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All technological advancements come about by exploration of ideas through research.
Fermi National Accelerator Lab is actively participating by conducting the high energy particle
physics experiment “Muons to Electrons” (Mu2e). In this experiment, scientists within the Mu2e
collaboration will try to understand the relationship between two particles, the Muon and its
subsequent conversion into the lighter mass electron without any additional neutrinos. To do this,
a high intensity muon beam will be generated and then transported to the Detection Solenoid
(DS). The Muon Beam Stop (MBS) is the last component within the bore of the detection
solenoid. The MBS will be assembled onto a rail system within the DS bore. Additional
structures capable of effectively transporting and supporting the MBS weight during installation,
alignment and testing are necessary. The structures will need to accurately position the
components to meet the experiment’s general tolerance of +2mm. The designed structures must
effectively hold up the MBS for the life of the experiment and absorb deflections from the
ground during the installation. To effectively transport and support the MBS, two separate joint
structures were designed for each end of the MBS and each will ride on two separate surfaces.
The leading-end into the DS Bore has a large spherical joint capable of rotation in all directions
while the back end allows for rotation as a result of floor deflections. The structures have both

been analyzed using ANSYS and they satisfy safety requirements with a safety factor larger than



4.0 while adhering to the positional tolerance of £2mm. Design drawings have been prepared and
have also been approved for fabrication by the Beamline engineering group of the Mu2e

Experiment.
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CHAPTER 1

INTRODUCTION

Fermi National Accelerator Lab is running a research experiment named Muon to Electron
(Muz2e) that seeks to deepen the understanding of particle physics. The experiment will seek to
contribute to discussions in particle physics as whole by attempting to observe the direct
conversion of muon particles into electrons in the presence of a nuclear field and without any

emitted neutrinos [1]. The research is a collaboration effort of scientists around the world.

1.1  Why Research?

The muon is a member of the lepton family of particles. It is in the same family as the
electron which provides electricity that powers homes and industries. The understanding of
electrons and its relation to muons will advance knowledge of particle physics beyond the
standard model; a theoretical framework that describes all known particles and their interactions.
The Standard Model works at explaining lower energy particles and their interactions but breaks
down at higher energies. According to the Mu2e research website, the questions that can be
answered from this research are:

e  Are there undiscovered principles of nature: new symmetries, new physics laws?

e Do all forces that dictate particle interactions merge into one force, called a grand
unification, at higher energy scales?

e  Why are there so many kinds of particles?

e If charged lepton flavor violation occurs, is it related to the flavor violation seen with

quarks? Or is it due to new phenomena at the Terascale, an energy region named for
the tera, or million, electronvolts of energy needed to access it? [2]



Ultimately, the experiment will expand on existing knowledge of higher energy sources, and

their interactions with our universe.

1.2 What Are Muons?

The standard model of physics contains 24 fundamental fermions (12 particles and their
associated anti-particles), and 5 bosons, which are the constituents of all matter [3]. The particles
are grouped into families of similar characteristics. Figure 1.1 shows the twelve fundamental

fermions in the first three columns, gauge bosons in the fourth and the Higgs boson in the fifth.

mass — =23 MeVic? =1.275 GeVl/c? =173.07 GeVic? il =126 GeVic?
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down strange bottom photon
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1/2 ])e 172 D}l 172 -l)T 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1 — Standard model of particle physics showing mass, charge and spin [4].

These elementary particles make up the standard model of physics. The fermions are divided into
two groups, quarks and leptons. The muon is one of the three charged leptons; it is a heavier
particle than the electron. Particles of the quark family and neutrino leptons have previously been

observed to change to lower energy (lighter mass) states of its family [3]. This is generally



because of the unstable nature of heavier mass particles. This model for quarks is theoretically
believed to be the same for the remaining leptons: tau, muon and electron, but this is yet to be
proven. The muon is about 200 times heavier than the electron and could make the same
transition as quark and neutrino leptons into an electron. The normal muon decay is p'N + e'N +
Vet Y. and conserves muon and electron “number.” The signal for Mu2e is u'N + ¢'N and

violates lepton number decay. It is a so-called charged lepton flavor violation.
1.3 Experiment Overview

The Mu2e experiment will be run on the Fermilab campus in Batavia, IL [3]. It will make use of
the lab’s existing particle accelerator as well as a new beamline specifically constructed for this
experiment. The new beamline will feature of a network of superconducting solenoids that are
being designed to produce and transport the low-energy intense muon beam and detect the
particle conversion to electrons [5]. The Mu2e experiment has a heightened level of precision
relative to previous experiments conducted at Fermilab. The design for the experiment is based
on the MECO experiment proposed at Brookhaven National Laboratory in the 1990s and MELC
experiment proposed at the Moscow Meson Factory before that. The brookhaven experiment was
discontinued in 2005 when its funding was pulled and the MELC experiment was shut down due

to political and economic crisis in Russia at that time [6].

1.3.1 How It Works

The Fermilab Booster shown in figure 1.2 will accelerate protons to 8GeV and produce the
intense muon beam for Mu2e. The protons will be supplied to the Recycler ring where they will
be stacked, bunched, and extracted to the muon delivery ring. Once here the protons will be

slowly extracted and delivered to the muon campus which includes the Mu2e apparatus [5].
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Figure 1.2 — Fermilab accelerator complex [7].

The protons from the muon delivery ring will strike a production target and produce
muons. The muons travel through a system of superconducting solenoids; the Production
Solenoid (PS), Transportation Solenoid (TS) and the Detector Solenoid (DS) to complete the
experiment. Each of the solenoids has a unique purpose for creating, directing, and then

detecting and stopping muons.
1.4 Mu2e Experiment Solenoids

Figure 1.3 shows a cross-sectional view of the solenoids looking in from the top. The proton

beam from the Muon Delivery Ring will be supplied to the production solenoid where the



production of muons will happen. The produced muons will then travel to the detector solenoid

through the transportation solenoid in an S-shaped pattern, from the production solenoid.

“Note: Dimensions shown in
operating (cold) conditions.

TSd . '

[+Y Out of page)

-3904

SECTION A-A k.

Figure 1.3 — Cross-sectional view of the Mu2e solenoid System [8].

1.4.1 Production Solenoid (PS)

The production solenoid like its name suggests is responsible for the production of muons. It
provides a target for the incoming batch of protons. The tungsten target is about the size of a
pencil and of all the protons on target, only some produced become muons and move into the
transportation solenoid [9]. The muons created will be set in a forward spiral motion that is
created by the PS magnet. The protons which do not strike the target will exit the PS bore
through the internal walls of PS and get absorbed by the PS magnet shield as illustrated in figure
1.4 below wherein the red spiral represents the path of muon particles and the blue spiral
represents the path of protons particle that do not strike the target. The magnetic field within the

solenoid will regulate the muons’ momentum till it reaches the transportation solenoid (TS).



Figure 1.4 — Conceptual view of Mu2e detector solenoid [5].

1.4.2 Transportation Solenoid (TS)

The main function of the TS is to supply the Detector Solenoid (DS) with the muons generated in
PS. The transportation solenoid is ‘S’ shaped and has two sections; upstream and downstream.

These sectors are split into five sectors; TS1 — TS5 which can be seen in figure 1.5 below.

TS5

ST =

Figure 1.5 — The 5 Sections of the Transport Solenoid [10].



TS1, TS3 and TS5 are lateral sections and are designed to maintain the momentum of the
particles. The upstream part of the TS is responsible for receiving muon beam particles, and is
comprised of TS1, TS2 and TS3. The magnetic field in TS1 matches the field in the PS to
effectively transfer muons; this is the same in TS5 where the magnetic field matches the field of
the DS. The first curved section, TS2, disperses the beam in order for a collimator to perform a
sign and momentum selection of particles [10]. TS3 transfers the beam to TS4 in the downstream
part then TS4 converges the muon particles and align them to the center of TS5. TS5 is aligned

to the stopping target in the DS and supplies the DS with the muon particles.

1.4.3 Detector Solenoid (DS)

The Detector solenoid is the last of the three solenoids used in the experiment. It is the final path
in the muon beamline where the conversion from muon to electron is to be observed.

Calorimeter
Muon Beam Stop

Tracker
Outer Internal
Proton
Absorber

Downstream
External Shielding
(End Cap Shielding)

Detector Solenoid Downstream External

Shielding (Downstream
Cave)

Figure 1.6 — Model of detector solenoid showing internal components [11].



The entire structure without the concrete shielding is 14,11 1mm long and about 1,800mm
across with a magnetic field of 1 Tesla. The Earth's field for comparison is 0.0006 Tesla.
Components while within the DS bore can be seen in figure 1.6 above, these components are
supported by two rails axially separated by 1,000mm in the Mu2e X-direction (across the bore),
and are transported linearly by bearing blocks shown in figure 1.7 below [11].

DS bore

centerline to
center of travel

!it
=1

20mm total
L L wartical travel

A

7 !\ - Bearing block

Precision /’|~—_H_J‘H“- 27 Tiar Bar

Rail
T "~ Rail Platform
20mm total horizontal
travel

*—— 500 mm from D5 bore
centerline to center of
travel

Figure 1.7 — Conceptual design of Rail section [11].

There are two rail systems, Internal and External. The internal rail system is used to
transport components within the DS bore as well as define permanent positions for them. The
external rail system shown in figure 1.8 is located outside of the bore and is used to transport
components into the DS. The rail external system will also serve as a garage position for the
components before alignment in the DS bore takes place. The muon stopping target is the first
component within the DS bore. Muons that stop in the target are captured by the target nuclei
when they decay in orbit and produce various reaction byproducts, including protons, neutrons,

and gammas. This is also where the signal reaction @ + Al — ¢ would occur. On average,



approximately 0.15 protons are emitted per muon capture, and the protons’ energy spectrum is
centered at several MeV [12]. This leads to the need for a proton absorber, since these protons
can reach the tracking detector (Tracker) and offset the results of the experiment. There are two
proton absorbers within the DS, Outer and Inner. They work in unison to reduce the momentum
of emitted protons that enter the tracker. The aluminum target will capture roughly 40% of the

muon particles that make it into the bore [12].

Downstream
External Shielding
{Downstream Cave)

Outer Internal Calorimeter

Proton

Alsorher Downstream
Tracker External

stop " Shielding (End

Cap Shielding)

Detector
Solenoid

External Rail

System Instrumention
Feedthrough
Bulkhead

Figure 1.8 — Conceptual design of Rail section [11].

The next two components in the DS are the tracker and the calorimeter. The tracker
measures the trajectory and momentum of a charged particle, while the calorimeter reports the
existence of the particle and its energy. The calorimeter cannot be used by itself to measure the
electron presence because there are too many sources of ~100 Mev/c electrons. Ultimately, the

tracker provides a way to identify the particles which come off the stopping target versus all the
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particles that make it to the calorimeter. The final component in the DS bore is the muon beam
stop (MBS) shown in figure 1.9. This is where the other 60% of the muons stop. The MBS is
designed to absorb the energy of beam particles that reach the downstream end of the solenoid
while minimizing the background to the detectors from the muon decays. Structurally, the MBS
consists of several concentric cylindrical structures of stainless steel and high density
polyethylene. The MBS is coaxial with the DS bore, and the green end plug is on the

downstream end [13]

b-ii

b-iii
a. Stainless steel tube and rings (gray)
b. Exterior absorber (blue)

c. Interior absorber (red)
d. End plug with axial hole (green)

Figure 1.9 — Cut-away view of the MBS illustrating the components [11].

The MBS is linked longitudinally to the rest of the detector train (calorimeter, tracker,
proton absorbers and stopping target) on the upstream end. These connections allow all
components of the DS to be inserted and extracted as a single unit. Details of the structural

elements, dimensions, weight, and position, are described in [14].
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1.5 Thesis Objective

The primary objective of this thesis is to design and analyze support structures to be used in the
installation, test and final positioning of the MBS throughout the life of the Mu2e experiment.
There several requirements for the MBS imposed by both the scope of the experiment and, other
components within the DS bore. The functions of the MBS are: 1. To limit the induced rates in
the Tracker, the Calorimeter and the Cosmic Ray Veto due to backsplash-and-secondary
interactions, and 2. To reduce radiation levels external to the Detector solenoid. The structures
used in supporting the MBS will also adhere to requirements imposed by its functions. These
requirements are critical to the support structures and affect design decisions. Other requirements
critical to the design are imposed by the weight, positional tolerance and assembly procedure of
the MBS, and also, the magnetic field and vacuum dose rate of the DS bore. A detailed
breakdown of how each requirement affects the structural design can be found in chapter 2.
Chapter 3 describes the design of each support structure and its attachment to the MBS while
chapter 4 describes the results from structural analysis of the support structures. Chapter 5
describes evaluation for the design through testing and calculations while the conclusion in
chapter 6 reports the current status at the time of this thesis submission with a plan for future

work to be completed until final design and installation.



CHAPTER 2

REQUIREMENTS FOR SUPPORT STRUCTURE DESIGN

2.1 Overview

The requirements for the MBS support structures are set by the weight MBS and by the physics
requirements of the Detector solenoid [11]. The original design mass of the MBS was about
5000kg which included a single dimensional size tube wrapped with lead shielding. The research
project timeline lists physics simulations (that define mechanical requirements) to be run until
experimentation begins, and therefore means that components such as the MBS can change in
weight and size. A document that optimizes the MBS weight versus its center of mass has placed
an upper bound for the mass of the MBS at 6125kg with a safety factor of 3[15]. In this
document, the limiting factor for the MBS is the loading capability of the bearing blocks that
hold up the support on the rails [11]. The MBS supports acts as the connection point to the
bearing blocks and should be able to withstand a load of 6125kg from the MBS (inclusive of
loads arising from power cables and service lines that facilitate the calorimeter and tracker). The
positional accuracy of the MBS depends on the accuracy to which the MBS support structures
can be aligned within the DS bore. The requirements therefore set are that the MBS is accurately
placed in its experimental position. The MBS will have to be placed with accuracy specified in
table 2.1.1 below. Components will be aligned to a set of fiducials which are positioned to the

center of the detector solenoid’s geometric bore [14]. The need for such accuracy is driven by a
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desire for the hole in the plug of the MBS (‘d’ in Figure 1.9) to have a direct line of sight to the

stopping target monitor which is also aligned to the geometric center of the detector solenoid.

Table 2.1.1

Accuracy of MBS placement required during installation relative to fiducials.

Positional Accuracy
X Y Z

+2 mm + 2 mm +2 mm

In addition to the positional accuracy, there is a reproducibility tolerance of zlmm in X, Y and Z
direction from the initial position of the MBS. The MBS along with the train of components
within the bore will be moved in and out of the bore for alignment and field mapping.

Figure 2.1 shows the position of the MBS relative to the Mu2e coordinate system with
origin [0, 0, 0] located at the center of the Transport Solenoid [16]. The beamline is along the Z-

coordinate.

0 830 1920~ L2043 3030 40352 4086
{13230) (14060} (15150)  (15273) (16260) [17265.2)  [17316)

MBS Coordinate
[MuZe Coordinate)

Dimensions in mm

Figure 2.1 — Top view of the MBS showing Z coordinates for the experiement.
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2043mm is geometric center in figure 2.1 above, while other locations specified show center
positions of MBS components, as well as the beginning and end positions of the entire MBS.

Aside from the positional tolerances described above, physics requirements for a
magnetic field and the presence of radioactive particles limit the materials that can be used in
making the supports. The magnetic field of the DS bore requires non-magnetic metals to be used
in design to avoid interference with the field or displacement of the supports. Radiation
requirements are also to be met by the support structures. Materials that will produce secondary
particles when exposed to radiation should be avoided. The MBS is expected to be a non-
contributing member to any radiation in the system and the supports should be placed in
positions deemed safe by the physics simulations. The safe positions are outside of the external
shielding of the MBS.

In addition to requirements listed above, new requirements were established for the
MBS’ installation sequence. Concerns over stress being transferred to the MBS led to
requirements for the support structures to have some flexibility and allow movement in all
directions for alignment. The installation of the MBS will subject it to floor deflections that can
damage a rigid structure with fixed supports. This is a leading cause in the change for the support

structure from the previous design.

2.2 Initial Support Structure Design

The support structure design conceptualized in figure 2.2 below was made up of three
beam structures connected longitudinally [17]. The beam structures were to sit on bearing blocks
that ride on the rail system in the DS bore. The relative positions were held in place by axial

rods, there were two problems with this design.
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Figure 2.2 — Obsolete support structure for MBS [17].

The first problem was that the space between downstream bearing block and the Instrumentation
Feedthrough Bulkhead (IFB) [11] controlled external stand dimensions. The external rail stands
which hold up the assembly for the DS in its service position during installation-and-alignment
will be removed. Figure 2.3 below aids the explanation of the installation sequence. The MBS is
to be pushed into the DS bore and when the load of the MBS on the rear support structure made
it onto the oncoming stand, the previous stand will be removed (into/out of the page). This was
to be repeated until the MBS made it into its final position in the DS bore and the IFB was bolted
to the DS bore (like a cap on the end of a bottle). The length of the stands and the distance ‘y’
were optimized to make this possible. The stands were reduced to lengths practical for design
and manufacturing, and thus determined the minimum distance ‘y.” The distance ‘y’ therefore

controlled the reaction forces to be experienced by the supports in this design.
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Figure 2.3 — Obsolete MBS assembled on external stands [18].

The force reaction for each support was 4.4KN for the front support, and, 46.4KN for the rear
support because the rear support was a lot closer to the center of mass of the MBS. The
calculated reaction forces had to be carried by the bearing blocks introduced in section 1.4.3. The
chosen bearing blocks were the HSR 55L. These blocks had a max load rating of 32.9KN. Since
each support will have two bearing blocks, one on each rail, the load for one bearing block on the
downstream (rear) support was half of the total reaction force of the rear supports. Dividing the
allowable load by the actual load gave a total safety factor of 1.4 which was unacceptable. To
increase the safety of the design, two more bearing blocks and a third beam were added to the
system bringing the total for the rear end support to four bearing blocks (two on each beam, see
figure 2.4). The addition of the two blocks increased the safety factor to an acceptable 2.6 [18].
However, because a third beam structure was added to the system and the distance of ‘y’ had to

remain fixed and the center of the supports had to also shift to the left. In order to achieve this,
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the front beam structure was moved to the right. Although the safety of the design was achieved,
the highly load concentrated on one support was not desirable especially because there were

multiple rail segments. The fear of getting stuck between two misaligned rail segments due to

very high loads loomed.
i D
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Figure 2.4 — Support Structures Showing Moment Calculation Factors [18].

A second and more glaring problem with this design was the inability for the supports to
allow potential deflection of the MBS during installation. The beam structures were designed to
be rigidly mounted to the bearing blocks on the rails. Any misalignment again would potentially
result in a locked system either during installation or extraction of the detector train. This
coupled with the load concentration on the rails created a need for a new support structure
design.

The new support structures were designed to with a drive to allow longer external stands
to be used in the system. The structures designs create a mechanism that addresses all the

requirements listed in this chapter. The front end of the MBS support allows the object to roll



18
around the x, y and z axis, and the back end will be supported by the IFB to increase the lengths
of the external stands. Support from the IFB through the trunnions need to allow rotation around
y-axis as the IFB potentially moves up and down on the floor. Finally, a temporary support for
initial unloading of the MBS from a crane is necessary. This will be mounted on the rails, but not
fixed relative to the front rotating support. Additionally, the temporary support must remain
small enough to go between service and signal lines. The subsequent chapters describe the
design features of each, followed by a structural analysis with finite element method software
where loads and constraints are specified. The more mature design has gone through multiple

design reviews and fabrication of prototypes has commenced.



CHAPTER 3

MBS SUPPORT STRUCTURE ENGINEERING DESIGN

The designs for the three supports to be used by the MBS during the Mu2e experiment are
described in this chapter. The support are labeled in figure 3.1 below

_ Trunnion
== L Support

Temporary
Support

Figure 3.1 — MBS with Support Structures.

3.1 Gimbal Support

The gimbal support is responsible for gravitational loads and longitudinal loads at the

upstream end of the MBS. It is a two-part structure that provides the MBS three degrees of
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freedom: Rotation about X, Y and Z-axis. Parts of the gimbal support are shown schematically in

figure 3.2. This full range of rotation allows movement the MBS during installation.

@ .

Bearing bronze plate andsphere
with clamp pininserted

Stainless steel socket

Stainless steel saddle for MBS

Stainless steel frame

Figure 3.2 — Exploded view of Gimbal Support components.

The mating surfaces responsible for rotation have the same surface radius of 17.78cm
(7in). The top saddle is screwed to the bronze part of the joint (male) which mates with the
socket (female) part which is stainless steel. The stainless steel female part is welded to the
stainless steel frame which is bolted to four bearing blocks on the rails. The mating of these parts
of equal surface radius provides the MBS freedom to rotate in all three (X, Y, Z) axes. The MBS
requirement for rotation is minimal given the potential displacement of the IFB during
installation [19]. The design accommodates for the relative vertical motion of the MBS to DS
and 1s constrained by the Smm gap that exists between the back end of the MBS and the IFB

interior face. The required rotation about the x-axis can be calculated by taking the arctangent of
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the MBS-steel’s-bore radius divided by the gap. The calculation yields a rotational maximum of
0.6° (more in Section 3.2).

Due to the high gravity loads from the MBS, it is unlikely that separation could occur
between the front support and the MBS, even when in motion. Nevertheless, a mechanism has
been designed to prevent any such separation. A pin acts as a loose clamp and locks the male
part of the joints into the frame on the bottom (see Figure 3.3). The pin has freedom to rotate up
to 2° without making contact with the frame on the bottom. The saddle part of this structure is
attached to the MBS to transfer axial loads using bolts. The top-most surface of the gimbal
support will lay coincident to the MBS stainless steel tube.

There are six holes in the bronze semi-sphere that bolt to four holes in the saddle
structure. The two extra holes provide symmetry with 60° spacing between each hole and help

avoid misalignment that can arise from asymmetric dimensioning.

-

Figure 3.3 — Exploded view of gimbal support assembly.
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Four thin blocks welded to the MBS steel will be used to bolt the two structures together
as shown in figure 3.4 below. The blocks will not rest on the saddle surface to avoid the

transferring gravitational loads of the MBS. All of the MBS’ weight is carried by the saddle in

the gimbal top.

w V T s

Figure 3.4 — View showing close-up of attachment area of MBS and gimbal support.

The structural support for the bottom frame part of the assembly consists of flat pates of
stainless steel welded together. Four vertical plates that give the support structure elevation are
sandwiched between two horizontal plates. In order to prevent buckling of the horizontal plates,
two of the four vertical plates have been rotated 55°, from the direction normal to the DS bore
(See Figure 3.3). The space between vertical plates is sufficient for welding assembly of the
support structure. Complete engineering drawings for parts of the gimbal support approved for
fabrication are in Appendix A. The remaining drawings for other designed components as well

as their “stp” files can be found on the fermilab Mu2e document database [20].
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3.2 Trunnion Support

The trunnion support is located at the downstream end of the MBS. The support is a
locking mechanism that attaches the MBS to the IFB. The mechanism consists of two pins and
two sockets. The trunnion socket can be seen in figure 3.5 below while the figure 3.6 shows the
cross-section of the pin with dimensions. The trunnion support is located on the downstream face
of the MBS, each socket assembly will be placed into an allocated space in the MBS steel tube

and welded to the tube using a fillet weld.

Bronze msert

Stainless-steel Stainless-steel
block cover

Figure 3.5 — Trunnion socket assembly.

The trunnion socket assembly is comprises of 3 parts: The main body (block), a cover,
and a bronze insert. The stainless steel cover ensures that the IFB pins stay locked into the MBS,

and controls the axial position of the MBS. The cover is screwed into place and can be seen in
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figure 3.5 above. Each socket has a bronze insert that mates with the trunnion pin. The pins lift
the socket (and the MBS via weld) from underneath the bronze insert. The functionality of the
support therefore requires that both mating surfaces allow motion and reduce friction. This leads
to the unique design of the trunnion pins and the material selection for the trunnion socket insert.
The trunnions are square pins 50.8mm across with 12.7mm radii on the corners, they are flat on
three surfaces and each have a bend radius of 800mm on the top surface which mates with the
socket. The bend in the surface allows rotation and reduces the likelihood of stress

concentrations.

Blend Radii—
\
\

R800.00 \ | 50.80
[314—96] II". \i — [2000]
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|
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[0.50] i
| 50.80
[2.000]

Figure 3.6 — Trunnion pin showing dimensions.

The assembly of the trunnion support and MBS is shown in figure 3.7. Each pin is
welded to the IFB at the center of the DS bore (in the Y-direction), they are separated by 180
degrees. Dissimilar metals in contact reduce the likelihood of failure due to galling, for this
reason, silicon aluminum bronze was the selected material chosen for the insert. Bearing bronze
could have also been used in the function but it has yield strength lower than silicon aluminum

bronze.
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runnion Assembly

% J

Figure 3.7 — Sectional view of MBS and IFB assembly.

The trunnion supports serve to support the rear end of the MBS as well as to
longitudinally connect the IFB and MBS. These support pieces allow one degree of motion:
rotation about the X-axis. The maximum rotation allowed by the trunnion supports is 0.6
degrees. The limiting constraint on rotation is due to the Smm gap that exists between the
upstream end of the MBS and the IFB interior face. The rotational constraining value is

calculated using the following equation:

Where AY represents the distance between the center of the trunnion pins and the outer diameter
of the MBS steel and AZ represents the distance between the back face of the MBS and the

internal face of the IFB cover plates (see figure 3.8).
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Figure 3.8 — MBS Sketch illustrating trunnion angle.

The trunnion pins are a part of the IFB and have been analyzed for a maximum force
senario. The pins were found to withstand a 33.65KN load with a safety factor of 4. This is 1.3
times the current weight of the MBS (~5000kg); expected to be carried by the trunnion pins. The

full report can be found in [15].
3.3 Temporary Support

The temporary downstream support shown in Figure 3.9 and will be used to support the
downstream end of the MBS on the external rails during test insertions and alignment
measurements. This temporary downstream support will also facilitate the eventual transfer of

the back end load to the trunnion support on the IFB during the final MBS connection.
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Figure 3.9 — Temporary downstream support for the MBS.

The temporary support is a weldment made of stainless steel plates, it is located between
the MBS stainless steel cylinder and the rails, is bolted to four bearing blocks, and must be
compact enough to accommodate the service piping and cabling within the position of the rails
on which it rests. Since the support structure is to be used temporarily, the design needs to be
removable within the longitudinal space between the external stands and the IFB. The overall
geometry of the temporary support is designed to fully support the MBS as well as detach from
the assembly with ease. Removal of the temporary support is outlined in the installation and
extraction procedure by Luke Martin [19].

Space has been allocated for the service lines to be used in the experiment. The cross-
sectional area allocated is approximately 186cm?. It is anticipated that the service lines will not
be installed until after the temporary support is removed. Nevertheless, space must be allocated
beneath the MBS steel cylinder for the lines in the event that the support is re-installed during the
life of the experiment. The services lines are anticipated to consist of four pipes (two on each

side) configured approximately as shown in figure 3.10 and described in [5].
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Available

Figure 3.10 — Right orthogonal view of the Temporary support and MBS assembly.

The MBS Steel ring and a flange would ensure that temporary support stays in the allocated
space in the Z-direction. The MBS steel tube would rest on the topmost surface of the temporary

support. The assembly can be seen in figure 3.11 below.

Figure 3.11 — View showing attachment area between the MBS and temporary support.

3.4 Location of Support Structures

The gimbal support will be located at the upstream end of the MBS. It will be placed
parallel to the upstream face of the MBS Steel cylinder. The z position of the gimbal support is 0

to 450 mm from the upstream end of the MBS.
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Figure 3.12 — Top view of MBS and support structure assembly

The trunnion support is located on the downstream end of the MBS and will be welded
into the MBS steel cylinder. The trunnion support lies on opposite ends of the mid-plane; its
center is positioned at 50.8mm in the z-direction, from the downstream end of the MBS. The
bottom of the temporary support will rest on the rails and the MBS steel cylinder will rest on the
top surface of temporary support. The center of the temporary support is 1,141mm from the
downstream end of the MBS.

The position of all the support structures is shown in figure 3.12 above. The pink dashed
lines on the left highlights the position of the gimbal support while the green highlights the
position of the temporary support and the light-blue highlights the position of the trunnion
sockets. Millimeter dimensions are given initially in MBS reference frame with locations in the
Mu2e reference frame shown in parenthesis. The load experienced by each structure is dependent

on the total mass of the MBS. The plot in figure 3.13 below shows the maximum allowable
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mass (“critical point”) and center of mass position at varying safety factors [15]. The plotted
allowable mass and center of mass used in the plot generation serves as the primary engineering
requirements for the structural design of the MBS. The generated plot is dependent on the fixed
position of the support structures shown in figure 3.12 above through moment balancing of the
support loads and the MBS weight. A comprehensive report can be found in [15]. The designed

support structures in this thesis are analyzed for mass magnitudes that may be greater than

allowable in the system.
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Figure 3.13 — Optimum mass and center of mass of the MBS at varying safety factors [15].



CHAPTER 4

STRUCTURAL ANALYSIS

Simulations were performed to ensure the safety of the Design. ANSYS Workbench
v14.5 [21] was used in performing design analysis. Static structural simulations were performed
for all the designed structures. The simulation results are summarized below. The full simulation

results are in the appendices B, C and D.

4.1 Gimbal Support

Stress and deformation results for the gimbal support under loading are summarized
below. Figure 4.1 show constraints placed on the gimbal support in this simulation. The portions
of the bottom that will rest on the rails were simulated as fixed supports (A). Fixed supports are
used to simulate zero displacement in any direction. The stainless steel frame will be bolted to
bearing blocks in the DS bore and will be fixed to them. The gimbal support is loaded with half
of the MBS weight, 25KN (B), which is the maximum load to be experienced by the support
structure, it simulates the worst-case scenario in the design. Lastly, standard earth gravity was

added to the simulation (C), it accounts for masses of the structures in the simulation.
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Figure 4.1 — Constraints placed in gimbals support static structural analysis.

In addition to the constraints listed above, the automatic connections created by ANSY'S
were reconstructed between critical pairs. A joint connection and a “no separation” connection
were added to the connection pair between both spherical surfaces of the gimbal. A chamfer was
also added to the bottom of the gimbal support to represent the weld in the system.

Results obtained in the simulation give the maximum deformation shown in figure 4.2
which occurs at the flat surfaces that mate with the MBS. The deflection here of 0.12mm is less

than the critical 2mm in any direction.

— 0.039622

= Q026414
0.013207
0 Min

Figure 4.2 — Deformation result from gimbal support analysis.
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Maximum stress occurs at the connection point between the stainless steel frame and the
stainless steel socket of the gimbal as shown in figure 4.3. This connection point is the chamfer
placed in the simulation to represent the weld between both parts. The stress pattern of the result
in figure 4.3b suggests that the simulated load from the MBS creates a maximum principal stress
in the weld of magnitude 32.55MPa. Calculations in chapter 5 address the acceptable stress a
weld in this region can withstand before failure. Further observation of the stress results in figure

4.3c shows the contact stress in the gimbal socket from the steel head.

Unit: MPa
Tirme: 1

32.547 Max
28,931

25,315

21,693

18,082

14.466

10,83

72336

3.6174
0.0011009 Min

Figure 4.3 — Stress result from gimbal support analysis shwowing points of critical damage.
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The first row of Table 4.1.1 contains information for the nominal load to be experienced
by the gimbal support. The factor of safety is 8.12 and this meets the safety requirements

established by the steel design code [22] and in [14].

Table 4.1.1

Static Simulation Results for Gimbal Support

Force Safety Factor Total Deformation Equivalent Stress
Magnitude (KN) Minimum Maximum (mm) Maximum (MPa)
25 7.68 0.12 32.55
50 3.92 0.23 63.79

The results from the simulation were further evaluated to ensure that the vertical plates in
the bottom piece of the gimbal support do not buckle upon loading. Initially, I-beams parallel to
the external columns in figure 4.4 were placed between the horizontal plates to serve as internal
columns that prevent buckling, since I-beams transfer column loads easily due to the geometry of
their webs. The I-beams were deemed unsuitable for the design since the same safety factor
could be achieved using flat stainless steel plates (I-beams are more expensive and are made in

standard sizes).

External columns

Internal columns at 35°

Figure 4.4 — Gimbal support highlighting internal and external struts.
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The stress experienced by the column was to be minimized to achieve the same safety
factors. The contact area was maximized by rotating the columns to minimize the stress
experienced. A 90° clockwise rotation would have yielded the maximum contact area but was
undesirable because it was not suitable for manufacturing and assembly as all the elements need
to be welded together, and the pin for the gimbal joint needs to be reached; to lock it. Also, a 90°
rotation increases the chance of buckling as both elements will experience maximum loading
under bending when perfectly perpendicular to the force acting on them. 55° was chosen because
it maximizes the contact area between the rotated columns and the horizontal plates (without
increasing the thickness of the plates) and it provides enough room between the internal and
external columns to allow welding. It also allows enough space between the two internal
columns to service the hole for the gimbal pin. The results from the buckling analysis are

summarized in table 4.1.2 below.

Table 4.1.2

Results from buckling simulations

Maximum Deformation in | Maximum Deformation in

Force Magnitude (KN) internal struts (mm) external struts (mm)

25 0.051 0.012

50 0.100 0.023
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4.2 Trunnion Support

Stress and deformation results for the trunnion support under load are summarized below. Loads
were placed at the top surface of the trunnion support where the IFB pins would directly mate
trunnion socket (A in figure 4.5) and the edges and surfaces which weld to the MBS steel were
assigned as fixed support (B in figure 4.5). The load expected to be handled by each trunnion is a
quarter of the MBS’ weight. The minimum depth available for the weld is 10mm and is regulated

by the wall thickness of the stainless steel tube to which it welds.

Figure 4.5 — Trunnion support showing simulation constraints.

The weld thickness can possibly be increased but at 10mm, the design is safe with a
safety factor over 12 and a maximum equivalent (von-Mises) stress at the weld location less than
17MPa.Table 4.2.1 below summarizes the parametric result from increasing the weld depth from

S5mm to 40mm. The large safety factor in the design allows loads higher than the MBS mass.



Table 4.2.1

Static simulation results for Trunnion Support

Depth of weld Safety Factor Total Deformation Equivalent Stress
(mm) Minimum Maximum (pm) Maximum (MPa)

5 10.47 4.00 23.88

10 12.98 3.41 19.34

20 14.77 2.51 16.93

40 >15 2.13 13.63

Tirne: 1

19.337 Max
17.19

15.043

12,896

10,742

8.6013

6.4542

4307

21598
0.012628 Min

Figure 4.6 — Stress result from trunnion support analysis.

Maximum stress occurs at the arced region in the bronze socket and is orders of magnitudes
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lower than the yield strength of bronze and the stainless steel experiences stresses of equally low

magnitudes. The largest deflection in the socket about 4um and is negligible.



4.3 Temporary Support

Stress and deformation results for the temporary support under load are summarized
below. Unlike simulations from the gimbal and the trunnion support, the top surface of the
temporary support was loaded with 40KN, the additional loading of the temporary support is
because of its position beneath the MBS (see figure 3.12). Since the support is closer to the
center of mass of MBS and on neither of its ends, it will experience more of the load when
serviced. Also, like the gimbal support, sections of its bottom surface bolt to the bearing blocks

on the rails.

Table 4.3.1

Static simulation results for Temporary Support

Force Safety Factor | Total Deformation | Equivalent Stress

Magnitude (KN) Minimum Maximum (mm) | Maximum (MPa)

25 11.85 0.116 21.09
40 7.52 0.184 33.22
80 3.81 0.363 65.57

The second row of Table 4.3.1 contains information for the nominal load to be
experienced by the temporary support while the MBS is being installed. The design meets the
safety requirements as established by the steel design code in [22]. Moreover, it meets the

requirement of a 4.0 safety factor set by the Mu2e experiment.

38
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22,154
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14,776
11,087
7.3075
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0.019133 Min

Figure 4.7 — Stress results from temporary support analysis.

Maximum stresses occur at the bottom surface at the edge of the bearing block and the
values are much lower than the yield strength of stainless steel. The stress in this region will not

reduce the integrity of the design.

0.10223
| 0.081783
0.061338
0.040892
0020446
0 Min

Figure 4.8 — Deformation result from temporary support analysis.
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Maximum deformation occurs at the mid-section of the temporary support causing a
height reduction of 0.18mm in the height of the MBS this is well within the +2mm positional
tolerance set by the experiment. Moreover, the temporary support will not be used during the

experiment but just in installation.

4.4  Summary

The designed structures are safe and meet the design requirements set by the Mu2e
experiment. The deflection results for all the structures are less than 2mm while the maximum
stress of yield safety factors larger than 4. The full simulation report for the gimbal support can
be found in Appendix B while reports of the trunnion and temporary supports can be found in

subsequent appendices, C and D.



CHAPTER 5

DESIGN EVALUATION

The design for the support structures can be evaluated through defined engineering
design codes. One tool commonly used irrespective of the design code is the safety factor or
factor of safety. The code used in this design evaluation is the steel design code by the American
Institute of Steel Construction (AISC): Specification for Structural Steel Buildings (ANSI/AISC

360-10) [22].

5.1  Gimbal Support

The gimbal support has several components and joints that need to be connected. The
most crucial connection is the between the two spherical halves that provided the 360° rotation in
the support. The simulation results for this connection show that the design is safe, additional
calculations to ensure that the pin will remain in the socket and, that the contact pressure of the
mating parts does not exceed the strength of the material with a minimum safety factor of 4 can

be found below.

5.1.1 Gravitational load equilibrium calculation

A major concern in design of the gimbal support is the separation of the mated spherical
joint. The calculation below provides a close approximation of the amount of force needed to
separate the spherical mating parts of the gimbal support while it is load with the MBS. Equation

2 below gives the angle of the spherical elevation based on the vertex angle.
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0 is the vertex angle and ¢ the angle of elevation above the horizontal. In the gimbal support, the

vertex angle is 69.86° this gives an angle of elevation of 34.93°.

Friction force
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Figure 5.1 — Illustration showing depth and radius for gimbal spherical head

The frictional resistance for the gimbal support can be calculated for a given elevation
angle. Newton’s law of motion for equilibrium of forces acting on the surface (frictional and

gravitational) is computed to produce equation 3 below.

(a—0.533gu)
(ap + 0.533g)

tan(p) =

Where a represents the horizontal acceleration required to displace a joint of a given elevation
(), coefficient of friction (p), and acceleration of gravity (g). Equation 3 above can be

rearranged to solve for a.
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Equation 4, when evaluated with the previously calculated elevation angle of 34.93°, a
coefficient of friction of 0.4 (commonly used for non-greased metal-on-metal contact), and
acceleration of gravity of 9.8 1m/s” yields 7.925m/s” as the horizontal acceleration required to
displace the joint. The resulting acceleration means an equivalent stopping force of 40KN needs
to be applied to displace the support. An impact test was carried out using a mock-up assembly
(more in section 6.2). The test was run for several initial velocities and force required to stop the
mock-up weight of the MBS was recorded using a load cell. The required stopping force for an
initial velocity of lin/s is roughly 10001lbf (~ 4.4KN), almost 10 times lower than the system is
able to withstand. The initial velocity of lin/s is the expected speed at which the DS train will be

assembled into the DS bore.

Stopping Force vs. Pre-impact Yelocity
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Figure 5.2 — Plot of muon beam stop mock-up impact testing results [23]
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5.1.2 Surface contact pressure calculation for the gimbal support

The contact pressure for the mating spherical surfaces can also be calculated to ensure the
pressure on the surface does not cause a surface failure (cracks). Equation 5 below gives the

maximum pressure contact pressure for spherical contact.

3 F
fnax = 3 7e2 5
.............................................................................. 5
Force (F)

Figure 5.3 — Illustration showing the contact area for the gimbal mating peers.

Where c is the contact area between surfaces in contact, F, the force applied by one body on the
other, and P, the pressure experienced as a result of the applied force. The force (F) acting on the
surface is half the weight of the MBS and the area ¢ on which it acts is the contact area of the
joint. The contact area can be calculated with equation 6 below. The equation for area of contact,
deformation and contact stress of two bodies with static loading was originally derived by Hertz

in 1881 [24].
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m; and m, represent material constants for the different materials in the contact while B

represents a constant based on the radii of curvature of the bodies. m can be calculated using {7}.

Where E represents the materials modulus of elasticity and v represents the poisons ratio of the

material. B can be calculated using {7}.

R; and R, represent the spherical head and the spherical socket radial dimensions. Material

properties of stainless steel and bearing bronze used to calculate the material constants are

summarized in table 5.1.1 below.

Table 5.1.1

Physical properties of materials [21]

- Compressive , _
D t Y ’s M 1 P ’s Rat
Material f[fn/sén}l’s(]l)) Ouzlé) TGP(;(]iu us Yield Strength mssozlV )s atio
§ [MPa]
Bearing Bronze
891 100 280 0.34
(C932)
Stainless Steel
7.99 193 207 0.31
(316L)

Based on the data provided, the material constants are:
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my = 87331072 [1/p |, ms =4.699-10"12[1/, ]

The constant B can also be calculated with varying radii for the socket to get the optimum
radius to be utilized in the joint; the variations will be in increments of 0.1mm. The bearing
bronze has a constant radius of 177.8mm (R;) and F'is 25KN as in the simulation. The diameter
of both the spherical head and the socket are equal in the simulation. The initial value of R in
table 5.1.2 is 0.17785m, 0.05 mm greater than the spherical head diameter because at equal
diameters, the theoretical value for the contact area and maximum pressure is zero. Table 5.1.2

below summarizes the maximum pressure in the joint for varying socket dimensions.

Table 5.1.2

Maximum pressure calculation for the gimbal joint

R, [m] B [1/m] a [m] Poax [MPa]
0.17785 7.906E-04 5.421E-02 4.06
0.17835 8.672E-03 2.440E-02 20.06
0.17885 1.651E-02 1.968E-02 30.81
0.17935 2.430E-02 1.730E-02 39.86
0.17985 3.205E-02 1.578E-02 47.94
0.18035 3.976E-02 1.469E-02 55.35

The maximum pressure increases with an increase in the socket radius (R;). This result is

expected because an increase in the socket radius means there is a smaller contact area when the

socket radius is increased and the force acting on the area is constant. This means that both

mating surfaces must be as closely matched as possible. The stainless steel socket has lower
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yield strength and will deform before the bearing bronze head does. The maximum pressure put

on the socket should fall within a safety factor of four or larger.

Yield Strength
S.F = Fnax
.............................................................................. {9}
207 MPa
Prax = — - 51.75MPa

The maximum pressure value in last row of table 5.1.2 exceeds P allowable for this
design therefore to meet safety requirements; the upper tolerance limit for the spherical radius of

the stainless steel socket is 0.17985m, 2mm greater than the spherical head dimension.

5.1.3 Axial Loading calculation for gimbal support weld

The final calculation for gimbal support is for the weld between the stainless steel socket
and the stainless steel frame. The average normal stress in this location can be calculated using

the equation 10 below.

P is the axial force and 4 the cross-sectional area on which the force acts. Figure 5.4 below
shows the area of the weld. The weld is a left-right chamfer of 0.0635m (0.25 in). The largest
cross-sectional area of the weld, perpendicular to the force, can be estimated by subtracting the

internal area from the external one.



Figure 5.4 — Gimbal support showing weld location.

Figure 5.5 shows the front view of the gimbal stainless steel frame assembled with the
gimbal stainless steel socket. The dimensions shown are the radial distances from the center of

the gimbal support to the beginning (R1) and end (R2) of the weld.

R2 -0.1129m
R1-0.108m ————
| |

Figure 5.5 — Front view of gimbal support showing internal and external weld radius.

The average pressure on the weld is calculated below.

P 25000 N
Gave = 4T 7[0.1129% — 0.108%|m?

= 7.352MPa

The results obtained here correlate to the results in the simulation. The design is safe and the

weld would not experience forces large enough to damage it.
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5.2 Trunnion Support

Design calculations for the trunnion pins have been performed and are located in [15].
However, simulations for the trunnion socket that will be welded to the MBS steel need to be
validated. The simulations give an estimate for the weld present in that connection. The weld
will experience loads transferred through the trunnion pins. The loads will be in form of a
moment applied at a distance from the weld. The calculations for the pressure on the weld in the
trunnion support are similar to the calculation performed in section 5.1.3above. The force acting
on the weld in the trunnion is in some cases perpendicular to the welded area and parallel in
others therefore causing a normal and a shear stress in the weld. Figure 5.6 below show the areas
of the trunnion support that experience axial loading and have a normal stress while figure 5.7

shows the area of the trunnion support that experiences transverse loading and a shear stress.

Figure 5.6 — Trunnion support showing area for axial loading.
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Figure 5.7 — Trunnion support showing area for transverse loading.

Equation {10} in section 5.1.3 is the same equation used here to calculate the normal stress and

Equation {11} below will be used to calculate the shear stress from the transverse loading.

The loading forces, P, in both the normal and transverse cases are the same value of 12500N.

The results from the stress calculations are shown in table 5.2.1 below.

Table 5.2.1

Stress results for Trunnion support

Area [m’] Stress [MPa]
Normal Stress 0.1124*0.01 11.12
Transverse Stress 2*0.0669*0.01 9.342
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The average stresses in these regions are relatable to the maximum equivalent (von-Mises)

stresses obtained in the structural analysis performed (see Section 4.2).
5.3 Temporary Support

The elastic curve equation {11} is the governing equation used to calculate the deflection
of simply supported and cantilever bodies [25]. The deflection equation is found by evaluating
the differential equation of the elastic curve.

dx?  EI
When evaluated, equation 13 below is gotten and used to calculate the deflection of a simply
supported beam with cross-section /, yield strength £, length L, and applied load P as shown in

figure 5.8 [25].

y(x) = L (4x3 — 3L%x)
48E1

Figure 5.8 — Illustration showing a simply supported beam.

Non-uniform cross-sections pose a problem that is generally solved using finite element
analysis software, however, an estimate for the beam deflection can be calculated by evaluating
the preceding integral for equation 13 above and defining the cross-section as a constant that

changes in the principal direction, x.
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Evaluating the second differential of the elastic curve equation {12}, equation 14 is
gotten. The integral is evaluated to get the deflection for a simply supported beam with constant
cross-section. M is the moment of the force P, and m is the unit moment of the force P. E
represents the young’s modulus of the beam and 7 represents the area moment of inertia of the

beam’s cross-section.

The integral will be evaluated in breaks for the changing cross-sections. The different moment of
inertia for the changing sections will have to be determined. The bending and unit moment
diagram for the support can be seen in figure 5.9 below. Calculation of the area moment of
inertia for complicated geometries can be quite difficult; fortunately, Creo 2.0 has a design tool
that enables one determine the area moment of inertia for a defined plane. The temporary support

has been broken into the different cross-sections shown in figure 5.10.

e
|

|
1
L
2

| B

Figure 5.9 — Bending moment and unit moment diagram for the temporary support.
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Figure 5.10 — Front view of the temporary support showing the integration constants.

Due to the symmetric nature of the structure, the deflection in half (0 — L/2) of the beam is the

maximum deflection for the entire beam. The integral in equation 14 is evaluated below:

% B Cc D
5 —ijd —ijd +ijd +JMmd
) E YT ) E YT ) E YT T
0 A B c
............................................................................ {15}
Where M and m are:
M = Px X
g MTy
Y — Px?
™= 16
Evaluating the integral with the above information, we get:
X2
Px? Px3 1"
f 16EI [48E1]
X1 X1
............................................................................ {16}

E and P are constants for all the different integral additions. The different integration boundaries

A, B, C and D are shown in figure 5.10 and the Area moment of inertia (/) is summarized in

table 5.3.1 below.

53
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Table 5.3.1

Cross-sections and Area Moment of Inertia for temporary support

Section Cross-section Area Moment of
Inertia (I)
A-B 6.145-107 m’*
A5
& };
B-C 3.879-10% m*
C-D -+ 1.521-10 m?*

Evaluating the integral with area moment of inertia values from table 5.3.1, the results obtained

are summarized in table 5.3.2 below.



Table 5.3.2

Results for deflection of the temporary support

Section Integral Evaluation [N-m’/Pa-m*] 0 [m]
3_03
A_B 40000 * [0.302° — 0°] 1.935-10™
48 x 1.93- 1011 x 6.145- 1077
3 _ 3
B_C 40000 = [0.3211° — 0.302°] 6.193-10°
48 * 1.93-1011 % 3.879 - 10~*
3 _ 3
C-D 40000 * [0.4227° — 0.32117] 1.204-10°
48 * 1.93-1011 + 1.521-10~*
Total SA_D = SA_B + 5]3.(: + 6(:-]) 1.948‘10-4
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Comparing the answer above for the deflection in the temporary support to the simulation answer

gotten in section 4.3 for the structural analysis of the temporary support, it can be observed that

the calculated answer is within 6% of the simulation results.



CHAPTER 6

CONCLUSION

6.1 Summary of Designed Structures

The designed structures for the MBS are documented and provide the Mu2e experiment
with a reliable solution to the installation and testing of MBS. The designed structures
accommodate for future changes to the MBS between now and the start of the experiment
fabrication process. This is exceptionally helpful as it reduces the amount of design iterations
and keeps design costs low.

Changes to the designed structures cannot be ruled out because of the changing demands
of the experiment as more details for the experiments are developed. The gimbal support and
temporary support design give means to proceed in other design tasks such as laying out the path
for service lines for cooling and wiring the components in the DS. The designed structures also

allow engineers to estimate loads experienced in the rail system.

6.2 Future Work

A prototype experiment has been proposed to test the design for the structures described
above. The experiment will further validate the designed structures as well as provide insight to
unforeseen problems with the design. The structures to be tested are the gimbal support and the

trunnions support. The temporary support will be overlooked in this experiment because of the
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simple nature of the structure. An assembly view of the experiment can be seen in Figure 6.1

below.

Figure 6.1 — Assembly for mock-up experiment.

6.2.1 Gimbal Support

The gimbal support will be represented in the prototype experiment with most of its parts. The
mating spherical parts and the stainless steel frame will be used in the experiment to mock-up the
entire gimbal support. The parts of the gimbal present in the experiment will provide a feasibility
meter for the design by observing the rotational ease and limits of the design, and it will examine
if any potential locking will be transferred to the rails. The same parts used for the mock-up are
expected to be re-used on MBS. The gimbal assembly for the prototype experiment is shown in

figure 6.2 below.



Bearing bronze plate and sphere
./ Stainless steel socket

Stainless steel frame

Figure 6.2 — Gimbal assembly for prototype experiment.

6.2.2 Trunnion Support

An exploded view of the trunnion assembly for the mock-up experiment is shown in
figure 6.3. The assembly features the trunnion pin-and-stand, the trunnion socket, and stainless

steel plates that mock up the gimbal support.

Plates
representing

IFB

Trunnion Socket
Assembly

Trunnion pin

Hillman Roller —‘

Figure 6.3 — Exploded view of trunnion prototype assembly.

Steel frame

The trunnion pin-and-stand will be assembled onto a steel frame that will acts as the IFB. The

steel frame will placed on four Hillman rollers to simulate the floor deflection that will be
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experienced by in the system. The structures designed for the mock-up experiment have been
approved by the muon beamline group for fabrication. The mock-up experiment will provide
reliable proof of concepts utilized in the design of the experiment support structures. It will help
engineers of the muon beamline group plan for the assembly and installation sequence of
remaining DS bore components, and the design of the MBS and its associated structures will be

considered complete.
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APPENDIX A

DRAWINGS FOR SUPPORT STRUCUTRES
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APPENDIX B

ANSYS SIMULATION FOR GIMBAL SUPPORT
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TABLE 1
Unit System | Metric (m, kg, N, s, V, A) Degrees rad/s Celsius
Angle Degrees
Rotational Velocity rad/s
Temperature Celsius
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TABLE 2 (continued)
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C:\Users\Udenna Okafor\Documents\ANSYS Simulations\Gimbal

Volume

SO support\newGimbal_files\dp0\SYS\DM\SYS.agdb
Object Name Geometry
Type DesignModeler
Length Unit Meters
Element Control Program Controlled
Display Style Body Color
... ®BoundngBox

Length X 1.168 m

Length Y 0.35958 m

Length Z 0.45686 m

2.2285e-002 m?®

Mass

174.93 kg

Scale Factor Value

1.

Bodies 4
Active Bodies 4
Nodes 17821
Elements 67121
Mesh Metric Aspect Ratio
Min 1.1638
Max 32.104
Average 2.44993189463804
Standard Deviation 0.873030189780516

Parameters Yes
Parameter Key DS
Attributes No

Named Selections No
Material Properties No

Processing

Use Associativity Yes
Coordinate Systems No
Reader Mode Saves No

Updated File
Use Instances Yes
Smart CAD Update No
Attach File Via Temp File Yes
Temporary Directory C:\Users\Udenna Okafor\AppData\Local\Temp
Analysis Type 3-D
Decompose Disjoint
i Geomjetry Yes
Enclosure and Symmetry Yes




Object Name
State

Visible
Transparency

Suppressed
Stiffness Behavior

Coordinate
System

Reference
Temperature

Assignment
Nonlinear Effects

Thermal Strain
Effects

Length X
Length Y
Length Z

Volume

Mass

Centroid X
Centroid Y
Centroid Z
Moment of Inertia
Ip1

Moment of Inertia
Ip2

Moment of Inertia
Ip3

Nodes
Elements
Mesh Metric
Min

Max
Average

Standard
Deviation

TABLE 3
Model (A4) > Geometry > Parts
MSBR MSBR MSBR
Meshed
Graphics Properties
Yes
1
Definition
No
Flexible
Default Coordinate System
By Environment
Material
Structural Steel
Yes
Yes
Bounding Box
0.2259 m 0.3048 m 1.168 m
3.8157e-002 m 5.0383e-002 m 8.9633e-002 m
0.2259 m 0.3048 m 0.45686 m
Properties
8.6409e-004 m? 1.618e-003 m? 1.4265e-002 m?®
6.7831 kg 12.701 kg 111.98 kg
4.3789e-006 m 5.6734e-007 m -8.9177e-009 m
0.1036 m 0.13184 m 2.8951e-002 m

-1.9687e-006 m
2.5617e-002 kg-m?

4.9973e-002 kg-m?

2.5619e-002 kg-m?

6113
28920

1.1638
12.622

2.31849889695713 | 2.11404760180996 | 2.31434629147691

-9.0405e-006 m

-5.1908e-008 m

5.4482e-002 kg-m? 1.7838 kg-m?
0.10557 kg-m? 12.051 kg-m?
5.448e-002 kg-m? 10.489 kg-m?
Statistics
1233 4305
4420 15370
Aspect Ratio
1.1873 1.1814
7.0179 11.948
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MSBR

0.78919 m
0.21285 m
0.31045 m

5.5376€-003 m®
43.47 kg
3.0326e-006 m
0.21091 m
-5.0799e-004 m

0.49136 kg-m?
3.0419 kg-m?

2.8592 kg-m?

6170
18411

1.2581
32.104
2.85021442072673

0.808105091683335|0.653767507407393|0.752133717118781|0.973823050409071



Coordinate Systems

TABLE 4
Model (A4) > Coordinate Systems > Coordinate System
Object Name | Global Coordinate System

State Fully Defined
Definition
Type Cartesian
Coordinate System ID 0.
Origin
Origin X 0.m
Origin Y 0.m
Origin Z 0.m
Directional Vectors
X Axis Data [1.0.0.]
Y Axis Data [0.1.0.]
Z Axis Data [0.0.1.]
Connections
TABLE 5
Model (A4) > Connections
Object Name | Connections
State | Fully Defined
Auto Detection
Generate Automatic Connection On Refresh Yes

Transparency

Enabled Yes

TABLE 6
Model (A4) > Connections > Contacts

Object Name | Contacts | Joints

State Fully Defined
Definition
Connection Type| Contact Joint
Scope
Scoping Method | Geometry Selection
Geometry All Bodies
Auto Detection
Tolerance Type Slider
Tolerance Slider 0.
Tolerance Value| 3.2618e-003 m
Use Range No
Face/Face Yes
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TABLE 6 (continued)

Auto Detection
Face/Edge No
Edge/Edge No

Priority | Include All

Group By Bodies

Search Across Bodies
Fixed Joints Yes
Revolute Joints Yes

TABLE 7
Model (A4) > Connections > Contacts > Contact Regions

Object Name  No Separation - MSBR To MSBR | Contact Region 2| Contact Region 3
State Fully Defined
Scope
Scoping Method Geometry Selection
Contact 2 Faces 3 Faces | 1 Face
Target 2 Faces 1 Face
Contact Bodies MSBR
Target Bodies MSBR
Definition
Type No Separation | Bonded
Scope Mode Automatic
Behavior Symmetric Program Controlled
Trim Contact Off Program Controlled
Suppressed No
Trim Tolerance | 3.2618e-003 m
Advanced
Formulation Program Controlled
Detection Method Program Controlled
Penetration Tolerance Program Controlled
Normal Stiffness Program Controlled
Update Stiffness Program Controlled
Pinball Region Program Controlled
Elastic Slip Tolerance | Program Controlled
TABLE 8

Model (A4) > Connections > Joints > Joints

Object Name

Spherical - MSBR To MSBR

State

Fully Defined

Definition

Connection Type

Body-Body

Type

Spherical

Suppressed

No




Mesh

TABLE 8 (continued)

Reference
S,\jl:gﬁ:gg Geometry Selection
Scope 2 Faces
Body MSBR
Coordinate| Reference Coordinate
System System
Behavior Rigid
Pinball Region All
Mobile
Sﬁgﬁ:gg Geometry Selection
Scope 2 Faces
Body MSBR
Initial Position Unchanged
Behavior Deformable
Pinball Region All
TABLE 9
Model (A4) > Mesh
Object Name Mesh
State Solved
Defaults
Physics Preference Explicit
Relevance 0
Sizing
Use Advanced Size Function Off
Relevance Center Medium
Element Size Default
Initial Size Seed| Active Assembly
Smoothing High
Transition Slow
Span Angle Center Coarse
Minimum Edge Length 5.e-003 m
Inflation
Use Automatic Inflation None
Inflation Option| Smooth Transition
Transition Ratio 0.272
Maximum Layers 5
Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options No




TABLE 9 (continued)

Patch Conforming Options

Triangle Surface Mesher
Advanced

Shape Checking

Element Midside Nodes

Straight Sided Elements

Number of Retries

Extra Retries For Assembly

Rigid Body Behavior

Mesh Morphing
Defeaturing

Pinch Tolerance

Generate Pinch on Refresh

Automatic Mesh Based Defeaturing

Defeaturing Tolerance
Statistics

Nodes

Elements

Mesh Metric

Min

Max

Program Controlled

Explicit
Dropped

Default (4)
Yes
Full Mesh
Disabled

Please Define
No
On
Default

17821
67121
Aspect Ratio
1.1638
32.104

Average| 2.44993189463804
Standard Deviation| 0.873030189780516

TABLE 10
Model (A4) > Mesh > Mesh Controls
Object Name Refinement
State Fully Defined
Scope
Scoping Method | Geometry Selection
Geometry 2 Faces
Definition
Suppressed No
Refinement 1

Static Structural (A5)

TABLE 11
Model (A4) > Analysis
Object Name | Static Structural (A5)
State Solved
Definition
Physics Type Structural
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TABLE 11 (continued)

Analysis Type

Static Structural

Solver Target

Environment Temperature

Mechanical APDL

22.°C

Generate Input Only

No

TABLE 12

Model (A4) > Static Structural (A5) > Analysis Settings

77

Object Name

Analysis Settings

State

Number Of Steps

Fully Defined

Current Step Number

‘

Step End Time

1.s

Generate Restart Points

Auto Time Stepping Program Controlled
Solver Type Direct
Weak Springs Off
Large Deflection Off
Inertia Relief Off

Program Controlled

Retain Files After Full
Solve

Force Convergence

No

Program Controlled

Moment Convergence

Program Controlled

Displacement

Program Controlled

Convergence
Rotation Convergence Program Controlled
Line Search Program Controlled
Stabilization Off
.. OutputControls
Stress Yes
Strain Yes
Nodal Forces No
Contact Miscellaneous No
General Miscellaneous No
Store Results At All Time Points

Max Number of Result
Sets

Program Controlled




TABLE

12 (continued)

Analysis Data Management

Solver Files Directory

C:\Users\Udenna Okafor\Documents\ANSYS Simulations\Gimbal
support\newGimbal_files\dpO\SYS\MECH\

Future Analysis None
Scratch Solver Files
Directory
Save MAPDL db No
Delete Unneeded Files Yes
Nonlinear Solution No

Solver Units

Active System

Solver Unit System

mks

Model (A4) > Static Structural (A5) > Accelerations
Standard Earth Gravity

Model (A4) > Static Structural (A5) > Standard Earth Gravity

TABLE 13

Object Name

State Fully Defined
Scope
Geometry | All Bodies
Definition

Coordinate System

Global Coordinate System

X Component

0. m/s? (ramped)

Y Component

-9.8066 m/s? (ramped)

Z Component

0. m/s? (ramped)

Suppressed No
Direction -Y Direction
FIGURE 1

0.

-1.25

-2.5

-3.75

-5

-6.25

7.5

-8.75

-9.8066
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TABLE 14
Model (A4) > Static Structural (A5) > Loads
Object Name | Fixed Support| Force
State Fully Defined
Scope
Scoping Method Geometry Selection
Geometry| 4 Faces | 1 Face
Definition
Type  Fixed Support | Force
Suppressed No
Define By Vector
Magnitude 25000 N (ramped)
Direction Defined
FIGURE 2
Model (A4) > Static Structural (A5) > Force
;
25000
20000
16000
12000
2000,
4000,
1.

Solution (A6)

TABLE 15
Model (A4) > Static Structural (A5) > Solution
Object Name | Solution (A6)
State Solved
Adaptive Mesh Refinement

Max Refinement Loops 1.
Refinement Depth 2.
Information

Status|  Done




TABLE 16
Model (A4) > Static Structural (A5) > Solution (A6) > Solution Information
Object Name | Solution Information
State Solved
Solution Information
Solution Output Solver Output

Newton-Raphson Residuals 0
Update Interval 25s
Display Points All
FE Connection Visibility
Activate Visibility Yes

Display| All FE Connectors
TABLE 16 (continued)
FE Connection Visibility
Draw Connections Attached To All Nodes
Line Color | Connection Type

Visible on Results No
Line Thickness Single
Display Type Lines
TABLE 17
Model (A4) > Static Structural (A5) > Solution (A6) > Results
Object Name | Total Deformation Equivalent Stress
State Solved
Scope
Scoping Method Geometry Selection
Geometry All Bodies
Definition
Type | Total Deformation | Equivalent (von-Mises) Stress
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No
Results
Minimum 0.m 1100.9 Pa
Maximum | 1.1886e-004 m 3.2547e+007 Pa
Minimum Occurs On MSBR
Maximum Occurs On MSBR
Information
Time 1.s
Load Step 1
Substep 1
Iteration Number 1

Integration Point Results
Display Option Averaged



TABLE 18
Model (A4) > Static Structural (A5) > Solution (A6) > Stress Safety Tools

Object Name Stress Tool
State Solved
Definition

Theory| Max Equivalent Stress
Stress Limit Type | Tensile Yield Per Material

TABLE 19
Model (A4) > Static Structural (A5) > Solution (A6) > Stress Tool > Results
Object Name Safety Factor
State Solved
Scope
Scoping Method | Geometry Selection
Geometry All Bodies

Definition
Type Safety Factor
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No

Integration Point Results
Display Option Averaged

Results
Minimum 7.6811
Minimum Occurs On MSBR
Information
Time 1.s
Load Step 1
Substep 1

—_

Iteration Number

TABLE 20
Model (A4) > Static Structural (A5) > Solution (A6) > Probes
Object Name | Deformation Probe | Deformation Probe 2

State Solved
Definition
Type Deformation
Location Method Geometry Selection
Geometry 4 Edges
Orientation Global Coordinate System
Suppressed No
Options
Result Selection Y Axis

Display Time End Time
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TABLE 20 (continued)
Spatial Resolution Use Maximum
Results

Y Axis| -5.1361e-005m |-1.1737e-005 m
Maximum Value Over Time

Y Axis| -5.1361e-005m |-1.1737e-005 m
Minimum Value Over Time

Y Axis| -5.1361e-005m |-1.1737e-005 m

Information
Time 1.s
Load Step 1
Substep 1
Iteration Number 1
FIGURE 3
Model (A4) > Static Structural (A5) > Solution (A6) > Deformation Probe
1.
-4,8793e-5
5.e-5
— -5.1e-5
E
-5.2e-5
-5.3e-5
-5.3925%e-5
0. 0125 0.25 0.375 0.5 0.625 0.75 0.875 1.

[s]
1

TABLE 21
Model (A4) > Static Structural (A5) > Solution (A6) > Deformation Probe
Time [s] | Deformation Probe (Y) [m]
1. -5.1361e-005



FIGURE 4
Model (A4) > Static Structural (A5) > Solution (A6) > Deformation Probe 2
1.

-1.115e-5

-1.125e-5

-1.15e-5

m]

— -1,175e-5

-1.2e-5

-1.225e-5
-1.2324e-5
0. 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1.
[s]
1

TABLE 22
Model (A4) > Static Structural (A5) > Solution (A6) > Deformation Probe 2
Time [s]| Deformation Probe 2 (Y) [m]
1. -1.1737e-005

Material Data
Structural Steel

TABLE 23
Structural Steel > Constants

Density| 7850 kg m*-3

Coefficient of Thermal Expansion| 1.2e-005 C*-1
Specific Heat| 434 J kg™-1 C/-1
Thermal Conductivity 60.5 W m#-1 C*-1
Resistivity| 1.7e-007 ohm m

TABLE 24
Structural Steel > Compressive Ultimate Strength
Compressive Ultimate Strength Pa
0

TABLE 25
Structural Steel > Compressive Yield Strength

Compressive Yield Strength Pa
2.5e+008



TABLE 26
Structural Steel > Tensile Yield Strength

Tensile Yield Strength Pa
2.5e+008

TABLE 27
Structural Steel > Tensile Ultimate Strength
Tensile Ultimate Strength Pa
4.6e+008

TABLE 28
Structural Steel > Isotropic Secant Coefficient of Thermal Expansion
Reference Temperature C
22

TABLE 29
Structural Steel > Alternating Stress Mean Stress

Alternating Stress Pa| Cycles | Mean Stress Pa

84

3.999e+009 10 0
2.827e+009 20 0
1.896e+009 50 0
1.413e+009 100 0
1.069e+009 200 0
4.41e+008 2000 0
2.62e+008 10000 0
2.14e+008 20000 0
1.38e+008 1.e+005 0
1.14e+008 2.e+005 0
8.62e+007 1.e+006 0
TABLE 30
Structural Steel > Strain-Life Parameters
Strength Strength Ductility Ductility Cyclic Strength Cyclic Strain
Coefficient Pa Exponent Coefficient Exponent Coefficient Pa| Hardening Exponent
9.2e+008 -0.106 0.213 -0.47 1.e+009
TABLE 31

Structural Steel > Isotropic Elasticity

Temperature C|Young's Modulus Pa | Poisson's Ratio | Bulk Modulus Pa | Shear Modulus Pa
2.e+011 0.3 1.6667e+011 7.6923e+010

TABLE 32
Structural Steel > Isotropic Relative Permeability
Relative Permeability
10000



APPENDIX C

ANSYS SIMULATION FOR TRUNNION SUPPORT



Project

First Saved

Monday, April 27, 2015

Last Saved

Friday, May 8, 2015

Product Version 14.5 Release
Save Project Before Solution No
Save Project After Solution No




Contents
Units

Model (A4)
o Geometry
=  Parts

o Coordinate Systems
o Connections
= Contacts

= Contact Region

o Mesh
o Static Structural (A5)

= Analysis Settings

=  Loads
= Solution (A6)

= Solution Information

= Results
= Stress Tool

Safety Factor

=  Probes

Material Data
o  Structural Steel

Units

TABLE 1
Unit System |Metric (m, kg, N, s, V, A) Degrees rad/s Celsius
Angle Degrees
Rotational Velocity rad/s
Temperature Celsius
Model (A4)
Geometry
TABLE 2
Model (A4) > Geometry
Object Name Geometry
State Fully Defined
Definition
Source | . _ C:\User_s\Udenng Okafo_r\Dpcuments\ANSYS
Simulations\trunnion\trunnionthesis_files\dpO\SYS\DM\SYS.agdb
Type DesignModeler
Length Unit Meters

87


file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%23UNITS
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2311
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2312
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2316
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2318
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2348
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2349
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2350
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2313
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2320
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2323
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2325
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2321
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2322
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2333
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2331
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2332
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%2341
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report2/Mechanical_Report.htm%23Materials
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TABLE 2 (continued)

Element Control

Program Controlled

Volume

Display Style Body Color
Length X 0.1524 m
Length Y 8.6995e-002 m
Length Z 7.0897e-002 m

7.5695e-004 m?®

Mass

5.9421 kg

Scale Factor Value

1.

Bodies 2
Active Bodies 2
Nodes 11642
Elements 49623
Mesh Metric None
. BasicGeometryOptons
Parameters Yes
Parameter Key DS
Attributes No
Named Selections No
Material Properties No

Visible

Yes

Use Associativity Yes

Coordinate Systems No

Reader Mode Saves Updated File No

Use Instances Yes

Smart CAD Update No

Attach File Via Temp File Yes
Temporary Directory C:\Users\Udenna Okafor\AppData\Local\Temp

Analysis Type 3-D

Decompose Disjoint Geometry Yes

Enclosure and Symmetry Processing Yes

TABLE 3
Model (A4) > Geometry > Parts
ObjectName| MSBR |  MSBR
State Meshed

Transparency

1




TABLE 3 (continued)

Suppressed

Stiffness Behavior
Coordinate System
Reference Temperature

Assignment
Nonlinear Effects
Thermal Strain Effects

Length X
Length Y
Length Z

Volume

Mass

Centroid X

Centroid Y

Centroid Z

Moment of Inertia Ip1
Moment of Inertia Ip2
Moment of Inertia Ip3

Nodes

Elements
Mesh Metric

Coordinate Systems

9Definition

89

Flexible
Default Coordinate System
By Environment

Material

Structural Steel

Bounding Box

0.1524 m
8.6995e-002 m
7.0897e-002 m
Properties
7.3137e-004 m?

5.7413 kg
-1.189e-003 m

4.0594 m

-0.43897 m

Statistics
9842
48293

1.27e-002 m
3.81e-002 m
5.2864e-002 m

2.5579e-005 m?
0.2008 kg
3.175e-002 m
4.0823 m
-0.44955 m

-8.6994e-002 kg-m?|7.1054e-005 kg-m?
1.4689e-002 kg-m? |4.9462e-005 kg-m?
-7.6933e-002 kg-m?|2.6989e-005 kg-m?

1800
1330

None

TABLE 4

Model (A4) > Coordinate Systems > Coordinate System
Object Name | Global Coordinate System

State Fully Defined
Definition
Type Cartesian
Coordinate System ID
Origin
Origin X 0.m
Origin Y 0.m
Origin Z 0.m
Directional Vectors
X Axis Data [1.0.0.]
Y Axis Data [0.1.0.]
Z Axis Data [0.0.1.]



Connections
TABLE 5
Model (A4) > Connections
Object Name | Connections
State | Fully Defined
Auto Detection
Generate Automatic Connection On Refresh Yes

Transparency

Enabled Yes

TABLE 6
Model (A4) > Connections > Contacts
Object Name Contacts
State Fully Defined
Definition
Connection Type Contact
Scope
Scoping Method | Geometry Selection
Geometry All Bodies
Auto Detection
Tolerance Type Slider
Tolerance Slider 0.
Tolerance Value| 4.7316e-004 m
Use Range No
Face/Face Yes
Face/Edge No
Edge/Edge No
Priority Include All
Group By Bodies
Search Across Bodies

TABLE 7

Model (A4) > Connections > Contacts > Contact Regions
Contact Region

Object Name

State Fully Defined
Scope
Scoping Method | Geometry Selection
Contact 3 Faces
Target 3 Faces
Contact Bodies MSBR
Target Bodies MSBR
Definition
Type Bonded
Scope Mode Automatic
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TABLE 7 (continued)
Behavior | Program Controlled
Trim Contact|Program Controlled

Trim Tolerance

4.7316e-004 m

Suppressed No
Advanced
Formulation | Program Controlled

Detection Method
Penetration Tolerance
Elastic Slip Tolerance

Normal Stiffness
Update Stiffness

Program Controlled
Program Controlled
Program Controlled
Program Controlled
Program Controlled

Pinball Region | Program Controlled
Mesh
TABLE 8
Model (A4) > Mesh
Object Name Mesh
State Solved
Defaults
Physics Preference Explicit
Relevance 0
Sizing
Use Advanced Size Function Off
Relevance Center Medium
Element Size Default
Initial Size Seed| Active Assembly
Smoothing Medium
Transition Slow
Span Angle Center Medium

Minimum Edge Length
Inflation

6.5823e-005 m

Use Automatic Inflation None
Inflation Option| Smooth Transition
Transition Ratio 0.272
Maximum Layers 5
Growth Rate 1.2
Inflation Algorithm Pre
View Advanced Options No

Patch Conforming Options
Triangle Surface Mesher | Program Controlled
Advanced

Shape Checking Explicit



TABLE 8 (continued)

Advanced

Element Midside Nodes| Dropped

Straight Sided Elements

Number of Retries| Default (4)

Extra Retries For Assembly Yes

Rigid Body Behavior| Full Mesh

Mesh Morphing| Disabled

Defeaturing

Pinch Tolerance | Please Define

Generate Pinch on Refresh No
Automatic Mesh Based Defeaturing On
Defeaturing Tolerance Default
Statistics

Nodes 11642

Elements 49623

Mesh Metric None

. Static Structural (A5)

TABLE 9
Model (A4) > Analysis
Object Name | Static Structural (A5)
State Solved
Definition
Physics Type Structural
Analysis Type| Static Structural
Solver Target| Mechanical APDL
Options
Environment Temperature 22.°C
Generate Input Only No
TABLE 10

Model (A4) > Static Structural (A5) > Analysis Settings
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Object Name Analysis Settings
State Fully Defined
Step Controls
Number Of Steps 1.

Current Step Number

1.

Step End Time

1.s

Auto Time Stepping Program Controlled
Solver Controls
Solver Type Program Controlled

Weak Springs

Program Controlled




Large Deflection

TABLE 10 (continued)

Off

Inertia Relief

Generate Restart
Points

Off

Program Controlled

Retain Files After Full
Solve

Force Convergence

No

Program Controlled

Moment Convergence

Program Controlled

[élsplacement Program Controlled
onvergence
Rotation Convergence Program Controlled
Line Search Program Controlled
Stabilization Off
Stress Yes
Strain Yes
Nodal Forces No
Contact
. No
Miscellaneous
General
. No
Miscellaneous
Store Results At All Time Points

Max Number of Result
Sets

Solver Files Directory

Program Controlled

C:\Users\Udenna Okafor\Documents\ANSYS
Simulations\trunnion\trunnionthesis_files\dpO\SYS\MECH\

Future Analysis None
Scratch Solver Files
Directory
Save MAPDL db No
Delete Unneec_jed Yes
Files
Nonlinear Solution No
Solver Units Active System
Solver Unit System mks
TABLE 11
Model (A4) > Static Structural (A5) > Loads
Object Name| Force | Fixed Support
State Fully Defined
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TABLE 11 (continued)

Scoping Method Geometry Selection
Geometry 1 Face | 10 Faces
Definition
Type Force Fixed Support

Define By Vector

Magnitude | 12500 N (ramped)
Direction Defined

Suppressed No
FIGURE 1

Model (A4) > Static Structural (A5) > Force

12500

10000

7500.

2500,

1
0,
1.
Solution (A6)

TABLE 12
Model (A4) > Static Structural (A5) > Solution
Object Name | Solution (A6)
State Solved
Adaptive Mesh Refinement

Max Refinement Loops 1.
Refinement Depth 2.
Information

Status|  Done




TABLE 13
Model (A4) > Static Structural (A5) > Solution (A6) > Solution Information
Object Name | Solution Information
State Solved
Solution Information
Solution Output Solver Output

Newton-Raphson Residuals 0
Update Interval 25s
Display Points All
FE Connection Visibility
Activate Visibility Yes
Display| All FE Connectors
Draw Connections Attached To All Nodes
Line Color| Connection Type
Visible on Results No
Line Thickness Single
Display Type Lines
TABLE 14
Model (A4) > Static Structural (A5) > Solution (A6) > Results
Object Name | Total Deformation Equivalent Stress
State Solved
Scope
Scoping Method Geometry Selection
Geometry All Bodies
Definition
Type | Total Deformation | Equivalent (von-Mises) Stress
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No
Results
Minimum 0.m 12628 Pa
Maximum| 3.4155e-006 m 1.9337e+007 Pa
Minimum Occurs On MSBR
Maximum Occurs On MSBR
Information
Time 1.s
Load Step 1
Substep 1
Iteration Number 1

Integration Point Results
Display Option Averaged



TABLE 15
Model (A4) > Static Structural (A5) > Solution (A6) > Stress Safety Tools
Object Name Stress Tool
State Solved
Definition
Theory| Max Equivalent Stress
Stress Limit Type | Tensile Yield Per Material

TABLE 16

Model (A4) > Static Structural (A5) > Solution (A6) > Stress Tool > Results

Object Name Safety Factor
State Solved
Scope
Scoping Method | Geometry Selection
Geometry All Bodies

Definition
Type Safety Factor
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No

Integration Point Results
Display Option Averaged

Results
Minimum >10
Minimum Occurs On MSBR
Information
Time 1.s
Load Step 1
Substep 1

—_

Iteration Number

TABLE 17
Model (A4) > Static Structural (A5) > Solution (A6) > Probes
Object Name | Moment Reaction | Force Reaction Stress Probe

State Solved
Definition
Type  Moment Reaction | Force Reaction Stress
Location Method Boundary Condition Geometry Selection
Boundary Condition Fixed Support
Orientation Global Coordinate System
Summation Centroid
Suppressed No

Geometry 1 Face
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Result Selection
Display Time
Spatial Resolution

X Axis

Y Axis

Z Axis

Total

Equivalent (von-Mises)

X Axis

Y Axis

Z Axis

Total

Equivalent (von-Mises)

X Axis

Y Axis

Z Axis

Total

Equivalent (von-Mises)

Time

Load Step
Substep

Iteration Number

TABLE 17 (continued)
Options
All
End Time

Results
6.4819e-006 N'm
-225.33 N'm
586. N-m
627.83 N'm

-12500 N
-3.4386e-006 N
-3.2321e-006 N

12500 N

Maximum Value Over Time
6.4819e-006 N-m -12500 N

-225.33 N-m  |-3.4386e-006 N
586. N-m -3.2321e-006 N
627.83 N°'m 12500 N

Minimum Value Over Time

6.4819e-006 N-m -12500 N
-225.33 N'-m  |-3.4386e-006 N
586. N'm -3.2321e-006 N

627.83 N'm 12500 N

Information

TABLE 18

Equivalent (von-Mises)

Use Maximum

1.6182e+007 Pa

1.6182e+007 Pa

1.6182e+007 Pa

Model (A4) > Static Structural (A5) > Solution (A6) > Moment Reaction

Moment Reaction (Y)

[N-m]
-225.33 586.

TABLE 19

[N-m]
627.83

Model (A4) > Static Structural (A5) > Solution (A6) > Force Reaction

Time | Moment Reaction (X)
[s] [N-m]
1. 6.4819e-006
Time [s] Force Reaction (X)
(N]
1. -12500

Force Reaction (Y)

[N] [N]
-3.4386€-006

TABLE 20

Force Reaction (2)

-3.2321e-006

[N]

Model (A4) > Static Structural (A5) > Solution (A6) > Stress Probe
Time [s] | Stress Probe (Equivalent (von-Mises)) [Pa]

1.

1.6182e+007

12500
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Material Data
Structural Steel

TABLE 21
Structural Steel > Constants

Density| 7850 kg m*-3

Coefficient of Thermal Expansion| 1.2e-005 C/-1
Specific Heat| 434 J kg”*-1 C/-1
Thermal Conductivity |60.5 W m”-1 CA-1
Resistivity| 1.7e-007 ohm m

TABLE 22
Structural Steel > Compressive Ultimate Strength
Compressive Ultimate Strength Pa
0

TABLE 23
Structural Steel > Compressive Yield Strength

Compressive Yield Strength Pa
2.5e+008

TABLE 24
Structural Steel > Tensile Yield Strength
Tensile Yield Strength Pa
2.5e+008

TABLE 25
Structural Steel > Tensile Ultimate Strength
Tensile Ultimate Strength Pa
4.6e+008

TABLE 26

Structural Steel > Isotropic Secant Coefficient of Thermal Expansion

Reference Temperature C
22

TABLE 27
Structural Steel > Alternating Stress Mean Stress
Alternating Stress Pa|Cycles| Mean Stress Pa
3.999e+009 10 0
2.827e+009 20 0
1.896e+009 50 0
1.413e+009 100 0
1.069e+009 200 0
4.41e+008 2000 0
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TABLE 27 (continued)
Alternating Stress Pa| Cycles| Mean Stress Pa

2.62e+008 10000 0
2.14e+008 20000 0
1.38e+008 1.e+005 0
1.14e+008 2.e+005 0
8.62e+007 1.e+006 0
TABLE 28
Structural Steel > Strain-Life Parameters
Strength Strength Ductility Ductility Cyclic Strength Cyclic Strain
Coefficient Pa Exponent Coefficient Exponent Coefficient Pa| Hardening Exponent
9.2e+008 -0.106 0.213 -0.47 1.e+009 0.2
TABLE 29

Structural Steel > Isotropic Elasticity
Temperature C|Young's Modulus Pa | Poisson's Ratio | Bulk Modulus Pa | Shear Modulus Pa
2.e+011 0.3 1.6667e+011 7.6923e+010

TABLE 30
Structural Steel > Isotropic Relative Permeability

Relative Permeability
10000
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Project

First Saved | Monday, January 5, 2015
Last Saved| Tuesday, June 9, 2015

Product Version 14.5 Release
Save Project Before Solution No
Save Project After Solution No

0.000 0.500 {m) A
[ b ¥

0.250
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TABLE 1
Unit System | Metric (m, kg, N, s, V, A) Degrees rad/s Celsius
Angle Degrees
Rotational Velocity rad/s
Temperature Celsius
Model (A4)
« Geometry
TABLE 2
Model (A4) > Geometry
Object Name Geometry
State Fully Defined
Definition
Source C:\Users\Udenna Okafor\Documents\ANSYS Simulations\Temporary
support\Temporary support (4 off)_files\dpO\SYS\DM\SYS.agdb
Type DesignModeler
Length Unit Meters
Element Control Program Controlled
Display Style Body Color



file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%23UNITS
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2311
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2312
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2316
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2318
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2313
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2320
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2323
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2325
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2327
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2321
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2322
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2335
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2333
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%2334
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%23Materials
file:///C:/Users/Udenna%20Okafor/AppData/Roaming/Ansys/v145/Mechanical_Report/Mechanical_Report.htm%23EngineeringData1

TABLE 2 (continued)

Volume

Length X 1.1654 m
Length Y 0.22745 m
Length Z 0.45m

2.0536e-002 m?®

Mass

161.21 kg

Scale Factor Value

1.

Bodies 1
Active Bodies 1
Nodes 6019
Elements 22811
Mesh Metric None
. BasicGeometryOptions
Parameters Yes
Parameter Key DS
Attributes No
Named Selections No
Material Properties No

Visible

Use Associativity Yes
Coordinate Systems No
Reader Mode Saves No

Updated File
Use Instances Yes
Smart CAD Update No
Attach File Via Temp Yes
File
Temporary Directory C:\Users\Udenna Okafor\AppData\Local\Temp
Analysis Type 3-D
Decompose Disjoint
P Geomjetry Yes
Enclosure and
Symmetry Yes
Processing
TABLE 3
Model (A4) > Geometry > Parts
Object Name MSBR
State Meshed

Yes

Transparency

1
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TABLE 3 (continued)

Definition
Suppressed No
Stiffness Behavior Flexible
Coordinate System | Default Coordinate System
Reference Temperature By Environment
Material
Assignment Structural Steel
Nonlinear Effects Yes
Thermal Strain Effects Yes
Bounding Box
Length X 1.1654 m
Length Y 0.22745 m
Length Z 0.45m
Properties
Volume 2.0536e-002 m?
Mass 161.21 kg
Centroid X 2.8261e-008 m
Centroid Y 0.10461 m
Centroid Z 0.225m
Moment of Inertia Ip1 3.6123 kg-m?
Moment of Inertia Ip2 15.011 kg-m?
Moment of Inertia Ip3 13.114 kg-m?
Statistics
Nodes 6019
Elements 22811
Mesh Metric None
Coordinate Systems
TABLE 4

Model (A4) > Coordinate Systems > Coordinate System

Object Name | Global Coordinate System
State Fully Defined
Definition
Type Cartesian
Coordinate System ID 0.
Origin
Origin X 0.m
Origin Y 0.m
Origin Z 0.m
Directional Vectors
X Axis Data [1.0.0.]
Y Axis Data [0.1.0.]
Z Axis Data [0.0.1.]
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Mesh

TABLE 5

Model (A4) > Mesh

Object Name
State
Defaults

Physics Preference
Relevance

Sizing
Use Advanced Size Function
Relevance Center
Element Size
Initial Size Seed
Smoothing
Transition
Span Angle Center
Minimum Edge Length

Inflation

Use Automatic Inflation
Inflation Option
Transition Ratio
Maximum Layers
Growth Rate
Inflation Algorithm
View Advanced Options

Mesh
Solved

Explicit
0

Off
Medium
Default

Active Assembly

High
Slow
Coarse
1.9782e-003 m

None

Smooth Transition

0.272
5
1.2
Pre
No

Patch Conforming Options

Triangle Surface Mesher | Program Controlled

Advanced
Shape Checking
Element Midside Nodes
Straight Sided Elements
Number of Retries
Extra Retries For Assembly
Rigid Body Behavior
Mesh Morphing
Defeaturing
Pinch Tolerance
Generate Pinch on Refresh
Automatic Mesh Based Defeaturing
Defeaturing Tolerance
Statistics
Nodes
Elements
Mesh Metric

Explicit
Dropped

Default (4)
Yes
Full Mesh
Disabled

Please Define
No
On
Default

6019
22811
None
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Static Structural (A5)

TABLE 6
Model (A4) > Analysis
Object Name | Static Structural (A5)
State Solved

Physics Type Structural
Analysis Type| Static Structural
Solver Target| Mechanical APDL

106

Environment Temperature 22.°C
Generate Input Only No
TABLE 7
Model (A4) > Static Structural (A5) > Analysis Settings
Object Name Analysis Settings
State Fully Defined

Number Of Steps

Current Step Number

|

Step End Time

1.s

Auto Time Stepping

Program Controlled

Generate Restart
Points

Solver Type Program Controlled

Weak Springs Program Controlled
Large Deflection Off
Inertia Relief Off

Program Controlled

Retain Files After Full
Solve

Force Convergence

No

Program Controlled

Moment Convergence

Program Controlled

Displacement

Program Controlled

Convergence
Rotation Convergence Program Controlled
Line Search Program Controlled
Stabilization Off
. OuputControls
Stress Yes
Strain Yes
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TABLE 7 (continued)

Output Controls

Nodal Forces No
Contact Miscellaneous No
General
. No
Miscellaneous
Store Results At All Time Points

Max Number of Result
Sets

Program Controlled

Analysis Data Management

Solver Files Directory

C:\Users\Udenna Okafor\Documents\ANSYS Simulations\Temporary
support\Temporary support (4 off)_files\dpO\SYS\MECH\

Future Analysis None
Scratch Solver Files
Directory
Save MAPDL db No
Delete Unneeded
Files ves
Nonlinear Solution No
Solver Units Active System
Solver Unit System mks

TABLE 8

Model (A4) > Static Structural (A5) > Accelerations

Object Name| Standard Earth Gravity

State Fully Defined
Scope
Geometry | All Bodies
Definition

Coordinate System | Global Coordinate System

X Component 0. m/s? (ramped)

Y Component| -9.8066 m/s? (ramped)

Z Component 0. m/s? (ramped)

Suppressed No

Direction -Y Direction




-1.25

-5

-3.75

-6.25

-5

-8.75

-5.8066

FIGURE 1

Model (A4) > Static Structural (A5) > Standard Earth Gravity

TABLE 9
Model (A4) > Static Structural (A5) > Loads
Object Name | Fixed Support | Force
State Fully Defined
Scope
Scoping Method Geometry Selection
Geometry| 2 Faces | 1 Face
Definition
Type | Fixed Support | Force
Suppressed No
Define By Vector
Magnitude 25000 N (ramped)
Direction Defined
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FIGURE 2
Model (A4) > Static Structural (A5) > Force

25000

20000
16000

12000

]
0.
1.
Solution (A6)
TABLE 10
Model (A4) > Static Structural (A5) > Solution
Object Name | Solution (A6)

State Solved
Adaptive Mesh Refinement

Max Refinement Loops 1.
Refinement Depth 2.
Information

Status|  Done

TABLE 11
Model (A4) > Static Structural (A5) > Solution (A6) > Solution Information

Object Name| Solution Information
State Solved
Solution Information
Solution Output Solver Output
Newton-Raphson Residuals 0
Update Interval 25s
Display Points All
FE Connection Visibility
Activate Visibility Yes
Display All FE Connectors




TABLE 11 (continued)

Draw Connections Attached To All Nodes
Line Color| Connection Type
Visible on Results No
Line Thickness Single
Display Type Lines
TABLE 12
Model (A4) > Static Structural (A5) > Solution (A6) > Results
Object Name | Total Deformation Equivalent Stress
State Solved
Scope
Scoping Method Geometry Selection
Geometry All Bodies
Definition
Type | Total Deformation | Equivalent (von-Mises) Stress
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No
Results
Minimum 0.m 12095 Pa
Maximum | 1.1674e-004 m 2.1091e+007 Pa
Information
Time 1.s
Load Step 1
Substep 1
Iteration Number 1
Integration Point Results
Display Option Averaged
TABLE 13
Model (A4) > Static Structural (A5) > Solution (A6) > Stress Safety Tools
Object Name Stress Tool
State Solved
Definition

Theory| Max Equivalent Stress
Stress Limit Type | Tensile Yield Per Material
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TABLE 14
Model (A4) > Static Structural (A5) > Solution (A6) > Stress Tool > Results
Object Name Safety Factor
State Solved
Scope
Scoping Method | Geometry Selection
Geometry All Bodies

Definition
Type Safety Factor
By Time
Display Time Last
Calculate Time History Yes
Identifier
Suppressed No

Integration Point Results
Display Option Averaged

Results
Minimum >10
Information
Time 1.s
Load Step 1
Substep 1

—_

Iteration Number

Material Data

« Structural Steel

TABLE 15
Structural Steel > Constants
Density| 7850 kg m”-3
Coefficient of Thermal Expansion| 1.2e-005 C/-1
Specific Heat| 434 J kg*-1 CA-1
Thermal Conductivity 60.5 W m#-1 C*-1
Resistivity| 1.7e-007 ohm m

TABLE 16
Structural Steel > Compressive Ultimate Strength

Compressive Ultimate Strength Pa
0

TABLE 17
Structural Steel > Compressive Yield Strength

Compressive Yield Strength Pa
2.5e+008



TABLE 18
Structural Steel > Tensile Yield Strength

Tensile Yield Strength Pa
2.5e+008

TABLE 19
Structural Steel > Tensile Ultimate Strength
Tensile Ultimate Strength Pa
4.6e+008

TABLE 20
Structural Steel > Isotropic Secant Coefficient of Thermal Expansion
Reference Temperature C
22

TABLE 21
Structural Steel > Alternating Stress Mean Stress

Alternating Stress Pa| Cycles | Mean Stress Pa

112

3.999e+009 10 0
2.827e+009 20 0
1.896e+009 50 0
1.413e+009 100 0
1.069e+009 200 0
4.41e+008 2000 0
2.62e+008 10000 0
2.14e+008 20000 0
1.38e+008 1.e+005 0
1.14e+008 2.e+005 0
8.62e+007 1.e+006 0
TABLE 22
Structural Steel > Strain-Life Parameters
Strength Strength Ductility Ductility Cyclic Strength Cyclic Strain
Coefficient Pa Exponent Coefficient Exponent Coefficient Pa| Hardening Exponent
9.2e+008 -0.106 0.213 -0.47 1.e+009
TABLE 23

Structural Steel > Isotropic Elasticity

Temperature C|Young's Modulus Pa | Poisson's Ratio | Bulk Modulus Pa | Shear Modulus Pa
2.e+011 0.3 1.6667e+011 7.6923e+010

TABLE 24
Structural Steel > Isotropic Relative Permeability
Relative Permeability
10000



