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Abstract

A methodology is described for embedding commercial-off-the-shelf sensors together with
wireless communication and power circuit elements using direct laser metal sintered additively
manufactured components. Physics based models of the additive manufacturing processes and
sensor/wireless level performance models guided the design and embedment processes. A
combination of cold spray deposition and laser engineered net shaping was used to fashion the
transmitter/receiving elements and embed the sensors, thereby providing environmental
protection and component robustness/survivability for harsh conditions. By design, this

complement of analog and digital sensors were wirelessly powered and interrogated using a

health and utilization monitoring system; enabling real-time, in situ prognostics and diagnostics.
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1.1 Introduction

The failure of wired sensing elements continues to be a significant source of no fault found
(NFF) in systems ranging from automotive to aerospace'™. While there are many reasons for
these failures, electrical contacts have been identified as one of the principal failure modes in
nearly all systems requiring an extended wiring harness connected to a system of sensors,
microprocessors, microcontrollers, or line replaceable units. Concomitantly, however, the use of
integrated sensing and the extension of the internet of things (IoT) to commercial building,
automotive, biomedical, health, aerospace and defense systems implies a proliferation of sensing
systems so as to enable: closed loop control, prognostics and health monitoring (PHM),
condition based maintenance, and the collection of big data to facilitate holistic system-of-

systems level monitoring®™*?

. In this paper, additively manufactured (AM) processes will be
shown as unlikely facilitators for extending the 10T to physically demanding environments where
conventional packaging is inadequate for sensor survival. In particular, a methodology is
described for embedding a wireless sensing network into AM components. The methodology is
inherently meant to be AM process agnostic; though in this work we primarily use direct metal
laser sintering (DMLS), metal cold spray (CS), and laser engineered net shaping (LENS™)
processes to demonstrate the approach.

To specifically address the nocent issues associated with “wired” sensors, the sensing
elements in this work are powered and interrogated through near field radio frequency (RF)
radiation supplied by an induction coil with enhanced performance facilitated by magnetic
focusing elements. We confine our efforts to the use of readily available commercial-off-the-

shelf (COTS) sensors and integrated circuits to create the wireless power and signal sensor

network. The methodology was heavily guided by finite element physics based modeling to
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ensure: (1) The structural and thermal integrity of the host component was unaltered. (2) The
survivability of the sensing elements throughout the embedment and operating environments. (3)
The fidelity of the inputs and outputs (I1/O) to and from the sensing elements (analog and/or
digital) to a “Reader”. (4) Sufficient wireless power was transferred, and locally stored, on the
“Tag” side of the sensing suite SO as to power the microprocessor, memory elements, sensors,
and receiver/transmitter.

It is important to state at the outset of this paper that the primary intent of this effort was to

create the methodology for holistically integrating sensing, communication, and power into
an otherwise electrically passive structural component without degrading either its
functionality or life. The creations of new AM processes or new methods for fabricating sensing
elements were not primary goals of this research. Indeed, this research effort specifically made
the use of COTS components and well-developed AM processes a tenet of the project; thereby
permitting us to exploit the rich palette of previously matured technologies in addition to

facilitating transfer of our findings to the greater technical community.

2.1 Materials and Methods

Systems of systems that exploit interconnected networks of sensor nodes for self-diagnostics
and prognostics continue to proliferate, finding applications in: integrated buildings, electrical
grid control, health care, biomedical systems, traffic management, and manufacturing process
control®*3.  When the outputs of such a sensor network are aggregated into health and utilization
monitoring systems (HUMS), large data analysis can often yield trending information that can
recognize premature failure or manufacturing defects, or (conversely) allow for a delay in

removal of a component or tear down of a system that might be otherwise mandated in schedule
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based maintenance protocols**®. However, the extension of the loT to systems of components
that experience severe environmental demands remains problematic, especially those that
primarily utilize wiring harnesses to provide local power and to send and extract signals and
commands. Electrical interconnects fail at a significant rate in even the most benign
environments™*, and therefore their use becomes a serious obstacle in settings where temperature
and operational gases are deleterious to network integrity?*°.

Figure 1a, for example, shows a FT4000™ ground based gas turbine system, consisting of
compression and turbine stages. The FT4000™ is a derivative of an aero engine, however,
without the fan; the latter of which is used to create propulsion in flight. Such generators, and
their much larger counterparts, are often run near open loop without significant real time
feedback controls due to concerns related to sensor failure and system downtime. Consequently,
they are often perform at less than full efficiency and experience unplanned downtime®2.
Figure 1b shows a conceptual design of an instrumented FT4000™ inlet guide vane (IGV) with
wireless signal and power to a suite of embedded sensors as an evolution of the 10Ts to systems
subjected to extreme environmental conditions. While this effort does not succeed in creating a
full scale additively manufactured IGV due to its size (which is currently beyond most DMLS
manufacturing beds), an IGV prototype has been designed and fabricated with all the essential
sensing and communication features shown.

Figure 2 describes a general methodology for creating a sensor network in instrumented
“Smart Parts” connected to a health and utilization monitoring system by: (1) First articulating
the Concept of Operation (ConOps) and Key Parameters of Interest (KPIs) for the system. As
part of this effort one must also determine what sensing elements are required to support the

ConOps that achieves the desired performance golas. (2) Creation of materials, manufacturing,
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and sensing requirements documents. (3) Notional selection of the sensors, materials and
manufacturing processes consistent with the requirements to realize the structure of interest and
the sensing capabilities. (4) Optimization of the structure topology and manufacturing processes
to ensure the sensors and wireless network work properly in the control environment AND the
component continues to be functional without any diminution in life or performance.

While a full scale fabrication and testing of an IGV would have been highly desirable, the
actual dimensions of the structure shown schematically in Fig. 1b are currently prohibitively
large (>50cm in length) for most DMLS powder bed processes qualified at UTC. Consequently,
a reduced dimensional structure was designed to capture the salient features of an instrumented
IGV, Fig. 3. As shown schematically, this structure was designed to have on board: (1) Three
thermocouple sensors, including, two sensors to capture the static temperature flow of the gas
impinging along the leading edge of the vane, and one dynamic temperature sensor along the
length of the surrogate vane. The purpose of this structure was to act as an in situ thermocouple
“rake” often used in aerodynamic test configurations to assess flow rates, pressure drop, and
thrust'"*. (2) An onboard 3-axis accelerometer, the workhorse of a typical HUMS prognostics

and health monitoring system™**®

. (3) A solid state temperature sensor for monitoring the local
temperature near the silicon ICs and to act as reference for the three embedded thermocouples.
(4) Castellated features for a variable reluctance angular position sensor. As will be described
later, DMLS IN718 is non-magnetic; thus to provide a target structure for the embedded Hall
sensors, 410 stainless steel (410SS) had to be cold sprayed onto the preform to create a structure
that would enable accurate angle determination.

In addition to the features described above, cooling channels were provided to ensure that the

maximum temperature of the interior structure where the electronics was housed never exceeded
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50°C even when the surrogate vane was exposed to 600°C flowing air. The solid state
temperature sensor described above was particularly useful in adjusting the supplemental cooling
flow rate real time as it could be monitored through the health and utilization monitoring system.

L™ and verified at the

Detailed thermal analysis was performed (not shown here) using COMSO
National Energy Technology Laboratory (NETL) test facilities using a reference thermocouple
attached to the surrogate vane. In all respects, the thermal-mechanical analysis and experiments
were consistent as required by the methodology outlined in Fig. 2.

Figure 4a shows a block diagram of the components used to provide wireless signal and
power. Specifically, the electronics for this effort were comprised of two separate circuit
assemblies. One assembly located inside the stationary shaft, the “Reader” was powered by an
external DC power supply. It had a UART/USB link used to transmit data to an external Data
Acquisition (DAQ) system. Directly opposite the Reader, a “Tag” was located on the vane side
of the shaft. The Tag was powered as well as queried for data via RF transmissions from the
Reader and had no physical connection to the Reader. Unlike an IGV comprising a PW
FT4000™ generator the portion of the shaft with the Reader was made to rotate while the vane
remained stationary.

The Reader was controlled by a Texas Instruments MSP430FR5949 16 MHz Ultra Low
Power Microcontroller running a Finite State Machine (FSM) written in C. The FSM interfaces
with a Texas Instruments TMS3705 Base Station IC to alternate between transmitting a charge to
the probe, and requesting data from the Tag via the RF link. The Reader had circuitry on board to
perform analog to digital conversion of voltages from the two Hall effect sensors in the shaft (see

Fig. 5a) that are positioned to sense the castellations in the vane side of the shaft, allowing the

Reader to determine the angular orientation of the vane.
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The Tag was managed by a separate MSP430FR5949 microcontroller with interface to a
Texas Instruments TMS37157 Transponder IC. Sensing circuitry on the Tag includes a local
analog to digital conversion IC to read an onboard thermistor (as a temperature reference) and
the three thermocouples in the vane. Also included is a digital MEMS accelerometer IC
indicating acceleration of the Tag PCB in the X, Y and Z axes.

The TMS3705/37157 chipset is intended for RFID applications, and employs a half-duplex
communication architecture. One complete power and communication cycle essentially incudes
three steps: (1) The Tag storage capacitors are charged through the RF link, during which time
no communication can occur. (2) The Reader submits a sensor data request command using
Amplitude Shift Keying (ASK) at a carrier frequency of 134.5kHz. (3) The Tag responds with
three data commands using Frequency Shift Keying (FSK) at 123kHz and 134.2kHz. FSK is
achieved by energizing an inductor-capacitor (LC) resonant tank and varying the capacitor
between two discrete values. The Tag-side coil of the RF link coil-set represents approximately
33% of the total resonant inductance. The Q of the total resonant inductance determines the
amount of time the FSK link can operate, and must be greater than 30 to allow a complete
downlink command to complete. The first two data commands include four bytes each and
contain ADC data for the thermocouples and thermistor. The last data command includes six
bytes representing accelerometer data. This cycle has a repetition rate of approximately 1Hz.
Communication commands can also take advantage of a unique code factory-programmed into
the TMS37157, giving the Tag an inimitable identifier.

Given that the Tag draws all its power from the Reader through the RF connection, and the
cross sectional area available for the magnetic link is severely limited by the small internal

diameter (14mm) of the ferrite, only extremely energy efficient circuit elements were considered.
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Based on initial electromagnetic simulations and trials, a total active power budget of just 3mw
was established for all four functions on the Tag. Careful COTS part selection led to a suite of
components with full and quiescent power consumption totals of 2.4mW and 1.7mW,
respectively.

Detailed electromagnetic models were used throughout this effort as previously described
relative to the methodology of Fig. 2. These analyses were necessary to ensure that sufficient
power transfer occurred between Reader and Tag. Moreover, the data rates, dropout, and signal
to noise, all critically depended upon maintaining good flux coupling between the Reader and
Tag. Electromagnetic coupling between the Reader and Tag was achieved with two separate
coils wound on 11mm diameter ferrite p-cores. The Reader coil used 123 turns of 38AWG
enamel-coated wire, achieving an inductance of 378uH and a Q of 45. The Probe coil also used
38AWG wire, but had 181 turns for an inductance of 800uH and a Q of 37. Figure 4b shows the
simulation model of the p-cores and the coils developed in Maxwell™. The electromagnetic
analysis helped to evaluate the coupling factors between the Reader and Tag coils at different air
gaps, as well as the inductances of each coil. The flux lines of the electromagnetic field
generated by the Reader coil are shown in Figure 4c. The flux coupling and hence voltage that

2 of the metal

appeared upon the Tag coil was a function of the skin depth, 6=(2/®cp)
interposed between the two cores. Here, o is the angular frequency in radians, o is the electrical
conductivity of the metal, and p is the permeability of the interposed metal. The ferrites were
used to provide superior magnetic coupling between the two cores; whereas the interposed metal
was used to environmentally shield the Reader and Tag electronics. The skin depth of the

interposed metal could be dramatically increased (by as much as 10’ times) by incorporating SiC

or other high resistivity dielectric into the cold sprayed IN718 alloy that was used to encapsulate
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the two coils. We found that even with as much as 0.3 cm of interposed metal, the two coils were
sufficiently coupled to provide adequate power and signal between the Tag and Reader. For the
results described below, we determined that the encapsulation was not required and thus only a
small air gap was used to separate the coils.

Control or diagnostic systems traditionally make wuse of at [least three
physical/thermodynamic quantities when interrogating a system’s status: a local temperature, a
physical position, and positional velocity/accelerations. The surrogate IGV has two forms of
integrated temperature sensing, a simple thermistor located on the Tab board structure show in
Fig. 4a, and type K thermocouples located along the leading edge and face of the test structure.

Extensive thermal-mechanical modelling guided the thermocouple embedding process per
the methodology described in Fig. 2. Although a UTC specified DMLS process was used to
fabricate the bulk of the Inconel alloy (IN718) test structure, the encapsulation of the
thermocouples was accomplished using an IN718 via the laser-powder deposition LENS™
process. The dimensions of the pre-fabricated “pocket’ were determined using physics based
modeling such that the process would not result in catastrophic melting of the inner electrodes of
the thermocouples though did melt the IN718 thermocouple sheaths. The COMSOL ™ modelling
considered various channel widths, depths, and aspect ratios as well as LENS™ feeds, speeds,
spot size, and power levels. Figure 5a represents a typical simulation use to compare the effects
of LENS™ power and focus during the embedment of the thermocouples. Note that for a laser
power of approximately 100W, the melt pool of the LENS™ deposited IN718 just exceeds the
melting point of the material, enabling partial melting of the sheath, Fib. 5b, and thus good

mechanical bonding. Modifications to the placement of the thermocouple by rounding the base
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of the groove and press fitting followed by tack welding ultimately resulted in a superior
embedding process.

After the three thermocouples were embedded into the IN718 test structure, the surfaces were
ground smooth along the leading edge and face. Subsequently, the three thermocouples were
tested; see Table 1, at room temperature, in an ice bath, and in boiling water against a reference
type K thermocouple. Two additional calibration points were captured as transient readings. Note
that the embedding process did not substantially alter the response of the embedded
thermocouples, as they all read to within 2°C of each other.

The inlet guide vane of a ground based natural gas turbine system must rotate about a set
point to adjust for optimal turbine performance and greatest energy generation with minimum
fuel consumption. The angular swing of an IGV is typically much less than +45° and is set using
a mechanical actuator linked through a unison ring. Angular placement is determined with the
use of a linear actuator and linear variable differential transformer (LVDT) which acts as a
displacement sensor. Unfortunately, the stack up errors in the various linkage arrangements can
lead to miss-positioning of the IGV by up to a few degrees, depending upon the age of the
turbine system and the tolerances employed in its design and manufacture. Miss-positioning of
the IGV ultimately results in reduced turbine generator performance, and is mirrored in aero
engines. Thus to mitigate this deficiency, an angular position sensor was designed into the test
structure so as to accurately read angular position directly at the vane, instead of through
linkages back to an LVDT.

Figure 6a is an electromagnetic model of an angular position sensor. It is based upon an

19,20

automotive variable reluctance design™“. The IN718 test structure was designed with

castellated features, upon which 410SS was cold sprayed and then back-machined smooth, Fig.
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6b. The cold spray of 410SS into the valleys of the IN718 castellated features and on its ensured
that the magnetic flux from the magnet backing the Hall sensors would be channeled through the
Hall sensor. Deposition of the 410SS was accomplished using a high pressure cold spray system,
operated with helium process gas at 40 bar pressure (580 psi) and at 450°C inlet temperature.
The system was robotically controlled, including a rotary part manipulator used to deposit on the
outer surface of the castellated structure while maintaining a 1-inch standoff distance for the cold
spray nozzle. The 410SS powder was injected upstream of the nozzle in a pre-chamber, allowing
preheating of the powder to improve the deposition efficiency and deposit density.

To further augment the performance of the angular position sensor, high permeability alnico
alloy magnetic focusing lens were added to the Hall sensors to further concentrate the magnetic
flux, see Fig. 6a. Lastly, a second Hall sensor with castellation 180° out of phase, see Fig. 6a and
Fig. 6b, were AM’ed onto the IN718 with cold sprayed 410SS, thereby allowing the sensor to
operate in differential mode, and thus achieve greater angular resolution. Testing of the angular
position sensor, see Results and Conclusions section, was done with an external instrument grade

encoder to determine sensor resolution.

3.1 Results and Conclusions

Figure 7 shows the IN718 test structure made using a DMLS powder bed process. A tooling
plate was immersed in a bed of metallic powder and a 2D surface of the powder was laser
scanned, resulting in localized powder fusion. The tooling plate was lowered into the powder
bed, and a fresh layer of powder was prepared for the subsequent scan. The part was formed by
successively stacking XY planar slices to grow the structure in the Z direction. In this case, the

part Z axis was collinear with the cylindrical body of the vane.
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Overhangs such as the vane platform were supported by light “scaffolding” which provided
anchoring down to the tooling plate. This temporary structure was easily removed after
fabrication by either wire Electron Discharge Machining (EDM) or with a conventional
abrasive/cutting saw. Either process was followed by finishing. Unfused powder trapped inside
of internal cavities was removed through passageways by vibratory agitation. This latter process
had to be done prior to any heat treating processes or partial fusion would occur, impeding the
cleanup.

The embedded thermocouples (TC’s) were subsequently installed into the grooved features
designed into the vane. The TC’s were welded into place and encapsulated using a full 3D
LENS™ process. This latter process was conducted in an inert atmosphere enclosure, using
IN718 powder matching the composition of the base DMLS substrate.

The IGV surrogate was tested at the NETL high temperature aerothermal test facility. This
test facility includes a high-pressure combustor and an optically accessible flow channel located
downstream of the swirl stabilized natural gas combustor. This facility has been used to study
film cooling performance at high temperature and high pressure conditions and details can be
found elsewhere?%.

In this study, the prototype assembly interfaced with the existing heat transfer test section
and flow channel. As shown in Fig. 3 and Fig. 8a, the test structure was positioned into the hot
gas path exiting the combustor and the Reader assembly was located in the cooling air plenum
region. Figures 8b and 8c show the system architecture and physical layout, respectively of the
test setup at the NETL facility. Situated next to the test structure were the HUMs computer and
two DC power supplies for the Reader assembly, DAQ module, and the actuator. Data collected

by the Reader and DAQ module was transmitted to the HUMs computer via a USB connection
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which was used a synchronous serial protocol at a 115.2kbps baud rate with eight data bits, one
stop bit and no flow control or parity. These transmissions were read by a LabVIEW program
that presents all of the data to the user via a GUI in real time, and logs all data to a text file at a
rate of approximately 20 samples per second. The recording rate was calculated to ensure the
highest fidelity and still allow reasonable file sizes during long logging periods. To ensure
operator safety, the HUMs computer was connected to an Ethernet switch and all interactions
were performed through a laptop located in the test rig control room, connected to the same
Ethernet switch.

A metered supply of cooling air flows was channeled into the cooling plenum and through
the platform region of the vane. Apart from the platform cooling, no other cooling was provided
to the vane. Following a short preheat period in which the temperature readings were collected,
cooling air flows adjusted, and pressure drop measurements verified; combustion was initiated.
After ignition, the hot gas path temperature increased rapidly to approximately 500°C. The pilot
fuel was adjusted to achieve the target centerline gas temperature of 620°C near the vane, see
Fig. 9e. After a period of time, the combustor was shut down and the centerline gas temperature
decreased quickly from 620°C to approximately 120°C.

Figures 9a-9d show the data wirelessly acquired from the sensor suite embedded in the
surrogate IGV and transferred to the HUMS system during the temperature profile shown in Fig.
9e. The outputs from each of the sensors were time stamped using the architecture of Fig. 8b,
thereby allowing any anomaly detection at peak temperature excursion. Figure 9a (the solid state
temperature anchored in situ on the Tag PCB) indicates that the electronic component
temperatures were maintained below 100°C; a result of the forced cooling through the channels

designed into the component. During this same temperature cycling, the Reader was swept
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repeatedly through 90° of rotation and back as determined by the optical encoder affixed to the
Reader stock. Concurrently, the Hall effect sensor pairs were interrogated to yield an angular
position based upon their variable reluctance. Detailed analysis and comparison against the
instrument grade angular position sensor indicated that the additively embedded angular position
sensor allowed placement to better than 0.1° when utilizing the differential between the two Hall
sensors. Figure 9c shows the output of two channels of the accelerometer. As the flow system
had very little vibrational noise, the readings are relatively uninteresting as they show the steady
state acceleration of gravity along the axis aligned along the probe, and no net acceleration
otherwise. Finally, Fig. 9d shows two thermocouple outputs during system temperature ramp.
TC2 was normal (leading edge) to the gas flow and represents a kinematically “static”
measurement; whereas the temperature read by TC1 was along the face of the test structure.

The outputs from the sensor suite were ultimately accumulated into a health and utilization
monitoring system (HUMSs) similar to that which was used to collect data and forecast failures in
aerospace systems; including both fixed wing and rotorcrafts. Such systems have been used to
provide system health prognostication, and resulted in the successful transition of some protocols
from schedule based to system based maintenance. The resulting savings in cost and unscheduled
down-time can be considerable for aero and land based turbine systems. The creation of a “Smart
Part” compatible with demanding environment requirements and interfacial to a HUMS system
is a significant step toward extending the IoT’s to non-benign application spaces.

Although not explored extensively in this paper, was how embedded intelligence and part
identification could potentially impact supply chain management. Indeed, substantial saving

23,24

related to inventory management can be an ancillary benefit of creating a component with

individualized onboard tracking ability. Moreover, component individualization and tracking can
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potentially prevent: the nefarious introduction of defects during additive manufacturing, the use
of manufacture rejected components, the recycling of end-of-life parts, and the introduction of

counterfeit components into the supply chain®*,

4.1 Peer Review Response
On August 24, 2015, peer review of this Department of Energy sponsored effort was
conducted. The purpose of this rigorous assessment was to identify and delineate the:
methodology, milestones, timing, and likely shortfalls of the project so as to provide mid-course
correction (if necessary) to optimize the technical accomplishment of the performers. To that
end, the peer review committee suggested the following actions:
1. Request: The project team was encouraged to pursue refereed publications to
disseminate knowledge gained in this project to the technical community.
Action: The materials contained in this final report were submitted in total as a holistic
review paper to the Journal of Additive Manufacturing in April, 2017. The project team is
awaiting a response from the editor as to its acceptance.
2. Request: The project team was urged to conduct longer-term tests at 1100 °F to assess the
longer-term performance of the embedded device and the surface covering technique.
The test could be simpler, such as testing samples of the material and thermocouple at the
desired temperature, to assess longer-term performance.
Action: Unfortunately, the project team was not able to complete this task. There were
significant difficulties encountered in designing, fabricating, and executing the wireless
signal and power protocols. As identified prior to initiating the effort, this risk was the

most difficult to retire. Consequently, this WBS element consumed resources meant for
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long term testing, and thus insufficient funds remained to address this concern as the
project neared its completion.

Request: The project team was encouraged to articulate the pathways towards achieving
different TRLs with regard to each sensor type (i.e., thermocouple, solid-state
temperature sensor, accelerometer), material interactions between the sensor and the base
materials during the embedding process, mechanical testing, and other aspects of sensor
embedding (e.g., adequate sensor lifetimes, thermal cycling durability, etc.). The team
was asked to examine the mechanical characteristics (qualification) of the structure
modified with the sensor material to ensure adequate mechanical performance.

Action: The project team was able to transfer their key findings to UTC business units,
who are funding an effort to mature the technology to TRL6 and beyond to production.
The business unit has engaged outside vendors to realize key components, and has placed
the technology on its planning roadmap. Most impressively, the team has already
demonstrated a >>10X improvement in data bandwidth, a >>10X improvement in

communication and power transfer, and a path to 500°C compatible technology.
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Figure Captions

Figure 1:

(a) Commercial FT4000™ industrial ground based turbine electrical generator; a derivative of an
aero engine showing the compression and turbine stages without the fan, which is used for
propulsion.

(b) Schematic of the FT4000™ inlet guide vane instrumented with wireless signal and power to
provide static and dynamic temperature measurements (“rake” design), in addition to vibratory

and angular position readings.

Figure 2:

Diagram of the process flow used to design and fabricate a wirelessly powered and interrogated
component with an embedded sensor network. While of general applicability, this process
specifically facilitates the additive manufacturing of components that experience harsh
environments where contact failure can be fatal to the network. By design, only commercial off
the shelf sensing and wireless IC components are utilized. The numbers in the figure refer to the

goals of each step as described in the paper proper.

Figure 3:
Schematic of the test structures employed in this work that captures the salient features of an

inlet guide vane with embedded sensing and wireless signal and power.

Figure 4:

(a) Block diagram of the components used to achieve wireless signal and power sensing and
communication.

(b) “Reader” and “Tag” configuration with p-cores for magnetic field intensification.

(c) Magnetic field intensity at the “Tag” side of a pair of inductively coupled coils. Specially
designed ferrite cores act as magnetic field concentrators on the “Tag” and “Reader” side. Each
additively manufactured component has a unique identity due to the assignment of an
individualized RFID address.
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Figure 5:
(a) Finite element thermal-mechanical analysis created to capture the thermal excursions during

the thermocouple embedding process using the deposition of IN718 with the LENS™

process.
The study was done to ensure that the temperatures the thermocouples were exposed to during
the embedding process just barely melted the thermocouple sheath.

(b) Cross sectional image of a test thermocouple showing the sheath melt while simultaneously

confirming that the two thermocouple leads remain intact.

Figure 6:

(a) Schematic of the dual angular position sensors showing the magnetic flux at anti-positions of
the castellated structure.

(b) Detailed photograph showing an IN718 form after the cold spray deposition of 410 stainless

steel and post machining.

Figure 7:

Image of an additively manufactured component consisting of an IN718 Direct Metal Laser
Sintered body and test struture prior to Laser Engineered Net Shaping to embed the
thermocouples for static and kinetic temperature sensing; and prior to 410 stainless steel Cold
Spray on the castellated structure to enable angular position sensing - specifically for use with

Hall sensors in a variable reluctance configuration.

Figure 8:

(a) Schematic of the NETL test setup. Unlike a real inlet guide vane configuration; here, the vane
(Tag side) is stationary and the Reader side is rotated.

(b) Schematic of the instrumentation layout for the NETL Morgantown, WV tests.

(c) Photograph of the test setup at NETL.

Figure 9:
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Sensor outputs during thermal ramp and hold (a) Solid state thermistor used as the junction
reference and to ensure that the temperature excursions of the electronics were less than 125°C.
(b) Angular position as measured by Hall sensors and reference sensor during +90° rotations
while temperature ramping. The inset shows the output from one sensor during a single 90°
rotation at peak temperature. (c) Output of the embedded accelerometer along axes parallel and
orthogonal to the gravitational force vector. (d) Thermocouple output during system temperature
ramp. TC2 was normal to the gas flow “static” measurement. TC1 was embedded along the face
of the test structure. (e) Thermal profile (using a reference thermocouple) in the flow stream.
Nota Bene: The difference in temperature readings between the embedded thermocouple and
reference is due to the fact that forced cooling air was injected through the body of the test
structure to ensure proper electronics cooling; resulting in reduced temperature at the test

structure.
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Table Captions

Table 1:

Comparison of the readout potentials and computed temperatures for a reference thermocouple
and the three embedded thermocouple devices; readings were taken in ice, at room temperature,
and in boiling water. In addition, transient calibration points were also taken between room
temperature and 100°C. Note that variations between the reference sensor and readings taken
from the embedded sensors are approximately less than 2°C after the LENS™-based embedding

and post machining processes.
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FIGURE 1b
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FIGURE 2
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FIGURE 3
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FIGURE 4a
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FIGURE 4b
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Reader core —
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FIGURE 4c
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FIGURE 5a
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FIGURE 5b
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FIGURE 6a

Design of Field Concentrator
*Unit: mil, unless otherwise noted
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FIGURE 7
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FIGURE 8a
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FIGURE 8b
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FIGURE 8c
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FIGURE 9a
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FIGURE 9b
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FIGURE 9c
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FIGURE 9d
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FIGURE 9e
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TABLE 1

Leading | Leading

Conditions Edge Edge Slipstream | Reference Metric
74.0 74.0 73.4 74.2 °F
Room 23.3 23.3 23.0 234 °C
Temperature 0.2 0.1 0.1 0.1 mV
335 335 329 32.8 °F
Ice 0.8 0.8 0.5 04 °C
Bath 1.0 1.0 1.0 1.0 mv
124.4 125.5 124.4 125.6 °F
51.3 51.9 51.3 52.0 °C
Transient #1 1.1 1.2 1.1 1.1 mV
145.9 146.7 146.7 147.1 °F
63.3 63.7 63.7 63.9 °C
Transient #2 1.6 1.6 1.6 1.6 mV
206.4 208.7 209.7 208.6 °F
Boiling 96.9 98.2 98.7 98.1 °C
Water 29 3.0 3.0 3.0 mV
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