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Abstract

The goal of this project was to design a dynamometer to test a driveline generator.
Dynamometer component designs were created, analyzed and iterated until all function requirements
were met. All components were designed with safety factors greater than two except the shaft, which
had a safety factor or 1.282 in the keyways. Using Solidworks, each component was modeled and Finite
Element Analysis was completed. Upon satisfactory completion of the design, component drawings

were made for future manufacturing.
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Introduction

In today’s world, more efficient methods for producing power are constantly being sought out.
Machines such as generators are continually being researched and studied as companies look for ways
to advance their product. As new technology is established, methods for testing new ideas and theories

are always required. Therefore, production of test equipment is often required.

This project entailed the design of a dynamometer, which will be used to test a permanent
magnet generator. This generator has been designed by DRS Power Technology, Inc. (DRS-PTI) in
Fitchburg, Massachusetts. This project proved to be an ideal exercise in mechanical engineering as it
encompassed numerous facets of the design process and required its participants to think critically to
solve many and varying engineering hurdles. Students were expected to not only design, analyze and
optimize the structures needed to test the generator, but were also expected to investigate and
recommend the items such as prime movers and certain types of data acquisition equipment as well.

Completion of this project was of high importance for DRS-PTI. The generator that they will be
testing is different from most products that they have developed and tested in the past. The design of
this generator does not include a shaft, as it is expected to be used as part of the drive train in high
torque vehicles. However, this unique design posed a challenge for DRS as they did not have a means of

testing this product. Therefore, it was necessary to design a test stand as unique as the generator itself.

In order to complete the task of designing this test stand, the project group began by
establishing design parameters through communication with DRS-PTI and reviewing the statement of
work supplied by the company. Initial designs were then created, compared, and iterated until a single
design that fulfilled the statement of work and other design goals. Solid models were then generated

using Solidworks 2009. These models were then used to create drawings for fabricated or machined
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parts. The purpose of this report is to document the design choices that were made, and to offer

recommendations for further improvements on this project.

Background

DRS Power Technology, Inc.

DRS Power Technology, Inc. is one branch of DRS Technologies, A Finmeccanica Company. DRS
Technologies is a multibillion dollar defense systems company. Based out of Parsippany, New Jersey,
DRS Technologies has been characterized as “one of the fastest growing defense companies in the
world” ("Corporate information," 2008). They are involved in many different areas of defense systems,
ranging from optics, night and thermal vision systems to tactical computing and intelligence systems.
DRS Technologies also provides telecommunication and logistics devices along with power and controls
systems. Not only does DRS engineer and manufacture these types of products, but they are also

involved in the training and support services for all branches of the military.

DRS Power Technology, Inc. (PTI) plays an important and significant role in DRS Technologies
support to the military. Located in Fitchburg and Hudson Massachusetts, PTI has a hand in both military
and commercial power systems. A leader in turbine development and systems engineering, PTl is a
major contributor to today’s steam and gas turbine market, specializing not only in the design and
manufacturing of new steam and gas turbine units, but in the refurbishment of older units as well. PTl is
unique in that it is rooted in the General Electric legacy of steam and gas turbine design, but is
constantly working with or on cutting edge technology to improve and advance their products (Awiszus,

2010).

PTI also plays a principle role in developing and manufacturing high power permanent magnet

machines. Having developed a wide range of permanent magnet machines, PTI’s equipment is often
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used in areas such as navy auxiliary supply, military vehicles, renewable and wind energy, the
commercial marine industry and the oil and gas industry. PTl is also currently becoming more and more

involved in the electric drive industry as well (Awiszus, 2010).

Permanent Magnet, Drive-line Generators

Permanent Magnet machines are becoming more and more popular in both military and
commercial applications. This is due to their versatility, compact size and power output capability.
Permanent Magnet generators work by creating an electromagnetic field (EMF) within stator winding
usually made of copper or some other type of conductive material. The EMF is generated by placing
magnets, commonly made of samarium cobalt or neodymium iron boron, on a rotor. The rotor sits
within a stator housing, which also contains the stator windings. As the rotor-magnet assembly spins, a
magnetic flux is generated which induces an EMF. The change that is seen in this magnetic flux is

proportional to the EMF that is generated (Hill & Mountain, 2002).

PTl is currently developing a new line of drive-line generators. These drive-line generators are
permanent magnet generators that are positioned on the drive shaft between the engine and
transmission of an automotive vehicle. This type of generator is unique in that it does not include any
type of shaft as part of the generator design. Until the generator is placed on the shaft, the rotor is free
floating within the stator housing. This is an important fact that must be taken into account when
manufacturing, shipping, and installing the generator. The concentricity of the rotor and stator housings
are critical to proper function of the generator. This is also something that needs to be considered when

designing any type of dynamometer for testing this system ("Corporate information," 2008).
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Project Objectives

Goal

As previously stated, PTl is currently developing a new family of permanent magnet, drive-line
generators. The generators are not only unique to themselves, but are also unique to PTI, as they do not
have any other type of permanent magnet machine like these. Because of this, PTI does not currently
have any type of dynamometer that would be able to test these generators. It was the task of this
project team to design a dynamometer that would be capable of doing so. Upon completion of the
dynamometer design, a full analytical report, including all calculations, along with Solidworks models,

drawings for manufacturing and a bill of materials was delivered to PTI.

Task Specifications
The following task specifications were given as minimum requirements that the dynamometer

must meet:

1. The dynamometer must be able to provide a generator speed range of 100-5000RPM.

2. The dynamometer must be able to withstand an input torque range of 5-750ft-Ib.

3. The dynamometer must be capable of testing different sized generators ranging from twenty-
one inches in diameter to twenty-seven inches in diameter.

4. The dynamometer must be capable of mounting generators with different interfaces as seen in

the drawings provided by PTI.

17 |Page



Design Concepts

Several design concepts were developed over the course of this project. They can be organized
into categories relating to generator interface concepts, rotor support concepts, and data acquisition

concepts.

The first concept discussed was whether the dynamometer should be specialized to test only
the specific generators identified in the statement of work, or to make the test stand adaptable and able
to handle other generators that may be developed in the future. This concept was closely related to the
various shaft concepts being discussed at the time. Initially, two main types of shafts were discussed
(Figure 1). The first was a fitted shaft, designed to interface with a specific generator, and the second
was a shaft with an adapter. Later in the design processes, a third option, a shaft fitted specifically for a
smaller generator, but designed to be able to carry the loads of the larger of the prospective generators

and be adapted to interface with other adapters, was iterated.

Figure 1: First Two Shaft Concepts

In addition to the basic shaft itself, the way in which the shaft would be supported became an
especially important aspect of the overall design. Two main concepts were investigated in order to find
the best solution for this problem. One concept consisted of a simply supported shaft, where a bearing
is located on each end and the rotor would be positioned in the middle. Although this design was

simple and rugged and experienced low deflections, it would present difficulties when trying to
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interchange generators being tested. A second concept was a shaft which cantilevered the rotor out
beyond the bearing mounts. This concept was very adaptable, but would be less rugged than its
counterpart. Early iterations of both simply supported and cantilever design concepts are depicted in

Figure 2.

Figure 2: Early Simply Supported (left) and Cantilever (right) Concepts

Design concepts relating to data collection were more varied than the shaft or the support
structure. A number of methods for measuring the torque were then analyzed. The first concept
involved using the generator as a motor to drive a motor/generator that has a known torque constant
and measure the output of that generator to determine torque and angular velocity output of the test
generator. A related concept was to use a motor with a known torque constant and drive the generator,
measuring the input to the motor and the output of the generator. Another concept was to use a prime
mover to drive the generator and to measure the reaction torque on the stator itself with a torque
flange or strain gages. Figure 3 is a diagram of a torque flange. The last concept focused on measuring
the torque in the shaft through use of a torque cage. This concept was later simplified with the

replacement of the torque cage with a torque meter.
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Figure 3: Torque Flange

Design Selection

The final design concept was selected through analysis of the advantages and disadvantages of
each of the various design concepts. Competing or overlapping design concepts were grouped together

in tables to facilitate selection. These design concepts were discussed at a design review with PTI.

The primary design decision focused around whether to design a dynamometer tailored for a
specific generator or to make an adaptable system. Table 1 lays out the advantages and disadvantages
of the primary design decision. The final design was a hybrid of the two concepts. The dynamometer
was designed specifically to interface directly with the small generator, but could still perform tests on

larger generators by using adapter plates for the rotor and stator interfaces.
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Table 1: Single Generator vs Multiple Generator

Inexpensive One dynamometer can test
Advantages Tighter tolerances multiple generator prototypes wit

minor adjustments

The secondary design decision was whether to use a fitted shaft or to use a shaft with an
adapter. The advantages and disadvantages of this decision were organized into Table 2, taking into
account that the advantages and disadvantages would change based on the primary design decision.
Once again, the final design was a combination of the fitted shaft and the adapter. The shaft was
designed to interface directly with the small generator, but has the option of using an adapter plate to

interface with other generators.

Table 2: Fitted Shaft vs Shaft with Adapter

Advantages: Advantages:
* High durability * High durability
* Low stress concentration factors * Low stress concentration factors
Disadvantages: Disadvantages:
Fitted Shaft * Milled from large stock material * Milled from large stock material
* Requires a different shaft for each
generator

* Expensive
* Long assembly for cantilever

Advantages: Advantages:
* (Can be machined at WPI * Can be machined at WPI
* Inexpensive * Shorter fabrication per generator
Adapter * Inexpensive
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The tertiary design decision was whether to use a simply supported or a cantilever support

configuration for the shaft. This decision was particularly hard to make and a design matrix was used to

simplify the process. Figure 4 shows that a simply supported shaft was more appropriate for a single

generator specific design, but a cantilever shaft was more desirable for use with an adaptable design

that supports various size and configurations of generators. Since an adaptable strategy was selected

for the primary design decision, the cantilever support configuration was determined to be the optimal

choice.

Support for One Generator Support for Different Generators
Weight Simply Supported Cantilever Simply Supported | Cantilever

Safety Factor of 2 (150 ft-lb Torgue) 10 g 8 9 8
Safety Factor of 2 (750 ft-b Torque) 7 X X 9 8
Deflection 5 7 5 7 b
Ease of first time assembly/disassembly 5 7 5 7 7
Ease of operational assbly/disassbly 7 X ® a 8
Accommodate variations in size of generator

being tested 6 X X / ?
Accommodate variations in mass of

generator being tested ® X X J 8
Cost 6 9 8 7 7

Weighted Total] | 214 178 389 401

Figure 4: Simply Supported vs Cantilever Design Matrix

The final basic design decision to be made was the method of data acquisition. After much

discussion at the design review, it was determined that the torque flange, the leading concept at the

time, would be hard to calibrate and harder to implement. It was also determined that the simplest and

most reliable data acquisition method was to measure the stresses in the shaft. The concept of using a

torque cage was abandoned because it would be difficult to construct, but a similar concept, the use of

a torque meter between the prime mover and shaft, was selected.
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Detailed Design

Shaft

The primary component of the dynamometer is the shaft. The shaft supports the rotor and
provides it with an input torque and angular velocity. It was designed to support a rotor weighing up to
250 Ibs cantilevered from one end with its center of mass 3.12 inches from the end of the shaft.
Furthermore, the shaft was designed to accommodate both the smallest and the largest generators,
meaning that it would need to have a small interface with the rotor, yet be strong enough to transmit

the 750 ft-Ib torque required by the task specifications.

The shaft, depicted in Figure 5, is cantilevered using two bearing seats and has a large bolt
flange on one end. This geometry necessitated that the shaft have steps that increase in diameter from
one end to the other in order to easily assemble the bearings to the shaft. The shaft has a total of 6
steps: the keyway section, the first bearing seat, the middle span, the second bearing seat, the shoulder
that bounds the second bearing seat, and the bolt flange. The three keyways on one end of the shaft
allow it to interface with the torque meter — shaft coupling. The other end of the shaft has a flange with
a six hole bolt circle used to fasten the rotor to the end of the shaft. Two dowel pin holes are machined

into the flange; one will have a pin to be used for locating.
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Figure 5: Final Design of Shaft

The shaft was designed for radial symmetry in order to prevent vibration due to imbalances.
The shaft was designed with three equally spaced keyways to help maintain balance. The dowel pin
holes give the shaft bilateral symmetry. In order to allow for balancing after fabrication, sacrificial
material was added to a segment at each end of the shaft, as seen in Figure 6. The segment that
constitutes the first bearing seat was elongated by 5/8 inches to create the sacrificial material on the
first balance plane. The segment between the second bearing seat and the flange contains the sacrificial
material on the second balance plane. If an imbalance is discovered, some of this material can be

removed in order to rebalance the shaft.
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Figure 6: Sacrificial Material for Balancing

The first step in analyzing the shaft was to calculate the reaction forces that would be
experienced at each bearing. The reaction forces at each bearing are calculated by summing the
moments about the center of the other bearing and solving for the unknown reaction force with the
assumption that the system is static and all moments sum to zero. The moment applied by the weight
of each segment is calculated as shown in Equation 1, then inserted into Equation 2 and 3 and solved for
the reaction force. In Equation 2, the moments applied by segments 1, 2, 3, and 4 are negative because
they are applying a positive moment on the shaft and the moments applied by segments 5 and 6 and
the Rotor are positive because they are applying a negative moment on the shaft, all which need to be
opposed by the reaction force at Bearing A, the first bearing. In Equation 3, the moments applied by
segments 1 and 2 are negative because they are applying a positive moment on the shaft and the
moments applied by segments 3, 4, 5, and 6 and the Rotor are positive because they are applying a
negative moment on the shaft, all which need to be opposed by the reaction force at Bearing B, the
second bearing. Note that both F, and Fz are magnitudes; F, acts in the —Y direction and Fg acts in the

+Y direction. F, and Fg are measured in lb;. These calculations and the following calculations were
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completed using program Mathcad, which would continuously update itself as input information

changed. This document can be found in Appendix A of this report.

Equation 1: Moment Calculation for a Segment "i" of the Shaft
Mi = Wi X (xbeuring - xi)

Equation 2: Reaction Force at Bearing A

—-M{—M, —M; — M, + M+ M, +M
FA= 1 2 3 4 5 6 rotor =312.06lbf
Xp — Xg

Equation 3: Reaction Force at Bearing B

—M; — My, + M3+ My + Ms + Mg + M,
Fy = 1 2 3 4 5 6 rotor _ 573.97 lbf
XB — X4

Where:

M; = Moment applied by segment i

w; = Weight of segment i

Xpearing = lOCation of center of bearing about which moments are being calculated

x; = location of center of segment i

Next, singularity function describing the load, shear, and moments experienced at any point
along the length of the shaft were generated. These singularity functions represent the loads on a beam
as functions that are valid, through logical operations, over the entire continuum of beam length
(Norton, 2010). The weight of each section as well as the reaction forces of the bearings are modeled as

distributed loads rather than point loads to increase the accuracy of this analysis. The weight of the
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rotor was modeled as a point load since the material properties and dimensions of the rotor would be

different for each prototype generator.

The singularity functions for the Shear and Moment were then plotted from the beginning of the
shaft to the point load that is used to model the center of mass of the rotor. Figure 7 shows the plot of
the shear over the length of the shaft and Figure 8 shows the Moment plot. The shear experienced at
the center of mass of the rotor is calculated as -2.842E10™ Ib; and the moment at the same point is -
2.236E10in-Ibr. These values should be equal to zero, but these discrepancies are extremely small and
likely caused by rounding in MathCAD. The largest magnitude of the shear plot is experienced at the
beginning of the second bearing, at x=6.721 inches, where it is -317.02. The largest magnitude for the

moment plot is -1.215E10° in-Ibs and occurs at the same location.

(in.)

Figure 7: Plot of Shear Over the Length of the Shaft
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Figure 8: Plot of Moment Over the Length of the Shaft

Stress concentrations experienced at various points along the length of the shaft were then

calculated. The Neuber’s Constant ( \/Z) of the shaft was defined as a function of ultimate tensile
strength so that it would update whenever the material properties of the shaft were changed. This
function was created using linear interpolation of Table 6-6 in Norton, 2010. The Neuber’s Constant in
torsion is calculated similarly to in bending, but as if the ultimate tensile strength was 20 kpsi higher.
The notch sensitivity for bending and torsion, dpending @Nd Grorsion respectively, were defined as a function
of position along the length of the shaft by using equation 6.12 in (Norton, 2010). The K; for bending
and torsion were calculated for shoulder fillets and for keyways as described in Pilkey, 2008. Using
these equations, the stress concentration factor for bending and torsion were calculated in Equations 5
and 6. Since a safety factor greater than one is desirable, the maximum stress should never exceed the
yield strength of the shaft material. This fact means that the mean stress fatigue-concentration factor,

Kim and K, should be equal to the K; and K respectively as shown in Equations 7 and 8.
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Equation 4: Geometric Stress Concentration Factor for Bending
K¢(®) = 1+ apending® (K¢ pending® ~ 1)
Equation 5: Geometric Stress Concentration Factor for Torsion
Kg(®) =1+ qtorsion(x)'(Kt_torsioﬂX) - 1)
Equation 6: Mean Stress-Concentration Factor for Bending
K (®) = Ke(x)

Equation 7: Mean Stress-Concentration Factor for Torsion

Kﬁm(x) = Kﬁ(x)

The stress concentration factors are highest in the keyways, with a K; of 2.707, and a K;, of 2.928.
The keyway ends a distance at least 0.2 times the width of the keyway from the edge of the first
shoulder fillet to prevent the stress concentration factor of the keyway from increasing in response to
proximity to another notch. The transition from one step to the next includes a shoulder fillet, which
has a stress concentration factor based on the diameter of the steps on both sides of it and the notch

radius of the fillet. The main stress concentration factors are summarized in Table 3.

Table 3: Stress Concentration Factors

Location K; (Bending) K¢, (Shear)
Keyway Channel 2.707 2.928
End of Keyway 2.707 2.696
1* Shoulder Fillet (segment 1to 2) | 1.827 1.444
2" Shoulder Fillet (segment 2to 3) | 1.918 1.502
3" Shoulder Fillet (segment 3to 4) | 1.696 1.361
4™ Shoulder Fillet (segment 4to 5) | 2.024 1.552
5™ Shoulder Fillet (segment 5to 6) | 2.325 2.009
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The shaft was modeled as being in alternating bending, but steady torsion, as the shaft will be
rotating at a steady angular velocity for extended periods of time and will only experience a changing
torque when it is being sped up or slowed down. With this in mind, the alternating and mean von Mises
Stresses along two lines on the outer fibers of the shaft were calculated. One line is on the top edge,
furthest from the neutral axis, where the maximum bending stresses are experienced. For this line, the
highest mean Von Mises stress was 5.418x10* psi, and occurred at the keyway. The highest alternating
Von Mises stress was 2.665x10° psi, which occurred at the shoulder fillet between the middle span and
the second bearing seat. This is depicted in Figure 9. The other line is on the side edge, at the neutral
axis, where the shear and torsion stresses add together. For this line, the highest mean Von Mises stress
was 5.418x10" psi, and occurred at the keyway. The highest alternating Von Mises stress was 665.072
psi, which occurred at the shoulder fillet between the first bearing seat and the middle span. This is

depicted in Figure 10.
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Figure 9: Plot of Alternating and Mean Von Mises Stresses Along a Line at the Top Outer Fibers
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Figure 10: Plot of Alternating and Mean Von Mises Stresses Along a Line at the Side Outer Fibers

Upon completing the stress concentration analysis, the corrected fatigue strength of the shaft
was then calculated. Several assumptions were made in determining the corrected fatigue strength of
the shaft. No axial loads would be applied to the shaft, only bending loads since one bearing would be
free to move along its axis to allow for thermal expansion. This is discussed in more detail in the bearing
support structure section. The operating temperature for normal duty would be less than 450 C. The
shaft would be between 0.3 and 10 inches in diameter, meaning that the size factor would be calculated
using Equation 9. The shaft would be fabricated with a lathe, resulting in a machined surface finish,
meaning that the surface factor would be calculated as per Equation 10. A reliability factor of 99% was
selected. Each of these factors ware used to calculate the corrected fatigue strength, S;, with Equation

11 (Norton, 2010).
Equation 8: Size Effect Correction Factor

CSize(x) = O~869 X do (x)*0.097
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Equation 9: Surface Effect Correction Factor
-0.265
Sut
Coy =2.7%| 24| =0.768
' 1000

Equation 10: Corrected Fatigue Strength Calculation

xC

size

xC

Sf(x)ZSe’XCl XC XC surf

oad temp reliab

Analysis for the infinite life safety factor along the two lines previously discussed was calculated
next. A case 4 load scenario was used to calculate the safety factor of the shaft because both the mean
and alternating stresses may increase over the operational lifetime of the part (Norton, 2010). Case 4
loading is also the most conservative loading option available for calculation of safety factor for the
shaft. With case 4 loading, safety factor is calculated using the shortest path from the “Z” point on the

modified-Goodman diagram to the “S” point on the bounds of the diagram.

(d) Case 4 — oz and oy vary independently

s

load line

Figure 11- Case 4 Modified-Goodman Diagram

The minimum safety factor for both lines is 1.282, which occurs at the keyway. Figure 12 shows that
the shaft maintains a safety factor higher than two after the transition to the second segment. Figure
13, a detail view of the first four segments of the shaft, shows that both the keyway and the first
shoulder fillet reduce the safety factor to below 2. In addition, the differences between the line along

the top fibers, line a, and the line along the side fibers, line b, are visible in Figure 13. It can be observed
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that the Von Mises stresses are noticeably lower along the side of the shaft than the top for each of the

steps after the second.

Safety Factor (unitless)

Figure 12: Graph of Safety Factor for Shaft

Safety Factor (unitless)

(in.)

Figure 13: Graph of Safety Factor for Shaft - Detail View of First Four Steps
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Next, the deflection of the shaft was analyzed. First, torsional deflection is calculated using the
modaulus of rigidity, G, and the second polar moment of area about the z-axis through the centroid of
the shaft. Since the cross-sectional area of the shaft varies from segment to segment, the torsional
deflection was calculated piecewise and added together, as demonstrated in Equation 12. The torsional
deflection in the final shaft at maximum operational torque is calculated to be 6.349x10° radians, or

0.364 degrees.

Equation 11: Torsional Deflection of Shaft

e . = —_— —
deflection G I I A i s T

Thax[ X1 X=X X3-X X—X3 X5-X4 Xg—X5
+ + + + +
shaft

J = 6.349x 10_3-rad

The bending deflection was then calculated using the singularity functions developed earlier.

Angular deflection, 8_(x), of the shaft is the first integral of the moment singularity function and
deflection, y_(x), is the second integral of moment. The equation for each is slightly different than the

standard progression of singularity functions, as they involve division by the moment of inertia, |, and
the elastic modulus, E. This analysis resulted in a shaft angular deflection of -6.34x10™ radian (-0.036

degree) and an end deflection of -1.873x107 inches.

The appropriate keyway dimensions were then solved for. Peterson’s Stress Concentration
Factors (Pilkey, 2008) uses key seat dimensions determined by ratios based on the outer diameter of the
shaft. Itis unlikely that a key as specific as one determined through a ratio would be commercially
available. The Machinery’s Handbook 28" edition (Oberg, 2008) was referenced to determine the
standard key size, based on the outside diameter of the shaft. ANSI Standard keyway for a 1.5 inch shaft
is 3/8 (0.375) in. key width and 3/16 (0.188) in. key depth. In use, it is likely that all three keyways will

share the load, but at the moment the torque is applied, only one key will be in mesh and it will have to
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deflect before any other keys can mesh and carry load. This means, that each individual key has to be
able to survive carrying the full 750 ft-lbs of torque delivered to the shaft without shearing or
undergoing plastic deformation. Using the key material’s yield strength, the minimum length necessary

to avoid shear or bearing failure can be calculated.

Finally, vibration analysis on the shaft was completed. The vibration analysis was calculated
using the Rayleigh-Ritz method for bending deflections (Thomson, 1988). The shaft was modeled as a
simply supported “pinned-pinned” beam, with the mode shape from Equation 13. The mode shape and
the mass of each segment are used to calculate the mass components of the matrix. The Young’s
Modulus, area moment of inertia, and the second integral of the mode shape are used to calculate the
spring constant components of the matrix. The matrix is then populated as depicted in Equation 14.
Next, the determinant of the matrix is found to be the characteristic equation of the system, which is
then solved to determine the natural frequency of the system. The natural frequency of the final shaft

design was found to be 6.079x10° RPM.

Equation 12: Mode Shape for Pinned-Pinned Beam

C(i*r*x
sin| ———
L

Equation 13: Rayleigh-Ritz Matrix of Differential Equations

2 2
(kn -0 'mll) (klz -0 'mlz)

(k21 - “’2'“121) (kzz - ‘02'“122)

After the analysis on the shaft was completed, different geometries were tested to determine

their advantages and disadvantages. A rough geometry for the shaft was determined, bearings with
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appropriate diameters were selected, and the geometry was adjusted slightly to fight the bearings. The
shoulder fillets abutting the bearing seats had to be decreased in radius to ensure that they would not
prevent the bearing from sitting properly. In addition, it was determined that the bearings needed to be
doubled up to keep them in proper precision, so the bearing seats on the shaft had to be elongated.

The larger bearing seat only needed to be extended to 2.904 inches and the smaller bearing seat needed
to be extended to 2.125 inches to accommodate the double bearings as well as 0.625 inches of sacrificial

material for balancing.

In addition to the length of the steps, the keyway was adjusted so that it would fit a standard
sized 3/8 inch square key. McMaster-Carr was selected as a source for key stock. Most of the key stock
was relatively weak and would require extending the keyway. However, McMaster-Carr carries high
carbon square keys. These keys are constructed out of annealed AISI 1095 steel. The annealed keys
would be too weak to carry a 750 ft-Ib torque, but they would be soft enough to cut to length. After any
cutting or machining is performed, they would need to be heat treated. For purposes of analysis, a
treatment of normalization at 900 C followed by air cooling resulted in a high enough yield strength that
a 1 inch key would be able to avoid plastic deformation at 750 ft-lbs of torque with a safety factor of

1.559 in shear and 1.351 in bearing failure.

Originally, the shaft was going to be constructed from AISI 4340 steel so that it could survive 750
ft-lbs of torque without being so thick that it would interfere with the bolt circle. However, the surface
hardness of AlISI 4340 is too high to be machined with standard machine tools. If it were to be turned in

the WPI machine shop, special tools would have to be purchased.

It was determined that a new material would be necessary. The new material would have to
have a high Young’s Modulus to prevent large deflections, a high yield and ultimate tensile strength in

order to survive the torque required of it, a “knee” in the fatigue strength graph so that it would have an
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infinite fatigue life, and have a low enough surface hardness that it could be turned without the need for
special tools. When selecting a new material the team chose to use the catalog of Ryerson, a steel

vendor, because PTI has purchased stock from them in the past and been satisfied.

Several steels were selected out of the Ryerson catalog and used in the analysis. Most were
discarded immediately, but the AISI 1144 had mechanical properties that would survive the 750 ft-lbs of
torque the shaft would be required to carry, and a hardness low enough to allow for machining with
regular machine tools. In particular, 1144 steel has a yield strength of a minimum of 100 kpsi, a
minimum ultimate tensile strength of 115 kpsi, and a hardness of 238 on the Brinell scale (“Estimated

Mechanical Properties of Steel,” n.d.).

When the design of the shaft was completed, it was modeled in Solidworks, as shown in Figure

14.

Figure 14: Solid Model of Shaft

This model was then used in Solidworks Simulation to complete a Finite Element Analysis on the
structure. A material definition for AISI 1144 Steel was created in Solidworks to be used in the
completion of the FEA, which resulted in a minimum factor of safety of approximately 90 under bending

forces (Figure 15). These analyses were performed to support the longhand calculations.
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Figure 15: Shaft Factor of Safety Results

The von Mises stresses and displacement were then studied. The results, displayed in Figures 16 and 17
respectively, show that the maximum stress this component would need to withstand would be
approximately 795 psi. The maximum displacement the component would be expected to withstand is

approximately .008 of an inch.

von Mises (psi)

Figure 16: Shaft von Mises Stress Calculation Results
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Figure 17: Shaft Displacement Calculation Results

Bearings and Bearing Support Structure

Bearings

In order to properly support the shaft, proper bearings had to be selected. Although there are
many bearing companies that would be able to provide appropriate bearings, Timken was the company
that the team chose to work with. Timken was selected because PTI has a known successful history of

working Timken.

Initially, roller bearings were investigated as the type of bearing to be used to support the shaft.
The Light 7200WN Series was originally chosen. After reading about the bearings however, there were
some guestions on whether this was the right choice. Although these bearings are rated to withstand
5200lbs under static loading and 9200lbs under dynamic loading, the bearings required special care and
repositioning or alignment when installing just one bearing. Timken strongly suggested that these
bearing be used in pairs. Because there were going to be two locations that required bearing support,

this meant that four bearings would have to be ordered ("Light 7200wn series," 2003).
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In order to try to avoid ordering four bearings, Timken was contacted and the guidance of an
engineer with the company was sought. Once the application was understood, it was established that a

DN Factor calculation needed to be completed. This was done using equation one below.

Equation 14- DN Factor Calculation

BB X RPM

Where:

BB is the bearing bore measured in millimeters

RPM is the rotational speed of the shaft

The solution of which is unitless

It was established that the result of this calculation would determine the type of bearing that could be
used for this specific application. If the result was less than 250,000, then a radial bearing could be used.
If the result was greater than 250,000, but less than 750,000, then a precision bearing was

recommended.

Because the shaft needed to be supported in two locations with two different size outer
diameters, two calculations were completed. Table four shows the input data and the results of the

calculation.

Table 4- DN Factor Calculation Data and Results

Bearing Bore (mm)  Rotational Speed (RPM)  Calculated DN Factor
45 5000 225000
55 5000 275000
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These bearing bore diameters were chosen because they were equal to that of the shaft. A rotational
speed of 5000RPM was chosen to be sure that the bearings, like the shaft, could withstand the high
rotational speed that could be expected during testing. The calculations resulted in DN Factors of
225,000 and 275,000. Both solutions were close to the 250,000 limited that was established by Timken,
with one of the solutions surpassing this bench mark. Therefore, precision bearings were selected. The
results were then presented to Timken for further guidance on the right precision bearing for this
application. A 3mm300W!I Series bearing was recommended. This bearing would not only be able to
withstand the expected high rotational speeds, but it is also rated for minimum static loads of up to
8500 Ibs and minimum dynamic loadings of up to 14,600 Ibs. These bearings were therefore selected

and recommended to PTI of use with this dynamometer ("Medium 2mm300wi series," 2003).

Bearing Support Structure

Once the bearings were selected, it was then necessary to design a support structure that would
not only locate them on the center line of the dynamometer, but would also hold the bearing centers
concentric with each other. Initially, two separate bearing supports were designed and modeled. It was
quickly established however, that due to such a short shaft length, that there would not be enough
room to have two separate bearing supports. The two structures were quickly consolidated into one

structure (Figure 18).
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Figure 18- Final Design of the Bearing Support Structure

When looking at Figure 19 it is important to notice that the second bearing support plate is
designed so that the bearing in only fixed in the axial direction on one side. This was done so in order to
allow for any thermal expansion that the shaft might experience. Although the calculations (Appendix B)
showed that the shaft would see a thermal expansion of about 0.0075 inches with a temperature
change of 100°F, it was thought best to leave this side of the bearing support open to allow for that
possible thermal expansion rather then put unwanted stress on both the bearings and the support

structure.
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Figure 19- Bearing Support Structure Second Support Plate View

Next, a material was selected for this component. A36 Structural Steel was selected, as it has a
yield strength of 36ksi and a tensile strength if about 60ksi. Finite Element Analysis was then completed
on this component using Solidworks Simulation. The component was “fixed” at the bolt holes and the
calculated reaction loads of 350 Ibs and 610 Ibs were applied at the bearing seats to simulate what the
component would experience during testing. The model was then meshed, and the analysis was run.
The results showed that the average safety factor for this structure was around 100 with drops down to

about 65 at the corners where the side plates met the bearing seat plates (Figure 20).
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Model name: bs_assbly
Study name: Bearing Support Static Analysis

Plot type: Factor of Safety Factor of Safety1 (-FOS-)
Criterion : Automatic

Factor of safety distribution: Min FOS = 14

FOS

100.00
92.84
85.67
78.51
71.35
64.18
57.02
49.86
42.69
35.53
28.37
21.20
14.04

Figure 20- Bearing Support Structure FEA Factor of Safety Results

The average von Misses stress for the bearing support structure was approximately zero for
most of the support structure. The stresses did rise to about 2600 psi in areas around the corner where
the side plates met the bearing support plates (Figure 21). Even these higher stresses were not a
concern however as the yield strength of the material is more than ten times the maximum stress this

component is ever expected to experience.
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Model name: bs_assbly

Study name: Bearing Support Static Analysis

Plot type: Static nodal stress Stress1 (-vonMises-)
Deformation scale: 1

von Mises (psi)

2563.8
2350.1
2136.5
1922.8

Figure 21- Bearing Support Structure FEA Calculated von Misses stresses

Finally, the displacement that this component was expected to experience was studied. As seen
in Figure 22, the displacement that bearing support structure will experience varies. It is important to
notice that the maximum displacement however, is less than one ten thousandth of an inch (it is actually
calculated to be 8.722E-5 inches). This final calculation solidified this design for the bearing support

structure as the final design.
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Figure 22- Bearing Support Structure FEA Displacement Results

Torque Meter and Torque Meter Support

Torque Meter

As part of the task specifications, the dynamometer needed to be able to withstand an input
torque range of 5-750 ft-lbs of torque. It was also established that the dynamometer would also have to
be able to provide some type of torque data measurement. Two main forms of torque measurement
were then investigated, torque flanges and torque meters. After discussions with PTI, it was established
that a torque meter would best fit the application at hand, and that a torque meter that could measure
torque for the small generator would be acceptable (up to 150ft-lbs of torque). With this information in

mind, a torque meter produced by Omega Engineering, the TQ501-2K was selected (Figure 23).
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Figure 23- Omega TQ501-2K Torque Meter

This torque meter has the ability to measure up to 2000 in-lbs (166.67 ft-lbs) of torque. Another benefit
of selecting this torque meter, is that is comes from a family of torque meters, all with similar designs,
only varying in dimensions. Torque meters in this family have the capability of measuring up to 10,000
in-lbs (833.33 ft-Ibs) of torque. This capability would be necessary when testing the largest generator,

which is capable of handling up to 750 ft-lbs of torque.

Torque Meter Support

After selecting a prime mover for recommendation, a support structure needed to be designed.
There were two main requirements that this toque meter support needed to meet. First, it needed to be
able to support any and all forces that would be placed on it. Second, it needed to locate the torque

meter on the centerline of the dynamometer.

The first requirement was met be designing a fixture that mocked the shape on an I-beam. This
shape was determined to be ideal because of the strength I-beams are commonly known to have. The
second requirement was met first by determining the height of the centerline from the ground. The
base plate and top plate thicknesses were then both determined to be 3/8 of an inch. With this

information, the correct height of the side plates was then calculated to be 4.13 inches.

Once the design was complete, it was modeled in Solidworks (Figure 24).
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Figure 24- Solid Model of Torque Meter Support Structure

This model was then used in Solidworks Simulation to complete a Finite Element Analysis on the
structure. A material of A36 Steel was chosen to be used in the completion of the FEA, which resulted in

a minimum factor of safety of 91 (Figure 25).

Figure 25-Torque Meter Support Factor of Safety Results
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The von Mises stresses and displacement were then studied. The results (given in Figures 26 and 27
below) show that the maximum stress this component would need to withstand would be
approximately 397psi. The maximum displacement the component would be expected to withstand

would be much less than one ten thousandth of an inch.

Figure 26-Torque Meter Support von Mises Stress Calculation Results

Figure 27- Torque Meter Support Displacement Calculation Results
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Prime Mover and Prime Mover Support

Prime Mover

As part of the task specifications, the dynamometer needed to be able to apply a torque range
of 5-750 ft-Ibs to the rotor. This task seems straightforward, but 750 ft-lbs is a large amount of torque
to produce, especially with a maximum operational speed of 5000 RPM. After discussion with PTI, it was
determined that PowerTec would be a good starting point to begin researching prime movers. Despite
their selection, there was no motor that could produce 750 ft-lbs over the full 5000 RPM operational

range.
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Figure 28: Small Generator Torque Curve
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Figure 29: PowerTec E218E2-DPBV

PTI provided the project group with an expected torque curve for the small generator, Figure 28.
The E218E2, pictured in Figure 29, is the only motor in the E21X line that can match or exceed the
torque curve for the small generator test. The gray portion of the E218E2 torque curve, depicted in
Figure 30, is the continuous duty curve, meaning the motor can operate within that curve continually.
The Blue curve is the intermittent duty curve, which covers the full capabilities of the motor, but is not
recommended for long-term use. As can be seen, when comparing Figure 28 to Figure 30, the E218E2
can produce 135 ft-lbs of torque at 3600 rpm, and its torque increases as the angular velocity decreases,
ensuring that at any speed, it can provide enough torque to match the small generator’s torque curve.
PowerTec does manufacture larger motors capable of providing the input torque for the small

generator, but they are likely more expensive.
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Figure 30: PowerTec E218E2 — DPBV Torque Curve

A different motor, the E32BE2, whose torque curve is pictured in Figure 31, was found to be
able, with some gearing, to reproduce the medium and large generator’s torque curve, but PTI chose

not to pursue it in favor of using a motor made in-house.
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Figure 31: PowerTec E32BE2-DPBV

Prime Mover Support
After selecting a prime mover for recommendation, a support structure needed to be designed.

There were two main requirements that this prime mover support needed to meet. First, it needed to
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be able to support any and all forces that would be place on it. Second, it needed to locate the prime

mover on the centerline of the dynamometer.

b

A

“Isomedric

Figure 32: Preliminary Prime Mover Support Structure

A preliminary design, pictured in Figure 32, was constructed out of several plates, much like the
other support structures, though the forces it would experience were much higher than any of the other
support structures and a more rigid system was needed. The first requirement was met by designing a
fixture that was, in essence, a solid block of material with holes for bolts. The second requirement was
met first by determining the height of the centerline from the base support. The centerline is supposed
to be 7 inches above the base support structure. The drawings of the E218E2 dimensioned the
centerline as being 5.250 inches from the bottom surface of the motor’s bolting flange. The difference
between needed and actual centerline leaves a gap of 1.75 inches that needs to be filled with the prime

mover support structure.

The final support structure design was a solid plate with threaded holes for 3/8 inch heavy hex
head bolts that allow the prime mover to be secured to the support structure, and a set of four

countersunk free fit holes for half inch bolts that secure the support structure to the base support
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structure. The prime mover support structure was increased in width to allow for wrenches to freely

access the bolts that fasten it to the base support.

Once the design was complete, it was modeled in Solidworks (Figure 33).

Figure 33: Solid Model of Prime Mover Support Structure

This model was then used in Solidworks Simulation to complete a Finite Element Analysis on the
structure. A material of A36 Steel was chosen to be used in the completion of the FEA, which resulted in

a minimum factor of safety of 10.04, which occurred in the bolt holes (Figure 34).
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Figure 34: Prime Mover Support Factor of Safety Results

The von Mises stresses and displacement were then studied, shown in Figures 35 and 36 respectively.
The results show that the maximum stress this component would need to withstand would be
approximately 3600 psi. The maximum displacement the component would be expected to withstand

would be much less than one thousandth of an inch.
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Figure 35: Prime Mover Support von Mises Stress Calculation Results
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Figure 36: Prime Mover Support Displacement Calculation Results

Stator Support Structure

The design of the generator itself requires that both the rotor and stator housing be supported.
Although the shaft was designed to support the rotor, it is not capable of supporting the stator housing

as well. To accomplish this, a separate support structure needed to be designed.

Two design iterations were established for the stator support structure. The first iteration was in

the form of a T with support ribs on both sides of the center vertical plate (Figure 37).
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Figure 37- Initial Stator Support Design Iteration

Although this design would have supported the stator housing without any difficulties, it was
established that this design would minimize the accessibility of the shaft-rotor assembly, which would

be necessary to have in order to make adjustments during testing.

A second design iteration was then created, which positioned the support ribs on the outside of

the center vertical plate, parallel to the bolting face (Figure 38).
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Figure 38- Second Stator Support Design Iteration

This design allowed for much more accessibility to the shaft-rotor assembly, while providing the same

amount of structural support.

Once the design was finalized and modeled, Solidworks Simulation was used to complete a
Finite Element Analysis of the support structure. A material of A36 Steel was initially chosen to complete

the FEA. The FEA resulted in a minimum factor of safety of 100 (Figure 39).
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Figure 39- Stator Support Factor of Safety Results

Next, the von Mises stresses and the displacement were studied. The results (given in Figures 40
and 41 below) showed that the maximum stress this structure would experience is approximately 350psi

and that the maximum deflection would be less than one ten thousandth of an inch.

Figure 40- Stator Support von Mises Stress Results
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Figure 41- Stator Support Displacement Results

Base Support Structure

The purpose of the base support is to support the various subsystem structures used in the
dynamometer. The base support is a large rigid support structure that raises the effective “ground
level” for most of the components much closer to the centerline, as can be seen in Figure 42. The ideal
height of the base support was determined to be 9 inches because it reduced the height of the
subsystem supports, improving rigidity and precision of the individual supports bolted onto it. The
centerline for the entire system is located 16 inches from the test cell floor. A higher centerline would

likely result in larger side to side deflections in the support structures.

The base support structure is designed with a protrusion on the top surface that assists in
locating the individual support structures that are bolted on top of it. The protrusion is 0.1 inches tall
and follows the centerline of the base support, branching underneath each of the individual supports to
locate them both on the X and Y axis. A complimenting channel is also milled into the bottom surface of
each support structure. Bolt holes in the base support structure are free fit to ensure that the bolts

themselves do not interfere when locating the supports.
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Figure 42: Base Support Structure Design in Full Assembly Supporting Prime Mover, Bearing, and Torque Meter Supports

Two design iterations were established for the base support structure. The first iteration, shown
in Figure 43, is very similar to the final design, though with fewer support ribs and a thinner top and

bottom plate.

Figure 43: Initial Base Support Structure Design Iteration

Although this design appeared as though it would have supported the prime mover and its associated
support structure without any difficulties, it was established that this design did not have enough

structural rigidity to prevent unwanted deflections.
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A second design iteration was then created, which added four new support ribs under the prime
mover support structure, two new support ribs under the bearing support structure, and increased the
thickness of the top and bottom plates, as shown in Figure 44. The height of the center rib, the short
ribs, and long ribs were adjusted to accommodate the thicker top and bottom plates without moving the

centerline.

Figure 44: Second Base Support Structure Design Iteration

This design improved the rigidity of the base support and reduced deflections at all of the locations
where subsystem supports are bolted in place without changing the envelope that the base support

occupies.

Once the design was finalized and modeled, Solidworks Simulation was used to complete a
Finite Element Analysis of the support structure. A material of A36 Steel was initially chosen to

complete the FEA. The FEA resulted in a minimum factor of safety of 7.2 (Figure 45).
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Figure 45: Base Support Structure Factor of Safety Results

Next, the von Mises stresses and the displacement were studied, shown in Figures 46 and 47
respectively. The results showed that the maximum stress this structure would experience is

approximately 5000 psi and that the maximum deflection would be less than one thousandth of an inch.
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Figure 46: Base Support Structure von Mises Stress Results
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Figure 47: Base Support Structure Displacement Results

Couplings

It was necessary to establish some type of connector for the interface between the prime mover
and torque meter shafts and between the torque meter and generator shafts, because the generator
would not directly be run by a prime mover with the current design. The type of connector commonly
used is a coupling. For this application, off-the-shelf couplings were originally investigated and sought
out. This would save time from design work, but would also allow a tested and proven product to be
used. Unfortunately, the shaft sizes and designs of the components used in this dynamometer did not
allow for off-the-shelf couplings to be used. Reasons for this depended specifically upon the shafts that

were mated.

Prime Mover to Torque Meter Coupling

The only issue with finding a coupling for the prime mover to torque meter interface was the
dramatic difference in shaft diameters. In this case, the recommended prime mover for testing the small
generator had an approximately two inch diameter shaft. This shaft needed to be mated with an
approximate one inch torque meter shaft. Finding a coupling off-the-shelf that met such requirements

was unsuccessful. Therefore, a coupling meeting these requirements was designed. The design itself
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went through two iterations. Originally, the coupling was designed as three separate pieces, a piece that
would mate to the prime mover shaft; a piece that would mate to the torque meter shaft, and a center
plate that would be used to connect the two pieces. The coupling was designed so that all three pieces

bolted together (Figure 48).

pa

“lsemetric

Figure 48- Original Prime Mover to Torque Meter Design

Although this design met the basic requirements of connecting the two shafts and allowing rotation of
the shafts, there was concern with alignment allowance of the shafts. The keyways in the coupling
would allow for axial misalignment, but not for radial misalignment. Although no radial misalignment
was expected during testing, it was thought best that the design of the couplings allowed for some
anyway. In order to allow for radial misalignment, a new coupling based on the Oldham coupling design

was created (Figure 49). This design would allow for both axial and radial misalignment.
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Figure 49- Prime Mover to Torque Meter Oldham Coupling Design

Once the design was complete, the model generated was used in Solidworks Simulation to
complete a Finite Element Analysis on the coupling. A material of A36 steel was initially chosen to run

the FEA. This FEA resulted in a minimum safety factor of 4.75 as seen in Figure 50 below.

ictor of Safety!

Min FOS =47

Figure 50- Prime Mover to Torque Meter Oldham Coupling FEA Factor of Safety Results
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Next, the von Mises stresses and displacement results were studied. The results (given in Figures
51 and 52 below) showed that maximum stress experienced by this coupling would be approximately

6700 psi and that maximum displacement would be less than one ten thousandth of an inch.
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Figure 51- Prime Mover to Torque Meter Oldham Coupling von Mises Stress Results
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Figure 52- Prime Mover to Torque Meter Oldham Coupling Displacement Results
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Torque Meter to Shaft Coupling

The torque meter to shaft coupling also need to be custom designed. While with this design the
change in shaft diameter was not very large (1 inch to 1.62 inches), the coupling piece mating with the
shaft would have to be unique, as the shaft was designed with three keyways. It was established

through research, that finding a coupling that met this criteria would not be possible.

As with the prime mover to torque meter coupling, this coupling when through two design
iterations. The initial design was the same as the first design for the prime mover to torque meter

coupling, with the only difference being the diameters of the mating parts (Figure 53).

*Isemetric

Figure 53- Initial Torque Meter to Shaft Coupling Design

This design also presented concerns that no radial misalignment would be allowed. In order to
overcome this concern, the Oldham coupling design was again applied in the second design iteration

(Figure 54).
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Figure 54- Torque Meter to Shaft Oldham Coupling Design

Again, Finite Element Analysis was completed on the coupling using A36 Steel. The FEA resulted

in a minimum factor of safety of 3.38 (Figure 55).

100.00

91.95

8390
- 7585
_ E779
. 5974
. 5169
. 4354
. 3559
. 2754

_ 1948

I 11.43
3.38

Figure 55- Torque Meter to Shaft Oldham Coupling Factor of Safety Results

The von Mises stress and displacement were then studied. The FEA (given in Figures 56 and 57) showed

that the maximum stress this coupling was expected to withstand was approximately 10725 psi. The
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maximum displacement the coupling would be expected to experience is also less than one ten
thousandth of an inch. These results were satisfactory and therefore these designs were accepted as

final designs.
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Figure 56- Torque Meter to Shaft Oldham Coupling von Mises Stress Results
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Figure 57- Torque Meter to Shaft Oldham Coupling Displacement Results
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Test Cell Layout

The dynamometer assembly will be affixed to the platform of a test cell. The test cell room is
186 inches long by 144 inches wide, and is represented by the larger of the two platforms in the
assembly in Figure 58. The platform itself is 120.5 inches long by 120 inches wide and is represented in
the diagram by a large protrusion from the platform that represents the test cell room. The
dynamometer assembly can be affixed directly to the platform or it could be placed on a taller platform
atop the base platform if the assembly is too short to be used ergonomically. Each of the support
structures in the assembly are quite heavy and will likely need a crane or some other method of assisted

lifting to move them into place. The base support weighs 260 Ibs and the stator support weighs 340 Ibs.

Figure 58: Test Cell Layout

The assembly is arranged in the following way. The base support is affixed to the platform. The
bearing support is placed on the front end of the base support and bolted into place. A protrusion on
the base support locates the bearing support to prevent misalignment. The torque meter support is
bolted in place at the next branch of the locating protrusion and the prime mover support is bolted into

place at the last branch. The shaft and bearings are installed in the bearing support and the prime
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mover is bolted onto the top of its support. The holes in the bolting flange of the prime mover are
slightly larger than the bolts that go through them, which may allow some angular and axial
misalignment. These bolts can be loosened and the prime mover may be able to be adjusted slightly.
The couplings are installed on the prime mover, shaft, and torque meter. Next, the torque meter would
be installed on top of its supports. Since the couplings are based on the Oldham design, they can be slid
into place from the side, allowing the torque meter to be installed after the two heavier components to
either side of it. The Stator support is positioned as it appears in Figure 58, straddling the base support.
The generator is then attached to the dynamometer, with the rotor bolted to the shaft and the stator

housing bolted to the stator support structure.

Adapters

As previously mentioned, this dynamometer will be used to test a family of generators or all
different sizes and capabilities. Therefore, it is necessary that the dynamometer can adapt to the
different generator interfaces. Originally, iterations involving multiple shafts and support structures
were looked into. These ideas were turned down because they would require assembling and taking
apart parts of the dynamometer every time a new generator would be tested. After some careful
thought, it was decided that the best solution would be to design the dynamometer components that
would interface with the generator to be able to support the largest size generator. It would then be
recommended that PTI design adapter plates to connect the shaft to the different rotors as the bolt
patterns will most likely be different. Adapter plates would also be needed to attach the generator

stator housing to the stator support structure, as the bolt patterns will most likely be different as well.

Conclusion

This project successfully developed a dynamometer to be used by DRS Power Technologies, Inc. in

Fitchburg, MA. Analysis on all of the components has been completed, and Finite Element Analysis
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using Solidworks Simulation was completed as a verification and comparison to the hand calculations
that were done using Mathcad. Solid models for each component were made using Solidworks, and part
drawings and assemblies drawings were made from these models. The current dynamometer design
meets all of the specified requirements for testing the smaller generator described by PTI. The

dynamometer is designed however, to be easily adapted for the testing of larger generators.

Recommendations

This project entailed designing and analyzing the many components that make up this
dynamometer. Although hand calculations, which were completed using Mathcad, supported the Finite
Element Analysis done using Solidworks Simulation, it is recommended that the Finite Element Analysis
of the shaft and the couplings be reviewed as Solidworks Simulation did present some difficulties for the
project team when performing certain analyses. It is also recommended that the torsional vibration
analysis be reviewed. The project team would also recommend that material selection of the shaft be

reviewed in order to find a possibly less expensive solution.

It is important to note that the base structure may need to be changed to accommodate a
different prime mover for testing. Another important note is that the recommended torque meter in
this report comes from a family of torque meters. Within this torque meter family is a torque meter that
can read torques up to 10,000 in-lbs. This size torque meter would be needed in order to test generators
with input torques up to 750ft-1bs. If a larger torque meter is selected, the torque meter support

structure will have to be changed in order to accommodate this different size torque meter.

Currently, there is no suggested method for attaching either the base structure or the stator
support structure to the floor of the test cell. It is recommended that engineering establish the best

method for attaching this to the floor of the test cell. It is also recommend that the method of attaching
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the stator support structure to the floor be adjustable to allow the stator support structure to be moved

towards or away from the base structure.

Finally, the project group recommends that the manufacturing of the support structures be
revisited. Currently, each piece of each assembly is cut and machined from A36 Steel. The pieces are
then aligned and welded together. This presents concerns of both warping during welding, and lack of
concentricity where it may be required. In order to avoid these issues, it is recommended that the
assemblies pieces be cut and welded together, which would be as called for in a fabrication drawing. It is
then recommended that the assemblies undergo a final machining that would add any of the necessary

features. This would be called out on a machining drawing.
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Appendix A- Shaft Mathcad Analysis
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[=] Singularity Functions
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Meubers constant determined through linear interpolation of Table 6-6 in Machine Desing: An
Integrated Approach, Third Edition, by Norton

Syt — 30000 B B
Newberspending = |Tp00 saa0g (118 ~ 0-130) + 0130 if 50000 < Sy < 55000
8yt — 53000
————————(0.108 — 0.118) + 0.118 if 35000 < S, < 60000
60000 — 35000 ut
— 13
8 ;¢ — 60000
————————(0.093 — 0.108) + 0.108 if 60000 < S ., < 70000
70000 — 60000 ut
8¢ — 70000
———————(0.080 — 0.093) + 0.093 i 70000 < S . < 80000
80000 — 70000 ut
Syt — S0000
——(0.070 — 0.020) + 0.080 if 20000 < S . < 00000
%0000 — 80000 ut
Syt — 20000
—— (0062 — 0.070) + 0070 if 90000 < S_. < 100000
100000 — 90000 ut
Sy, — 100000
70000 — 100005 (0033 — 0.062) + 0.062 i 100000 < S,y < 110000
Syt — 110000
30000 — 1000 (0-049 — 0055) + 0055 f 110000 < S < 120000
Syt — 120000
m-(ﬂ.m— 0.049) + 0.049 if 120000 < 5., < 130000
St — 130000
39000 — Too00 (0039 = 0044) + 0044 if 130000 < S < 140000
St — 140000
T9000 — Tiooa (0031 — 0.039) + 0039 i 140000 < S < 160000
S,,¢ — 160000
50000 —Teaong (0024 — 0031) + 0.031 if 160000 < S,y < 180000
Sy, — 180000
200000 — Tso00p (V018 — 0024) + 0.024 if 180000 < Sy < 200000
Syt — 200000
239000 — 200005 (0013 — 0.018) + 0018 if 200000 < 8¢ < 220000
Syt — 220000
19000 — 22000 (0009 — 0.013) + 0013 i 220000 < 8¢ < 240000

81| Page



To determine the Meuber's Constant for torsion, use the Meuber's constant of a steel with an
ultimate tensile strength 20 kpsi greater.

Sgor = Syt + 20000
Seor — 30000
Neubers, . = |——————-(0.118 - 0.130) + 0.130 i 50000 < S, < 55000
torsion 35000 — 50000 I: } tor
Sgop — 53000

A(0.108 — 0.118) + 0.118 if 53000 < 8, < 60000

60000 — 33000

Sgor — 60000
—(0.093 — 0.108) + 0.108 i 60000 < S, < 70000
70000 — 60000

Sgpr — 70000
—————(0.080 — 0.093) + 0.093 i 70000 < Sy, < 80000
30000 — 70000

Syop — 80000
————(0.070 - 0.080) + 0.080 if 80000 < S, < 90000
50000 — 80000

Sgor — 90000

(0.062 — 0.070) + 0.070 i 90000 < S, < 100000

100000 — 90000

Syop — 100000
———— (0055 - 0.062) + 0.062 if 100000 < S, < 110000
110000 — 100000
Seor = 110000
(0049 — 0.055) + 0.055 i 110000 < S, < 120000
120000 — 110000
Sgop = 120000
(0044 — 0.049) + 0.049 if 120000 < S, < 130000

130000 — 120000

140000 — 130000

160000 — 140000

130000 — 160000

200000 — 150000

220000 — 200000

240000 — 220000

Seor = 130000

-(0.039 — 0.044) + 0.044

Siqp — 140000

for -(0.031 — 0.039) + 0.039

i — 160000

e
° -(0.024 — 0.031) + 0.031

S¢qp — 180000

T
o (0.018 — 0.024) + 0.024

Sinp — 200000

tor

-(0.015 — 0.018) + 0.018

S¢np — 220000

e
> (0.009 — 0.013) + 0.013

if 130000 < Sy, < 140000
if 140000 < S, < 160000
if 160000 < S;_, < 180000
if 180000 < S, < 200000
if 200000 < S, < 220000
if 220000 < S;_, < 240000

tor —
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1
o AX) = if r =0
qbendmg[ ) Neubersy,__ 4 . notch (¥

JTnoteh (¥

0 otherwise

1+

1

Meubers

Gtorsion(® = i1 e () =0

torsion

0 othersise

1+

d; - d

tﬁ]let(x} = 7 ifxl—rlix<x1

d; - dy

2 272 2

dy— dy

T
3 ifoag—r3=x<ng

ds — dy

2 if ;-1 Ex<xy

de — ds
6 3
3 if %5— 155 8<xg

0 otherwise

® ®
Gy pop(® = 0903 + 0783 tﬁu;t _ D_D?jtﬁﬂ;t
B Tnotch (%) Tnotch (%)
@ )
Gy gopl®) = 0437 - 1969 ﬂ + I}.jﬂﬂ
- Tnotch (%) Thotch (%)
@ ®
C3 or(®) = 1557 + 1.073- illet™ ) illetl™
B Tnotch (%) hotch (%)

thittet(*) tilet(®)
Cy_tor®) = —1061 + 0171 | ———— + 0.086 —

hotch I::‘} Thotch I::‘}
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Mote: This equation for Kt bending only applies when r/d is between 0.002 and 0.3, and when

D/d is between

K‘t_bend:hg[x} =

409)

Kt torsion!® =

1.01 and 6.0. (Pilkey, page 408)

- —-03
. 3 3 ]
—14 | ‘tnoten(® | ~0.14 - 0363(D_d 0.503(D_d
0.632 + 0377(D_d(m) 14| DB (D_ [’:}} * 00304 4 p g
L G 1 - 239(D_d(x))" + 3368(D_d(x”
_ A
(o1 (o1 Y Prey_width
1.426 + 0.1643] | - 0.0019] | Ly S Ly + —o=t
rkE}" rkE}" - - P
_ Le ) @)
{01 01 Y
1.426 + 0.1643] | — 0.001%9] if 0=x< Lkev
Tkey They )
I L 4™ | L 4o J |
1 otherwise
Mote: assumed US and British standard for Kt of key
Mote; For torsion to work properly, we must keep the t/r between 0.25 and 4.0. (Pilkey, page
"2 (x) "2 (}“\: "2 (}“a3
[ 2t | [ 2taped(®) | [ 2 tped®) |
Cy oo dX) +Cy ¢ (8 ——— |+ C3 o ()] ——— | +Cy 4 (8] ———— | i D_d{x)-
1_tor 2_tor' A | 3_tor' | | 4 tor'h| | -
- - \ Dlarge® ) - \ Plarge(® - \ Plarge(®
. bke‘,-' width
34 ff Lke;,-"'—: X Lke3,=+ _f
{01 ) (01 "
1953 + 01434 ——— | - 00021 ——— if 0=x< Lkev
sz}__ rkE}" -
Ve ) @)

1 othersize

Ke(®) =1 + Ghending(®) 1Kt _bending(®) ~ 1)

Kgs(0 = 1+ Gtorsion (Xt torsion™® — 1

Kgn(®) = Ke()
Efem(®) = Kl
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Emmﬂtx}g_ _ i
K pending® | — o
Ko
Esix}

Stress Concentration (unitless)

— —

(in.)

[«] Stress Concentration Factors

[*] von Mises Stresses

Torsional Shear Stress at outer fibers (uniform along surface of shaft) (not alternating):

dg(®) dg(®)
Ke ()T 5 Epem(® Ty —

1%

< . 3
Tz al® = Tz m® = o Tz m(3) = 6.954 x 10

Maximum Bending Mormal Stress (furthest from neutral axis) (alternating):

d (%) dy (=)
Kp(x)- My(x)- Ky (%) My — :
oy 48 = — oy ml® = _— oy gl J) = —1.036 = 10
- L(® - L(x) -
Maximum transverse Shear Stress (at neutral axis):
Key ()2 Vo) Kem(®) 2V N

thansverse_a[x = -%.—I:x} thansverse_m[x = -‘i.—[x} Ttra.nsverse_a[j} =-118.332

°T8 °T8

Alternating and Mean von Mises stresses at the top edge (furthest from the neutral
axis):

) : 2, .2 2 . s 3
cra_a[x} = Jﬂx_a(x} + 0 - crx_a[x}-l} + 3-sz_a[x} cra_a[J} = 1.036 = 10

. . 2 2 2 , . 4
crmia[x} = Ju'xim[x} + 0 - Uxim[x}-l} + 3-’rxzim[x} crmia[:l} = 1204 = 10
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Alternating and Mean von Mises stresses at the side edge (at neutral axis) (this point may be
on one side or the other, depending on if the shear is in the positive or negative y direction.
The results are taken at the point where the shear stresses add):

Ta_tntal[x} = |Ttransverse_a|:x}| * sz_a(x} Ta_tntal[j} = 228332
_ ] .3
Tm_total[x} = |Ttran5verse_m[x}‘ + sz_m[x} Tm_total[:'} = 6934 10
22 2
oy p(®) = Ju F0° = 00+ 37y poe(®) o, p(3) = 393,828
2 2 2 - 4
& o p(E) = JD +0°— 00+ 3Ty gopm(® &0 p(3) = 1204 % 10
6:10* . .
. <10 =
—_ ::ra_a(x}
S oy 4 ¥
T madt ! s
0
0 3 10
X
(in.)
610" . .
. w10 .
— T2y -
S g @ ¥
T a0t ! s
E' 1 1
0 3 10
X
(in.)

[«] Yon Mises Stresses
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[] Carrected Fatigue Strength

Bending load, no axial

Cipaqd =1 Less than 450 C operational temperature
{ltemp =1 99% Reliability
Cretiab = 0814 Between 0.3 and 10 inches in diameter
—0.087
Cipel) = 0.869-d ()
!: Sut H"._ 0263 .
Copg =27 — = 0768  Machined Surface

“ 11000 /

Sy =035,

S¢(x) = 52 Croad Ctemp Creliab Csize® Cowr

[«] Corrected Fatigue Strength

[] Safety Factor Caloulations

Assuming Case 4 Load Scenario for Safety Factor Calculations:
Both miternating and mean stresses can increase under service
conditions over the lifetime of the part.

Safety Factor for point on top surface of

shaft:
(o o2 : e )
o o = St .‘th[x} - Sf[x}-cra_a[x} + Sut'crm_a(x}_,.'
ms_a-v - -
Se(x)” + B
) Sp(®) .
cras_a[x} =—-— |__-::|'1,],15_21[}{}JI + Bg(x)
ut

Zsa[x} = J[.g-'m_a[:x} - g’ms_a(x}}l + [.cr'a_a[:x} - g’as_a(x}}l

0Z,(x) = \f |:_Ura_a|:x}}l + [_Urm_a':x}}l

OZ (%) + ZS(x)

}If_a[x} = 0Z.09
a

Np 4(0.01) = 1.282 Minimum Safety Factor
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Safety Factor for point at side edge (at neutral axis) (this point may be on one side or the
other, depending on if the shear is in the positive or negative y direction. The results are taken
at the point where the shear stresses add):

(o a2 , , 3
) Sut .‘th[x} - Sf-[x}-ca—b[x} + Sut'crm_b(x}j

Tms_pl¥) =

2 2
Bp(x) + B4

Sg(x) .
Uras_b(x} = _S—t |_Urm5_b|:x}_:' + Sf(x}
u

2540 = |(7_600 = Tms 0]+ (7 b = s )

OZy(x) = J |_U'a_b(x}_.:': + |_U'm_b':x}.-:':

OZy (%) + ZSy,(x)

AT

Ng p(0.01) = 1282

40 T | E—
301 .
2 Nea®
= Npy®
5. W 1
= 1
£ -
10F .
—r-’w
e S i
0 3 10
X
(in.)
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Satety Factor (unitless)

0 [ 8
X
(in.)
=] Safety Factor Calculations
w| Deflection of Shaft
Torsional
Deflection:
I = ——— = 0483
32
-d 4
Iy = ——=0564
32
Iy = —— =1213
32
Iy=——=1215%
32
I5 = =314
32
’.n:-d_f’4
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E

G =—  =1172x 10
shaft = 514 1) -

Tmay (M1 =% %3-% Yo% G-k X5
+ + + +

—3
9 deflection = G = 6340 % 107 “-rad

shat\ 1 2 I3 Iy 15 s )
130
Hdeﬂecﬁon_degrees = HdEﬂEcﬁon'? = 0354
Bending L= fx<xy
Deflection: L i 5 < r<n
™
M I f myEa<x
. I f ;gZaasy

— dzdz + Cy-z+ C,
Bl 3 4

roor _
6=J J M Ig if 3y < x<x5

Iﬁ. if}{ji:}ii}{ﬂ

This is posing a problem. Basically, | think | will have to go segment by segment and
figure out what the deflection is. This could pose an issue, as | am not sure exactly how
to pull it off.

{in-htf)

[
—
*
—
=

T
L
[
-

I

=

(=]

ot

=]
5

(in.)

i ) — 14
Vol Loveratt) = —2-842 % 10

5 —12
M,(L g ega) = 2236 % 107 12
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—w -F -

Sing 45,59 — Ly ,%y,3) + ———————-sing 4(x,5;,%,,3) + .
dlx% - Ly.%.3) Sy —r) B, el )

B.{x) = -sing 41 x,0,x ,3‘ + —
= ey el ) 6Ly)E L
—Ww3 . —W, . F .
ot —-smgdlx,xl,x3,3} + —-SMgdlx,xg,x4,3} + \—-singdlx_.xél_— I_B_.x__l__.S:l + .
flz3 - ;) ELy ' CGmy-xmlEL - 6lplEL '
N W3 . | 3‘:. N Vg . | 3‘:. Wrotor (x.L 7":.+ Z1
——————-sing 4| x.xy.%5, ———————-sing 4| %, 15.%6.3) — -sing{x. Lo apay -2
(x5 — %) -E-Is ST xg — 5)E-Ig N 2 creverl U EL ()
0 T T
- — 21074 -
= 0 (x) = -634x 10”7
[ar] _4 = —§_3¢
S 80 g0t + =
= a0 .
. 180
4 | ! b xs)-— = —0.036
— 810 %6,
o 5 10 w
X
(n.)
-W . —F . —¥Wa .
vz} = ———-sing4|x.0,x .4} + - -sig g|5,59 — Lo %y, 4) + —————-sing 4| x,%0,57.4) + .
—Wy X —W, X
et —————————-5iNZ 4| X, Xy Xy 4| + ———————-sing 4%, X7, x4 4) +
Wy )BT, el )+ g e sl x4
F, . —Ws5 . - .
et —————-singq|x.xy — Lp.xy.4) + —/———————— -sing q|x.%,,%5 4} + ————-sing4|x,%; x4} +
Wig)EL dUTHT B ) Was -z} EL 404 ) Wrg—x5)EL, 40 )
“Wrotor \ Zl ZE
ot '5m§|x=1‘m'era]l-'3:' + X+
: ©EL(®  EL®
0 .
— 5107 -
S w® 1107 -
— 152107k -
— 21073 L |
) 5 10
X
(i)
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vy(0) =0  Therefore: Z1=0

-

Vlx,) = 3306 x 107

) —4
Yyl %p) = 4633 x 10

v [5g) = 1873 % 107

il Loveratt| = 1
Mote: This equation does not work for x > %6 because the material properties
for the rotor itself are unknown and would change from rotor to rotor.

Mote: This deflection calculation assumes that there is no correction factor that specifies
that the deflection at the bearings is 0. Results are more conservative than actual
deflections are likely to be.

[«] Deflection of Shaft

[x]Length of Keyway

Ideal Dimensions Assuming End-Milled Keyway:

1
rke}-_ideal':z} = E'dn':z} rke;;_ideal':u} = 0.034
s i ca 1 (7) = 025-d (z)
bkE}_mdt‘n_ideal a bke;,-'_width_idealw} = 0406
. - d,(2)
- . - z =
key_depth ideal g tkE}’_dEpﬂl_idEEll:D} = 0203

Current Key Dimensions:
ey = 0.01

brey width = 9373
tkE}r_dEpm = 0.188
Ansi Standard Key Size (based on ratios. Actual standard may vary. specified at top):
Parallel Square Key:
Piey width ansi = 037
brey width_ansi

Yoy depth ansi = 5

= 0158
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McMaster-Carr High Carbon Square Key:
Annealed 1095 Steel: Will require heat treating after cutting to length
MNormalized at 900 C, Air cooled (Properties from Matweb)

http:/fwww matweb com/search/DataSheet aspx?MatGUID=2afc640b240
cdfbcabeZbfecdaliibad

8 70800

v key =

Shear Failure (Safety Factor of

2):

S}_.s_ke}_. = D.i?‘?‘-S}___kE}_.

T
_max 4
Fapplied = o 1.108 x 10
] 2'l:'al:q:n]ied 5
Linin kev shear = 5 = 1283
- '_i,-'s_kE'_i,-"bL:Ej,-'_widﬂl_msi
Bearing Failure (Safety Factor of 2):
F .
lied
L P = 1481

min_key_bearing = g ot ]
v_key ‘key_depth ansi

Safety Factor 1.5:
13-F

] applied
LkE}-‘_ShEEIl_j = g _ _ = 0.962
vs_key bkE}-'_‘-ﬂdﬂl
L _ o l'jFapp]ied 111
key_bearngl 57 g ] =L
v_kev 'key depth
Safety Factor of Current Key
Length:
ey Sys ke Phey widh)
key | Pys_key “key_width .
SFkE}’_shea: = = = 1.3539
applied )
<E _ LkE}-" |.S}-'_kEj,='tkE}=_dept‘t1.:' 1351
key_bearing -~ F_ . = L
applied

[«] Length of Keyway
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[*]Vibration Analysis

Torsional Vibration:

Loveralt
‘TEH' =
Xl Xl - Kl K3 - Kz X;L— X3 Xj - }{4_ }{6 - Xj
— + + + + +
L5 1, Iy I Ig
G -J
haft ™~ eff
= — S 1417 10°
Loverall
. 3 . a . . 3
() (&) (4] fag)”  [ds) (d5)"
‘-"irll—- ‘-'irzl—- ‘-"ir'3l— _I_I—- ‘-"ir'-'i—. Wﬁ. — 1
L2 L2) \2)  fla) P\ L 2)
2-3864 2-386.4 2-3864 2-3864 2-3864 2-3864
ke 3
Wn torsion = | = 6323 x 10 radians per
In second
- 0 12 3 RPM
uJﬂ_tDIS]..Dﬂ.; =1M6x= 10
Vibrational Analysis - Rayleigh-Ritz
Method:
) " iemex
Mode Sape (Blevins):  sin| e
‘WL )
L "\.l
[ mx :
P13 = simf — | ’”'d14
I\.‘_ 6 J-' ]Xl = T = 0342
NELEY d
o) = sin | *.n.'-d24
| % ) L= o " 0482
. ) (s 4
f'ylx) = | — |-cos] — | w-dy
%) %) Ly = —— = 0607
. 2 (2mx) 4
y(x) = | x_ |-cos| x_ | T-dy
\ 6 6 4= —— = 1070
- L6 Ly o
3
Fa Ve ) o
. [ = L d=
P (®) = — | -sim — | Ix-'=ﬂ 2~ 1562
'~,x5,.’ \ xﬁ, J = 64 o
. 4
(2" . (2mx) w-dg
(%) = — = | -sin| T | Lg= —— = 28298
I‘\. xﬁ‘_,-' |\‘- Xﬁ _f' 64

94| Page



Kl Kz 3{3 14
myq = b -ipg(x) dx + tpyix) dx + ha(x) i+ ..
1 J 3864 CERE J 3364 MO J 356 1O 3864 DO

0 Xl Xz X3

xj W x‘ﬁ W, W,
6 2 rotor 2
+ ] — g X d.x+ —_— I_ .
J d‘” J 3864 M1 3864 ¥1(Loveran)
X

3864
34 5
Xl xz K3
Wy Wy v
M2 test = J el "ty (x)-y(x) dx + J el by () (3) | dx J e {0y a()) s+
0 5 x
X4 xj
) J g (P10 #a00) o J' Sooa (0109 02() & J Tosa | P109-a) dx +
33 34 .
Wrotor
T 3864 .{d}l{LU‘f'Efaﬂ}'d}z{]‘nverall}}
Frotor
"2 3864 .{d}l{]'m'era]l}'d}E{aneraJl}} =-04%2
o B Xy
M test T | g P1® Wi+ | - (g () (x)) e + = {4 b)) dx +
0 %) x
N w4 K W " W
) J e (P 420) J' Teoq (MO Ba0) &8 J Tos | P10 by
33 34 xj
“rotor
i 3864 .{d}l{LDVemJl}'d}E{aneraJl}}

w
my = %'{d’l{]‘nvera]l}'d}z{l‘nvera]l}} =-04%2
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Kl Kz 3{3 14
1 2 ) 2 w3 2 Wy 2
= ' e Frvs dx — d — di+
= J 5864 20 +J 5864 2 +J 5864 2 +J 3564 T2 T
0 31 32 X3
" W3 e Wg W
2 2 rotor 2
+J s6a 2O +J w56 12008+ o ol Loveran)
34 Xj
Xl 32 33 K4
"yt . n 2 2
k11 :=J ELydy(® dHJ Elgdy(x) dx+J E-Lg-"y(x) mJ ELy"y(x) dx+ .
0 xl Xz X3

X

s
L+ J EL gy () dx + J EL gy ()" dx+ E-x q)"l[xa}z +E-x cb"l{xb}2
34 Xj

3

% = %3
K2 test = J E-Ly- 9" (x)-9"(x) dx + J E-To-{ "y ()" (x) ) i + J E-Tg-{ "y () "y (x) ) dx + .
0 Kl 12
rRq i3
L+ | B0y ) dx + J E-Ls{ "y (9475 (%) ) dx +
- 3{3 3{4
]
ot | Bl ()-t"5(8) ) dx + Eenge| "y, ) by xp )| + Eenye o7y )75 ) )

Y35

ki = E-xa-{d)v"l{xa}-d}"z{xa}} + E-xb-{d)v"l{xb}-d}"z{xb}] =—3104 = lﬁﬁ

| = %3

K31 test = J E-L oy (5)-op"5(%) dix + J E-Ly{ "y () "5(x) ) dx + J E-Ly{ " (9-d5(x) ) dx + .
0 Kl XZ

f‘x;l Xj

ot | By ()-dy(6) ) dx + J E-Ls{ "y (9)- 45 (5) ) d + .
- 3{3 3{4

(6
wt | BT 70047900 dxr B (44 {ng)- 02 (xa)) + B4 472 )

“Xg

-’ -’ A -’ L -’ -’ b i L ﬁ

9% |Page



R Y] ~Eq

3
3 3 3 3
fyy = j ELyh'y(x) di+ | E-Lydh'y() dx+ J E-Ly'y(x)° dx+ J ELg'y() dx+
0 Xl Xl 3{3
I‘Xj a1 IAX6 T 3 3
t J E-Ls"(x) dx+ J E-Lig (%) dx + E-xp | x,) " + E-xgy by )
X__1 Kj
20T 20
\Epp —wmyy ) (k- wimyy )
7 N 7 A

oy wmyy ) gy - Wiy

Then find the determinant to find the characteristic

equation:

characteristic = |kjj - C!.mzz}lkll - mmll:} - |k21 - C‘tmll}lklz - c‘cmu}

-‘. N r 3 I »
of(mypmyy - myymyg )+ ofkyymyy + kpymyg - kyymyg - kypmys) + [k pkyy - k)

-
-b + Jb T—day ¢
ch ch char Cch :
Gt 1° = = 2 it x 10
- +2char

=
-b - Jb “—4a -
nat 2= chat char char char =247 = 103 rad/sec
B 28cpar

0 ;
“nat_adj = “nat 25 _ T 2145« 1I}4 RPM
_ X5
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Alternate version (not assuming the off diagonals will cancel):
Bchar 2 = (1122 — mll_test'mll_test:' = 0.023

benar 2= (521 test™12 test * K12 test™21_test ~ Kopmyy — kypmyy) = ~LT71x 10

=
b, +Jb “_4a -

char_2 char 2 char 2 Schar 2 .
== == == L 638 107

=
b - Jb T —4a -C,

char 2 char 2 char 2"*char 2 3

) - = = = = = 2206 x 10

“hat 2 alt 5. ®

rad/sec

6 7
“nat adj alt = i"’nat_l_alt'ﬂ = 2107 = 10 2EM

[«] vibration Analysis
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Appendix B- Thermal Expansion Mathcad Analysis

Thermal Expansion Calculations

Knowns:
@:=6.7810 ¢ Li=11 AT = 10(
Equation:
AL = o-L'AT
Soltuion:
AL = wLAT =7.458< 10 ° AL :=.036r
Fa s W

rotor

r4\
rs
ry r \ dy
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Appendix C- Shaft Drawing

fa ]
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a 5
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Appendix D- Bearing Support Drawings

a8 ra & 5 4 3 2 1
TEM NO. PART NUMBER DESCRIPTION QrY.
] P PLATE, DRIVE END, BEARING ,
PLATE, SIS DRIVEEND
2 WPiD1& BEARING SUPPORT ‘
3 WPID17 RIB, BEARIN i ]
PIATE BEARMNGSOPPORT OUTER

i e 4 WPID18 s 2
e 5 WFID14 PLATE, BEARING SUPPORT BASE 1
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Appendix E- Torque Meter Support Drawings
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Appendix F- Prime Mover Support Drawings
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Appendix G- Stator Support Drawings

1. Al'WELDS ARE AT THE SEAMS OF THE ASSEMBLY

é ALL WELDS TO BE IN ACCORDANCE WITH ASME

SECTION [X, WELD REQUIREMENTS

3. ALL VIBUAL WELD AND MAG PARTICLE WELDS TO BEIM
ACCORDAMNCE WITH ASME SECTIONY, MDT TEST
METHOD3S

4. VISUAL INSPECTION REQUIRMENTS:
INSPECTORS SHALL BE THOROUGHLY FAMILIAR WITH
THE PROCEDURES, TECHNIGUES, AND EQUIPMENT
EEQUIRED TO PERFORM THE INSPECTION AMD SHALL BE
CERTIHED TO SMT-TC-TA

ﬁ-.{ﬂ.N‘l‘ PATTERN CF (4] OR MORE PORES SPACED
CLOSER THAN 04 |5 NOT PERMITTED

B)MO MORE THAM (5) PORES ARE PERMITTED IM
AN CONTINUROUS SAMPLED & INCH 3PAN OF
WELD

C) NO LIMEAR INDICATORS ARE PERMITTED

]
(&)

]
[ o

.
"i‘/ .3?5:.3?5;%456)\ /33?5{.3?5}%45 22
21 2
,
é‘/ 3?5:.3?5]&
21
B
SECTION A-A
A
8 i &

ITEM NO. PART NUMBER DESCRIPTION QTY.
1 WPID22 PLATE, STATOR SUPPORT BASE 2
2 WPI023 PLATE, STATOR SUPPORT BOLT 1
3 WPI024 PLATE, STATOR SUPPORT SIDE 7
4 WPI025 RIB, STATOR SUPPORT 4
5 WPI024 PLATE, STATOR SUPPORT TOP 1 i
Il E
1
O | o
o
1
1
}
i 0
|
| c
1
i
0 i 0
i 375(.375) E-ﬁ 2
i 21
1
} E
'375(.375) F% 4 l
21 375(.375) Eﬁ 2
21

116 |[Page

UM LESS OTHERWIEE SPECIAED:

DRAEMSIOME ARE M IHCHED

AMCULAR: MACH  BEMD +
TWO PLACE DECRAAL 4
PEOFEETALT AN CON PIDENTLAL THEES FLACE DECRAAL *

THE FMRORMATON CONTABED M THE | afEimal

A WIS 15 THE SCHE PROPERTY OF AAS STEEL
AIEERT CEPANT HANE HEREW. AT
FEPRODUCTION I PR Of A% % wHOLE | HNEH

WATHCUT THE WITTEN PESMESIOR OF E.E-'

AINEER CEMPANT HANE HERE [

PRCHBRED, D T SCALE DRAWING

3

DEPARTMENT OF
MECHAMICAL ENGIMNEERING
WORCESTER POLYTECHNIC IMSTITUTE

MAME mate | TITLE:
DRAR mumccumon | 300431 ASSEMBLY, STATOR SUPPORT
CHECKED ECrEh | M-l
BN AFPR SIZE DWS. MO, REY
o C WPID27 -
CAGE CODE ] SCALE: 1:5 WBGHT: SHEET 1 OF 2



"375(.375) Pa,& /2

221

LEFT 3IDE VIEW

117 |Page

21

™
&/ .375(.375) @

RIGHT SIDE VIEW
SEE SHEET OME FOR NOTES DEPARTMENT OF
MECHAMICAL EMNGINEERING
FROFSELAY AN CEmEL WORCESTER POLYTECHNIC IMSTITUTE
THE BP0 I SO AIHED W THE UHLEES CTHERWISE SPFECIAED:
DEAWIHCE B THE 30UE PROPFERTY OF
SRR ORARA Y FAME HERER . &MY
REPRCIOUCTICH B A O AG & WHCLE  DRENSIONS ARE M INCHES TITLE:
e Comea e N | PRACTONALL ASSEMBLY, BEARING SUPPORT
FROHESTED. AMGULAR: MACH: BEMD
TWO PLACE DECMAL £
R — THREE PLACE DECMAL & SIZE | DWG. MO,
w e o WPI027 ReY
ﬁ{ R W A OO | 0] =
O A S ALE DRAWIG CHECKED EoCEs  ameces SCALE: 1:5 | WEIGHT: SHEETZOF 2
3 a 1



; . |
[= 1600 =

NOTE:
1. STOCK FIMIEH ACCEPTABLE
il |
o j
DEPARTMENT OF
UMLESS OTHEBWISE SPECIAED: -WPI MECHANICAL BENGIMNEERING
ORI AREIN PCHES WORCESTER POLYTECHMIC IMSTITUTE
TCAERAMCES:
FRACTIONALL MAME

ANGULAR: MACH: BEND = DATE

TITLE:
TWORACELECMAL +80 | Doawn waccomm | mioosz1  PLATE, STATOR SUPPORT BASE

PROFENTART AMD CONFIDENTIAL THREE FLACE DECMAL + 005

THE IRFORPAR TR DML MED M THS AR TEEAL CHECKED EO0R8  [a0iRd1

DRANIG [ THE SCLE PRCPERTT OF ASS STEEL ENG AFFR. SZE DWG. MO. REV

IMEEST COMNFART FAME HERE:. AHT

PEPRODUCTION W PART Ol A5 & WHOLE | FREH MFC APPR. A WPIOZ2 -

WITHOL THE WETTTEN FERMESICH OF -ﬁ?‘z Qi

IMSEST COMPARNT FAME HERE: B

ROHSTED. D WO SCALE DRAWRG. | Cioge Code | 81550 SCALE: 1:4 WEGHT: 2F.231B5| SHEET 1 OF 1
4 3 2 1

118 |Page



[7%]
P2
(=
[ ]

7B THRU “ \rﬁza_g{j | / \
I.TI

2x 24.00
Na, -

— 21000 = e 14600 —

STOCE FIMEH ACCEFTABLE

DEFPARTMENT OF
UMLESS CTHEBWISE SPECIFIED: WPI MECHAMIC AL BEMGINEERIMNG
DRAEREICHS ARE M MCHES WORCESTER POLYTECHNIC INSTITUTE
TOLERANCEL:
FRACTIONAL: MAME .

AHGULARE: MACH: BEND = TE

TITLE:
WO PLACELECMAL £01 | rpaws | mewee wmosez| PLATE, STATOR SUPPORT BOLT

FROPRISARY AMD COMPDEMTIAL | TFEE FLACEDECMAL + 005

T AT Pl CHECKED E OO il la BT R
ARG B THE SCOUE FIROPERTY OF mlmkaﬁ STEEL ERG AFFR. SEE DWG. MO REV
AIMEERT CICUMFA Y MAME HESE. &Y
FEPRODUCTION W PART OF &S A WHOUE | AR MFG APFR. WPEEE- -
WITHIOUT THE WTIEN FERMEEICN OF o A
IEER COMPFANT MAME HERER 5
FROHIATED. OO HOTACAIE DRAWIHG | CopsCode | 81559 SCALE: 1:8 wesHn sras.ss | SHEET 1 OF 1
5 4 3 2

1
119 | Page



- 14.00

1. STOCK FIMEH ACCEFTAEBLE

FROFENTALT AME CORE ITEMTIAL
THE NSRS, TR DORLA IMED N THES
DRAN MG B THE SOLE PROPEITY OF
SIMEERT DOMAFRFY FLAE HERE, AR
FEFRDDUCTION I PR O A5 A WHOLE
WTTHOLA THE WHETTEH FRRESION OF
SIHEER DOMPRRT FLE HERE- 15
FROFETED.

=] 4

UHLESS OTHERMWIEE SPECIAED:

DRAEMEONE AREIM MCHES
TOLERAMCE:

FRACTIONALL

AHCGULAR: MACH: BEND &
T PLACEDECKAL .00
THREE PLACE DECHMAL & 005
MATHARL

A348 STEEL
4
D HCT STAUE DRAWING

3

DEPARTMENT OF
MECHAMICAL ENGINEERING
WORCESTER POLYTECHMIC IMSTITUTE

WPl

TITLE:
ot | memeoame maocez  PLATE, STATOR SUPPORT SIDE

CHECKED ECDEE 0021

BN AFER. SEE DWGE. MO, REY
WF: APPR. WPI024 -
= A

Cogs Code | 8159 SCALE: 1:B WEGHT-54.45 83| SHEET 1 OF 1

Z 1



WOTE:
1.
2

STCCK FINISH ACCEPTABLE
SHARP EDGES NOT REGUIRED

FROFENTART AMD CONPIEMTIAL
THE INFOEPAR, TIOH CORLA IHMED M THES
DEAN MG THE SOUE PROPERTY OF
SINEERT DOMAFARY FUUGAE HERES, & HT
PEFRODUTTION W PA OR AS & WHOLE
WTTHCLA THE WETIEN PERMESION OF
IHEER DOMPARY FULGAE HERE 5
PROHISTED.

5 4

.

UMLESS OTHERWIEE SPECIFED: =

DRABREICHT ARE IN MCHES

TOLERAMCES:

FRACTIONAL L

AHGULAR: MACH: BEMD &
TWC PLACE DECIAL £ 00
THREE PLACE DECIMAL = 005

mafEaAL
A34 STEEL

ol

D WO STALE DRAWIMNG

3

121|Page

—|—— a7

DEPARTMENT OF
MECHANICAL BNGIMEERIMG
WORCESTER POLYTECHMIC IMSTITUTE

HAME DATE

T B PPy RIB, STATOR SUPPORT

CHECKED ECOEE | 2010043

Era APFR. SEE DWG. NO. REY
MR APPR. WPIOZ25 -
A

Congs Code | 81359 SCALE: 124 WEBGHT: 9.57 LBZ | SHEET 1 OF 1

2 1



16.00

MOTE:

1. STOCE FAMIH ACCEFTABLE

FROFENTART AMD CONPIEMTIAL
THE INFOEPAR, TIOH CORLA IHMED M THES
DEAN MG THE SOUE PROPERTY OF
SINEERT DOMAFARY FUUGAE HERES, & HT
PEFRODUTTION W PA OR AS & WHOLE
WTTHCLA THE WETIEN PERMESION OF
IREER DOMPARY FULUAE HERE 5
PROHISTED.

E 4

UMLESS OTHERWIEE SPECIAED:
DRABREICHT ARE IN MCHES
TOLERAMCES:
FRACTIONAL L
AHGULAR: MACH: BEMD &
TWC PLACE DECIAL £ 00
THREE PLACE DECIMAL = 005
s AL

A38 STEEL

il

Dl MO STALE DRAWIND

3

122 |Page

DEPARTMENT OF
MECHANICAL BNGIMEERIMG
WORCESTER POLYTECHMIC IMSTITUTE

MAME mate | TITLE:
| mumemme miaoes  PLATE, STATOR SUPPORT TOP
CHECKED ECCEE | 0I0043
Era APFR. SEE DWG. NO. REY
M aree A WPI026 -
Coge Code | 8139 SCALE: 1:B WHGHTI1?450185 | SHEET 1 OF 1
2 1
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Appendix I- Prime Mover to Torque Meter Coupling Drawings
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Appendix J- Torque Meter to Shaft Coupling Drawings

ITEM NO. PART HUMBER DESCRIPTION GTY.
1 WEINZ3 CONNECTOR, TORGQUE METER TO 1
O .
2 WFI032 = SHAFT 1
OPLING, SHAFT TO TORGIUE |
3 WFID34 METER 1
:)\ .. %
\1
.
~
[N
x—
s
= \®
%ON A-A
A A
DEPARTMENT OF
MECHAMICAL BEMGIMEERIMNG

FREOPRETANT AND COMADENTIAL
THE RFORMATION CORTAMED N THIS
DA WING E THE SOLE FROPESTY OF
SIS OOMAPANY MAMLE HEREr. ANT
REFRODUCTION N PART O A3 A WHOLE
WITHOLUT THE WiSTTI En PERMBLESIOH OF
SIMEERT COMAFART MAME HERE. &
FROHSIED.

4

UMILESS OTHERWISE SPECIRED: |}y WORCESTER POLYTECHNIC INSTITUE

rolaCE: e | o | TE
ARGAR MR PISE DR | e | 0GB ASSEMBLY, TORGUE METER TO
THREE FLACE DECIMAL 2005 | CHECKED ECOM | 20it0e SHAFT COUPLING
MATEAAL EMG APFR.
A 36 STEEL A SZE DWG. MO. REV
i MFCH AFPR. A WPI035 -
v G
D MO SCALE DRAWRG. | Ct0E CODE B1259 SCALE: 1:3 |WEKGHT: 12.04 LES.  SHEET 1 OF 1

3 1

133 |Page



Ly
2x 03 X 45.00° ~\ ®2.50
_L | @1.00
2x 1.00 .
2 1.41 |
i'\-_"l
)
2% 03 X 45.00° 2 50 . Gﬁ 2% R.03
DETAIL B DETAIL C
DETAIL A SCALET:1 SCALET -1
SCALET -1
2x R.0&
DEFARTMENT OF
: : MECHAMICAL BENGIMEERING

LIKLESS OTHERWISE SPECIRED: i 43 WORCESTER POLYTECHMIC INSTITUE

DIBMERGONS ARE 1N HCHES e :

rmel.t HAME - TITLE:

PO PACE DAL 2D | TN mamn | BIB5E ooy NG, TORQUE METER TO SHAFT

THREE FLACEDECMAL + 05 | CHECKED ECOM | i
e mm:;glcl-mmn1m AL TEIAAL FRC APPSR SEE DWG ND R‘E‘I‘I
SRS COMAPANY FRME RS, AT 38 STEEL MFD AFFE A - WPDHE
REMROCUCTION B PART OF A5 5 WHOLE P -
WTTHOUT THE WETTEN PERMABSIOHN OF ﬁf (+T N
e AT DO HOTACALE DRAWIRD | CA0E CODE B135% SCALE: 1:2 weiGHT 429185 | SHEET 1 OF 1

5 4 3 z 1

134 | Page



* 2x 88

450

Ty 03 ¥ 45.00° —/
A"'J SECTION A-A

- x R.0&
/] | | A
' o \ _/S:ECHDN B-B
2x .08 N 2x 03 X 45.00°

L ) &

[ o]

DETAIL C
DETAIL D SCALET -1 E\EE?MNIEIJ‘IL%NEERING
SCALET:1 LMLESS CTHERWISE SPECIRED: WORCESTER POLYTECHNIC INSTITUE
DIMENEICHS AFE I MCHES :
ram"ca:} e | owE TITLE:
HIBLLAR: MACH:  BEMD
Fﬂ-::: Pu.CFl:E:H Lo r_.* DRAWH ey | 2132 (CONMECTOR, TORGUE METER TO SHAFT
THREE PLACE DECMAL £ (06 | CHECKED ECOM | mioies
FEOFRITARY Aln-ﬂ:.rl:-'-!.
mmwﬂﬁmmﬂruu M"Iw:.i.ﬂﬁ STEEL EMG APFR. SFE DWGS. MO, REV
NSERT COMPANT MAE HEREr. ANT MR AFFR. A WPI033
PERRCOCUCTION I PART OF 45 5 WHOLE PR
WITHOUT THE WEITIER PERERCH OF II:?; G
o, MERERCE DO MOTICAECRAWNG | cagscoce|  B12S9 SCALE- 1-2 |WEISHT: 412185 | SHEET 1 OF 1
5 4 3 2 1

135|Page



_5-_,. —i=
—a 1 00 |m—
2x 03 X 45.00° &x R.03
2% R0&
DETAIL A DETAILE DETAIL C
SCALET -1 SCALET -1 SCALET -1
DEPARTMENT OF
: MECHAMIC AL BENGINEERING

UMILESS OTHERWISE SPECIRED: WORCESTER POLYTECHHIC INSTITUE

DBAEMEHE ARE 1M HCHES -

rME& WaME | DaTE TITLE:

Mty O0F | BN | ®IERE COUPLING, SHAFT TO TORGIUE METER

THREE FLACE DECHAL + 005 | CHECKED E OO | oo
|r:m|r:1ulgwfﬂnl.mu:-u1m PALTEAAL EMC APRR:
LA WIHG B THE S0OLE FRoesey OF A34 STEEL . SEE DWG' ND' RE"II
ISR CEWPANT NAME HERES AHY WFD AFPR. WPRIO34
EFROCUCTION M PART (3 &3 A WHOLE FREH I'l:-EI’,-r A -—
WITHOUT THE: WTTEr PERRABSION OF (=F W
mr_ua_ e DO HOTSCALE DRAWHG | (CAGE CODE B1259 SCALE: 122 'weicHT:- 95818 | SHEET 1 OF 1

3 2 1

4

136 |Page



