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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 PVH0-1

• 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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Feb.2016 

Dec.2017 

Jan. 2018 

Mar. 2018 

June 2023 

Sep.2023 

Mar. 2024 

25SEP 2024 

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. 

requested a pro-bona analysis of a non-standard 

acrylic window for CYCLOPS II. 

Transmitted window report to OceanGate via Kohnen. Results 

indicated failure likely after multiple full-depth dives 

agrees to sign letter to Ocean Gate 

OceanGate's TITAN (formerly CYCLOPS II) lost at sea 

KES submitted report to NTSB regarding TITAN window 

KES agrees to volunteer to assist in USCG MBI 
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Positions: 

Education: 

P.E., DFE

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) 
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Experience: 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. 

25SEP 2024 

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 (WUQ) Codes & Stds in 2022 

Subcommittees: Solid Mechanics (WUQ 1 O); Al and Machine Learning (WUQ 70) 
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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. "Review of Life Limitations For Acrylic Windows In 

Presentations: Pressure Vessels." ASME lnt'l Mechanical Engineering Congress and Expo. , Nov. 2023 

25SEP 2024 

"Application of VVUQ 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." UI 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 PVHOs, pressure vessels, subsea, or VVUQ 

Bart Kemper does not represent ASME, MTS, NSPE, USCG, OHS, nor any organization other than KES. All opinions are his. 
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Kemper Engineering team 

Lead Investigator 

KES Staff 

Consultants 

P.E., DFE, Principal Engineer KES, Researcher Univ. of La. Lafayette (PVHO)

Company President (PVHO) 

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

Staff Engineer 

mechanical engineering student intern (LSU) 

chemical engineering student intern (BRCC) 

IT 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

Aerospace Engineer/Simulation Expert 

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

25SEP 2024 MBI of OceanGate and Titan Submersible Fatalities 7 

No 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. 

CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation Page 7 of 47



Engineering codes & standards (C&S) 
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• 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

• Is a system 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 PVH0-1 relies on

other codes for detailed structural design other than windows.
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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. It includes rules for 

"design by analysis" (Section VIII, Div. 2, Part 5). 

There are separate groups of codes for piping (B31) and 

other related items. 

API 579/ASME FFS1 provides for "fitness for service" to 

determine reliable useful life of in-service items. 

ASME PVH0-1 is a design and safety code. ASME PVH0-2 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 VIII, Class societies). 
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ASME PVHO-1-2023 
(Revision of ASME PVHO-1-2019) 

Safety Standard for 
Pressure Vessels for 
Human Occupancy 

AN AMERICAN NATIONAL STANDARD 

� The American Society of
� Mechanical Engineers 

User's Design Specification 

(Section 7: Submarines) 

[a) number of intended occupants 

{b) maximum operating pressure/depth 

[c) required pressudzation and depressudzation rates, 

ventilation rates, and conditions under which rates are to 

be maintained 

(d) intended operational environment

Manufacturer's Data Report 

(e) maximum number of pressure cycles
m maximwn/minimum internal/ext�rnal pressw·es

(g) operating temperatures

stora e conditions tern eratures 
(i) number, size, and type of penetrators, doors,

hatches, windows, and se1vice locks 

OJ co1Tosion allowance 
(k) environmental requirements 

(1) special design considerations applicable to normal 
and emergency service, e.g., requirements for the sizing of 

the diver lockout hatch [i.e., the diver dress and potential 

underwater breathing apparatus (UBA) to be used] 
(m) fire suppression

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 

retained and transmitted with the PVHO, including window 

certifications (VP1 through VP4). These documents would be 

available for review if OceanGate followed the PVH0-1 
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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. 

A.0·118 731 

llllCUMr.U.MQ_i:l> h.ACTLCU t'Ok THII OIUIC:.�. 
11 �lllltCA.t'IO.M. l'llCOPTIUITL.M<: J.J<'O ll'ISPllc-rl0.11 
OP WINOOWI lJC KAN·J.ATBO BY71UAUC 
CttAM•l'IIS 

J urr 0. �••cU • 

._ a.va.1 Uad,u••• c: • 1.hr:r 

4•• Olea�, Cattr•nl& 

tmlll(ITTI) If� 

� 

ASME PVHO•t-2019 
[_I..., ol .u.Ml l•VttCl-1°lDIA) 

Safety Standard for 
Pressure Vessels for 
Human Occupancy 

AR ANtalC,UI NA1101Al JtA•DA•D 

25SEP 2024 MBI of OceanGate and Titan Submersible Fatalities 11 

No 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. 

CG 108 7746623GKF108 TITAN MBI Kemper Engineering Testimony Presentation Page 11 of 47



Acrylics windows? 

Ple,uglas ,,m 

- 0.007,in-diameter stainless• 

steel wire 

1 in• 2.540000 E--02 m 
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Acrylics windows? 
Proceedings ol 1he ASME 2021 

Pressute Ve5sels & Piping Conference 
PVP2021 

July 13-15, 2021, Virtual, Online 

PVP2021-62146 

VALIDATION OF MODERN FINITE ANALYSIS METHODS 
FOR GLASSY PO RICAL STUDIES 

Ke 
Baton Rooge, LA 

ABSTRACT 
The Cfil'1Ulf mdJiod for tk.Jigning ac,-,,·lic ptrusw'tl: Vd.s.k-"l 

co,rponenl< relies 11pon an empirical metl!od developed Oirat,gh 
o.perintemtaffon during Ott: 1960� and 70� The method i.s 
dmoil,d in ASME PVH0-1, Sof,ty StmuJamfor l'r=m" 11=,ls 

for Human OcCIJPaney. One of titefacrors remurmg Ille dest//11 
'Methodology to e>:p,crimcntal correlation was ths shuc/u.ral 
dimensions.. TMckwallpresSllre vessel geomehyprewmtM the 
u.se: of conven.fiorial Section Vlll pressure w:ss�l calculation,s, 
witieh assuPffl!S titfn wall pwsru,w ,wsek Earlyffinjt� Elnimt 
h:aljsls (FEIi) models ofac,ylicmndowscould no, bew./Jdared 
through cxpa1'mfflttltion. This was atiribwt9d to th9 viscoelastic 
propenies of acrylics. The resu/Iing experiment-based FVHO-J 
Safety Siandam haJ a P""""' :saf•ty ,-.com but is nut ,.adiiy 
updatM. Titir ptJp:tr ,e.,tta.,lffnQS som-2 of thtt Wl'lrl- us«l Ir, 

develop Pl'H0-1 to demonsrrme modern n.orilvtear FE.4 and 
V&V todmiqt,� ca1t predict tho r.;sults of tJtq on:ginal ll:crl-. In 
dotrig s-0. ritt.s wort also valrdaie:; ihe v.se of FEA go mg forward 

fo,· Design By A11al)•sis (DBA) using Paification a1td JUUdrJion 
/11&11) /or •ewer materials, snr.p,s, CJtd applicotions 

Keywords: aaylic, PVHO, wiaoov,s, FEA, uOJlliDeaJ; 
ccoiact e�, ttocha.<rtic, V&V 

NOMENCLATURE 
Usogeis per ASME PVH0-1 

CF fem?en.hn-b3sed CC>t'nCtiori Fae� 
Di diameter of the window :im!eJ face 
Do dwncta.· of th<: window outCJ £i.c:c 
r radit11s to the shell's mean thickness: 
STCP Short, Te-1w Critical P:t�w� 

twcl:::nen of ;he fru.mun 
\'\indow transparent aaylic compouem 
,icwport full a=bly u><l.dwg v.iadow .u,dsee,1 

25SEP 2024 

1, INTRODUCTION 
Pn:3su,:c. V<:SScl desi,;n bu b<:cn o sigcifi<:ant foc:m of 

me<hanical engmteriug for over 100 years. Toe fust ASME 
edition cf tbc Bcil« ,md l'tcs,u,e Ve=! Code (BPVC) _,.,. 
ismed itt 1915 As metallurgy, jOWJ'lg tecbniqn.es:, �ting 
melllods. aJld ollJef leCblologies dwlged, so <lid Ille ASME 
BPVC. Fini!<,El..,,.,.tAmlyw (FEA)is wo,tabliabod pmtcf 
modem � k> inclttde pressure ves� and pipuig 
dcsigu.. \7\'hile the ctU.nul c.ode-$pccified m:ihoch are 
S\lmtantially the san:ie as '.\rben thl'!'f \1:ere introduced in 2001, 
Divisioo 2 of Section VIII has: .tu-owed fot Ille engilleer to use 
'"detailed analysis, .ruc-h as Fwte Elrotent Allalysis» SWCe the 
1990s.(l] 

Tu-oughout � histtny the BPVC bas followed da:ssic. 
&sign pu-adigm of apptyiog tnatffial propei1iei: to calcnlation 
rules based ou ei,gu:eeru,g principles. Rougbly speaking, if you 
double tbestrm,gth ofthentlterial,yo� c31lhill'� thicl.m-ss: f« 
a shell uuder internal pressure. Moss pressure \iessds can be 
sis:q>lificd by membrane th<:0tJ, or "thin wnJl" linear 
assnmptiotts, ta.'ben a spherical a cylindrical s:heU can be 
assUlllfd to be cf a sutlicieu1ty 1.uli.fuun etasti.c suess ud suaiJl 
tbr(lugh its � tbn1 a swgle "uhle cno be �ed at a gi,'E:l 
locatioo, tamng discontinuities(2] Toe geJle!al rule of llnllllb 
for ''tun wall preJWte veasel" U toot the v,:all thicl.:ness is 1e83 
llJru11/I0"ofihe radius oftbesheU. 

By c:oub"M� lhe ASME c:kzi.gn mdhodology for dcsigniu,; 
acryl:'.c pres!Ure ve1;::;el component.: lus been brg:ety uoc-huged 
!tom its WSI \'ersiOO publislled in 1977 tillere all llllt.."t'WS tllzt 
wc<:t the sinz.Je spoc-ifi¢ot.ioo (!'able 2-3.+1 and 2-3.4--2) rc..'Wl 
in the same empiricaDy deri�ed <1,s,gn.[3] Doublmg or trip!JJlg 
.st«:a.gth io P\1-I0-1, while- tncd:ing lilt other rcquirttucW, WIS 
no ability to change a decign. The bid:01)' of the design method 
v.-as bastd on dJf' oetd for tnnspa."'ellt willdows to suppott 
subtne:tsibles, c:.orumercial di:vUlg. ru.td moo.ical d:arnbera. 
Pecple bang io.<.ide Gltse pres.si.ue vessds were a drivang 
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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 
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DATE APPlOVER 

09/192021 Daniel Scoville 

Original OceanGate drawing provided in 2017 OG_USCG_004796_TITAN MBI_ Acrylic Viewport Top Level Component.pdf 
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Fig. CS. Nonlinear 5800 psi strain. Strains above 0.06 (red-to-yellow) is of concem. This is con5istent with 
cyclic failure. These results are do not account for heat transfer, dive rates, service life, or creep effects, so any 
conclusion regarding suitability is preliminary. The intent is to provide a preliminary comparison of the Cyclops 
design to a flat top design. 

UZ(in) 

2.6J8e-001 

2.309e-001 

l.979e-001 

U49e-001 

1.319e-001 

9.894e-002 

6.596e-002 

3.Z98e-002 

O.OOOe+OOO 

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

In news reports, the observed inwards deflection is¾ of 

an inch, or 3x the idealized model. It is unknown 

whether it's measured from the window edge (easier 

but more severe) or the window's center (per FEA). 
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Front: 

To: 

Cc: -
Subject: Re: Preliminary pe,formance behavior of flat internal soherical sec:tor windows 

Date: TUesdat, January 30, 2018 1:35:56 PM 

Thanks,_ 

I will consider and discuss with my team. 

All the best, 

-neering
OceanGate, Inc. 
1205 Craftsman Way Suite 112 
Everett, WA 98201 

To: 

Cc: Stockton Rush; 
Subject: Preliminary performance behavior of Flat internal 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 other MUV manufacturers for this same type of geometry. 
The optical benefits are a strong motivating factor for all involved. 

one of the leading F EA analysts in the US today, an expert in pressure vessels 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. 
I aske�o have a look at the interesting behavior exhibited by this geometry. I have done some 
analysis and others have as well on their own windows. 
The results were not what was expected, which I shared with you earlier. In addition, most of the 
early analysis was performed with simple linear analysis. This is usually an approximation since 
acrylic is fundamentally non�inear. Bart agreed to have a precise look into this and do comparative 
study with linear and non•l inear models. 

RESULTS: Given the results are above the nominal yield of 7500 psi, the strain is used to evaluate potential for 
failure. Axial (inwards) deflection is provided as another measure. 

Cyclo 
Max Strain (i 

0.73 (catastro hie failure) 

0.123 

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

ection (in) 

0.394 
0.924 
0.453 
0.269 

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

e spec1 1e ye ops es1gn at psi rn cates s1gru 1ca11t strain t 1at 1s consis ent wit po entia s ort
c cle failure modes.
The specified Cyclops design at lower pressures indicate acceptable strain levels, with the 2900 psi 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 

5. Actual material data, the window seat design, and operational infom1ation would be needed to conduct a
design review and perfonnance prediction.

asked 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 

discussion to agree upon a safer, more reliable solution. 
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2, 

3. 

OceanGate Window 

MATERIAL SHALL BE CERRFIEO CAST ACiVllC ACCORDING TO ASME PVH0-1 

i'Hl5 WINDOW 15 TO BE FABRICATED ACCORDING TO ASME PVH0-1 FABRICATION 
PROCEOVR�. MATERlr\l CERTIACATIONS ANO A.NNEl'IL CHARTS AAE REQUIRED, 

RELIEVE All SHARP EDGES 

WINDOW VIEWING SURFACES SHALL BE POLISHED TO SATISFY ASTM 0702 OPTICAl 
CLARITY REQUJREMENTS 

,---------23.00� &?---------< 

(8.662) 

�-+------------'-
>--------115.203 REF>-----< 

SECTION A·A 
SCALE 1: 6 

UNLfSS OiliERY'ICSE SP-ECI.REO: 

J �YeAU.•U1Pl10.0H:.<.O: 

� .. _.. .... �M,ll(-

lU.-.0,1.eQ.•.uruomot....:o 
, 1cu,:.>.rK�: 

CHEC®' 

DETAIL B 
SCALE I :3 

Hydrospace Group 

1124-4000 m DO NOT USE ANY 

ORGANIC CHEMICAL 
CK:11.-.14 _,, ! :XI$ 

-.1.Cl:< 
.,,,, 

r.-;.crio,:; t"J3::I 

� .. -.,-.. -•• -,-,.-•-•c-OH--,.--,.-,--1 ��,...e�'� 
e�Nfn 1-:-:-:-� -+-+----l Spherical Sector 90 Deg

"""""' 

QTY:xl 
SPECIFICATIONS 00 NOT SCALE ORA WING 

REV 

NC 

lbs SHEET I OF 1 

1HE �TJ:)N co,1r>Jt1EO ill (HIS 00AW..0 11 '.ti€ «:tS to00S1lY Of (EMOEII EIICl�IIC 
u.n.::;;::; UC """ l!J:l>�OOJC";n::m """''MOlt 0:- Ill.,. ... ,. Wrt-0.,'1 n-,c Wl!l"f:+,i l'l:l!MISSlQNCt' 
u1.•:1>e11 i,,i,:;.,11�e1>-.,c; t�,,.,,:e-; 1,; QQ0N'�O. 
-n! IUf'OtN' ... ·10111:; !COT roitCO>l:.1tuc·1011 Lilltt";S OTl'l::lt'to:;! uor:o. rtl:lt.1'0™>,,,011 oou 
UOi �aff ei-ao<HEE�G WOil!( 11!1!.5'; �OMo ... 110 :;�,LE) BY A PtOEE>;�OW\l, =HOltiE€Sl. 

22.568 

. � 
$ 

.. , ....... , ..

KEMPER 
£NGINEERING S£A:VICES, LLC 

"' <"'.! 
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''\: -------------------------------------------------

023.000 

DETAIL A 
SCALE 2: 5 

CYCLOPS WINDOW 
NOT CODE COMPLIANT 

N 
--0 

SPHERICAL SECTOR WINDOW 
ASME PVHO· l DESIGN 

,C/NflE E! EIAENr MODE.l.S - NOT FOR CONSrRucnoN 

�or,,eo,.MSE g)ECIF,EQ CA)��EvJ!OOXl.'Kt!O 
OIY.CtsGIONS i".tt N ...,;ne:; 00 NOi NNfW-U1 tJt,.,n: 

• .,.._, 

o.:,..,w, 
71 t 61202.3 

'"' 7/17/'202J 
=-

KEMPER ENGIHERlr<G SVCS LLC 

FOR NTSB INVESTIGATION 

TITAN SUBMERSIBLE REVIEW 

MODELS 
$'.II: Ot'iG..140. 
A NTS B ·  TIT AN- l 

Hydrospace spherical sector drawing provided in 2017 KES drawings of OceanGate design and the ASME PVHO-1 spherical sector equivalent 
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ASME PVH0-1 Window Design 

22.568 

A 
L'i.203 

:g 
CX) 

Units are US Customary to be consistent with OceanGate. 

Spherical sector window in the same footprint as the 

Cyclops II (Titan) window design, but uses less acrylic. 

200 

CYCLOPS WINDOW 
NOT CODE COMPLIANT O-nngscca 

Table 2-2.3.1-3 �nver$1on folctor, f,fK Acry'llc Spheocal Sedor Win•� WIii! Conlc.1l Edg'- tt)1)etlleml51)1Jerlc.al 
Windows With Conlul Edge,. and NEMO-Typ� Windows With Conle:al Ed,e 

Tm111er<fflll'•,'FrCl 
0..tNDotl.11 PN;,,.,. Jl.a•-; � (1�1 ,s (241 100 ,fl&► 12� rsn 150 (4t\ 

Cf= 16 
/I• l CF'.� CF•!; C'•9 er• lC ·--1.&0'I ;rn.-

�00 1)51 (17.2 Y.fd) (lO..J Mfa) 
er• lC --·--·· JOOD p;1 (?0.1 MF•J 

11:? CF: i CF= S CF: B i.soo,,,, (2.u 11-P,) S.000 !-"" (1U l'lP.J 
·-·----

-

) ll•J er - + 
rn,o >"° is1.1 l'lP.J 

GDln:.I. ND7 '

(�J T:baCF�:tn.�T .1bla �1�' onlycoSTCP!i plixtr-,d lniF15",IN� 2-:?. S..J-6 � F1� ?.? .&.l-7f0r�hlln::� :;etror�uutcy;:;;wft!ta:cd:t� ,-c1p �'6 
fll;llffS 2-� l • l4 a<l z-z�.J-JS r°" b71)Edltmlsa;lherlci'l ... -nlOC .. --S ·"1UI -ill E<l!f .!114 J;'fM0-,;,1,e W'nilOOIS 11,11:Jt eon!UI P€flec\7�0QS, 

(b) Oottird 100 r·cfer to intmnedi-ttt> "r'C'nt� r«n�, & tn�t"d by tAe !t.di.1ciert- pr-e-D.11se ficu�J.. 
kl l�i.tio• 1,«..,...,, CF, i, .u.,,,n,1. 

Design pressure = 5800 psi 

120 

so 

� ::::::=::�� 
��

1
�0,//�� 

D, -, bearing 

Hard boanng 
gaskoI 

a o••"-•t 

D,>D1 

. �$ 

.. , ....... , .. 
KEMPER 
£NGINEERING S£A:VICES, LLC 

"' <"'.! 
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CF for 5800 psi = 4 0.2 0.4 0.6 a.a 1.0 

STCP = 4 * 5800 psi= 23,200 psi (160 MPa) {Use 160 MPa due to graph units) 

25 SEP 2024 MBI of OceanGate and Titan Submersible Fatalities 

1/D: 

t/O1: 0.36 

t: Di • {t/Di) : 15.2 • 0.36: 5.47 inches, rounded up to 5.5 inches 
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Axial deflection 0.204" 

fSll\N 

_ 1.l11< 01 

9.lTit-i)t 

1730Hli 

lll!Pbt�p:6l(Il) 

UZ�n) 

8.t;8,�(!2 

.,017 •. 1)1 

•l.o:tlHH 

-z.o;,Hn 
13!1PlctSt:i,:61(II) 

Peak Strain = 2.5% ESTI\N 

0.0254 

Less than 4.3% limit o.om 

� Axial deflection 0.19"

0.0212 

0.0191 

0.0170 

0.0149 

0.0128 

0.0107 

_ 0.0086 

Q.()()6'j 

0.0044 

0.002) 

0.0001 
C!!JPlotS'tep, lll!EJ 

URESOn) 

0.19 

0.11 

0.16 

- 0.1• 

_ 0.11 

0.11 

0.09 

0.08 

_ 0.06 

_ 0.05 

0.03 

o.oo 

[TI)Plot Step, 131D) 
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Load Hold Unloada 

6,00000 ....................••............... ................ ····=···· .............. ·:··· ......... ··:·· ··: 

5.000.00 

4,00000 

' 
' 
' 
' 
' 
' 

·; 
'
' 
' 

. . . . . . . . . . . . . . . . . . ........... � . . . . . ......... � .... � 
' 
' 
' 
'
.
. 
. 
' 

!! j 3.00000 . . . . . . . . . . . . . . . . . . .......... , , . . . . . . . . . . . . . . . . . . . . . . . . ........ � .... ,
. 
' 
' 

2000.00 

' 
' 
. 
' 
' 
' 
·•
.
.

1.00000 -· • .,,_, ,.., ---· ,-�· ·---------·-·•"' ,.., ,.,. ··�· ·-·�----· ---· ,.., .. , ..... "" ·-··- ---·' 
• • : • I • 

• ' 

95% of load cycle i� 1 000 p:si 
' 
' 
' 
' 

0.00-----------------_,________,�-

ooo 0.20 040 060 080 1.00 

Low pressure side 

(Dry side) 

High pressure side 

(Wet side) 5800 psi 

Mesh= 0.25 inch 

Refined= 0.05 inch 

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) 
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J
ESlRN 

3.000e-02 

. 2.700e-02 

. 2.401e-02 

. 2.101e-02 

1.801e-02 

1.501e-02 

. 1.202e-02 

. 9.020e-03 

6.022e-03 

3.025e-03 

2.803e-05 
!!!)Plot Step: 9(!D 

2.70Cle•ll2 

tlOie-02 

1,100-,.02 

3.0Z8c•0) 

J.156¢·05 
C!!)PlotSttp: 1101I!) 

Upper left shows the full range of strain at 1000 psi loading 

is 1 % strain (0.023" center). At the same 1000 psi in 

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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Tensile strength (n1in) 0.2 0/o ,:ield 
strength (min) 

Desiguatiou :\iPa ksi MPa k.si 

Unalloyed grades 
ASD.4 grade l 240 35 170 25 

ASD.4 grade 2 340 50 280 40 

ASD.I grade 3 450 65 380 5.5 

ASD.1 grade 4 550 80 480 70 

AST.M grade 7 340 50 280 40 
ASD.4 grade 11 240 35 170 25 

a-{3 alloys 

Ti-tiAf-4V(a) 9DO ll.30 830 12-0

Ti-6Al-4V-ELI(a) 830 120 760 110 

Ti-6Al-6V-2Sn(a) 1030 150 970 140 

Grade 5 (Ti 6Al-4V} to Grade 3 

Yield 120 ksi � 55 ksi= 45% of Gr5 

Tensile 130 ksi � 65 ksi = 50% of Gr5 

https://www.dierk-raabe.com/titanium-alloys/mechanical-properties-of-titanium/ 

M� 891t+01 

Aft Dome 
-, Aft Assembly 

Initial linear results indicates no danger of collapse, 

detailed analysis will be in the report. 

Insufficient data to evaluate the glued joints. 
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• Long lead time, high costs with alloy steel or titanium
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• 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. CompositeSubmersibles

• Long-term corrosion resistance to chemical

and temperature environments.

• Generally less expensive material and

fabrication, depending on labor, novelty.

• Long lead time with alloy steel or titanium,

constrains production

• Compressive strength and shear resistance is

500m 

1000m 

4000m 

6000m 

7000m 

11000m 

AUV-'Tailsman" UG-"Haixiang" 
(2005,Britain) (2014,Olina) 

HOV-"Deepllight I".....-.-._ 

(1996, USA) 

AUV•"Deep C' 

(2 005.Geiman) 

AUV-" AUSS" UG-"Deepglider'i\UV-" Autosub" 

(19%, USA) (2007, USA) (2008,Britain) 

HOV-"Titan" 
(2018, USA) 

UG-"Seawing-7CXXl" 
(2017,China) 

Year 

problematic with carbon fiber. (Figret36J 
Depth 

UG-"Petrel-X" 
(2020,Cltlna) 
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Examples of carbon fiber 

rical Analysis of Sandwich Composite Deep 
i e e e • C • e • • e Criteria 

College of lginet1ing. Northe-3St Agriculiura l L!nh·eo.ity, Harbin 150J30. Chin�; 
l:ng_olalu,cfal@phoo.<Om (¼11); huinMhua�0312.i163.oom (I LIL) 
Kfy I ;1hor.1lc'tty ofSwi� F:1r-ililit'� Fnr,inf"ttin,t, Min ii.tty of Af�l'irullun"', H;-il'hin 1500:U, C':hin:1 

l Oepa.rtmen1 of Mechanirol Engineering. Fxulty of Engineering.. T.lif Unh't>TSit)t T.�H 2197-1, S.1udi Arabia 
4 Prod.1.l.:ti(.)l, :1nd �fo.:-h.mk.U D.:�i&n Dc:pt., r�.:-.dt'f uf [r-8,in<.�rins, �b.n.� .. v,.u,, Unh-·,m:i1y. 

\•l,m."-01.11.i 33516, Eg)•pl 
r. �p.t.ttm�1,1 uf<.:h ii t:11sJn-t'il1s, Mili1.1ry T�hnil.�.'11 Collt!b�, Kubl') t:lkoL'ba, C..:�itu 11365, f➔t,yf>I 

Co.-nspool�n,_-e: dfw11n!)-02.0:lal6.� .,oin (D.W.}; s.-1idli:ibib?O())at,01t,111il.mtn (1-:.F.) 

R�ive-.t 2 Ocb.:lber �19; . .\c,."epwd: 19 0:tob('r 2019; Published: 22 0....:01:>er 1019 

Ab$1r:.�t: Th<' PJ"("S$llt(' huJI is lh<' primJI')' <'lc-nw,,1 01 Sl1bmJrlfl(', whfrh withstands d.h•ing pte5suro 
and pro,,ides essential cilpndty for electronic systems and buoynncy. This study presents a numerical 
o.nalys1s nnct d:!slgn opllmlzntlcm of 501,()wlch o,mpos1tt <loop submorlnt pressure hul l ustng fint1c 
element modeling technique. Thi� study aims to minimi1.e buoyancy foctor <lnd m.:iximi1.e deck 
al'('a and buckling stn..'ngth foctors. Th<' coll.1ps<> d('pth is t,1.kc,n .u J baSC' in llll.'.' pt'('SSUI'(' hull 
dc,i5n. 11w pivi:i.urc hull h:.w bc'-TI ;m.nly:wd w:inn two compos.:ih, m:itcri;:il� T700,fE:p().l(y nnd 
6(4)5505/Epo.\y, to furm thl' upper and L\'\,'f.'r f.tws of llw sc.udwkh composiW d�"e{,' s.ubmarlm.
p1a�urehull. The lnmmated cmtrol surf.ice i�optim11ed for the first ply foilure index (Fl).:on�dering 
both fsai Wu and 01aximum stt'('SS failure critl�rfa. fh(' n:-sultsobta incd <'mphasizc a.n important 
fo<t thot thc picscncc of oorc toye r in s.1ndwkh composite pressure hull is not .ilways more efficient. 
Tl"' u- vi :><mdwkli in ll...- d..-.,,io,1, vf '-"-'lYlp..>:.i� J��I' :.-ub1:n.,ui.n� J>n::,,,-:,,,.m: Jmll <1l �Xl.tyu•...- d�pth:. 
is not .l safe option. Additionally., the co1� thic:k:nes s  plnys ll minor role in the design of composite 
deep submarine pr�ssure hull Tlie outcome of an cptimizilHon at extreme depths iJlustr<ltes tlut 
th� uppt'r l'ln,i lmwr foms �rnm� thkk<"r nnd thi"' mro thkkrll:-s.c. b�nH'!'I thinnn. Howl"vl'r, .1t 
l'ih.illow�mOOe-rutt> depfhs., it i!t> recomnlPtlded to u� s,mdwkh mmp:,site with .i thick mre lo rel'iist 
lh\..':;lwllbuck.!i.ng ot cou-.po:;ik :;ubmi'l.ri.n<' pn::,.;un.· hull. 

Ke)•words: multi�jectl\•e optimi7..ation; sandwich composite; buoyoncy foctor; TM�Wu; f ailure 

Opl·lmb:.atim, pbyi; .an imporlanl n:tl11> in obl:iining tlw bo.:.I wmpo,;it"' hull with high uftlduncy 
!.'IJ\d saf..-u:.t• of materials. li,•lost :.ubm.\l'in,:.• dL.oslgi:e. tu'l' w1:.•ight <.�ritkat ,-��x·dally whl•J\ If�, oix•r�tion;,J 
d1vmg depth mcreases. Therefore, the designers will stnve to select an availilble high stren5th ond 
10\,..·•dcnsity matcriJl. Diving depth is an �c-ntial c-ritc rK)n for designing a sub m.uinc pressure 
hull for ,1 certain rolbp� depth nt wh.kh failure mu:i;i be e-:'},ected within ,1 nnrmwly limited 1·,1nge 
of h,1lcr,u)C(• Ll I. \.Vorkh\s ,lt d<•plha o! OOV'(•r,ll kil,;,m,:tcnl NGjtt�•a �, ... �1.•pUon -0( how hydru:.tatic 
pres;ure Jffects both structures and materials [2]. Oianging the huU weight .:illows the vessel to 
submerge and chnnhoe depth in a controlled mnnner. A submarine is not allowed lo go further than 
the sen'lO! diving. depth (l,4). At gre.1t d�pths, comp().<'iite m,1h•rials are the only solution ,wni lable. 
·n\(• dc::.ign aJ\d ..u\al)'·:.b of composite �r uctun-s are tnoN;• coU'lplkated th1u\ O\l'tallk .:,tn1dur('S, Uwugh 
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Shell element (SHELL281). 

b) Beam element (BEAM189).

Figure 4. Mesh of global model. 
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AbsO'll('t. Tile desigo of subinal'-i1\e p1-e-ssm't hull 01ade of L11nll:i.ated oomposi1es depends 011 
munbcr of l�yers and fibre 01icnt�tion of ply �ng:11!. [n the J)rcscnt <t,udy an oycn.;C\\' and 
cofnprdteuswe snL<l)' abou1 1he 111ulti•thj�1 iw� opt.imiza1io11 of cc:111tp0s.i1e pre5:H>tu� huH under 
hydrostatic pressn'e to minimize the weight of the pressure Im.JI an.i increase the b11ck.li0@ load 
capacity acco1'di1)!?. to rhe d�sig11 requit·eiueats. 1btee models Wet't constru1;ced. rwo models 
comt.11.1ct�d from C':iJ·bonlEpox.y �01�;it,e, {USN-150) with and without c«,e, lay�r tlu third 
model is 1r.rtallk subma1ioe- hull COllSu·ucced from HYIOO. TI1e low-dettsicy PVC foam 
uwtcrid i:s tl$d n:J n core ni."tcrfo.l. Tilc: opliJuization pn:x;c.:,$ i$ cmicd ot1t iu ANSYS 
Parrunetric De:.i� Lang.uaie- (APDL). The com.trniots on the op1imizatio11 proces:, are Tsar 
Wu n.i.d Uli':titm1ru l)t1·c�:,; fujh,rc critcr0., Tl)!; r.:...,.nltis obtaiuc-d cu11>hn.,U:c d1,a1, lhc �,,bni.,,i.u: 
cousn1.1cted frolll C'atbon/Epoxy compo�ite (USN-150) is bener tb .. "Jl the �ubm.vine consrructe-d 
from ff'flOl'.I. Ftu1hennore. the 1511\.nnarine CQHl:ih1lctcd llum carbon 111.Jer--epQX)' c<,m1mile 
(USN•I 50) wi1b tol'e la}•tt l:, b.etter th1u\ tbt subuiati.n� cot�tn.tcted fu>m ca.-bon fiber-epoxy 
composllc (USN-150) \\·1thou1 core layer. finaUy, an op tumzcd model with an optmmm 
patttm of fiber orienbtion& wa s pres.tmed. HopefulJ)'. th.e- rtsu!t& n1ry provide a valuable 
i11sl,ght for die fi1rure of <lesl,gni11g COff\X)1>ile luHlerwattr vehicle�. 

.N"ywcr1.h: �'lu.Jtl-objN.lh·" optiwiz,;,liou; btt<"kliug loi1il; (OlllpoisHt' tJ1"t'l)t1U1·t' liull; tnilolT 
rrilni.a 

l. lntroductlon 
The excelleor mechanicnl propeni� and behri.viour of compo�ite 111S1rerii11 ni-:i:ke com1x1c.ite :H, a 
suitabk material for tu1de1water pre1sure hull and helps 10 reduce the stnu:ture ·, weight 11 l Design 
op11Jnizatioo of compo�itc snbmcrgcd pl'c�SUJ'c bun aod buck] i.u� bclwviout has been anractcd some: 
recem attention (2-13). Mian el al. [14]. presented the design oprimization procedure for con�site 
Thi.s ,vork is licensed under tl� Creath·c Conw1ous Attribution 3.0 Unpotted License. To ·,ic-w a copy of this 
li�11s�. visi 1 h11-p://cre-a1iveoom111ous.org;liceus�s,by13.01 or send a ltner 10 Cn:-.11iv.: Commous. PO Box I 866. 

Motuttaoi View. CA 94042. t:SA. 
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Figure 3 Finite ckrucut modeling of the: cros.s•c:lliptic-al submersible pr�stu·c hulls. 
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I <..lm.l::.h:p&ic:'r,ti.ticK..-.,..,,,�t.cn!A'1, Ww:i1H0:12,Uin., r,.n .. 1..-1,r,..,..,,,y .... u."'l'o.>(," ·1uch...,.1,"t{i.e.-A !>.ei......,..._ \"'"'' 21 t!l'l:t u;.._, • N.n1m:.I Kl-')' 1-ib()Ub:lfy un Ship \.'ibuti(it1 & N<"risi.•, W1JXi 2141�2,. Chin.-'I l H,wl>i.n lr6til1.1l\'o(Tcciu.okil}' (Wel�,ij. W,:,ih;,u 164209 China C«n."'Spondmce: yu,;h.mg.li,jhitwh.OOu...m Ab.!!tr�d: \'\r.Ll1 d,e lnc1-elsing:tpptk:.1li<ln;.10,I sl\.ldy d llghM·eigh1 and hiSh s1rength fiber relnlott"ed pvlym,:r rompu51:l•� in <m.•an lndu:.try, th(' Stru<.:t1.1r,d fa1lu.l\' protikm vf c:«np<hl-1:'-' pm.sure h.ull:; 
t..,s ,1ttr.,c�d gn"-ltl .1U('ntiOn horn twn)' rt'sc.".,�rs i.n Chin.'l ;u,d glob.1.Uy. 1\n.-..lysiS of IJ'(' stn1du.rn�I fajJu.re ttwdl.mis.rns is fottndation.1J to the desis.n of deep-�:i romposiie pressure hulls, sin«- nO\...-,l d.w::. the design rules of p�urized "·es�ls iSmt,s.tly funnu.Jared ao:ording to treir failure m..xk> • 11'-'ntt. thiS p.iper ,u.nu, oi.:, rovii!w th..• rt"Sl.'.u,:h u, the 5tn1ctural failure of .:on-4-"IOsi� pn·�un1 hulls ij dl>llof> l<QQ Mlttins,:i. 1-iut ..-.( cill, tlH1 (l.ppli,;,d -.-.�h ,;.L,tu,;. on cornpo,;.it-1 l•l!ltori.,I b) m,uin11 e1quij'HttQf\t is a.n,:i,!y:zed, indudi.ng inspection mod:ilities kr composite p1�ssure hulls. The 1"e1:iew then focuse� <m the thret mi,in fo.ilurc medes, n.1mclr ov('r,,ll b1:<kiinK, m.l�ri,11 failure ;md Sn;ip bud,lm� o lhe det""v-�:i c:r,mpc,sitep•'C�s.ire hull, The stwly idt'nlifiet forlhe-r prohk'rnt o-f cnmp('l4ite pre..�t1 h1.11l:i>li')hP,l-Olvedthn)11t;h HIil :1pplk:dionoftltf' 1ftyt,;qp.:,l'<Jllif>n1N1I ll;'!�an·h, aiming lopr�idt>- ,, refor('F\«' kn th(> study of m(•ch..u-1ic.1I IX>h,wivt. ultin'!s1h, Strtnsth .:ompufotiOn, a1\d. dt-9gn of thk compooit<' prcssur(' hulB for ·�k'(.•p �a ('qu.ipmcnt. C i t.ftlfll l.J. ¥.: 'i'u, C.;\\'.11t,i, W.: Lt Keywords: m.:uire equipment; ,..,umposite m.at12rfaJ; F..res..-.we huD; stru<tural failun! M., Jiu'S, X, A fl.,,;.._..,. -,.\St,,,,.'.N,,r,I h�\tv'I: ,'<! L<t"lf'<"""" t're,;,v,• H"O· 
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L lnlrodu<t ion In recent yen rs, lhe reseorch frontier of equipment technology has deveJofed rapidly In chedeepf<e.1 Oeld. V;n1ous l)T� ... � ofh1g.1He<'h deep-!-ea equ1pmcnt hlve bf-en widely used in marh\c sck•nlifk tt�ar<'h, rt•sour«- �xp!or.\OOn, inillt-.\l)' security ::tnd otll('r 6c,kls. ·n,� composite pressure hull of n submersible is the main provider of buo')'nncy, .1nd its weigh�� ,t<.-counlsforabu.1l 1/i-~1/2 of th..-tot�I ,v�ighl of the WlCle1woterwhkle. Perhaps.thento::.l
1 rritic.il oonc.idemtion for the, pre.i:;uTP. hull of a �ubmer"ibk- is thP. weight in di�bce1nentf ratio. Th(' Stnl<:'l:UJ"ill mMcri.-i. l of a pt\"SSUrt hull is one of the- m,1in frKlors that dcl<'rmi.n(>� its weight-OispLlcement rntio ond structum.J be.:uing capacity, whkh i s  also related to th pn,g1��h•tT1��n,i \dfobility <,f �ubn\<Cr�i.ble�. lli&h ..,t�ngth $tee.I b the 11"1<1:.t "iddy uese<l moteri.ll ingenernl submersibles, and in recent years. titanium alloys with hisher specifi >tr(.'ngth h,wc t>«>n gtaduaUy adopted, How('vcr, d�p sul.>m<'J'Slbk's ha\'<' hlglwr mot<'n rvc1u.irements for spedfic stn.-ni,-ih and .stiffness.. Considering all the f.tJ.ion;, fiber reinfooct>d polymer (FRP) ha.. Stt"M"'r ndv.mtnus. ln .lddition to hish spt>nfk ;tn>:ng:th nnd Sp.Yifh sHffness ch,mlctnistics, composite m.iterials also have <l comprehensi\·e range of properties such .is the cxcdJcntdC"Signability, seJwalcr corrosion resistance, acoustic stc.Jth and fo.l lii; u1.' �•�W�ul<:1.'. Th ... •.r(.'fun:, o.:01�itc mat�•thlh,a�• ldc.•�i.l i.truclur,ll m.1tcr1al� for di.•._}> �•a pressure hulls, and have l::Een widely studied by scholan; P-SJ. They have been used in do;;'l:'1

7°loe'tl :,ub1m:r:,il,lo wo1ldwM.:, :,u.,-h cl:. Auhi11vmou:, Unc.ler�·nlt'r Vdt.ide:, (AUV) (6,7 Undeiwot,r Glider (1/C) (ll-11] md llu.m,n °""pied Vehicle (IIOV) (12-14];"" Figure 1 Compo:.il4.' mfill'rhtls also have gr,•�! potcmtfa1 u, nl.lri.J\l'('qu1ptncnt, sud\ as cornposllc 
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Figure 9. Delamination buckling failure mode and critical load of deep sea thick shell 

rm 

Figure 3. Hydrostatic damage test of carbon fiber composite pressure hull with aluminum liner 
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A8STftACT 

J:xplio.t mKLcrs1,ndii.1$ of the resJdtmJ SITCS5 field of 
pri111my :,;;11bmmi11c- prc:,.,,1ffc 111 11 1 i11cb1coct during fab1iqllim1 ,\ill 
l111>rovr lhe ficlelily of111n11c:1ical ; maly,1-. .nd experi1ne11l ..tlim1. 
Hcil¢c. s\1pporti� operational cu,·dopc and dcsi.g.n life 
cxtcusion ini1i.atins. 

The fal1g:Ue lifetune of a Sl!bm .. ·uiJ1e ln111 depends on �be 
]o;ld5 �ner.i.ted by b\lll rontr.actiou under the efrec1 of 
hydrosutk press,u·(': rui.d tbt reskh1al stroses existini ill rhe 
:tl'l-.enee or e.:1�1-nl loulio� The u,:.e c.f mnne..·ic:""11 ,in,ul:\ti oo 
allows i Mtai$?lllfo1watd cakula1ioll of lhe SJrt-ssts ioduct<l by 
tbt hydros.talic p-t'U�lu'f.. Tht .?-ft�t of 1'e>idl.1,,'ll $ti'er.s .::ould be 
ddenuiued usini the cum:nt fuilrne i,sscssmcnl Jnuc«lurcs, like 
flS':'91 () 111 1d R6. Howe\· e1 i• ii- 1111n-c i1111• i..:11l<: •�) lk•cuuinc the 
re.idm1I slrcs:-.es l'C':-.nlliug from lhc sheet bcudini process 
.;01ubiJm.t wilb tb; Ml\;C:t Mi.c-mb!y \1-}ill!, � uwltipll�'> Y."1;:ldiuy. 
process. 

Ther-e ru--t se\·eml Jlli!asw·en1em technique� available to 
,masure res.idual swe.sses. They ate often dasslfied by tl!eir 
Je...-el of die-structr.·euess aoo ,htir pmemtiou. 1n c,rder ,o 

coir•pait tht' ditreren1 1l�asrne-me-11 1 ttthni<11.1ts an !las1ic-plai.llc 
hem be,1m sample has been chos'tll as it is ,·ery compa.rable 10 
tht ,·e!,ldual srress field iirluced d\U"illf:? 1he sheet bending 
procc-55 ttse<l U.1 lhe sub.1t..111i11e strucl\U'C . Foll)' benl be(IIU,'5 ha\'c 
ho.:u me;•smed 11si11g live diIT'1'enl !c:clmi<tne:-.: lm."Tet11eT1lal 
cei•lre 11ole dri11i11g:. 1iug crne. uculmn diffr.tc1iu11. slilliug l1td 
do::p bok drillius t.xlw.iq\1¢. Tbc rcmhs from n>Casurc1u:m 

t�tuliqu� s1low an -excenau a_i.,'ttl))e:IH \\1lell conti,"ated w1Ul 
�,e HA. 

lu order to u,c.1sttrc a full sc;1!e K.ulm class mbmanne 
lrull a li11111cd number of lcclmirl'u:s cau be 1L,cil, a� {he 
udulh1\ie needs co b.e pomble. The De.ep Hok Drilling. (DHD) 
t¢dwiquc .i.11& <hoc;ce l>cc.'lmc th� ncutroo diffract.ion ,�uld 
require cxu:acting a small tC$1 sampk c,f about 400UID1 x 
40011.lll\. he:tlCe 1·edis.n·ibutin2 the 1'e$iduaJ str&es diat were 
imt11&d to b,e l));'aSUJl!d. &x mtasut�uenc) were carried oot at 
dift'ere:m ru:ie,u1M position� to dl?toct ,,11riabili1Y m manofacmre 
m ;a Ruhis chlss subtui"ll'inc aud a prol,abili:.1ic .:ttlc::ufadiou vl.ts 
done u-.los :tll -.ix OTID me:t,l•1,e,rie.0K Tl!! Rubi, d:tt.(: 
1neas\n·em-e-rt1 1'6uhs are also comp.'u·td w11h t'l\'0 ochet 
l:ll\m.mriuc types:. found in th.� li1c:t· :ittu·e, 

Umlen,• 11111 li11� •lee- •lircc-tli11ic11,i111111l l,d111viour l)r 
residual stress iu thi) cype: of $.trncmr� pro, ·iMs a \·�11uable 
1,;:>0m,;.; to the n11u�ri(:nl ulClddliuJ �ouuuuuity. Th,; lt�ulh cnu 
alc;o $1.lpport fari�uc aud fiach.tIC experimental \\Wk and uwy 
11elp iac-re-,.hiug lllO:: Opt-t..Uiug life of 2S year 01<1 Freudl m,deat 
subm .. �e. 

INTRODUCTION 

Etfo1ts have bettl 1n,1de 10 establish aild illtpl'0W uJtiniate 
subm .. 1fille desi)!ll life. timiis. The- residual su·esses induced by 
111,-1nufac1nr:s-, )il:e roll ini imd welding, me ,·::nfobles required 
for ;m:•lysis <>rv:uiotL\ degnuliiliou m:chifl11sms 11ssocia1 ed with 
�•e ag_gn:s.-.1\'e conditium, expe1it-11cecl by a :-.1dm11:nible 
(bucklin*. fatiN,oc. strtss corrosion cracking). In a mbmarinc 

__________________ .. ,tntciJtrcJbclmlL,.is...cs.(,C_nfi11l�c,1mooscd.ou,olledvl11tCSJ11trl • .._ 

Moisture diffusivity of CFRE for an AUV hull at 
1 000m depth 

0-k>it lLanLJ Ucpatmcnl uf , .. .,,.,. lL.Jl,. IL .... ,.,,n, of 0.11'.l.'.tcl �utmcul uf 
Mcducic11L E!w1oe\ic .-ui (11<:ui�I 

E:1.1:•Xnt.1¥ 
�loxll.:'tl.ic:il Ek«1011.ic ai�l Cl)C1:ti.c:'11 

Elt:,ui..:,n:1¥ 
),!telt.:UU�:it E l�:1x-.:llc $Jl.'J C11stt\ical 

E:1j1!1..X1i:tj 
Oslo �fet!opoliwl t:n.t•�rs..it)' 

O,,k,, i,..·_.., .. y 
o,.Jo '.-,fet1QFotirAA t:nr•eisicy 

o ... " �  ...... "T o.Jo Meti¢pOl!l'$at t,·u1"\.'t'l>-fo/ 
0,.1<1, t-on•n)' 

.-tbJl'.mrt-'ll•f' blll i,hu Adononwul' 1.l11dirrn111tirr \tl1klt 
(11 .\') h r,1w ... r ,.,. nuil'I rn,.ir,1..,. ,1., dt-1M••ni� it« u-,.,..11 
lVW.prn�ibilil) :uni drnJ, Tbt b;itl a� "dL :.rt.iua J'I' ,. pm�un 
\'tSitl, li rbt ino1r tSStnrial p11u thflf nill 11'low flt wbid(' ro 
ll('tow}iUtb dttp <1Mn&, Ju. or<ltr co ttd.uln:iJte rbt cotal "'t�b• 
nnd ,·r,lnllll' d tlif' ,·.-hie-II'. rn.-11r llllklrrn \' tbidt1i htlltfil fri,•n 
l'Ol)-p�,... 11aittbl\ ,,.nwr 1111111 f'<)•Wf'•IIO:,•l-fll ltllllf'I.,..\, 
Muistur., ab>u1·pliim .. kllO,)\\ U 111'1' t1...-h,1r,llt'i'rirc1. kits 11 

.i,i .. ili�.u•t ,..,.., • .,.. - tt ... ..... .-1o,._.,;.,.,.1 1••·<>tw•· •MI� .. r ti•• .......... tnl. 
r.·o-i to meutbu II 1.lso b1s 11n df�n on cbt bno�·an-tr of tbt 
,rhif-1.-. <.in«- tht tnl"Tnll v-·M�ht c-luu-e:t<., TI•i<. pn 1>rr 
<'barntl(11tt1 ti� �Jwartt nl.>sorpri<m ind dlffl1shi1y of C•rb<ln 
tibt-r lh·i1•fuint.l t:po.\)' (<.:tltt:) p�sun laulJ �amf,i"''° i11 
ninJ1itnt ('(11:Ulitfoll'< nt 'W'll ... , ..... •1•d 111 tOOl)m dC'ptb, ftll:' ll''<U 
,re� ptl'fon11,td tt;iht -�3Wato· t111b-u fl·•m 0.lo /ju,J h:i 
�•....,, ..,.,:' ,. .. ._t .,,1,.; • p,..,,.,_,r-C' ,·.,10,rl T .. ·rh-.- •Jl"<:-l"�rt", all 
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An experimental investieation of the temperature effect on the mechanics 

Depa,1ment of Mechanical F.nginecring, State University of New Yol'k at Stony 1-lrook, 

Stony Brook, New York 1 1 794, USA 

• Corresponding author. E-mail addre�s: 

ABSTRACT: 

Carbon fiber reinforced polymer (CFRP) composites are inerca.singly used in civil, 

naval, aero�pace, and wind energy applicatioM, where they can be frequencly expose.d to 

harsh temperature conditions and under static and dynamic loads. The extreme temperature 

conditions and dynamic loading are critical for CFRI' composites stmcn,ral design as the 

constituent polymer properties are highly sensitive to lempcralurc and strain rate. This work 

experimentally investigates the effect of temperature, ranging from -100 °C to I 00 °C, on 

the ,ncchooical properties of CFRP compo�itci under staric and <lyrlomic tl1tcc--point 

bending tests. The results reveal that CFRP composites provide enhanced nexur.il strength, 

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

relatively poor pcrfonnance at a higher temperature ( I 00 °C). Experimental images from 

the post-mortem photographs. sc3nning electron microscopy. and high speed videos arc 

implemented to observe various failure behaviors including microbuckling. kinking. and 

fiber breakage at different temperatures. Analytical modeling is further applied to reveal the 

underlying mechanisms responsible for these cempernml'C dependent mechanical behaviors. 
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Carbon Fiber- Load bearing members 

Ring 

AFT Head 

'. Carbon Fiber composite cylindrical hull 
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FWD Head 

/ 

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 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - • Centerline axis - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - •

Carbon fiber is an emerging technology with respect to external pressure 

applications. As a code, it is 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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1 , ,

Instead of solid (stone) bridges, a 

litlYril�· 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. 

MBI of OceanGate and Titan Submersible Fatalities 

,· 

. � Bailey bridge panel has truss

members holding compression, 

tension, or bending depending on 

location in the design and load applied 
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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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'------·--·-·· _________ : 
>-.... ----------------.................. 4. 

Random distribution for failed members 

t 20 distributed failures = Bridge still good t 
Shear Failure Bending Failure 

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. 

Usage tends to bias "breaks" to locations consistent with structural failure modes. 
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Carbon Fiber design, issues (see NTSB) 

Layer 5 

layer 1 

Longitudinal 
I 

Cross section of the full thickness 
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VVUQ: What is it? 

Verification, Validation, and 
Uncertainty Quantification (VVUQ) is a 
systematic approach applied to any 
industry engaged in innovation with 
significant risk to people or financial 
risk in order to reduce and manage 
risk in a transparent, accountable 
manner. 

A significant aspect is documenting 
requirements, predictions, 
measured results, and methods in 
order to maximize the potential to be 
informed by the process while doing 
what no one has done before. No 
"cookbook." 

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

Code 

verification 

Calculation 

verification 
,, 
'' 

\ ' ... '
\ - ' 
-- ; 

1, 

. � 
$ 

.. , ....... , ..
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1. Conceptual Design

"' ,,...,,� 

Typically determined by project ,_ _____________ _ 

SIMULATION 

Mathematical Model 

Boundary conditions, loads, 
geometry, materials, control 

s stems s stems desi n 

requirements:and hierarchy 

2. Preliminary Design

EXPERIMENT 

l 
Physical Model 

Select materials to test, novel 
aspects to test, limits for testing, 
scalin studies and rotot in 

Implementation , _. Preliminary results - _, Implementation 

Computational Model 

Literature material values or 
previous experiments, initial 
calcs, tolerances, stochastic 

methods for variables 

,, ' to establish parameters \ 
, , Experiment Design 

-' '' + Material tests at a minimum, use 
3. Calcuiations initial calcs to si2e parameters 

♦ determine experiment methods,
, - - - - - - - data to collect ---------'············· ···· . .,,.,.,,.--:. 

., 

Simulation Results 

Assess results vs initial calcs and 
literature, evaluate responses, 
ma out variable v res onses 

Uncertainty analysis 

Simulation Outcome• • - , 

Assess results vs uncertainties 
and experiment 

I 

� -- --

'· , . 

4. Ri!view

Valid�tion - - - , 
: -

Next valida�ion case in 
developme?t hierarchy 

\ 

\ 

Data Acquisition, Resulb 

Review for internal validity, 
compare to initial estimates 

Uncertainty analysis 

, .... __ ► 

NO 

Experimental Outcomes 

Assess results vs. uncertainties 
and simulation 
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ASME V8.V COMMITTEE 
Verification and Validation in Computational Modeling and 

Simulation 

STANDARDS COMMITTEE PERSONNEL 

Air Force Research laboratory 
·nuner Biomet 

Los Alamos National Laboratory 
Sandia National Laboratones 
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 
Exponent. Inc. 

Southwest Research lnsbtute 
Contributing Member, University of Washington 

V&.V 10 SUBCOMMITTEE - VERIFICATION AND VALIDATION IN COMPUTATIONAL SOLID MECHANICS 

...... Chair, Federal Aviation Agency 
- Vice Chair, U.S. Army Corps of Engineers, Engineer 

ch and Development Center 
etruy, The American Society of Mechanical Engineers 
, National Nudear Security Administration 
, The Pennsylvania State University 
Air Force Research Laboratory 

L s Alamos National Laboratory 
Lawrence Livermore National Laboratory 

Klnectrlcs 

Sandia National Laboratories 
Pratt & Whitney 
ence Livermore National Laboratory 

Consulting 
dia National Laboratories 
Southwest Research Institute 

Thornton Tomasetti • Weidhnger Applied Science 
Southwest Research Institute 

Alternate, Sandia National Laboratories 

Lab t 

/tunate, Sandia National Laboratories 
ontributing Member, Thornton Tomasetti 

Contributing Member, Los Alamos National 

Contribuhng Member, Consultant 
tributing Member, Lawrence Uvennore National 

La or ry 
Contributing Member, General Electric Co. 

Contributing Member, Consultant 
Contributing Member, Johns Hopkins University Applied 
boratory 

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 

VVUQ started in the 1970's. The WUQ standards began 

early 2000's. They are not "cookbooks," but peer reviewed 

guidance based on best practices to instruct users in 

developing their own WUQ program. 

ASME members: National laboratories, Biomedical, 

Aerospace, Power, Automotive, Defense - WUQ is 

used in any industry. 

WUQ 1 0 -Computational Solid Mechanics 

WUQ 20-Comp. Fluid Dynamics & Heat Transfer 

WUQ 30 -Nuclear System Thermal Fluids Behavior 

VVUQ 40 -Comp. Modeling of Medical Devices 

WUQ 50 -Advanced Manufacturing 

WUQ 60 -Energy Systems 

WUQ 70 -Al and Machine Learning 

WUQ 80 -Pharmaceutical Products (new) 

WUQ 90 -Airframe Structures (new) 

Other WUQ methods such as NASA, DoD, etc. 
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VVUQ Spectrum 

Theoretical research Experimental (discovery) 

. � 
$ 

.. , ....... , ..

KEMPER 
£NGINEERING S£A:VICES, LLC 

"' <"'.! 
v-u--;;.� 

Applied research Experimental (trials) 
TITAN's Innovation Shell, Window 

______________ .... _____________ _ 

NASA, Nat'l Labs Cutting-edge engineering VVUQ (OBA+ Experiments) "Traditional

WUQ" 

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 

25SEP 2024 MBI of OceanGate and Titan Submersible Fatalities 

No 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. 

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



Traditional VVUQ 

• Nondeterministic (multiple design
factors over range of values)

• Requires methodical use of

experiments, theory, and simulation

• I D's irreducible v reducible uncertainty

• Intended to inform managers of risks

in project to assess time/resources

• Often for high consequence or

extraordinary novelty

• Detailed, time consuming, and therefore

expensive. Normal engineering is

"cookbook" and much less expensive.

Code 
Verification 

[Note (1)) 
.....

Validation Case in the Hierarchy 
(Component, Subassembly. Assembly, Subsystem or System) 

Modeling and 
Simulation 

Branch 

Approximation, 
Implementation, 

and Input Definition 

Abstraction 

Concep1ual 
Model 

Physical 
Experimentation 

Branch 

Test Setup and 
Instrumentation 

Instrumentation 
Quality Assurance 
,,, 

����•" 
Revise 

Model or 

,, 

✓ 

Calculation 
Verification 

' 

Computational Preliminary 
Model Calculations 

Calculation 

Simulation 
Results 

Uncertainty _ Validation , _ 
Quantification ,, " 

, 

Simulation Quantitative 
Outputs Comparison 

Validation 
Experiment 

Data Acquisition 

Experimental 
Results 

Uncertainty 
, , Quantification 

' 

Experimental 
Outputs 

JI 

' 

\ 

\ 

I 

Simulation or 
Experiment 

1 Data Quality 
: Assurance 

I 

I 

I 

Validation 
Requirements 

;::--- No _______ __, 

-- Modeling, Simulation, and 
Experimental Activities 

- - - - Assessment Activit
i

es 

Yes 

Next Validation Case in the Hierarchy 
or 

Validation Complete 
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"Engineer" /Deterministic VVUQ 

• No longer in the "cookbook" box.

• Still in a well-understood domain or the

consequences are not "zero failure," as

supported by FMEA, so not "traditional VVUQ"

• Many codes and groups have "design by

analysis", including ASME and USCG

• 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

• guidance for failure criteria

Failure Probable 

Failure Possible 

DoE Points 
To Validate 

Uncertainty in data 
method, outcome 

requires mixed VVUQ 
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$ 
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VVUQ and the Pressure Vessel Code 

"Cookbook" design is well-defined white box 

ASME BPVC Section VIII, Div. 2, Part 5, "Design 

By Analysis" (also API 579/ASME FFS1) 

Complete system specified (blue oval) 

Types of FEM analyses permitted 

Material properties, curves at temp 

Service condition (corrosion, fatigue, etc.) 

Load combinations for different analyses 

NOT, system testing requirements 

Within limits of Part 5, solution verification is 

still highly prudent and is good practice, not 
required. Outside the limits, WUQ is needed. 

Failure Probable 

Failure Possible 

DoE Points 
To Validate 

Failure Unlikely, 
Use DBA+VVUQ 

For Specific Design 
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Design By Analysis Framework using PVHO-1, BPVC, V&Vl0 

START: User Design Specification (UDS), 
Risk Assessment with FMEA 

SIMULATION 

&, (Rnffetit•• wi"4m 
lyp!Qlly dttttmintd bv inner 

face rN1ulre11Wnt:s. 

EXPERIMENT 

_... .... Start with baseline, ... ...... -. ---.... -....... .. -. ---... -----....... -...... . 
,-· ··-... adjust design to needs --· ·-•• 

/SIMULATION -# "Section VIII" Ma11>tm•t1calModel 
._ 

,/ Ph'M:!! •• EXPERIMENT -# "Section u'n..-. 
' B d U OS I t

. • Bounda,y cond,tlom, lolds, • 1 "" 1/mlno i n , 
$elect matemls to ttsl. nowl 

B d U OS I t
•, , • ase on , se ec .<-·· ,_1rv.ma1,1111s.PVHO 1il)KU101=11m1uron,u1rc. • ase on , se ec , 

: uldance f0< FU ,_,PIIHc...:.=O:..:.====-=-=:::a.r methods, initial design, c• . , 
I. I f 

wtrificorion lmpleffl(>n/Olion :, , ♦ Pr-ollmlna,y results . • • : 
lterature Va UeS Or �\ ,•, tontoblfshporOTMt�n "'t • -·n I " �W!t.\!9l!tl Mglf•I • " -materials, conduct initial •,:-�. l.l1tra1 .. reffl1l\�r5-I ,.i.,eso, __ , :·- .. M,tet5-l ttslUUminlmu111,-

, :
!'

� 
pre'1ollse-1rMnts. in11111 3. Cokulat!9o! : lnltlalwa to silt paramottts 

FM EA c.b, telttancts. stochailk ' <lrt•rml"" •-1�• methods, 
.' ',"

.... 

m�thod, fOJ vMLibles dit� ,o toflttt 

• Analyze initial design co��1ot�on 1 
Wri/lCOIJOfl 

-----.------

including implicit nonlinear \:, .. , A»ffl!�h,.:;..,1,wc.11cund
Finite Element Analysis for '<".,', littr•tw�.ev.iu.torosporue,. 

ma ou1v,1rla.�v,� 

� .. ,.10.,. 
Raolew 10< lntomal va .. ity, 
_.,e lO 11111111 tilln\lltS 

stochastic range of variables. 
Diagnose critical areas. 

Urrcerto!nty oootysii • - • • Vol/dot/on • • •• ' Urrc.erroimy onolysis 

,...------------ ,, .. , : 

• Update analysis using
experimental material data.
Inputs for Design of

. Experiment (DoE) for 
·•,. prototype.

SlmulJitlon Outc:ome1 
Assns r=lts w unc:enJint�s 

·--1 ",� 
: 

I .... 

..

, 5. Quontitot/w comparison ' 

' ' ' 
INO 

. 
' 

f'9!wlm♦ntal a,m41 
MsnS tt'SU!ts 11$. Un«ftlllltte1 

,nd skn .. i.t1on 

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.

·-
--------------------------------------------------------------·-' 

_ ,, 
�� 

Oocumtnt for review 

.. _ , .. __________________________________________________________ ,-

END: Self contained, fully documented design with calculations, 
validation tests, and data. Suitable for Authorized Inspector review 
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Wh'f OceanGate needed WUQ 

• High risk to people and organization regarding first mode failures

• New materials (specific composition of carbon fiber composite)

.� 
$ 

.. , ....... , .. 

KEMPER 
£NGINEERING S£A:VICES, LLC 
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• 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 � 

0 Minimize novelty within design cycle to minimize VVUQ needed 

0 Documentation to maximize value of simulations & tests 

0 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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Potential Implosion points 

• Indeterminate at this time
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• 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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Bending in composite creates localized 
breakage (expected); Unknown design life

Buckling possible, sensitive to geometry 

Glue failures 

not detectable in 

RTM monitoring 

Shear or pull-out----------------=:::in glued joints 

25SEP 2024 MBI of OceanGate and Titan Submersible Fatalities 
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RTM "clicking" rate likely to 

� increase prior to failure

�\ 
\\ Window 

failure 

movement, crack, or 

leak might be detected 
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• 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

"' <"'.! 
v-u--;;.� 

• Require ASME PVH0-1 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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