NASA/TM-2013-217996 (Corrected Copy)
NESC-RP-12-00768

Structural Analysis Peer Review for the Static
Display of the Orbiter Atlantis at the Kennedy
Space Center Visitors Center

Stephen J. Minute/NESC
Langley Research Center, Hampton, Virginia

May 2013



NASA STI Program . . .

Since its founding, NASA has been dedicated to the
advancement of aeronautics and space science. The
NASA scientific and technical information (STI)
program plays a key part in helping NASA maintain
this important role.

The NASA STI program operates under the
auspices of the Agency Chief Information Officer.
It collects, organizes, provides for archiving, and
disseminates NASA’s STI. The NASA STI
program provides access to the NASA Aeronautics
and Space Database and its public interface, the
NASA Technical Report Server, thus providing one
of the largest collections of aeronautical and space
science STI in the world. Results are published in
both non-NASA channels and by NASA in the
NASA STI Report Series, which includes the
following report types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
Programs and include extensive data or
theoretical analysis. Includes compilations of
significant scientific and technical data and
information deemed to be of continuing
reference value. NASA counterpart of peer-
reviewed formal professional papers, but
having less stringent limitations on manuscript
length and extent of graphic presentations.

e TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or of
specialized interest, e.g., quick release reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

in Profile

e CONFERENCE PUBLICATION.
Collected papers from scientific and
technical conferences, symposia, seminars,
or other meetings sponsored or co-
sponsored by NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e TECHNICAL TRANSLATION.
English-language translations of foreign
scientific and technical material pertinent to
NASA’s mission.

Specialized services also include organizing
and publishing research results, distributing
specialized research announcements and feeds,
providing information desk and personal search
support, and enabling data exchange services.

For more information about the NASA STI
program, see the following:

e Access the NASA STI program home page
at http://www.sti.nasa.gov

e E-mail your question to help@sti.nasa.gov

e Fax your question to the NASA STI
Information Desk at 443-757-5803

e Phone the NASA STI Information Desk at
443-757-5802

e Write to:
STI Information Desk
NASA Center for AeroSpace Information
7115 Standard Drive
Hanover, MD 21076-1320


http://www.sti.nasa.gov/
file:///C:/Users/shstewar/Documents/Templates_Reports/Templates_PubWebSite/Templates_RevJan2009/help@sti.nasa.gov

NASA/TM-2013-217996 (Corrected Copy)
NESC-RP-12-00768

Structural Analysis Peer Review for the Static
Display of the Orbiter Atlantis at the Kennedy
Space Center Visitors Center

Stephen J. Minute/NESC
Langley Research Center, Hampton, Virginia

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

May 2013



The use of trademarks or names of manufacturers in the report is for accurate reporting and does not
constitute an official endorsement, either expressed or implied, of such products or manufacturers by the
National Aeronautics and Space Administration.

Available from:

NASA Center for AeroSpace Information
7115 Standard Drive
Hanover, MD 21076-1320
443-757-5802




ERRATA
NASA/TM-2013-217996

Issue Date: 12/03/2014

Cover and Title Page: NESC report number corrected from NESC-RP-12-00867 to
NESC-RP-12-00768.



NASA Engineering and Safety Center
Technical Assessment Report

Document #:

NESC-RP-

12-00768

Version:

1.0

Structural Analysis Peer Review of the

Kennedy Space Center Visitors Center Orbiter Atlantis Static

Display

Page #:

1 of 138

Structural Analysis Peer Review

of the

Kennedy Space Center Visitors Center Orbiter

Atlantis Static Display

March 14, 2013




NASA Engineering and Safety Center Document Verson:

Technical Assessment Report NESC-RP- 1.0
12-00768
Title: Page #:
Structural Analysis Peer Review for the Static Display of the 20138

Orbiter Atlantis at the Kennedy Space Center Visitors Center

Report Approval and Revision History

NOTE: This document was approved at the March 14, 2013, NRB. This document was
submitted to the NESC Director on March 22, 2013, for configuration control.

Approved: Original Signature on File 3/25/13
NESC Director Date
. _— . Office of Primary .
Version Description of Revision Responsibility Effective Date
1.0 Initial Release Mr. Stephen Minute, 3/14/13
NESC Chief Engineer,
KSC

NESC Request No.: T1-12-00768



NASA Engineering and Safety Center Document Verson:

Technical Assessment Report NESC-RP- 1.0
12-00768
Title: Page #:
Structural Analysis Peer Review for the Static Display of the 30f138

Orbiter Atlantis at the Kennedy Space Center Visitors Center

Table of Contents
Technical Assessment Report
1.0 Notification and AULNOFIZATION ..........cccciiiiiiiece s
PO [0 o F= L (0 | =l = Vo -SSRSO
3.0 TRAM LIST ettt bbbttt bbb r et
4.0  EXECULIVE SUMIMAIY ....oiiiiiiiiiieie sttt ettt be e te et e saaeste e e te e teenaesneesreeneennes
5.0 ASSESSIMENT PIAN ...t
6.0  Problem Description, Scope, Proposed ACLIVILIES .........ccccvivveiiieie i
O B - = W AN g T 1 V£ SSSSRR
7.1 Compliance of Attach Points for Thermal EXpansion ...........c.ccoovveiienencnencnennnns
7.2 Sufficient Control of the Load While On the Lifting Jacks............ccccovevvivieivcinennnnn,
7.3 Payload Bay Door Support Beam Support Structure Strength ...
7.4 Payload Bay Door Opening OPerations.........c.ccvevuevveieeriesiesieesie e seesieseesseesne e
7.5 IMISCEITANEBOUS .....oovvieeieiiieieeie sttt st eene e te e e s neesreenreenee e
8.0  Findings and NESC RecOMMENALIONS ...........ccuiiiieieiiiieiesie s
9.0  AIEINALE VIBWPOINT . ....cuiitiiiiiiiiiieiieiee et bbbttt nb et
10.0  ACKONYMS LIS ..ottt bttt
O =) (=] =] o0 USSR
12,0 APPENAICES. ...ttt bttt bbbttt bbbt
List of Figures
Figure 7.1-1. Orbiter Attach Point Compliance (Weight and Reaction Loads) .............c.cccecu...
Figure 7.2-1. Free Body Diagram of Loads to the Support Structure ...........cccceovveveicieninnnne
Figure 7.2-2. Free Body Diagram of Loads to the JackS..........cccccveiiiiiiiciicie e
Figure 7.2-3. BRPH Drawing of Orbiter in Final Rotated Position with Loads Applied
10 JACKS ..ttt
Figure 7.2-4. Pathfinder Demonstration — Initial Lift...........ccccooiiiiiniiiiiiec e
Figure 7.2-5. Pathfinder Demonstration — Rotation (aft VIEW)............cccovviiiiii i
Figure 7.2-6. Pathfinder Demonstration — Rotation (SIde VIEW) .........ccccevvieririeienenc e

NESC Request No.: T1-12-00768



NASA Engineering and Safety Center Document Verson:

Technical Assessment Report NESC-RP- 1.0
12-00768
Title: Page #:
Structural Analysis Peer Review for the Static Display of the 4 of 138

Orbiter Atlantis at the Kennedy Space Center Visitors Center

Technical Assessment Report

1.0 Notification and Authorization

Mr. Christopher Miller with the NASA Safety & Mission Assurance (S&MA) at the Kennedy
Space Center (KSC), in conjunction with the KSC Education and External Relations Directorate,
requested an independent peer review of the Orbiter Atlantis static display structural analysis for
display at the KSC Visitors Center. The principal focus of the assessment was to review the
engineering firm’s structural analysis for lifting and aligning the orbiter and its static display
configuration.

A NASA Engineering and Safety Center (NESC) initial evaluation was approved to proceed by
the NESC Review Board (NRB) on March 22, 2012. Mr. Steve Minute, NESC Chief Engineer
at KSC, was assigned to lead this assessment. A preliminary stakeholder summary was approved
by the NRB on September 27, 2012.

The key stakeholders for this assessment are the KSC S&MA, KSC Education and External
Relations Directorate, Shuttle Transition and Retirement (T&R) Project, and the NESC.
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4.0 Executive Summary

Mr. Christopher Miller with the Kennedy Space Center (KSC) NASA Safety & Mission
Assurance (S&MA) office requested the NASA Engineering and Safety Center’s (NESC)
technical support on March 15, 2012, to review and make recommendations on the structural
analysis being performed for the Orbiter Atlantis static display at the KSC Visitor Center. The
S&MA office requested the NESC to consider three parts to this review:

1. Final static display — minimal dynamic loads (i.e., indoors, no internal access).

2. Lifting and handling to get orbiter onto final stands — potential dynamic loads on orbiter
and support stands.

3. Payload bay door support — Atlantis will be displayed with doors open.

The primary interfaces for NESC team during this review were with the KSC S&MA office and
with the KSC Shuttle Transition & Retirement (T&R) Program via their KSC Engineering
Project engineering representative. However, there were numerous telecons and meetings
convened with participation from NESC, KSC S&MA, KSC Shuttle T&R, KSC Engineering,
Delaware North Companies (DNC), BRPH Engineering, and United Space Alliance (USA).

Numerous drawings, analysis, design, and data packages were provided to the NESC team.
Because this was a peer review of the engineering analysis, a formal independent NESC
assessment was not performed due to time constraints. The NESC team reviewed the existing
work with technical experts asking questions about methodology and assumptions, and
performing hand and finite element calculations as deemed appropriate. The NESC questions
and comments were exchanged directly with the cognizant engineers in a real-time and effective
technical interchange.

Throughout the review there were comments and concerns that centered around four specific
areas of the proposed design and process.

1. Compliance of attach points primarily for thermal expansion.
2. Sufficient control of the load while on the lifting jacks.

3. Payload bay door support beam support structure strength.

4. Payload bay door opening operations.

DNC, BRPH Engineering, and USA were responsive to the NESC team inquiries and took action
to improve their analysis and design, where appropriate. Details of these technical exchanges are
discussed in this report. Based on the data and information provided, the NESC team found the
DNC, BRPH Engineering, and USA designs and analysis to be appropriate and acceptable.

One observation was noted during the review. In general, there was a lack of “procedures” that
NASA engineers are accustomed to seeing, such as detailed documentation on how a structure

NESC Request No.: T1-12-00768
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goes from one position to another, and how the load is transitioned from one support system to
another. The contractor captured the general processes in the drawing system and drawing notes
to convey the activities. To assess the activities involving structures and the orbiter without
procedures, assumptions were made on the NESC team’s part that the vendor would safely
execute the activity as discussed.

However since the conclusion of the NESC peer review activities, the contractors demonstrated
the lifting and rotation processes using an orbiter mass simulator. The NESC team contacted
KSC S&MA office to confirm that no issues were encountered during the tests.

NESC Request No.: T1-12-00768
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5.0 Assessment Plan
Since this was a peer review, the assessment plan was waived.

6.0 Problem Description, Scope, Proposed Activities

Mr. Christopher Miller with the KSC S&MA office requested NESC technical support on March
15, 2012, to review and make recommendations on the structural analysis being performed for
the Orbiter Atlantis static display at the KSC Visitor Center. In particular, Mr. Miller requested
the NESC to consider three parts to the scope of this review and comment effort:

1. Orbiter final static display design and engineering analysis with the assumption that there
would be minimal dynamic loads after the orbiter was in place (i.e., indoors — no wind
loading, no internal access).

2. Lifting and handling processes to move the orbiter onto the final stands — potential
dynamic loads on orbiter and support stands.

3. Process tlo open the payload bay doors and provide static support of the doors in the open
position.

The primary interfaces for the NESC team during this review were with the KSC S&MA office
and with the KSC Shuttle T&R Program via their KSC Engineering Project engineering
representative.

This peer review was an iterative process. Numerous drawings, analysis, design, and data
packages were provided to the NESC team in different drops (See Reference Documents 1-10).
The NESC held internal telecons to assess the engineering analysis and formulate questions and
comments. In most instances, the NESC questions and comments were transmitted to Mr. John
Dillon with the KSC S&MA office, who forwarded the questions to the appropriate responsible
contractor personnel. Some of the responses were handled via e-mail but, in some cases, it was
more appropriate to have telecons with cognizant Atlantis Display project personnel. The
primary organizations included, as appropriate, the NESC, KSC S&MA, KSC Shuttle T&R,
KSC Engineering, DNC, BRPH Engineering, and USA.

Because this was a peer review of the engineering analysis, the NESC team did not perform a
formal independent modeling and analyses due to time constraints. The NESC reviewed the
existing work with technical experts asking questions about methodology and assumptions, and
performing hand and finite element calculations as deemed appropriate.

A stakeholder outbrief of the NESC team’s activities was approved at the NESC Review Board
on September 27, 2012 (Appendix A). It was subsequently shared with KSC S&MA, KSC

! Activity not performed. See Section 7.4.
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T&R, and KSC Education & External Relations organizations in preparation for their readiness
reviews.

7.0 Data Analysis

The review focused around several general areas of the proposed design and analysis process
with comments and concerns on the first four areas.

Compliance of attach points for thermal expansion and dynamic loading (i.e., rotation).
Sufficient control of the load while on the lifting jacks.

Payload bay door support beam factors of safety (FoS).

Payload bay door opening operations.

A

Reaction loads for static display.
6. FoS.

DNC, BRPH Engineering, and USA were responsive to the NESC team inquiries and took
appropriate action to modify and improve their analysis and design, where appropriate. Details
of these items are discussed in more detail in the following sub-sections.

7.1  Compliance of Attach Points for Thermal Expansion

BRPH assessments (References 8 and 9) were provided to NASA as part of an ongoing process
to show that the orbiter final display configuration was safe to construction personnel and the
public, and would not damage the Orbiter Atlantis. A review of Reference (8) showed that the
attachment points on the orbiter and the attachment hardware to be sufficient for the 43 degrees,
port wing down roll display configuration. This sufficiency is contingent on the support
structure/attachment hardware providing the adequate compliance, especially for thermal
expansion. (See Figure 7.1-1 for the aircraft/orbiter (AO)-2 attach point.) The fore/aft direction
should be compliant at the AO-1 forward support point, and the lateral direction should be
compliant at the AO-2 aft port support point. Without these compliances, there is a risk to
exceed the design loads in ICD-2-17001 Table 3.2.3-1.2 of Reference (1). A summary of the
telecom to discuss this concern is included in Appendix B, Appendix H, items 1 and 2, and
Appendix I, item 1. Comments, concerns, and questions are provided in Appendix C with
subsequent responses from BRPH Engineering in Appendix D.

NESC Concern (Roscoe, August 17): The orbiter installation was to be performed in November

and without environmental control (i.e., without the building’s roof installed). Given a change in
temperature event during installation or while on display, differential thermal expansion between
the orbiter and the support structure drove the need for compliance between the two articles. The
DNC calculations (Appendix E) predicted forces at the AO joints with perfectly compliant

(i.e., zero stiffness) support structure. The DNC used Fluorogold® bearing elements to add

NESC Request No.: T1-12-00768
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compliance. However, these bearings were not “perfectly” compliant. The non-zero compliant
bearings would result in additional shear forces at the AO joints during thermal events. Also, the
thermal events would have a zero relative velocity starting point at the Fluorogold® interface.
The joint would tend to stick until sufficient shear force would overcome static friction.

BRPH Response (Paquette, August 20): “We have been looking at the concerns about
differential thermal expansion between the Orbiter and the Orbiter Support frame and had the
following response.

a. According to the slide bearing manufacturers, the static coefficient of friction to
break away is anywhere from nearly the same as the dynamic friction (0.07) to a
maximum of 0.1. So at AO2 the maximum breaking frictional resistance
Yo =93.1(0.1) = 9.31 kips which we used in our calculations. To assure the
0.07 coefficient of friction in the short term, lubricants are used according to the
bearing manufacturers, we are specifying them for the jacking and rotation. The
coefficient of friction is also improved with bearing pressures above a minimum of
75 psi according to the slide bearing manufacturers - so for the slide bearings under
the spacers, the bottom plate bearing surface was reduced where required to assure
that the bearing pressures are above 75 psi for applicable Orbiter orientations. (The
Orbiter when level was a controlling factor at the aft slide bearings.)

b. We have also added high capacity slide bearings at the edges of the shear lugs at the
spacers to reduce friction at AO3 and AO1 in the Xo direction from the Yo loads
and at AO2 in the Zo direction and we have considered the breakaway friction at
the edge slide bearings in our calculations as well.

c. After rotation, the support frame between the Aft and Forward AO supports is
intended to be removed, so differential thermal expansion of the Orbiter versus the
horizontal support frame between the forward and aft Orbiter supports will not be
applicable. The forward support frame is capable of deflecting because it is not
braced in the Xo direction.

d. We identified as much as 10.2 kips of uplift at AO3, which isn’t very much for all
8 bolts (1.5 inch diameter A325) in the spacer to resist. We have removed the
torque requirements after jacking and rotation from the contact documents.

e. We have analyzed and provided a table considering the Orbiter loads combined with
friction developed on the slide bearings prior to movement and differential thermal
expansion for cases that include in the level or rotated condition during jacking and
rotation.”

Static Display Compliance Summary:

The NESC team assessed this item has been satisfactorily addressed, assuming compatibility of
the lubricant and Fluorogold®, and believing 0.10 is the maximum coefficient of friction per the
manufacturer. Both assumptions would rate as a low risk. The contractor team has sufficiently
engineered the joint (e.g., contacted the manufacturer to estimate break-away friction, reduced

NESC Request No.: T1-12-00768
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bearing area to increase pressure load to the minimum recommended, added slide bearings to the
shear lugs, removed post-installation bolt torque, and calculated predicted max break-away shear
loads due to thermal expansion). The contractor team could have (or may have) tried to
determine the structural compliance between AO-2 and AO-3 for the small thermal expansion
difference. However, the 16,300-Ib limit may have been too low for the Support Frame. Either
way the bearing solution works. Once a slide bearing was introduced under AO-1, the contractor
team solved the biggest threat to the thermal expansion issue. Refer to in-depth question and
response discussion in Appendix F.

{AO-.%

w_ The support structure should
prevent this load. Magnitude
should be near zero during all
operations.

Figure 7.1-1. Orbiter Attach Point Compliance (Weight and Reaction Loads)

7.2 Sufficient Control of the Load While On the Lifting Jacks

The NESC team had an initial concern that the jacks will experience a moment as the orbiter is
being rotated to final position i.e., 43 degrees, port wing down) (See Figures 7.2-1, 7.2-2, and
7.2-3, and Appendix G and Appendix H, items 3 and 4).
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Assuming no load from this jack

=

Assuming post is pure pinned joint

Assuming this is a pinned joint. The minimum
force required to balance moments would be
normal to the radius vector.

Figure 7.2-1. Free Body Diagram of Loads to the Support Structure

:Q[J =J

Load on jack Load on jack at angle Do not expect this
at angle for half way between the case without
minimum load minimum and vertical special fittings.

Figure 7.2-2. Free Body Diagram of Loads to the Jacks

NESC Request No.: T1-12-00768
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Just prior to obtaining 43°,
contact at this support
would not exist.

N
AN
7

ORBITER IN FINAL ROTATED POSITION

SCALE: 1/8" = 1'-0"
Figure 7.2-3. BRPH Drawing of Orbiter in Final Rotated Position with Loads Applied to Jacks

The following response was provided to the initial NESC team’s comments and concerns via an
email from Mr. Ken Paquette, BRPH to Mr. John Dillon, KSC-Safety & Mission Assurance
Support Services (SMASS), dated July 10, 2012:

Response to Atlantis-Pivot.xlsx Load Diagrams in Appendix G

“Beyel Brothers has the bottom of the jacks stabilized by (propel) hydraulic cylinders

that are attached to the jack alignment runway tracks. (See attachments — Propel Jack
Cylinder.pdf and Lift Systems Jack Runway.pdf; Appendix J) The hydraulic cylinder allows
controlled horizontal movement. Leveling systems are being used to keep the jack straight. The
top of the jacks are attached to a hinged connection on the orbiter support beam. There are
diagonal braces that extend from the aft jack locations on the orbiter support beam to spreader
beams between the aft and forward supports for the orbiter. The rotation procedure will be
performed slowly to allow for adjustment to keep the jacks vertical.”

BRPH Engineering and DNC provided jack stability analysis (Reference 10). However, during
the telecon on July 27, 2012, the NESC team and DNC agreed that there was insufficient jack
data to perform a thorough analysis. DNC agreed to develop a test fixture with an orbiter mass

NESC Request No.: T1-12-00768




NASA Engineering and Safety Center Document

Technical Assessment Report NESC-RP-
12-00768

Version:

1.0

Title:

Structural Analysis Peer Review for the Static Display of the
Orbiter Atlantis at the Kennedy Space Center Visitors Center

Page #:

15 of 138

simulator to demonstrate capability and provide a pathfinder test for future processes. DNC
modified their design to include load cells at the top of the jack. With the load cells, DNC were

able to monitor jack side loads and improve the load control (Appendix I, item 2).

Subsequent to the peer review and stakeholder outbrief, DNC performed a pathfinder

demonstration with an orbiter mass simulator. (Figures 7.2-4, 7.2-5, and 7.2-6) No issues were
identified as a result of the test. The pathfinder test satisfied the concerns raised in this section.

BRPH Engineering incorporated bracing, sliding tracks for jacks, dunnage, and moved in 2-inch

increments to control the load. (Figures 7.2-4, 7.2-5, and 7.2-6)

"

ﬁﬁ E

Figure 7.2-4. Pathfinder Demonstration — Initial Lift
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Figure 7.2-5. Pathfinder Demonstration — Rotation (aft view)
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Flgue 7.2-6. Pathfinder Dmonstrztion — Rotation (side view)

Beyel Brothers completed the lift and rotation demonstration test at their Rigging and Heavy
Equipment Yard on October 11, 2012. The test used a mass simulator and equivalent support
structure to demonstrate the planned process for lifting and rotating the orbiter at the KSC
Visitor Center display site. The contractor demonstrated a well-choreographed process using a
combination of lifting jacks and support cribbing/dunnage to lift and rotate the orbiter to its final
display configuration (i.e., 43 degrees, port wing down).

Dunnage was used to support the port side jacks, the frame at the 43-degree position, and the
load in the event of a jack casualty (loss of hydraulics). The dunnage load capacity was based on
an aligned stacking configuration (concentric pipes axis) per page 92 of Volume I, Reference 7.
The aft port location had staggered dunnage where the pipes were not aligned and a load capacity
rating was not defined. The NESC team performed an assessment of dunnage for this
configuration (Appendix K) and found it to be sufficient for this application. No issues were
identified from the NESC team.
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7.3 Payload Bay Door Support Beam Support Structure Strength

The DNC/USA bolt calculation showed a FoS of 3 on yield and 5 on ultimate (see Appendices L,
M, and N). However, the DNC/USA calculations were in error because they did not account for
the prying/lever action of the two-piece support arm on the bolt. It was assumed all the cable
load would go directly to the bolt. The NESC bolt force load estimation, assuming only one bolt
was active out of the six, was 1,591 Ibs, versus the DNC/USA value of 679 Ibs (1,357/2) (see
Appendices O, P, and Q). DNC/USA subsequently revised their analysis and agreed to improve
the design by increasing the bolt strength to achieve a FoS of 5 (MP-35N 240KSlI tensile strength
versus 90-100 KSI for the original bolt).

No further concerns were generated from the NESC team.

7.4 Payload Bay Door Opening Operations

Initially, a review of the payload bay door opening operations was included in the initial NESC
request. The engineering and operational expertise associated with payload bay door operations
for the Space Shuttle Program resides with KSC Engineering, USA, KSC S&MA, and the
Shuttle T&R personnel at KSC. It was agreed with all parties, including KSC Education and
External Relations Directorate, that the NESC was not the appropriate organization to peer
review those operations.

7.5 Miscellaneous

There were other items the NESC team reviewed. They were not significant items, but are
included in this section for completeness. The NESC considers these items accepted and closed.

1. The DNC orbiter support frame with respect to the orbiter and the test fixture, including
center of gravity measurements and checks of critical dimensions of the orbiter-to-shuttle
carrier aircraft interfaces as found in the interface control document (ICD).

2. The shuttle documentation for the external tank (ET)-to-orbiter limit loads allowed
during ascent flight. Those allowable loads were more severe than the ferry flight ICD
limits used in designing the DNC static display structure. The demonstrated ascent loads
reflect the true orbiter interface load capability and give additional comfort in accepting
the loads to be imposed by the static display structure (Appendix R).

8.0 Findings and NESC Recommendations

Because of the iterative nature of this peer review there were no formal findings or NESC
recommendations. All comments and concerns were addressed in real-time discussions and
e-mail and captured as best as practical in this report. Based on the data and information
provided, the NESC finds the DNC, BRPH Engineering, and USA design and analysis results to
be appropriate and acceptable.
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One observation was noted during this review and documented in the stakeholder outbrief
(Appendix A). In general, there was a lack of “operational procedures” that NASA as an Agency
are accustomed to, such as detailed documentation on how a structure goes from one position to
another, and how the load is transitioned from one support system to another. The contractor
captured the general processes in the drawing system and drawing notes to convey the

activities. To assess the activities involving structures and the orbiter without procedures,
assumptions were made on the NESC team’s part that the vendor would safely execute the
activity as discussed. Subsequent to the peer review and stakeholder outbrief, DNC performed a
pathfinder demonstration with an orbiter mass simulator (Figures 7.2-4, 7.2-5, and 7.2-6). No
issues were identified to the NESC as a result of the test. The pathfinder satisfies the concerns
raised in this observation.

9.0 Alternate Viewpoint

There were no alternate viewpoints identified during the course of this assessment by the NESC
team or the NESC Review Board quorum.

10.0 Acronyms List

AO Aircraft/Orbiter

DNC Delaware North Companies

ET External Tank

FoS Factor of Safety

ICD interface control document

KSC Kennedy Space Center

MTSO Management Technical Support Office
NASA National Aeronautics and Space Administration
NESC NASA Engineering and Safety Center
S&MA Safety & Mission Assurance

SMASS Safety & Mission Assurance Support Services
T&R Transition & Retirement

USA United Space Alliance

11.0 References

1. Atlantis Loads Assessment, KSC Visitor Complex Analysis Report, Final Submittal, BRPH
No. 5636.45, dated July 5, 2012 (pdf)

2. KSC Visitor Complex Atlantis Support Dwg., 60% Submittal, BRPH No. 5636.44, dated
June 18. 2012 (pdf)

3. KSC Visitor Complex Atlantis Support Dwg., 90% Submittal, BRPH No. 79K39277, dated
August 22, 2012 (pdf)

NESC Request No.: T1-12-00768



NASA Engineering and Safety Center Document Verson:

Technical Assessment Report NESC-RP- 1.0
12-00768
Title: Page #:
Structural Analysis Peer Review for the Static Display of the 20 0f 138

Orbiter Atlantis at the Kennedy Space Center Visitors Center

10.

12.

A
B.
C.

nm

AETIO

PAOTVOoZIr

Atlantis Support Orbiter Opening Doors, Pre-100% Submittal, BRPH 79K39277, dated
September 12, 2012 (pdf)

KSC Visitor Complex Atlantis Support Dwg., 100% Submittal, BRPH No. 79K39277, dated
September 19, 2012 (pdf)

Test Fixture Design, 100% Submittal, BRPH Drawing 6701.01, dated August 9, 2012 (pdf)

100% Structural Calculations Volumes | & Il, BRPH No. 5636.44, dated January 19, 2012
(pdf)

Atlantis Loads Assessment, KSC Visitor Complex Analysis Report, 90% Submittal, BRPH
No. 5636.45, dated May 3, 2012 (pdf)

Atlantis Support Concept, KSC Visitor Complex, 100% Submittal, BRPH No. 5636.44,
dated February 17, 2012 (pdf)

Orbiter Rotation Frame 7-9-2012.pdf (STAAD Analysis FilePropel Jack Cylinder.pdf
(Jacks to be used for lift and Orbiter Rotation Frame 7-9-2012.pdf (STAAD Analysis File)

0 Appendices

NESC Stakeholder Outbrief

Atlantis_Review-Executive_Summary-060112[1].docx (Notes from Telecon held 6/1/2012)
AtlantisLoadsAssess_Comments.xlsx (K. Roscoe Comments from NESC Review of
Reference Documents: Attachments D of Ref. 1, Ref. 8, and Ref. 9)
AtlantisLoadsAssess_Comments RBPH Response.pdf (Response to NESC comments in
Appendix C - AtlantisLoadsAssess_Comments.xIsx)

Orbiter Loads 155K Xo =159 On SCA Connections.pdf

Email from K. Roscoe to S. Minute on 9/3/2012: 5636.44 RE: Atlantis Support Structure -
Additional Design Calculations

Atlantis-Pivot.xlsx (K. Roscoe’s Free Body Diagrams)
AtlantisltemsFor072712meeting.docx (Discussion items for telecon held 7/27/2012)
AtlantisReview072712-Summary.docx (Summary of telecon on 7/27/2012)

Propel Jack Cylinder.pdf (jacks to be used for lift and rotation)

Atlantis DunnageRevA.pptx (Assessment of dunnage to be used in lift and rotation
procedure)

PLBD Support-C.pdf

. G-Ops Support.pdf

Mathcad - OV-104_Door_Support_Analysis_3.pdf

PLBD Comments.pptx (K. Roscoe’s assessment of PLBD analysis)

PLBD Attach Beam calcs.xlsx (K. Roscoe’s analysis)

AttachBeamBolts.xIsx (K. Roscoe’s analysis)

Email from C. Larsen to Minute, et. al. on September 5, 2012: Re: Atlantis Support Structure
— Orbiter allowable loads.
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Appendix A. NESC Stakeholder Outbrief

Presenter: S. Minute

Date 9/27/2012

Stakeholder Briefing:

Atlantis Static Display Structural Analysis Review

- T-12-00768

Steve Minute
September 27, 2012

This briefing is for status only and does not represent complete engineering data analysis 4.

NESC Document No: NESC-PSS-12-00768
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Presenter: S. Minute

Scope of Assessment ote o/7on2

An engineering firm is performing the structural analysis for the static
display of Orbiter Atlantis at the KSC Visitor Center

Because of the significance and visibility of this national asset, S&MA
wanted an independent peer review of the engineering analysis

NESC considered three parts to this review

» Final static display of Orbiter to support stands — minimal dynamic loads
(i.e. indoors, no internal access)

 Lifting and handling to get orbiter onto final stands

» Assess payload bay door support and connection to support wires -
Orbiter will be displayed with doors open (analysis of door structure not
provided)

» Did not review the Payload Bay Door opening procedure and required
GSE - KSC engineering better suited to review that operation

This briefing is for status only and does not represent complete engineering data analysis
NESC Document No: NESC-PSS-12-00768
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Peer Review Activities

Presenter: S. Minute

Date 9/27/2012

+ Team Membership:
+ Steve Minute (NESC CE - KSC)
+ Ivatury Raju (NASA Tech Fellow — Structures)

» Kevin Roscoe (NASA LaRC Discipline Expert — Structures & GSE)

* Kenny Elliott (NASA LaRC Discipline Expert — Structures)

* Curt Larsen (NASA Tech Fellow — Loads & Dynamics)

« Dave Hamilton (Structural Engineering Consultant — JSC)

* Mark Terrone (NESC Systems Engineer)

» NESC was requested to peer review the design in March, 2012.
» Over the course of the review period NESC was provided multiple

design and analysis packages.

* Held 4 internal team meetings and 2 external meetings (with

Delaware North, BRPH, NASA, S&MA, and USA)

« Upcoming - Rollout and Program Readiness Reviews

This briefing is for status only and does not represent complete engineering data analysis

NESC Document No: NESC-PSS-12-00768

NESC Request No.: T1-12-00768




NASA Engineering and Safety Center Document Verson:
Technical Assessment Report NESC-RP- 1.0
12-00768
Title: Page #:
Structural Analysis Peer Review for the Static Display of the 24 0f 138
Orbiter Atlantis at the Kennedy Space Center Visitors Center

Presenter: S. Minute

Data Analysis

Date 9/27/2012

« Data, Designs, and Drawings provided were reviewed.

» Because this was a peer review the NESC questions and comments
were fed directly to the program and contractors for consideration.

» Four areas for further discussion/concern developed:
1. Compliance of attach points for thermal expansion
2. Sufficient lateral stiffness of the lifting jacks
3. Payload Bay Door Support Beam Factor of Safety
4. Payload Bay Door opening operations

This briefing is for status only and does not represent complete engineering data analysis
NESC Document No: NESC-PSS-12-00768
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Presenter: S. Minute

Data Analysis (cont.) e

1. Compliance of attach points for thermal expansion

+ BRPH has re-engineered their Flourogold® slide bearing design to
better accommodate thermal issues as a result of NESC inquiries:
. Contacted Flourogold® to estimate break-away friction
. Reduced bearing area to increase pressure load to minimum
recommended (overcomes static friction)
. Removed post-installation bolt torque
. Added slide bearings to side of shear lugs (effective when rotated)
. Calculated predicted max break-away shear loads due to thermal
expansion

( AO-3

The support structure should
prevent this load. Magnitude
should be near zeroduring all
operations.

This briefing is for status only and does not represent complete engineering data analysis 5
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Presenter: S. Minute

Data Analysis (cont.)

Date 9/27/2012

2. Sufficient lateral stiffness of the lifting jacks

» Concern that jacks will experience a moment as the orbiter is being
rotated to final position (starboard side 43 deg. down)
« BRPH incorporating bracing, sliding tracks for jacks, and dunnage in 2"
increments to control rotation.
» Insufficient jack data to do analysis — but will demonstrate capability with
testing (open work). Plan to use an orbiter mass simulator to perform
pathfinder test.

L

Assuming no load from this jack

=

Assuming post is pure pinned joint
Load on jack Load on jack at angle Do not expect this
at angle for half way between the case without
minimum load minimum and vertical special fittings.
Assuming this is a pinned joint. The minimum
force required to balance moments would be
normal to the radius vector.
This briefing is for status only and does not represent complete engineering data analysis 6
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Data Analysis (cont.)

Presenter: S. Minute

Date 9/27/2012

3. Payload Bay Door (PLBD) Support Beam Factor of Safety (FoS)

+ PLBD Support Beam design was based on FoS of 2

+ NESC concerned with transition of PLBDs from existing GSE to support

beam & cables.

«  Weight of GSE still attached; Strongbacks make doors semi-rigid
» Planned method to transfer load to support cables via turnbuckles
» Should consider Support beam and cables as lifting devices during

transition (NASA Standard required FoS of 5)

+ USA opted to use stronger bolts and improve their analysis resulting in

FOS greater than 5.

1,089

Assuming the PLBD can
take this load (moment)?

This briefing is for status only and does not represent complete engineering data analysis
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Data Analysis (cont.)

Presenter: S. Minute

Date 9/27/2012

4. Payload Bay Door opening operations

+ The NESC team did not have the expertise to assess the PLBD

opening operation with modified orbiter GSE (C-hook, etc.)

+ Communicated concern back to S&MA and program. NASA and USA

Program personnel are reviewing those activities

This briefing is for status only and does not represent complete engineering data analysis
NESC Document No: NESC-PSS-12-00768
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Presenter: S. Minute

Findings/Recommendations L

Based on the data and information provided to NESC we find the
Delaware North, BRPH, and USA designs and analysis (as stated in
the scope) to be appropriate and acceptable.

» The contractors responded to our NESC inquiries.
*  Where appropriate, they improved their analysis and design

In general, there was a lack of “procedures” as we in NASA are
accustomed to seeing, like detail on documenting how a structure goes
from one position to another, and how the load is transitioned from one
support system to another. The contractor captured the general
processes in the drawing system and drawing notes to convey the
activities. To assess the activities involving structures and the orbiter
without procedures, assumptions were made on our part that the vendor
would safely execute the activity as discussed. The planned lifting and
rotation tests will be helpful in demonstrating the process.

This was communicated to the Stakeholders

This briefing is for status only and does not represent complete engineering data analysis
NESC Document No: NESC-PSS-12-00768
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Appendix B. Atlantis Review-Executive Summary-060112[1].docx (Notes
from Telecon held 6/1/2012)

Subject: Display of Atlantis in the KSC Visitor Complex

References (1) and (2) were provided to NASA as part of an ongoing process to show that all
procedural steps from transporting the orbiter to the final display configuration are safe and will
not damage the Orbiter Atlantis. A review of Reference (1) shows that the attachment points on
the orbiter and the attachment hardware to be sufficient for the 43° roll display configuration.
This sufficiency is contingent on the support structure / attachment hardware providing the
proper compliance. At the forward support point, AO-1 the fore/aft direction should be
compliant. At the aft port support point, AO-2 the lateral direction should be compliant.
Without these compliances it could be relatively easy to exceed the design loads in Table 3.2.3-
1.2 of Reference (3).

To complete the review and assessment of the process, the following documents are needed:
1. The structural steel support frame (display structure) assessment, including the

appropriate support structure / attachment hardware compliances.

2. Payload Bay Door procedure and hardware assessment (crane operations
(opening), and supporting)

3. Orbiter lifting / jacking procedure onto the display structure and hardware
assessment

4. Orbiter rotation procedure and hardware assessment

Confirmation should be provided stating that all hardware and procedures used for handling the
orbiter are the same as those used for the flight articles. If not, an assessment of the variances
should be provided for review.

Note: Reference (2) contains operations that conflict with those in Reference (1). These conflicts
need to be addressed and resolved.

References:
1. Atlantis Loads Assessment, KSC Visitor Complex Analysis Report, 90% Submittal,

BRPH No. 5636.45, dated May 3, 2012

2. Atlantis Support Concept, KSC Visitor Complex, 100% Submittal, BRPH No. 5636.44,
dated February 17, 2012

3. ICD-2-17001, rev G-1, Orbiter Vehicle / Carrier Aircraft, Dated March 5, 2007
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Appendix C. AtlantisLoadsAssess Comments.xlsx (K. Roscoe Comments
from NESC Review of Reference Documents: Attachments D of Ref. 1, Ref. 8,
and Ref. 9):

Atlantis Review
brph Atlantis Loads Assessment

Section | Paragraph | Comments or Notes
1 2 Do not need to make an exception. Comparison to the worst case
tensile condition is not applicable. See ICD-2-17001, Section 3.2.3

1.2 2 Bullet 6: Cannot have arigid support frame. All loading in contingent on
AO-2 not transmitting lateral loads.

1.3 4 Support frame analysis is TBD

2.2 Figure Sideslip Maneuver Forces: shows vertical tensile force of 128 kips. This
case was used to size the bolt preload. See ICD-2-17001, Section 3.2.3

24 Last Statement that they will design the support stand with AO-2 lateral compliance.
3 1 Don't need exception
3 3 Disagree with their Z load at AO-3. See Figure in 2.1 and "Loads" sheet

4.1 Orbiter support structure:

AO-1should be compliant in fore/aft direction
AO0-2 should be compliant in lateral direction

4.2 all Don't need FEA when all the dofs are released.
4.3 all Don't need FEA when all the dofs are released.
4.4 ICD-2-17001 rev G-1

Figure 1.2-1.1 has the attachment coordinates

3.2.3 Shows sideslip maneuver only used to derive preload
Table 3.2.3-1.2 shows worst case loads on attachment hardware
Table 3.2.3-1.3 shows sideslip maneuver loads

4.5 Figure 1 |Figure is different from brph Atlantis Support Concept 2/17/12
Step2 |Does not describe how they are going to install Atlantis on support frame
Step3 |Does not describe how they are going to rotate frame
Assumptions [Bullet 3: Only applies to attach points (not doors) and needs to have a FS
Bullet 6: Frame must be appropriately compliant, not "rigid"
Limitations [Assumption that there will be no differences between normal lifting and
handling of the Orbiter and landing the Orbiter on the support stand.

4.6 email Analysis weight appears to be conservative.

End
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Appendix D. AtlantisLoadsAssess Comments RBPH Response.pdf (Response
to NESC comments in Appendix C - AtlantisLoadsAssess Comments.xlsx)

ATLANTIS LOAD ANALYSIS - Project # 5636.45
Atlantis Review (06-26-2012)
brph Atlantis Loads Assessment

DNC Parks & Recreation

Section | Paragraph | Comments or Notes BRPH Response
1 2 Do notneed to make an exception. Comparison to the worst case
tensile condition is not applicable. See ICD-2-17001, Section 3.2.3 Accept - Will remove exception from report
1.2 2 Bullet 6: Cannot have a rigid support frame. All loading in contingent on Accept - Will remove bullet 6 from report
AO-2 not transmitting lateral loads.
1.3 4 Support frame analysis is TBD 60% Atlantis Support Package will have the support
2.2 Figure  [Sideslip Maneuver Forces: shows vertical tensile force of 128 kips. This
case was used to size the bolt preload. See ICD-2-17001, Section 3.2.3 Information - no action required
2.4 Last  |Statement that they will design the support stand with AO-2 lateral compliance. 60% Atlantis Support Package will show spacers
with slide bearings under the A02 and A03 Aft SCA Bases
3 1 Don't need exception Accept - Will remove exception from report
3 3 Disagree with their Zload at AO-3. See Figure in 2.1 and "Loads" sheet BRPH value is slightly higher -9.36 vs 2.712
This is due to the Analysis Software and method used and
is more conservative than the reviewers result.
The conservative results were used in the Orbiter Support frame
analysis.
41 Orbiter support structure: The Teepee for the forward flight ferry is capable of
AO-1 should be compliant in fore/aft direction rotating, so special conections for the Teepee to the support are
A0-2 should be compliant in lateral direction are not antidpated.
60% Atlantis Support Package will show spacers
with slide bearings under the A02 and A03 Aft SCA Bases
4.2 all Don't need FEA when all the dofs are released. FEA was not performed, plates were added to an Orbiter model to
43 all Don't need FEA when all the dofs are released. change the stiffness to review the affect of allowing A03 to support
loads in the Xo direction. This lead to not allowing A03 to support Xo loads.
4.4 ICD-2-17001 rev G-1
Figure 1.2-1.1 has the attachment coordinates
323  |Shows sideslip maneuver only used to derive preload - no action required
Table 3.2.3-1.2 shows worst case loads on attachment hardware
Table 3.2.3-1.3 shows sideslip maneuver loads
4.5 Figure 1 |Figure is different from brph Atlantis Support Concept 2/17/12 If you are referring to “Figure- Orbiter Support Plan" this figure just gives a simple
reference horizontal plan location of the connection attachments.
This figure is not indicating the support frame.
Step2  |Does not describe how they are going to install Atlantis on support frame 60% Atlantis Support Package will basic method.
USA will make the ferry flight attachments to the Orbiter.
Rigging plans from the Contractor will provide a detailed full procedure and equipment used.
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BRPH Response

Section ragraph | Ci or Notes

Step3 | Does not describe how they are going to rotate frame

Assumptions |Bullet 3: Only applies to attach points (not doors) and needs to have a FS

Bullet 6: Frame must be appropriately compliant, not "rigid"
Limitations |Assumption that there will be no differences between normal lifting and
handling of the Orbiter and landing the Orbiter on the support stand. Orbiter rotation.

4.6 email Analysis weight appears to be conservative.
End

60% Atlantis Support Package will basic method.
Rigging plans from the Contractor will provide a detailed full procedure and equipment used.

Assuming that this is referring to the Approach section, approximately 1/2 of the final
door weight should be supported from the roof structure above.

See 60% Atlantis Support package for Orbiter installation.
Framing between the aft and forward vertical support frames will be removed after

We haven'tbeen able to get sufficiently detailed information to make any reductions.
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Atlantis Review
brph Atlantis Loads Assessment

Pinned-Pinned Load Distribution l 43 deg
Transform Coordinates
ICD-2-17001, Fig 1.2-1.1 to AO-1 X & AO-2 Y&Z Pivot about AO-2
Location Xo Yo Zo Xo' Yo' 20 Yo" 20"
AO-1 388.045 0| 283.841 0 96.5 16.285 59.47 77.72]
AO-2 1317 -96.5| 267.556| 928.955 0 0 0| 0
AO-3 1317 96.5| 267.556| 928.955 193 0 141.15 131.63,
CG* 1082.6 0| 364.9| 694.555 96.5 97.344 4.19 137.01
* Per brph Loads assessment, Attach F
Load Distribution
X-Direction Y-Direction
Fwd 25.23% AO-2 97.03%
Aft 74.77% AO-3 2.97%
Aft =694 /929 AO-3 =4.19/141
Fwd =1-Aft AO-2 =1-A0-3
Loads
Atlantis Weight 167,216 Analysis Loads** Limit Loads Factor of Safety
X - Dir Yo Zo Yo 2o Yo Zo
| Aft AO-283 125,023 85,265 91,436
Fwd AO-1 42,193 28,776 30,858 95,300 190,400 331 6.17
| AO-2 0 88,724 16,300| 355,000 4.00
AO-3 85,265 2,712 248,400 355,000 291 131

**Analysis Xo loads were all zero

Graphical Display of Rotation
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Atlantis Review
brph Atlantis Support Concept

Section agraph | C or Notes BRPH Respon:

1.2 Step 2-7 |Assume: brph At/antis Loads Assessment section 4.5, limitations applies Steps 2 to 7 are required to get the Orbiter up to the vertical
and they will not need steps 2-7. height needed to rotate the Orbiter.

12 Step 8 |Assume: brph Atlantis Loads Assessment section 4.5, Figure 1 is different See 60% Atlantis Support package.
from Step 8 (pivot point). Rotation not shown. Step 8 "as-is" is appears Dunnage has been added on the port side and bracing to the dunnage
unstable. has been added at all of the dunnage.

1.2 Step 9  |Dunnage will not likely work in this configuration. See 60% Atlantis Support package.

13 Step 1  [Port door CG and lift point appear to be in-line with or on the port side of A detailed Orbiter door opening procedure is being
the hinge (eyeball). Crane would need to pull sideways to open. developed by USA.

Step 2 & 6 |Door going over top dead center will want to bounce. Coordinating crane A detailed Orbiter door opening procedure is being

translation with cable tension likely needed. developed by USA.
Preference: rather ground, support structure, or vehicle support doors.
Storms will move rafters and a small cable easier to vandalize.

4.1 Appendix A |Is the "Forward Jack" still needed with the current lift plan? Yes - Unless USA comes up with something, there is inadequate clearance from the
Concerns with structure: Clevis ring on post, Foot Plates can't take moments, forward landing gear to the Ferry Fight Teepee support beam.
Lateral braces are flexible.

4.9 | Appendix| |"C-Frame": Flange is not continuous at corner. lllustration provided by NASA. Additional drawings from USA have only

recently been obtained.
End
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Appendix E. Orbiter Loads 155K Xo =159 On SCA Connections.pdf

=

.j Softwars licensed to BRPH Companies, Inc

Job No
5636.45

1

PatOrbiter loads on SCA connections

JobTitle Orbiter Support Loads

B/ KPaquette

Dat21 Mar 2012 <M

Client

e Orbiter Loads 155K Xo =

Date/Tme 17.Jyl-2012 14:28

Orbiter Model to Determine Loads due to Changes
for OV-104

ate: 09/08/2012 16:02 STAAD.Pro V8i (SELECTseries 2) 20.07.07.32
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PAGE NO. 1
* *
* STAAD.Pro V8i SELECTseries?2 *
* Version 20.07.07.32 *
* Proprietary Program of *
* Bentley Systems, Inc. *
* Date= JUL 17, 2012 *
* Time= 14:28:30 *
* *
* USER ID: BRPH Companies, Inc. *
sk e de vk K
1. STAAD S
INPUT FILE: Orbiter Loads 155K Xo = 159 - No Xc

2. START JOB INFORMATION

3. JOB NAME ORBITER SUPPORT LOADS

4. JOB CLIENT DNC

S .45

6 RBITER LOADS ON SCA CONNECTIONS

7. ENGINEER NAME KPAQUETTE

8. ENGINEER DATE 21 MAR 20

9. END JOB INFORMATION

10. INPUT WIDTH 79

11. UNIT INCHES KIP

12. JOINT COORDINATES

13. 2000 1052.6 272.:

14

15,

16 05

%

3 11

14
2 10444 13
2 10544 13
3 20137 38
31 10 :
32. 13 0146 14
33. 11 20148
34. 14 0150 1
35 143 .56
36. 1317 1317 416.548
37. 1317 0160 726.406 425.
38. 871.3 1148.94 41
9 581.4

871.3

o = 159 43 deg Flexible - No Xo Cc

K:\STRUCT\5636.44 Orbiter Installation
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STAAD SPACE

41. 20168 1148.94 419.025 -105; 20170 581.46 428.23 0; 20171 484.75 430.532 97.976
42. 20172 484.75 430.532 -97.

-= PAGE NO. 2

976; 20173 1439.38 416.548 96.5

43. 20174 1439.38 416.548 -96.5; 20175 581.46 529.15 0
44. 20176 726.406 276.937 -136.8; 20177 726.406 276.937 136.8

45. MEMBER INCIDENCES

46. 2001 2001 10038; 2002 2001 10238; 2003 2002 10144; 10001 10000 10001

47. 10003 10238 10239; 10004
48. 10007 10242 10243; 10008
49. 10011 10040 10041; 10012
50. 10015 10238 10016
51. 10019 10242 10020
52. 10023 10142 10024
53. 10027 10142
54. 10037 10042
55. 10041 10139
56. 10045 10243

10038
10042
10046

10239 10240; 10005 10240 10241; 10006 10241 10242
10243 2003; 10009 10038 10039; 10010 10039 10040
10041 10042; 10013 10042 10043; 10014 10043 2002
10239 1013%; 10017 10240 10140; 10018 10241 10141
10139 10039; 10021 10140 10040; 10022 10141 10041
10139 10140; 10025 10140 10141; 10026 10141 10142

10034 2000 10242; 10035 2000 10042; 10036 10242 10141

10141 10240; 10035 10141 10040; 10040 10240 10139
2000 10243; 10043 2000 10043; 10044 10144 2003
10143 10043; 10047 2000 10143; 10048 10143 10144

57. 10049 2003 10143; 10050 2002 10143; 10060 10242 10000; 10077 10000 10043

58. 10078 10000 10243; 10080
§9. 10085 10138 10038; 10086
60. 10089 10343 10344; 10090
61. 10093 10544 10545; 10094
62. 10097 10145 10245; 10098
63. 10101 10240 20142; 10102
64. 10105 10243 10343; 10106
65. 10109 20142 10242; 10110

10042 10000; 10083 10238 10139; 10084 10038 10139
2001 10138; 10087 10138 10139; 10088 10342 10343

10344 10345; 10091 10443 10444; 10092 10444 10445
2003 10344; 10095 10344 10444; 10096 10444 10544

10245 10345; 10099 10345 10445; 10100 10445 10545
20142 10342; 10103 10342 10443; 10104 10443 10544
10343 10443; 10107 10242 10342; 10108 10241 20142
10242 10343; 10111 10343 10444; 10112 10444 10545

66. 10113 10343 2003; 10114 2003 10145; 10115 2003 10345; 10116 10345 10444
67. 10117 2003 10245; 10118 10144 10145; 10119 20143 20144; 10120 20144 20145

68. 10121 20145 20146; 10122

20147 20148; 10123 20148 20149; 10124 20150 20151

69. 10125 2002 20145; 10126 20145 20148; 10127 20148 20150; 10128 10145 10045

70. 10129 10045 20146; 10130
71. 10133 20152 20143; 10134
72. 10137 20144 20147; 10138
73. 10141 10042 20144; 10142
74. 10145 2002 10145; 10146
75. 10149 10133 2001; 10150
76. 10153 10037 10038; 10154
77. 10160 10133 20137; 1016l
78. 10164 20137 10037; 10165

20146 20149; 10131 20149 20151; 10132 10040 20152
20143 20147; 10135 20147 20150; 10136 10043 20144
10042 20143; 10139 10041 20152; 10140 20152 10042
20144 20148; 10143 20148 20151; 10144 20144 2002

2002 20146; 10147 20146 20148; 10148 2002 10045
10133 10237; 10151 10237 10238; 10152 10133 10037

10237 2001; 10155 2001 10037; 10159 20155 20156
20137 20172; 10162 20137 2001; 10163 20137 10237
20156 10145; 10166 10045 20156; 10167 20156 10245

79. 10168 2002 20155; 10169 2003 20155; 10180 20164 20165; 10181 20165 20166

80. 10182 20166 10183
81. 10186 20160 10187
82. 10190 20157 10191
83. 10194 10041 10195

84. 10198 10239 20164; 10199
85. 10202 10243 20168; 10203
86. 10206 10241 20167; 10207
87. 10210 10040 20161; 10211
88. 10214 20159 20170; 10215
89. 10218 10139 20164; 10220
90. 10224 20159 20171; 10225
91. 10231 20157 20173; 10232
92. 10235 20173 20156; 10236

20167 20168; 10184 20168 20158; 10185 20159 20160
20161 20162; 10188 20162 20163; 10189 20163 20157
20155 20158; 10192 10039 20159; 10193 10040 20160
10042 20162; 10196 10043 20163; 10197 2002 20157

10240 20165; 10200 10241 20166; 10201 10242 20167
2003 20158; 10204 10239 20165; 10205 10240 20166

10242 20168; 10208 10243 20158; 10209 10039 20160
10041 20162; 10212 10042 20163; 10213 10043 20157
20170 20164; 10216 101392 20170; 10217 20159 10139
20172 20170; 10222 20172 10238; 10223 20164 20172
20171 20172; 10227 20171 20137; 10229 10038 20171
20158 20174; 10233 10045 20173; 10234 10245 20174
20156 20174; 10237 20155 20174; 10238 20155 20173

93. 10239 2002 20173; 10240 2003 20174; 10241 10037 20171; 10242 10038 20159

94. 10243 10237 2017 10244
95. 10247 20170 20175; 10248
96. 10252 10239 20176; 10253

10238 20164; 10245 20159 20175; 10246 20164 20175
20175 20171; 10249 20175 20172; 10251 20155 10144
20176 20142; 10254 10240 20176; 10255 10039 20177
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AAD SPACE PAGE NO. 3

10040 2

10258 10 0172; 10

10138 20171

MEMBER PROPERTY
2001 2002 10003 TO 10014 TABLE ST
10001 TABLE ST TUB1201205

10017 TO
10015 10016 1
10086 10087
10034 10035
10088 TO
10132 TO
10149 TO
10160 TO
10192 TO
10214 TO
TABLE
TABLE

B1201

10047 10048 TABLE ST TUB50505
ST TUB50505

TUB50505

43 10060 10077 10080 TABLE ST
TO 10111 10113

TUB80806

10

10241
10245

TUBB0806

ST TUB1201205
TUB120
TUB
TUB50506

50506

10143 10146 10147 TABLE ST TUB

10115
3 TABLE
TO 101

10

38 TABLE ST TUB50506

10240 TABLE ST TUB8O0S8

3 TO 10100 10105 10106 10125 TO 10127 -
201205

. STEEL

GTH FY 36 FU 58 RY 1.5 RT 1.2
END DEFINE MATERIAL

CONSTANTS

MATERIAL MATERIAL1 ALL
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STAAD SPACE PAGE NO. 4

FIXED BUT
1 FIXED BUT MX MY M
i | YPE NONE

161. PERFORM ANALYSIS

PROBLEM STATISTICS

NUMBER OF JOINTS/MEMBER+ELEMENTS/SUPPORTS = 74/ 209/ 4

SOLVER USED IS THE OUT-OF-CORE BASIC SOLVER

ORIGINAL/FINAL BAND-WIDTH= 67/ 14/ 90 DOF
TOTAL PRIMARY LOAD CASES = 1, TOTAL DEGREES OF FREEDOM = 438
SIZE OF STIFFNESS MATRIX = 40 DOUBLE KILO-WORDS
REQRD/AVAIL. DISK SPACE = 12.7/ 305323.7 MB

162. PRINT SUPPORT REACTION
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STAAD SPACE PAGE NO.
SUPPORT REACTIONS -UNIT KIP INCH STRUCTURE TYPE = SPACE
JOINT LOAD FORCE-X FORCE-Y FORCE-2Z MOM-X MOM-Y MOM Z
2001 &%
2002 1 .00 91.33 .00
2003 1 0.00 -10.23 -75.62 0.00 0.00
10001 1 0.00 0.00 0.00 0.00 0.00 0.00
"""""""""" END OF LATEST ANALYSIS RESULT ****#*****xxix+x
163. FINISH
**%%%* END OF THE STAAD.Pro RUN **#%*%tadis
**%* DATE= JUL 17,2012 TIME= 14:28:31 ****
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Appendix F. Email from K. Roscoe to S. Minute on 9/3/2012: 5636.44 RE:
Atlantis Support Structure - Additional Design Calculations

From: ROSCOE, KEVIN (LARC-D206)

Sent: Monday, September 03, 2012 4:19 PM

To: Minute, Stephen A. (KSC-C105)

Cc: Raju, Ivatury S. (LARC-C104); Elliott, Kenny B. (LARC-D210); Larsen, Curtis E. (JSC-C104); 'David
Hamilton' (dave@lifethoughts.com)

Subject: RE: FW: 5636.44 RE: Atlantis Support Structure - Additional Design Calculations
Importance: High

Steve,

I think they closed this item, assuming compatibility of the lubricant and Flourogold, and
believing 0.10 is the maximum coefficient of friction per the manufacture (we have margin
if it is slightly higher). Both assumptions | would rate as a low risk.

Prior to this response they assumed it would work and didn’t think about it (my

opinion). Now they have engineered the joint (reduced bearing area to increase pressure
load to the minimum recommended, removed post-installation bolt torque, added slide
bearings to the shear lugs, contacted the manufacturer to estimate break-away friction, and
calculated predicted max break-away shear loads due to thermal expansion).

They could have (or may have) tried to determine the structural compliance between AO-2
and -3 for the small thermal expansion difference. However, the 16,300 Ib limit may have
been too low for the massive Support Frame. Either way the bearing solution works.

Once they put a slide bearing under AO-1, they solved the biggest threat to the thermal
expansion issue. The rest of this work is more or less good engineering (details).
Disclaimer: T haven’t looked at the details in the analysis or the drawings, but BRPH gave
the right response. | plan on looking at the details after I go thru the hot items in my
inbox.

Sincerely,

Kevin Roscoe

Structural & Thermal Systems Branch
Engineering Directorate
NASA Langley Research Center, MS 431

1 N. Dryden Street / Hampton, VA 23681
Bldg. 1209, Rm. 150B, Off: 757-864-4173

From: Minute, Stephen A. (KSC-C105)

Sent: Wednesday, August 29, 2012 12:45 PM

To: Raju, Ivatury S. (LARC-C104); ROSCOE, KEVIN (LARC-D206); Elliott, Kenny B. (LARC-D210); Larsen,
Curtis E. (JSC-C104); 'David Hamilton' (dave@lifethoughts.com)
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Subject: FW: FW: 5636.44 RE: Atlantis Support Structure - Additional Design Calculations
Importance: High

| haven’t read any of this yet — wanted to get it directly into your hands.

From: Dillon III, John Thurman Rascoe (KSC-SMASS-E)[Millennium Engineering and Integration
Company]

Sent: Wednesday, August 29, 2012 12:24 PM

To: Minute, Stephen A. (KSC-C105)

Cc: Braden, Barry M. (KSC-SA000)

Subject: FW: FW: 5636.44 RE: Atlantis Support Structure - Additional Design Calculations
Importance: High

Steve,
Here is the response from BRPH.
John

From: Ken E. Paquette [mailto:kpaquette@brph.com]

Sent: Wednesday, August 29, 2012 12:01 PM

To: Dillon III, John Thurman Rascoe (KSC-SMASS-E)[Millennium Engineering and Integration Company]
Cc: Wohlert, William D. (KSC)[DELAWARE NORTH COMPANIES PARKS & RES]; Andrew H. Miller
Subject: RE: FW: 5636.44 RE: Atlantis Support Structure - Additional Design Calculations

John
See my responses in Red below and forward with my attachments to Mr. Roscoe.
Thanks Ken

KEN E. PAQUETTE | Senior Structural Engineer

BRPH | 5700 North Harbor City Boulevard, Suite 400 | Melbourne, Florida 32940
O: 321-751-3035 | F: 321-259-4703
KEP@brph.com | www.brph.com

ARCHITECTS | ENGINEERS | CONSTRUCTORS

From: ROSCOE, KEVIN (LARC-D206)

Sent: Monday, August 20, 2012 1:00 PM

To: Minute, Stephen A. (KSC-C105); Raju, Ivatury S. (LARC-C104); Elliott, Kenny B. (LARC-D210); 'David
Hamilton' (dave@Ilifethoughts.com); Larsen, Curtis E. (JSC-C104)

Cc: Dillon 111, John Thurman Rascoe (KSC-SMASS-E)[Millennium Engineering and Integration Company]
Subject: RE: 5636.44 RE: Atlantis Support Structure - Additional Design Calculations

Steve,

NESC Request No.: T1-12-00768
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Great. Based on my understanding that takes care of the connection from AO-1 to AO-2
(and AO-3) in the X direction for the post installation condition. An estimate of shear force
given the assumptions and calculations can be added to the predicted load summary for the
AO joints, provided this is the worst case.

Is the connection situation identical for the AO-2 to AO-3 in the lateral direction?

There isn’t a separate frame in between AO-2 and AO-3 so we considered the full breaking
friction force in the Yo directions at the slide bearing at AO-2 for thermal stresses.

The Change in length of the Orbiter from AO2 to A03 due to a 30 degree temperature
swing is approximately:

13x107-6 (30 degrees)(96.25+96.25) = 0.075 inches

The change in length of the steel Orbiter support beam for the same length is:
6x107-6(30)(96.25+96.25) = 0.03465 inches

The change in length difference is 0.0404 inches — a little more than 1/32 of an inch.
According to the slide bearing manufacturers, the static coefficient of friction to break
away is anywhere from nearly the same as the dynamic friction (0.07) to a maximum of
0.1. So at AO2 the maximum breaking frictional resistance Yo =93.1(0.1) = 9.31 kips
which we used in our calculations. To assure the 0.07 coefficient of friction in the short
term, lubricants are used according to the bearing manufacturers, we are specifying them
for the jacking and rotation. The coefficient of friction is also improved with bearing
pressures above a minimum of 75 psi according to the slide bearing manufacturers - so
for the slide bearings under the spacers, the bottom plate bearing surface was reduced
where required to assure that the bearing pressures are above 75 psi for applicable
Orbiter orientations. ( The Orbiter when level was a controlling factor at the aft slide
bearings.)

We have also added high capacity slide bearings at the edges of the shear lugs at the
spacers to reduce friction at AO3 and AO1 in the Xo direction from the Yo loads and at
AQO?2 in the Zo direction, and we have considered the breakaway friction at the edge slide
bearings in our calculations as well.

Also, does environmental control from the time the orbiter is secured to the support frame
till the final display configuration exist?

Environmental control is not expected, however this procedure is intended to be done in
November, when milder temperatures occur.

After the building is in use and conditioned, emergency systems to keep the artifacts at a
constant temperature are part of the facility design.

If not, then there is a risk during this time (jacking and rotation) of an environmental load
condition. The event could occur in the level or rotated condition.

We have analyzed and provided a table considering the Orbiter loads combined with
friction developed on the slide bearings prior to movement and differential thermal
expansion for cases that include in the level or rotated condition during jacking and
rotation.
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Preload:

We haven’t had a lot of discussion concerning bolt torque after installation at the AO
joints. The Fluorogold® slide bearings provide compliance once they start sliding. Until
then, the bearings provide a rigid structural connection. The bearing’s compliance begins
once the static friction times the normal force acting on the bearing is exceeded. Bolt
preload increases the normal load, thus reduces the compliance (higher break-away
force).

The structural compliance as described in the email below should cover the reduction in
bearing compliance due bolt preloading at the AO-1 joint. I don’t think that is the case at
the AO-2 and AO-3 joints. Is there a need to torque the bolts at both AO-2 and AO-3
joints?

We identified as much as 10.2 Kips of uplift at AO3, which isn’t very much for all 8 bolts (
1.5 inch diameter A325) in the spacer to resist. We have removed the torque requirements
after jacking and rotation from the contact documents.

Note: A rigid bearing joint would not meet the contingency per “Atlantis Review 6-1-12 -

Summary.docx” (excerpt):
“A review of Reference (1) shows the attachment points on the Orbiter and the attachment
hardware to be sufficient for the 43° roll display configuration. This sufficiency is
contingent on the support structure / attachment hardware providing the proper
compliance.”

It should be demostrated (calculated) that proper compliance exists.

We have included additional tabulated comparisons with the Interface loads from ICD-2-
17001.

Sincerely,
Kevin Roscoe

Structural & Thermal Systems Branch
Engineering Directorate
NASA Langley Research Center, MS 431

1 N. Dryden Street / Hampton, VA 23681
Bldg. 1209, Rm. 150B, Off: 757-864-4173

From: Minute, Stephen A. (KSC-C105)

Sent: Monday, August 20, 2012 11:51 AM

To: Raju, Ivatury S. (LARC-C104); ROSCOE, KEVIN (LARC-D206); Elliott, Kenny B. (LARC-D210); 'David
Hamilton' (dave@Ilifethoughts.com); Larsen, Curtis E. (JSC-C104)

Cc: Dillon 111, John Thurman Rascoe (KSC-SMASS-E)[Millennium Engineering and Integration Company]
Subject: FW: 5636.44 RE: Atlantis Support Structure - Additional Design Calculations

Importance: High
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Folks,

Please see included email and attachment.
Thanks John.

SM

From: Dillon I11, John Thurman Rascoe (KSC-SMASS-E)[Millennium Engineering and Integration Company]
Sent: Monday, August 20, 2012 11:02 AM

To: Minute, Stephen A. (KSC-C105)

Subject: FW: 5636.44 RE: Atlantis Support Structure - Additional Design Calculations

Importance: High

Please forward.
Thanks!
John

From: Ken E. Paquette [mailto:kpaquette@brph.com]

Sent: Monday, August 20, 2012 10:51 AM

To: Dillon 11, John Thurman Rascoe (KSC-SMASS-E)[Millennium Engineering and Integration Company]
Cc: Wohlert, William D. (KSC)[DELAWARE NORTH COMPANIES PARKS & RES]; Andrew H. Miller
Subject: RE: 5636.44 RE: Atlantis Support Structure - Additional Design Calculations

John — Please Forward to Mr. Roscoe
1. We have been looking at the concerns about differential thermal expansion
between the Orbiter and the Orbiter Support frame and have the following
response.

a. After rotation, the support frame between the Aft and Forward AO
supports is intended to be removed, so differential thermal expansion of
the Orbiter versus the horizontal support frame between the forward
and aft Orbiter supports will not be applicable. The forward support
frame is capable of deflecting because it is not braced in the Xo direction.

b. We reviewed the lateral stiffness of the Orbiter forward support
frame on its own, and determined that it would deflect about 1 inch
for a 1000 Ib force conservatively applied at the column below the
Teepee support stand. We also determined that the change of length of
the Orbiter due to a temperature change from 100 degrees to 70
degrees would be about 0.36 inches based on the coefficient of thermal
expansion for Aluminum.

13.0 x 10”-6 (100-70)(1317-388.045) = 0.36 inches
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So if the slide bearing is not effective for thermal movement, the
forward Orbiter support frame will deflect in the Xo direction

significantly under low lateral forces.

Thanks Ken

KEN E. PAQUETTE | Senior Structural Engineer

BRPH | 5700 North Harbor City Boulevard, Suite 400 | Melbourne, Florida 32940
O: 321-751-3035 | F: 321-259-4703

| www.brph.com
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Appendix G. Atlantis-Pivot.xlsx (K. Roscoe’s Free Body Diagrams)

Enclosure (1) to Atlantis Review 7-5-12 - Summary.docx
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Load at top of left side jack depending on interaction of jack to frame:

Q[J =)

Load on jack at angle for Load on jack at angle half way between Do not expect this case
minimum load the minimum and vertical without special fittings.

If the jack is on a slide, then the horizontal component would be zero?

If that is the case, then the horizontal component load would push
the jack inboard (couldn't remove dunnage) and wouldn't stop
rotating until impacting dunnage.

If there is a horizontal reaction, then the horizontal load would tend
to bend the jack and tip it over.
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TN

Just prior to obtaining 43°,
contact at this support would

not exist.

I
e e e e e e e = A

L

ORBITER IN FINAL ROTATED POSITION

SCALE: 1/8" = 1'-0"
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Consider a pinned / pinned jack connected as shown. Once the
shuttle is over top dead center, simply throttle the jack until 43°.

Use current planned jack on right side to push it over the top.

The peak load on the jack is when it is the shortest.
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Appendix H. AtlantisIltemsFor072712meeting.docx (Discussion items for

telecon held 7/27/2012)

Discussion Items for Atlantis Display Meeting on July 27, 2012

1. Did not find calculations showing the design (including Flourogold) limits the loads at

the AO-1 and AO-2 location to the allowable values.

a. Found Flourogold coefficient of friction data in vendor brochure. Could not find

data for zero velocity (stick/slip).

b. Found Flourogold recommended pressure data, but no calculations showing it was
not exceeded when torque is applied to bolts the 8 1%-inch bolts. Did not find the

torque call-out.

2. Found space between Aft Support Spacer and Shear Lugs. Did not find shims to close

the gap (sheet 18 in Atlantis Support.pdf).

3. Orbiter Rotation Frame Analysis:

a. Sliding jack has 4 wheels contacting the XZ plane. The wheels will react
translation loads in the Y direction (vertical) and moments about the X and Z
axes. The Analysis released the moments at this joint, thus could not assess
bending in the jack (line 91 of STAAD input deck and joint 3510 output on page
9 of analysis package. Could not find another method where the moments were

assessed.
b. Could not find documentation for jack vertical stiffness
c. Could not find documentation for Propel cylinder stiffness.

i. Propel cylinder line of action is in the YZ plane at a shallow horizontal
angle. Could not find where the analysis accounted for this vector.
d. Did not find lateral load strength or limitation for gantry system, nor lateral

stiffness

e. Beam model joins member of different size. Without joint releases, the joint is
rigid where all degrees of freedom are transmitted. Did not find in Atlantis

Support.pdf joint details that were consistent with the analysis method.

i. For example, the long Fore/aft beams (X direction) were connected
together in the Z direction with smaller beams. Could not find the joint

detail.

4. Could not find the “Rigging plans from the Contractor will provide a detailed full

procedure and equipment used” document.

a. Cannot interpret the lifting note 1 on page 7 of Atlantis Support.pdf, zone F7

without “Rigging Plan”. Alternate the lift fore/aft or port/starboard?
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b. Could not find a plan to control the load

i. Could not find position sensors or load indicators
c. Could not find lateral load limits for the gantry system
d. Cannot fully assess rotation operations without more detail
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Appendix I. AtlantisReview(72712-Summary.docx (Summary of telecon on

7/27/2012)
Subject: Display of Atlantis in the KSC Visitor Complex
Subject: 7/27/2012 Meeting minutes

Doug Wohlert opened the meeting by describing three tasks that DNC is performing:

1) Atlantis load assessment — 90% design review package released in May and transmitted
to NASA on July 12.

2) Transportation of Orbiter Planning — the 90% transportation plan is released and they
plan to move the orbiter in November.

3) Atlantis Structural Support — the concept was released on Feb 17, 30% design package
was released in May, 60% released on June 21. They plan to release the 90% package
on August 22 and hold a 2-week review period. The final package is planned to be
released on Sept. 19.

This was followed by a review of the attachment to Reference (1) with the bulk of the
conversation closing out the drawing comments. A portion of the content of the Reference (1)
material was deferred and addressed in the discussion based on the comment in the attachment to
Reference (2). The conversation about Reference (2) resulted in the following action items for
DNC:

1) Redesign AO-1 joint to allow for axial displacement. Although the fitting to the orbiter
allows rotation, it transmits forces. Thermal expansion could overload the joint with the
current design.

1. A calculation package showing the predicted loads at the orbiter supports (AO-1,
AO-2 and AO-3) was requested. Although the design has elements to reduce the
joint shear loads, the predicted values were not presented. The predicted loads
would be compared to the orbiter limits to show margin in the design during
operations.

2) Develop a test fixture, test plan, conduct qualification tests to demonstrate control of
the load and provide the obiter operation plan. The test fixture would simulate the
orbiter weight and center of gravity. The test plan would envelop the orbiter plan
operation environment. The jacks would also be operated asynchronously to
demonstrate control of the load.

1. Due to lack of technical data such as jack lateral stiffness, DNC is not able to
analytically show the design is sufficient.
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The beam finite element model presented was too simplistic when it came to joint details and
jack simulation. DNC stated they had separate detail analysis results for some critical joints and
that they could provide a package for review.

References:
4. Email from Doug Wohlert [DWohlert@dncinc.com] on Mon 7/23/2012 at 11:09 AM

with attachment “(2012-07-20) 60% Review Comments and Support
Documentation.pdf”.

5. Email from Raju, Ivatury S. (LARC-C104) on Fri 7/27/2012 with attachment

“AtlantisltemsFor072712meeting.docx”
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Appendix J. Propel Jack Cylinder.pdf (Jacks to be used for lift and rotation)

Propel Jack Cylinder.pdf is available at:
http://lift-systems.com/
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OFFICE:

TN ROPEL OPTIONS

1'7 For Hydraulic Gantry Systems

TEL: +1-309-764-9842

FAX: +1-309-764-9848
MAILING ADDRESS: F1-309-

1505 - 7th Street P.O. Box 906 EMAI.L: Ilftlt@l_lft-systems.com

East Moline, IL 61244  Moline, IL 61266 WEB: www.lift-systems.com
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Appendix K. Atlantis DunnageRevA.pptx (Assessment of dunnage to be used
in lift and rotation procedure)
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Atlantis Dunnage

10/11/12
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Dunnage: Actual
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Dunnage: Drawing vs. Actual

1. Withouta load spreader, all the
load will be transmitted to the
columns under the pivot.

a) Flatplate will flex and not
transmit loads laterally to
adjacentcolumns

2. Drawingshow identical units.
Actual shows changes in pipe
diameter and pipe center
locations.

3.~ Not identified on drawing

= ——— i
I
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Dunnage: Drawing vs. Actual
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Dunnage: Summary

Questions:
1. Are they testing the dunnage?

1. Load removed from jacks and without center pivot posts.
If they missed the opportunity due to installation of the
posts, they can test when they reverse the process.
2. Will the dunnage be in the identical configuration
(each piece has an identification number,
orientation and location, and includes bracing)?
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Dunnage Stacking
2 onto4
NTS —

2 units

Staggered stacking of Dunnage
results in all vertical load
being transmitted via flat

plates.

Dunnage plates are %", and
load per aft side is about 55
kips + Support Frame weight &
wind (~57 kips for 112 kips
total per 90% submittal).
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Dunnage FEA (Aft Starboard) with

Staggered Stacking
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¥ Symmetry Dunnage FEMs

Middle (48" high)

LI/
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e

Top (24" high)
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SOALE: 1° = 1’0"
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I
il
il

Center tube was
8” sch 40 pipe

Other tubes were 6” sch 40 pipe

5 |

Horizontal plates were %" thick “\_ EXISTING DUNNAGE STAND@

N SAE 1° = 10"

%" plates have negligible effecton
plate bending (was not modeled)

Bottom (48” high)
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va Symmetry FEM and Displacements

3o

Displacement Results
(1/8” from top to base)

P

Symmetry Rigid Element
Load (Support Frame
Pivot Head)
Symmetry

BCs \

Base fixed inZ
(not shown)
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Normal vectors of
contact surfaces (TYP)

Contact Surfaces and Pressure

Assumed surfaces in perfect
contact at start of analysis
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Stress Results

Peak Stress (40 ksi) at pipe to plate interface

View with Top and Bottom
%" plates removed

& Abequa/ttasdard €131 T 0ot 11
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Stress Results

Stress plot using A36 material, FS of 2 on Yield or an 18 ksi stress limit.

©oB! Dus Abaqus/e

View with Top and Bottom
%" plates removed
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Stress Results Summary

Desirable to have FS of 3 on yield for buckling

Plate is probably stronger than A36
Peak stresses at base of pipes

Center of short length pipes have low to moderate

stress

— Not likely to buckle due to localized end effects

Geometry will vary, not likely to significantly affect

results

Not the way | would design it, but it will likely work
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Appendix L. PLBD Support-C.pdf
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OV-104 PLBD Support

Display at KSC-VC

May 2012

NESC Request No.: T1-12-00768




NASA Engineering and Safety Center Document

Version:

Structural Analysis Peer Review for the Static Display of the
Orbiter Atlantis at the Kennedy Space Center Visitors Center

Technical Assessment Report NESC-RP- 1.0
12-00768
Title: Page #:
76 of 138

OV-104 PLBD Support

* Objective — Support PLBD mass and maintain shape integrity

* Composite Payload Bay Doors are not self-supporting in gravity environment

* Construction is multi-ply GR/Ep honeycomb panel over GR/Ep framework

* Door assembly divided into four primary segments and one aft closeout segment

» door segments jointed with shear transfer pins and a sliding seal system

* Doors are opened and supported using H70-0529 GSE Strongbacks
* Strongbacks support entire door weight (negligible amount at hinges)

* counterbalanced to simulate zero gravity using weight and cable system
* last known values from RTOMI V9023.303/304 (OV-104, OPF-2, July 2011)

* LH Fwd: 1201 Ib, LH Aft: 1715 Ib, RH Fwd: 1285 Ib, RH Aft: 1768 Ib

* Use these approximate values for preliminary design
* Boeing mass prop. engineer to provide accurate weight and CG
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OV-104 PLBD Support

GSE Strongback Attach
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OV-104 PLBD Support
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OV-104 PLBD Support

* Consider PLBD support to be a critical lift operation, Ref NASA-STD 9719.19
* Requires minimum Design Load Safety Factor of 5 for wire rope slings
* Requires proofload test factor of 2.0 for wire rope slings

* National Air and Space Museum spacecraft curatorial staff recommendation
* Use non-oiled 7x19 316 stainless wire rope

* Minimize loading into hinge fittings until capability is confirmed
* Stress analysis review required

* Recommend 3 cable types, 9 cables per side minimum, 3/16” diameter (3400# Ult)
* Final size, attach locations, and quantity TBD by Design Center stress analysis

* cable “A” (2 per side) connects to PLBD latch mech. at Xo 576 & Xo 1307
* cable “B” (3 per side) joins Yo 40 & Yo 68 shear tubes at Xo 758, Xo 941, and Xo 1125

* cable “C” (4 per side) connects to centerline latch mech., joining two rollers per door

«Opportunity — Install cables/fittings in OPF prior to closing doors

* connect to PLBD, then coil and stow extra length. Position to avoid interference with latching mech.

* minimizes onsite PLBD work using manlifts
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OV-104 PLBD Support
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OV-104 PLBD Support

Cable "A”
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OV-104 PLBD Support

Cable “C” attach — spreader beam option

cross section and position TBD
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OV-104 PLBD Support
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OV-104 PLBD Support

Connect Locations

Door 1: Xo 647 & Xo 692 (joined)
Door 2: Xo 828 & Xo 872 (joined)
Door 3: Xo 1011 & Xo 1055 (joined)
Door 4: X0 1184 & Xo 1224 (joined)

RH door cable “C” connect to 594324 roller

LH door cable “C” connect to 594336 roller
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0OV-104 PLBD Support

COTS attach fitting option |
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OV-104 PLBD Support

BACKUP
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OV-104 PLBD Support
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OV-104 PLBD Support
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Assumption

* Minimal cables

* Doors 140 Degrees

* Vehicle 44 Degrees

* Doors Opened after Vehicle positioned

* Trolley Hoist and Strongback used for door opening
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Attach Point Design For Door Panel
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Attach Type and Location
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Concerns/Data Required

* Upper side wall deflection/stiffness
* Door mass/ center of mass

— Left door opening when unlatched
— Cable loading/design

* Do the panels need mid span support
— If any left door only
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Area of concern

Center of Mass for Lower Door
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OV-104 DOOR SUPPORT ARM ANALYSIS
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1.0_Support Arm Analysis

Weights based on counterweight values for 104s last door cycles.
RH door: 3563, LH door 3458. Conservatively used 3600 lbs

Strongback assy weights are 1400 |bs per side. Only upper tube will be used.
Assume 2/3 of strongback weight removed. Final counterweight value used
should be approximately 2600 |bs.

Assume aft-most support is only used to support door 5 interface. No load' used to
support door assys.

m = 666.50
4

Ei= 667 1uf Estimated load applied at each extension rod {in any direction)

SF =2 Required Safety Factor for design
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The forward-most and aft-most of the attachpoints will be hooked to the door

roller assys. The inner four will use this support.
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1.1 _Extension Beam Analysis

bolt calculation 6 .25-28 bolts installed asume the bolt carries all the load

Z = 13571bf Load from free body diagram
Ats = O.O36-in2
Omax2 = 2— = 18.85ksi

Material: Cold worked 300 series stainless steel per ASTM F593

(size 1/4" thru 5/8")

Fy:= 65ksi  Fu:= 100-ksi

F
Sf 1= —2— = 345 ~_Fu
Tmax2 st

Bending Calculation

= F = 667.001bf (Load)

%:: 1.5-in
B:=1-n

T, := 3.50-in
NV

2
B-H
—_—= 0.19-in3

S (Section Modulus)
L 12

Stress at Support

(W-L) .
max = —— = 12.45-ksi
Material: 4340
Fy = 60-ksi Fu = 108-ksi
F F
S PO
SfyS - = 2.82 S - =8.67
max max

IR e I TR
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Tension Calculation

Abeam = .75-in-1.5-in

oA F, A
y “*beam u*beam
e T Y ) i = 18216
W %W’ W
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Clamp Block
bols

Reaction load
fram pin

TR R T T LTI L PR
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Lug Analysis

MNotes

Calculations based on Analysis and Design of Flight Vehicle Siructures by E. F. Bruhn.

check tensile
stress here
h
J—y
’ i

'ﬂL
/ a jf aNceriary bearing
check shear tear out stress

here (2 places)
Input
a:=125in
d:=1625in

h:=100in
k:=2.50-in Distance between clamping bolt hole centers

o= 40-deg

B,=12001tf Conservative value obtained from free body diagram

B e h i R T
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Calculations

Shear Tear out

[ F=%

= -cos(ar)

5.2
Ag:=2-g-h=126in

a
1l

0.96ksi

z/?>|Uj

Material: 4340

A}:yvf: 60-ksi

(shear area)

(shear stress)

gw\:: 108-ksi

FY
= =36.98
% ﬁ.f

S

R \/E.f S (safety factor, per von Mises criteria)
S

Bearing stress

Ay, = dh = 1.63in”

B
fr = —— = 0.74ksi

Ay

(bearing stress)

Note: If bearing properties are not available KSC-STD-Z-0004

permits use of the following formulas:

Fy = 1.4F F = 14F
b b
Y Y ™ v (for hole edge distance < 2 x dia)
b Fhy
Sty = —2 = 11375 | [Sfyp = —— = 20475 (safety factor)
y f u f
br br
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Clamping Bolt Analysis

A= B =1200.00 Ibf

Fastener Thread: 3/8-16 UNC-2A
o 12
At = .07751n’
¥ 7.74ksi
pre—— i, S1
Roaaa 2A;

Material: Cold worked 300 series stainless steel per ASTM F593

(size 1/4" thru 5/8")

Fy := 65-ksi Fui= 100-ksi
y L ST
= = AN -
SE . 775 .
max
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1.3 Support Beam Analysis

A worst case bending load of this support beam was analyzed using a conservative 667 Ibfload
applied at such an angle that the worst case bending stress would be obtained at the weakest
point of the structure -- the thin area of the beam located at the vehicle pin pivot point in the center
ofthe beam.

IR e I TR
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DOS I3 ASM.sin) * Solurion | Resuln
Leod Cose |, Stot iz Stes |

GEress - Elsmentol, Mox Shaor

Min 2 3,128e-003, Max ¢ Z.557cr004, 165/ inh2ipsil
Dafermation | Displocement - Madal

' Z,557¢+004
2, H4e-004
Z: 1302+004

| JB176+004

ST
e T L
s i
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N, f/
> ! f =
“3.198=1003 Nl
7,974 i3
1. 27her 004
f

* 1, 78204004
!

/ 4
f h 4
o

T

Maximum principal stress at inside of pivot hole from update FEM
e 26.84 -ksi

Material: AIS| SAE 4340
M: 60-ksi
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For final install, tabs will be installed and shimmed at outer edge of door supports to keep the door
joints from fanning out at the centerline ofthe doors. Recommend beam and angles be fabricated
from 6061 TE aluminum and primed and pairted. Recommend block and round be fabricated from
300 series stainless steel.

LR L o L I T R e T
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Appendix O. PLBD Comments.pptx (K. Roscoe’s assessment of PLBD

analysis)
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PLBD Comments
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Requirements

Per PLBD Support-C.pdf, provided via attachment of email from T. Kott, JSCto T. Roberts KSC on 6/1/2012, and
subsequently by C. Larsen, on 6/18/2012

* Consider PLBD support to be a critical lift operation, Ref NASA-STD
9719.19 Requires minimum Design Load Safety Factor of 5 for wire rope
slings

— Requires proofload test factor of 2.0 for wire rope slings

Per Mathcad - OV-104_Door_Support_Analysis_3.pdf, provided via attachment of email from S. Minute, KSC to
l. Raju on 9/12/2012

* SF:=2 Required Safety Factor for design

The FS of 5 should be maintained until the load can be distributed into the
structure. This doesn’t happen until the load is into the PLBD shear tubes.
A single failure of a membrane loaded member (pin or bolt) that would
result in loss of a critical lift should have FS of 5.

NESC Request No.: T1-12-00768
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Total Supported Load

Assumes total per side is 3,600 Ibs when
using two GSE tubes. 2/3rds of GSE weight

GSE? Source?

\

(1,400 Ibs) is lost when using the 1 tube t/

Supported by GSE to open
position.
Worst case is PLBD open,
suspended from cables
and prior to removing GSE

Per Mathcad - OV-104_Door_Support_Analysis_3.pdf

Weights based on counterweight values for 104s last door cycles. RH door: 3569,

LH door 3458. Conservatively used 3600 Ibs

Strongback assy weights are 1400 Ibs per side. Only upper tube will be used.

Assume 2/3 of strongback weight removed.

NESC Request No.: T1-12-00768
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Door Open and Supported |

Cables

Port

How are the turnbuckles adjusted to provilie the proper load per cable? If one
turnbuckle is adjusted %” shorter than needed, that turnbuckle/cable picks up
additional load from the adjacent cables. Analysis assumes uniform distribution.

NESC Request No.: T1-12-00768
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Attach Beam
Assuming uniform cable loading: F = 667 |bs :;d::‘::;d‘;:v/ GsE :'222
Total Door Wt at cable 2,200
Ratio 1 to 2 Tube GSE 33.3%
GSE 1 Tube Wt 467
Wt on Cable 2,667
Num of Support Cables 4
Wt per support cable 667
Distribution factor 1.00
Assumes load normal to AB (worst case) R

Overall length 8
pivot end 0.58
pin end 0.5
Cable lever arm 6.92 =8-0.58-0.5 TR TR
number of spacings 5 i S B O 5
spacing 0.57
Bolt lever arm 2.9 =5%0.57
Force ratio 2.39
Bolt force 1,591 FBD
1/4" 3/8"
Bolt tensile area 0.0364 0.0775
Bolt tensile stress 43,735 20,529
Bolt ultimate stress 100,000 100,000
Bolt FS, ult [ 220 [ 487 | ! 1
Using other bolts may get to FS of 5, but

they have diminishinglever arms.

NESC Request No.: T1-12-00768
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Sketch
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Attach Beam
Assuming uniform cable loading: F = 667 |bs
Attach Beam Bending
Thru Bolt 1/4" 3/8"
Height 15 15
Width 1 1 s 3
Hole thru 0257  0.382 s -
Net width 0743  0.618 ERrEE F i |
Section modulus 0.279 0.232 =bh?/6 B
Lever 4.02 4.02 =6.92-2.9 Zom I—»
Moment 2,680 2,680 :
Bending stress 9,619 11,564 [ Bending at section |
AB ultimate stress 108,000 108,001
ABFS, ult [1123 | 934 |
& Note:
Lots of bending capacity, not a lot of ?keNt;:

bolt capacity. Consider using 3/8” - N,
bolt at end. ATTACH BEAM

NESC Request No.: T1-12-00768
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Support Beam

Assuming uniform cable loading: F = 667 |bs

FBD
Geometry
Shear Tube to shear tube distance
Radius at bottom of hole 161.69
Shear tube radius 0.81
Radius at shear tube ctr 162.5
Arc length to Block edge 22.89
Distance to block edge 22.87 N
Block edge to tube ctr 1.875 s R b
Tube to tube distance 24.75 o T
Edge to SB edge 10.36 il
Approx Tubt to SB edge 12.235 v
Tube to 1/4" bolt 11.665
Tube to cable 15.69 [ T o=aCE T T ] T.:cc
Cable to 1st 3/8" bolt 15.00

NESC Request No.: T1-12-00768
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Support Beam

Assuming uniform cable loading: F = 667 |bs

FBD
e = : —10.36|
: ? 02— . G
SB Bending /_3,‘,,;»«..‘ . DS—
At: 3/8" hole Shear Tube L e //:ﬁ‘“*\:'f‘ e
Approx Depth 2144 1572 Scaled B | =
Width X 1 5
Hole thru 0.386 0
R160.62
Net width 0.614 1
Section modulus 0.470 0.412 =bh’/6 - R163.81 |
Moment approx 9,997 10,457 R161.60— BN
Bending stress 21,258 25,388 »)’_g,/—-/ =
AB Yield stress 60,000 60,000 e ZEEE
ABFS, Yid 2.82 2.36 Ultimate?

[ — =1

Same as in Mathcad doc. Ultimate? Note: Not concerned about stress concentrations
(Kt). They are for fatigue and slight yielding, neither are a concern. FEA will pick up some Kt.

NESC Request No.: T1-12-00768
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Support Beam
423 Assuming uniform cable loading: F = 667 |bs
T e v\—/ >
FBD o _
3/8” Bolt 1,089 //_“f,‘fi—»'«;ﬁ N S ——— G
Reaction Loads s Z;M/M‘Jf : | S
Cable lever arm 40.43
Shear Tube lever arm 24.75 780
Force ratio 1.63 R160.62
ST force middle 1,089
ST force end 423 o A R163.81 |
3/8" bolt Force 545 ~1/2 ST force middle Ur1e1.60— e
Bolt tensile area 0.0775 PR
Bolt tensile stress 14,056 i > il
Bolt ultimate stress 100,000
Bolt S, ult >5 |
[ | [O==IC} I 1.00

Approx same as in Mathcad doc when scaled (force ratio, load).
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423

Support Beam

FBD

Loads on Shear Tubes

1,089

Assuming the PLBD can
take this load (moment)?

NESC Request No.: T1-12-00768
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Summary

* The cables are in an indeterminate system
— Analysis did not account for possibility of extra load
— Cable tensioning procedure?
— MS is dependent on Cable tensioning

* Recommend modifying 1 bolt from a %” to a 3/8”.
Modifications:
— Drill 1 hole bigger
— Drill and tap 1 hole bigger
— Acquire an extra 3/8” bolt

NESC Request No.: T1-12-00768
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Appendix P. PLBD Attach Beam calcs.xIsx (K. Roscoe’s analysis)

PLBD Calcs
Load per side w/
GSE 3,600
GSE 2 Tube Wt 1,400
Total Door Wt at cable 2,200
Ratio 1 to 2 Tube
GSE 33.3%
GSE 1 Tube Wt 467
Wt on Cable 2,667
Num of Support Cables 4
Wt per support
cable 667
Distribution factor 1.00
Wt per Attach Beam 667
Overall length 8
pivot end 0.58
pin end 0.5
Cable lever arm 6.92 =8-0.58-0.5
number of spacings 5
spacing 0.57
=5*
Bolt lever arm 2.9 0.57
Force ratio 2.39
Bolt force 1,591
1/4" 3/8"
Bolt tensile area 0.0364 0.0775
Bolt tensile stress 43,735 20,529
Bolt ultimate stress 100,000 100,000
Bolt FS, ult 2.29 4.87

Attach Beam
Bending

Thru Bolt 1/4" 3/8"

NESC Request No.: T1-12-00768
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Height
Width
Hole thru
Net width

Section modulus
Lever

Moment

Bending stress

AB ultimate stress
AB FS, ult

15 15

1 1

0.257 0.382

0.743 0.618

0.279 0.232

4.02 4.02

2,680 2,680

9,619 11,564

108,000 108,001
11.23 9.34

Lots of bending capacity, not a lot of bolt capacity:
Consider using larger bolt

Shear Tube to shear tube distance

Radius at bottom of hole
Shear tube radius
Radius at shear tube ctr
Arc length to Block edge
Distance to block edge
Block edge to tube

ctr

Tube to tube

distance

Edge to SB edge

Approx Tubt to SB edge
Tube to 1/4" bolt

Tube to cable

Cable to 1st 3/8"

bolt

At:

Approx Depth
Width

Hole thru

Net width

Section modulus

NESC Request No.: T1-12-00768

161.69
0.81
162.5
22.89
22.87

1.875

24.75
10.36
12.235
11.665
15.69

15.00

3/8"
hole
2.144
1
0.386
0.614

0.470

Shear Tube
1.572
1
0
1

0.412

=bh?/6

=6.92-2.9

Scaled

=bh?/6
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Moment approx 9,997 10,457
Bending stress 21,258 25,388
AB Yield stress 60,000 60,000
ABFS, Yid 2.82 2.36 | Ultimate??

Reaction Loads

Cable lever arm 40.43

Shear Tube lever

arm 24.75

Force ratio 1.63

ST force middle 1,089

ST force end 423

3/8" bolt Force 545 ~1/2 ST force middle
Bolt tensile area 0.0775

Bolt tensile stress 14,056

Bolt ultimate stress 100,000

Bolt FS, ult >5
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Appendix Q. AttachBeamBolts.xlsx (K. Roscoe’s analysis)

bolt load Strength area factor
1 -810 180,000 0.0364 n/a
2 -440 180,000 0.0364 n/a
3 -70 180,000 0.0364 n/a
4 290 180,000 0.0364 22.5931
5 660 180,000 0.0364 9.927273
6 1020 180,000 0.0364 6.423529
Load Ib 667 FEA
Bolt
Load Arm in 6.92 force 1,003
Stress 27,555
Current
Bolts Strength 180,000
At in2 0.0364 FS 6.5
Ftu psi 100,000
Fty psi 60,000
Bolt 1 2 3
Strength psi 100,000 60,000 60,000
Capacity Ibs 3640 2184 2184
L in 2.9 2.33 1.76
Moment in-lb 10,556 5,089 3,844
Total
moment in-lb 19,489
Applied
mom in-lb 4,616
FS - 4.2

High Strength Bolts

At in2 0.0364

Ftu psi 180,000

Fty psi 120,000

Bolt 1 2 3
Strength psi 180,000 120,000 120,000
Capacity Ibs 6552 4368 4368
L in 2.9 2.33 1.76
Moment in-Ib 19,001 10,177 7,688
Total

moment in-b 36,866

Applied

mom in-b 4,616

FS - 8.0
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Appendix R. Email from C. Larsen to Minute, et. al. on September 5, 2012:
Re: Atlantis Support Structure — Orbiter allowable loads

From: Larsen, Curtis E. (JSC-C104)

Sent: Wednesday, September 05, 2012 12:43 PM

To: Minute, Stephen A. (KSC-C105); Raju, Ivatury S. (LARC-C104); ROSCOE, KEVIN (LARC-D206); Elliott,
Kenny B. (LARC-D210); 'David Hamilton' (dave@Ilifethoughts.com)

Subject: RE: Atlantis Support Structure - Orbiter allowable loads

Importance: High

Folks —

| have gone back to Shuttle documentation and tabulated below the ET to Orbiter limit loads allowed
during ascent flight. These allowable loads are higher than those in the ferry flight ICD for the obvious
reason of the more severe flight environment. Thus they reflect the true Orbiter interface load
capability and should give us additional comfort in accepting the loads to be imposed by the static
display support structure. My reference for these loads is: Lockheed Martin report no. 826-2470, Jan.
2001, “SLWT Structural Load Indicators and Capabilities”.

All loads are in kips (1000 Ibs), in Orbiter coordinate system.

Interface AO-1: Fx =10.8/-8.5 Fy=64.5/-70.9 Fz=96.4/-127.8
Interface AO-2: Fx = 154.3/-705.3 Fy =82.0/-107.8 Fz=247.8/-326.0
Interface AO-3: Fx =152.9/-699.8 Fy =103.7/-70.7 Fz=243.1/-395.7
| hope this helps in our discussions.

Thanks,

Curt

Curtis E. Larsen, Ph.D., P.E.
NASA Technical Fellow for Loads & Dynamics
NASA Engineering and Safety Center (NESC)

281-483-8401 phone

713-392-4923 cell

http://nesc.nasa.gov/

NASA (internal only) Loads and Dynamics Community of Practice:
https://nen.nasa.gov/web/1lnd
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