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ABSTRACT

In order to provide the fleet with the most beneficial research on military fan
engines, the NPS Turbopropulsion Lab (TPL) required a modernization of its transonic
compressor rig’s (TCR) pressure and temperature instrumentation. An entirely new casing
was designed and additively manufactured to provide a consistent datum for which new
pressure and temperature rake probes could be designed and additively manufactured. This
resulted in a more accurate and repeatable solution to map the internal characteristics
of the rig. To optimize the instrumentation, a computational fluid dynamics (CFD)
analysis was completed on the stator for the first time. Next, the CFD results guided the
new design for the pressure and temperature probes by identifying the most effective
measurement locations. In all, the TPL, and the Navy, will benefit for years to come as
the TCR at NPS will provide more accurate and repeatable measurements on military fan

engines.
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I. INTRODUCTION

The Turbopropulsion Laboratory (TPL) is located at the Naval Postgraduate School
(NPS) in Monterey, CA. The TPL operates within the Department of Mechanical and
Aerospace Engineering. Various branches of the Department of Defense frequently fund
research projects at the TPL to explore technology that could benefit the Navy or the

military in general.

One of the primary areas of research at the TPL is the NPS military fan (NPSMF),
which is a scaled replica of a modern military turbofan engine. The primary focus of
research in recent times at the TPL has been on the transonic compressor rig (TCR) with
most of it aiming to identify methods of improving the stall margin in turbofan engines.
The NPSMF was procured in 2010 and first tested by McNab in 2011 [1] and has been
consistently researched and enhanced since then [2]. A computer-aided design (CAD)
model of the TCR was provided in Figure 1 to display a section view of the TCR, which
depicts the flow path from right to left. The first components encountered by the flow are
the inlet guide vanes (IGVs), shown in green in Figure 1, which guide the flow into the
rotor. As the flow passes through the rotor, it gains velocity and pressure due to the
rotational force created by the blades. However, this rotational flow needs to be
straightened out to be discharged axially from the rig, hence the need for stator blades
which help redirect the flow to move in a more axial direction. After passing through the
stator blades, the flow encounters a casing containing pressure and temperature
instrumentation. This instrumentation is crucial for measuring the performance of the rig.

This study seeks to improve the instrumentation at the downstream casing location.
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Figure 1.  Section view of a CAD model of the TCR.

A. MOTIVATION

The TPL constantly seeks to take advantage of new technologies to enhance
instrumentation on the TCR. Prior to this work, the instrumentation on the TCR was
standard fan performance instrumentation. One such technology that has not been taken
advantage of has been metal additive manufacturing which would allow for customizable
pressure and temperature probe measurements for each test configuration. The existing
instrumentation exhibited limitations, including maintaining numerous measurement
configurations, lacking redundancy, possessing limited design flexibility, and requiring
excessive maintenance, as evidenced by Figure 2. To address these issues and improve the
effectiveness of the instrumentation, the TPL undertook a redesign project. This report
presents the design considerations, methodology, and implementation of a new casing that
securely holds individual pressure and temperature rake probes. Additionally, the casing
was designed to accommodate future additively manufactured instrumentation rakes using
the in-house EOS M 100 3D printer, a powder bed fusion metal printer with a build size of
approximately 10 cm x 10 cm x 9.5 cm (3.94 in x 3.94 in x 3.74 in) capable of printing in
titanium. The results demonstrate significant improvements in accuracy, repeatability, and

user-friendliness of the instrumentation system.
2
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Figure 2.  Existing outlet instrumentation.

It is not possible to understand what happens within the TCR without taking
measurements. Furthermore, without effective measurements, it is impossible to determine
how to enhance the TCR. Therefore, this thesis aimed to provide an accurate, repeatable,
useful, and user-friendly solution to improve the measurement of TCR characteristics.
Quality measurements were critical not only to identify how to enhance the TCR, but also
to guarantee its safe operation. Pressure and temperature measurements were necessary to
calculate other essential parameters, including efficiency, mass flow rates, and pressure
ratios. Inaccurate measurements could result in either incorrect recommendations for
improvement or unsafe operation of the TCR. Therefore, precise and reliable

measurements were vital to ensure both optimal performance and safety.
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B. LITERATURE REVIEW

To design an effective solution, it was imperative to understand the context of the
situation. As a result, several topics that would be beneficial to understand throughout the
duration of the project were researched, analyzed, and reported on. These topics included
common instrumentation types used on transonic compressors, the use of computational
fluid dynamics (CFD), current trends in additive manufacturing, and the capabilities of the
in-house EOS M100 3D metal printer. The insights gained from this research provided

valuable guidance for developing solutions for the rest of the project.

1. Common Instrumentation Practices in Transonic Compressors

Several types of instrumentation are commonly used on transonic compressors,
such as Kiel probes, fast-response thermocouples, hot-wire anemometers, and laser
Doppler velocimeters (LDVs). Currently, the TCR employs a combination of Kiel probes
and Kiel probe/thermocouple combination probes at different locations around the rig to

measure and analyze the flow characteristics, as seen in Figure 3.

Figure 3. Internal view of the TCR instrumentation. Source: [3].

4
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The most common type of instrumentation used on the NPS TCR is the Kiel probe.
This device is highly effective in measuring a flow’s total, or stagnation, pressure by
bringing the flow to a standstill nearly isentropically and recording its pressure. Figure 3
displays how the instrumentation is currently set on the rig with the Kiel probes and the
Kiel probe/thermocouple combinations protruding into the flow field. One significant
advantage of the Kiel probe design is its ability to measure pressure over a wide range of
flow angles. Typically, a conical gas path is incorporated into the probe leading to a
pressure sensor that measures pressure. Essentially, the Kiel probe is a way to house a Pitot
tube, which is shown in Figure 4, to measure the stagnation pressure of a location [4]. As
depicted in Figure 5 and Figure 6, Kiel probes may be arranged in a “rake” configuration,
where they are stacked on top of each other. This arrangement enables multiple
measurements to be taken at different radial positions with the same axial and
circumferential position while reducing the number of penetrations and blockages required

to obtain the same number of measurements.

Flow - - -

N/

s

Figure 4. Side view diagram of how Kiel probes work. Source: [5].
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Figure 5. Diagram of the Kiel probe’s role in a turbofan engine. Source: [6].

1907 170°

Figure 6. Diagram of circumferential Kiel probe rake placement in a
turbofan engine. Source: [6].
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Another form of instrumentation commonly found on the NPS TCR is
thermocouples. Thermocouples usually consist of a metal tube that houses two wires of
different metal types exposed at a joining point, as Figure 7 illustrates. This junction of
different metals creates a thermoelectric voltage difference between ends depending on the
temperature. With this known voltage, the thermocouple can be calibrated to read out the
temperature according to the change in voltage difference. As a result, thermocouples are
an accurate way to measure quickly changing, sensitive temperature variations.
Thermocouples are able to read a wide range of temperatures accurately and reliably, but
they must be monitored over time due to degradation from corrosion and other effects of
overextending a thermocouple’s use [7]. Figure 8 shows the type of thermocouple used on
the TCR. The thermocouple probes are used to measure the stagnation velocity by being
housed in a cavity that, like the stagnation pressure probes brings the flow isentropically to

rest. This is discussed in more detail later.

Cold
Hot Junction
Junction
. Copper Lead Wire
Wire Type A i TS
“ '0 o
X 4= 829°C/
s 4 2 = 1500F
Wire Type B __ MILLYC
Copper Lead Wire
. PP

Figure 7. Diagram of how thermocouples work. Source: [8].
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Figure 8.  Close view of the mini plug and end junction for the thermocouple
used on the TCR.

Although not in current use on the TCR, two more forms of velocity
instrumentation that could be introduced if there was more design freedom are hot-wire
anemometers and LDVs. Hot-wire anemometers have been researched at the TPL in the
past but cannot currently be used in the downstream casing [9]. A hot-wire anemometer
works by first heating a tungsten, platinum, or platinum-iridium wire by running an electric
current through it. Next, as fluid moves around the wire, the velocity of the flow may be
correlated to the velocity through the measured heat rejection through convection. Hot-
wire anemometers are an accurate way to measure the velocity of the flow while
introducing minimal blockage [9]. Another benefit of hot-wire anemometers is that they
are highly sensitive to changes in velocity. Figure 9 shows a diagram of the parts of a hot-
wire anemometer. One problem with hot-wire anemometry is that the devices are sensitive

and often require replacing. The current casing makes this difficult.

The other form of velocity instrumentation that could be introduced to the TCR that
is not currently implemented is an LDV. LDVs similarly measure the instantaneous
velocity of the flow with a high frequency response by measuring the reflected radiation of

8
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a particle in the flow from a laser beam sent into the flow, as the diagram in Figure 10
portrays. The velocity of the flow is calculated by utilizing an induced Doppler effect. The
greatest benefit to the LDV is the non-intrusive nature of the measurement. The downsides
of the LDV include a necessity for a transparent window into the flow to send a laser beam,

reduced accuracy, and increased cost [10].

Gold Plating Defines P

Sensing Length !
T

T

Gold Plated
Stainless Steel Supports

Quartz Coated Flatinum
Film Sensor on Glass Rod
(0.002 inches Dia.)
{0,051 mm Dia.)

Figure 2: Cylindrical Hot Film Sensor and Support Needles-
0.002'" Dia. (0.051 mm}

0.040 inches
(1.0 mm) 1’

Figure 9. Diagram showing the parts of a hot-wire anemometer. Source:

[11].

Transmitting and
receiving optics

[ —

i

Flow

Figure 10. Diagram of how LDVs measure a flow field’s velocity. Source:
[12].
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2. Discussion of the Credibility of CFD Software

Computational fluid dynamics (CFD) software is one of the most widely used tools
in the field of fluid mechanics. Its primary function is to calculate the pressure, temperature,
and flow of a particular fluid scenario using the Navier-Stokes equations. These equations
act as governing equations, ensuring the conservation of physical properties of the fluid.
Prior to the advent of high-speed digital computers, the manual calculation of the Navier-
Stokes equations was an incredibly tedious and repetitive process. However, computers
have made it possible to solve fluid dynamics problems with incredible accuracy by using
these equations. In the past, the only way to solve such problems was through
experimentation and theoretical calculation. With CFD, it is possible to obtain accurate
solutions from the Navier-Stokes equations without having to make overly simplifying
assumptions. The advantages of CFD are numerous, including a significant reduction in
the cost of experimentation. CFD can generate the results of hypothetical experiments
using only a computer in a fraction of the time it would have taken to run the physical
experiment. Numerical analyses comparing the accuracy of CFD to experimental results
have consistently shown that modern simulations provide more than reasonable solutions
to fluid dynamics problems. As a result, CFD has become a commonly used tool in research
in general and hence was used in this thesis to guide the design of the downstream rake

probes [13].

3. Common Practices, Benefits, and Constraints of Additive
Manufacturing

Additive manufacturing (AM), or 3-D printing, has become dramatically more
prevalent in recent years for all the substantive benefits the technology provides. There are
different types of 3-D printing including powder bed systems, extrusion based systems,
and sheet lamination processes [14]. A few areas of consideration when choosing which
type of technology would be best include cost, geometry, and building material. Regardless
of which type of 3-D printing would be the most appropriate, AM can provide shorter lead
times, more design freedom, and increased savings. AM removes the supply chain as a
factor when performed in-house. Additive manufacturing is also beneficial over subtractive

manufacturing, or machining, in that less material is used. Potentially the largest benefit
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comes from the increased design freedom. No longer do engineers have to choose from a
list of machining constraints that may not be the optimal solution. Instead, AM offers
engineers an ability to create an innovative solution. All they have to do is use CAD
software to draft the solution within the bounds of the printer’s capabilities and send it to

the printer.

4. Capabilities and Limitations of the EOS M 100

Shown in Figure 11 is the same EOS M 100 3D printer that is housed at NPS.
Although several 3D printers could have been used for this research, the EOS M 100 was
the readily available printer and was the focus of this research. The EOS M 100 is a metal
printer created by EOS that utilizes powder bed fusion to build its parts. The printer works
by uploading an .stl file to its EOSPRINT software. An STL file approximates a solid by
unstructured triangulated faces. STL stands for stereolithography. Its other software,
known as Magics, is then used to apply support structures to the build and specify the
printing conditions of the part. Once this is complete, the job can be sent to the printer. The
print is then completed in an argon filled container by spreading a fine layer of metal
powder and melting it with a laser in the exact specified location of interest. This process
is repeated until the build is complete [15]. The maximum build size is approximately 10
cmx 10 cmx 9.5 cm (3.94 in x 3.94 in x 3.74 in) with a minimum layer thickness of 0.1016
mm (0.004 in) [16]. Another constraint found from past work was that the maximum
cantilever angle that the NPS EOS printer could still print accurately was approximately
45°. All of these constraints had to be taken into account when coming up with a potential

instrumentation solution.
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Figure 11. The same EOS M 100 model used at NPS. Source: [17].

C. OBJECTIVES AND THESIS OVERVIEW

With these concepts in mind, the first objective was to design a casing that would
fit within the design requirements to establish a baseline for which the instrumentation
could be improved upon. How this objective was completed can be found in Chapter II.
The second objective, which can be found in Chapter III, was to design a baseline insert
that would interface with the casing from which pressure and temperature probes would be
designed to measure from. Following this objective, a CFD analysis was conducted on the
stator to better understand which measurement locations would be most effective. This
CFD analysis can be found in Chapter IV. The last objective was to tie all of this together
by designing pressure and temperature instrumentation inserts to be printed to effectively
measure and report the internal characteristics of the TCR in locations found to be most
critical from the CFD analysis that was completed. The process to design these pressure
and temperature probes can be found in Chapter V. Lastly, all plans for future work can be

found in the conclusion in Chapter VI.
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II. INSTRUMENTATION CASING DESIGN

The first step in creating a more accurate and repeatable way to measure the
pressure and temperature within the transonic compressor was to establish a datum from
which to measure. As stated earlier, the old design led to numerous configurations and
lacked redundancy and repeatability. The entire instrumentation casing was to be
redesigned to have flat sections to which instrumentation inserts could be easily and
repeatably secured. Additionally, the instrumentation casing was to be redesigned to allow
for additively manufactured instrumentation inserts that would increase the number of total

measurements on the rig.

A. CASING DATUM CONSTRUCTION

The original design intent took inspiration from the upstream IGV casing which
was similarly constructed to have flat sections machined out of the overall cylindrical
casing. One of the main differences between the IGV casing and the to-be-designed
instrumentation casing was that the instrumentation casing would not have the constraint
of having a cylindrical exterior which is imposed by machining on a lathe; the entire
exterior of the instrumentation casing would be configured with flat sections. This makes
the positioning and changing of probes simpler and more accurate. With this, the first step
was to identify a polygonal shaped casing perimeter that would maximize future design
freedom while maintaining structure requirements and keeping a consistent interface with
upstream and downstream components. Figures 12—14 display how the polygonal structure

was identified.
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Figure 12. Example polygonal structure for 24 even sides (dimensions in cm).
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Figure 13. Example polygonal structure for 18 even sides (dimensions in cm).
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Figure 14. Example polygonal structure for 12 even sides (dimensions in cm).

At the outset of the present work a few key design decisions were made. These
decisions centered around the number and size of sides the polygonal structure would have.
The design requirements ultimately limited the number of design configurations. Table 1

shows the list of design requirements for the instrumentation casing.
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Table 1. Requirements analysis of the instrumentation casing design.

1. Casing shall maintain the same interface with upstream and
downstream components
a. To include: front to back length, location of upstream and
downstream bolts, and conforming geometry for mating
parts
2. Casing shall have distinctly different sized sides that allow for
future design freedom to incorporate other instrumentation
3. Number of casing sides shall be a multiple of six to match bolt
periodicity
4. The perpendicular going through the midpoint of each casing side
shall be in line with center of the rig
5. Casing shall be able to be produced by a machinist
6. Casing shall maintain at least the same thickness as the old casing
within 0.254 cm (0.10 in)

The first design requirement for the casing was that the upstream and downstream
interfaces between casings had to be the same. It was impractical to alter the other
components on the rig to accommodate the instrumentation casing. As such, it was
determined that the number of sides of the polygonal shape had to be a multiple of six. This
was due to the six bolts on the forward flange that secured the instrumentation casing to
the upstream casing. The first design decision to be made was the number of sides to the
polygon. By having the number of sides be 12, 18, or 24, there would be a repeating pattern
between the sides and any interference with the bolt, such as in Figures 12—14. Intuitively,
the number of sides had a direct impact on the size of the sides; more sides meant the size
of each side would have to be smaller. Any number of sides less than 12 or greater than 24
led to the sides being too large and too small, respectively. The second main decision was
how to size each side. The most interference between the sides and the bolts appeared
where two sides formed an angle as this was point was the greatest distance from the center
of the rig. These considerations quickly narrowed the search down to the four options

presented in Table. 2.
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Table 2.  Comparison of potential casing side sizes (side depth x side length).

12 Equilateral 18 Two-Sized 18 Equilateral | 24 Equilateral
3.988 cm x 3.988 cm x 4.216 cm/3.988 3.988 cm x 3.988 cm x
8.509 cm (1.57 cm x 8.382 cm (1.57 in x 5.588 cm (1.57 | 4.191 cm (1.57
in x 3.35 in) 1.66 in/ 1.57 in x 3.30 in) inx 2.2 in) in x 1.65 in)

Another design requirement maintained that a perpendicular line on each side
starting at the side’s midpoint would pass through the center of the rig which would ensure
that any temperature and pressure probes designed to penetrate the rig at the midpoint of
each side would radially point exactly at the center. If there were to be two different sized
sides, as also specified in the requirements, this requirement essentially forced there to be

18 sides.

Lastly, the design was required to be structurally sound and machinable. The initial
design requirement for material thickness of the casing mandated no thickness less than
that of the current instrumentation casing. This requirement created significant design
challenges and was later relaxed to meet the intent of maintaining structural stiffness and
strength. Eventually, the requirement was accomplished by ensuring the design would be
no more than 0.254 cm (0.10 in) thinner at any point on the new design compared to the
old design. In the end, the polygon that was chosen was designed by creating a 24-sided
polygon centered around the center axis of the rig which was altered into an 18-sided
polygon by combining the third and fourth sides into one large side in a pattern that
repeated every four sides around the rig. Next, this shape was scaled to a machinable size
that was less than 0.254 cm (0.10 in) thinner than the old design. An image of this solid is

shown in Figure 15.
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Figure 15. Designed casing with flat sections specified but no inserts.

Once the shape of the flat sections was determined, the final, undetermined
dimension of the sides was axial length. The old design was simply cylindrical from the
flange to the back. Because the flat sections would not match the downstream mating
component, an axial extrusion length had to be determined. The former design interface
was measured, analyzed, and it was determined that an extrusion length of 4.318 cm (1.70
in) was the most optimal as it maximized the usable surface for the instrumentation while
allowing an axial translational tolerance of 0.318 cm (0.125 in). The size of each flat section
was known at this point, as seen in Figure 16, which meant the size of each insert could be

determined next.
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Figure 16. Size dimensions of the two different sides (dimensions in cm).

B. INSERT SIZING DIMENSIONING

With the sizes of each flat area known, the size of the inserts could then be
determined. Many of the requirements identified in Table 1 still applied. The goal of the
insert dimensioning was to maximize the insert space, and thus future design freedom,
while ensuring structural integrity and machinability. There were several configurations
that could have been chosen, but in the end after consulting with the NPS resident
machinist, it was decided that a rectangular cut with rounded corners specified to a common

drill bit’s size and dimensions from the edges of the flat section would be the best from a
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machinability perspective. This configuration offered the optimal balance between coast
and the specified precision required. With this, all inserts were specified to have 0.318 cm
(0.125 in) radius curves at the corners. The insert cutouts were also to be 1.27 ¢cm (0.50 in)
from the seam between flat sections. Additionally, the cutouts were to be 0.508 cm (0.20
in) from both the forward flange and transition point between flat section and cylindrical
exterior to the back. These dimensions would ensure structural integrity while providing

ample space for bolts to be designed to screw the inserts into the datum surface.

C. HOLE SIZINGS AND LOCATIONS

At this stage in the design process, the amount of usable flat area was known so the
desired bolts to secure the instrumentation plugs could be chosen based on size. Again,
machinability was a factor. To simplify the design from a machinability perspective, the
bolt holes were designed to be smoothly machined to allow for screw inserts to be placed
into each bolt hole. The other primary factor, similar to when deciding on the insert
dimensions, was deciding the minimum allowable thickness between the holes and the ends
of the casing. Balancing these two factors, a COTS (commercial off the shelf) stainless
steel key-locking helical insert was found to match an ultra-low profile 5/16” 10-32 socket
head screw. If the bolt hole was placed 0.650 cm (0.256 in) from each edge of the flat area,
the minimum thickness would be 0.318 cm (0.125 in) between the bolt hole and the insert
cutout. The locations of all other holes on the casing, such as those on the front flange and
downstream cylindrical portion, were kept the exact same as on the old design. This

ensured that the interface between casings would be kept the same.

D. COUNTERBORE IMPLEMENTATION

When considering initial design of the instrumentation inserts, it was quickly
apparent that the interference with the bolts on the forward flange would have to be
addressed. Because of this, a counterbore on the front flange around the bolts was included.
The counterbore depth was made to be the same depth as the protrusion of the screw with
the washer. This way the bolt would not extend downstream over the instrumentation flat
sections beyond the front flange. Again, there were a few ways that this result could be
achieved from a machining perspective. After the NPS machinist was consulted, it was
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found that the most effective way to accomplish this was to cut into the flange using a
1.270 cm (0.50 in) radius drill bit tangential to the flat then cut outward radially. This
allowed a wrench to fit around the bolt and rotate more than 60° to make maintainability
more efficient and simpler. This counterbore was included on all six bolts on the front

flange, but not the three holes used during disassembly.

Lastly, all chamfers and fillets present on the old casing were designed for the new
instrumentation casing. At this point the entire casing was designed exactly to the
specifications that would best benefit the TPL. Figures 17—19 show different angles of the
final instrumentation casing design. The engineering drawings of the final instrumentation

casing can be seen in Appendix A.
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Figure 17. Side view of the final instrumentation casing from the downstream
angle.
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Figure 19. Side view of the final instrumentation from upstream.
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III. DATUM UNIVERSAL MEASUREMENT INSERT (DUMI)

After the instrumentation casing design was complete, the interface between the
casing and the instrumentation inserts could be designed next. This was done by first
designing a baseline insert that would seal the casing. This baseline insert would also be
the baseline from which pressure and temperature probes would be designed. This baseline
insert became known as a datum universal measurement insert. Because there were two
different sized datum sections, two different sized DUMIs were designed but both utilized

the same design process as is described in the following sections.

A. DESIGN REQUIREMENTS

At this stage, the DUMI design was guided by numerous requirements. The
requirements analysis for the DUMI can be seen in Table 3. The two most imperative
requirements for the design were that the DUMI had to adhere to the same interface as
designed into the casing and the insert could not interfere with the casing’s bolts on the

front flange.

Table 3.  List of DUMI design requirements.

1. DUMI shall match the sizing and interface provided by the datum
surface of the designed instrument casing
2. There shall be two DUMI designs (one large and one small)

3. DUMI shall be designed to allow the upstream casing to be
disassembled without necessitating the removing the inserts
4. DUMI shall fit within the print limitations of the EOS M 100

5. DUMI shall be a structurally sound system without any forces
designed to be applied that may deform the structure of the DUMI

6. DUMI shall provide a seal with the rig which allows no air flow to
pass through the casing sides

7. Internal surface of the DUMI shall have the same radius as the
internal wall of the casing
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B. DESIGN PROCESS AND CASING INTERFACE

First off, requirement one stated that the DUMI was required to fill the gaps in the
casing meant for the insert. This rectangular shape had to be extruded from the datum
surface radially toward the center of the rig. To not interfere with the flow through the rig,
the most internal surface of the DUMI was designed to match the internal wall radius of

the rig, requirement seven.

The following step was to design the surface that would secure the DUMI to the
casing. The locations for where the helical inserts, and their corresponding screws, would
be placed were known. Therefore, the first step in the design of this surface was to create
through holes for the screws to secure the DUMI to the casing. The next question was how
thick this surface could be. To ensure that the casing would be able to be unscrewed without
taking out all the instrumentation, this portion of the DUMI was made to be 0.102 cm
(0.040 in) thick so a wrench could fit around the screw on the front flange to unscrew the

bolt even with the DUMISs secured to the casing.

The last design requirement to meet was to provide a clean, airtight seal between
the DUMI and the casing. Flat gaskets, grease, and room temperature vulcanizing silicones
were some devices that could have been used to seal the casing, but ultimately an O-ring
was decided to be the optimal design. There were multiple orientations for O-rings that
could be used, but two specifically appeared to be most beneficial. One idea was to place
the O-ring on the bottom side of the DUMI to be squeezed between the DUMI and the
external surface of the casing. The other idea was to design an O-ring groove into the
portion of the DUMI that would slide into the casing. In the end, it was decided that the
latter would be a more effective design as this orientation allows the casing sides to be used
as they are intended as well as implement a hermetically sealing design that is also self-
centering within the slot. If the O-ring were to be compressed between the external surface
of the casing and the DUMI, when the DUMI would be screwed into the casing, the location
of the measurements would be dependent on how compressed the O-ring was. There was
no specific need to have a particular O-ring cross section, thus a readily available standard
O-ring cord size of 0.178 cm (0.070 in) diameter O-ring material was used as the groove

sizing standard. Second, a resource was found from Global O-ring and Seal which specified
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the sizing of the groove required to provide a clean seal for an O-ring. The type of O-ring
seal decided upon is a static gland seal. This orientation is used to seal two nominally
stationary mated surfaces that must have a designed gap to allow assembly. A standard
readily available design guide was used to specify dimensions for this seal type and O-ring
size. The parameters and graphic for this are shown in Figure 20. As seen in the top row
for 0.178 cm (0.070 in) diameter O-rings, the groove had to have a depth of 0.132 cm
(0.052 in) and width of 0.241 cm (0.095 in). This groove was implemented in the DUMI
design at the midpoint of the section that slides into the casing. A fillet is at the internal
corners of the groove as well as the edge leading into the groove with a radius 0of 0.127 mm

(0.005 in) to abide by the specifications provided. [18]

ASSGB Gland Gland Gomer
Depth (D) E

w/ 1 w/ 2
Nominal (/) Actual Percent  Nominal (+I) Backup Backup
Ring Rings
.050-
-0XX 0.070 0.003 0.052 .015-.023  22%-32%  0.095  0.002 0.140 0.207 0.002 0.007 0.005

-1XX 0.103 0.004 .081-.083 .017-.025 17%-24% 0.142  0.003 0.173 0.240 0.002 0.007 0.005
-2XX 0.139 0.004 .111-113 .022-.032 16%-23% 0.189  0.003 0.210 0.277 0.002 0.017 0.005
-3XX 0.210 0.005 .170-173 .032-.045 15%-21% 0.283  0.003 0313 0412 0.003 0.027 0.005
-4XX 0.275 0.006 .226-.229 .040-.055 15%-20% 0377  0.003 0.410 0.540 0.003 0.027 0.005

Figure 20. O-ring sizing guidance provided by Global O-ring and Seal.
Source: [18]

The baseline insert that would seal the flow was known at this point. For any flat
section that did not need instrumentation, a DUMI would satisfy the need to plug the hole
in the casing. Figure 21 displays the final design of the DUMI from which pressure and

temperature instrumentation could be designed.
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Figure 21. Final design of the small flat section DUMI.
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IV. STATOR CFD ANALYSIS

Designing more effective pressure and temperature probe systems to measure the
internal flow characteristics of the rig accurately and effectively was the next step in
optimizing the instrumentation on the TCR. This optimization cannot be done without
some a priori information about the nature of the flow field as any number of modifications
to the compressor stage under test can alter flow field characteristics. To estimate the
characteristics of the flow field aft of the compressor stage, a CFD analysis was completed
on the stator to simulate what the characteristics of the flow were through the stator and
past the instrumentation casing. This constituted the first meaningful computational
analysis using CFD on the stator component of the NPSMF as most of the focus has been
on the rotor. The purpose of the analysis was to better understand the nature of the pressure
and temperature fields behind the stage at the instrumentation location. The outline that
follows is consistent with the ANSYS-CFX outline used to complete the CFD analysis.
Computational analyses begin with geometry construction followed by mesh generation,

computational setup, and results analysis of the CFD experiment.

A. DOMAIN CONSTRUCTION

The geometry of the gas path was created to be 1/29™ of the circumference of the
rig around the cavity of one stator blade. Axially, the gas path was created to extend from
the front of the stator back past the location of the rake probes to be designed later. This
setup can be seen in Figure 22. The arrows show the flow of air through the rig. The white
rectangle shows the location of the future pressure or temperature measurements. A cavity
of the stator was taken to cut out the stator blade within the domain and shape the top and

bottom walls of the domain.
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Figure 22. Gas path around the stator blade.

B. MESHING GENERATION

A mesh of the geometry was completed that resulted in 2,266,436 elements with
1,067,241 nodes. This mesh included an inflation layer with first layer height of 5e-7 m (or
0.5 um) with a maximum of 40 layers and growth rate of 1.2. Additionally, as mentioned
earlier, the geometry was 1/29'" of the entire rig, so the mesh of each side of the geometry
had to match with each other to increase the computational efficiency and accuracy by
minimizing any interpolation errors between sides. As such, the match control feature in

CFX ensured that this would be true. An image of the mesh can be seen in Figure 23.
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Figure 23. View of the gas path’s mesh.

C. CFD SETUP WITH ROTOR OUTPUT IMPLEMENTED

With the mesh complete, the next step was to outline the experimental setup. Cyclic
sides were specified for each side of the domain to again ensure the constant values for the
periodicicty of the domain. Next, the downstream face was specified to be an outlet and
the top, bottom, and blade cutout faces of the domain were specified to be a no slip wall.
The last step was to specify the conditions of the inlet. Because the flow into the stator
from the rotor was rotating and moving axially, a theta and axial velocity was specified at
the inlet. Figures 24 and 25 show where these conditions were derived from. An average
for 90% performance at peak efficiency was taken across the radius for both rotational and
axial velocities [19]. From this, 100 m/s was specified for the axial velocity and -75 m/s
was specified for the rotational velocity. The average total pressure and total temperature
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at the inlet were also specified from similar data. For this analysis, a Shear Stress Transport

(SST) turbulence model, total energy, and ideal gas setup was used to compute the highest

fidelity model.
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Figure 24. Experimentally measured axial velocities at 90% performance
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Figure 25. Experimentally measured angular velocities at 90% performance
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D. CFX RESULTS ANALYSIS

After the experiment was completed, the next step was to confirm that what was
found was indeed reliable. The first step was to analyze the residuals. As it turned out, the
residuals converged enough for the purposes of the endeavor with values less than 1e-3, as
seen in Figure 26. As this is a design calculation to gain insight into the flow field pressure
and temperature distribution, it was determined that the residuals passed the residual

convergence test.

Run Fluid Flow CFX 001
Momentum and Mass

Variable Value
5
m
5
1 |

1.0e-06 —

e 77—
[¥] 20 40 &0 80 100 120 140
Accumulated Time Step

— RMS5P-Mass RMS UMom =— RMS V-Mom RMS W-Mom

Figure 26. Plot of the residuals.

After the residuals analysis, the y* value on the wall was measured and evaluated
as seen in Figure 27. The results of the analysis showed that the y* value at the wall, as
given by
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vt= (1)

where u” is the friction velocity, y is the distance from the wall, and v is the kinematic
velocity, are evaluated at one or below. A criterion for wall resolution of the SST
turbulence model is a y* value less than ten and close to one. Having met the criteria, the
near wall mesh resolution was judged to be appropriate for the model. A complete CFD

report for this experiment can be found in Appendix B.

1.863e-01

1.832e-02

0 0.03 0.060 (m)
]

0.015 0.045

Figure 27. Map of y" on the wall.

Once the residuals and y* values were confirmed, the useful information from the
model for which the project was created could be extracted. Figure 28 shows where
measurement of the total temperature along the plane where the temperature probes will
take their measurements could be placed. Similarly, Figure 29 shows the measurements for
total pressure, where different probes could take pressure measurements. On the top side
of each figure, a grey rectangular shape shows potential locations of these measurements
on figurative probes. The purpose of these probe measurements was to be located in such
a way that would accurately display the graphs in the middle of the figures with the fewest

number of measurements required. The next step was to determine the most efficient way
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to do this combining unique and redundant measurements across the different pressure and

temperature probes located around the rig.
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Figure 28. Plane measurements for total temperature.
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Figure 29. Plane measurements for total pressure.

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



V. INSTRUMENTATION PROBE DESIGN

After completing the CFD analysis and determining the specific areas requiring
measurement focus, the design process for the instrumentation probes could commence.
The objective of this phase of the research was to combine the results of the CFD with the
design of the DUMI to create a complete instrumentation insert that could be additively
manufactured, secured to the casing, and interface with the current measurement equipment
to record pressures and temperatures at different locations in the rig. As specified in the
literature review, the EOS M 100 was restricted to print within a 100 mm x 100 mm x 95
mm (3.94 in x 3.94 in x 3.74 in) build size. This was one of the primary design constraints

for the instrumentation probe designs.

A. PRESSURE PROBE RAKE DESIGN

Also alluded to in the literature review, a Kiel probe design was the model for the
pressure probe rake. A past conceptual design of a Kiel probe rake (Dr. Walter Smith,
private communication) was used as the primary inspiration in this design process. The

conceptual design used as inspiration can be seen in Figure 30.
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Figure 30. Base model from the TPL used as design inspiration.

Using the model, the length of the probe was made to stretch the length of the
internal passage between the casing and the rotor hub. A small gap was designed between
the end of the probe and the internal hub to allow for the hub to move slightly while not
damaging the pressure probe. Next, the number of probe measurements in the conceptual
design was increased from four to six. It was found that eight measurements would either
make the thickness of the probe between gas paths too small, which would reduce the
structural integrity of the probe too far, or the size of the total probe too large, which would
lead to too much blockage. This improved design required two more Kiel probe shields
with two more gas paths leading out the top of the probe. The locations of these
measurements were parameterized as a measurement from the internal wall of the casing

to the center of the shield. Instructions on how to adjust these measurement locations can
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be seen in Appendix C. All that had to be known was what distribution of measurement
locations would be desired. In addition to the usability of this model, some other pressure
probe design benefits included that the measurements were taken on the same axial plane,

there was minimal flow blockage, and the probe was structurally sound.

The final steps in designing the complete insert involved combining the pressure
probe design with the DUMI and creating a gas path that would be routed out through the
DUMI from the top of the pressure probe. To achieve this, the gas path cutouts on the top
of the DUMI were extruded and spread out axially to create space between the gas paths.
Additionally, a port was needed at the point where the gas path would exit the DUMI to
connect the tubing that would link the insert to the pressure brick. The size of this port was
kept consistent with the size of the ports on the current rig setup. Spreading out the gas
paths reduced the interference that could be caused by the ports with tubing. A small nob
was added around the port to provide a more secure attachment point for the tubing as well.
Figure 31 displays the final pressure probe rake design. Figures 32 and 33 show the gas

paths out from the measurement location.
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Figure 31. CAD model of the final pressure instrumentation design.

Figure 32. Gas paths routed out through the DUMI.
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Figure 33. View of the gas paths routing out of the Kiel probe.

B. TEMPERATURE PROBE RAKE DESIGN

The design of the temperature probe rake was somewhat simpler than the pressure
probe rake as there were not multiple gas paths that had to be routed through the probe.
Instead, all that was needed was a tube that a thermocouple could be threaded through and
glued into place. The temperature probe design included six measurements as well to

remain consistent with the pressure probe rake design.

The model was largely designed using the fundamental characteristics of the current
temperature probes, which can be seen in Figures 34 and 35. The same diameter of the
probe, 0.368 cm (0.145 in), was used in the new design. Next, it was found that the diameter
of the desired thermocouples, as seen in the literature review in Figure 8, was 0.157 cm
(0.062 in). A hole was cut out of the center of the probe to accommodate this diameter.

Most of the design focus centered around the thermocouple shield.
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Figure 34. Current Kiel probe/ thermocouple combination.

Figure 35. Close view of the Kiel probe and thermocouple.
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To maximize the model’s usability, the middle of the shield was parameterized
within the solid modeling software, aligning it with the internal wall of the casing. The
parameterization was carried out in a similar manner to the design approach for the pressure
probe. Instructions on how to adjust the measurement locations of the temperature insert
can be found in Appendix D. By changing this number, the middle of the shield, and the
location of the thermocouple, would be set to the desired depth. The first goal of the shield
design was to make the view of the shield from the front as square as possible. To do this,
the inner diameter of the shield was made to be 0.254 cm (0.1 in). This would allow for a
0.572 mm (0.0225 in) wall thickness. The distance between the top and bottom surfaces of
the shield were then made to be 0.254 cm (0.1 in) as well to make the frontal view of the
shield square. Next, holes were placed on the backside of the shield to allow some flow to
pass through which would allow for changes in temperature if the conditions of the rig
were to change. The size of these holes on the new design was kept consistent with the
holes on the current temperature probes which were measured to be 0.508 mm (0.02 in) in

diameter.

Two more elements that were suspected to improve the performance of the probe
were added to the design, and later confirmed by a CFD analysis. The first novel element
regarded the number of holes on the backside of the shield. It was thought that instead of
two columns of three holes on the current temperature probes, four columns of three holes
would improve the measuring capabilities of the probes. The other element of the design
that was introduced was a chamfer at the opening edges of the design to guide the flow
towards the shield. This aspect was not included on the current temperature probes but was
also thought to improve the measuring capabilities of the probes. This design was copied
five more times to create a total of six measurements at different depths starting with the

shallowest in front. The design can be seen in Figure 36.
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Figure 36. Arrangement of the sheaths for the thermocouples.

The biggest concern about this design was whether the flow would be diverted from
the shortest probe deeper into the flow, which would cause interference between the
measurement values. To ensure this was not the case, another CFD analysis was conducted.
Simply put, the goal of the CFD was to confirm that this temperature probe design would
not cause an interference between the six individual measurements. This was tested by
introducing a flow field with a temperature gradient roughly equal to the steepest
temperature gradient present in the TCR, which was 140 K across the 4.851 cm (1.91 in)
gap between the inner wall of the casing and the hub at the center of the rig. The six
temperature probes were placed in this flow field with a model thermocouple. The
complete CFD report for this experiment can be found in Appendix E. This model
thermocouple consisted of a cylinder to fill the path inside the temperature probe where a
thermocouple would go with a rounded end where the measurement would be taken on a

real thermocouple, as seen in Figure 37.
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Figure 37. Close view of the sheath with model thermocouple.

Once the simulation was run, the average temperature of the surface of the exposed
portion of the model thermocouple was compared to the total temperature given at the inlet
for the corresponding depth. Figure 38 plots the total temperature gradient given at the inlet
by radial depth in blue versus the average temperature measured by the model
thermocouples in yellow at their desired measurement depths. After completing this study,
it was found that the shield design described in the previous paragraph was the effective at
measuring the total temperature gradient. The average temperature measured differed from
the total temperature given at most 4 K with an average difference in temperature of 2.65

K. Exact differences in measurements in the CFD analysis can also be found in Appendix

F.
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Figure 38. Plot of total temperature given versus average temperature
measured by model thermocouples at various radial depths.

Similar to the pressure probe insert, once the temperature probes were designed,
the next question to answer was how to route the path of the thermocouple out through the
DUMILI. Due to the nature of the probes, the path could be cut straight out the top of the
DUMI. The main difference between the pressure and temperature inserts was the presence
of the mini plug connector shown at the top of Figure 34. This connector had to secured

from moving translationally or rotationally. There were two ideas about how to do this.

The first idea was to design a tripod of three posts to be printed into the top of the
insert. This design incorporated a single dowel into the design to be threaded through the
center of the hole in the mini plug to eliminate any translational movement. The next step
was to essentially secure any yaw in the mini plug. Two more dowels were placed to allow
the 0.318 cm (0.125 in) width gold connection piece between the mini plug and
thermocouple wire to fit between which would eliminate any yaw from the mini plug. Each
of these dowels, or posts, was designed to be 3.175 cm (1.25 in) long which would allow
the 7.398 mm (0.3125 in) tall plugs to stack on top of each other. Due to the 10 cm (3.94
in) limit build height of the EOS M 100, two sets of these posts were designed each to
secure three mini plugs. To eliminate any z-axis translation, a relatively heavy bolt or
washer will be placed on top of the mini plugs to hold them down. Figure 39 was provided
to show the design of the entire insert for reference. Figure 40 provides the hidden lines

view of the same image to display the inner workings of the insert.
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Figure 39. Upstream view of the final temperature insert design.
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Figure 40. Hidden lines view of the final temperature insert design.

The design concept involved a separately printed body that would be secured to the
casing between the screws on each datum surface and the reference surface itself. Due to
the size of the mini plugs, there would have to be two of these thermocouple stress relievers
per datum surface. The approach entailed constructing a 45° ramp to establish a secure
resting position for the mini plug. A hole was designed into a surface at either end of the
stress reliever through which a dowel could be threaded. This hole was specifically located

so that the mini plug could lay down flush against the ramp and have the dowel line up
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with the through holes in the stress reliever and the mini plug hole. Figure 41 displays this

design.

Figure 41. Mini plug stress reliever to be secured to casing.

The last step in the temperature probe design was to design a shim to act as a
reference for the thermocouple to ensure the thermocouple would be glued in the right
place. This device can be seen in Figure 42. The shim could be set at the bottom of the
shield in a way that would introduce a surface at the desired measurement location to be
glued into place. The thermocouple could then be routed down through the path in the
probe until it met the reference surface of the shim and could be glued into place. Figure

43 displays how the shim is used to introduce this reference surface.
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Figure 42. CAD model of the designed thermocouple positioning shim.

Figure 43. Example of how the shim works.
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C. MEASUREMENT LOCATION IDENTIFICATION

Once the design of the pressure and temperature inserts was complete, the
distribution of measurement locations was the last aspect of the research to specify. When
identifying which measurement locations were most important, the initial requirement of
creating a redundant solution was kept in mind. With six pressure inserts and six
temperature inserts each with six measurements, there were 36 pressure and temperature
measurements designed to work with. The decision was made to create one probe to be the
“redundant probe” which would provide a redundant measurement for the most desired
locations, as identified from the results of the CFD analysis of the stator. It was found that
0.635 cm (0.25 in) from inside the internal wall of the instrument casing and 0.381 cm
(0.15 in) away from the internal rotor hub were the locations of the peak pressures and
temperatures. Knowing this, the measurement locations were clustered with a higher
density around these values and evenly dispersed between peaks. The external peak was
larger than the internal peak and was of greater interest. As such, each probe designated
three of its measurements to map the external peak. Two of each probe’s measurements
were then used to map the internal peak. Lastly, each probe used one measurement to map
the generally flat pressure and temperature gradient between peaks. Table 4 shows the
depths, in centimeters, of each measurement with the redundant measurements highlighted
in green. The same table in inches can be found in Appendix G. Figure 44 shows the
dispersion of the measurement locations across the flow through the TCR with shapes
corresponding to which probe each measurement belongs to identified in Table 4. In Figure
44, the y-axis is the depth into the flow. Therefore, the higher the point displayed is on the
y-axis, the more internal the measurement is. The figure effectively illustrates the
clustering around both peaks with less of a focus in the middle which accurately maps the

pressure and temperature gradients present in the internal flow passage.
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Table 4.  Depths of each measurement in centimeters.

Probe 1 Probe2 | Probe3 | Probe4 | Probe5 | Probe 6

) (&) (A) (®) (X) (m)
0.3048 0.3598 0.4149 04699 | 0.5249 0.3048
0.5800 | 0.6350 0.6900 | 0.7451 0.8001 0.6350
0.8551 0.9102 0.9652 1.0202 1.0753 0.9652
1.6030 | 2.1308 2.6586 | 3.1750 | 3.7028 3.1750
42418 |4.3180 43739 144399 | 4.5060 4.3180
4.5720 | 4.6380 4.7041 | 4.7422 | 4.6990 4.6990
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Figure 44. Visual display of the measurement distribution across the internal
flow field.
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VI. CONCLUSION

This research provided an outline of an improvement to the instrumentation on the
stator casing of the Naval Postgraduate School’s transonic compressor. Using initial design
requirements, an entire new casing was designed according to the needs of the TPL. Next,
using this newly designed casing, a new idea called a DUMI was developed to design
pressure and temperature rake probes from which repeatable precise measurements could
be obtained. A CFD analysis was completed on the TCR’s stator for the first time. The
results from this analysis provided critical information which was used to characterize the
pressure and temperature instrumentation on the TCR to provide precise measurements in

effective positions while introducing redundancy in the most critical positions.

At the conclusion of this thesis, the casing was in the process of being built and sent
to the TPL where it could be tested and implemented on the TCR. This thesis will provide
a guide to the next set of individuals to 3D print the designed inserts using the exact
instructions provided in this thesis. A list of all necessary materials to add to the TCR can

be found in Appendix H.
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APPENDIX A. INSTRUMENTATION CASING AS MACHINED
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APPENDIX B. STATOR GAS PATH CFD REPORT

Date

2023/05/16 16:05:56

Contents

1. File Report
Table 1 File Information for Copy of Fluid Flow CFX

2. Mesh Report
Table 2 Mesh Information for Copy of Fluid Flow CFX

3. Physics Report
Table 3 Domain Physics for Copy of Fluid Flow CFX
Table 4 Boundary Physics for Copy of Fluid Flow CFX
4. User Data

1. File Report

Table 1. File Informatian for Copy of Fluid Flow CFX
Case Copy of Fluid Flow CFX

File Path C:‘\Users\taylor.adams'\OneDrive - Maval Postgraduate School\Downloads\ADAMS

Thesis Stator Gas Path CFD_files\dpOWCEX-1NCFX\Fluid Flow CFX_002 res
File Date 30 March 2023
File Time 11:56:42 AM
File Type CFX5

File 21.2
Version

2. Mesh Report

Table 2. Mesh Information for Copy of Fluid Flow CFX
Domain MNodes Elements

Default Domain | 504472 1101448
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3. Physics Report

Table 3. Domain Physics for Copy of Fluid Flow CFX
Domain - Default Domain

Type
Location
Materials
Air Ideal Gas
Fluid Definition
Morphology
Settings

Buoyancy Model
Domain Motion
Reference Pressure
Heat Transfer Model
Include Viscous Work Tarm
Turbulence Model
Turbulent Wall Functions
High Speed Model

Fluid
B&S

Material Library

Continuous Fluid

Non Buoyant
Stationary
1.0000e+0 [atm]
Total Energy
True
k epsilon
Scalable
Off

Domain Interface - Cyclic

Boundary Listl
Boundary List2
Interface Type
Seltings

Interface Models

Axis Definition

Rotation Axis
Mesh Connection

Cyclic Side 1
Cyclic Side 2
Fluid Fluid

Rotational Periodicity

Coordinate Axis
Coord 0.3
Direct

Table 4. Boundary Physics for Copy of Fluid Flow CFX

Default Domain

Boundaries
Boundary - Inlet

Type IMLET
Location Inlet
Seftings
Flow Regime Subsonic
Heat Transfer Tatal Temperature
Total Temperature TemperatureRatio*Tinf
Mass And Momentum Cylindrical Velocity Components
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Welocity Axial Companent
‘elocity Theta Component

Velocity r Component

Axis Definition

Rotation Axis
Turbulence

1.0000e+2 [m s™-1]
-7.5000e+1 [m s*-1]
0.0000e+0 [m s™-1]
Coordinate Axis
Coord 0.3

Medium Intensity and Eddy Viscosity Ratio

Boundary - Cyclic Side 1

Type
Location

Heat Transfer
Mass And Momentum
Turbulence

INTERFACE
nll o clock side
Settings
Conservative Interface Flux
Conservative Interface Flux

Conservative Interface Flux

Boundary - Cyclic Side 2

Type

Location

Heat Transfer
Mass And Momentum

Turbulence

Type

Location

Flow Regime

Mass And Momentum
Pressure Profile Blend
Relative Pressure

Pressure Averaging

Type

Location

Heat Transfer
Mass And Momentum
Wall Roughness

INTERFACE
nl o clock side
Settings
Conservative Interface
Conservative Interface

Flux
Flux
Conservative Interface Flux

Boundary - Qutlet

QUTLET
Outlet
Settings
Subsonic
Average Static Pressure
5.0000e-2

0.0000e+0 [Pa]
Average Over Whole Dutlet
Boundary - Wall

WALL
Wall
Settings
Adiabatic
Mo Slip Wall
Smooth Wall
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APPENDIX C. INSTRUCTIONS TO ADJUST PRESSURE
MEASUREMENT LOCATIONS

1. Open the SolidWorks part shown below which includes only the probe named
“PressureProbe.” Make sure that it is not the assembly but simply the SolidWorks

part.

2. Open the sketch in “Boss-Extrude2” titled “Adjust here”

3. Within this sketch, there are six Smart Dimensions which measures from the
interior wall of the external casing (i.e. 0.0” is located where the internal flow and
the internal wall of the instrument casing meet). Adjust these six dimensions as
desired by double clicking on the Smart Dimension number.

a. Ensure the order from shallowest to deepest stays consistent
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b. Ensure that the smallest number is greater than 0.0325” and the greatest
number is less than 1.8675” or else the referenced geometries in SolidWorks

will have conflicting messages

0.07

4. Lastly, simply rebuild the sketch with the updated parameters
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APPENDIX D. INSTRUCTIONS TO ADJUST TEMPERATURE
MEASUREMENT LOCATIONS

1. Open the SolidWorks part shown below which includes only the probe named

“TemperatureProbe.”

2. Open the first sketch below the origin tree item and above the measurement planes
titled “Measure Depth (adjust here)”
3. Within this sketch, there are dimensions just like in the pressure probe design.

Adjust these six dimensions as desired by double clicking on the Smart Dimension

number.
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a. Ensure the order from shallowest to deepest stays consistent
b. Ensure that the smallest number is greater than 0.06” and the greatest
number is less than 1.84” or else the referenced geometries in SolidWorks

will have conflicting messages

=
o7h

sy
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o bl N

30)

.60

s o m —— m e e e e  —  —  —  —  — i —  — E — i E— = —

4. Lastly, simply rebuild the sketch with the updated parameters
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APPENDIX E. TEMPERATURE PROBE CFD REPORT

Date

2023/05/16 15:43:19

Contents

1. File Report

Table 1 File Information for CFX
2. Mesh Report

Table 2 Mesh Information for CFX
3. Physics Report

Table 3 Domain Physics for CFX

Table 4 Boundary Physics for CFX
4. User Data

Chart 1

1. File Report

Table 1. File Information for CFX
Case CFX

File C:\Users\taylor.adams\OneDrive - Naval Postgraduate
Path | School\Downloads\ProbeConstructionCheckpoint\TemperatureProbes\BestTempProbeCFD_files\dp0\CFX\CFX\Fluid
Flow CFX_005.res

File 13 May 2023
Date

File 06:11:36 PM
Time

File | CFX5
Type

File 23.1
Version

2. Mesh Report

Table 2. Mesh Information for CFX
Domaln Nodes Elements
Default Domain 166283 566085
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3. Physics Report

Table 3. Domain Physics for CFX

Domain - Default Domaln

Type Fluid
Location B1278
Materials
Airat 25 C
Fluid Definition Material Library
Marphalogy Continuous Fluid
Seftings
Buoyancy Maodel Mon Buoayant
Darmain Mation Stationary
Referance Pressure 1.0000e+0 [abm]
Heat Transfer Model Tatal Energy
Include Viscows Work Term True
Turbulence Model 55T
Turbulent Wall Functions Automatic
High Speed Model OFf
Table 4. Boundary Physics for CFX
Domaln Boundaries
Default Domain Boundary - Inlet
Type INLET
Lacatian Front
Sertings
Flowe Regime Subsonic
Heat Transfer Tatal Temperature
Total Temperature TempProf
Mass And Momenturm Marmal Speed

MNarmal Speed
Turbubence

Type
Location

Flow Regime
Mass And Momentum

Pressure Profile Blend

Relative Pressure
Pressure Averaging

Type
Lacation

Heat Transfer
Mass and Mameanburm

1,.5000e+2 [m 5~-1]
Medivm Intensity and Eddy Viscosity Ratio
Boundary - Outlet

OUTLET
Back
Settings
Subsonic
Average Static Pressure
5.0000e-2

0.0000e+0 [Pa)
Average Over Whole Outlet

Boundary - OtherSide
WALL
niside
Seftings
Adiabatic

Frea Slip Wall

Boundary - Probel
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Type
Lacation

Heat Transfer
Mass And Momentum
Wall Roughness

Type
Location

Heat Transfer
Mass And Momeanbum
Wall Roughness

Type
Lacation

Heat Transfer
Mass And Mormenbum
Wall Roughness

Type
Location

Heat Transfer
Mass And Momentum
Wall Roughness

Type
Location

Heat Transfer
Mass And Momenbum
Wall Roughness

Type
Location

Heat Transfer
Mass And Moarmenbum
Wall Roughness

Type
Location

Heat Transfer
Mass And Momentum

Type
Location

Heat Transfer
Mass And Mormenbum
Wall Roughness

WiALL
Probel
Settings
Adiabatic
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4. User Data
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APPENDIX F. DIFFERENCE IN EXPECTED VERSUS MEASURED
TEMPERATURES IN TEMPERATURE PROBE CFD EXPERIMENT

Depth from
center of rig
(m) 0.13843 [ 0.130816 | 0.125735 | 0.118119 | 0.110498 | 0.102881
Avg temp
measured (K) 361.715 | 345319 | 332.862 | 310.836 287.68 |  267.935
Total temp
given (K) 357.6615 | 342.5872 | 329.374 | 307.3989 | 285.6192 | 267.7978
Difference 4.053463 | 2.73179 | 3.487978 | 3.437132 | 2.060814 | 0.137172
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APPENDIX G. PROBE MEASUREMENT LOCATIONS IN INCHES

Probe 1 Probe 2 | Probe 3 | Probe4 |Probe5 | Probe 6

() (®) (A) (®) (X) (m)
0.1200 0.1417 0.1633 0.1850 0.2067 0.1200
0.2283 0.2500 0.2717 0.2933 0.3150 0.2500
0.3367 0.3583 0.3800 0.4017 0.4233 0.3800
0.6311 0.8389 1.0467 1.2500 1.4578 1.2500
1.6700 1.7000 1.7220 1.7480 1.7740 1.7000
1.8000 1.8260 1.8520 1.8670 1.8500 1.8500
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APPENDIX H. LIST OF MATERIALS AND TOOLS NEEDED FOR
THE TCR INSTRUMENTATION OPTIMIZATION

Number | Item

72 90357A132 Ultra-Low-Profile Socket Head Screws

72 93340A305 18-8 Stainless Steel Key-Locking Inserts

12 91271a585 Alloy-Steel 12-Point Screw, 5/16”-18 Thread Size, 1-1/4” Long

8 91251A426 Black-Oxide Alloy Steel Socket Head Screw, 3/87-24 Thread
Size, 1-1/4” Long

8 93340A320 18-8 Stainless Steel Key-Locking Inserts with Thin Wall, 3/8-
24 Thread Size

1 5125A2 Ratcheting Combination Wrench, Horizontal Flex-Head, 5/16”
Size, 5” Overall Length
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