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ature of Distributed Product Development

e Systems are complex

* Include multiple interacting subsystems

» Subsystems are independently designed

* Interaction of subsystems determines overall system performance

%
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Example: Ship Design

Air Warfare
Destroyer

Finite Element Analysis

3-D CAD Design o
http://WWW.asc.com.au/cms_resource%/d%%%%ﬁyggoﬁ)%'%qgcldm%ﬁ'itcyations/shipbuilding_capability.pdf



Propulsion System

Engine:
Shear and bending moment at flan
Hydrodynamic propeller loads: ~ Sterntube bearings: Gear: crankshart deflection
Shear and bending forces Slope control Load distribution and
load control load control
Flange: Tooth coupling: h
Gap and sag control Angular and eccentric offset

Seal:
Offset control
= )
Coupling: Foundation: .~ : = 1 .
Eccentricity Deflection and stifiness ~ Intermediate bearings:  Flexible coupling:
misalignment Load controf Angular and eccentric offsat
Foundation stiffness
Jack up

http://www.dnv.com/binaries/mach_SHAFT_tcm4-10151.pdf
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Distributed Design Scenario

o System level behavior: Maximum Stress
 Geometric and Material Properties of Shaft and Propeller proprietary

Propeller

Material

Shaft
Vendor 1

Material
Vendor 1

Propeller

Material

Vendor 3 Propeller

Vendor

Shaft

Material

Propeller Vendor 2

Material
Vendor 2



\i/ System Design Challenges

« Systems possess natural hierarchy
— System
— component assembly
— component
— material
— microstructure - ...

G. Subbarayan, Purdue University



e Systems are expensive

to analyze and therefore

to synthesize

e Analysis requires
exchange of
subsystems’ design

— Geometry/Material data
exchange compromises
proprietary information

e Interactions are through
geometrical and
behavioral constraints

System Design Challenges

COLLINS CLASS

iz ais SUBMARINE

DESTROYER*

Mean displacement (tonnes 3,600 3,400 6,000

Number of systems 60 108 120
Number of suppliers 600 1,600 1,500

Crew size 163 43 180

Patrol duration (hours) 340 1,700 430
Number of parts to assemble 170,000 500,000

Number of hours to assemble 1,200,000 2,500,000 3,800,000
Construction time (months) 22 60 42
Price (A$million) 600 1,000 1,500

R
--_""-- —
Design and /ori o

Behavior
Constraint

Q\
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Goal

Isogeometric methodology for distributed as well as
hierarchical synthesis of systems

» Hierarchy: System — component assembly — component — material —
microstructure - ...

» Hierarchical procedure for sensitivities to subsystem design variations
» Hierarchical procedure for estimating uncertainties to subsystem

variations
@
O \ / \
/ O )
® 77/ &) /o\
\Q 0 O ®
Component Assembly Component
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Compositions for Component Assemblies

G. Subbarayan, Purdue University



& Assembly and Component Design State

. /=
/7Do A} oy it
O\ // | @_l/ L/.{ -
o——O ﬁ/ \V ® B
/™

i 1] i '
Assembly state (¢ N, ..) Design state ¢' e D'

G. Subbarayan, Purdue University
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System Design State

Q=Q'uQ*U..uUQ™
QO'NQ = i # j

(9" " ).¢' € D'(Q), i =12,....0, |

=(u'u®) ' U (@), =1,2,...,nc}

G. Subbarayan, Purdue University
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Interaction Constraints

» Design constraint over boundary:
D(®):D(I)—>R Q\ Hole Dia < 2 cm

« Behavior constraint over boundary:

B(U): U(I) - R :D. ’

G. Subbarayan, Purdue University 12



Component Assembly Solution System

K, G/ |[u] (&
K, G, ||u, d,

K, G; Us =9 Us ¢
K, G, ||u, g,

G G, G G, 0|4 |-d

G. Subbarayan, Purdue University
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Two-Level Solution Procedure

Inspired by FETI, Farhat and Roux, 1991

Global Local
A -HIAT [e] u' =K' (¢" + G'A)+ R
-H' 0 a B d - u’ =K? (q2 — ng)+R2a

Sub-systems require only A and a

A=A'+A’=(GK'G" +GK'G”) d=-R'q¢'-R° ¢’

c=c+c =G'K' ¢* +G’K? ¢’ H=G'R'+G*R?

G. Subbarayan, Purdue University 14



Sensitivity to Component Design Change

G. Subbarayan, Purdue University
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Distributed Sensitivity: Direct Differentiation Method

g(¢.u)

dg 69 ag 6_u \\:.."-:.:.-'- :' .®: .: :' '-. :. 'x:‘:-‘ '.'@‘., :..: :-.® . :... .", .‘ ‘. .:.....

do 5¢ ou \ o SRR Ay

u' =K' (q'-G"2)+ Rla S G
T i

o' i+oq i+ iTan i+ oG i+ oK' i _ioa
2 ke ok k! 2GR E

=K
50 o0 o0 o0 od 0P

Sub-System i

OM Local Global (lobal

G. Subbarayan, Purdue University Data Encapsulation 16



Uncertainty Evaluation

« Evaluation using First order Second Moment method

_ 09" o 09 (o) oy ag (')
20 o (%j&b 00 [a¢j5¢

5gt =9 sy L9 s 09 sy
o ' ou oo

Need &2 to evaluate dul-- suppliers may be unwilling to share § 2!

G. Subbarayan, Purdue University
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Global Uncertainty Evaluation

A -H®|[6)0] [ de
-H” 0 |[oB] |5p°
Se=-5e' +5e’ =—B'K* (aq} - aK.l u1J5X+B2K2+ (aq_z - 51;2 uzj&b‘
o' o o

2 _ | _ 2Taq2 i
op —{R ad)i}&l)

5B =P 59

G. Subbarayan, Purdue University 18



Exchange of Information

System Integrator
Al’cl,éel,ull,gl,ﬁgl

A,0h

x',K',f',B',6x",u',ou’, g% og'

x*, K", f2,B*,R?,6x*,u’,6u’,g’,8g’

Sub-system 1 Sub-system 2

G. Subbarayan, Purdue University 19



Demonstration

G. Subbarayan, Purdue University
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T T
- N N
4 9
3 @
5 10
2 3 !
\ @ Sub-System 1 / Sub-System 2
1 6
AN @ -

Linking function: Displacement Us, < U,

Behavior : Displacement

— Partitioning of the behavior
— Local evaluation of system function
— Local evaluation of sensitivity values

G. Subbarayan, Purdue University
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Solution

P =1000 KN
A =0.005 m?
E =210 GPa
L=1

A

{—1><106, ~9.01x10°,1x10° ,—5.99><105}

o= {-9.5%x10°,2.39x10°,-2.57x10"°}

1
u =

2
u

—L95x103;—477x104,186x104,—4¢43x104}

~1.95x107°,—-4.77x107%,1.86x10°, —4.43x1073,
—2.52x107%, -1.04x107%, 2.24%x107°, —1x107°

Local evaluation of displacement!

G. Subbarayan, Purdue University



Worst Case Design

Largest oA for both the sub-systems
— Supply A4 to both sub-systems
— Determine max change in sub-system functions

(5uj, )max = {5.33x10°} (ﬁuﬁy )max = {9.86x10°}

(du,)” ={9.86x10°}

G. Subbarayan, Purdue University
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Uncertainty Analysis

Displacement variation due to variation in areas

Displacement variation

— 8u25y1 (Sub-System 1: A1-A5)
Mean: -0.0104222 m
Std Dev: 1.49x10% m

T777 8u?, (Sub-System 2: A6-A10)

Mean: -0.0104222 m
Std Dev: 3.63x10° m

12000

by

= I I

| 0

-0.011% -0.011 -0.016

-0.006

max

G. Subbarayan, Pur(ﬁu;h)iversity
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6/ Photonics Problem

Optical Fibers

Idolded Block

Curved Eeflector

Baze Substrate
1221 VCSEL array

« Behavior: Divergence angle at optical fiber end

— Coupling efficiency is maximum when the divergence angle is less than the
acceptance angle

G. Subbarayan, Purdue University
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k.

Sub-System 1 requirements:

- Div angle at optical fiber

end less than 0

Distributed Design

System

Sub>System 2

Optical
Fiber

Sub-System 2 requirements:

- Acceptance angle of optical
fiber greater than 0

Curved
Reflector

VCSEL  Sub-Bystem 1

G. Subbarayan, Purdue University 26



Va

Divergence Angle at Optical Fiber End

I ’ Optical fiber
/

f= (:L_e—Z(a/W)2 )

e Coupling efficiency
w=xTan(o) a=x(Tan(«a))

Coupling efficiency of first and second sub-system

f= {1e2(;:‘:EZ;TJ

G. Subbarayan, Purdue University
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Solution

Optimal design of first sub-system

Method p (um) g (um) | xO0 (um) | Coupling Efficiency %
Deterministic Optimal Design 600 270 545 100
Sensitivity analysis T
|
A T L
Curved Reflector Y. i |
dft/dp dft/dqg dft/dx, dft/ddx \// | | T
\ 0 \
9118 -2901 -8525 -52631 / | i i
/ ]
df?/dNA dfz/dw, df?/ddx ! l f
} 00 (X0,YO)
2.23 6579 -52631 | ‘
VCSEL i U
|
28
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Uncertainty analysis

Coupling efficiency

SCEl(sub-system 1)

variation TR Mean: 1
ool \\ Std Dev: 0.039
// : ‘\ T SdCE2(sub-system 2)
‘ \ Mean: 1
/ Std Dev: 0.038
‘ \\
/ \
/ \
/ )
/ \
/ N
I ///‘ \\‘\ o |
0.8 0.9 11 12

G. Subbarayan, Purdue University
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Particulate Interface Materials

] 10pm EHT = 5.00 kV Signal A=MPSE  Date :2 Jul 2003  pessuire
Mags 150KE  |—f WD= 10mm  File Name = 8291aPt_68B_AI10_19.£f

G. Subbarayan, Purdue University 30



3D Simulations

Silicone matrix (k=0.2 W/mK), with Alumina
fillers (k=25 W/mK)

Alumina Fillers in Silicones

3
; !
| E e s Expression
=
- m Rgyleigh's Expression
s I ¥ielg n
5 & Expermental Measurements
=
%E 4 = B Numerical Simulations
o
3 Hashin-Shirikman Lower
Bound
=
!
= ' r T
0.1 a1 0.3 0.5 a.7

Filkzr Yol wmez Fraclion

G. Subbarayan, Purdue University
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0z
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0s

Heat flux field on y=0.5
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« Material dominated union between the matrix and particles

 Temperature continuity constraints on the shared boundaries

Kl

G, |[Ty

G, | [T,

K, G; 1T
K4 GI T4

G, G, 0|/

G. Subbarayan, Purdue University

Particulate Composite Solution System
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Distributed Sensitivity Results

L9} Ky dk
Number Volume dk,, dk,, dk,,
of fraction (%) Parallel Finite Maxwell's | % Error
particles solver (PS) | differences (FD) model
6.54 1.2 1.2 1.2 0
2 12.78 2.134 2.133 1.416 0.05
30 60.31 7.467 7.170 5.048 4.14
40 60.12 7.620 7.948 5.018 -4.13
50 60.15 7.814 7.912 5.023 -1.24
60 58.03 7.049 7.319 4.706 -3.69

Kt Kp +2K,, +2F ko —ky |
ko + 2k, — flk, —k,, ]

Maxwell's Model:

m

G. Subbarayan, Purdue University
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Summary

Developed a formal procedure for Distributed Design of
Engineering Systems without geometry/material data exchange

Developed techniques to propagate design sensitivity across the
system using the Adjoint and Direct Differentiation Method

Evaluated uncertainty at the system level using the uncertainty in
the design variable at the component level

Demonstrated the developed formalism using a ten bar truss
example, photonics system and particulate composite material
system

G. Subbarayan, Purdue University 34



Thanks!

G. Subbarayan, Purdue University
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Lengthscale
Hierarchy Inherent
In Systems

p—

Component
Vendor 2

Component

Component Vendor 3

Vendor 1

Component 3

Material
Vendor 3

Material
Vendor 1

Material
Vendor 2

Material
Vendor 1

Component 2

Vendor 2 Material

Vendor 2

Vendor 1

S \Juuuuluyu.ll, I Uurtuucv uviil
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k.

Propulsion System

Propulsion System

G. Subbarayan, Purdue University
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Hierarchical Partition of Unity Constructions for
Components

Rayasam M, Srinivasan V, Subbarayan G. CAD Inspired Hierarchical Partition of Unity
Constructions for NURBS-based, Meshless Design, Analysis and Optimization.
International Journal for Numerical Methods in Engineering. (In Press).

G. Subbarayan, Purdue University
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4 CAD Inspired Compositions

(Natekar 2002 and Zhang 2004)

» Conventional Analysis Schemes « Each primitive is discretized and

interactions analyzed
Geometry construction

((iry)k)-1 s
i)k ~ - “

a !

INj .
8 .
I J

G. Subbarayan, Purdue University 39
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Isogeometric Analysis and Synthesis

Shape optimization Microstructure design

IR o 7/

Natekar et al., CAD, 2004 Zhang, 2004

Z/N\/\
AN
/

N\N/\/

Particulate composite

2 B

Zhang and Subbarayan, AES, 2006

G. Subbarayan, Purdue University 40



4 Design State in a Domain

lssﬂ

Design state D — (G

/N

Geometry Material

G c HY(Q NnQ) M. cH’(Q nQ)

Global Design Space: D:{d:(dl,...,d”p),d‘ eD'(Q"),i=12,.,n,

G. Subbarayan, Purdue University
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Hierarchical Composition

Global field: f(x) = Zw(x)f (x), fle A

fo If ngi / :>

1in Q' - LKQWWQ)j =12..,n, j#i

wi (x) in (Q‘mQJ)—U(Q'mQJka i k=12...n, k#j=#i
k

pl

W (x) =+

W W (x) in (Q NQ)NQHJQ N QN Q) .

K I=12.,n, l#k=]j=i /

Partition of Unity: > w'(x)=1 in Q, 0<w' <1

G. Subbarayan, Purdue University 42



Partition of Unity Constructions

L (RY) %

i < : [
¢ H LZ(Qi)_gl(l) W
v(f-f)].  <e W, . <
MAD PRI - = Giam &
Local
then Melenk and Babuska 1996 approximation
spaces

‘f—f” sz (f-f) . Sﬂc{zbf(i)f
{Zw(f—f)}

N 4
(@)
c 2 2 Global
<2n, {Z KdiamG = j g (i)+C2gl (i)}} zgzgzximation

G. Subbarayan, Purdue University 43



%&ecursive Partitions of Unity using NURBS

DN, =1
I

IN,
IVN,

<CcV
)T
(::(5
© d S -
(R T diamQ™

Knot spaces Local approximation

Sub - local Approximation spac
space

Field over each primitive

f(&m8) =Y N (&n O,

f, 1s defined over the knot space

G. Subbarayan, Purdue University



Summary: Hierarchical PU Framework

Global approximation space

(Desi

G. Subbarayan, Purdue University

gn space)

Knot spaces)

| Local approximation spaces -

(Primitive spaces)

/Nb-m(;m approximation spaces
(

Multiscale: Hierarchical
construction of
approximation spaces

Multiresolution:
Construction of
NURBS spaces

45



Component-Level Solution System

Discretized form similar to FEA

[KP1  [KP°Tjju™ ] _ |df
[K "] K9 Jlu?]  |a°

« Amenable to iterative solution
without matrix assembly

KO J[u" = 0" -k "euty

][tk

G. Subbarayan, Purdue University



System Functions

System Function: @
g(®, U(D)): D(Q)x U(Q) — R ,

9(®, U(P),5(U(D))) = [ (@, U(®),5(U(P))dQ

+[ £(@,U,,T)dT + [ E(@, U(®), T,)dI

4

[ ¥ (@,U(@),6(U@))dQ = [y (@', U'(@),6'(U(P))dQ

[¢@,u,,T)ydr= 3 [¢'(@', U}, T)dr

TACy

| &@,u@),T)dr =3 [ £(@',U'(@),T,)dl

rACy 1y

G. Subbarayan, Purdue University 47



Augmented System Function

jwdg+j§dr+j§dr

£:Z< j o

'Jd”dr+z | 7'p'dr

jii FQ7\ J¢| QDC/ \

Interfacial Design Lagrange Multipliers Interfacial Behavior
Constraint Constraint

G. Subbarayan, Purdue University 48



Adjoint Sensitivity

L(¢',u',A', 0", t7) = Z{g (¢',u’) - k(K'u'+ZG” th —f")— ZU”(G”‘ G'u ’)}

j#l j#l

[ RS G TN S M CR )

J#! J#!

+(gi,u. -A'K —Zu”G”)ﬁi —[Kiui +> Gt —f‘J?L‘ - >
i j=i j=i
Z((xieif )i“’)—Z(G”ui -G'u!)v’

j#i j#i

-
L5¢l

dg' &g oK' oG" .| of oG" | aG! |
TS k[@«b +§(6¢”J ad 2° (&b 6¢i“]

G. Subbarayan, Purdue University 49



Challenges to Accurate analysis

« Adaptive Quadrature

/

Adaptive quadrature scheme Quadrature nodes adjustment

G. Subbarayan, Purdue University
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Sensitivity — Maxwell’'s model

e Maxwell's model
— Valid for dilute fractions

Ker  kp +2k,, +2F[kp —ky |
k., kp+2k, — [k, —kM]

m

dkes Ky, (Kp + 2k, — Tlkp —ky DA+2F)— (ko + 2k, +2F[kp —k,, DL— )
dk, (kp + 2k, — f[kp—kM])2

Ak (kp +2ky — flkp —ky D(kp +4ky +2f[kp — 2Ky, D —kyy (kp + 2k, +2 [k, —ky D2+ F)

dk,, (kp + 2k, — f[k, =k, b2

G. Subbarayan, Purdue University 51



6/ Sensitivity to Matrix/Particle Conductivity

dkeff _akeff +6keff ' oT
dk, ok T | g

[ kvTda Dk, [ [BHTIQ+K, [ [BHTIO
keff:Q 3 — =

Jvmae s figymen- | eimde

i=1 Qp

G. Subbarayan, Purdue University
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A7

A

Sensitivity to Conductivity Changes

T'=K'(¢' - G"2)+ Rla

T

8Ti it 0q it T oA i+ 8Gi it aKi i i ou
— =K —-K G —-K A-K —T +R —
P P oP P oP of
_ak_
A -Hilap| [e

H' 0 |[oa]| |p
¢

G. Subbarayan, Purdue University 53




L

A 4 Sensitivity to Matrix/Particle Conductivity

a eff
U p—keff)Zlgjp [BIAQ+ (k,, — )j [B]dQ

8k eff
ok,

-3 [ [BKTHO

I=1 Qp

“ [ [BHTHO

G. Subbarayan, Purdue University
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