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Drivers Behind Study & Subsea Applications
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Introduction Altair

Design Process
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Introduction (Cont.) Altar

Optimization

Mathematical Optimization

— Design Variables (X)
— Objective Function (g (X))
— Constraints (k;(X) < 0)

— Bounds (Cli < x; < bl)
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Optimization
Algorithm
(Gradient Based,
Response Surface
Based)
Initial
Design from
DOE

(Approximation)

inactive constraint 1

~~+ Minimized
Objective Function
Contour

1
— — — — — —

inequality constraint

—active constraint

>

(Sample points for DOE) DV1
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Challenges

DOE

Approximation
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Function

Wide Input Variability at Initial Design

Conceptual
Design

Optimization Uncertainty??

(Struct/Mech/Process)

( Final Design >

I Multiple simulations for DOE, Optimization I
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RBDO [Very Low Failure Rate]

Dv2 4 ™ inactive constraint !
Determinﬁtic Optimum
[High F l'lure Rate]

Reliablp and
Robust IPesign

~Minimized

Initial Objective Function
Design from Contour
DOE

inequality constraint

(ApprOX|mat|on) —active constraint

(Sample points for DOE) DV1
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Modeling Stochastic Problem

ta Analysis/Uncertain
Modeling

Calculate
Reliability

SORM

PDF/CDF Monte Carlo
Second Moments

Confidence Interval

Validation
ics (Mean, SD, Skewness
Distribution (PDF, CDF)
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No

Each may include multiple analyses
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Subsea Applications Altair

* Input may change significantly between initial and final design
stages

* Many parameters with complex effect on response

» Highly complex interactions (SSI, FSI, ECA)

* Aleatoric and epistemic randomness in input parameters

« Simulation is computationally expensive (non-linear, iterative)

 FOS Based design may be infeasible

3

« DOE captures complex interactions and effects

« Optimized design at initial stage — Minimal change during
final design

* Including reliable and robust design — Increased safety
during operation




Buckle Arrestor Design
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* Locally Damaged Pipe (Due to Plastic Buckling under High

Hydrostatic Pressure and Bending)

g

‘INITIATION DEPTH

' WATER SURFACE

PROPAGATION DEPTH

LOCAL
BUCKLE

(A)

LOCAL BUCKLE
AND
PROPAGATION

(B)

1= e
: I‘" SECTION
_ COLLAPSEDEPTH o
COLLAPSE
AND
PROPAGATION
(©)

WT Design against Collapse not the Propagation

* Collapse Propagation Pressure << Collapse Pressure
* Buckle Arrestor is Designed to Prevent
Collapse Propagation of Locally Damaged Pipe




Buckle Arrestor Design (Cont.) Alai

Support from barge and stinger

' = Pipe tension
( —- /
= 7
-4
Sagbend
Touchdown point Weight of pipe

Bottom tenslon </~ AN 77 NN 77 RN 77 RS 7 7 AN 77 RN 7 AN 77

* Challenge is the Lay-Tension Requirement
»  For Ultra Deepwater (>5000 ft), Length of Catenary Line is Very Long = Very High Tension

* Catenary Length can be Reduced by Decreasing Stinger Radius
» Smaller Stinger Radius = More Vertical Stinger angle = Less Tension

* However, Smaller Stinger Radius will Create High Strain During Installation
* Challenge is to Reduce High Strain at Knee by BA Design Modification
* Equally Important is to Reduce Stress at BA/Pipe Weld
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Why BA & Why Reliability?
* High Strain at BA knee at installation (BA is designed for collapse

pressure < crossover pressure)

100% BA Efficiency
---------- : Design Crossover Pressure =
Collapse Pressure

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
L (in)

» Not all points on the curve is ok for knee strain and weld
stress to be within functional limit— need design evaluation
* Used for installation check — unless variability is very small (not a realistic

scenario) design can be marginal

* Loads, materials can be variable (weld mismatch, etc.)
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Problem Statement (Cont.) Altai
Initial Design Dimensions

¥

1in
Design
Variables

hin) | Riin) | C(in) | Din) | E(in) | Liin) | X(in)
3.25 4 16 19 8 12 38
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Loads, Materials (Mean Values)
**Pipe & BA Material Properties
* Yield Strength: 65.3 ksi
e Ultimate/Yield Ratio: 1.15
+*Weld Material Properties

* Yield Strength: 70.3 ksi
« Ultimate/Yield Ratio: 1.15 Bi-linear Stress-Strain Curve is Used

Tension (kip) Bending Moment (kip-ft)

820 686
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Optimization

4.00

Objective: 375 ) :

100% BA Efficiency

< Minimize BA Volume 3.50 Design Crossover Pressure =
g(E, R, L, h) . Collapse Pressure

2 Allowable Flaw Size TR e
Design Variables (Deterministic): 275 pespmspes e 5

< 8"<E=212" 250 | ’

< 8"<L=216" / 225

’:‘ 1" S R 2 4" 200 6 7 2; 9 10 11 12 13 14 15 1:6 17 18 19 20 21 22
Constraint (Probabilistic): L)

*» P(Longitudinal Strain at BA Knee <= 0.005) = 0.95
* P(Longitudinal Stress at Weld <= 73 ksi) = 0.95
Random Variables:
* RV ={Pipe, BA, and Weld Material Yield Strength &
Ultimate/Yield Ratio, Tension, Bending Moment}
Normally Distributed with Mean & COV

W
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Geometry, BCs

B 1.5 mm

Coupling
Constraint

Symmetry Axial Disp. Fixed

Load Controlled
Non-Linear Geometry
180° Quarter-Model
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FE Model (Cont.)

Von Mises Stress

S, Mises
(Avg: 75%)

+6.624e4-04
[ +6.077e+4+04

+5.52%e+404
+4.981e4-04
+4.433e 404
+3.886e+404
+3.338e+04
+2.790e+04
+2.242e+404
+1.695e+4-04
+1.147e+404
+5.991e+403
+5.138e+402

™y

Altair




)

FE Model (COnt) Altair

Longitudinal Strain at BA Knee

o,

L€, LE1t |
9. ) i

T2 1890705 gkt

+3.318e-03 : -1861s-03

+2.848e-03 i

+2.377e-03

+1.906e-03

+1.435e-03

+9.642e-04

+4.934e-04

+2.258e-05

-4.483e-04

<9.191e-04

-1.390e-03

-1.861e-03
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Longitudinal Strain Plot
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FE Model (Cont.)

Longitudinal Stress at Weld

s, 511

+8.084¢+04
+6.895e+04
+5.706e+04
+4.517&4+04
+3.328e+04
+2.13%+04
+9.499e+03
-2.392e+03
-1.428e+04
-2.617e+04
-3.806e+04
-4.995e+04
-6.185e+04

(Avg: 75%)

i

S, 611

(Avg

<+ < <
[oleloe]
F+T
L OO
—~ T W
LOao
SO0
F~ 000 L0
DT

+4.517e+04
+3.328e+04
+2.13%e+04
+9.499e+03
-2.392e+03
-1.428e+04
-2.617e+04
-3.806e+04
-4,995e+04
-6.185e+04
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Longitudinal Stress Plot
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RBDO Model ot

SORA

Deterministic <
Optimization I

——

l Update

Reliability Assessment Cg";fz’:f
using MPP

Meets Reliability No
Requirements?

1 Yes
Stop

Found Optimum Design that meets the
Reliability Requirements

o
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Design Variable — E

Model Info: C:Usersfkhaled mostafafDesktop/HS(5)/BA.hm

> 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00

Max = 0.00e+00
Min = 0.00e+00
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Design Variable — L

Model Info: C:Usersfkhaled mostafafDesktop/HS(5)/BA.hm

> 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00

Max = 0.00e+00
Min = 0.00e+00
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Design Variable — R

Model Info: C:Usersfkhaled mostafafDesktop/HS(5)/BA.hm

> 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00
< 0.00e+00

Max = 0.00e+00
Min = 0.00e+00




Results & Conclusions

Randomness in Response

00000

svs.V

uuuuu
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Results & Conclusions

DOE (Hammersley — 110 Runs)

Stress-Strain-Load

Stress-Strain-Material
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Approximation (HK) Moving Least Sq.

Interpolated Response Surface: Stress__MLSM

Interpolated Response Surface: Stress__LSR
724658

™ Least S
q o 64334004 Syw B£.4332+004 Syw
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Results & Conclusions

Reliable Design (SORA) — Probabilistic Constraint

6000 12
Il stess - Histogram
—— Stress - FDF
Stress - CDF

5000 1

40007 ros
=
2 =
Sa0004 L 060
g-SDDD O.Bg
£ (0] ress £

20007 ro4

10007 roz

-195329 225580 846449 ' 1.06734e+008 ' 1.48823e+008 ' 1.90912e+008 ' 2.33001e+00€ ' 2.7509e+006 ! 3.17178e+008 ' 3.50267e+006 ' 4.01358e+008 ' 4.434452+008 ' 4.85534e+0068
Stress
6000 12
- KneeStrain - Histogram
= KneeStrain - PDF
KneeStrain - COF

5000 i

40004 0.8
- .
o
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23000 158
= =
b £

2000 0.4

1000 0.2

s T T T T T T T T
-0.0904715 -0.0434193 0.00363279 0.0506249  0.0977371 0144789 0191841 0.238854 0.332998 0.38005 0.427102 0.474154
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Computational Demand

Deterministic
(ARSM)

Failure Prob.
Calculated at each
Design Points

11
800 210

RBDO (SORA)
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Results & Conclusions

Nominal Case

_E(in) | R(in) | L{in) | T(in) | Volume(in®) _

8.6 1.4

s, 511

(Avg: 75%0)
+7.387e+04
+6.445e+04
+5,503e+04
+4.561e+04
+3.618e+04
+2.676e+04
+1.734e+04
+7.918e+03
-1.504e+03
-1.093e+04
-2,035e+04
-2.977e+04
-3.91%e+04

Max: +7.387e+04
Elem: FART-1-1,24080
Node: 51

Stress

Max. +7.387e+004

10.0

3.4

2944.5

LE, LE11

(Avg: 75%)
+6.128e-03
+5.481e-03
+4.8342-03
+4.187e-032
+3.53%e-03
+2.8%2e-03
+2.245e-03
+1.598e-03
+9.506e-04
+3.034e-04
-3.438e-04
-9.911e-04
-1.638e-032

Strain

)

Altair




Results & Conclusions

Deterministic Optimum
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_E(in) | R{in) | L{in) | T(in) | Volume(in®) _

8.1 3.9 8.0

5, 511

{Aug: 75960
+7.149e+04
+6.258e+04
+5.367e+04
+4.477e+04
+3.586e+04
+2.696e+04
+1.805e+04
+9. 144e+03
+2,383e+02
-5.668e+03
-1.757e+04
-2.648e+04
-3.53%+04

Maw: +7 . 14%9e+04
Elem: PART-1-1.24058
Mode: 1992

Stress

[LEEH +?.1L99+DD4

3.6 2796.8

LE, LE11

{Avg: TE%)
+3.148e-03
+2.7832e-03
+2.417e-03
+2.052e-03
+1.686e-03
+1.321e-03
+3,553e-04
+5.898e-04
+2.243e-04
-1.411e-04
-E.066e-04
-8.721e-04
-1.238e-03

Max: +3.148e-03
Elerm: PART-1-1.28216
Mode: 2E475

Strain

Max: +3.148e-003
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Reliability Based Optimum

_E(in) | R(in) | L{in) | Tin) | Volumein®) _

9.0 3.7 8.0 3.6 2844.1

s, 511
(Avg: 75%)

+7.15%e+04

+&.267e+04

+5.374e+04

+4.482e+04

+3.590e+04

+2.698e+04

+1.806e+04

+3.139e+03

+2.183e+02

-8.703e+03

-1.762e+04

-2.655e+04 LE, LE11

-3.547e+04 (Avg: 75%)

Max: +7.159e+04 +32.234e-032
Elermn: FART-1-1.24080 +2.861e-03
Node: 51 +2.487e-03

+2.114e-03

+1.740e-03

+1.366e-03

St +9,929e-04
reSS Max: +7.159e+004 +£.193e-04
+2.457e-04

-1.27%e-04

-5.015e-04

-8.750e-04

-1.24%e-03

Max: +3.234e-03
Elern: PART-1-1.28216
Mode: 25475

Strain
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Optimized Designs

/

*%* Deterministic

mm

3.6 2796.8

** Reliability Based RBDO requires more material
but with higher reliability

_E(in) | R(in) | L(in) | T(in) | Volume (in3)
90 37 80 36
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Conclusions

» General Design Framework has been developed for design optimization
» Both deterministic & RBDO analysis of BA performed

» Problem captures bounded but deterministic design variables, uncertainty
in input parameter values, complex input-output relationship

» Implicit problem involving FEA converted to an analytical problem
(feasible to do stochastic)

» RBDO: more material required but decreased probability of failure
compared to deterministic design
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Questions?

Contact: arindam.chakraborty@woodgroupkenny.com
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