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KEMPER
Task k& T

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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M M KEMPER
Timeline R
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 requested a pro-bono analysis of a non-standard
acrylic window for CYCLOPS II.
Jan. 2018 Transmitted window reportto OceanGate via |} Results
indicated failure likely after multiple full-depth dives
Mar.2018 | l2g ees 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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Positions:

Education:

Experience:
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PE., DFE sifacyn
° °9 w:f’

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)

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)

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

Began working on saturation diving systems, diving support in 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 LonL

Licenses and Professional Engineer (LA, TX, WA, others); Queensland, Australia
Recognitions: 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)

Select Papers. |GGG Rcvicw of Life Limitations For Acrylic Windows In
Presentations: 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

“Jurisdictional 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 VYWUQ

c6 108 r4ce2scKe100 Bt Kemper does not represept ASHE, MTS, NSEE USGG, DHS, ngr any organization other than KES. Al opigjons afe his.
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Kemper Engineering team KEMEES

&

e

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

KES Staff. _ Company President (PVHO)

Prof. Emeritus A.J. McPhate (LSU), P.E., Senior Consultant
I staff Engineer

I cchanical engineering student intern (LSU)
I < ical engineering student intern (BRCC)
B support

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

_P.E., PhD, Mechanical/Aerospace Engineer

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

_ P.E., DFE, Electrical Engineer

I A <1 ospace 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 KEMEER

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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KEMPER
ASME Pressure Vessel Codes e
ASME BPYG.IIL1-2023 The ASME Boiler and Pressure vessel code is design system

with 13 sections in 34 binders that includes 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.

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

Rules for Construction of Pressure Vessels

ASME Boiler and determine reliable useful life of in-service items.

2 O 2 3 Pressure Vessel (ode
An |

L8 D”H ou= ASME PVHO-1 is a design and safety code. ASME PVHO-2is
post-construction. It was originally focused on windows
and has expanded to look at PWVHOs 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 VIII, Class societies).
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ASME PVHO-1 specific documents R

)

ASME PVHO-1-2023 User’s Design Specification (¢) maximum number of pressure cycles
(Revision of ASME PVHO-1-2019) . ] [47] ma:nml_xm/mmnmum internal /fexternal pressures
(Section 7: Submarines) (8) operating temperatures
(1) 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
(c¢) required pressurization and depressurizationrates, (k) environmental requirements
P ress ure Ves sel s for ventilation rates, and conditions under which rates are to ang)e;‘;:;ﬂ ;e:elﬂgzﬂ;i’:;;?:;::giﬁl;?sm
be maintained the diverlockout hatcl; [i.e.', the diver dress and potential
H Uman OCCU 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 document to 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 PVHO, including window
: certifications (VP1 through VP4). These documents would be
@)% lechsmcal Engneets available for review if OceanGate followed the PVHO-1
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Acrylics windows?

During TRIESTE dives, glass and synthetic sapphire
allowed leaks as pressure increased. Ceramic
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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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.
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Acrylics windows? <EMELE

P /W

@— 0.007-in-diameter stainless-
steel wire

- 0.046-in-diameter 7ONI30Cu wire

MKI 9-in
pressure
vessel

windaw

1 in = 2.540000 E-02 m
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Ocean Structures Division Ocean Engineering Department

cold flow extrusion on low-pressure face

cold flow craterina in hiah-pressure face

Ocean Structures Division Ocean Emgmeernng Department
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1o ideal fit). Found significant correlation to
some historical data, validates FEA method
for acrylic windows.
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OceanGate Window Report (2018) EMEES

o

Fig. C5. Nonlinear 5800 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 mtent 1s to provide a preliminary comparison of the Cyclops
design to a flat top design.

UZ (in)
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1.319e-001
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Fig. C6. Nonlinear 5800 psi displacement. Maximum downwards displacement 1s 0.263 inches. l

In news reports, the observed inwards deflection is % of
aninch, 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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Re: Préiminary pariomanc 2 behavior of Flat intemal spherical sector windows
Tuesday, January 30, 2018 1:35:56 PM

I will consider and discuss with my team.

All the best,

OceanGate, Inc
1205 Cratsman Way Suite 112
Everett, WA 98201

ce: Stockron Rush; [ NG

Subject: Preliminary performance behavior of Flatinternal spherical sector windows

Please find attached a prelim study of the behavior of a spherical sector window with the flat inside,
low pressure, surface.

As we discussed, there is interest among oth er 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 vasselsand a
specialistin PVHO acrylics.

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

I ask 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

early ghayspRRSPTAGH R K gkglinear analysis. This is usually an approximationsince T[T A

acrylic is fundamentally non-inear. Bart agreed to have a precise lookinto this and do comparative

study with linear and non-linear models.

O part of a report of a marine casua
or administrative proceeding, other than an administrative proceeding initiated by the United
States. 46 U.S.C. §6308. £t

OceanGate Window Report (2018) T

investigation shall be admissible as evidence in any civil

KEMPER

ENGINEERING SERVICES, LLC
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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 — Flat top Viewport '
Model Max Strain (i n/in) Deflection (in) _____ Max Strain (infin) Dejection (in) |
5800 psi Linear 0.12 0.203 0.16 0.394
0.4 (possible cychic fail) | 0.204 || 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 | 0.33 (eyelic failure 0.269

CONCLUSIONS: The preliminary conclusions based on the assumptions specified are as follows:

1.

The Cyclops design provides more axial stiffness and generates less strain than the same seat dimensions
without the domed portion.

pst indicates signiiicant strain that 1s consistent wi

cycle failure modes.
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.

The “flat top” viewport design would be likely to fail at 2900 ps1 pressure and will fail at mgher

Actual material data, the window seat design, and operational information would be needed to conduct a
formance prediction.

design review and pe

I 2skcd 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 starta

\waisgussion to.agreeupon a safer, more reliable solutign, . .,

ff OceanGate and Titan Submersible Fatalities 16
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OceanGate Window
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MATERIAL SHALL BE CERMIFIED CAST ACRYLIC ACCORDING 1O ASME PYHO-]

2. THIS WINDOW I§ TO 3E FABRIC AIED ACCORDING TO ASME PVHO.1 FABRICATION
PROCEDURES. MATERIAL CERTHCATRONS AND ANNEAL CHARTS AREREQURED.

3. RAIEVEALL SHARP EDGES
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ASME PVHO-1 Window Design
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Units are US Customary to be consistent with OceanGate. i

R o A Spherical sector window in the same footprint as the i
i 22.548 e Cyclops Il (Titan) window design, but uses less acrylic. E :
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Temperanwe. 'T 0) % 918 04 £ E
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w-1 CF-4 CFe6 a-8 F =10 veeeme1 500 DT = *ﬂ=§=
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m=2 F=4 =6 | T8  13500p:(241 UPa) i
5.000 p= (305 M) s
e T RS R
®-3 cr-4 w 53
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(3) TRoCFzincusTable pply oriPeoSTCR: ploted tiFigures 2.2 5,16 and Aigures 2 25,1 710r<p sactor comzalcdgeane

t=Di *(t/Di) =15.2 * 0.36= 5.47 inches, rounded up to 5.5 inchBage 18 of 47

Figures 2-25.1-14 and 2-25 115 for hyperhemisphe rica windea™s with eonlca €dg2 and XEMO-type windows with coni il Detetrar] 00s. 40 B
() Dotied lines refer to imtermediate prevure ranges a indicated by the adjscert prexxue fgures- FH
(&) Emeroolston betwreen CFs is allowed sasil
Design pressure = 5800 psi
( bt
CF for 5800 psi= 4 o 02
STCP =4 * 5800 psi = 23,200 psi (160 MPa) (Use 160 MPa due to graph units) t/Di=0.36
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Post incident analysis (full depth)
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Post-incident analysis (1 cycle, no creep)  “5%=58
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4
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’{ : :l \x
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e 06 Later analysis used a cyclic loading/unloading to assess the
potential for progressive creep due to plastic deformation.
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Post-incident analysis (1 cycle) e
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l.?i‘Zi‘, Upper left shows the full range of strain at 1000 psi loading
o is 1% strain (0.023” center). Atthe same 1000 psi in
- unloading, the 16% peak strain (0.032” center), then both
! I are shown at 3% strain. The upper region remains elastic.
1... Thereis significant residual strain and deflection after one

cycle. Eachcycle creates more deflection, strain at low
pressure face. No creep (cold flow) modeled.
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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 eemen,
States. 46 U.S.C. §6308. ,-W
Titanium domes &ri e
itanium domes & ring ol
Tensile strength (min) 0.2%0 vield
strength (min) e
Designation MPa 1 ksi MPa I ksi l 3400001
Unalloyed grades ) S /
ASTM grade 1 240 35 170 25 N
ASTM grade 2 340 30 280 40
ASTM grade 3 450 65 380 55 i
ASTM grade 4 550 80 430 70 e
ASTM grade 7 340 30 280 40 Py
ASTM grade 11 240 35 170 25
a-p allovs
T1-6A1-4V(a) 900 130 830 | 120
Ti-6Al-4V-ELI(a) 830 120 760 110
Ti-6A1-6V-2Sn(a) 1030 150 970 140

Aft Dome

Grad i 6Al- d —E —/v/ Aft Assembly

Yiel.d LedtlLel ,-2)5655k8i_=_420/(:) 2 ?(;55 Initial linear results indicates no danger of collapse,
LR UL SUEREIGIAC detailed analysis will be in the report.

https://www.dierk-raabe.com/titanium-alloys/mechanical-properties-of-titanium/ Insufficient data to evaluate the glu ed joints.
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Why carbon fiber

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.
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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.

on fiber orientation.

and temperature environments.

Generally less expensive material and

Long-term corrosion resistance to chemical

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

Composite Submersibles

Y

AUV-"Tailsman”

" (2005, Britain)
1000m

HOV-“Deepflight I'
1%, Usa) [

500m

UG-“Haixiang”
(2014,China)

fabrication, depending on labor, novelty. 4000m AN .
. HOV-“Titan”
. . . . : (2018, USA)
* Long legd time Wlth. alloy steel or titanium, o [ - m
constrains production AUV-"ALSS” UG- “DeepgliderAUV-“Autosub”
2000m (1996, USA) (2007, USA)  (2008,Britain)
* Compressive strength and shear resistance is oo Aol
problematic with carbon fiber. (Figref3) ¥ 11000m &m,w_xﬂ
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Submarine Pressure Hull Considering Failure Criteria
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Eng _mal_hcld @vaboo com (MIL); huinanhuang0012163.com (ILIL)
? Key Laborasory of Swine Farililios Faginering, Vinistry of Airdeuline, Hadsin 15003), China
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theck for
Reasived: 2 Octsber 2019; Accepted: 19 Octuber 2019 Publishe d 22 Oczober 2019 opdates

Absiract Thepressure hull is the primary element of submarine. which withstands div ing prossure
and provides essential capacity for electronic systems and buoyancy. This study prsents a numerical
analysis ant design aprimization of sondwich composiie m\‘p submarine pressure hwfl ustng finhie
okmmtmndollng technique. This ¢udy aims to minimi vaney factor and maximize deck
arca and buckling strength factors. The collapse depth is taken as a base in the pressure hull
dosign. The pressure hull has been andyzed using two composite materialk, T70)Epaxy and
B)3505Epoay, to fonn the upper and lower faces of lw sundwich composite degp submarine
pressurehull The Lamenated control sur face 1soptimized for the first ply falune index (Fl) consdering
both Isai-Wuand maximum stress failure criteria. Lhe results obtained emphasize an important
fact that the presence of core layer in sandwich composite prossure hull is not alway s more cfficient.
The wse of sandwich in e desigh of compusiie deep sul pressine hull at et depths
isnota qlo option. Additionally, the core lhkLn«eplapamim role in the design of compasite
deep = ine p hull Theoutc of an cptimi at e depths il that
the upper and lower facns bocoma thicker and the rom thicknass bacomies thinner. However, at
shallow<o-maderate depths, itis rec ded to use sandwich with athick core 10 resist

theahellbuckliing o compos ite sult ine p bull

Keywords: multi-chjective optimiztion; sandwich posite; buoyancy factor; Tsa-Wy; failure

crileria

Optimization phys an impodant rolo in obtaining the be composite bull with high oficioncy
andsafe use of materals. Most submarine designs e weight critical, especially when the operatiomil
diving depth s Th the desg will strive to select an available high strength and
low-density material.  Diving dopth is an essential criterion for deslgning a submarine pressure
hull fora certain collapse depth at which filure mustbe eapeeted within a narrewly mited range
of telerauce [1] Working at depths of sevend kilonmetens requitvs percuption of how hydrostatic
pressure affects both structures and materials [2]. Changing the hull weight aliows the vessel 1o
submerge and change depth in a conkolled manner. A submarige is not allowed to go further than
the service diving depth [3,3]. At great depths. composite materials ane theonly salution available.

O part of a report of a marine casua

The .k-sig.md .umlg sis of még.‘.m- structures an moxe complicated than nxdallic structures, through

States. 46 U.S.C. §6308.

Examples of carbon fiber
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Figure 1. Parameterization of non-cixcular 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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Absoract. The design of submnarine pressure lndl mads of lminated ites d pe ds o
nmaber of Iayers and fibre onietation of ply augle. In the present cmdy an overview and
uomptehmsn e sticly i:oul the nmlti-objective optimization of’ ccnpocl: prassure bull wader

] Perfonu te inimal stauc stactural and buckling anelysis and
Doned End

. d the muzcrial and bockline coestram modkl.

1o minimize e weight of the Tl and i the buckling load Extemal Hull
capacm n\\onﬁnz to the design mqunmr.. Tlnee models were coastructed. 1wo modeks - — - - —
constructed from (:nbnn.ﬁpo:y composite (USN-150) with and witheut core layer the third Dickae e Mmm»:;"':: ::d;:\;‘?n:l;k‘f“u At ol
model is wetallic submarive ] consaucied fom HY'100. The low-density PVC foam ¢) Ring<tiffened cixcular cylinder. block=d by end ups. -
notcrisl is used ns n core materal. The optimizotion process is camed owt in ANSYS . 5 St 4
Paramietric Design Language (APDL). ‘The constaints on the opimization pmcss are Tsa- Figure 1Possible forms of submerged vehicls. Fintc Eleman Aualyss
Wu and naasimum siexs fadwe aitai Tlx tesults dbtai ice that the sul Using ANSY'S 10 caledax Renew
consmucted from CarbonEpoxy composite (USN-150) s bener tha athe submwine constwuceed Design

fiom HY'100. Finhermose. the sibianae conwmnucied from cabon et <poxy congronie —

(USN-130) with cora layer % betier thu the suhmaiin: comstrucizd from carbon fiber-epoxy — 14____ Vaniables
compostte (USN-150) without core layer. Finally. an opuuzed wadel \nl!: an oplnun ¢ v . ! L
pattem of fiber odentstions was presented. Hopefully. the results may provide a valuable Critical Buckiing Failure Criterion Stiffens Stress
msight for the fanmre of dessgning composite imderwater vehicles Gad: Cocflicicnts Manix Componeiis
K By: Mull load Tmall; farilu - I
: Multi-objective opti tion: buvkli e i 5 faril 3 . .
";;‘,':i':' . * - P — Clieck the comversion of te Multi-objeciives fu Bon
1. Introducilon
The excellear mechanical propernes and hebavionr of composite imaterial nake composite ac a B =
suilable material for wderwater presstue hull and helps to reduce the stucture™s weight [1]. Design : ? 1

opimiztion of composite submergx! pressiue hull and bickling behaviows has been anracted some
recent attention [2-13]. Mian et al. [14). presented the desion oprimization procedure for composit2 a) Shell clement. b) BeamElemzt.
This work is licensed under the Crestive Conmcus Attribution 3.0 Unported License. To ricw a copy of this
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hull of a suly sible is the main provider of buoyancy, and its weigh
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eritical consideration for the pres hullof a submersiblk is the weight ta displacement]
ratio. The structural material of a pressure hullis one of the main factors that determines!
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d reliobility of submcmibles High strength steel is the most widely ined)
matosial in general submenrsibles, and in recent years, ttanium alloys with higher specific

Rocetoed: 12Sepremrbor 2020
Acoegted: 3 Oceober 222

Publihad 90ctober 022
Publabess Note: DI 233w fevrtal
it wgand 1o juresdcbona) caion 81
Pobhidved ups o crstdusons) af I

3
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ABSTRACT
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An experimental investigation of the temperature effect on the mechanics

of carbon fiber reinforced polymer composites

Department of Mechanical Engineering, State University of New Yorket Stony Brook,

Stony Brook, New York 11794, USA

¢ Corresponding author. F-mail address:

ABSTRACT:

Carbon fiber reinforced polymer (CFRP) composites are increasingly uscd 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 for CFRI® compasites structural design as the

constituent pulymer propertics are highly sensitive to temperature and strsin rde. This woik

experimentally investgates the effect of temperature, ranging from -100°C 10 100 °C, on

the mechanical propertics of CFRP composites under staiic and dynamic three-point

bending tests, The results reveal that CFRP composites provide enhanced flexural strength,

maximum deflection, and energy absorption at lower temperatures (-60 °C, -100 °C) while

relativel y poor performance at a higher tempcerature (100 °C). Experimental images from

the post-mortem photographs. scanning cleciron microscopy. and high speed videos are

implemented to observe various failure behaviors including microbuckhing, kinking, and

fiber breakage at different temperatures. Analvtical modcling is funther applicd to reveal the

underlying mechanisms respoasible for these
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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 Jeemeen,
iw

States. 46 U.S.C. §6308.
KEMPER

Carbon Fiber — Load bearing members ="

FWD Head

AFTHead

t Carbon Fiber composite cylindrical hull t

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.

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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Instead of solid (stone) bridges, a

7 #usis 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.
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Carbon Fiber — Load bearing members ===

,/ Bailey bridge panel has truss
~~>~" members holding compression,

tension, or bending depending on
location in the design and load applied
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O part of a report of a marine casualty investigation shall be admissible as evidence in any civil
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Carbon Fiber — Load bearing members  =="°

AN ;2@3—%'_
LN IN NN/ N
2, - v—— \ S

T — T )

\ \

Single panel wide, Single panel high Double panel wide, " Double panel wide,
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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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.

Carbon Fiber — Load bearing members ==~

20 distributed failures = Bridge still good

Shear Failure Bending Failure

= f
"/'/I',"/'./"’ = 4 //,-'.,'l‘\\i . o o
/’/ A———/ \'\\,f 6 high-stress failures = Bridge collapses t

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.
CG1OL8J7§4§6%e tends to bias “breaks” to locations consistent with structural failure modes.
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Carbon Fiber design, issues (see NTSB) “+7"
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+—— 4/5 interface

<+——— 3/4 interface = —

Wrinkles in layersl
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<+— 2/3 interface

<«—— 1/2 interface oo
Layer 1 direction o

= Longitudinal =%
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Cross section of the full thickness

S Longitudinal diraction ————

CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation Page 32 of 47
25 SEP 2024 MBI of OceanGate and Titan Submersible Fatalities 32




0 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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Verification, Validation, and SIMUEATION ‘ EACERIMENT
Uncertainty Quantification (VVUQ)is a
systematic approach applied to any B S e
industry engaged in innovation with ‘ i i e | 2. Preliminary Cesign ,:;,';‘;m"i?;:’.'f,;f:;:;‘,;‘;:;'zJ §
significant risk to people or financial  ce witer Sl i _— 2
risk in order to reduce and manage . Mg & wrory dmnrim il 2
risk in a transparent, accountable 11}.\{ u—ﬁe"‘;'”—'.“ﬁa‘?"*] ,EAWN] 3
manner. o] ol olirences, supaeti LLBIBEIE o | determine experiress eecho, 3
222" 1 methods for variables i datato collect 2
A significant aspect is documenting [ | ! 5
requirements, predictions, D T el 2

measured results, and methods in

.
’
|

~
~

literature, evaluate responses,

\__map out variable v responses J

Uncertainty analysis

order to maximize the potentialto be Uncertainty analysis == Validation ~~~__
informed by the process while doing T P ey

what no one has done before. No

Assess results vs uncertainties

—

5.

uantitative comparisor 4

-

and experiment

“cookbook.”

Acceptable

compare toinitial estimates
L y,

v

/

\
Experimental Outcomes
Assess results vs. uncertainties

and simulation

v

Agreement?

Example: FDA requires VVUQ for
software in medical devices as well if
simulations are used in design.
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ASME V&V COMMITTEE
Verification and Validation in Computational Modeling and
Simulation

STANDARDS COMMITTEE PERSONNEL

U.S. Nudear Regulatory Commission
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U.S. Food and Drug Administration

U.S. Department of Energy
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Southwest Research Institute
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Air Force Research laboratory

Zimmer Biomet

Los Alamos National Laboratory

Sandia National Laboratories

Southwest Research Institute

Texas A&M University

ANSYS, Inc.

The American Society of Mechanical Engineers

V&V 10SUBCOMMITTEE —VERIFICATION AND VALIDATION IN COMPUTATIONAL SOLID MECHANICS
Chair, Federal Aviation Agency Alternate, Sandia National Laboratories
Vice Chair, U.S. Army Corps of Engineers, Engineer Iternate, Sandia National Laboratories
contributing Member, Thornton Tomasetti
Contributing Member, Los Alamos National
Laboratory

h and Development Center
ietary, The American Society of Mechanical Engineers
Contributing Member, Consultant
tributing Member, Lawrence Livermore National

. National Nuclear Security Administration
. The Pennsylvania State University
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Lgs Alamos National Laboratory

Lawrence Livermore National Laboratory
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Contributing Member, Consultant

Contributing Member, Johns Hopkins University Applied
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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

sardia National Laboratories

Southwest Research Institute

. Thornton Tomasetti - Weidlinger Applied Science
Southwest Research Institute
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VVUQ started inthe 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

VVWUQ 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



O part of a report of a marine casualty investigation shall be admissible as evidence in any civil
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VVUQ Spectrum KEMEER

Theoretical research Experimental (discovery)

Applied research \ }:Qj } Experimental (trials)

4 Shell, Window

“Traditional
VVUQ”

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

Advanced engineering

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
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States. 46 US.C. §6308 {Component, Subassembly, Assembly, Subsystem or System)

Traditional VVUQ o

Conceptual |
Model
Modeling and Physical
Simulation Experimentation
Branch p Branch

 Nondeterministic (multiple design

[ Mﬂh‘e:_na‘_ical]‘Coordinaﬁonﬁeﬁnemeni—?m,;]
factors over range of values) Coce . Ml _Beskn,
. Approximation, ; | .
"Not (. _implomeniain, .I;:,‘:,::::;;,,,"; 032}’;22?3;?,23

* Requires methodical use of ~ . [dlgenst it Sevis
experiments, theory, and simulation m Cocuintons $ xparimen.
* ID’s irreducible v reducible uncertainty 533‘1'3333 o \ A oo

Experimental
* Intended to inform managers of risks ia,.,i.t, ]

in project to assess time/resources o‘:':.‘:'.f:;?.‘zn o™ VN =L clamitaton
; }

« Often for high consequence or Quettaive ___ Exporimenal
extraordinary novelty

Simulation
Resuts

Validation

* Detailed, time consuming, and therefore m.,m—»f</\~ o
expensive Normal engineering is N Cperraantal Acivities T
“cookbook” and much less expensive., oo s }
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“Engineer”/Deterministic VVUQ e

Failure Probable

 No longer.inthe “cookbook” box. Failure Possible

e Stillin awell-understood domain or the

DoE Points

consequences are not “zero failure,” as To Validate <

supported by FMEA, so not “traditional VVUQ”

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

method, outcome

analysis”, including ASME and USCG S e

* Often solving for single set of design factors

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

 guidance on load combination
CG 108 7.7466§t}l(f883 n Ce for fa | lu re C}Ii'rféﬁléemper Engineering Testimony Presentation
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Uncertainty
Outcome

Uncertaint
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O part of a report of a marine casualty investigation shall be admissible as evidence in any civil
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VVUQ and the Pressure Vessel Code  *="2°

“Cookbook” design is well-defined white box

ASME BPVC Section VI, 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

. . DoE Points
Material properties, curves at temp To Validate
Service condition (corrosion, fatigue, etc.)
Load combinations for different analyses
) ) Failure Unlikely,
NDT, system testing requirements Use DBA+VVU6 gggfvu
i e s , e For Specific Design ‘
Within limits of Part 5, solution verification is
still highly prudent and is good practice, not
required. Outside the limits, VVUQ is needed.
CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation Page 38 of 47
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VVUQ drives windows DBA method
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Design By Analysis Framework using PVHO-1, BPVC, V&V10

START: User Design Specification (UDS),

Risk Assessment with FMEA
SIMULATION

tndon |

L Concaptual Window
Typically determined by inner

face requitements

1 EXPERIMENT

Inputs for Design of
Experiment (DoE) for

experimental material data.

CG 108 774662
25 SEP 2024

s e

LLTAMNLAA
TrrIA e Ter

Start withbaseline,

...........................

. .. adjustdesign toneeds .
/SIMULATION = “Section VIll” (~ Munthemstical Model ) . S Phoded Model )
‘ Select mat 10 test, novel
* Based on UDS, select 2 Preliminar 230¢c1 10 test, Benits fox testing.
methods, initial design, " - : e e —
A | f verificotion E .o Preliminary results - . _ | Implementotion
Ilterat_ure values for Y (3 onibieda "/ toestablishporometers e o b
materials, conduct initial o3| Uterstorematerisivaloesor | -7 ' % o | Materal tests at & minkmunn, use
S | previous experknents, initial ' 3, Calculotions : Initlal cales to size parameters
FMEA o oY cales,tolerances. stochastic ! . determine experiment methods,
27 methods for varisbles ' \ data to collect J
Ho : Cokulation '
] Ana_lyze_ mut@_ldesugr_r, veolicoion 3 ( .
|r.1c!ud|ng implicit nonlllnear el 5 " CpemanuniOnts
: F'l:nlts Eltement Anaf|YSIS. ft(:;' o “,t,:u;:u:::b‘:':::w E - Review : [ compare to el estimates |
: S pc astic rz'ar'\geo variables. _p_[;M)Watdm s | een Voldoton-e._ ; o
| Diagnose critical areas. . o L \
‘ Simulation Outcomaes €, T Experimental Outcomes
: A : : Assessrestsvroncertointies |———+ S. Quontitotive comporison ] Assess results vi. uncertainties
: Update analysis using t PP A _ P | Ptk |

a.arcate desinn and matarinle

EXPERIMENT = “Section 1™
« Based on UDS, select
initial materials and test
methods. Establish QA

and tolerances.

* Analyze materials

stochastically for use in
implicit nonlinear FEA.

Develop DoE for
prototype test

* Update testing based

on analysis results,
implement for key
variables, locations,
conditions.

END: Self contained, fully documented design with calculations,

validation tests, and data. Suitable for Authorized Inspector review
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Why OceanGate needed VVUQ KRt 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 “whatright looks like” from experience
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Potential Implosion points ST

 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):

e I[nternal 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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KEMPER

Potential Implosion points S
Bending in composite creates localized

breakage (expected); Unknown design life
Buckling possible, sensitive to geometry

RTM “clicking” rate likely to
~_Increase prior to failure

N N \\
,\ \.\\
\ \ :
I 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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Kemper Engineering Recommendations g

* 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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ENGINEERING SERVICES, LLC

Testimony of

B FE., DFE

Summary of preliminary findings
regarding OceanGate and loss the
Titan Submersible

Kemper Engineering Services
Baton Rouge, LA
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