of the
internal parameters and the thermal contact resistance (R;) can be used without regard
for any trends or patterns in the historical difference (e.g., error) resulting from the internal
parameter and thermal contact resistance (R{') values used prior. In other examples,
adjustments can be made based on the historical difference (e.g., error) resulting from

the internal parameter and thermal contact resistance (R;) values used prior. In a non-
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limiting example, if a value of k (e.Q., kq) relates to a difference (i.e., error) of 100, and
the next value, a greater value, used for k (e.g., k,) relates to an error of 200, the control
circuitry may attempt a value less than the original value of k (k,) given the difference
(i.e., error) increased when using a value greater than k, (k,). Once the difference is less
than or equal to the threshold or otherwise deemed minimal, the control circuitry deems
the corresponding values used for the internal parameters and the thermal contact
resistance (Ry) to be accurate and optimal (i.e., output) estimated values. Then by using,
for example, Equation [3], the control circuitry generates information (e.g., for output)
corresponding to one or more accurate value(s) indicating the internal temperature
distribution of the internal region of the object. Furthermore, if desired, the control circuitry
generates information (e.g., for output) corresponding to accurate estimated value(s)
indicating one or more of the internal parameters for the object such as R", k, p, C, \/ kpC,

etc. and the thermal contact resistance (R;).

[00138] The approach just described is a non-limiting example periodic NITI data
processing method performed by the control circuitry that may determine the internal
parameters (e.g., R"”, k, p, C, JkpC, etc.) of the object, the thermal contact resistance
(Rf) between the temperature sensor and object surfaces, the internal temperature
distribution of the internal region of the object (e.g., To,(x, t,,)), etc. by post processing
the heat flux and temperature signals output from a NITI sensor placed on the surface of
the object and while may be subject to a thermal event. For the CHFT+, this thermal event
can be generated by, for example, an external thermal device used with the control
circuitry. While the CHFT- is designed to operate, for example, under external thermal
event environments such as heat dissipation from the body, engine block heat loss,
convective cooling or heating, etc. that are not used with the control circuitry. Because
this procedure can be performed so quickly by the control circuitry, the data processing
can be performed in real time as the heat flux and temperature signals are being
measured and provided as inputs to the control circuitry. With each additional
measurement, the data processing method is rerun, values for one or more of the internal
properties of the internal region of the object (i.e., internal properties) are determined, and
information for output, for example, is generated.
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[00139] Other methods (i.e., techniques) of NITI may be performed by, for example,
modifying the thermal mathematical solution (e.g., Equation [3]) to different forms
depending on the internal properties of interest. Non-limiting examples of modified
arrangements of thermal mathematical solutions and corresponding NITI methods are
provided below for different applications. Each of these applications have corresponding
thermal mathematical models. In general, depending on the NITI application and
procedure used, different data processing methods may be utilized to determine
estimated values for one or more internal properties of an object. Some of these methods
may utilize parameter estimation schemes while others may not and instead, for example,

be based on a calculation.

[00140] In other example embodiments, various mathematical operations may be
performed on, for example, the thermal mathematical solution (e.g., derivate operations,
integral operations, etc.) to determine (e.g., via a data processing method), one or more
internal properties of an object.

SYSTEM EMBODIMENTS WITH ONE OR MORE PARALLEL HEAT FLUX SENSOR -
TEMPERATURE SENSOR PAIRS FOR DETERMINING ONE OR MORE INTERNAL
PROPERTIES OF AN OBJECT

[00141] Example NITI system embodiments that acquire object heat flux and
temperature measurements in parallel by multiple (at least two) NITI sensors (e.g.,
CHFT+ or CHFT-) are referred to as DUO NITI embodiments. In addition to allowing for
simpler and more robust NITI of objects, the DUO NITI embodiments eliminate
uncertainties that may be associated with the non-limiting example NITI system
embodiments and/or methods described above for the example CHFT+ and/or example
CHFT- NITI system embodiments.

[00142] In order to make measurements in parallel, each NITI sensor in example
DUO NITI embodiments may have different heat flux values detected by each heat flux
sensor, corresponding to a difference in the amount of heat flux occurring at each NITI

sensor location, also called a sensor node. This aspect of example DUO NITI
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embodiments is referred to as a differential heat flux environment. Example embodiments
below may be used to achieve this condition. Typically, as a result of the differential heat

flux environment, temperature measurements at each sensor node (i.e., node) also differ.

[00143] One way to create a differential heat flux environment with an example DUO
CHFT+ embodiment (multiple CHFT+ nodes) is to vary the amount of thermal energy
each CHFT+ external thermal device (e.g., heater) provides. In the case of a heater, this
can be achieved by, for example, differentiating the voltage provided to each heater,
differentiating the electrical resistance of each heater, differentiating the power density of
each heater, etc. to create the differential heat flux environment needed. Figure 12 shows
a cross-section of an example DUO (parallel NITI sensor nodes) CHFT+ (with a heater)
embodiment. In this example embodiment, each NITI sensor (i.e., sensor node or node)
contains one heat flux sensor — temperature sensor pair and includes a heater (i.e.,

external thermal device) as a result of being CHFT+ nodes.

[00144] If an external thermal device (e.g., heater) is not an option, desired, or used,
another way to create a differential heat flux environment is to place differing amounts of
thermal insulation on each sensor node. The insulation can be used to control (i.e., limit,
increase, etc.) the amount of heat flux occurring through the sensor node. Differing
amounts of thermal insulation could be achieved via differing insulation thickness and/or
materials. Thermal insulation may include metals or other thermally conductive materials
designed to enhance and increase the amount of heat transfer occurring through the
sensor node. Furthermore, the insulation may act as a filter and only allow substantive
heat flux and temperature signals to be detected by the NITI sensor (e.g., CHFT+ or
CHFT-). The insulation may also be used to protect the NITI sensor from external damage
and/or external stimuli that may affect the quality of measurement. Figure 13 shows a
cross-section of an example DUO (parallel NITI sensor nodes) CHFT- embodiment with
different amounts of thermal insulation on each sensor node to facilitate a differential heat
flux environment. In NITI example embodiments, properties of the thermal insulation used
at a sensor node do not need to be known, experimentally determined, or calibrated to

make measurements of one or more object internal properties.
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[00145] Alternatively, for example when signal noise may not be an issue, one
CHFT- node may incorporate thermal insulation while the other CHFT- node is exposed.

The cross-section of this example embodiment is shown in Figure 14.

[00146] Another example embodiment in Figure 15 shows the cross-section of a
DUQO CHFT+/- system where one sensor node incorporates a CHFT+ and one sensor
node incorporates a CHFT-.

[00147] Still another example embodiment of a DUO CHFT- system cross-section
is illustrated in Figure 16. This example embodiment may be appropriate in cases where
external thermal events are specific to individual sensor nodes. For example, one sensor
node is heated with a lamp while another is cooled by a fan.

[00148] Another example embodiment in which a differential heat flux environment
is created, includes using materials with different thermal resistance for each heat flux
sensor — temperature sensor pair. For example, one sensor node incorporates an
example NITI embodiment (e.g., CHFT-) made with materials of high thermal resistance
and one sensor node incorporates an example NITI embodiment (e.g., CHFT-) made with
materials of low thermal resistance. This difference in overall thermal resistance at each
sensor node allows for a differential heat flux environment to be realized. Differing thermal
resistance may be introduced into the example NITI embodiments, for example, by
conductive or insulating vias/gaps within the one or more materials used to adhere,
connect, house, and/or contact with the heat flux sensor and/or temperature sensor (e.g.
rigid and/or flex printed circuit board, adhesives, substrates, etc.). In other example
embodiments the heat flux sensor and/or temperature sensor of one sensor node may be
manufactured using materials of low thermal conductivity and/or specified thickness while
the heat flux sensor and/or temperature sensor of another sensor node may be
manufactured using materials of high thermal conductivity and/or a different specified
thickness.

[00149] As a result of the one or more parallel sensor nodes incorporated in
example DUO NITI embodiments, innovative methods of signal measurement and data

processing are possible in addition to performing the example CHFT+ and example
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CHFT- methods described above (where sensor nodes are independently operated). For
purpose of demonstration, general, non-limiting, and example differential and quotient
based data processing methods are now described for the DUO NITI system when
operating in differential heat flux environments.

[00150] In this example, two NITI sensor nodes (i.e., sensor nodes) are modeled as
being placed on a given object, where the internal properties of the object are, in this
example, assumed to be uniform at the two sensor node locations. This results in the
following example independent equations at each sensor node (nodes 1 and 2):

m
TSensorl,m - q;ensorl,m X Rgl = Tinternar + R" X <q;enso7'1,0 + Z Aq‘;ens"”'f X P(tm — tll)) [15]
=1

m
TSensarZ,m - q;ensorz,m X Rgz = Tlnternal +R" X <q;ensor2,0 + Z Aq;ensorz,j X w(tm - t]—l)) [16]
j=1

where Titernat S the internal temperature (i.e., internal temperature distribution) of the
object, and

P is a response function that accounts for the transient heat transfer effects of the object
at one or more specified times. Typically, ¥ is derived for each thermal model
independently and may be based on one or more internal parameters. Thus, it is typically
unigue to a given NITI application and corresponding thermal model. In some example
DUO NITI embodiments, initial values for one or more of the internal parameters at one
or more specified times may need to be determined for purposes related to the response
function (y). These initial values may be predetermined (e.g., from a textbook, reference
material, etc.), estimated (e.g., via a data processing method), or otherwise determined.
In some example embodiments, the initial values are not changed and kept constant for
the one or more specified times. In other example embodiments, the initial values may be
updated or otherwise adjusted at one or more specified times.

In steady-state form, Equation [15] and Equation [16] reduce to:

TSensorl,m = Tlnternal,m + q;ensorl,m X (R" + Rgl) [17]
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TSensorZ,m = Tlnternal,m + QSensorZ,m X (R" + Rgz [18]

[00151] Note that Equation [17] and Equation [18] do not include the response
function (y) that accounts for the transient heat transfer effects of the object. Thus, they

are typically not limited to specific NITI applications and corresponding thermal models.

[00152] A general and example differential based data processing method for the
DUO NITI system includes determining the difference between Equation [15] and

Equation [16] which results in:

" 14 " i
(Tsensorvun — Gsonsortan X Re) = (Tsensorzm = sensorzum X Ré2)

m m [19]
=R"x q;‘ensarl,o + z Aq_;‘ensurl,j X w(tm - t]—l) —R"x q;ensurZ,D + z Aq;‘ensurz,j X ll'(fm - t]—1)

j=1 =1

Rearranging:

(TSensorl,m — Gsensorim X Rgl) - (TSensorz.m — Qsensorzm X R’C”z) [20]
Gsensor1,0 — Ysensor2,0 + Z?:lAqSensorl.j X IIJ(tm - t]—l) - Z;n=1 AqSensorZ,j X IIJ(tm - /—1)

R" =
Equation [19] and Equation [20] represent example general forms of the DUO NITI system
differential based data processing method where transient effects are accounted for and
two sensor nodes are used in parallel. In steady-state conditions, Equation [20] reduces
to:

TSensorl,m - TSensorZ,m = QSensorl,m X (R" + Rgl) - QSensorZ,m X (R" + R(,,‘IZ [2]]

Rearranging:

n 1" " 1"
_ (TSensorl,m — Qsensori,m X RCl) - (TSensorZ,m — Gsensorzm X Rea

R" [22]

q.;‘ensorl,m - q;ensorz,m
[00153] In this example data processing method, when the thermal contact
resistances at each sensor node (R7; and Rf,) are known, Equation [20] and Equation
[22] can be used to determine the steady-state thermal resistance (R") of the object which
is based on, and thus, indicative of, the internal parameters of the object. Consequently,
if desired, the steady-state thermal resistance (R") of the object may be used to determine

one or more internal parameters of the object when values are determined (e.g.,
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predetermined, estimated, etc.) for one or more other internal parameters. Non-limiting

examples of this are provided below.

[00154] If an estimated value for the thermal contact resistance at a sensor node
(R¢; and/or R/,) is unknown, it can be determined (e.g., via the example CHFT+ or CHFT-
procedures described above) or otherwise determined (e.g., using predetermined

values).

[00155] When the thermal contact resistances at each sensor node (R¢; and R(,)

are estimated to be negligible, Equation [20] reduces to:

TSensorl,m - TSensm‘Z,m

R" = _ _ _
Gsensort,0 — sensor2,0 + ZT:lAqSensorl,j X Iﬂ(tm - tj—l) - Z;n=1 AqSensarz,j X lp(tm - j—l)

and Equation [22] reduces to:

TSensorl,m - TSensorZ,m

R" == . 124]
Qsensorim — Ysensor2,m
[00156] When the thermal contact resistances at each sensor node are equal (R; =
RZ; = R(5), Equation [22] reduces to:
R"Total — T‘fensorl,m - Tiensorz,m [25]
Asensorim — 9sensorzm
where R" .4 i the total steady-state thermal resistance of the object and:
R'7orar = R" + R¢ [26]

[00157] A general and example quotient based data processing method for the DUO
NITI system includes determining the quotient between Equation [15] and Equation [16]

which results in:
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(TSensorl,m — Gsensori,m X R(’:'Il) - Tlnternal _ (qSensorl,O + Z;n:lAqSensorl.i X l/)(tm B tjfl))

(TSensorZ,m ~ Usensor2,m X Rgz) - Tlnternal (qSensorz,o + Z}'T;1Aq‘sgnsor2,j X w(tm - t}*l))

[27]

Rearranging:

Traternatm

(28]

_ Tsensoram — Gsensoram % RE) % (Gsensor1o T Zfe1 Adsensor,y X Y(m = 5-1)) = Tsensorim = Gsensortm X Rex) X (Asensorz,o + T Adsensorz,j X Pltm = §-1))
(dsensorro T Zft1 Msensors X WEm = -1)) = (dsensorzo + Zje1 Msensorz s X Wt = 4-1))

Equation [27] and Equation [28] represent example general forms of the DUO NITI system
quotient based data processing method where transient effects are accounted for and
two sensor nodes are used in parallel. In steady-state conditions, Equation [27] reduces

to:

" " "
(TSensorl,m - QSensoer X RCl) - Tlnternal _ qSensorl,m

(29]

0 ~ -
(TSensorZ,m - QSensorz,m X RCZ) - Tlnternal qSensorZ,m

Rearranging:

" " " " ” "
T _ (TSensorz,m ~ Qsensor2,m X RL’Z) X Isensorim — (TSensorl,m ~ Qsensorim X RCl) X Qsensor2,m [30]
Internalm — d —
qSensorl.m qSensorZ,m

[00158] In this example data processing method, when the thermal contact
resistances at each sensor node (R7; and R¢,) are known, Equation [28] and Equation
[30] can be used to determine an internal temperature distribution (T7,ternarm) Of the
object. If an estimated value for the thermal contact resistance at a sensor node (R¢;
and/or R;,) is unknown, it can be determined (e.g., via the example CHFT+ or CHFT-
procedures described above) or otherwise determined (e.g., via predetermined values).

[00159] When the thermal contact resistances at each sensor node (R¢; and R¢,)

are estimated to be negligible, Equation [28] reduces to:

T[nternal,m

[31]

_ TSensurZ,m X (q;ensurl,o + 2:7;1 Aq;‘ensarl,j X w(tm - tjfl)) - TSensurl,m X (q;'ensan,[) + Z;’LL Aq;ensarz,j X w(tm B J*l))
(qSensurl,O + Z;rl=1 AqSensurl,j X w(t‘m - t]—l)) - (qSensurZ,O + ZT:lAqSensurZ,j X lp(t‘m - t}—l))
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and Equation [30] reduces to:

T _ Tsensor2,m X Asensorim — Isensorim X Qsensorzm 3
Internalm — " o [ ]
qSensorl,m qSensorZ,m

Equation [32] is also the form of Equation [30] when the thermal contact resistances at

each sensor node are equal (R = R¢; = R(,).

[00160] As mentioned before, the non-limiting and example transient forms of, for
example, the differential and quotient based data processing methods are typically unique
to each NITI application and thermal model given the presence of the response function
(). However, the steady-state forms of, for example, the non-limiting and example
differential and quotient based data processing methods are typically universal and

applicable for almost any NITI application and corresponding thermal model.

[00161] Figure 17 illustrates an example NITI system to perform NITI with parallel
heat flux sensor — temperature sensor pairs (i.e., DUO NITI system) for determining one
or more internal properties of an object. Two NITI sensors (one is referred to as “first”
and the other as “second” to distinguish them) are shown (although more than two NITI
sensors may be used), and each NITI sensor (e.g., CHFT+ or CHFT-) includes a
temperature sensor and a heat flux sensor (i.e., heat flux sensor — temperature sensor
pair). In other example embodiments, each NITI sensor may include more than one
temperature sensor and/or more than one heat flux sensor. The configuration of the
temperature sensor and the heat flux sensor for each NITI sensor with respect to each
other, to another NITI sensor, and the object may be as illustrated in any of the non-
limiting examples shown in Figures 12-16. Analog signal outputs from the temperature
sensor and the heat flux sensor corresponding to measured temperature sensor and
measured heat flux sensor analog signals from each NITI sensor are provided via suitable
communication paths (e.g., electrical conductors) and converted to digital signals by data
acquisition (DAQ) circuitry, which may include, for example, one or more analog-to-digital
converters (ADCs), microcontrollers, etc. The DAQ circuitry provides measured
temperature sensor and measured heat flux sensor digital signals via suitable

communication paths (e.g., electrical conductors, radio signals, etc.) to control circuitry
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for processing as described above and further below. The control circuitry may include
one or more suitably configured computers, microprocessors, DSPs, FPGAs, or other
data processors. Suitable configuration of the control circuitry may be implemented in
hardware, in software, or a combination. The control circuitry includes or is in
communication with an output such as a display, a network, a cloud computer system, a
communications device like a cell phone, wearable technology, etc. The output may also
be used for one or more control operations such as sensor enablement and disablement,
remote monitoring, measurement start/stop, external thermal device operation, data
logging, temperature control, energy flow control, system failure control, preventive
maintenance control, diagnostics, system performance, data input, data display,
analytics, etc. In this non-limiting example, when applicable (e.g., when using CHFT+
nodes), each external thermal device is controlled using a respective relay (i.e., switch),
and the relay is operated by a relay signal from the DAQ which in turn provides the relay
signal based on input from the control circuitry.

[00162] Figure 18A is a flow diagram showing example procedures for a differential
based data processing method performed by the control circuitry in order to determine
one or more internal parameters of an object (i.e., internal parameters) using two parallel
NITI sensors (one is referred to as “first” and the other as “second” to distinguish them).
Measured surface temperature at one or more specified times from the temperature
sensor (i.e., measured sensor temperature) in each of the first and second NITI sensors
and measured surface heat flux at the one or more specified times from the heat flux
sensor in each of the first and second NITI sensors are input to the control circuitry. Initial
values for one or more of the internal parameters (e.g., R", k, p, C, \ kpC, etc.) at the one
or more specified times and values for thermal contact resistance at each sensor node
(R;y and Rp,) are also input to the control circuitry. The control circuitry then uses a
differential based data processing method that determines, e.g., based on Equation [20],
one or more of the internal parameters at the one or more specified times. Finally, the
control circuitry generates information (e.g., for output) corresponding to one or more

accurate value(s) indicating the internal parameters for the object such as R”, k, p,

C,\JkpC, etc.

56



WO 2021/003140 PCT/US2020/040266

[00163] Figure 18B is a flow diagram showing example procedures for a differential
based data processing method performed by the control circuitry in order to determine a
steady-state thermal resistance of an object (an internal parameter) using two NITI
sensors (one is referred to as “first” and the other as “second” to distinguish them) in
steady-state conditions. Measured temperature at one or more specified times from the
temperature sensor (i.e., measured sensor temperature) in each of the first and second
NITI sensors and measured heat flux at the one or more specified times from the heat
flux sensor in each of the first and second NITI sensors are input to the control circuitry.
Values for thermal contact resistance at each sensor node (R¢; and R;,) are also input to
the control circuitry. The control circuitry then uses a differential based data processing
method that determines, e.g., based on Equation [22], a steady-state thermal resistance
of the object (an internal parameter) at the one or more specified times. Finally, the control
circuitry generates information (e.g., for output) corresponding to accurate values
indicating the steady-state thermal resistance of the object. Furthermore, if desired, the
control circuitry may generate information (e.g., for output) corresponding to one or more
accurate values indicating one or more of the other internal parameters for the object
such as k, p, C, \JkpC, etc., based on the determined steady-state thermal resistance of

the object and one or more determined (e.g., pre-determined, estimated, etc.) internal

parameters.

[00164] Figure 19A is a flow diagram showing example procedures for a quotient
based data processing method performed by the control circuitry in order to determine an
internal temperature distribution of the internal region of an object (i.e., internal
temperature distribution) using two parallel NITI sensors (one is referred to as “first” and
the other as “second” to distinguish them). Measured temperature at one or more
specified times from the temperature sensor (i.e., measured sensor temperature) in each
of the first and second NITI sensors and measured heat flux at the one or more specified

times from the heat flux sensor in each of the first and second NITI sensors are input to
the control circuitry. Values for one or more internal parameters (e.g., R", k, p, C, JkpC,
etc.) at the one or more specified times and values for thermal contact resistance at each
sensor node (R, and R,) and are also input to the control circuitry. The control circuitry
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then uses a quotient based data processing method that determines, e.g., based on
Equation [30], the internal temperature distribution of the internal region of the object at
the one or more specified times. Finally, the control circuitry generates information (e.g.,
for output) corresponding to one or more accurate values indicating the internal

temperature distribution of the internal region of the object.

[00165] Figure 19B is a flow diagram showing example procedures for a quotient
based data processing method performed by the control circuitry in order to determine an
internal temperature distribution of the internal region of an object (i.e., internal
temperature distribution) using two parallel NITI sensors (one is referred to as “first” and
the other as “second” to distinguish them) in steady-state conditions. Measured
temperature at one or more specified times from the temperature sensor (i.e., measured
sensor temperature) in each of the first and second NITI sensors and measured heat flux
at the one or more specified times from the heat flux sensor in each of the first and second
NITI sensors are input to the control circuitry. Values for thermal contact resistance at
each sensor node (R, and R;,) are also input to the control circuitry. The control circuitry
then uses a quotient based data processing method that determines, e.g., based on
Equation [32], the internal temperature distribution of the internal region of the object at
the one or more specified times. Finally, the control circuitry generates information (e.g.,
for output) corresponding to one or more accurate values indicating the internal
temperature distribution of the internal region of the object.

[00166] Figure 20 is a flowchart outlining example procedures performed by the
control circuitry in a non-limiting and example NITI system that includes a NITI sensor
based on parallel NITI sensor nodes (i.e., DUO NITI system) and a differential based data
processing method for determining one or more internal parameters of an object at one
or more specified times. A first measured temperature signal is received by the control
circuitry from the temperature sensor in a first non-invasive, heat flux sensor —
temperature sensor pair at one or more specified times (step S7). A first measured heat
flux signal is received by the control circuitry from the heat flux sensor in the first non-
invasive, heat flux sensor — temperature sensor pair at the one or more specified times

to determine a measure of the heat transfer leaving or entering the object at the surface
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at the one or more specified times (step S8). A second measured temperature signal is
received by the control circuitry from the temperature sensor in the second non-invasive,
heat flux sensor — temperature sensor pair at the one or more specified times (step S9).
A second measured heat flux signal is received by the control circuitry from the heat flux
sensor in the second non-invasive, heat flux sensor — temperature sensor pair measured
at the one or more specified times to determine a measure of the heat transfer leaving or
entering the object at the surface at the one or more specified times (step S10). The
control circuitry determines initial values for each of the internal parameters at the one or
more specified times (step S11). The control circuitry then determines one or more of the
internal parameters of the object at the one or more specified times based on the
measured temperature signals from the temperature sensors in the first and second non-
invasive, heat flux sensor — temperature sensor pairs at the one or more specified times,
the measured heat flux signals in the first and second non-invasive, heat flux sensor —
temperature sensor pairs at the one or more specified times, and the initial values of the
internal parameters at the one or more specified times (step S12). The control circuitry
generates information (e.g., for output) indicating one or more of the internal parameters
of the object at the one or more specified times (step S13). In subsequent procedures
performed by the control circuity (i.e., at one or more future specified times), the control
circuitry may determine the initial values for one or more of the internal parameters in step
S11 based on the values of one or more of the internal parameters determined in step
S$12 prior (i.e., at the one or more specified times). Additionally, the control circuitry may
perform step S7 through step S11 in any order and is not limited to the order specified in
this non-limiting example of procedures. In steady-state conditions, the control circuity
may optionally not perform step S11 and/or may not use initial values of the internal
parameters in step S12. Furthermore, the control circuitry may also perform steps to
determine and account for one or more effects associated with a thermal contact
resistance between the temperature sensor in the first non-invasive, heat flux sensor —
temperature sensor pair and the surface of the object and/or one or more effects
associated with a thermal contact resistance between the temperature sensor in the
second non-invasive, heat flux sensor — temperature sensor pair and the surface of the

object.
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[00167] Figure 21 is a flowchart outlining example procedures performed by the
control circuitry in a non-limiting and example NITI system that includes a NITI sensor
based on parallel NITI sensor nodes (i.e., DUO NITI system) and a quotient based data
processing method for determining an internal temperature distribution of the internal
region of the object at one or more specified times. A first measured temperature signal
is received by the control circuitry from the temperature sensor in a first non-invasive,
heat flux sensor — temperature sensor pair at one or more specified times (step S14). A
first measured heat flux signal is received by the control circuitry from the heat flux sensor
in the first non-invasive, heat flux sensor — temperature sensor pair at the one or more
specified times to determine a measure of the heat transfer leaving or entering the object
at the surface at the one or more specified times (step S15). A second measured
temperature signal is received by the control circuitry from the temperature sensor in the
second non-invasive, heat flux sensor — temperature sensor pair at the one or more
specified times (step S16). A second measured heat flux signal is received by the control
circuitry from the heat flux sensor in the second non-invasive, heat flux sensor —
temperature sensor pair measured at the one or more specified times to determine a
measure of the heat transfer leaving or entering the object at the surface at the one or
more specified times (step S17). The control circuitry determines values for each of the
internal parameters at the one or more specified times (step S18). The control circuitry
then determines the internal temperature distribution of the internal region of the object
at the one or more specified times based on the measured temperature signals from the
temperature sensors in the first and second non-invasive, heat flux sensor — temperature
sensor pairs at the one or more specified times, the measured heat flux signals in the first
and second non-invasive, heat flux sensor — temperature sensor pairs at the one or more
specified times, and the values of the internal parameters at the one or more specified
times (step S19). The control circuitry generates information (e.g., for output) indicating
the internal temperature distribution of the internal region of the object at the one or more
specified times (step S20). Additionally, the control circuitry may perform step S14
through step S18 in any order and is not limited to the order specified in this non-limiting
example of procedures. In steady-state conditions, the control circuity may optionally not
perform step S18 and/or may not use values of the internal parameters in step S19.
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Furthermore, the control circuitry may also perform steps to determine and account for
one or more effects associated with a thermal contact resistance between the
temperature sensor in the first non-invasive, heat flux sensor — temperature sensor pair
and the surface of the object and/or one or more effects associated with a thermal contact
resistance between the temperature sensor in the second non-invasive, heat flux sensor

— temperature sensor pair and the surface of the object.

[00168] Further example procedures performed by the control circuitry in a non-
limiting and example NITI system that includes a NITI sensor based on parallel NITI
sensor nodes, may include more than one data processing method. For example, a NITI
system may include both a differential based data processing method and a quotient
based data processing method for determining (e.g., calculating) one or more internal
parameters of an object and determining (e.g., calculating) an internal temperature
distribution of the internal region of the object, respectively. The NITI system may, for
example, perform the multiple data processing methods subsequently or simultaneously.
In other example embodiments, a data processing method may be based on a
combination of multiple data processing methods to determine one or more internal

properties.

[00169] Example DUO NITI embodiments may utilize control circuitry to maintain
prescribed heat flux and temperature conditions. For example, control circuitry can be
used to maintain steady-state conditions by adjusting the power supplied to an external
thermal device (e.g., heater). In other example embodiments, the control circuitry can
regulate the amount of heat flux and/or temperature occurring at one sensor node to be
a constant multiple of the heat flux and/or temperature occurring at another sensor node.

[00170] Similar conditions may be further achieved without control circuitry. For
example, a prescribed amount of thermal insulation on each sensor node may also be
used to regulate the heat flux or temperature occurring at each sensor node to, for

example, a constant multiple of another sensor node.
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[00171] Creating such environments where the heat flux and/or temperature
occurring at sensor nodes are related by, for example, a constant multiple (Y) allows for

further simplification of DUO NITI systems and data processing methods.

[00172] For example, if control circuitry and/or thermal insulation is used to maintain

the following relationship between the heat flux occurring at each sensor node:

Y X q;ensorl,m = q;ensorz,m [33]
Equation [27] can be rewritten as:

(TSensorl,m - q;ensorl,m X Rgl) - Tlnternal _ (q;’ensorl,o + Z;n:l Aq;’ensarl,j X lp(tm - t]—l)) [34]
(TSensorz,m —-Yx qsensarl,m X Rgz) - TInternal (Y X qsgnsorl,o + 271:1 Y x Aqsynsorl,j X l1[)(tm - tj—l))

which simplifies to:

" " " "
_ Y x (TSensorl,m — Isensori,m X Rey) — (TSensorZ,m -YX Gsensor1,m X Re; 35
Tlnternal,m - (Y — 1) [ ]

Assuming negligible or equivalent thermal contact resistance (R;) at each sensor node:

Y X TSensorl,m - TSensorZ,m

Tlnternal,m = Y -1 [36]

In this example, Equation [35] and Equation [36] can be used for simplified real-time
internal temperature (Truernaim) Measurement of a given object without any
consideration for transient heat transfer effects (e.g., via a response function (y)) over

time and/or internal parameters of the object.

EXAMPLE APPLICATIONS

62



WO 2021/003140 PCT/US2020/040266

[00173] Example embodiments are now described for different example
applications and methods of NITI. Some of these examples have experimental data
results included that are based on tests performed by the inventor. This is not meant to
be an exhaustive list of applications or methods, but instead, illustrates examples of ways
NITI can be used. Furthermore, example NITI methods are not limited to the applications
and/or example embodiments listed below and may be used and/or the basis of other
example NITI methods for different applications and/or example embodiments.

[00174] The experimental data results are based on example NITI sensor
embodiments that include one or more heat flux sensors based on differential thermopile
technology and one or more temperature sensors based on thin-film thermocouple
technology. However, similar results may be obtained regardless of the type of heat flux
sensors or temperature sensors (e.g., RTD temperature sensors, fiber optic temperature

sensors, NTC temperature sensors, thermistors, thermopiles, etc.) used.

BLOOD PERFUSION MEASUREMENT APPLICATION

[00175] One application is Blood Perfusion (Flow) in Tissue as shown in an example
embodiment depicted in Figure 22. A NITI sensor (CHFT+) is shown in contact with tissue.
The tissue (i.e., object) includes multiple internal parameters including blood perfusion
(w), tissue thermal conductivity (k), tissue density (p), and tissue heat capacity (C). As
tissue depth (x) increases, the internal temperature distribution (T) of the tissue
approaches the core blood temperature (T¢4). In this example application, the core
blood temperature (T¢,r.) is assumed to be equal 1o (i.e., at thermal equilibrium with) the

core tissue temperature given the majority of live tissue is composed of blood.

An example thermal mathematical model for bio-heat transfer which includes the effects
of blood perfusion in tissue is set forth in Table 2 below.

Table 2. Thermal Mathematical Model for Tissue with Heat Flux Boundary Condition
(based on Pennes Bio-Heat Equation)

or 0%

PDE o _
ot % oxz

- W(T - TCore)
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oT .
Bounc_jgry _ka = Gsensor(t) , x =0
Conditions
T- TCore ; X ®
Initial Condition T = Tmitiw(x) , t=0
[00176] The solution of the thermal mathematical model in Table 2 (internal

temperature distribution (T)), when evaluated at the tissue surface (x = 0), is:

m
" 1 [« f—
TTissue,m = TTissue,O + 2 AqSensor,j X E\/% X ETf( W(tm - tj—l)) [37J
j=1

where the initial tissue surface temperature is:

« 1 [a
TTissue,O =Teore + Qsensor,0 X E W [38]
and where heat flux is defined to be positive when entering the tissue.
[00177] Rewriting Equation [37] in terms of NITI sensor outputs and including effects

of the thermal contact resistance (R;) between the NITI sensor and the tissue surfaces

yields:

m
. " " 1 [ -
TTissue,m = TSensor,O - qSensoT,O X RC + z AqSensor,j S %\/% X ETf( W(tm - tj—l)) [39]
j=1

J

where 1\/E = f; is the steady-state thermal resistance (R"') of tissue.
kAlw kpCw

In this non-limiting example, the core blood temperature (T¢,,.) is assumed to be constant
with time and unchanging. However, in cases where the core blood temperature (T¢ore)
is not constant, the effects may be distinguished from effects related to changes in the
internal parameters (e.g., blood perfusion (w})). This is due to differences in the one or
more effects resulting from such changes. For example, in some cases, effects related to
changes in blood perfusion (w) can be realized via, for example, a surface temperature

change that is the result of, in this example, a non-linear expression in Equation [39].
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Effects related to changes in core blood temperature (Te,r. ), hOwever can be realized, for
example, via a surface temperature change that is the result of, in this example, a linear
expression found in a combination of Equation [38] and Equation [39]. The differences in
linear and non-linear effects allow for the distinction and differentiation between the
different underlying causes (e.g., changes in the core blood temperature (T¢,...) or the
internal parameters). Furthermore, other thermal mathematical models may be derived
to account for core blood temperature (T} that varies over time as opposed to

assuming core blood temperature (T, ) t0 be constant, as in this non-limiting example.

BLOOD PERFUSION -- PERIODIC MEASUREMENTS USING PARAMETER
ESTIMATION EMBODIMENT

[00178] For an example NITI sensor embodiment (e.g., CHFT+ or CHFT-) used with
a periodic data processing method, Equation [39] may be used in a parameter estimation
scheme to determine the internal parameter of blood perfusion (w), core blood (i.e.,
tissue) temperature (T¢ore), and/or the thermal contact resistance (R;) between the NITI
sensor and the tissue surfaces. This is similar to the general case presented as an
example in the NITI system embodiments with one or more heat flux sensor —temperature
sensor pairs section above but with a different thermal model for a different NITI
application. In this example, predetermined constant values for the internal parameters
of tissue thermal conductivity (k), tissue density (p), and tissue heat capacity (C) are used.

An example objective function to be minimized in this example application is:

M-1

1 2
RMSE = m Z (TSensor,m - TCalculated,m) [40]
m=1
where:
TCalculated,m = TTissue,m + q;‘ensor,m X R(IJI [41]
and where:
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[00179]

"o__
RC -

2N—1 TSensor,n - TTissue,n
n=1 "

qSensor,n

N-1

PCT/US2020/040266

[42]

An example CHFT+ embodiment (with heater) was tested on a live tissue

simulator capable of creating a controlled water perfusion and temperature environment

in pseudo tissue. This simulator is called the phantom tissue system or phantom. At

different flowrates (perfusion rates), the CHFT+ was placed on the pseudo tissue and

measurements were made as follows:

10 seconds of steady-state data was recorded.

Heater turned on for approximately 65 seconds, resulting in a transient thermal

response of the tissue as measured by the CHFT+ via surface heat flux and

surface temperature signals.

The entirety of the data was processed via a periodic data processing method that

included a parameter estimation scheme in less than 1 second, resulting in outputs

of perfusion (w), core water temperature (T¢..), and the thermal contact

resistance (R;) between the CHFT+ and the pseudo tissue surfaces.

Table 3. Results of Example Blood Perfusion CHFT+ Embodiment with Periodic
Parameter Estimation Data Processing Method

ml
Perfusion - w( l;/ £) Temperature - T,,.(°C)
nir
Flow Rate m2
cc CHFT+ | Phantom | Difference CHFT+ Phantom | R/ (°Cc—)
=) w
10 0.0237 | 0.0185 21.94 % 32.83 32.92 0.000206
15 0.0360 | 0.0347 3.61 % 32.12 31.93 0.000205
20 0.0533 | 0.0524 1.69 % 33.03 33.23 0.000254
25 0.0810 | 0.0709 12.47 % 30.24 30.48 0.000218
[00180] Looking at Table 3, the estimated values for perfusion (w) using the

example CHFT+ embodiment are in close agreement with the phantom CFD model (i.e.,

phantom) for the 15 £E and 20 ££ flowrates. The 10 << and 25 <% are subject to a
min mmn min min

21.94% and 12.47% difference, respectively. This may be because when the inventor

was performing the experimental data collection, it was difficult to maintain the 10 % and
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25 % flowrates. When setting these flowrates, the flowrate would often skew higher than

expected and resulted in higher flow measurements when compared against the phantom

ml

B
/s where a measure of
mirp

model. Note that the unit of blood perfusion (w) is denoted as

blood flow rate (e.g., milliliters of blow flow per second) through a volume of tissue (e.g.
millimeter of tissue) is provided. In these example embodiments tested on the Phantom
Tissue System, blood perfusion is instead specified as perfusion and blood flow rate is
instead water flow rate.

[00181] In some example embodiments, the unit of blood perfusion (w) may be
further reduced to s™*. In other example embodiments, the unit of blood perfusion (w)
may be combined with a density value to provide a measure of blood flow rate through a
given mass of tissue (e.g., 100 grams).

[00182] Furthermore, the estimated values for perfusion (w) increase as the flow

rate increases. In addition, the thermal contact resistance (R;) is relatively constant which
signifies its consistency throughout the experimental measurements, as expected. The
estimated core temperature of the perfused water (T¢,...) matches well with the perfusing
water temperature (Tyqer) recorded using a submerged bead thermocouple within the

phantom. The greatest difference was about 0.24 °C occurring at 25 %

[00183] In order to demonstrate the ability of the parameter estimation scheme used
in this data processing method in determining an optimal perfusion (w) value when used

with experimental data, the relationship between the example objective function in
Equation [40] (i.e., RMSE) and perfusion (w) for the 15 % case is displayed in Figure 23.

The graph in Figure 23 illustrates that the relationship has a global minimum at the
perfusion (w) value of 0.0360 s-1. This corresponds to the estimated value of perfusion

for the 15 % case, as documented in Table 3.

[00184] For the 15 % case, Figure 24 is a graph illustrating an example of matching

between a calculated (output) sensor temperature curve and a measured (input) sensor
temperature curve. The matching between the two temperature curves indicates that the
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internal parameter values (k, p, C, w) and the thermal contact resistance (Rg) value used
to construct the calculated (output) sensor temperature curve via Equation [41] are the
same as the actual values occurring in the tissue (i.e., object). Incorrect values would
result in poor matching as, for example, illustrated in Figure 25.

[00185] As mentioned previously, in this example, predetermined values for tissue
thermal conductivity (k), tissue density (p), and tissue heat capacity (C) were input as
constant values in the example data processing method performed for perfusion

measurement above in order to determine the internal parameter of tissue thermal inertia
(v kpC). Another way to determine tissue thermal inertia is, for example, via one or more

parameter estimation schemes as a part of a data processing method.

[00186] One example way to estimate tissue thermal inertia may be to define
different objective functions for different time periods of surface measurements made.
This is possible because the calculated (output) sensor temperature curve has differing
internal parameter sensitivity over time and, thus, the effects of each internal parameter
(e.q., \/W and w) can be distinguished. Consequently, the internal parameter values
can be individually estimated. Figure 26 shows this differing sensitivity of the calculated
(output) sensor temperature curve to internal parameters. Specifically, there is greater
sensitivity to the product of tissue thermal conductivity (k), tissue density (p), and tissue
heat capacity (C) during the initial time period, while sensitivity to blood perfusion (w) is
initially minimal but increases with time. Thus, for example, in data processing methods
that may include parameter estimation schemes, objective functions designed to
determine an estimated value of kpC may be defined to include initial time periods while
objective functions designed to determine the value of w may be defined to include later
time periods. Additionally, the objective functions may be defined to operate
simultaneously or in prescribed sequences (e.g., one after the other).

[00187] Another example way to determine tissue thermal conductivity (k), tissue
density (p), and tissue heat capacity (C) is to calculate them after a blood perfusion (w)
value has been determined when using predetermined values of tissue thermal

conductivity (k), tissue density (p), and tissue heat capacity (C). For example, once an
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optimal blood perfusion (w) value has been determined using, for example,
predetermined values for the internal parameters of tissue thermal conductivity (k), tissue
density (p), and tissue heat capacity (C), the quantity kpC can be calculated using, for

example, Equation [43]:

« 2
kpC = l( P ?qSensor,j X”EVf(\/W(tm - t}:v—l)) ”> [43]
w TSensor,m — sensorm X RC - TSenSOT,O + Qsensor,0 X RC

where the blood perfusion (w) on the right is the optimal blood perfusion (w) value
determined when using predetermined (i.e., prior) values of tissue thermal conductivity

(k), tissue density (p), and tissue heat capacity (C).

The method based on, for example, Equation [43] can be used in a variety of methods to
determine, for example, the product of tissue thermal conductivity (k), tissue density (p),
and tissue heat capacity (C). For example, measurements can be made at single or
multiple indices (m). In the case of multiple indices, an average of the resulting values
may, for example, be taken as the determined value. If desired, the more recent
determined value for kpC may update the previously determined value and be used to re-

estimate the blood perfusion (w) value. The more this routine is practiced, the more
accurate the determined values of tissue thermal inertia (/kpC) and blood perfusion (w)

may become. This non-limiting example NITI method may be used for some or all
example NITI embodiments and/or applications.

BLOOD PERFUSION -- REAL-TIME MEASUREMENTS USING PARAMETER
ESTIMATION EMBODIMENT

[00188] In the example Blood Perfusion — Periodic Measurements using Parameter
Estimation embodiment, data processing by the control circuitry starts after all
measurements are made. Thus, in the experimental phantom testing above,
measurements were output about every 75 seconds in a periodic manner. NITI sensor
(e.g., CHFT+ or CHFT-) data may alternatively be processed in real-time to provide for
real-time outputs of blood perfusion (w), core blood temperature (T¢,..), and/or thermal

contact resistance (R;) between the NITI sensor and the tissue surfaces. As time goes
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on, more data points are added to the surface heat flux and surface temperature curves
that are processed in real-time by a data processing method that includes a parameter

estimation scheme and outputs values in less than 1 second.

BLOOD PERFUSION -- REAL-TIME MEASUREMENTS WITHOUT PARAMETER
ESTIMATION EMBODIMENT

[00189] Equation [39] can be rearranged as:

1 — TTissue,m - (TSensor,O - q;ensor,o X Rg) [44]
kpew Z;n:l AqSensor,j X Erf(\/ wW(tm — tj—l))

where:

TTissue,m = TSensor,m - q;ensor,m X Rg [45J
Combining Equation [44] and Equation [45]:

-1

" " " i 2
(TSensor,m - QSensor,m X RC - (TSensor,O - qSensor,O X RC
w = |kpc [46]

Z;‘n:l Aq;ensor,j X Erf(\/ w(ln — tj-l))

[00190] When the thermal contact resistance (R;) between the NITI sensor (e.g.,

CHFT+ or CHFT-) and the tissue surfaces is known and typical values for tissue thermal
conductivity (k), tissue density (p), and tissue heat capacity (C) are input, Equation [46]
may be used for real time blood perfusion measurement when a typical value of blood
perfusion (w) is input on the right side. In some example embodiments, for example when
change in blood perfusion (w) is of interest, the quantity Tsens0r0 — q;ensor,o X R/ may be
assumed at one or more specified times. In other example embodiments, the quantity
Tsensor0 — Qsensoro X R¢ may be determined by, for example, using an additional
temperature sensor; the output of which is indicative of tissue surface and/or core (i.e.,

internal) tissue temperature.

[00191] Although the calculated blood perfusion (w) value on the left side will not be

exact, it will still suffice for accurate quantitative and/or qualitative measurements.
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Furthermore, for most accurate results, the typical value for blood perfusion (w) on the
right side may be updated to reflect the most recent and/or accurate value calculated via
Equation [46]. In other methods, the values for blood perfusion (w) on the right and left
sides may be determined simultaneously, providing for accurate quantitative
measurements. This may omit the need to input a typical blood perfusion (w) value on
the right side. If the thermal contact resistance (R;/) value is unknown, it can be
determined (e.g., via the NITI procedures described above) or otherwise determined and
accounted for. In some cases, the thermal contact resistance (R7) may be estimated to
be negligible.

[00192] Furthermore, in steady-state conditions Equation [46] reduces to:

-1

" " " " 2
(T.S‘ensor,m — qsensor,m X RC B (TSensor,O ~ qsensor,0 X RC 47
w = |kpc [47]

Qsensorm — 4sensor,0

Equation [47] no longer requires a typical blood perfusion (w) value on the right side.
Steady-state conditions could be achieved in a variety of ways including a control circuitry
that regulates the heat flux and/or temperature occurring at the tissue surface via external
thermal devices (e.g., heaters, coolers, etc.).

BLOOD PERFUSION -- DUO NITI SENSOR EMBODIMENT

[00193] For an example DUO NITI sensor embodiment when using first and second
parallel NITI sensor nodes (each node having a heat flux sensor — temperature sensor
pair), two independent equations are formed:

7y " 1" 7 " 1 a S " 1 @ -,
ISensorl,m — Osensorim X RCI = ICore + 9Sensor1,0 X ; ; + Z AqSensarl,] X E ; X bT‘f ( W(tm - tj—l)) [48]
j=1
m
. o . 1 [a " 1 [a
TSensorz,m — Qsensorzm X Rcz = TCore + Qsensor2,0 X ; ; + Z AqSensurz,j X E W X ETf ( W(tm - t]—1)) [49]
Jj=1

[00194] Using an example differential based data processing method, Equation [48]
- Equation [49] yields:
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-1

(50]

" " 2
n "
(TSenmrl,m — Gsensorim X Rcl) - (TSunsr)rZ,m — Asensorzm X RCZ) )

w = [kpc( - m o 0 you 0
(qSensorl,O ~ Asensor2,0 + Zj:lAqSensarl,j X Erf(\/ W(tm - tj—1)) - Zj=1 AqSensarz,j X Erf(\/ W(tm - t]—1)))

[00195] This transient equation is a result of the DUO NITI sensor configuration and

allows for real time blood perfusion (w) measurement regardless of core blood
temperature (T¢ore), When inputting typical values for tissue thermal conductivity (k),

tissue density (p), tissue specific heat capacity (C), and blood perfusion (w) on the right.

[00196] Although the calculated blood perfusion (w) value on the left side will not be
exact, it will still be very close and suffice for accurate quantitative and/or qualitative
measurements. Furthermore, for most accurate results, the typical value for blood
perfusion (w) may be updated to reflect the most recent and/or accurate value calculated
via Equation [50]. In other methods, the values for blood perfusion (w) on the right and
left sides may be determined simultaneously, providing for accurate quantitative
measurements. This may omit the need to input a typical blood perfusion (w) value on
the right side.

[00197]  Estimated values for the thermal contact resistances (R;; and R/,) between
each NITI sensor (e.g., CHFT+ or CHFT-) and the tissue surfaces can be determined
(e.g., via NITI procedures described above) or otherwise determined. In some cases, the

thermal contact resistance (R, and/or R;,) may be estimated to be negligible.

[00198] In steady-state conditions, Equation [50] reduces to:

" " " " 217t
_ (TSensorl,m ~ qsensortm X Rer) — (TSensorZ,m — sensorzm X RCZ) 51
w = |kpc [51]

(qSensorl,m - qSensorZ,m)

where a typical blood perfusion (w) value is no longer required on the right side. Steady-
state conditions could be achieved in a variety of ways including a control circuitry that
regulates the heat flux and/or temperature occurring at the tissue surface via external
thermal devices (heaters, coolers, etc.).
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[00199] Figure 27 is a graph showing results of an example DUO CHFT+
embodiment when used to measure the perfusion (w) of pseudo tissue on the phantom

at different flowrates of 30 20 — and 10 — ThIS graph shows that the example

DUO CHFT+ embodiment is capable of determlnlng the perfusion (w) of pseudo tissue
Mg /s)

Subsequently, after about 10 minutes, the example DUO CHFT+ embodiment determines

on the phantom when initially turned on at 30 % (perfusion (w) rate of ~0.035

the change in perfusion (w) in real-time as the phantom flowrate is adjusted to 10 %

/

(perfusion (w) rate of ~0.020 ) and later increased to 20 — (perfuswn (w) rate of

mig
~0.027 /5

) where the experimental measurements end after about 10 minutes. To

show the accuracy and agreement of the example DUO CHFT+ method in real-time, a
different example NITI method for perfusion measurement (CHFT+ Periodic) is also used
to determine the perfusion rate at each specified flowrate. The agreement between the
two measures indicates the validity of both methods in determining perfusion (w) rate of

tissue.

HYDRATION OF TISSUE MEASUREMENT APPLICATION

[00200] All of the example methods and embodiments for Blood Perfusion
Measurement above can be also used to determine f f which is the steady-

state thermal resistance (R") of tissue as defined in these example methods. The steady-
state thermal resistance (R") of tissue may be an accurate and reliable indicator of tissue
hydration. For example, correlations could be developed and used as a means to gauge
tissue hydration and dehydration levels based on, for example, the tissue steady-state
thermal resistance. Independent values indicative of blood perfusion (w), or other internal

parameters, may also be used to gauge tissue hydration and dehydration levels.

CORE TEMPERATURE OF TISSUE MEASUREMENT APPLICATION

[00201] Combining Equation [37] and Equation [38]:
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m
. 1 [a " 1 [a { .
TTissue,m = TCore + qSensor,O X E\/% + Z AQSensor,j X E\/% X ET‘f ( W(tm - ]—1)) [52]
J:

Rewriting Equation [52] in terms of NITI sensor outputs and including effects of the

thermal contact resistance (R;) between the NITI sensor and the tissue surfaces:

m
" . 1 [a " 1 Ja N
TSensor,m — Qsensorm X Rg =Teore + Gsensor,0 X E\/% + Z AqSensor.]' X E\/% X Erf( w(ty, — t]—l)) [53]
=1

Rearranging and realizing that T, is dependent on values that change over time

(measurement index (m)):

m
" " 1 [a . 1 [«
Teore,m = Tsensorm — Asensorm % R¢ — 9sensor,0 X E\/% - Z AqSensor,j X E\/% X Erf ( Jw(tm - tj—l)) [54]
=1

[00202] Equation [54] is an example equation for core tissue temperature (Tr;ssyem)
measurement and is used in the following example embodiments below. For some of
these example embodiments, values of tissue thermal conductivity (k), tissue density (p),
tissue specific heat capacity (C), thermal contact resistance (R ) between the NITI sensor
and the tissue surfaces, and/or blood perfusion (w) need to be determined. This can be
done by, for example, determining these values (e.g., via the CHFT+ or CHFT- methods
described prior) or, for example, by using predetermined values (e.g., values from a
textbook).

CORE TEMPERATURE OF TISSUE -- CHFT+ (ACTIVE THERMOMETRY)
EMBODIMENT

[00203] A CHFT+ embodiment uses an integrated external thermal device such as
a heater to create a thermal event (i.e., heat transfer) that can be used to perform NITI.

For core tissue temperature (T¢ore,n) Measurement, the heater may operate in any
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manner (steady, periodic, cycled, etc.) and, in this example, Equation [54] would output
the core tissue temperature (T¢,..m) accurately and in real-time when values for blood
perfusion (w), tissue thermal conductivity (k), tissue density (p), tissue heat capacity (C),
and estimated thermal contact resistance (R;) are input on the right side. These values
could be determined by, for example, using a data processing method (e.g., that includes
a parameter estimation scheme) or otherwise determined and accounted for. In some
cases, the thermal contact resistance (R;) may be estimated to be negligible. Although
not required, it may be beneficial to cover the CHFT+ with insulating material to prevent

erroneous signals from external stimuli such as running, contact, etc.

[00204] Figure 28 is a graph showing results of an example CHFT+ embodiment

(with integrated heater) when used to measure the core temperature (T¢yrem) Of pseudo
tissue on the phantom at a flowrate of 2 % In this graph, it is shown that the example

CHFT+ embodiment is capable of determining the core temperature (T¢orem) Of pseudo
tissue on the phantom (i.e., Measured (Internal)) regardless of surface temperature
conditions. Specifically, the surface temperature increases initially as a result of the
integrated heater being turned on. Subsequently, after a period of time, the surface
temperature decreases as a result of an external fan (i.e., thermal disturbance) being
blown on the example CHFT+ embodiment. Regardless of these sudden and unexpected
changes in the ambient thermal conditions, the example CHFT+ embodiment measures
the core temperature (T¢orem) Of the pseudo tissue with close agreement to an internal

probe placed within the phantom and under the pseudo tissue.

CORE TEMPERATURE OF TISSUE -- CHFT- (PASSIVE THERMOMETRY)
EMBODIMENT

[00205] A CHFT- embodiment uses external thermal events such as, for example,
body heat dissipation from a mammal to perform NITI. When subject to an external
thermal event, Equation [54], for example, would output the core tissue temperature
(Tcore,m») @ccurately and in real-time when values for blood perfusion (w), tissue thermal
conductivity (k), tissue density (p), tissue heat capacity (C), and estimated thermal contact

resistance (R¢) are input on the right side. These values could be determined by, for
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example, using a data processing method (e.g., that includes a parameter estimation
scheme) or otherwise determined and accounted for. In some cases, the thermal contact
resistance (Rg) may be estimated to be negligible. Although not required, it may be
beneficial to cover the CHFT- with insulating material to prevent erroneous signals from

external stimuli such as running, contact, etc.

[00206] Figure 29 is a graph showing results of an example CHFT- embodiment
when used to measure the core temperature (T¢ore.,) Of pseudo tissue on the phantom

at a flowrate of 2 % In this graph it is shown that the example CHFT- embodiment is

capable of determining the core temperature (T ) Of pseudo tissue on the phantom
(i.e., Measured (Internal)) regardless of surface temperature conditions. Specifically,
although the surface temperature is initially stable, an external fan (i.e., thermal
disturbance) is cycled (i.e., turned on and off) to blow air on the example CHFT-
embodiment and pseudo tissue. Regardless of these sudden and unexpected changes
in the ambient thermal conditions, the example CHFT- embodiment measures the core
temperature (T¢orem) Of the pseudo tissue with close agreement to an internal probe

placed within the phantom and under the pseudo tissue.

CORE TEMPERATURE OF TISSUE -- CHFT+ (PERIODIC MEASUREMENT)
EMBODIMENT

[00207] In addition to the example real-time methods and embodiments for Core
Temperature of Tissue Measurement above, a NITI sensor (e.g., CHFT+ or CHFT-) can
be used to make periodic measures of core tissue temperature (T¢,,.) When operating in
differing steady-state conditions. For example, steady-state measurements prior to a
thermal event (TSensor‘o,q;ensor,o) can be compared with steady-state measurements
during, after, or at the end of a thermal event (Tsensor.enp > Gsensorsyp) N OFder to

determine core tissue temperature (T¢ye) USING:

Tsensor,0 X Gsensor.enp — Tsensor.enn X Gsensoro
Teore = -

[55]

qSensor,EN D — 4sensor,0
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[00208] CHFT+ and/or CHFT- example embodiments can both be subject to
differing steady-state conditions over time. However, CHFT+ embodiments are preferred
due to the increased operational control of the one or more external thermal devices that
may be used to create differing steady-state conditions.

CORE TEMPERATURE -- CHFT+ (ZERO HEAT-FLUX THERMOMETRY)
EMBODIMENT

[00209] Using control circuitry, an example CHFT+ embodiment may be used to
create a zero heat-flux environment where no heat transfer occurs between the tissue
and the sensor surfaces, i.e., where no heat enters or leaves the tissue as measured by
the heat flux sensor (minimal voltage output, i.e., “zero”). In steady-state conditions, a
zero heat-flux environment simplifies Equation [54] to:

TCore,m = TSensor,m [56]

where the measured sensor temperature (Tsensor,m) IS €quivalent to the core temperature

of the tissue (T¢orem)-

[00210] An advantage of this method is the independence of core tissue
temperature (Tcorem) Measurement from the internal parameter values (e.g., blood

perfusion (w), tissue thermal inertia (W), etc.) and thermal contact resistance (Rg)
once a steady-state zero heat-flux environment is obtained. The amount of time required
to achieve such steady-state conditions, as determined by the measured sensor
temperature (Tsensor,m) OUtput, varies depending on the example embodiment used and
is a common limitation of existing Zero Heat-Flux technologies that do not utilize NITI
technology. Until a steady-state zero heat-flux environment is obtained, example NITI
Zero Heat-Flux Thermometry embodiments may utilize other example embodiments,
such as an example Active Thermometry embodiment for Core Temperature of Tissue

Measurement, to make accurate measurements of core tissue temperature (T¢prem)-

[00211] Figure 30 is a graph showing results of an example CHFT+ Zero Heat-Flux

(ZHF) embodiment when used to measure the core temperature (T¢,;.m) Of pseudo tissue
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on the phantom at a flowrate of 2 % This graph shows that the example CHFT+ ZHF
embodiment is capable of determining the core temperature (T¢ore ) Of pseudo tissue on
the phantom regardless of surface temperature conditions and without delay. Specifically,
although the surface temperature takes approximately 8 minutes to achieve an output
indicative of the pseudo tissue core temperature (Tcorem), the example CHFT+ ZHF
embodiment measures the core temperature (T¢,re m) Of the pseudo tissue from the onset
with close agreement when compared to an internal probe placed within the phantom and
under the tissue.

CORE TEMPERATURE -- DUO NITI (DUAL THERMOMETRY) EMBODIMENT

[00212] For an example DUO NITI embodiment when using first and second parallel
NITI sensor nodes (each node having a heat flux sensor — temperature sensor pair), two
independent equations are formed:

" " 1 faf . < |
(TSensorl,m ~ Gsensorim X RCl) - TCare,m = E W dsensor1,0 + Z AqSensoTl,j X ETf( W(tm - t]—l)) [57]

=
m
. " 1 [af . . [
(TSensorZ,m — dsensorzm X RCZ) - TCaTe,m = E W Qsensor2,0 + Z AqSensorZ,j X ETf( W(tm - t]—l)) [58]
=1

[00213] Using a quotient based data processing method, Equation [57] / Equation
[58] yields:

(TSensorl,m B q;‘ensorl,m X Rgl) B TCore,m _ (qSensorl,O + ZﬁlAqSensorlj X Erf(\/ W(tm B tj—l)))
(Tsensorzm — Isensorzm X Rey) = Teorem (q;‘ensorZ,O + ZﬁlAq;ensorlj X Erf(\/ w(tm — tj—l)))

[59]

Rearranging:
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_ Wecnsoram = Ghensorzm X REs) X (dsensorso + Ziea Misensorsy X ETF (Wt = & 1)) = (sensorsn = Gensorsn X RE) X (Ghensorso + X1 Msonsorsy X Erf (YW = & 1))

(q.;ensnvl,o + Z;';lAq;‘ensnvl,j x Erf(\/w(tm - tj*l))) - (q;eﬂsm‘l,o + Z}"=1 Aq;‘ensarz‘j X ET‘f( w(ty, — t]*l)))

[00214]  This transient equation is a result of the DUO NITI configuration and allows
for real time core tissue temperature (T¢ore ) Measurement when inputting typical values
for tissue thermal conductivity (k), tissue density (p), tissue specific heat capacity (C), and

blood perfusion (w) on the right side.

[00215]  Estimated values for the thermal contact resistances (R7; and R/,) between
each NITI sensor node (e.g., CHFT+ or CHFT-) and the tissue surfaces can be
determined (e.g., via NITI procedures described above) or otherwise determined and
accounted for. In some cases, the thermal contact resistances (R, and/or Rz,) may be

estimated to be negligible.

[00216] In steady-state conditions, and where R} = R/, = R, or R;; and R(, are

estimated to be negligible, Equation [60] reduces to:

T _ Tsensorz,m X Gsensorim — Isensorim X Qsensorzim
Corem —

Qsensori,m — sensorzm

where typical values for tissue thermal conductivity (k), tissue density (p), tissue specific
heat capacity (C), and blood perfusion (w) are no longer required on the right side.
Steady-state conditions could be achieved in a variety of ways including a control circuitry
that regulates the heat flux and/or temperature occurring at the tissue surface via external
thermal devices (e.g., heaters, coolers, efc.).

PIPE PARAMETER DETERMINATION APPLICATION

[00217] Figure 31 shows another application of NITI technology to determine one or

more internal parameters related to fluid flowing in a pipe or other conduit. In this example,
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a heater is used (example CHFT+ embodiment), but in other examples, the heater (i.e.,
external thermal device) is optional.

[00218] An example thermal mathematical solution for a pipe or other conduit (e.g.,
a copper pipe) with internal flow when subject to surface heat flux is:

S q;ensorj - q.;ensorj—l _(tm—tj,l)
TPipe,m = TPipe,O + Z( - h - )(1 —e T ) [62]
=

where the initial pipe surface temperature is:

TPipe,O = TFluid + % [63]

where heat flux is defined to be positive when entering the pipe/conduit and where 7 =
p—i‘s is the thermal time constant (i.e., time constant) of the pipe/conduit, p is the density

of the pipe/conduit, C is the specific heat capacity of the pipe/conduit, § is the wall
thickness of the pipe/conduit, h is the internal convection heat transfer coefficient (i.e.,
convection coefficient) of the pipe/conduit and related to the internal flowrate (i.e.,
flowrate) of the pipe/conduit, Tp,. is the pipe/conduit surface temperature, and Try,;q iS

the core (i.e., internal) fluid temperature.

[00219] Rewriting Equation [62] in terms of NITI sensor outputs and including effects
of the thermal contact resistance (R;) between the NITI sensor and the pipe/conduit

surfaces yields :

_ tn—ti_
Asensor,j—1 m__j1

m “
" i qs B I
TPipe.m = Tsensor,0 — 4sensoro X Re + Z( == n (1—e ( T )) [64]
=

where % is the steady-state thermal resistance (R’ of convective internal flowrate.

[00220] Equation [62] and Equation [64] are valid for pipes or conduits made of
materials with high thermal conductivity. For other materials, such as PVC, a different
thermal model and corresponding solution may need to be developed. Other thermal
models and solutions may also be developed for materials with high thermal conductivity.
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[00221] In this example, the greater the flowrate (1), the greater the convection heat
transfer coefficient (h). The relationship between © and h is typically not linear, unless at
low (e.g., laminar) flowrates, and a correlation function between the two variables is
therefore desirable. This correlation function can be found, for example, through
experimental testing. One example of a correlation experimentally found when a CHFT+
was operated on a 3" (0.01905m) inner diameter L type copper pipe with a 0.05”
(0.00127m) wall thickness is:

w - 0.2137
h =1035.2 [z—oc (m_u;) ]1-;0.2137 [65]
me — ga
Rearranging:
I 2 _op 4.6475
p=1x*x10"1 %(Tn = ) 46475 [66]
[00222] Thus, an example general form of a correlation between convection

coefficient (h) and flowrate (¥), may be:
w mim\7]
h=17 —( ) oF [67]
where Z and P are correlation values.

Other forms of correlations can be developed depending on mathematical techniques
used (e.g., logarithmic functions, exponentials, etc.).

[00223] Figure 32 is a graph showing how the example correlation may be
developed with experimental measurements. In this example, the correlation is found by
plotting the experimental results for measurements made at different flowrates. Once a
sufficient number of measurements are made at different flowrates, a best fit curve (e.g.,
trend line) can be used to find a correlation (i.e., equation) relating measured convection

coefficient (h) to flowrate (¥) or vice versa.
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[00224] In other example embodiments, correlations functions and/or other methods
of relating the convection heat transfer coefficient (h) to the flowrate (¥), or vice versa,

may be determined using machine learning methods (e.g., neural networks, etc.).

PIPE APPLICATION -- PERIODIC MEASUREMENTS USING PARAMETER
ESTIMATION EMBODIMENT

[00225] For an example NITI sensor embodiment (e.g., CHFT+ or CHFT-) with a
periodic data processing method, Equation [64] may be used in a parameter estimation
scheme to determine the internal parameter of convection coefficient (h), core (i.e.,
internal) fluid temperature (Tr:4), and/or the thermal contact resistance (R7) between
the NITI sensor and the pipe/conduit surfaces. This is similar to the general case
presented as an example for example NITI system embodiments with one or more heat
flux sensor — temperature sensor pairs section above but with a different thermal model
for a different NITI application. In this example, predetermined constant values for the
internal parameters of pipe density (p), pipe heat capacity (C), and pipe wall thickness (&)
were used. In this example, the predetermined values were obtained from the pipe

manufacturer specification. An example objective function to be minimized in this example

application is:
M-1
1 2
RMSE = m Z (TSensor,m - TCalculated,m) [68]
m=1
where:
TCalculated,m = TPL'pe,m + q;‘ensor,m X R(IJI [69]
and where:

N—1 TSensor,n - TPipe,n
Zn:l " [70]

QSensor,n

N-1

"o__
Re =
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[00226] An example CHFT+ embodiment (with heater) was tested on a %"

(0.01905m) inner diameter L type copper pipe with a 0.05” (0.00127m) wall thickness with

water flowing through it at different flowrates and temperatures. The CHFT+ was attached

to the pipe surface and measurements were made as follows:

- 10 seconds of steady-state data was recorded.

- Heater turned on for approximately 65 seconds, resulting in a transient thermal

response of the pipe wall as measured by the CHFT+ via surface heat flux and

surface temperature signals.

- The entirety of the data was processed via a periodic data processing method that

included a parameter estimation scheme in less than 1 second, resulting in outputs

of convection coefficient (h), core water temperature (Tr,;4), and thermal contact

resistance (R;) between the CHFT+ and the pipe surfaces.

[00227] Once the convection coefficient (h) is determined, it is used in a correlation

equation (e.g., Equation [66]) to determine flowrate which is related to fluid mass flowrate

and speed (e.g., kg/s and m/s). Results are tabulated in Table 4 below.

Table 4. Results of Pipe Parameter Determination (Example CHFT+ Embodiment
with Periodic Parameter Estimation)

Flowrate (g—‘?l) h (%) T(s) | R"c (°C m—z) RMSE (°C) | CHFT+ Estimated Flowrate (‘q—‘_ll)
min m=°C w min
838 5.22 0.000331 0.126 0.9
829 5.27 0.000327 0.134 0.9
825 5.30 0.000334 0.134 0.9
! 826 5.29 0.000331 0.143 0.9
826 5.29 0.000334 0.137 0.9
826 5.29 0.000329 0.041 0.9
1378 3.17 0.000329 0.041 3.9
1385 3.16 0.000329 0.038 4.0
1377 3.17 0.000329 0.043 3.9
4 1366 3.20 0.000328 0.041 3.7
1388 3.15 0.000328 0.037 4.0
1401 3.12 0.000331 0.036 4.2
. 1588 2.75 0.000331 0.023 7.5
1585 2.76 0.000328 0.023 7.4
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1583 | 2.76 | 0.000329 0.024 7.4
1594 | 2.74 | 0.000328 0.021 7.6
1589 | 2.75 | 0.000331 0.022 75
1599 | 2.73 0.00033 0.023 7.8
1687 | 2.59 | 0.000332 0.020 10.0
1695 | 2.58 | 0.000333 0.021 10.2
10 1690 | 2.59 | 0.000331 0.021 10.0
1688 | 2.59 | 0.000333 0.023 10.0
1683 | 2.60 | 0.000331 0.022 9.8
1682 | 2.60 | 0.000331 0.025 9.8
1786 | 2.45 | 0.000332 0.019 13.0
1796 | 2.43 | 0.000331 0.019 13.3
13 1808 | 2.42 | 0.000331 0.020 13.7
1794 | 2.44 | 0.000329 0.019 13.2
1794 | 2.44 | 0.000329 0.020 13.2
1800 | 2.43 0.00033 0.020 13.5
1869 | 2.34 | 0.000329 0.019 16.0
1864 | 2.35 0.00033 0.020 15.8
16 1863 | 2.35 | 0.000331 0.021 15.8
1857 | 2.35 0.00033 0.020 15.6
1863 | 2.35 | 0.000331 0.025 15.8
1857 | 2.35 0.00033 0.021 15.6
[00228] In order to demonstrate the ability of the parameter estimation scheme used

in this data processing method in determining an optimal convection coefficient (h) value
when used with experimental data, the relationship between the example objective
function in Equation [68] (i.e., RMSE) and convection coefficient (h) for the 10 i—‘;i case is
displayed in Figure 33. The graph in Figure 33 illustrates that the relationship has a global

w
mac

minimum at the convection coefficient (h) value of 1690 . This corresponds to the

estimated value for the 10 i—?:l case, as documented in Table 4 .

[00229] Forthe 10 % case, Figure 34 is a graph illustrating an example of matching
between a calculated (output) sensor temperature curve and a measured (input) sensor
temperature curve. The matching between the two temperature curves indicates that the

internal parameter values (h, p, C, §) and the thermal contact resistance (R;) value used
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to construct the calculated (output) sensor temperature curve via Equation [69] are the
same as the actual values occurring in the pipe (i.e., object).

[00230] As mentioned previously, in this example, predetermined values for pipe
density (p), pipe heat capacity (C), and pipe wall thickness (5) were determined using the
manufacturer's specification of the copper piping and input as constant values in the
example data processing method performed for pipe parameter determination. Although
it was determined as a part of the data processing method in this example, the value for
the estimated thermal contact resistance (R;) can also be input as a predetermined value
beforehand and still achieve similar results. In this example embodiment, whether the
predetermined value for the thermal contact resistance (R{) is accurate or not, the
flowrate (v) results output may be accurate because the effect of any inaccuracies in the
predetermined value of the thermal contact resistance (R/) is compensated by the

subsequently developed correlation.

[00231] Another way to define and determine the thermal contact resistance (R;) is

by using the overall definition of heat transfer coefficient, U, where:

1 1
— =—+R" 71
7 h+RC [71]

U (i.e., the total steady-state thermal resistance of the object) can be determined via a
number of methods. One example method is to use the measurements made in steady-
state conditions (e.qg., before, after, or at the end of a thermal event) where, for example:

U q;‘ensor,EN D [7 ) J

TSensor,END - TFluid,END

[00232] Thus, thermal contact resistance (R;) can be defined as:

R — TSensor,END - TFluid,END 1 [72]
C _— " -7 ~
qSensor,END h

and substituted instead of Equation [70]. In order to utilize Equation [73], the value of

Trwiaenp typically needs to be determined. Some example methods of determining
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Trwiagnp (i-€., Triuam) are described below. In other example embodiments, Try;4 , May
be assumed or otherwise determined using, for example, surface mounted temperature

sensors that may be insulated.

[00233] Another example method in determining U is to use measurements made

in differing steady-state conditions (e.g., before, at the end of, or after a thermal event):

U= qSensor,END qSensor,O [74]
TSensor,END - TSensor,O
wWhere  Ggensorznp @Nd Tsensorenp epresent heat flux and surface temperature

measurements made in steady-state conditions at the end of a thermal event.

It should be noted that Equation [74] requires differing steady-state conditions which, for
example, can be obtained by making measurements before and after a thermal event is

generated via, for example, an external thermal device.
[00234] Using Equation [74] and Equation [71]:

R — TSensor,END — TSensor,O 1
¢ == — —— [75]
qSensor,END qSensor,O

[00235] A data processing method that includes a parameter estimation scheme
and flowrate (i) correlation may also be performed without differentiating between the
convection heat transfer coefficient (h) and the thermal contact resistance (R(). Instead,
the data processing method may be based on a thermal solution that is expressed using

the overall heat transfer coefficient (U) as, for example, illustrated in Equation [76]:

mn ( . L q. , ) bm—tj—1
qSensor, J qSensor, j-1

TCalculatedﬁU,m = TSensor,O + U (1 - e_( T )) [76]
j=1

where Teaicuatea vm 1S the calculated (output) temperature curve found when using the
overall heat transfer coefficient (U). Furthermore, the example objective function in this

example embodiment may be:
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M-1
1 2
RMSE = m Z (TSensor,m = Teatcutated U,m) [77]

m=1

This method is especially useful when the estimated thermal contact resistance (R7) is

minimal or otherwise estimated to be negligible.

PIPE APPLICATION -- REAL-TIME MEASUREMENTS USING PARAMETER
ESTIMATION EMBODIMENT

[00236] In the example Pipe Application — Periodic Measurements using Parameter
Estimation embodiment, data processing by the control circuitry starts after all
measurements are made. Thus, in the experimental pipe testing above, measurements
were output about every 75 seconds in a periodic manner. NITI sensor (e.g., CHFT+ or
CHFT-) data may alternatively be processed in real-time to provide for real-time outputs
of convection coefficient (r), core fluid temperature (Tr:q), and/or thermal contact
resistance (R{) between the NITI sensor and the pipe/conduit surfaces. As time goes on,
more data points are added to the surface heat flux and surface temperature curves that
are processed in real-time by a data processing method that includes a parameter

estimation scheme and outputs values in less than 1 second.

PIPE APPLICATION -- REAL-TIME MEASUREMENTS WITHOUT PARAMETER
ESTIMATION EMBODIMENT

[00237] Equation [64] can be rearranged as:

l _ TPipe,m - (TSensor,O ~ Qsensor,o X R(IJI
= - _(tm_tjfl) [78]
2721 AqSensor,j X(1-e ' )

where:

_ " "
TPipe,m - TSensor,m - qSensor,m X RC [79]

Combining Equation [78] and Equation [79]:
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: (i
h= Z;:lelAqSensor,j X (1 —e i ) [8()]
(TSensor,m ~ Gsensorm X Rg - (TSensor,O ~ Ysensor,0 X Rg
[00238] When the thermal contact resistance (R;) between the NITI sensor (e.g.,

CHFT+ or CHFT-) and the pipe/conduit surfaces is known, Equation [80] may be used
for real time convection coefficient (h) measurement when a typical value for the thermal
time constant (z) is input on the right side. As mentioned previously, the thermal time
constant () is a function of convection coefficient (k). Thus, a typical value for convection
coefficient (h) needs to be determined. In some example embodiments, for example when
change in convection coefficient (r) is of interest, the quantity Tsensor.o — Gsensoro X R
may be assumed at one or more specified times. In other example embodiments, the
quantity Tsensoro — q;ensom X R; may be determined by, for example, using an additional
temperature sensor; the output of which is indicative of pipe surface and/or core (i.e.,

internal) fluid temperature.

[00239] Although the calculated convection coefficient (h) value on the left side will
not be exact, it will still suffice for accurate quantitative and/or qualitative measurements.
Furthermore, for most accurate results, the typical value for convection coefficient (h), as
relates to the thermal time constant (z), on the right side may be updated over time to
reflect the most recent and/or accurate value calculated via Equation [80]. In other
methods, the values for convection coefficient (k) on the right and left sides may be
determined simultaneously, providing for accurate quantitative measurements. This may
omit the need to input a typical convection coefficient (h) value on the right side. If the
thermal contact resistance (R) value is unknown, it can be determined (e.g., via the NITI
procedures described above) or otherwise determined and accounted for. In some cases,

the thermal contact resistance (R;) may be estimated to be negligible.

[00240] Inputting the determined convection coefficient (k) value from Equation [80]
into a correlation equation (e.g., Equation [66]) results in corresponding flowrate (1)

values in real-time.

[00241] Furthermore, in steady-state conditions, Equation [80] reduces to:
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h= Asensor,m — Ysensor,0

= - — - —
(Tsensorm — Gsensorm X Re) = (Tsensor,0 = sensor,0 X Re

(81]

Equation [80] no longer requires a typical thermal time constant (r) value on the right side.
Steady-state conditions could be achieved in a variety of ways including a control circuitry
that regulates the heat flux and/or temperature occurring at the surface via external

thermal devices (e.g., heaters, coolers, etc.).

[00242] Similar rearrangement can be done for Equation [76] where the overall heat
transfer coefficient (U) is utilized and yields:

U= Z;‘n:lAqSensor,j X(l-e ’ ) [82]
TSensor,m - TSensor,O
and in steady-state conditions:
U= q;‘ensor,m - q;‘ensor,o [83]
TSensor,m - TSensor,O
PIPE APPLICATION -- DUO NITI SENSOR EMBODIMENT
[00243] For an example DUO NITI sensor embodiment when using first and second

parallel NITI sensor nodes (each node having a heat flux sensor — temperature sensor
pair), two independent equations are formed:

" " " 1 S q;ensor,j - q;ensar,j—l —(M)
TSensorl,m ~ Gsensortm X RC1 = TFluid + Qsensor1.o X E + Z( h )(1 —-e ' ) [84]

j=1

T

. " . 1 = q;ensor,j - q;ensar,j—1 _(%7_1:1‘1)
Tsensoraom — Gsensorzm X Réz = Truua + Gsensorz,o X n + Z( n Y1 -—e ) [85]

=1

[00244] Using an example differential based data processing method, Equation [84]
— Equation [85] yields:

tm— tm—tj_1

(q;ensorl,o - q;’ensorz,o + Z;n:l Aq;’ensorl,j X (1 - ei(

)) - Z;n:1 Aq;‘ensarz,j X (1 - ei( ))) [86]

h =
[ 172 " "
(TSensorl,m — sensorim X RCl) - (TSenSOTZ,m — dsensorzm X RCZ)
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[00245] This transient equation is a result of the DUO NITI sensor configuration and
allows for real time convection coefficient (h) measurement regardless of core fluid
temperature (Tr:4), When inputting a typical value for the thermal time constant (z), a
function of convection coefficient (h), on the right side.

[00246] Although the calculated convection coefficient () value on the left side will
not be exact, it will still suffice for accurate quantitative and/or qualitative measurements.
Furthermore, for most accurate results, the typical value for convection coefficient (h), as
relates to the thermal time constant (z), on the right side may be updated over time to
reflect the most recent and/or accurate value calculated via Equation [86]. In other
methods, the values for convection coefficient (k) on the right and left sides may be
determined simultaneously, providing for accurate quantitative measurements. This may

omit the need to input a typical convection coefficient (k) value on the right side.

[00247] Estimated values for the thermal contact resistances (R/; and R/,) between
each NITI sensor node (e.g., CHFT+ or CHFT-) and the pipe/conduit surfaces can be
determined (e.g., via NITI procedures described above) or otherwise determined and
accounted for. In some cases, the thermal contact resistances (R;; and/or R;,) may be

estimated to be negligible.

[00248] In steady-state conditions, Equation [86] reduces to:

h= (qSensorl,m - qSensorZ,m)

= - - [87]
1 1"
(T.S‘ensorl,m ~ Ysensorim X RC1) - (TSensorz,m ~ Dsensor2m X RCZ

where a typical thermal time constant () value is no longer required on the right side.
Steady-state conditions may be maintained in a variety of ways including a control
circuitry that regulates the heat flux and/or temperature occurring at the surface of each
sensor node via external thermal devices (e.g., heaters, coolers, etc.).

[00249] An example DUO CHFT+/- embodiment with one sensor node having a
heater (CHFT+) and another sensor node without a heater (CHFT-) was tested on a 34”
(0.01905m) inner diameter L type copper pipe with a 0.05” (0.00127m) wall thickness with
water flowing through it at different flowrates and temperatures. The DUO CHFT+/-
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arrangement was attached to the pipe surface and measurements were compared

against an example CHFT+ embodiment as well as an inline flowmeter.

Table 5. Results of an example DUO CHFT+/- Embodiment
Flowmeter CHFT+ DUO CHFT+/-

Flowrate (£2) | Flowrate (£%) | Flowrate (£)

4.0 3.8 3.9
7.0 7.3 7.5
10.0 9.8 104
13.0 13.1 12.9
16.0 15.9 15.6
[00250] Similar rearrangement can be done for Equation [76], where the overall heat

transfer coefficient (U) is utilized, and yield:

<qSensorl,0 ~ sensorzo T 27[:1 AqSensorl,j X (1 —-e * ) - 27]"=1 AQSensorZ,j X (1 —e )) [88]
U=
TSensorl,m - TSensorZ,m
and at steady-state:
U= q.;ensorl,m - qg‘ensorZ,m [89]
TSensorl,m - TSensorZ,m
[00251] In addition to flowrate (¥), and core fluid temperature (Trp;q), this NITI

application (i.e., Pipe Parameter Determination) may be capable of determining the

thermal energy being transferred by the flow inside of the pipe, a function of ¥ and Tg;,,4.

CORROSION/FOULING DETECTION APPLICATION

[00252] All of the example methods and example embodiments for Pipe Parameter
Determination above determined h or U which is then input into a correlation function to
determine flowrate (¥). Monitoring the value of h or U independently may also be used to
determine the occurrence of corrosion or fouling of a pipe/conduit over time. This is
because the value of h or U should be consistent for a given amount of flowrate occurring

in the pipe. As corrosion or fouling occurs, the values start to change and thus, corrosion
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or fouling can be detected. Monitoring the thermal time constant (z) of a pipe/conduit
made, for example, of high thermal conductivity materials also yields similar capability.
For example, in this example application, the thermal time constant (r) is a function of
pipe/conduit properties including density (p), specific heat capacity (C), and wall thickness
(6). The values of these properties are impacted by corrosion or fouling which

consequently affect the thermal time constant (t) of the pipe/conduit.

INTERNAL TEMPERATURE OF PIPE OR CONDUIT MEASUREMENT APPLICATION

[00253] Combining Equation [62] and Equation [63]:

tm—t)—1

m " "
Toipem = Truia + 300r0 " Asemson) “Hsemonizty ey _ (P52 gy

=1

Rewriting Equation [90] in terms of NITI sensor outputs and including effects of the

thermal contact resistance (R;) between the NITI sensor and the pipe/conduit surfaces:

tm—tj

m " B
TSensor,m - q;ensur,m X Rg = TFluid + 1 SEZSOTVO + Z(qsenswd qsensor,jil)(l - 9_( T )) [91]
j=1

h

Rearranging and realizing that Tr,q is dependent on values that change over time
(measurement index (m)):

tm—tj—1

m . B
- iy @sensor, Gsensor,j ~ dsensorj- (mtiz
TFluid,m = TSensar,m ~ qsensorm X RC - 582507‘0 - Z( e h et 1)(1 —e ( t )) [92]

=
[00254] Equation [92] is an example equation for core fluid temperature (Tryigm)
measurement in pipes or conduits with high thermal conductivity (e.g., copper) and is
used in the following example embodiments below. For some of these example
embodiments, values of convection coefficient (h), estimated thermal contact resistance
(R7) between the NITI sensor and the pipe/conduit surfaces, and/or thermal time constant
(T) need to be determined. This can be done by, for example, determining these values
(e.g., via the CHFT+ or CHFT- methods described prior) or by inputting predetermined
values (e.g., values from a textbook).
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[00255] Similar example embodiments to those below can be used with Equation
[76], where the overall heat transfer coefficient (U) is utilized instead of a combination of
convection coefficient (k) and thermal contact resistance (R;) between the NITI sensor

and the pipe/conduit surfaces.

PIPE INTERNAL TEMPERATURE -- CHFT+ (ACTIVE THERMOMETRY)
EMBODIMENT

[00256] A CHFT+ embodiment uses an integrated external thermal device such as
a heater to create a thermal event (i.e., heat transfer) that can be used to perform NITI.
For core fluid temperature (Tg;,;4 ) Measurement, the heater may operate in any manner
(steady, periodic, cycled, etc.) and, in this example, Equation [92] would output the core
fluid temperature (Trp0.,) accurately and in real-time when values for convection
coefficient (h), thermal time constant (z), and estimated thermal contact resistance (R;)
are input on the right side. These values could be determined by, for example, using a
data processing method (e.g., that includes a parameter estimation scheme) or otherwise
determined and accounted for. In some cases, the thermal contact resistance (R;) may
be estimated to be negligible. Although not required, it may be beneficial to cover the
CHFT+ with insulating material to prevent erroneous signals from external stimuli such

as ambient changes, contact, etc.

[00257] Table 6 provides experimental results from an example CHFT+
embodiment (with integrated heater) when used to measure the core fluid temperature
(Triiam) Of @ % (0.01905m) inner diameter L type copper pipe with a 0.05” (0.00127m)
wall thickness at different flowrates where the measurements of core fluid temperature

measurement (Tr,,;4 ) have been averaged over time:

Table 6. Example CHFT+ Embodiment Results for Internal Pipe Temperature

Flowrate (i—l::l) CHFT+ Output (°C) Tewia Measured (°C) IATI (°C)
24.76 24.86 0.10
24.98 25.09 0.11
1 25.18 25.30 0.12
25.42 25.52 0.10
25.62 25.73 0.11
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25.85 25.95 0.10
22.28 2241 0.13
22.45 22.58 0.13
4 22.75 22.86 0.11
22.95 23.10 0.15
23.25 23.31 0.06
23.70 23.84 0.14
22.65 22.68 0.03
22.86 2291 0.05
23.14 23.19 0.05
’ 23.40 23.46 0.06
23.77 23.85 0.08
24.12 24.17 0.05
25.46 25.58 0.12
25.66 25.76 0.10
29.24 29.27 0.03
10 29.63 29.69 0.06
29.89 29.86 0.03
30.34 30.32 0.02
25.47 25.61 0.14
25.65 25.77 0.12
25.86 25.99 0.13
13 26.04 26.13 0.09
26.25 26.40 0.15
26.51 26.66 0.15
26.24 26.42 0.18
26.38 26.49 0.11
16 26.51 26.60 0.09
26.68 26.79 0.11
26.83 27.01 0.18
27.02 27.19 0.17

[00258] Figure 354 is a graph showing results of an example CHFT+ embodiment
(with integrated and controlled heater) when used to measure the core fluid temperature
(Trriam) Oof @ 347 (0.01905m) inner diameter L type copper pipe with a 0.05” (0.00127m)

wall thickness undergoing fluid flow at 15 i_l:f In this graph it is shown that the example

CHFT+ embodiment is capable of determining the core fluid temperature (Truiqam) Of @
pipe regardless of surface temperature conditions. Specifically, in this example, the
surface temperature increases with time as a result of the integrated heater being turned
on. Regardless of this consistent increase in surface temperature over time, the example
CHFT+ embodiment measures the core fluid temperature (Tr;,i4 m) Within the copper pipe

with close agreement to an internal probe placed inside the pipe and within the pipe flow.
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PIPE INTERNAL TEMPERATURE -- CHFT- (PASSIVE THERMOMETRY)
EMBODIMENT

[00259] A CHFT- embodiment uses external thermal events such as pipe heat
dissipation to the environment to perform NITI. When subject to an external thermal event,
Equation [92], for example, would output the core fluid temperature (Trpyiq.,) accurately
and in real-time when values for convection coefficient (), thermal time constant (), and
estimated thermal contact resistance (R;) are input on the right side. These values could
be determined by, for example, using a data processing method (e.g., that includes a
parameter estimation scheme) or otherwise determined and accounted for. In some
cases, the thermal contact resistance (R7) may be estimated to be negligible. Although
not required, it may be beneficial to cover the CHFT- with insulating material to prevent

erroneous signals from external stimuli such as ambient changes, contact, etc.

PIPE INTERNAL TEMPERATURE — CHFT+ (PERIODIC MEASUREMENT)
EMBODIMENT

[00260] In addition to the example real-time methods and example embodiments for
Internal Temperature of Pipe or Conduit Measurement above, a NITI sensor can be used
to make periodic measures of core fluid temperature (Tr,;4) Wwhen operating in differing
steady-state conditions. For example, steady-state measurements prior to a thermal
event (Tsensoro » q;ensor,o) can be compared with steady-state measurements during, after,
or at the end of a thermal event (Tsensor £np ,q;ensor,END) in order to determine core fluid

temperature (Trp,;q) USING:

Tsensor,0 X Qsensor,END — Tsensor,END X Qsensor.o

[93]

TF luid — m —
qSensor,EN D qSensor,O

[00261] CHFT+ and/or CHFT- example embodiments can both be subject to
differing steady-state conditions over time. However, CHFT+ example embodiments are
preferred due to the increased operational control of the one or more thermal event

devices that may be used to create differing steady-state conditions.
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PIPE INTERNAL TEMPERATURE -- CHFT+ (ZERO HEAT-FLUX THERMOMETRY)
EMBODIMENT

[00262] Using control circuitry, an example CHFT+ embodiment may be used to
create a zero heat-flux environment where no heat transfer occurs between the pipe and
the sensor surfaces, i.e., where no heat enters or leaves the pipe as measured by the

heat flux sensor (minimal voltage output, i.e., “zero”).

[00263] In steady-state conditions, a zero heat-flux environment simplifies Equation
[92] to:

Triwiam = Tsensorm [94]

where the measured sensor temperature (Tsensorm) i1 €quivalent to the core fluid
temperature (Tru4m). The advantage of this method is the independence of core fluid
temperature (Tr,:q0 m) Measurement from the internal parameter values (e.g., convection
coefficient (h), thermal time constant (1), etc.) and thermal contact resistance (R;) once
a steady-state zero heat-flux environment is obtained. Until a steady-state zero heat-flux
environment is obtained, other embodiments, such as the Active Thermometry
embodiment for Internal Temperature of Pipe or Conduit Measurement, can be utilized to
make accurate measurements of core fluid temperature (Trq.m). The amount of time
required to achieve such steady-state conditions, as determined by the measured sensor
temperature (Ts.nsorm) OUtpUL, varies depending on the example embodiment used and
is a common limitation of existing Zero Heat-Flux technologies that do not utilize NITI
technology. Until a steady-state zero heat-flux environment is obtained, example Zero
Heat-Flux Thermometry embodiments may utilize other example NITI embodiments, such
as an example Active Thermometry embodiment for Pipe Internal Temperature

Measurement, to make accurate measurements of core fluid temperature (Triq.m)-

PIPE INTERNAL TEMPERATURE -- DUO NITI (DUAL THERMOMETRY)
EMBODIMENT
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[00264] For an example DUO NITI sensor embodiment when using first and second
parallel NITI sensor nodes (each node having a heat flux sensor — temperature sensor
pair), two independent equations are formed when placed on a pipe/conduit made of

material with high thermal conductivity:

m
. " 1f . . _(fmztim
(TSensorl,m — 9sensori,m X RCl) - TFluid‘m = E <q5ensor1,0 + Z AqSensorl,]’ X (1 —€ ( T ))> [95]

j=1

. , 1f . < . - (nti=r)
(TSensorz,m - qSensorz,m X Rcz) - TFluid‘m = E qSensorZ,O + Z AqSensorl,j X (1 —-e T ) [96]

j=1

Using a quotient based data processing method, Equation [95] / Equation [96] yields:

( (===
" m " - -

" " qSensorl,O + ijlAqSensorl,j X (1 € )
(TSensorl,m — Qsensori,m X RCI) - TFluid.m

" i
Usensorzam — Asensorzim X Rez) X

- = — [97]
(Ts 2m — 4 X R — Trua. " . _(tm=tj=1
ensorm Sensor2,m c2 uid.m qSQnsorZ,O + Z;‘Z1Aq.§ensor2,j X (1 —e ( T ))

Rearranging:

In—tjoy

sensort.o T L1 Adsensors,j X (1 — 97( ’ ))) = Tsensor1m — sensorim X R¢1) X (qgensarz.o + 27 AQgensoray X (1 =€

(mez j=
)

5 tm L
Tsensorto T X)je1Msensor1y X (1 — ¢ ( * ))) - <q5ensm-z,o + 3T Agpsors,; X (1 — € ( * ))>

|

[00265] This transient equation is a result of the DUO NITI configuration and allows
for real time core fluid temperature (Trp,0m) Measurement when inputting typical values

for convection coefficient (h) and thermal time constant (z) on the right side.

[00266]  Estimated values for the thermal contact resistances (R;; and R/,) between
each NITI sensor node (e.g., CHFT+ or CHFT-) and the pipe/conduit surfaces can be
determined (e.g., via NITI procedures described above) or otherwise determined and
accounted for. In some cases, the thermal contact resistances (R¢; and/or Rg,) may be

estimated to be negligible.

[00267] In steady-state conditions, and where R} = R/, = Ry, or R7, and Ry, are

estimated to be negligible, Equation [98] reduces to:
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T _ Tsensor2im X Qsensori,m — Isensorim X Qsensorzm
Fluidm = [99]

Qsensori,m — 4sensorzm

where typical values for convection coefficient (h) and thermal time constant (t) are no
longer required on the right side. This implies that, when in steady-state conditions,
Equation [99] can be used for pipes or conduits regardless of the pipe/conduit material,
wall thickness, etc. Steady-state conditions could be achieved in a variety of ways
including a control circuitry that regulates the heat flux and/or temperature occurring at

the tissue surface via external thermal devices (e.g., heaters, coolers, etc.).

[00268] Figure 36 is a graph showing results of an example DUO CHFT+/-
embodiment (one sensor node with heater and one sensor node without) when used to

measure the internal temperature of a 34" (0.01905m) inner diameter L type copper pipe
with a 0.05” (0.00127m) wall thickness undergoing fluid flow at 15 i_?rlf In this example,

both sensor nodes were covered with insulation in order to prevent sporadic heat transfer
and temperature signals from impacting the quality of measurement. This example was
conducted in both steady-state and transient conditions. As shown in the graph, there is
close agreement between the example DUO CHFT+/- embodiment and an internal probe
(placed inside the pipe and within the pipe flow).

[00269] Figure 37 is a graph showing results of an example DUO CHFT+/-
embodiment (one sensor node with heater and one sensor node without) when used to

measure the internal temperature of a 1.939” (0.0492506m) inner diameter Schedule 80
CPVC pipe with a 0.218” (0.0055372 m) wall thickness undergoing fluid flow at 50 %. In

this example, both sensor nodes were not covered with insulation. This example was
conducted in steady-state conditions where the internal parameters of the pipe are not
required to make accurate measurements. As shown in the graph, there is close
agreement between the example DUO CHFT+/- embodiment and an internal probe
(placed inside the pipe and within the pipe flow). There are, however, more sporadic

measurements as a result of not covering the sensors nodes with insulation.
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[00270] Although various example embodiments have been shown and described
in detail, the claims are not limited to any particular embodiment or example. Moreover,
example embodiments above use thermal signals (e.g., heat transfer and temperature
signals) combined with analytical solutions that are based on thermal mathematical
models to determine one or more internal properties of an object. Other example
embodiments may utilize other methods including, but not limited to, empirical methods,
machine learning methods (e.g., neural networks), regression based methods, artificial
intelligence based methods, moving average based methods, etc. in order to determine
one or more internal properties of an object based on thermal signals measured at the
object surface.

[00271] In other example embodiments, the output of other non-NITI based devices
may be used in conjunction with NITI techniques to determine one or more internal
properties of the internal region of an object. For example, the output of an internal
temperature probe within a pipe may be used with a surface mounted NITI sensor to
determine flowrate within the pipe.

[00272] In the present application, the words “configured to...” are used to mean
that an element of an apparatus has a configuration able to carry out the defined
operation. A “configuration” may also refer to an arrangement or manner of
interconnection of hardware or software. For example, the apparatus may have
dedicated hardware which provides the defined operation, or a processor or other
processing device may be programmed to perform the function. “Configured to” does not
imply that the apparatus element needs to be changed in any way in order to provide the
defined operation.

[00273] None of the above description should be read as implying that any particular
member, step, range, or function is essential. All structural and functional equivalents to
the members of the above-described embodiments that are known to those of ordinary
skill in the art are incorporated herein by reference and are intended to be encompassed.
Furthermore, no embodiment, feature, component, or step in this specification is intended

to be dedicated to the public.
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[00274] Although illustrative embodiments have been described in detail herein with
reference to the accompanying drawings, it is to be understood that the invention is not
limited to those precise embodiments, and that various changes and modifications can
be effected therein by one skilled in the art without departing from the scope of the
appended claims.
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Claims

1. A system for non-invasive sensing of an object having a volume with a surface
and an internal region, comprising:
a non-invasive sensor including:
a heat flux sensor having one or more heat flux sensor output terminals;
a temperature sensor having one or more temperature sensor output
terminals,
wherein the non-invasive sensor is adapted to be placed on or near the surface
of the object, where the internal region of the object has internal properties indicated
by corresponding internal parameter(s) and an internal temperature distribution,
wherein the heat flux sensor is arranged to produce a voltage that is related to
heat transfer leaving or entering the object at the surface by a calibration constant, a
sensitivity constant, a calibration curve, or a sensitivity curve associated with the heat
flux sensor, and
circuitry, coupled to the one or more heat flux sensor output terminals and the
one or more temperature sensor output terminals, to:
receive a measured temperature signal from the temperature sensor at
one or more specified times;
receive a measured heat flux signal from the heat flux sensor at one or
more specified times;
determine an estimated indicative quantity for one or more of the internal
properties at one or more specified times based on at least the measured
temperature signal and the measured heat flux signal; and
generate information indicating one or more of the estimated indicative
quantit(ies) determined for the internal propert(ies) of the object at one or more
specified times.
2. The system of claim 1, wherein the circuitry is configured to:
determine a calculated sensor temperature at one or more specified
times based on at least the measured temperature signal, the measured heat
flux signal, one or more of the estimated internal property indicative quantit(ies);
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compare the -calculated sensor temperature with a measured
temperature that is based on the measured temperature signal to determine a
difference.
3. The system of claim 2, wherein the circuitry is configured to adjust the estimated
indicative quantit(ies) for one or more of the internal properties to reduce the
difference, and
wherein when the difference is less than a threshold amount or otherwise
determined to be minimal, the estimated indicative quantit(ies) for the internal
propert(ies) are deemed to be optimally updated and the circuitry is configured to
generate information indicating the optimally updated estimated indicative quantit(ies)
for the internal propert(ies).
4. A system for non-invasive sensing of an object having a volume with a surface
and an internal region, comprising:
a first non-invasive, heat flux sensor-temperature sensor pair;
a second non-invasive, heat flux sensor-temperature sensor pair;
each of the first and second non-invasive, heat flux sensor-temperature sensor
pairs including:
a heat flux sensor having one or more heat flux sensor output terminals;
a temperature sensor having one or more temperature sensor output
terminals,
wherein the first and second non-invasive, heat flux sensor-temperature sensor
pairs are adapted to be placed at different locations on or near the surface of the object
and are subject to a differential heat flux environment, and where the internal region
of the object has internal properties indicated by corresponding internal parameter(s)
and an internal temperature distribution,
circuitry, coupled to the one or more heat flux sensor output terminals and the
one or more temperature sensor output terminals of each of the first and second non-
invasive, heat flux sensor-temperature sensor pairs, and configured to:
receive a first measured temperature signal from the temperature sensor
in the first non-invasive, heat flux sensor-temperature sensor pair at one or
more specified times;
receive a first measured heat flux signal from the heat flux sensor in the
first non-invasive, heat flux sensor-temperature sensor pair at one or more
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receive a second measured temperature signal from the temperature
sensor in the second non-invasive, heat flux sensor-temperature sensor pair at
one or more specified times;
receive a second measured heat flux signal from the heat flux sensor in
the second non-invasive, heat flux sensor-temperature sensor pair at one or
more specified times;
determine an estimated indicative quantity for one or more of the internal
properties of the object at one or more specified times based on at least the
measured temperature signals from the temperature sensors in the first and
second non-invasive, heat flux sensor-temperature sensor pairs at one or more
specified times and the measured heat flux signals from the heat flux sensors
in the first and second non-invasive, heat flux sensor-temperature sensor pairs
at one or more specified times; and
generate information indicating one or more of the estimated indicative
quantit(ies) determined for the internal propert(ies) of the object at one or more
specified times.
5. The system of any of claims 1 to 4, wherein the circuitry is configured to use an
estimated initial indicative quantity for one or more of the internal properties at
specified times(s) and/or a predetermined initial indicative quantity for one or more of
the internal properties at specified times(s).
6. The system of any of claims 1 to 5, wherein the circuitry is configured to include
one or more effects associated with an estimated thermal contact resistance between
the temperature sensor(s) and the surface of the object.
7. The system of any of claims 1 to 6, wherein the circuitry is configured to:
determine the estimated indicative quantit(ies) for one or more of the
internal properties at one or more specified times based on at least the
measured temperature signal(s), the measured heat flux signal(s), and
indicative quantit(ies) determined for one or more of the internal properties.
8. The system of any of claims 1 to 7, further comprising one or more non-NIT]
based devices, wherein the circuitry is configured to utilize one or more output signals
of the one or more non-NIT| based devices to determine the estimated indicative
quantit(ies) for one or more of the internal properties.
9. A non-invasive sensor adapted to be placed on or near a surface of an object

having a volume with a surface and an internal region, where the internal region of the
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object has internal properties indicated by corresponding internal parameter(s) and an
internal temperature distribution, the non-invasive sensor comprising:

a non-invasive, heat flux sensor-temperature sensor pair;

the non-invasive, heat flux sensor-temperature sensor pair including:

a heat flux sensor having one or more heat flux sensor output terminals to
provide a measured heat flux signal for a location on or near the surface of the object,
and

a temperature sensor having one or more temperature sensor output terminals
to provide a measured temperature signal for a location on or near the surface of the
object,

wherein the heat flux sensor includes two or more thermocouple junctions

connected in series to provide a voltage output that is indicative of a temperature
difference across a given thermal resistance.
10. A non-invasive sensor adapted to be placed on or near a surface of an object
having a volume with a surface and an internal region, where the internal region of the
object has internal properties indicated by corresponding internal parameter(s) and an
internal temperature distribution, the non-invasive sensor comprising:

a first non-invasive, heat flux sensor-temperature sensor pair;

a second non-invasive, heat flux sensor-temperature sensor pair;

each of the first and second non-invasive, heat flux sensor-temperature sensor
pairs including:

a heat flux sensor having two or more heat flux sensor output terminals,
wherein the heat flux sensor includes two or more thermocouple junctions
connected in series to provide a voltage output that is indicative of a
temperature difference across a given thermal resistance;

a temperature sensor having one or more temperature sensor output
terminals,
wherein the first and second non-invasive, heat flux sensor-temperature sensor

pairs are adapted to be placed at different locations on or near the surface of the object
and are subject to a differential heat flux environment.

11.  The non-invasive sensor of claim 9 or claim 10, comprising one or more non-
NITI based devices to provide one or more output signals for utilization in determining
estimated indicative quantit(ies) for one or more of the internal properties.

12.  The system of any of claims 1 to 8 or the non-invasive sensor of any of claims
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9 to 11, wherein the heat flux sensor(s) are based on differential thermopile
technology, thin-film technology, or one or more thermoelectric devices.

13.  The system of any of claims 1 to 8, wherein the heat flux sensor(s) include two
or more thermocouple junctions connected in series to provide a voltage output that is
indicative of a temperature difference across a given thermal resistance.

14.  The system of any of claims 1 to 8 or the non-invasive sensor of any of claims
9 to 13, wherein the temperature sensor(s) are based on thermocouple, fiber optic,
semiconductor, or thermistor technology.

15.  The system of any of claims 1 to 8 or the non-invasive sensor of any of claims
9 to 14, further comprising one or more external thermal devices for heating and/or
cooling the non-invasive sensor, the first non-invasive, heat flux sensor-temperature
sensor pair, or the second non-invasive, heat flux sensor-temperature sensor pair.
16. The system or non-invasive sensor of claim 15, wherein the one or more
external thermal devices are configured for heating and/or cooling such that a
measured heat flux signal and/or a measured temperature signal is obtained.

17.  The non-invasive sensor of any of claims 9 to 16, wherein the non-invasive
sensor is useable in a system configured to determine one or more of the internal
properties of the internal region of the object.

18. The non-invasive sensor of any of claims 9 to 17, including multiple heat flux
sensors and/or multiple temperature sensors.

19.  The system of any of claims 1 to 8 or 12 to 16, wherein the heat flux sensor(s)
indicate thermal energy leaving or entering the object surface.

20. The system of claim 19, wherein the object is non-mammal and the estimated
indicative quantity determined by the circuitry at one or more specified times

comprises an internal temperature distribution of the object.





