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KEMPER
Task REMELR

At the request of the US Coast Guard, provide additional expertise in
the investigation of OceanGate with respect to the Titan Submersible
and subsequent loss of life in the areas of:

Engineering design and design management practices
Organizational impact on engineering design, safety, and reliability
Relevant codes & standards, with focus on ASME PVHO-1
Verification, Validation, and Uncertainty Quantification (VVUQ)
Acrylic windows

Pressure vessels under external pressure

Carbon fiber composites

Computer modeling and simulations

Failure analysis and root cause analysis
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Timeline e

Feb. 2016 KES and OceanGate present at Marine Technology Society (MTS)
Manned Underwater Vehicles (MUV)/Underwater Intervention (New
Orleans, La.) Also met socially through MTS social events.

Dec.2017 | -ccuested a pro-bono analysis of a non-standard
acrylic window for CYCLOPS II.

Jan. 2018 Transmitted window report to OceanGate via Kohnen. Results
indicated failure likely after multiple full-depth dives

Mar.2018 |l agrees to sign letter to OceanGate

June 2023 OceanGate’s TITAN (formerly CYCLOPS Il) lost at sea

Sep. 2023 KES submitted report to NTSB regarding TITAN window

Mar. 2024 KES agrees to volunteer to assist in USCG MBI
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P.E., DFE
ENGINEERING SERVICES, LLC

e RN

Positions: Principal Engineer, KES (since company formation Dec. 2006)
Engineering Researcher, University of Louisiana at Lafayette (since Feb. 2024)
Lieutenant Colonel, U.S. Army Corps of Engineers (Retired June 2020)

Education: Xaverian High School, Brooklyn NY

Louisiana State University, Baton Rouge LA (BS Mechanical Engineering)
U.S. Army (Army Reserves Engineer officer career through Command and General Staff College)

Experience: Engineering since 1992, Self-employed as a consulting engineer since 1997 when not on military duty

Began working on saturation diving systems, diving supportin 1998. Consulted for multiple diving, subsea,
and marine companies, incl. complex hyperbaric systems, like the Acergy DSV EAGLE (dove Russia’s
KURSK) as well as submarine (PVHO) window manufacturers (Blanson Acrylic (UK), Hydrospace (USA)),
consulted for Woods Hole Oceanographic Institute, OceanX, and US Navy Deep Submergence re. small
subs; consulted on Perry PC 1601, potential work with Reynolds Marion’s HyperSub.

Joined ASME Pressure Vessels for Human Occupancy (PVHO) Codes & Stds committee in 2008
Chair, Viewports Subcommittee (2016); Chair, Design By Analysis for Glassy Polymers Task Group (2019)

Joined ASME Verification, Validation, and Uncertainty Quantification (VVUQ) Codes & Stds in 2022

Subcommittees: Solid Mechanics (VVUQ 10); Al and Machine Learning (VVUQ 70)
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Bart Kemper, P.E., DFE KEMEER

Licenses and
Recognitions:

Select Papers,

Presentations:
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Professional Engineer (LA, TX, WA, others); Queensland, Australia

Board Certified Forensic Engineer (US through NAFE/CESB; International through IBFES)

Fellow, American Soc. of Mechanical Engineers (ASME); National Soc. of Professional Engineers (NSPE)
Editor-in-Chief, Journal of the National Academy of Forensic Engineers (NAFE)

Member: ASME, NSPE, MTS, NAFE, IEEE Oceanic Eng. Soc. (OES), Society of Naval Architects and Marine
Engineers (SNAME), Am. Academy of Forensic Science (AAFS), Am. Assoc. for the Adv. of Science (AAAS)

“Review of Life Limitations For Acrylic Windows In
Pressure Vessels.” ASME Int’l Mechanical Engineering Congress and Expo., Nov. 2023

“Application of VWUQ Concepts to ASME Codes and Standards for Pressure Vessels,” ASME
Verification, Validation, and Uncertainty Quantification (VVUQ) Conference, May 2023

“Developing ‘Design By Analysis’ methodology for windows for PVHOs.“ ASCE-
ASME Journal of Risk and Uncertainty in Engineering Systems (Vol 6, Issue 3), Sept. 2020

_“Heat Retention and Structural Integrity of Glassy Polymer Windows.” Ul 2018

I ) urisdictional Acceptance of Non-ASME Pressure Vessels for Human Occupancy”. Joint
ASME/USCG Workshop on Marine Technology & Standards, 2013

Total of 12 peer-reviewed papers, 20 conference papers or presentations on PVHOSs, pressure vessels, subsea, or VWUQ
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KEMPEF

Kemper Engineering team <EMEES

Lead Investigator || lll P-E . DFE. Principal Engineer KES, Researcher Univ. of La. Lafayette (PVHO)

KES Staff

Consultants

I Conpany President (PVHO)

Prof. Emeritus A.J. McPhate (LSU), P.E., Senior Consultant
_ Staff Engineer

I cchanical engineering student intern (LSU)
_chemical engineering student intern (BRCC)
B 7 support

_E., Mechanical/Biomedical Engineer (PVHO)
_Former saturation diver and diving operations manager (PVHO)

_P.E., PhD, Mechanical/Aerospace Engineer

_P.E., DFE, Mech/Aerospace Engineer, formerly of NASA, incl. COLUMBIA investigation

_ P.E., DFE, Electrical Engineer

I A crospace Engineer/Simulation Expert

PVHO = Member of ASME PVHO or subcommittees; DFE = Diplomate of Forensic Engineering (US Board Certification)
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Kemper Engineering team SEMEER

Brief by exception (focus on implosion, consideration of previous briefings)
* Role of engineering codes & standards and the jurisdictional authorities
Innovation and the need to use VVUQ methods

Initial results regarding:
* Window design

* Pressure hull (carbon fiber composite, titanium heads, glued joint)
* Testing & Simulations (as part of VVUQ)
* Operations and safety procedures

Observations: Failure to have an integrated life cycle systems engineering
approach; Failure to have a Responsible-In-Charge professional
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Engineering codes & standards (C&S) =~

“Written in blood” — C&S often in direct response to safety need

Intended to capture best practices as specific calculations, data sets, and
procedures so others don’t have to “reinvent the wheel”.

Developed by volunteers with a cross-section of interests, vetted for knowledge
Vetted by the American National Standards Institute (ANSI)

New technology is adopted based on data, studies, and practice

 Cannot enforce; is published and jurisdictions decide to use it

* |s asystem of codes, where other requirements are cited by codes, e.g. ASME
pressure vessel code cites piping, bolting and testing codes as well as cites
ASCE-7 for wind and other environmental loads, etc. ASME PVHO-1 relies on
other codes for detailed structural design other than windows.
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ASME Pressure Vessel Codes SENEER

The ASME Boiler and Pressure vessel code is design system
with 13 sections in 34 binders thatincludes material
properties indexed by alloy and temperature as well as
design rules for boilers, nuclear applications, heat
exchangers, and pressure vessels. Itincludesrules for
“design by analysis” (Section VIII, Div. 2, Part 5).

There are separate groups of codes for piping (B31) and
other related items.

SEGTION VIII API 579/ASME FFS1 provides for “fitness for service” to

Rules fer Construction of Pressure Vessels

2 O 2 3 ASME Boiler and determine reliable useful life of in-service items.
Pr

essure Vessel Code

i '”“"f““”"‘ i ASME PVHO-1 is a design and safety code. ASME PVHO-2 is

post-construction. It was originally focused on windows
and has expanded to look at PVHOs as a system, with
emphasis on life support and safety. It does not address
the pressure vessel design in depth but instead defers to
other codes (ASME Section VI, Class societies).
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ASME PVHO-1 specific documents SEMEER

ASME PVHO-1-2023 User’s Design Specification () maximum number of pressure cycles
.. = v (f) maximum/minimum internal/external pressures
(Revision of ASME PVHO-1-2019) . . : -
(Section 7: Submarines) (g) operating temperatures
(h) storage conditions/temperatures
(i) number, size, and type of penetrators, doors,
(a) number of intended occupants hatches, windows, and service locks
Safety Standard for (b) maximum operating pressure/depth (i) corrosion allowance
(¢) required pressurization and depressurizationrates, ) e“""“l”;me'“ta] req‘f: emeny fan
P ressu re Vesse Is for ventilation rates, and conditions under which rates are to (Dxspeslalidesignigonsideratignsiap plicaiatomgrinia)

w - and emergency service, e.g., requirements for the sizing of
be maintained

H O i . - the diver lockout hatch [i.e,, the diver dress and potential
U m a n CCU pancy (d) intended operational environment underwater breathing apparatus (UBA) to be used]
(m) fire suppression

Manufacturer’s Data Report
Form GR-1. Shows the design meets the User’s Design

Specification. Requires Professional Engineer to review and sign

Risk Analysis
Retained documentto be transmitted with item

Retained documents
List of items that are inspectable by jurisdiction, also to be

AN AMERICAN NATIONAL STANDARD retained and transmitted with the PVHQO, including window
3‘3@ certifications (VP1 through VP4). These documents would be
(DY Mechanical Engineots available for review if OceanGate followed the PVHO-1
CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation Page 10 of 47
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Acrylics windows?

During TRIESTE dives, glass and synthetic sapphire
allowed leaks as pressure increased. Ceramic
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Acrylic is weaker than metals and more temperature sensitive.
Dr. Stachiw made conservative assumptions so windows do
not fail before other components. No design failures to date.

cracks often often unstable, give little reaction time.

Acrylics are a plastic and molds to the conical seat.
Cracks tend to be more stable, allows reaction time.
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Acrylics windows?
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ABSTRACT
The cwrvent mefhod for desigiing acrylic pressure vessel
components relies upon an empirical metkod developed through
experimentasion during the 19605 and 705. The method is
detoiled m ASME PVHO-1, Safety Standard for Pressure Tessels
Jor ’fuman Occupancx Cme oj the factors resmctmg e dgnan
dol. lation was the st
dimamons Tku'lcuall  pressurz vessal geomehy’ pmmm‘ad the
we of ¢ ional Section VI p vessel
witick assumes thin wall presnov vessels. Early Finite loment
Analysts (FEA) models of acrylic windows could not devalidated
shrough expaimentation.  This was ataibuted to the viscoelastic
properia of acrylics. The resuling expenment-based PYEO-1
Safety Standard has a proven safety 1scord bui is not readily
updated.  This paper re.acaming some of the work used to
dewelop PVHO-! to demonsiraie modern nonlviear FEA and
V&Y tochniques can predict tho rasulis of tho original work. In
doing so, ths wort also validaies ihe use of FEA gomg forward
jor Design By Analysis (DBA) using Verificadon and lalidan

Proceedings of the ASME 2021
Pressuie V. Is & Piping Conf e
PVP2021
July 13-15, 2021, Virtual, @nline

PVP2021-62146

VALIDATION OF MODERN FINITE ANALY$iS METHODS

ICAL STUDIES

Baton Rdugo, LA

1. INTRODUCTION

Pressure vessel design bas beea o significant focus of
mechanical engmeenng for over 100 yeass. The fisst ASME
editian of the Boiler and Preswe Vessel Code (BPVC) was
issved in 1915 As metaflurgy, joining techniques, testng
methods. and othes technologies chapged. so did the ASME
BPVC. Finite Elemeat Analyzis (FEA) is on establisbed pert of
modem engireenng, w0 inclode presawe vessel and pipng
design. While the cwren! codespecified nxthods aie
substanially the sama as when they were introduced m 2007,
Division 2 of Section VIII Las allowed for the enginzer to use
“detailed analysis, such as Fiose Mement Analynis™ since the
1990s.[1)

Thrcughout its history the BPVC bas followed classic
design paradigm of applying matenial properties to cakulation
rvles based on eagiteening principles. Roughty speakmg, if you
double the ctrength of the material. you can hal”the thickness for
a shell under interral pressure.  Most piessuse vessels can be

(V&Y) for newer materials, shapes, and applicotions
Keywords: acmylicc, PVHO. windows, FEA, noulinear
coniact elemexts, stochastic, V&V

NOMENCLATURE
Usage 15 per ASME PVH®-1

CF tenrperature. baced Corractioe Factor
Di diameter of the window inrer face
Do diameter of the window outes face

T radius to the shell’s thickness
SICP Short Teaw Critical Pressuic

t theckoess of the frustrum
window Iansmrmt actyhc componant
1 iacluding window and seat

P

CG 108 7746623GKF108
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d by meobeane theory, or “hin wall” linear
mm;ﬁ:ms, where a spberical cor eylinditeal shell can be
assuined (0 be of a sufficienly wnifoun elasic stress axd suain

through its thicknees that o single value can be used at a given ¢

locadon. baming discontmrines (2] The genesal sule of tmmb
for “thin wall preasure vessel” 1 that the wall thicknass is less
than 1/14° of the radius of the shell

By coatrast e ASME design mcthodology far desigums
acrylic presure veszel commponants has been largely vackanged
from its first version published m 1977 where all materials that
nueet the single specification (Table 2-3.4-1 and 2-3.4-2) result
in the same emapincally denived des:gn [3] Doublng or tiphng
strength in FVHO-1, while meeting all ctber requizements, has
0o ability to change a decign. The kistery of the design method
was based on the need for transparent windows o support
submiersibles, conmnercial divicg, and medical chambers.
Pecple being inside these presswe vessels were a dnvmg

States. 46 U.S.C. §6308.

Acrylics windows?
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HIGH PRESSURE

LOW PRESSURE

NO FRICTION

New analyses modeled the window
seat and used nonlinear material and
contact elements to allow the window
to slide. Used higher order elements
with greater mesh density. Examined the
role of angular mismatch (less-than-
ideal fit). Found significant correlation to
historical data, validates FEA method
for acrylic windows.
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OceanGate Window Report (2018) SEMESE

e admissible as evidence in any civil

P

Fig. C5. Nonlinear S800 psi strain. Strains above 0.06 (red-to-yellow) is of concern. This is consistent with
cyclic failure. These results are do not account for heat transfer, dive rates, service life, or creep effects, so any
conclusion regarding suitability 1s preliminary. The intent is to provide a preliminary comparison of the Cyclops
design to a flat top design.

UZ (in)
2.63%¢-001
2.309e-001
1.979€-001
_1.648¢-001
1.319-001
9.59de-002
6.596e-002
3,298e-002

0.000e+008

Fig. C6. Nonlinear 5800 psi displacement. Maximum downwards displacement is 0.263 inches. ‘

In news reports, the observed inwards deflection is 34 of
an inch, or 3x the idealized model. Itis unknown
whether it’s measured from the window edge (easier
but more severe) or the window’s center (per FEA).
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Ctochton Rush;
Re: Preliminary petformance behavior of Flat intemal spherical sector windows
Tuesday, Jahuary 30, 2018 1:35:56 PM

OceanGate Window Report (2018

| will consider and discuss with my team.

All the best,

llrector o' ! ngineering

OceanGate, Inc
1205 Craftsman \Way Suite 112
Everett, WA 98201

www aceangate com

1 [UESUQy, Jdliudly U, 2010 LL.US.22 HIvl

To: T
cc: Stockton Rush; | NG

Subject: Preliminary performance behavior of Flat internal spherical sector windows

low pressure, surface.
As we discussed, there is interest among other MUV manufacturers for this same type of geometry.
The optical benefits are a strong motivating factor for all involved.

_ one of the leading FEA analysts in the US today, an expart in pressure vassels and a
specialist in PVHO acrylics.

is also the chairman of the PVHO viewports committee and the subject at hand is of interest to
many.

1 aske-o have a look at the interesting behavior exhibited by this geometry. | have done some
analysis and others have as well on their own windows.

The results were not what was expected, which | shared with you earlier. In addition, most of the

acrylic is fundamentally non-linear. Bart agread to have a pracise look into this and do comparative
study with linear and non-linear models.

Please find attached a prelim study of the behavior of a spherical sector window with the flai inside,

O part of a report of a marine casualty investigation shall be admissible as evidence in any civil
or administrative proceeding, other than an administrative proceeding initiated by the United
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RESULTS: Given the results are above the nominal yield of 7500 psi, the strain 1s used to evaluate potential for
failure. Axial (inwards) deflection 1s provided as another measure.

| Cyclo ps Viewport A Flat top Viewport |
Model Max Strain (i n/in) Deflection (in) Max Strain (in/in) | Dejection (in)
5800 ps1 Lmear 0.12 0.203 0.16 j 0.394
s1 Nonlimear 7 ossible cyclic 1a Wi 0.73 (catastrophic failure) 0.924
| 4000 ps1 Nonlinear 0.27 (no failure) 0.174 0.54 (failure) 0.453
| 2900 psi Nonlinear 0.16 (no failure: | 0.123 | 033 (cyelic failurd 0.269

CONCLUSIONS: The preliminary conclusions based on the assumptions specified are as follows:
1. The Cyclops design provides more axial stifiness and generates less strain than the same seat dimensions
without the domed nortion.

pst indicates sigmficant stram that 1s consistent with potential short

cycle failure modes.
3 The specified Cyclops design at lower pressures indicate acceptable strain levels, with the 2900 ps1 load
being most consistent with traditional PVHO windows operating within normal design conditions.
4. The “flat top” viewport design would be likely to fail at 2900 psi pressure and will fail at higher

Actual matenial data, the window seat design, and operational information would be needed to conduct a
design review and performnance prediction.

I 2sked KES for an analysis of the OceanGate design. The
results indicated it was possible the window would fail in cyclic failure.
We did not have the head design to analyze the mechanical response
of the pressure boundary to the dive profile. The intent was to start a

early @HeYsHORSPFAGH OB FFIglinear analysis. This is usually an approximation since T|TAN Mg I§e%&§g59£ns%sg{c%&g£9aqo9 safe r, more re ll a b le S Olutl gf!aé 16 of 47
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OceanGate Window
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ASME PVHO-1 Window Design St L

Units are US Customary to be consistent with OceanGate.

e i Spherical sector window in the same footprint as the
/ 22.548 \ Cyclops Il (Titan) window design, but uses less acrylic.
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Design pressure = 5800 psi
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CF for 5800 psi= 4 % 02 0.4 0.6 0.8 1.0
vD;
STCP = 4 * 5800 psi = 23,200 psi (160 MPa) (Use 160 MPa due to graph units) t/Di = 0.36
CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation  t= Di *(t/0i) =15.2 * 0.36 = 5.47 inches, rounded up to 5.5 inchBage 18 of 47

25 SEP 2024 MBI of OceanGate and Titan Submersible Fatalities 18



O part of a report of a marine casualty investigation shall be admissible as evidence in any civil
or administrative proceeding, other than an administrative proceeding initiated by the United e,
States. 46 U.S.C. §6308. P i

Post incident analysis (full depth)
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Post-incident analysis (1 cycle, no creep) e

Axis of Symmetry

High pressure side
(Wet side) 5800 psi

Mesh =0.25 inch
@ Refined =0.05 inch

Low pressure side

(Dry side)
Later analysis used a cyclic loading/unloading to assess the
potential for progressive creep due to plastic deformation.
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Upper left shows the full range of strain at 1000 psi loading
IS 1% strain (0.023” center). Atthe same 1000 psiin
unloading, the 16% peak strain (0.032” center), then both
are shown at 3% strain. The upper region remains elastic.
There is significant residual strain and deflection after one
cycle. Each cycle creates more deflection, strain at low
pressure face. No creep (cold flow) modeled.
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Titanium domes & ring R
Tensile strength (min) 0.2%o vield
strength (min) o
Designation MPa ] ksi MPa | ksi ' 340201
Unalloyved grades o
ASTM grade 1 240 35 170 25 ol
ASTM grade 2 340 50 280 : -
ASTM grade 3 450 65 380 55 b
ASTM grade 4 550 80 430 70 o
ASTM grade 7 340 50 280 40 | .. "
ASTM grade 11 240 35 170 25
a-p alloys
Ti-6Al-4V(a) 900 130 830 | 120
Ti-6Al-4V-ELI(a) 830 120 760 110
T1-6Al-6V-2Sn(a) 1030 150 970 140

Aft Dome

Grade 5 (Ti 6Al-4V) to Grade 3 gt
Yield 120 ksi =2 55 ksi= 45% of Gr5

Tensile 130 ksi = 65 ksi = 50% of Gr5

7/ Aft Assembly

Initial linear results indicates no danger of collapse,
detailed analysis will be in the report.

https://www.dierk-raabe.com/titanium-alloys/mechanical-properties-of-titanium/ Insufficient data to evaluate the glued joi nts.
CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation Page 22 of 47
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Why carbon fiber <EMTER

* Long lead time, high costs with alloy steel or titanium

* Normalized for tensile load, carbon fiber-reinforced composites are 70 percent lighter
than steel and 40 percent lighter than aluminum. Key for submersibles.

* Ultimate tensile strength: steel 400 - 690 MPa, carbon fiber 1,200-2,410 MPa, depending

on fiber orientation. Composite Submersibles .
. . . Lo e Year
* Long-term corrosion resistance to chemical P W
and temperature environments. CCmneby  Goetus)
1000m
* Generally less expensive material and HOV-*Deepllight I'emre—es
. o i . (1996, USA) % :
fabrication, depending on labor, novelty. 4000m - m
‘(ZOOS.Gem)an) HOV-“Titan”
. . . . {2018, USA)
* Long legd time W|th alloy steel or titanium, oo [ m
ConStl’aInS prOdUCt|On AUV-“AUSS” UG-"De_*epgliderAUV-"Au_t@nb" =
(1996, USA) (2007, USA) (2008, Britain)
5 . . 7000m
* Compressive strength and shear resistance is U o g
problematic with carbon fiber. (Figref3s) ¥ 11000m HUG"PMX”
CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony BRegentation Page 23 of 4712020.China)
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Abstract Thepressure hulf is The primary elenwent of submarine, which withstands div ing pressure
and provides essential capacity for electronic systems and buoyancy. This study presents a numerical
analysis and &esign optimization of sandwich composite deep submarine pressure hull ustng finkie
element modeling technique. This study aims to minimize booyancy factor and maximize deck
arca and buckling strength factors. The collapse depth is taken as a base in the pressure hull

1 d

dosign. The pressure hull ha: been
B(4)550XEpoay; to fonn the upper and loswer faces of lhe sardwich composite deep submarine
pressure hull. The lanuinated control surface1s optimized for the hrst ply falure index (Fi) considering
both Isai-Wu and maximum stress failure criteria. lhe results obtained emphasize an important
fact that the presence of core layer in sandwich composite pressure hull is not always mote cfficient.
The wse of sancvich in e design of composite deep subinarine pressure hull at exteme depths
is not a safe option. Additionally, the core thicknessplaysa minor role in the design of composite
deep submarine pressure hull. The outcome of an cptimization at extreme depths illustrates that
the uppor and lower faces become thicker and the rons thickness bacomes thinner. However, at
shallow-+o-maderate depths, itis recommended to use sandwich composite with a thick care to resist
the shell buckling ot composite submarine pressune bull.

using twe composite materials, T700/Epexcy and

Keywords: multi-objective optimization; sandwtich compoasite; buoyancy factor; Tsa-Wu; failure

criteria

Optimization plays an impoctant role in obtaining the best composit hull with high ofiicioncy
and sate use of materials. Most submarine designs we weight critical, especially when the operational
dlvms depth increases. Therefore, the deslgnem will strive to select an available hlsh snenslh and
low-density material. Diving depth is an essential criterion for designing a submarine pressure
hull for a certain collapse depth at which failure must be eapected within a narrowly mited range

of teleruxe (1] Working at depths of severud kilonwtens requires percvption of how hydrostat

pressure affects both structures and materials [2]. Changing the hull weight aliows the vessel to
submerge and change depth in a conlrolled manner. A submarine is ot allowed to go further than
the service diving depth [3,4]. At great depths, composite materials are the only solution available.
1he designand analysis of composite structures are more complicated than metallic structures, through

25 SEP 2024
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Examples of carbon fiber
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Figure 1. Parameterization of non-circular submersible pressure hulls.
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a) Shell element (SHELL281).

b) Beam element (BEAM189).

Figure 4. Mesh of global model.
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Absneact, The design of submnarine presswre hull made of laminated composites depends on
munber of layers and fibre onertation of ply angle. [n the present sdy an overview ani
conmrchensive sticly about the nmlti-objective optimization of catuposite pressure hull wider
hydrostatic prassize 1o minimize fhe weight of the prassure Imll and increase the buckling load
capacity according to the design sequirements, Thiee models were constructed. 1wo models
constructed from Caubon'Epoxy composite {LISN-150) with and witheut coce layer the third
model is netallic submarive hull conswucted from Y100, The low-density PVC foam
maorcrisl is used ns n core materal. The optimization process is <amed out in ANSYS
Parametric Design Language (APDL). The constraints on the oprimizetion process are T'sar
Wu and masinsut sticss faithae aitein, Tz tesults obtained enphasice that, the subummine
construcred from CarbenEpoxy composite (USN-150) s berer tha: athe submarine conswucted
fiom HY' 100, Fimhennore. the subnarine consnucied liom caon liber <poxy comprmile
(USN-130) with core layer is betier than the submaiine comstructad from carbon fiber-epoxy
composite (USN-150) without core layer. Finally. an optunzed madel with an opinean
pattemn of fiber orientations was presented. Hopefully, the results may provids a veluable
s12hi tor the furure of desigming conmposite wideiwatey vehicles

States. 46 U.S.C. §6308.

Examples of carbon fiber
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Figure 1 Possible forms of submerged vehicles.
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Devolop the composite modelmina . ANSYSAPDL) snd ‘

vineuetervzed (he mxode].

| Perforu tle initial statc stvetural and tuckling anelysis and
oammetanzed the material and buckbioe constram modl.
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Finite blcm;u‘ Analysis
Using ANSYS te calelate

Renew
Design

Variables

. L | ]

Keynords: Multi-objective optimization: buckling lead; composite pressure hall; fi
criteria

1. Introducilon

The evcellenr mechanical properties and behaviony of composite material nmke compasite a8 a
suitable wateral for wderwater pressure hull and helps to reduce the stucture’s weight [1]. Design
opiinization of composite snbmerged pressiue hull and buckling behaviowr has been anracted some
recent attention [2-13]. Mian et al. [14]. presented te design opiimiaation procedusz for composite
Tls work is licensed under the Creative Conunous Attribution 3.0 Unpored License. To view a copy of this

license. \qﬁpgm&:??gpﬁggwpq 08 or send a letter to Creative Commnons. PO Box 1866.

Mountain

25 SEP 2022

a)  Shell clement.

b) Beam Elemsnt,
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Example of Factors to Consider
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Absteact: Wilh the inchaasing spplication and study of lightweight and high sirengih fiber reiniorced l‘
polymer compesties 1noccan Indwstry, the structural fatlure protilem of camposite pressuce llls, 3 ” ‘
has atiracted grealattention fiom many ssearcdhers in China and globally. Analysis of the structural - I
|

failure mechanisims is foundational to the design of deep-wa composire pressure hulls, since nowa. | .~
4 r

h
(T)lin

)

' ol

days the design rules of prescurized vesels ismostly formulated according to their failure modes
Hence this paper aims % review the cestarch oa the structural falune of conposite pressun: hulls inj

doop swa sottings. Hiest of all, tho appliad research status on composita matoris| in manng equipmant

is analyzed, including inspeciion modalities fer conposite pressure hulls: The review then focuse
on the three main failud mades, ramely overall buckling, makrial failure and $nap buckling o

the deep-sea camposite prossute hulls The stuly identifios fusther p of conpasite p

hutls 10 be solved thiough the application of the degp s equipmen Rseanh, siming © provide .,l
reference for the study of mechanical bekavion ultimate sirength computation. and dedgn of thick
composite pressure hulls for decp sca nquipment.

Keywords: marine equipment; comporite material; pressure hull; stonctueal failune

L Inlroduction

Ita recent years, the research frontier of equipment technology has developed ropadly
In the deep sea field. Yartous (vpes of high<ech deep-sea equipment have Iven widely used
in marine scientific research, rrsouror exploration, military security and ether ficlds Thej
composite pressure hull of a submersible is the main provider of buoyancy, and its weigh
accounis for aboul 174~1/2 of the totel weighi of the undewater vehicle. Perhaps the most
eritical consideration for the pressure hull of a cubmersiblk is the weight ta displacement
ralio. The structural material of a pressure hullis one of the main factors that determines
its weight-displacement ratio and structural bearing capacity, whichis also related o the|
progresei and reliability of sub iblen High sivength teel is the wozst widely used
matetial in general submersibles, and in recent years, titanium alloys with higher specific
strength have been gradually adopted. However, deep submersibles have higher matenal
requirements for specific strength and stiffess. Considering all the fators, fiber reinforced
polymer (FRP) has greateradvantages. Inaddition to high specific strength and specific
stiffness characteristics, composite materials also have a comprehensive range of properties
such as the excellent designability, seawater carrosion resistance, acoustic stealth and fa
ligue resishurce, Thenof compowits materialy ane idead dtructural muaterials for deep sea
pressure hulls, and have been widely studied by schalars [1-5]. They have been used in 40 mm 159 mm
deep-sea submenible woldwide, stch as Autenomous Underwater Vehides (AUV) [67]
Underwater Glider (UG) [#-11]and Human Occapied Vehicte (HOV) (12-14]; see Figure 1
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Figure 9. Delamination buckling failure mode and critical load of deep sea thick shell

Figure 3. Hydrostatic damage test of carbon fiber composite pressure hull with aluminum liner
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ABSTRACT

txplicit understending ot the residual siress [icld of
priomary subnanine pressire bt L indneed dusing fabrication will
ingnove the fidelily of tunerical mikysis ioxt experimaniistion.
Henee. supporting  operational cnvelope and design life
cxicusion inbiatives,

The fatreue lifetsme of a submarine Imll depends on the
loids eenented by hull contracrion under the effect of
hydrosttic presswe aed tr residual stresses existing in the
absence of extennl loading The nee of mouerical simulation
allows 2 straighitorward calaudalien of the dresses induced by
the hydostane pressure. The effact of residual shross could Le
deternuined asing the carent faihue assessment piveedires, like
BSTG mkd R6. Howerer il is iore unicaic 1o deicmine the

tesidual stresses resubiing lom the sheer bewding process
combined vl the shect arcutbly wittg a multipasy vxldng
Proccss

There ase several measurement techuique: avalable to
measure residual stresses. They are cften classdied by their
lerel of destiuctseness and their penemztion. o order to
compaz rhe different nieastmemz) technigques an glaclic-plastic
bem beam szmple has been chosen as it is very comperable to
the residual stress field mduced during e sheet bending
process wsed i the submuniie swactwe. Forr bent beags have
hesn measwed using fve dilferent jechniques luezmeral
cantre lale dilling. ving core. nemron diflvaciion. slinmg and
desp liole drilling technique. The results fom nwasurcin:nt
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MEASUREMENT OF BENDING RESIDUAL STRESS ON A HULL SECTION OF A
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clopques show an excellau agreemient When compared wil
the FEA

lu ordel’ 10 wrastue a full scale Rubis class submarme
lull a Tomded munler of techuies cim be nsed. as the
chnique needs to beporteble. The Dewp Hole Drilling (DHD)
tchnique was choscn because the neutroo diffraction would
require cxtracting a small 1ea sample of atout 100mn x
400mmn. heace vedstibutine the pesidual stresses that were
inrendd to be nxaswed SiX mesurénents werz canied out at
different apgular positions to detect variabilin' n manufacre
on a Rulis class submarine and a prlahilistic caleulation was
done wsing all cix DIHN meawnewents. The Rubic zlwa
weasteemed vesults are also compared wialh twe ether
atbimagie 1ypes. found in the liretamye

> e iec-bimensioiml  behovionr  of
residual stiess n this tvpe of stiucture provides a valuable
resoutse 1o the muncrical wodelling connnuuity, The 1esults can
also support fatigue and fiachurs cxperimental work and may
Telp incremsing (e operativg lite 0F 23 year old Freuch nuclear

submerine.

INTRODUCTION

Ettoits have been muale 1o establich and insprove ullimale
aibmegine design lite linyis. The nesidual stresses induced by
manufacnnes, lile volling ad welding, m=z vanables required
for amilysis of varions degradation mzchaizaus assaciated with
Gic aggressive  condifions  experizreell by a  submersible
(buckling. fatigrxc, stress corrosion cracking). In a submarine
st e, the hullis essentialle comnasaid of robled plates and [=

States. 46 U.S.C. §6308.

xamples of Factors to Consider

Moisture diffusivity of CFRE for an AUV hull at
1000m depth
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An experimental investigation of the temperature effect on the mechanics

of carbon fiber reinforced polymer composites

Department of Mechan:cal Engineering, State University of New York at Stony Brook,
Stony Brook, New York 11794, USA

* Corresponding author. E-mail address:

ABSTRACT:

Carbon fiber reinforced polymer (CFRP) composites are increasingly used in civil,
naval, aerospace, and wind energy applications, where they can be frequently exposed to
harsh temperature conditions and under static and dynamic loads. The extreme temperature
conditions and dynamic loading arc critical fer CFRI® composites structural design as the
constituent polymer properties are highly sensitive to temperature and strain rate. This woik
expernimentally investigates the cffect of temperature, ranging from =100 °C 10 100 °C, on
the mechanical propertics of CFRP composites under static and dynamic three-point
bending tests. The results reveal that CFRP composites provide enhanced flexural strength,

s (-60 °C, -100 °C) while

maximum deflection, and energy absorption at lower temperatur

relatively poor perfonmance at a higher temperature (100 °C). Experimental images from
the post-mortem photographs. scanning cleciron microscopy. and high speed videos are
implemented to observe various tailure behaviors including microbuckling, kinking, and
fiber breakage at different temperatures. Analvtical modeling is further applied to reveal the

underlying mechanisims responsible for these emperature dependent mechanical behaviors,
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Carbon Fiber — Load bearing members  **3"

FWD Head

AFT Head

& ' Carbon Fiber composite cylindrical hull '

In isolation, the cylindrical hull can be modeled as simply supported (max
bending) or fixed (max stress at ends). Testing and simulations should be
somewhere in between. Window

Carbon fiber is an emerging technology with respect to external pressure
applications. As acode, itis covered in Section X, ASME Boiler and Pressure
Vessel Code. External pressure is limited to vacuum (100 kPA, 15 psig). Outside
of code limits, it requires detailed engineering and testing (ie, VVUQ).
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Carbon Fiber — Load bearing members
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il :(f;/.: Instead of solid (stone) bridges, a
i modern technique uses trusses to
? distribute the compressive, tensile,
and bending loads. Their working
volume is mostly air. Individual
members can fail without dropping the
bridge.
CG 108 7746623GKF108
25 SEP 2024
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=~~~ members holding compression,
‘ tension, or bending depending on
location in the design and load applied
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Carbon Fiber — Load bearing members  *+%5°

Single panel wide, Single panel high Double panel wide, Double anel ide, o
Single panel high Double panel high

How many panels thick and high depends on the intended load and span length.
It’s not a question of the strength of the panel, it’s the design for the application.
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Carbon Fiber — Load bearing members  *+%%°

Random distribution for failed members

i
o
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=l AL _/}/’
2 I

7 DA
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SR | i\ X I
LA \'{\, UL 6 high-stress failures = Bridge collapses

N TR AR L
2 R =

In order to count the number of “breaks” to predict failure, where the breaks will

occur under load and how many are needed to create failure must be determined.
CG1§37§4§6%6 tends to bias “breaks” to locations consistent with structural failure modes.
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Carbon Fiber design, issues (see NTSB) “**25°
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<——— 4/5 interface

+——— 3/4 interface

<+— 2/3 interface

+«—— 1/2 interface

Radial
direction
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Cross section of the full thickness
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VVUQ: Whatis it?

1. Conceptual Design
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2
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Typically determined by project |«
requirements and hierarchy

Verification, Validation, and SIMUIATION E40CRIENT
Uncertainty Quantification (VVUQ) is a

systematic approach applied to any —
industry engaged in innovation with e C rreaae :zi;z:a:;:::x;:;::;g
significant risk to people or financial = cd \sstemssstensiesin J scaing studies and orototvoin
risk in order to reduce and manage """ g TR o PR et e |

risk in a transparent, accountable aws ] tndreure materal vaesor | == R M‘—.Lﬁ?;‘m
manner. ".mh.d"fmblh' il . dl’l‘éiiﬁ{.itx‘,‘,}i’;ﬁ"ni'tl”;fﬁii,
A significant aspect is documenting ..o | |
reqUirementS, prediCtiOI‘IS, “‘\‘\\ (Assess%csand\ - -"" . i DafaAcgu_isitioanesyl.ts )
measured results, and methods in S| mmrepham e, || =" e compare oinita esimate
order to maximize the potential to be Uncertainty analysis -==- Validation =~~__ uncertainty analysis
informed by the process while doing arpy— P %5 2y T g cotenmen.
what no one has done before. No Assessesalls v wncertinies |5, Quanitative comparisor, %~ Asessesuls v unertantes
“cookbook.” ‘ . ) ’

Acceptable

Re-ossess design, model, and simulation

Agreement?

Example: FDA requires VVUQ for
software in medical devices as well if
simulations are used in design.

CG 108 7746623GKF108
25 SEP 2024

Next validation case in
development hierarchy
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ASME VWUQ Codes & Stds

ASME V&V COMMITTEE
Verification and Validation in Computational Modeling and
Simulation

STANDARDS COMMITTEE PERSONNEL

Air Force Research laboratory

Zimumer Biomet

. Los Alamos National Laboratory

Sandia National Laboratories

Southwest Research Institute

Texas A&M University

ANSYS, Inc.

The American Society of Mechanical Engineers

U.S. Nuclear Regulatory Commission
Federal Aviation Administration
U.S. Food and Drug Administration
U.S. Department of Energy

Consultant

Southwest Research Institute
Contributing Member, University of Washington

V&V 10SUBCOMMITTEE — VERIFICATION AND VALIDATION IN COMPUTATIONAL SOLID MECHANICS

- Chair, Federal Aviation Agency

Vice Chair, U.S. Army Corps of Engineers, Engineer
ch and Development Center

cetary, The American Society of Mechanical Engineers
. National Nuclear Security Administration

., The Pennsylvania State University

Air Force Research Laboratory

Lgs Alamos National Laboratory

Lawrence Livermore National Laboratory
Kinectrics

Sandia National Laboratories

Pratt & Whitney

Law¥ence Livermore National Laboratory

Consulting

sapdia National Laboratories

Southwest Research Institute

. Thornton Tomasetti - Weidlinger Applied Science
Southwest Research Institute

CG 108 7746623GKF108
25 SEP 2024

Alternate, Sandia National Laboratories

Iternate, Sandia National Laboratories
contributing Member, Thornton Tomasetti
Contributing Member, Los Alamos National

Laboratory

Contributing Member, Consultant

oitributing Member, Lawrence Liverinore National
Laloratory

Contributing Member, General Electric Co.

Contributing Member, Consultant

Contributing Member, Johns Hopkins University Applied

Physics }aboratory

Contributing Member, Thomas Paez Consulting

ontributing Member, General Motors R&D Center
Contributing Member, Crea Consultants, Ltd.
Contributing Member, Los Alamos National Laboratory

Contributing Member, Consultant

TITAN MBI Kemper Engineering Testimony Presentation
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VVUQ started in the 1970’s. The VVUQ standards began
early 2000’s. They are not “cookbooks,” but peer reviewed
guidance based on best practices to instruct usersin
developing their own VVUQ program.

ASME members: National laboratories, Biomedical,
Aerospace, Power, Automotive, Defense -VVUQ is
used in anyindustry.

VVUQ 10 - Computational Solid Mechanics

VVUQ 20- Comp. Fluid Dynamics & Heat Transfer
VVUQ 30 - Nuclear System Thermal Fluids Behavior
VVUQ 40 - Comp. Modeling of Medical Devices
VVUQ 50 - Advanced Manufacturing

VVUQ 60 - Energy Systems

VVUQ 70 - Al and Machine Learning

VVUQ 80 - Pharmaceutical Products (new)

VVUQ 90 - Airframe Structures (new)

Other VVUQ methods such as NASA, DoD, etc.
Page 34 of 47
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VVUQ Spectrum R

Theoretical research | Experimental (discovery)

Applied research \ ]:55 !' Experimental (trials)

.y

Shell, Window

“Traditional
VVUQ”

TITAN’s Innovation
NASA, Nat’l Labs |Cutting-edge engineering | 11|

L

-

VVUQ (DBA+ Experiments)

Advanced engineering DBA & Prototyping

—

Most engineering Traditional engineering Codes & Standards

As a field becomes more established and codifed, the VVUQ is “baked in” the codes & standards.
“Cookbook engineering” has design margins to reduce uncertainty and risk.

35
CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation Page 35 of 47

25 SEP 2024 MBI of OceanGate and Titan Submersible Fatalities



O part of a report of a marine casualty investigation shall be admissible as.-evidence in any civil
or administrative proceeding, other than an administrative proceeding inifiated by the‘UMté'd" Casc in the Hierarchy

States. 46 U.S.C. §6308 {Component, Subassembly, Assembly, Subsystem or System)
T I .t' l VVl ' Abstraction
ra I I O I | a Conceptual |,
Model
Modeling and Physical
Simulation Experimentation

Branch Branch

* Nondeterministic (multiple design R
Mathematical Ex rimen
factors over range of values) L ———__bosn

Approximation,

Instrumentation

. . VeI\:ic\)‘ice:at:on Implementation, ;:2:: usrr?tt;:‘l't)a?ir:) ?1 Quality Assurance
* Requires methodical use of NN o s efiion U

5 5 . omputationa Preliminary W Model or

experiments, theory, and simulation praminary K, Simulation ot
. . . . alcu’aﬁon . e “ .
* |ID’s irreducible v reducible uncertainty veesion | St O e
. . >~ [ Simulstion [ '
* Intended to inform managers of risks o e S
Uncertainty _ Validation . Uncertainty

in project to assess time/resources <. Cuamirton

« Often for high consequence or Quaniave  _ Expeimenta
extraordinary novelty l

* Detailed, time consuming, and therefore 4’@ "
expensive. Normal engineeringis Ereraenta Actotios -
“cookbook” and much less expensive. oo e |
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“Engineer”/Deterministic VVUQ R

Failure Probable

* No longerinthe “cookbook” box. Failure Possible

e Stillin awell-understood domain or the

DoE Points

consequences are not “zero failure,” as To validate < Q

supported by FMEA, so not “traditional VVUQ”

* Many codes and groups have “design by Uncertainty in data,

method, outcome

analySiS,’, including ASME and USCG requires mixed vvuUQ

* Often solving for single set of design factors

* More VVUQ the less the code provides:
e guidance for using computer models/sims
 guidance on material data

* guidance on load combination
CG 108 7]466@(&(?8% N Ce for fa | lu re Cil:lil'f%l\?l?léemper Engineering Testimony Presentation

DESIGN
CODE

Uncertainty
Outcome

Uncertaint
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VVUQ and the Pressure Vessel Code ~ ~*72°

“Cookbook” design is well-defined white box

ASME BPVC Section VIll, Div. 2, Part 5, “Design Failure Probable
By Analysis” (also APl 579/ASME FFS1)

Complete system specified (blue oval) Failure Possible

Types of FEM analyses permitted

SECT Vil
CODE CALCS

Material properties, curves attemp 7%0507,%3::

Service condition (corrosion, fatigue, etc.)

Load combinations for different analyses
Failure Unlikely,

NDT, system testing requirements Use DBA+VVUQ
L. _ . For Specific Design
Within limits of Part 5, solution verificationis
still highly prudent and is good practice, not
required. Outside the limits, VVUQ is needed.

BPVC
SECT Vi

CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation Page 38 of 47
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VVUQ drives windows DBA method R

Design By Analysis Framework using PVHO-1, BPVC, V&V10
START: User Design Specification (UDS), [ 1 concaptua Window
. . Typically determined by i <+
Risk Assessment with FMEA | " cqicemens ‘
SIMULATION l EXPERIMENT
P Start with baseline, P ot et e CEERLTERET] CELTREEP TR E TR L TR LT LTS
e . .. adjust design toneeds .~ [y
/" SIMULATION = “Section VIII” { Mathamatical Model )} . s Physical Model i EXPERIMENT = “Section 1™
; = Boundary conditions, Toads, % 2 Preliminarw Besign 3 Select materlals to test, novel \
! * Based on UDS, select #7.--] scometry. materials, PVHO g & EmliminamsBaign : 2spects 1o test, limits for testing, + Based on UDS, select |
. o, - 0 dance for FEA H ] \PVHO rasutsarmants fas Sashine 3 . 0 '
methods, initial design, Code = e - : .| initial materials and test
. verification ! Implementation . Preliminary results . . _ | Implementation K .
I|terat_ure values for_ - Y. Commutemimeiy Y / (toestoblshporometes e ko % methods. Establish QA
materials, conduct initial W] Uterstoremsteristvatoes o | 77 '~ 5 | Material tests at 8 minkmum, use - and tolerances.
:y_ previous expeclinents, initlal ! 3, Colculotions E initlal cales to size parameters g
FMEA I S ) | iR 3| Analyze materials _
* Analyze initial design, i"'fl“‘c'g;‘;;’ | 5 ; § stochastically for use in |
. o . % . ] B — ! ! - 3 N . . « g
|r?cl.ud|ng implicit non!nnear mﬁm%ﬁﬁ"&hm : E  menmeions ¢ implicit nonlinear FEA. 5
Finite Element Analysis for S Iilernwc,r\:l;num A Review : & 10 nittal o ¢ Develop DoE for '
. | map oul variable vre \ ) - -/ !
St_OChaStlc r.a[:'ge of variables. |Untenain(yana is E,a"' Validation -~ . | :' Uncertointy onolysis prototype test 5
2T Tl SR G [ simulation Outcomas | "' S [y e e * Update testing based 3
A - . AssessTesuitsvsuncertainties ] Assess results vs. uncertainties - i
quate analysis using | e ) C | edumistion on analysis results,
: experimental material data. implement for key
\ Inputs for Design of variables, locations,
\ Experiment (DoE) for conditions.
prototype P L .
----------------------------------------------------------------- I [ PVMO Complisat
Document for review
END: Self contained, fully documented design with calculations,
validation tests, and data. Suitable for Authorized Inspector review
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O part of a report of a marine casualty investigation shall be admissible as evidence in any civil
or administrative proceeding, other than an administrative proceeding initiated by the United
States. 46 U.S.C. §6308.

Why OceanGate needed VVUQ fiahing B

High risk to people and organization regarding first mode failures
* New materials (specific composition of carbon fiber composite)
* Novel applications (non-spherical external pressure shell, novel window)
* Novel systems integration of new items and “off the shelf” items

DESIGN =» PREDICT =» TEST =» MEASURE = ANALYZE =» REDESIGN ©
M Minimize novelty within design cycle to minimize VVUQ needed
M Documentation to maximize value of simulations & tests

M VVUQ as “standard of care” for ethical engineering practice when codes and
standards are not available to define what “what right looks like” from experience
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O part of a report of a marine casualty investigation shall be admissible as evidence in any civil
or administrative proceeding, other than an administrative proceeding initiated by the United

States. 46 U.S.C. §6308. eﬁ
KEMP

Potential Implosion points R

 Indeterminate at this time

* Multiple unmitigated single-mode failure paths, overlapping
uncertainty based on data available precludes definitive causation

 Unknown design life. It may have had a short life (no defect impact)

* Possible initiation cause(s):

* Internal localized failure due to cumulative carbon fiber
breakage (end of life without any shortcomings)

* Internal localized failure of the composite hull due to fabrication
* Internal localized failure due to damage from exposure

* Shear failure along glue line between hull and ring

* Failure of the acrylic window
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O part of a report of a marine casualty investigation shall be admissible as evidence in any civil

or administrative proceeding, other than an administrative proceeding initiated by the United e,
States. 46 U.S.C. §6308. *"W
KEMPER

Potential Implosion points -

Bending in composite creates localized
breakage (expected); Unknown design life
Buckling possible, sensitive to geometry

RTM “clicking” rate likely to
~._ Increase prior to failure
\:\\

\\ Window
‘ failure

Glue failures
not detectable in

RTM monitoring Window excessive

movement, crack, or

Shear or pull-out ! leak might be detected

in glued joints
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O part of a report of a marine casualty investigation shall be admissible as evidence in any civil
or administrative proceeding, other than an administrative proceeding initiated by the United

States. 46 U.S.C. §6308. ‘,ﬁ
KEMP

Kemper Engineering Recommendations e

* Require experimental craft to be limited to an operator and
assistant, with no passengers or cargo. Require inspections for
suitability for the proposed usage, including tests.

* Require min. level of navigation aids, emergency gear, and a
standardized lifting point for extraction via ROV attaching a cable

* Require ASME PVHO-1 for all submarines made or operated in the
US. Deviations allowed with justification (ie, “addressed by class.”)

* Require a licensed Professional Engineer to be part of the
engineering team. They do not have to be the head engineer, but
they provide code-required attestations such as the Manufacturer’s
Data Report, review design calculations, etc.
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0 part of a report of a marine casualty investigation shall be admissible as evidence in any civil
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Testimony of

I FE., DFE

Summary of preliminary findings
regarding OceanGate and loss the
Titan Submersible

Kemper Engineering Services
Baton Rouge, LA
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