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Executive Summary

Parker Hannifin is a world leader in the design and production of electromechanical actuators
for aerospace use. These systems are designed to have as little drag and friction as possible in
order to improve aerodynamic functionality. One source of drag and friction can originate from
the bearings and mechanical seals used.

In response to an effort to reduce these losses, our team has been asked by Parker Hannifin to
design and fabricate a test apparatus to measure the viscous drag associated with bearings and
seals as a function of shaft speed, temperature, and size.

We have generated several potential design solutions over the course of the last nine months,
as will be discussed later in this report. However, the final design was chosen and thoroughly
analyzed in order to assure our sponsor that the test apparatus will function properly. This
design has been manufactured and implemented to achieve the key functionality required.

The final design utilizes a drill motor to drive a dual stage drive train in order to achieve speeds
up to 15,000 RPM. The output shaft of the drive train will rotate various bearing or seal testing
attachments, which accommodate the numerous inner diameter sizes to be tested. An external
jaw chuck will hold the outer race of the test bearing or seal still and rotate in accordance to
the amount of drag torque the test specimen experiences. A reaction torque sensor will
measure that rotation and output the drag torque to the data acquisition system, which will
also be receiving temperature and output shaft speed measurements. The data will be logged
using LabVIEW.

This test machine will allow Parker Hannifin to accurately measure the drag associated with the
bearings and seals integrated into their systems and, as a result, provide them with the
opportunity to make their products perform better.




Chapter 1 — Introduction

Sponsor Background and Needs

Parker Hannifin's Aerospace Group engineers various electromechanical systems for numerous
aerospace applications. Although their products already achieve incredible feats, Parker
Hannifin continues to strive to improve their systems, including their electromechanical
actuators. These systems must produce little to no drag or friction in order to aerodynamically
improve the overall system. Therefore, Parker Hannifin would like to investigate the drag
associated with the bearings and mechanical seals in the system caused by temperature, speed,
and size differences. The drag in question is the viscous drag that occurs between the inner and
outer races of a bearing or seal when one of the races is rotating and the other is held still.

Formal Problem Definition

Parker Hannifin has asked our team to design and build a test fixture that will measure the
viscous drag generated by bearings and seals as a function of temperature, shaft speed, and
size. As a result, Parker Hannifin will be able to pinpoint and reduce the frictional losses in their
actuator design.

Specification Development

Our team developed a set of engineering requirements derived from the customer
requirements of Parker Hannifin. These engineering requirements were developed using the
Quality Function Deployment (QFD) method, a design technique that has been proven to assist
in the development of engineering specifications. The main output of using this method is the
"House of Quality". This is a diagram that displays the correlation between each customer and
engineering requirement and benchmarks how well other existing solutions to the customer
problem fulfill the customer requirements. The "House of Quality" created by our team for this
project, as well as an explanation about its features, can be found in Appendix A.

Our team was able to learn many things by using the "House of Quality". Looking at the
correlations that were made, it can be seen that the customer requirements of being able to
test different sizes of bearings and seals were the most important, since these two
requirements had the greatest amount of correlations. Also, the requirement of being safe to




use was very important and frequently correlated to other requirements. Looking at the
weighting of the customer requirements, it can be seen that being safe to use was the most
important requirement to fulfill according to our team. The next highest weightings were the
ability of the fixture to test different torque values, speed values and bearing sizes. However, it
can also be seen that the lowest weighted requirements for our team were the requirements
that the fixture only need one operator and that it can test samples using different greases. This
simply means that, compared to the other requirements, these were the requirements that
were slightly less likely to be focused on. This does not by any means indicate that these
requirements will not be fulfilled. We also learned that the hand-testing method currently in
use (described in Chapter 2) is not adequate, as it does not fulfill all of the customer
requirements. Therefore, there is a need for a better solution.

Our team visited the Parker Hannifin facilities in Irvine, CA on October 11th, 2013. We were
given insight into the purpose of this test machine, as well as the application of the bearings
and seals being tested. This visit was crucial in determining the requirements and specifications
for the project. The interface between the lab's thermal control system, the Thermotron, and
this friction test machine was observed, as well as the lab environment that the fixture will be
operating in.

The bearing and seal sizes to be tested were requested from Parker Hannifin, as the sizes of the
samples would play a large part in the design of the machine. It was determined that the
machine will need to test all sizes of bearings that are compatible with the shaft requirements
provided. Therefore, the machine will need to accommodate a continuous range of bearing
sizes. However, there are a discrete number of sizes of seals that will need to be tested. The list
of these discrete seal sizes provided by Parker Hannifin can be found in Appendix A in Table 7.
All of the technical drawings for these seals were provided to our team, allowing us to design
with specific sizes and tolerances in mind. Therefore, our team will need to design the machine
to test a large continuous array of bearing sizes and discrete seal sizes.

The customer and engineering requirements generated through our visit to Parker Hannifin's
facilities, as well as from communication with our sponsor, are listed in Appendix A and are also
explained below.

The first customer requirement was that the test fixture needed to be safe to use. This
requirement is absolutely the most important. In order to determine the engineering
specifications required to accomplish this, we needed to consider all the components of the
potential system and how they could cause harm. The fixture will definitely involve moving and
rotating machinery, so all these components will need to be shielded. Since there will also be




electrical components to the system, they will need to be properly grounded. These electrical
components will also need to be compatible with a typical wall outlet, so excessive voltage and
current values will be avoided. There will also be a thermal chamber around the test sample in
order to control the testing temperature, so this will act as one of the guards for the rotating
test sample. However, the temperature range is from -55°C to 70°C, which means that the
thermal chamber will need to be well insulated so as not to cause harm to the operator when it
is touched. Also, the customer requested that there be a single control station for a single
operator. In order to accomplish this, we will need to make sure that the single operator will be
able to start, stop, and operate the fixture by themselves with ease.

The customer also required that the fixture be able to test different sizes of bearings and seals.
There are several dimensions of the fixture that will be dependent on the size specifications of
the bearings and seals, so it is very important that the design considers all potential sizes. Based
on the bearings and seals typically used by Parker Hannifin, the shaft size will need to
accommodate a range of inner diameters from %” to 2 %4” for the bearings and up to about 3.5”
for the seals. Additionally, the fixture will need to accommodate the average widths and outer
diameters for bearings and seals typically used in Parker Hannifin’s electromechanical
actuators.

It was also required that the fixture test bearings and seals with different kinds of greases. In
order to be compliant with this requirement, we will ensure that all materials used in the
building of the test fixture will be compatible with the various greases to be used.

The test fixture must also test the bearings and seals at different speeds. According to customer
specifications, the large bearings will be tested at low speeds, while the small bearings will be
tested at high speeds. So, the speed will need to reach up to 15,000 RPM.

The bearings and seals will also need to be tested at different temperatures. In order to
accurately represent the range of temperatures that the bearings and seals will experience in
actual use, the range will be from -55°C to 70°C. In order to ensure that the temperature will
remain constant during testing, an insulated thermal chamber will be placed around the test
sample that will attach to Parker Hannifin’s Thermotron system.

In order for the bearings and seals to be tested in realistic conditions, the shaft to which they
are mounted needs to have the same surface conditions as the shafts in the actuators.
Therefore, the shaft in the test fixture will need to be ground, smoothed, and polished to
standard specifications.




Since the test runs will be quite short in order to capture quick behaviors (such as breakout
torque), it is required that the fixture have a Data Acquisition (DAQ) system with a good
sampling rate. We determined that a 100 Hertz sampling rate would provide complete data
sets. However, since each of the test runs will span a short amount of time (i.e. just a few
seconds), it is acceptable to utilize a much higher sampling rate, if available. Noise should not
be a major issue if the test runs are short. We need to ensure that all of the behaviors of the
samples are recorded.

Another customer requirement is that the fixture allow for variable acceleration of the shaft.
This is so the testing can be performed in ramp-up and ramp-down speed conditions. Also,
because of the need to test breakout torque behavior, it is desired to have the ability to start
the speed at a lower value and, once the breakout torque has occurred, accelerate the motor to
the testing speed as quickly as possible so the testing can be performed before the test sample
heats up. Therefore, in order to accomplish this, the motor selected will need to have variable
speed capabilities.

The test fixture will also need to be compact enough to fit on a desk top. Parker Hannifin has
determined that the fixture should be approximately 18'"x18"x18" in size, so this is will be the
engineering specification for this customer requirement. The compact size is very important for
the customer because it will allow Parker Hannifin engineers to maneuver the fixture easily
around the testing labs on a rolling cart or desktop.

Considering that this fixture will be used for testing to reduce drag in Parker Hannifin's future
actuator designs, it is very important that this fixture be able to perform many tests and have a
long lifespan. It would not be worthwhile for this fixture to be designed to only perform a small
amount of testing. So, this fixture will be designed to last for 1000 test runs for a duration of 5
minutes each. Since each test run will not typically last 5 minutes, but instead will last for less
than a minute, designing the fixture with this lifespan will help ensure that it will benefit Parker
Hannifin for at least this amount of time. Of course, as soon as the average duration of testing
is determined, more accurate fatigue and lifespan calculations will be performed.

For the purpose of easy, universal use by Parker Hannifin and our team, it is imperative that the
fixture be compatible with a standard wall outlet for power supply. Wall outlets provide
approximately 115 Volts and 20 Amps. However, if needed, a 220 Volt wall power supply will
also fulfill Parker Hannifin's requests. In order to ensure the compatibility with a wall outlet, we
will need to minimize the amount of electrical components and machinery as much as possible.
Parker Hannifin has also requested that the fixture prevent all electrical interference between
measurement signals. In order to fulfill this requirement, shielded wiring will be used for all




measurement signal wiring. Electrical interference causes error in measurement signals, so, to
maintain high accuracy in the measured data, it will be prevented.

The temperature control system will be provided by Parker Hannifin by means of the
Thermotron system on site. However, the fixture will need to effectively interface with this
system. A full thermal chamber will be built around the test sample, in which the Thermotron
will control the temperature of the test sample environment.

Because many of the measured behaviors that are to be tested will occur very quickly, it is very
important that the fixture be able to take accurate measurements of all test variables. The
accuracy of the temperature and speed has been set to allow an error of £ 2.0%, while the
torque has been allowed an error of £ 5.0%. These low percent errors will ensure the
measurements are accurate, as well as aid in creating accurate representations of the trends
and correlations that may occur.

It has been requested that the fixture be operable by only one person. This will help ensure
safety, as the entire fixture will be able to be started, operated, and stopped by one person
only. If the fixture were designed for two people to operate, it would be necessary to ensure
that it could only be started and operated by two people. However, in order to avoid the
possibility of injury or harm due to one person attempting to operate the fixture alone, it
should only need to be fully operated by one person. In order to fulfill this requirement, the
fixture will be designed with a single control station.

In order to prevent noise in the measurements and inaccuracy in the data, Parker Hannifin has
requested that the fixture be designed with minimal vibration while operating. In order to
achieve this, our team will need to design and build the fixture with a low and feasible
alignment tolerance. Parker Hannifin asked our team to reduce the need for couplings along
the shaft, so we will need to properly and carefully align all of the components of the fixture
when it is being fabricated. This will mainly be handled during the machining process, as well as
in the detail design process with tolerance determination.

Lastly, the bearings and seals will need to be tested at different torque values. The range of
values that the bearings and seals typically are exposed to is from 1 in-lb to 20 in-Ib of torque.
The larger bearings and seals will be tested at lower speeds and higher torque values, while the
smaller bearings and seals will be tested at higher speeds and lower torque values. However, in
order to accommodate the wide range of sizes of test samples, the fixture should be able to
handle and measure this wide range of values.
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Table 1 below lists each requirement specified, assesses the risk of accomplishing this

requirement in the final design, and details the means of compliance. A risk level of "L"

indicates that there should be little to no trouble in accomplishing this requirement in the

overall design. A risk level of "M" indicates that there may be a small amount of difficulty in

implementing the requirement in the design. A risk level of "H" means that there is a high risk

of the requirement not being met. Thankfully, our team does not believe any of the

requirements are high risk. As for the compliance method, "A" indicates that the design

requirement will be met through analysis. "T" indicates that the requirement will be confirmed

during testing.

||I|I

indicates that the requirement will be met after visual inspection.

Table 1. Requirement Details with Assessment of Risk and Means of Compliance

Specification

Requirement or

Parameter Description Tolerance | Risk | Compliance
# Target
1 Safety Very Safe - L T,
p Seal Size Given Sizes - M AT,
3 Bearing Size Standard Sizes - M AT,
4 Grease Type Standard Types - L AT,I
5 Speed 15,000 RPM Max M AT
6 Temperature -55to 70°C Min to Max L AT
7 Shaft Finish Standard Finish - L AT,
8 Sampling Rate 100 Hertz Min L T,
9 Acceleration Rates TBD - M AT
10 Size 5832 in’ Max M A, |
11 Lifespan 1000 Cycles Min L ATI
12 Power Source 115V, 20 A Max M AT
13 Electrical Interference Shielding Wires - M T, 1
14 Thermotron Interface Specs Provided - M Al
15 Accuracy 2%, 5% Max M AT,I
16 Number of Operators 1 Person Max L I
17 Vibration None Max M AT,
18 Torque 20in-lb Max M AT

(u)




Project Management

We managed the project by dividing the design into a list of tasks and assigning each task to the
most qualified person for that task. The design duties were split into two categories: team
duties and design duties, as shown in Table 2 below. Some of these tasks are representative of
the subsystems of the design. Each team member has been focused on designing specific
subsystems and integrating them into the system effectively.

Table 2. Team Member Responsibilities for Subsystems, Design, and Business

Mustapha Nadri Kyle Schless Lynda Tesillo
Specific S d Dat
- .I ! Motor Fixture and Mechanical ensor an . ata
Design Selection/Implementation Design Acquisition
Area g Selection/Programming
. 3D Modeling and
Stress/Strength Analysis . . . ..
/ g Y Technical Drawings Electrical Wiring and
Manuf i Wiring Diagrams
X Temperature Analysis am'J actu.rmg & Ulag
Design Considerations
Duties Vibration Analysis Prototype Fabrication Data Output/Input
Lifetime Calculations and Aesthetics Material Selection
Testing Plan Refining the Model Control System Design
Maintain Inf ti
Maintain Team Budget aintain n.orma on Sponsor Communication
Repository
Meeting Minutes
Team g . Meeting Organization
. . Documentation
Duties Organize Product
Purchases Through School Meeting Agenda Organize Product
i Purchases Through
Generation
Sponsor

All of the team members have performed background research and gathered information about
old methods of measuring friction in bearings and seals. Furthermore, all the team members
have gathered detailed information about the project requirements and specifications.

Table 3 below lists the important milestones in the design process. All of the tasks listed have
been completed and fulfilled. The project Gantt chart, attached in Appendix D, details the tasks
and milestones completed, along with their durations. Also included in the Gantt chart is the
total amount of hours worked on each project task.
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—
| —




Table 3. Timetable of Milestones

Date Milestone
10/24/2013 Project Proposal Submitted
11/21/2013 Pre-Concept Review
12/5/2013 Conceptual Design Report Submitted
12/11/2013 Conceptual Design Review

2/7/2014 Critical Design Report Submitted
2/17/2014 Critical Design Review
3/4/2014 Manufacturing and Test Review
4/1/2014 - 4/10/2014 Assembly Period
4/11/2014 - 4/27/2014 Integration Period
4/28/2014 - 6/6/2014 Testing Period
5/31/2014 Senior Design Expo
6/13/2014 Final Report and Machine Delivery

13
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Chapter 2 — Background

Existing Solutions

Parker Hannifin has conducted a similar friction test on bearings in the past. The test was a
result of the need to find sources of frictional losses in the actuator systems and quantify the
viscous drag associated with the use of various lubricants. This test was conducted using pre-
existing, non-specific test equipment, as well as ad-hoc test procedures. Major takeaways from
this previous test will be applied to our project, including expected torque values, conditions
that produce the best data (ramp-up speeds), and the need for a higher degree of safety.

Adaptor Load Cell . e
Sleeve Reaction Arm Acquisition c:ifrtgﬁer
Fixture Syt
Shaft Test Article
: Motor
| 5
Thermal Fixture E‘S> oo
ensor
Chamber Support
Bearings

Figure 1. Initial Proposed Solution from Parker Hannifin, Aerospace Group

When Parker Hannifin presented the project to our group, we were provided with a proposed
solution to the problem. This proposed solution can be seen above in Figure 1. The proposed
fixture consisted of a motor, equipped with a speed sensor and controller that would drive a
shaft containing the test article. The fixture would come with adaptor sleeves that would allow
various sizes of bearings and seals to be mounted on the test shaft. The friction drag generated
by the test sample would be measured using a load cell attached to a reaction arm, which
would be in contact with the sample's outer race. The fixture would measure speed,
temperature, and torque from the load cell through a data acquisition system. Our team has
considered this solution, but we have chosen to propose an alternate solution.

14
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Current State of the Art

Besides the previous testing that Parker Hannifin performed, there have not been many new
technologies that measure the drag torque in bearings and seals. A patent search was done and
no documents registered within the last ten years were found. Also, we were unable to find any
patents that directly achieved the goals of this project.

Specific Technical Data

Because there are not many machines that test the drag torque of bearings and seals, the only
technical data benchmark we have is the data obtained by Parker Hannifin in their previous
testing. Unfortunately, because these tests were performed inconsistently and were not
standardized, the results could be seen as somewhat unreliable. So, we may compare our
obtained values to those obtained by Parker Hannifin mainly to verify that similar trends occur
and the measured values are in the correct range of values.

Applicable Standards

Our team has investigated various resources for bearing and seal friction testing standards,
including the Society of Automotive Engineers (SAE) and the American Society for Testing and
Materials (ASTM). We were only able to find the Standard Test Method for Determination of the
Breakaway Friction Characteristics of Rolling Element Bearings from ASTM. This standard
determines the breakaway friction torque of various bearings in operation. However, this does
not match the objective of our project very well. Although the measurement of the friction
torque in the bearings will, indeed, log the breakaway friction point, we will not be exclusively
focusing on when the breakaway occurs or the corresponding friction. We were unable to find
any standards for seal drag and friction testing. The measurement of the drag that occurs
between the inner and outer races of bearings and seals is not something that has explicitly
been measured, based on our research. Therefore, we will not be basing our design on any
testing standards. However, we will be adhering to the American Society of Mechanical
Engineers (ASME) Code of Ethics. This document details our responsibility to design this test
apparatus to the highest degree of safety and uphold ethics throughout its design and
production.
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Chapter 3 — Design Development

Discussion of Conceptual Design

During the conceptual design stage, the design for the test machine was divided into several
subsystems. A motor was necessary to rotate the test samples. In order to fluctuate the speed
and torque output from the motor, a drive train was needed in conjunction with a speed
controller. A torque sensor system was needed to detect the frictional torque from the bearings
and seals. A temperature sensor system was needed to measure and monitor the testing
temperature conditions. A speed sensor system was also needed to measure and monitor the
output shaft speed to the test sample. A clamp was needed to hold the outer race of the
bearing or seal still in order for the friction torque to be detected. Because we needed to
accommodate a continuous range of bearing sizes, an appropriate shaft design was made for
bearing testing. Because there were a discrete number of seal sizes to be tested and the shaft-
seal inner race interface was necessary for accurate friction drag measurements, a different
shaft design was made for seal testing.

For idea generation, we generated as many possible solutions as we could that fulfilled the
customer and engineering requirements. The best solutions were chosen and were integrated
into the conceptual design, as seen below in Figure 2.

Figure 2. Conceptual Design SolidWorks Model
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The layout of the conceptual design was chosen in order to provide a safe, compact, and
accessible design. The output from the motor attached directly to a shaft that held two pulleys.
The intermediate gearing shaft included two pulleys and a gear, held between two bearing
supports, as shown in Figure 3. The tensioning mechanism attached directly to one of the
bearing supports to provide simplicity and ease of access. The main support bracket included
bearing races for the intermediate gear shaft and the output shaft, as well as a speed sensor
bracket. The output shaft would screw into to the test fixtures and locate center with a
shoulder. Both the bearing and seal attachments would locate the bearing in the same position
axially, so the outer race clamp would not have to slide.

Gear Train

Speed
Sensor

Motor
Test Fixture =

Torque Cell =

Figure 3. Top View of Conceptual SolidWorks Model with Subsystems Identified

The selected motor was a Baldor % horsepower brushed AC motor, seen in Figure 4, that has a
maximum speed of 3450 RPM with a corresponding output torque of about 5 in-Ib. This motor

would allow us to have reasonable gear ratios, which would satisfy Parker Hannifin’s speed and
torque range requirements.

Figure 4. Baldor L3356 % Horsepower Brushed AC Motor

—
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The selected speed controller was the Dart Controls AC Motor Speed Controller, shown in
Figure 5 below. Parker Hannifin required us to obtain a rotational velocity as low as 200 RPM
for an output torque of 20 in-Ib. With the motor and gear ratios selected, this could not be
achieved without a speed controller. When the torque is 20 in-lb, the rotational output speed is
approximately 720 RPM, as detailed in the motor calculations in Appendix E. Therefore, the
speed needed to be reduced, while keeping the same output torque level.

Figure 5. Dart Controls AC Motor Speed Controller

Figure 6 and 7 below show the selected drive train design, which utilized a V-belt pulley drive
system and a single gear ratio. V-belts were selected because they are relatively inexpensive,
capable of higher speeds than other belts and easily interchangeable. However, because the
maximum peripheral speed that the belts can safely experience is 5000 ft/min (6366 RPM) for
the minimum pulley diameter of 3” according to Shigley's Mechanical Engineering Design, the
belts could not be used to perform the final increasing ratio up to the higher rotational speeds.
Therefore, a spur gear pair was needed to achieve the higher speeds. When using V-belts, there
is a need to include a tensioner, which tensions the belt for proper use. When the tensioner is
not in contact with the belt, the belt would have some slack in it to ease the movement of the
belt from one pulley set to the other.

Figure 6. Close Up View of Selected Drive Train Design
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Figure 7. Side View of Selected Drive Train Design

Figures 8 and 9 below show the selected bearing-shaft interface design. There would be a
selection of cones to accept a larger range of continuous bearing inner diameter sizes. The
cones would hold the inner race of the bearings securely and ensure concentricity with the
output shaft. It must be kept in mind, however, that the fabrication of the cones must be done
with great care. Any slight asymmetric feature/flaw would cause imbalance in the bearing
testing, thus altering the recorded data and alignment of the system.

Figure 8. Side View of Selected Bearing-Shaft Interface Design

Figure 9. Cross Sectional View of Selected Bearing-Shaft Interface Design
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Figures 10 and 11 below show the selected seal-shaft interface design. With the high tolerances
required for the shaft sizes, a multiple-stepped shaft would cause many manufacturing
difficulties. Also, multiple steps would require the testing location of the seal to change with
respect to where the appropriate shaft size is compared to the end of the output shaft. A
simple single step shaft design would create consistency for seal test placement, thus allowing
the outer race chuck to not have to move linearly. It would also allow for and promote future
expansion for this test machine to include a greater selection of shaft and seal sizes.

=

—0

@) o

Figure 11. Top View of Selected Seal-Shaft Interface Design

The data acquisition system selected was the NI USB-6000, as seen in Figure 12 below. This
DAQ had eight analog voltage inputs and was small in size. It was compatible with LabVIEW
software, which is available for our team through the university. Having this access through Cal
Poly would be very useful for the testing phase of the design process. The voltage input range
was +10 Volts, which exceeded the voltage outputs expected from sensors. Its sampling rate
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was around 10000 samples/second, which far exceeded the required sampling rate of 100
samples/second (or 100 Hertz). Although the initial intent was to have a smaller sampling rate
to eliminate the potential for noise, the test runs will be happening quickly, so it was important
to record the behaviors of the samples as accurately as possible. Additionally, this DAQ
connected to any PC or laptop equipped with LabVIEW via a USB connection. This made setup
for the operator very easy and ensured that the machine would be portable and lightweight.
The power source came from the PC or laptop, decreasing the amount of power required to
operate the machine through a wall outlet.

Figure 12. National Instruments USB-6000 Data Acquisition System

To measure the temperature inside of the thermal chamber, a thermocouple would be placed
inside the chamber and wired back to the data acquisition system, located outside of the
chamber. With a desired temperature range from -55 to 70 degrees Celsius, a thermocouple
that operates in this range would need to be used. A Type T thermocouple would work well for
the temperature range expected, as it has a useful range from -250 to 350 degrees Celsius. The
measuring side of the thermocouple would be inside the thermal chamber, while the opposite
end would be connected to the data acquisition system for the measurements to be read and
recorded. The DAQ input voltage range was +10 Volts, while the thermocouple maximum
output was around 20 mV. Therefore, this thermocouple was compatible with the DAQ and
required temperature range.

The selected torque sensor was the Futek TFF325 Flange to Flange Reaction Torque Sensor,
seen in Figure 13 below. The maximum measurable torque was 50 in-lb, which exceeded the
maximum expected bearing and seal friction torque of 20 in-lb. Also, the output was measured
in Volts and was able to be read directly from the DAQ. However, the output was rated from a
range of voltages of 1 to 18 Volts DC. Because the maximum voltage that can be read by the
DAQ is only 10 Volts, this could have presented an issue. Thankfully, the maximum output
would be associated with the maximum torque, which would never be reached. The maximum
friction torque expected from the bearings and seals was less than half of the maximum output
of the sensor, thus implying that the maximum voltage output expected would be less than 9
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Volts DC. The torque sensor would be located outside of the thermal chamber, so it would
remain within the compensated temperature range, ensuring accurate measurements for
testing. Because the outer diameter of the bearings and seals would be held by a clamp and not
rotating, a reaction torque cell was required as opposed to a rotary torque cell. The other end
of the clamp would be attached to the torque sensor, allowing for the friction torque
experienced by the test sample and clamp to be measured by the sensor directly. Since the
sensor was a flange-to-flange sensor, the non-measuring end would need to be held stationary
to act as the datum. This end would be secured to an upright plate bracket.

Figure 13. Futek TFF325 Flange to Flange Reaction Torque Sensor

In order to measure the speed of the output shaft, the Allegro Microsystems A1324 Hall Effect
Speed Sensor, shown in Figure 14 below, was chosen. This speed sensor had an analog output,
meaning the output would be a voltage. This would be compatible with the DAQ selected. A
Hall Effect sensor generates a signal when a magnet passes by the sensor, creating an
electromagnetic field. The magnet would be placed on the output shaft and would trigger the
sensor with every rotation, creating a voltage output that was proportional to the rotational
speed of the shaft.

Figure 14. Allegro Microsystems A1324 Hall Effect Speed Sensor

The outer race of both the seals and bearings needed to be held stationary in order to measure
the reaction torque. The clamping mechanism must work for both types of test specimens and
be adjustable from 0.35” to 3.75” (as per the specified seal and bearing dimensions). Torque
values of up to 20 in-Ib would be reacted at the jaws, so they must provide a strong grip. The
conceptual design featured a cantilevered torque cell, so a lightweight clamping mechanism
was required in order to reduce the induced moment on the instrumentation. The Grizzly
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H8033 3" — 3 Jaw wood lathe chuck, shown in Figure 15 below, met all of the requirements and
could be procured with no lead time and at a low cost. The jaws would be reversible in order to
accommodate the variable sizes. Chuck lathes are already balanced, so there would be no issue
with concentricity. A 3-jaw model would provide sufficient clamping force.

Figure 15. Grizzly H8033 3"’ — 3 Jaw Wood Chuck

The thermal chamber should be able to create a suitable environment that replicates the real
environments in a smaller scale. The thermal chamber would be made of insulated plywood,
which has a small thermal conductivity. However, the thermal chamber would have slots where
the output shaft would pass through. The exposed area would be insulated with additional
removable plywood or insulation, minimizing the heat losses. Also, the thermal chamber would
be placed where it would not interfere with the output shaft or rotating equipment.

Supporting Preliminary Analysis

With the given rotational speed range from 0-15,000 RPM that Parker Hannifin required, we
needed to find a motor that could be stepped up or down to the maximum and minimum
speeds easily. We found the Baldor % HP motor with a rated speed of 3,450 RPM. Using basic
gear and torque ratio laws, this motor would output a torque value of 1.05 in-lIb at 15,000 RPM
and 22.84 in-lb at 630 RPM. This was calculated using the gear ratios of 1:4.31 and 5:1,
respectively. We would need to step the motor speed down from the minimum output speed
of 630 RPM to 200 RPM using a speed controller. The rotational speed and torque values were
higher than the required values, which would ensure that we could overcome the friction losses
from the support bearings and shafts. The detailed calculation for the conceptual design motor
verification can be found in Appendix E.
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Discussion of Critical Design

The critical design improves upon and fixes problems found in the conceptual design.

Figure 17. Final Detailed Critical Design Layout

Our critical design, as seen above in Figures 16 and 17, is a system that is able to measure drag
torque and shaft speed under different temperatures of a wide range of bearings and seals. It
essentially performs a simulation on the bearings and seals to undergo the real life stresses that
they are submitted to. The power source is a brushed DC motor (not shown above) in the form
of a corded drill assembly that is able to generate the power, torques, and speeds required for
our test. The power is transmitted through a drive train containing a V-belt pulley system and
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spur gears. The drive train is shielded for safety purposes, due to the presence of high speed
rotating equipment. A Thermotron will pump air through flanges located in the walls of a
thermal chamber that is insulating the test bearing or seal. To obtain torque, speed and
temperature data, we will be using a torque and speed sensor and thermocouple, whose
output signals will be fed into a DAQ. The attachments used to test bearings will be sets of two
cones and the attachments used to test seals will be various sizes of stepped shafts. An external
jaw chuck will be attached to the torque sensor and will grab the outer diameter of the seals
and bearings in order to measure the drag torques they experience.

The rotational speed range required by Parker Hannifin was 0-15000 RPM, meaning that we
would need to find a motor that could be stepped up or down to this range. Also, this motor
should have a speed controller. The originally selected motor was a Baldor % HP, 3,450 RPM
motor that cost almost $400. The problem with industrial motors is that they are expensive and
were designed to run at a constant speed. Most of these motors used start capacitors, making
selection of a speed controller difficult because the speed controllers that we could find on the
market were not able to function with a start capacitor motor. The appropriate speed
controller cost nearly $50. We thought we could improve the motor, so we decided to keep
looking for other options to minimize the price and maximize the performance. The best motor
we could find was a Ridgid Drywall Drill for $20. Drill motors have a tendency to heat up
relatively quickly. A two hour test would overheat the windings in the drill’s brushed motor and
potentially create a fire hazard. However, our test will only run for about 30 seconds, which
ensures the drill is appropriate for our design. Knowing that other components of our system,
such as the high-sensitivity torque cell, will cost us a relatively large amount of money, this
motor was financially the best choice. The drill will be engaged with either a large or small
pulley, depending on whether the user desires to increase or decrease the speed. The user will
be able to vary the speed via a speed controller included in the drill. This speed controller is
able to lock into various speed values to allow the user to obtain constant speeds. To minimize
any overshoot in speed, we have determined that the motor speed should be slowly adjusted.
We need to reach steady state speeds without exceeding the limitations of the system to avoid
any unexpected failure. We chose a corded model because we would not need to worry about
charging the motor. The drill will be coupled to the input shaft of the drive train with the use of
a coupling housing, which will also secure the drill down for stability during testing.
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Figure 18. Drive Train Sub-Assembly
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Figure 19. Top View of Finalized Drive Train Design

Parker Hannifin required us to achieve a torque of 20 in-lb at low speeds. Therefore, we needed
to design a high performance drive train that would accomplish the task. High speed rotations
cause unwanted vibration that may disturb the accuracy of our system. The chances of a system
failure increases as well. Vibration would disturb the load cell measurements, as well as the




speed sensor measurements. Since Parker Hannifin required us to obtain precise data
measurements, this is not desired. So, we decided to use a reversible V-belt pulley system
design as the first stage reduction (2.35:6.5 ratio) or increase (6.5:2.35 ratio) because they are
cheap, easy to maneuver, and reliable. We can switch the orientation of the belt, which gives us
reduction and increase capabilities. For the second stage reduction, we decided to use a spur
gear system (1.5:1 ratio) because of space constraints and the high speeds that they could
withstand. Moreover, we were unable to find any pulleys that could withstand 15,000 RPM.
The selection process for the first stage gear ratio led into finding the critical speeds at which
these pulleys would fail. Thus, we tried to find the smallest pulley possible and then adjust the
other pulley’s size in accordance to the desired ratio. This is due to the fact that the small
pulleys can run at very high speeds compared to larger ones. The spur gears have a maximum
speed limitation of 20,000 RPM. However, our maximum required angular speed output is
15,000 RPM, meaning that using the V-belts and gears in this orientation, as seen above in
Figures 18 and 19, will achieve the necessary performance values. A belt tensioner and idler
pulley will be used to tension the belt during testing and loosen it for switching the desired
ratio and maintenance.

We made sure to find bearings that would be suitable for our design. So, we calculated the
dynamic bearing rating C,9, which can be found in Appendix E, and selected bearings
accordingly. We determined which bearing will be under the largest load and calculated the
dynamic rating, then used it to select the other bearings. The selection of bearings with good
lubrication is necessary to minimize adding any friction losses to our overall system. The
bearings that we selected are very light and are able to withstand the high speed conditions to
be experienced by the drive train. The entire test fixture will be mounted onto a base plate
which will enable the design to be portable. This is why minimizing the weight is a necessity.

The fixture also should be able to contain the hot or cold air generated by the Thermotron. So,
we designed a thermal chamber, seen in Figure 20 below, which will contain the air output
from the Thermotron. Using plywood for the thermal chamber design was preferred because it
is cheap and abundant. Insulation will be added to the inside surface of the thermal chamber by
Parker Hannifin. The thermal chamber has two 4" flanges to allow the Thermotron output air to
interface with the test sample. We attempted to minimize the heat losses out of the thermal
chamber by reducing the amount of holes and gaps. We have shielded the various components,
including the torque sensor, in close proximity to the thermal chamber because the humidity in
the output air can potentially cause rust, decreasing our system lifespan. Furthermore, the
electrical components need to be protected from the Thermotron air because the humidity
would cause damage and failure. We also do not want these potentially extreme temperature
conditions to harm the user.
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Figure 20. Thermal Chamber

In order to ensure that the tested seals would remain concentric with the output shaft during
testing, we designed output stepped shaft attachments that would interface with the inner race
of the seals, causing the seal to rotate. We made these attachments lightweight to avoid
imbalance within the drive train, which would cause potential error in acquired measurements.
To accommodate the range of seals sizes provided by Parker Hannifin, several attachments of
different sizes were created. The external jaw chuck jaws will be able to grab the outer
diameter of the seal to measure the drag torque experienced by the seal as a result of various
testing conditions.

We also designed a few sets of cones that will enable testing for a continuous range of bearing
sizes. These cones will be bolted onto the output shaft and tightened against the inner race of
the bearing, creating two circles of contact, as can be seen in Figure 21 below. The cones were
made to be thin and lightweight to avoid imbalance within the drive train, which would cause
potential error in acquired measurements. Again, the external jaw chuck jaws will grab the
outer diameter of the bearing to measure the drag torque experienced as a result of various
testing conditions.




Figure 21. Bearing Cone Attachment Configuration

The torque sensor selected during the conceptual design stage was unable to be implemented
into the critical design. This is because it was an OEM model, meaning that it was not meant for
final testing use. The strain gauges within the sensor and lead wires were fully exposed, which
posed a problem since the air from the thermal chamber could significantly damage and rust
the sensor. So, we selected the Futek TFF400 Reaction Torque sensor, which is the finalized
version of the OEM model selected before. The torque sensor will be attached via a flange to a
housed bearing from one side and to the external jaw chuck from the other side. The external
jaw chuck will be placed onto a slotted shaft connected to the end to the torque sensor, which
will allow the chuck to adjust axially to the position of the test sample. We also made sure to
shield the torque sensor from any air coming out from the Thermotron by placing a plate
between the thermal chamber face and the sensor, as seen below in Figure 22.




The DAQ originally selected during the conceptual design phase was unable to be implemented
into the critical design. This is due the fact that the sensors were changed, which required
different output power and input requirements from the DAQ. The torque sensor was changed
to a final design model, as previously detailed, but the output and power requirements
remained the same. The Type-T thermocouple output signal could not be read by the previous
DAQ without additional circuitry and wiring. Also, the previously selected Hall Effect speed
sensor was changed to a Hall Effect gear tooth sensor, which will detect the rotation of the final
20 tooth gear and create a pulsing output signal. However, this output signal could not be
properly interpreted with the previous DAQ because it utilized a software-timed counter. This
means that the timing of the signals would be dependent on the software operations instead of
interpreted in real time. In order to accommodate these changes, the National Instruments
myRIO DAQ has been chosen. Although this system is slightly more expensive than the previous
DAQ, it is able to handle the thermocouple and gear tooth sensor signals appropriately. The
DAQ has an FPGA processor that enables it to be programmed to accurately interpret real time
frequencies. It also has an available module that can provide internal cold junction
compensation and wiring so the thermocouple leads can be directly input into the terminals.

Supporting Analysis

The first and main calculation performed was to verify the motor that would be able to achieve
the torque and rotational speed values needed. After selecting the Ridgid drill motor, we were
able to determine that it would easily exceed the necessary values because of its maximum
output speed of 4,000 RPM and 1 HP rating. Using the finalized drive train ratios of 6.5:2.35 and
3:2 to obtain the highest speed output, the motor would output about 17,000 RPM and 3.8 in-
Ib of torque. Using the finalized drive train ratios of 2.35:6.5 and 3:2 to obtain the highest
torque output, the motor would output about 30 in-lb of torque, which a speed that can be
reduced to very low values using the speed controller in the drill. A spreadsheet was created to
calculate the expected speed and torque values at various parts of the drive train, including at
the pulleys to ensure that the pulley maximum speeds were not exceeded. This spreadsheet
table can be found as Table 8 in Appendix E, along with the corresponding theoretical and basic
hand calculations for the Ridgid drill capabilities.

Next, we needed to find the appropriate drive train hardware that would be able to withstand
these high angular velocities. Appropriate high speed rated bearings were selected based on
the calculated dynamic Cyg value corresponding to the selected shaft sizes. This calculation can
be found in Appendix E. Additionally, we needed housed bearings so they could easily be
mounted onto the base plate. For the output shaft, two bearings were used to minimize
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deflections and vibration and increase stability. In order to house these two bearing together,
we designed a housing that would accommodate both together.

Another area of concern was the cantilevered output shaft's deflection, which would cause
undesired vibration within the system. In order to help mitigate this problem, we selected a
short, stout output shaft, and then conducted deflection analysis in accordance with Shigley's
Mechanical Engineering Design. We needed to be within an allowable range of slopes caused
by the loads. To perform the analysis, we only considered linear slopes, while, in fact, the shaft
could experience deflection slopes in two dimensions. The deflection in the other dimension
would be caused by misalignment in the shaft layout, which should be reduced and avoided
during the fabrication and assembly stages. The linear model created allowed us to
approximate the deflection values for various loading conditions. The numerical results of the
deflection calculations can be found in Table 9 in Appendix E, along with the corresponding
theoretical and basic hand calculations.

The critical speeds of the output shaft were also analyzed using the Rayleigh method, which
determines the critical speed of the first mode of vibration. The results for the bearing and seal
testing setups can be seen below in Figures 23 and 24 and in Table 9 in Appendix E along with
the corresponding and theoretical and basic hand calculations. We predicted that the critical
speeds would decrease as the sizes and weights of the test samples increased. This is because
the critical speed is inversely proportional to deflection. After plotting the critical speeds, we
observed this trend, which confirmed that the spreadsheet calculations performed were
reasonable. However, testing will be crucial in determining the actual behavior of the
assembled system.
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Figure 23. Calculated Critical Speeds for Desired Seal Outer Diameters
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Concept Selection

All the initially generated solutions were benchmarked in terms of how well they met the
customer and engineering specifications using Pugh Matrices. The Pugh Matrices created by
our team for this project during the conceptual design phase, as well as an explanation about
its use and features, can be found in Appendix A.

There were four ideas considered to implement the drive train design. The first option involved
using a multiple shift gearbox. This would be a gearbox with functionality similar to a manual
transmission. The self-contained, pre-assembled and purchased gearbox would contain a
variety of gear ratios that would allow for the increase and reduction of speed and torque. A
lever would shift the gears and engage new ratios very easily and quickly. The second option
was a manually reversible gearbox. This would be a gearbox with a ratio of 5:1, for example,
that could be manually rotated by the operator to create a ratio of 1:5. The gearbox would be
attached on both ends with easily removable couplers. The third option was to use only a
variable speed motor. This configuration would use the direct output of the motor to rotate
and test the sample. The last option was to use belt drives. There would be a two-stage pulley
system that would allow for a quick change between an increase and decrease in speed by
simply changing the belt configuration. In order to select a solution, a Pugh Matrix was created
for the drive train subsystem. The matrix can be found as Table 4 in Appendix A.

The results of the Pugh Matrix indicated that a multiple shift gearbox would be a good solution.
However, upon further inspection, this option was bulky, expensive, and difficult to maintain
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and repair. All of these negative attributes made the multiple shift gearbox a poor solution. The
manually reversible gearbox may have reduced the system losses, but it was also slightly
expensive and was not quick to assemble or change the orientation. This was because the
gearbox would need to be removed from the couplers, rotated, and reattached to the couplers.
This would also possibly cause alignment issues. Using only the variable speed motor allowed
for the full range of speeds but only allowed for the nominal torque output level of the motor,
thus not achieving the required torque range. The motor could also overheat or stall at the
extreme operating conditions. The belt drives met all of the criteria. They were easy to repair
and assemble and fairly inexpensive. There are losses introduced by using the belts but these
losses were assumed to be minimal. In addition, the motor output torques would exceed the
expected friction torques, accounting for any additional losses the motor must overcome.
Therefore, the belt drives were found to be the best solution.

There were a total of two ideas generated to measure the friction torque of the bearings and
seals. The first idea utilized the proposed solution from Parker Hannifin of a load cell with a
reaction arm. This configuration would consist of a reaction arm attached to the outer race of
the bearing or seal that will engage a load cell when a friction torque is detected. The force
detected by the load cell would be proportional to the friction torque experienced by the
bearing or seal. The other idea was to use a reaction torque sensor. A reaction torque sensor
directly measures the torque experienced by an object. This configuration would consist of a
reaction torque sensor attached to the outer race clamp. This clamp would experience torque
because it would be moving with the outer race. Therefore, the torque sensor would measure
the torque experienced by the outer race that is transmitted through the clamp. In order to
select a solution, a Pugh Matrix was created for the Torque Sensor subsystem. The matrix can
be found as Table 5 in Appendix A.

From the Pugh Matrix, it could be seen that many of the concepts seemed to be great options.
However, upon further inspection, it could be seen that three of the concepts were worse than
the datum when it came to measurement accuracy. Because of this, these concepts were not
good solutions, as accuracy in the measurements was a very important customer requirement.
Using the reaction torque cell outside the Thermotron and attached to the inside race of the
sample was not a solution that was compatible with the bearing and seal configurations.
Therefore, this option was ruled out. Using the reaction torque cell outside of the Thermotron
and measuring from outside race of the sample was seemingly the best solution. Compared to
the datum, this option met or exceeded the criteria standard set by the datum. Therefore, using
a reaction torque cell outside of the Thermotron measuring the outer race of the sample was
the selected solution.
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There were six concepts generated for the bearing-shaft and seal-shaft interface designs. The
first idea for both the bearing and seal designs was to use interchangeable sleeves. This would
consist of using numerous sleeves that are slid onto and secure to the output shaft, essentially
increasing the shaft diameter to the necessary size. The next proposed concept for the bearing
and shaft designs consisted of using different sizes shafts. This configuration would necessitate
a shaft for every possible inner diameter size, making each shaft compatible with only one
bearing/seal inner diameter. One concept for the bearing-shaft design was to use an
expandable chuck to grab and rotate the inner race. The chuck would be able to adjust to fit the
continuous range of inner diameters sizes for the bearings. Another concept for the bearing-
shaft design is to use a dual cone design. The bearings would have a circular line of contact
between the inner race and the cone, holding and rotating the bearing with cones. The cones
are able to accommodate a continuous range of inner diameters due to their inherent
continuously increasing outer diameter. For the seal-shaft interface design, one concept utilizes
stepped shafts to fit a few discrete sizes of on the same attachment shaft. The seals would be
mounted onto the appropriate sized step. The final design concept for the seal-shaft design
consisted of an array of threaded shaft attachments for each needed inner diameter size. This
concept was also incorporated into others because a threaded attachment would significantly
reduce the amount of time needed for setup. In order to find a solution, a Pugh Matrix, found
as Table 6 in Appendix A, was created for the Bearing/Seal-Shaft Interface subsystem.

From the Pugh Matrix, it could be seen that all of the concepts, except for the dual cone
concept, were more expensive than the datum. Also, only two concepts showed to be stable,
which was a large requirement since balance and alighment in our system was crucial.
Therefore, it can be seen that the best option for the bearings was an adjustable cone design.
The best design for the seal interface was a variety of stepped shafts, as this option was
practical and easy to maintain and repair.
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Chapter 4 — Description of Final Design

Overall Description and Layout

Figure 25. Final Design

The final design, seen above in Figure 25, is driven by a % HP drill motor with an integrated
variable resistance speed controller. The motor shaft is attached to the input shaft using a
helical coupler. Two pairs of support bearings support the input and intermediate shafts
radially. A pulley system, consisting of a V-belt and two bushings and pulleys, is attached to the
end of both the input and intermediate shafts. The second stage of the drive train system
consists of a pair of spur gears with a 1.5:1 ratio. A hall effect sensor is placed in close proximity
to the 20 tooth gear on the output shaft in order to measure the output shaft speed. The
output shaft is supported by two bearings that are press fit into an aluminum housing. The
cantilevered end of the output shaft has a threaded hole, into which the bearing or seal
attachments are secured for testing. The jaws of a 3-jaw chuck are secured onto the test
bearing or seal outer race and holds it still while the inner race is rotating with the attachment.
The chuck is secured to the face of a reaction torque sensor, which will measure the rotational
displacement of the chuck that occurs due to the viscous drag torque in the test sample. This
rotational displacement input to the torque sensor is sent through a strain gage amplifier to
amplify and condition the signal, then output to the data acquisition system. The DAQ
interfaces with a LabVIEW program that interprets the analog signal from the torque sensor
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and the digital signal from the hall effect sensor and converts them into drag torque and output
speed readings, respectively. A thermal chamber is placed over the test sample and interfaces
with Parker Hannifin's Thermotron via two 4" flanges. A wooden cover is placed over the drive
train to protect the operator from the high speed rotating machinery. Since the weight of the 3-
jaw chuck is cantilevered off of the torque sensor, its weight must be vertically supported to
avoid exceeding the bending moment rating of the sensor. So, a steel wire secured to a wooden
support fixture through an eyebolt is tied to a hose clamp that is fastened around the chuck.
The entire system is mounted on a 18"x18" aluminum plate using bolts and washers. All of the
detail drawings for the parts we manufactured can be found in Appendix B. The specification
sheets for the ordered components can be found in Appendix F.

Detailed Design Description

Figure 26. Ridgid Drywall Screwdriver

A Ridgid drywall corded drill, seen in Figure 26 above, was used to drive the system. This drill
was chosen for its low cost, high speed operation, and ease of use. Fastening the drill to the
base plate is an aluminum clamping support which grips the neck of the drill. The drill is coupled
to the input shaft using a flexible helical shaft coupler, which adjusts for any misalignment in
the two shafts. The drill operates using an internal clutch mechanism, so in order to bypass it
for direct-drive operation, the head of the drill is preloaded into the coupler.
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Figure 27. Drive Train Final Design

Reversible V-belt industrial pulleys were used for the drive train, seen above in Figure 27, to
allow for two different speed configurations. By switching the locations of the larger and
smaller pulley, we are able to achieve our speed requirements. The pulleys are attached to the
shafts using a wedged bushing-sheave system. The belt is tensioned by expanding the distance
between the two pairs of support bearings using the slotted pillow blocks. This eliminated the
need for a tensioner and idler pulley, as was included in the critical design. The final drive
consists of two steel spur gears with a 1.5:1 ratio. This entire setup allows us to meet our
15,000 RPM maximum speed, while still maintaining the necessary torque at the low speeds.

The input, intermediate, and output shafts were faced to length and turned down to the
appropriate diameters. We utilized interference fits between the shafts and the support
bearings in order to mitigate vibrations or slipping. We chose to use short steel shafts to
minimize the deflections, especially on the cantilevered portion of the output shaft. The input
and intermediate shafts are each supported by a pair of support bearings, while the stepped
output shaft is supported by two housed high-speed ball bearings.
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Figure 28. One Set of Delrin Bearing Attachments Made

The bearing testing attachments consist of three sets of Delrin cones, which securely grip the
inner race. One of the pairs of cones can be seen above in Figure 28. These cones are screwed
and secured onto the output shaft with a machine screw. The detail drawings for these
attachments can be found in Appendix B.

Figure 29. Seal Attachment

Since there are discrete sizes of seals that will be tested, a number of tools needed to be
designed. One of the seal attachments made can be found above Figure 29. In order to reduce
the amount of manufacturing required, similarly sized tools were combined so that each seal
attachment could test two different seal sizes. The detail drawings for these attachments can
be found in Appendix B.




A thermal chamber was made similarly to the critical design. The wooden thermal chamber
covers the test sample during testing and insulates the cold or hot air input by the Thermotron.
There is one slot on each side in order to allow the output shaft and the chuck adapter to rotate
freely. Two 4" holes were placed in the chamber to allow for the interface between the
Thermotron and the test sample environment.

Figure 30. Grizzly 5" 3-Jaw Chuck

A Grizzly 5" 3-Jaw chuck, seen above in Figure 30, was used to grip the outer races of the test
samples. The 3" jaw chuck from the critical design needed to be upgraded to a 5" chuck
because of the need to grip the outer races of bearings as large as 3.5", which could not be
accomplished with the 3" chuck. A chuck was chosen so that concentricity is maintained with
the seals, as the seals are not self-centering. The chuck selected was actually heavier than
anticipated, since the weight of the chuck was not specified in any of the product specifications.
Because of this a chuck support was needed to hold up the weight of the chuck to avoid
exceeding the bending moment limits of the torque sensor. This chuck support, seen below in
Figure 31, is a wooden fixture with two vertical legs and a horizontal cross beam with an
eyebolt located in the middle of it. The eyebolt holds a steel wire that goes down through the
thermal chamber and attaches to a hose clamp secured around the chuck during testing.
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Figure 31. Chuck Support Fixture

A wooden safety cover was also designed to be placed around the drive train during testing.
There are two slots to allow the input and intermediate shafts to pass through. This cover acts
as a shield for the operator in case any components fly off and prevents the operator from
being injured by the high speed rotating components.

Figure 32. National Instruments myRIO-1900 Data Acquisition System

The data acquisition system chosen was the National Instruments myRIO-1900, seen above in
Figure 32. This student edition DAQ has several analog and digital inputs and outputs so we are
able to input the torque, speed, and temperature signals easily while also powering the hall
effect sensor with 5 Volts. This DAQ also has FPGA (Field Programmable Gate Array)
capabilities, which essentially allows for precision timing in hardware instead of software
timing. Since software timing can sometimes be unreliable and slow, it was imperative to use a
system with hardware timing functionality. This DAQ interfaces with LabVIEW, which is the
program used by Parker Hannifin.




Figure 33. Hamlin Gear Tooth Hall Effect Sensor

To measure the speed of the output shaft, the Hamlin gear tooth hall effect sensor, seen above
in Figure 33, was used. The sensor measured the presence of a gear tooth, so it was able to
output a digital pulse every time one of the 20 gear teeth passed it. From this, the frequency of
the pulse could be used to calculate the speed of the output shaft.

Figure 34. Futek TFF400 Reaction Torque Sensor

The torque sensor chosen was the Futek TFF400 Reaction Torque Sensor, as seen in Figure 34
above. This torque sensor can measure up to 160 in-oz. In order to measure the smaller torques
more accurately, we chose a model that measures a smaller range. However, since this does
not accomplish measuring up to 20 in-lIb as required, we made the torque sensor easily

removable and interchangeable with a torque sensor that Parker Hannifin has that will measure
the higher range of torques.
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Figure 35. Adafruit MAX31855 Thermocouple Module Breakout Board

In order to measure the ambient, steady state temperature inside the thermal chamber, we
needed external wiring to input the thermocouple signal into the DAQ. Because the DAQ did
not have an internal module for thermocouple measurements as originally thought, an external
module was used. Due to the limitations on the type and cost of modules available, a module
for use with a Type K thermocouple was selected. Type K will be able to measure the expected
range of temperatures, but with a larger resolution than the Type T originally selected. The
output of this module is a direct readout of the temperature in degrees Celsius.

The programming for the DAQ was done through LabVIEW. In order to measure the hall effect
sensor output accurately at high speeds, the DAQ's FPGA was used. The FPGA program can be

seen below in Figure 36.
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Figure 36. LabVIEW FPGA Block Diagram
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This program reads the input signals from the torque sensor and hall effect sensor. The hall
effect signal comes in as a Boolean digital signal, so the frequency of this signal is determined
by finding when the value of the signal goes from low to high, thus detecting rising edges. The
amount of pulses between each of these transitions is the period of the signal. This signal and
the analog torque sensor signal are sent through the FIFO write command, which writes all of
the data to a module that transfers the data to the DAQ's software modules. So, a program

needed to be created using the normal DAQ interface to interpret this data appropriately. This
program can be seen below in Figures 37 and 38.
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Figure 38. LabVIEW Overall Block Diagram for Case O
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This program uses the FIFO Read function to read the data sent from the FPGA file. It takes this
data and calculates speed and torque appropriately. The torque signal is first converted from
ADC to Voltage and then calibrated with a gain to obtain the torque value. The hall effect
period signal is converted to RPM by calculating frequency and multiplying by the number teeth
on the gear being read. However, in order to prevent the program from initializing the speed at
infinity due to the period of the initial data point being zero, two cases were created. For case
0, seen in Figure 38, if the period measured is zero, which only occurs upon initialization, the
speed output value is set to zero. For case 1, seen in Figure 37, if the period measured is not
zero, the rotational output speed is calculated appropriately. These calculated signals are
output to a plot and are plotted once the test is complete. The user interface to control these
programs can be seen below in Figure 39. On this front panel, the operator can choose the
duration of the test and view the current elapsed time, speed output, torque output and period
of the gear in ticks. Once the test has finished, the output torque versus time and output torque
versus output speed plots are created.
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Figure 39. LabVIEW Overall Front Panel

Analysis Results

We were able ramp our system up to full speed. In this process, we noticed that the system
would vibrate as one specific speed. Beyond this speed, identified as the critical speed, the

vibrations attenuated, indicating that the natural frequency of the system had been passed.
Using LabVIEW, we were also able to obtain accurate readings of the rotational output shaft
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speed from the final gear tooth using the hall effect sensor. We were also able to display
accurate real time readings for the drag torque measurements. However, the graphical data did
not match the real time data for some reason unknown to us. We did expect that the drag
torque would increase to a maximum value then decrease slightly as the output shaft speed
increased. We believe this makes sense, as the static friction in the races would be larger than
the kinetic friction, so the breakaway torque would be the maximum value obtained.

Cost Breakdown

We have exceeded the provided budget of $2,000, finishing with a final total cost of $2,760.65.
However, we have implemented high-quality components that perform the required tasks
outstandingly. All of the expenses for this project came from material purchasing. Because we
performed all the machining ourselves, we did not have additional manufacturing costs. We
saved money by using the significantly less expensive drill motor with the speed controller
included. The torque sensor comprised almost 40% of the overall cost. Parker Hannifin required
us to obtain precise torque measurements, which is why we selected the Futek torque sensor.
All the selected components are designed and produced by reputable companies, which was
important to our team because a company that produces high-quality designs, such as Parker
Hannifin, should use testing tools of the same or higher quality. The detailed cost breakdown
can be found in Appendix C.

Material Selection

The base plate, drill coupling block, and various cover plates were chosen to be made of
aluminum to minimize the overall weight of our system, while keeping it durable and strong.
However, the drive train shafts and seal attachments were chosen to be made of steel due to
the fact that steel is heavier than aluminum, which would minimize the vibration associated
with imbalance in the system. Also, steel will experience smaller deflections than aluminum,
which again will decrease the change of imbalances and vibration, especially on the output
shaft. Fasteners, such as bolts and screws, were made of steel. The bearing attachments were
made out of a lightweight material called Delrin, which will help prevent large deflections or
vibration in the output shaft. The seal attachments were made out of steel and hollowed out in
order to keep them lightweight, as well.
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Wiring Diagram

A wiring diagram has been created in order to detail the wiring performed. This diagram can be
found in Appendix B. Wall outlet power is needed for the drill motor, strain gage amplifier, and
DAQ. The temperature, torque, and output shaft speed sensors can be powered through the
DAQ's output voltage capabilities. The torque and temperature sensor outputs are analog and
the speed sensor output is a digital pulsing square wave. All of these signals are read and
interpreted by the DAQ. However, some small additions were made to make the circuitry
function properly.

The torque sensor output is obtained through a 4 Pin Lemo Connector. This cable's leads will be
fed into a strain gage signal amplifier, which amplifies and conditions the output signal from the
torque sensor.

The gear tooth sensor, since it is generating a time sensitive pulsing signal, must have its output
signal read by the FPGA inputs on the DAQ. These inputs enable the sensor to be counted by an
internal hardware processor, as opposed to a software-timed counter, thus reading the sensor
accurately. In order to select a DAQ that could handle the output frequency from this sensor,
we calculated the frequency of the gear tooth rotation to be measured. This calculation can be
found in Appendix E.

All of the components operate at relatively low voltages and currents that all of the
components and DAQ can handle, so exceeding power, current, and voltage limitations will not
be an issue, except in the extreme use of the gear tooth speed sensor. With this sensor being
powered at 25 Volts, the maximum possible output signal will produce a power of 12 mW. The
maximum power rating for the FPGA inputs is 10 mW, so in the extreme power conditions, the
output signal will damage the DAQ. However, because the sensor cannot be powered by
anything higher than a 15 Volt power source from the DAQ, this power rating will not be
exceeded. Additionally, all the source impedances from the sensors are within the acceptable
limits of the DAQ. The basic electrical power calculations can be found in Appendix E.

Maintenance & Repair Considerations

Most of the components in our design require little to no maintenance or repair, ideally, as the
system was designed to withstand a large number of performed tests. All of the components
are screwed and bolted onto the base plate, which allows for easy removal and placement.
Additionally, all of the components can be ordered easily from various distributors or obtained
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from any hardware store. Special care should be taken with the torque sensor and DAQ, as
these are the most expensive components in the system. Replacing these components would
be relatively easy, but would increase the cost spent on the system.

Safety Considerations

Since we utilized rotating machinery, we needed to protect the user from any potential hazard
or harm. Therefore, we shielded the moving parts of the drive train with a wooden box. The
test sample will be located inside the thermal chamber. The placement of the thermal chamber
and drive train shield can be seen below in Figure 40. Furthermore, all electrical wiring will be
shielded in order to protect the user from any electric shocks.

Figure 40. Drive Train Shielding and Thermal Chamber Placement




Chapter 5 — Product Realization

Manufacturing Processes Employed

Figure 41. Milled and CNC'ed Components

The project was manufactured using a combination of manual and CNC machines. Hand tools
were used whenever possible in order to decrease the manufacturing time. All parts were
designed to be easily manufactured, and off-the-shelf parts were purchased when possible. The
majority of the manufacturing was done in the Cal Poly Machine Shops, with the CNC work
being completed in an independent shop, free of charge.

Parts that required close tolerances or difficult contours were made using a CNC mill. These
parts include the motor support, center bearing support, and the torque cell support, as seen in
Figure 41 above. There was difficulty in getting the bearing cups aligned with one another. This
dimension was critical in the reduction of output shaft vibrations.

The base plate and the pillow block supports were manufactured on a manual mill. The
tolerances on these parts were not critical and they consisted of very basic shapes. They were
designed and manufactured in such a way to reduce the number of machining setups and
specialty tooling. All tapped parts were done by hand, with the exception of the CNC pieces.

48

—
| —



Lathe parts were all done on manual lathes in the Cal Poly shops. It was difficult to meet the
tolerance requirements with these machines, as much of the tooling needed was dull or
unavailable.

Recommendations for Future

In order to meet the tight tolerance and surface finish requirements of the shaft seal tools, it is
suggested that the part be ground down to size rather than turned on a lathe. The machines
and lathe tools that we had available to us were not able to produce the quality of part that the
seal is designed for. The surface finish on our lathe parts was inconsistent, and when we
polished it down by hand, the tolerancing was lost.

Many of the parts that were made are difficult to service. The center bearing support bearings
are pressed in, which makes them difficult to remove. If the part were redesigned, it would be
beneficial to employ circlips on the output shaft, so that the shaft could be removed and then
the bearings removed using a puller. There was also no indication of proper alignments for the
shafts, with respect to one another. This problem could have been avoided by machining steps
on each shaft so that they are positively aligned axially.

The pulleys that were used on the system are difficult to remove. Removal is necessary in order
to meet the speed requirements and should be a quick process. Currently, the bushing for each
pulley gets wedged into the sheave in order to clamp down on the shaft. To remove it, one my

press off the bushing using the three retaining screws threaded into the removal holes. This is a
lengthy process and future improvement could implement a quick change pulley system.
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Chapter 6 — Design Verification

Executed Testing Descriptions

re 42. Testing Execution

From our analysis, we were able to find the first mode critical speeds for both the seal and
bearing test setups using the Rayleigh method. However, we wanted to verify the first mode
values. In order to do this, we tested our system, as seen in Figure 42 above, by varying the
output speeds and watched for undesired vibration. A considerable change in the system's
vibration indicated a critical speed. One notable critical speed, measured to be around 10,000
RPM for a %" inner diameter bearing, was found while running this test, This critical speed
occurred while ramping the system up to the full speed of 15,000 RPM. The system ran
smoothly before and after reaching this critical speed, but vibrated much more at this speed.
Performing critical speed tests allowed us to judge whether or not the system would remain
stable at critical speeds. We found that the system became slightly unstable at this critical
speed. However, unless the system is held constantly at this speed, the vibrations will only
occur momentarily, which will not majorly affect the system's performance or measurements.

We also needed to verify that the selected drill motor could reach the speed values calculated
and tabulated in Table 8 in Appendix E. The speed will be measured from the final 20 tooth gear
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on the output shaft using the gear tooth hall effect sensor. According to our measurements, the
system was able to reach the maximum speed required. However, the motor would heat up
very quickly when it ran at high speeds. This problem consistently occurred when running the
system at high speeds. In order to mitigate this problem, a more powerful motor or a motor
with a stronger internal fan should have been used instead.

Excellent alignment of the drive train was imperative in order to accurately measure drag
torques without vibration interference. Any parallel offset or angular offset misalignment
would disturb the measurements. The system was tested many times to verify that the
components were properly aligned. If any vibration occurred, it occurred consistently
throughout the test run, at both high and low speeds. This meant that the system was
imbalanced or misaligned somehow. We were able to visually pinpoint locations of imbalance
and correct any misalignments present by slightly repositioning components. The base plate is
also held up with rubber feet, which assist in isolating and damping vibrations in the system.

The sensors were calibrated and tested in order to ensure accurate measurements through the
DAQ. The sensors were all calibrated by the manufacturers, but we performed calibration
verification in case any offsets needed to be implemented. The hall effect sensor required no
additional calibration. The torque sensor required much more calibration. The gain and the
balance needed to be adjusted on the strain gage amplifier in order to obtain an adequate
signal that was balanced around zero. However, the torque sensor signal still required an offset
in the LabVIEW program in order to calculate the torque measurements accurately. The
thermocouple module was already calibrated, so the output from the module into the DAQ was
ready for reading.

Lastly, we performed testing on a 2" bearing to verify that the system was reading and
measuring properly. The bearing was held in place with a Delrin attachment, so the inner race
was spinning while the outer race was held with the 3-jaw chuck. Because the LabVIEW was not
fully operation during this test, the torque and output speed data was only monitored in real
time, not logged. The speed data read accurately as the speed of the drill motor was ramped
up. The torque sensor reading increased as the speed increased, indicating that the drag torque
was measurable. The bearing tested was relatively small, so we did not observe a large change
in the torque measurement, but there was a visible change in the data.
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Specification Verification

All of the specification requirements detailed in Appendix A have been met or exceeded
according to the means of compliance indicated in Table 1.

Shielded wiring was provided by Parker Hannifin. The electrical wiring has been designed to be
properly grounded. The thermal chamber has been designed and the insulation will be provided
by Parker Hannifin. The test fixture is only operable by one person, as one computer or laptop
will serve as the control station.

Various seal and bearing attachments have been created to accommodate the discrete seal
sizes and continuous bearing sizes. Since all the attachments were not machined due to time
constraints, we provided Parker Hannifin with the files and drawings necessary for them to
manufacture these parts themselves.

All of the materials and components in the system are compatible with various greases and
lubricants to be used by Parker Hannifin. Of course, the electronics, including the sensors and
DAQ, should not interface with any greases or lubricants, so they have been placed in order to
avoid such contact.

The drive train driven by the drill motor is capable of achieving speeds up to 15,000 RPM.

All the components can withstand the temperatures between -55 and 70 degrees Celsius, which
are to be implemented with the Thermotron in Parker Hannifin's labs.

The seal shaft attachments have been designed to replicate the common shaft finish specified
by Parker Hannifin. The specified finish can be found on the seal attachment drawings in
Appendix B.

The maximum sampling rate of the DAQ is 40 MHz, which far exceeds the 100 Hz specification.
The sampling rate used to accurately read the hall effect sensor output was 1,000 Hz, which
also exceeds the 100 Hz minimum requirement.

Acceleration control is implemented based on user input on the drill motor. For example, if the

operator speeds up the drill motor by pressing the trigger quickly, the acceleration will be
larger.
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The final base plate is 18" x 18", with a maximum height of about 10" without the thermal
chamber, staying within the space limitations specified.

The fixture has been designed with rugged, long lifetime components so it will have a long
lifespan.

All the electrical components that need external power from the wall, including the DAQ and
drill motor, are compatible with the typical wall outlets.

The Thermotron interface has been integrated into the design of the thermal chamber per the
specifications provided by Parker Hannifin.

Accurate and proper alignment was implemented in the manufacturing and assembly of the
fixture in efforts to prevent or minimize vibration. Tolerances were maintained in order to help
ensure this.

The fixture is capable of measuring the specified range of torque values with ease. However,
the LabVIEW does still need to altered in order to properly log the data in a graph.

The entire system can safely be operated by one operator. There is only one active station at a
time, as the operator will be unable to alter the system configuration while testing is occurring
due to the safety covers and unable to test while the system is being altered, simply due to the
fact that the system would not be able to operate properly if the configuration is not fully set.

All drawings and analysis have been provided in Appendices B and E, respectively. SolidWorks
models and LabVIEW files have been provided to Parker Hannifin.
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Chapter 7 — Conclusions & Recommendations

Our team has a few recommendations on actions that need to be taken and improvements that
can be made to the final design. Firstly, the remainder of the seal and bearing attachments
need to be machined. Due to time constraints and unforeseen roadblocks, we were unable to
finish the fabrication of these parts. However, these parts are relatively simple to make, so we
do not believe Parker Hannifin will have any issues making them. Second, the LabVIEW program
created still needs to be fine tuned. The data is measured accurately in the system in real time,
but the data is not accurately plotted for reasons still unknown to us. Next, the thermocouple
module needs to be integrated into the system. A module and thermocouple that are
compatible with our system have been selected and purchased, but have not been interfaced
with the DAQ, again due to time constraints. Lastly, we recommend that the Ridgid drill motor
be replaced with an industrial grade motor. Because of the additional friction introduced by the
support bearings, the drill motor was unable to drive the system for very long before it would
heat up. Once it heated up, it took a while to cool it back down enough to perform more
testing. We believe that utilizing a more powerful motor with better means of internal cooling
would work much better and allow for shorter breaks between tests.

This project has allowed our team to transform mere thoughts and ideas into a well-detailed
design. We have faced many challenges in creating this design, especially with the large speed
range that was required and the wide array of bearings and seals that needed to be
accommodated. Also, staying within a designated budget, although quite difficult, led us to
thinking outside of the box and developing new and unique solutions to the problem.
Organizing the project in a subsystem oriented manner allowed us to develop valuable system
integration skills. We are confident that this bearing and seal friction test machine will help
Parker Hannifin pinpoint sources of drag and reduce the losses in their electromechanical
actuators, thus improving Parker Hannifin's Aerospace Group as a whole.
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Appendix A

Formal Engineering Specifications, Quality Function Deployment,
Decision Matrices, Seal Sizing Information
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Formal Engineering Specifications

1. The test fixture shall be safe to use with little to no chance of causing harm or damage
to any person or thing.

a. Shielded wiring, properly grounded electrical equipment, insulated thermal
chamber, moving machinery guards, and a single control station will be used to
implement this requirement.

2. The test fixture shall accommodate different seal sizes.

a. Shaft size of 4" to 3 2" will be used and standard widths and outer diameters
will be compatible.

b. Specific width and outer diameter sizing provided by Parker Hannifin.

3. The test fixture shall accommodate different bearing sizes.

a. Shaft size of %" to 2 5" will be used and standard widths and outer diameters
will be compatible.

b. Compatible with a wide range of width and outer diameter sizes.

4. The test fixture shall accommodate the use of different greases and/or oils as lubricant
during testing.

a. All materials used in the design of the fixture will be compatible with the
lubricants commonly used by Parker Hannifin.

5. The test fixture shall perform testing at various speeds.
a. The range of speeds to be used is from 0 to 15,000 RPM.
6. The test fixture shall perform testing at various temperatures.

a. The range of temperatures to be used is from -55 to 70°C.

7. The test fixture shall replicate the common shaft finishes used by Parker Hannifin.

a. The shaft used will be ground, smoothed, and polished to standard
specifications.

b. Specific finish specifications provided by Parker Hannifin.

8. The test fixture shall have a good sampling rate for measurement.

a. A minimum of a 100 Hertz sampling rate will be used.

9. The test fixture shall allow for appropriate acceleration of speed.

a. The motor will have acceleration control features.

10. The test fixture shall be compact enough to fit on top of a desk.
a. The size will be approximately 18"x18"x18".
11. The test fixture shall have a long lifespan and be rugged.

a. The fixture will have a lifespan of at least 1000 sample runs for a duration of 5

minutes each.
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12.

13.

14.

15.

16.

17.

18.

19

Formal Engineering Specifications (Continued)

The test fixture shall be compatible with a typical wall outlet.
a. A 115 Volt and 20 Amp circuit will power the fixture's electrical components.
b. The maximum voltage is to be 220 Volts.
The test fixture shall have no electrical interference.
a. All measurement signal wires will be shielded.
The test fixture shall interface with the Thermotron provided by Parker Hannifin.
a. A full thermal chamber with attachments available for hookup to the
Thermotron will be built around the test sample.
The test fixture shall take accurate measurements.
a. Temperature and speed measurements will have a maximum error of £2.0%.
b. Torque measurements will have a maximum error of +5.0%.
The test fixture shall be operated by one person.
a. Only one control station will be installed.
The test fixture shall minimize vibration.
a. Accurate, proper, and feasible alignment will be implemented into the design
and manufacturing of the fixture.
The test fixture shall measure a range of torques.
a. The range of torque values to be used is from 0 to 20 in-Ib.

. Our team shall provide all drawings and analysis for review and release.

a. Drawings will be in PDF and STP formats.
b. SolidWorks files, in addition, are to be provided.
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Quality Function Deployment: House of Quality

The important features of the "House of Quality"”, shown on the following page, include the
customer requirements list, engineering requirements list, and correlation sections. The far left
side of the diagram lists all of the customer requirements that our team has gathered from
Parker Hannifin. The top of the diagram lists the engineering requirements that our group has
developed, many with help from Parker Hannifin, that will accomplish and fulfill all of the
customer requirements. The correlation section is in between the customer and engineering
requirements lists. This section allows us to determine if every possible pair of one customer
requirement and one engineering requirement are correlated. The two can have a strong,
medium, small or no correlation. The legend for the correlations used is included on the
diagram attached.

Many of the engineering requirements can assist in fulfilling multiple customer requirements. If
any requirements are correlated with many other requirements, it provides a visual
representation of the requirement's importance. For, example, the customer requirement that
the fixture be "Safe to Use" is correlated with many engineering requirements, indicating that
this is a very important customer requirement to fulfill.

The diagram also provides a section to indicate weighting for each customer requirement. Each
combination of customer requirements is compared against each other to determine which of
the two are more important to accomplish. When all of the comparisons are made, the amount
of times that the requirement was found to be more important than another requirement
increases its weighting. Therefore, the higher the weighting for the requirement, the more
important we found that requirement to be.

Also, the far right side lists the current solutions to the problem presented. In our case, the only
solution was the informal testing done by Parker Hannifin that was unsafe and fairly inaccurate.
As seen in the diagram, this current solution is not able to fulfill all of the customer and
engineering requirements that Parker Hannifin desires.
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Concept Down-Selection: Pugh Matrices

A Pugh Matrix compares how various generated ideas fulfill the selected criteria to a datum.

The criteria selected come from the customer requirements that apply to that specific category

of ideas. The datum is usually a competitor product benchmark. Since we have no benchmarks

for each individual subsystem, we selected the datum to be the concept thought to be the

“best” solution. A Pugh Matrix does not indicate the best solution, however. It, instead,

compares the positive and negative qualities of each concept to the datum. It, thus, provides

insight into which concepts do and do not satisfy the most important criteria.

Table 4. Pugh Matrix for Drive Train Mechanism During Preliminary Concept Generation

Multiple

Manually

Only

Shift Reversible Variable Dliiev:s
Gearbox Gearbox Speed Motor
Safe to Use S S - D
Operates Safely in Speed Range S S -
Compact - S +
Minimal Losses + + A
Operates Safely in Torque Range S S -
Easy to Operate + - S
Allows for Quick Changes in Speed and Torque + - - T
Inexpensive - - S
Easy to Assemble + - S
Easy to Maintain/Repair - S S u
Sum of + 4 1 2
Sum of - 3 4 4
Sum of S 3 5 4 M
[ o)




Concept Down-Selection: Pugh Matrices (Continued)

Table 5. Pugh Matrix for Torque Sensor During Preliminary Concept Generation

Load Cell Reaction Torque Cell
Inside Outside Outside Inside Outside Outside

Thermotron The'rmotrf)n Ther'motro.n Thermotron Ther.motro.n The.rmotr.on

Inside Grip Outside Grip Outside Grip Inside Grip
Thermotron Interface + S D + + +
Measurement Accuracy - - - + +
Weight + + + S +
Bearing Compatibility S - A + + -
Seal Compatibility S - + + -
Calibration + S + + +
Adjustability - - T S S -
Manufacturing + - S S -
Compact - S + S S
Robust S - U + + +
Sum of + 4 1 7 5
Sum of - 3 6 2 0 4
Sum of S 3 3 M 1 4 1

Table 6. Pugh Matrix for Bearing/Seal Attachments During Preliminary Concept Generation

Expandable Threaded Different Interchangeable
Chuck Cones Shaft Shafts Shaft Sleeves
Easy to Mount S - - - - D
Stable S + - + -
Accuracy of Tolerance S + - + -
Machinery Feasibility S - - S - A
Price - + - - -
Weight S - - - -
Life S - - - - T
Maintenance - - - - +
Design Time S - - S -
Practicality S + + - + U
Sum of + 0 4 1 2
Sum of - 2 6 9 6 8
Sum of S 8 0 0 0 M
(=)




Table 7. List of Discrete Seal Sizes Provided by Parker Hannifin

Seal Nominal Sizes (in)
Inner Outer .
Diameter | Diameter Width
0.354 0.869 0.272
0.375 0.749 0.250
0.393 1.025 0.265
0.500 0.999 0.257
0.563 1.125 0.250
0.591 0.984 0.276
1.125 1.561 0.250
1.312 1.840 0.430
1.312 1.840 0.430
1.313 2.062 0.313
1.811 2.375 0.310
1.811 2.362 0.310
2.250 2.875 0.333
2.557 3.150 0.325
2.597 3.150 0.385
3.248 3.750 0.392
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