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Two extremes

Superelements

Macroelements " bottom up"

Substructures "top down"
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Introduction to FEM

Substructuring was Invented in the
Aerospace | ndustry (early 1960s)

First level substructuring
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Substructures (cont'd)

level two substructure (wing section)

level one substructure (wing)

individual
element
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Introduction to FEM

An Early Use of Global-L ocal
Analysis and Substructuring:
Boeing 747

Global Analysis: 1966
Local Analysis (shaded
regions): 1967-68
First flight: 1970

WING BODY INTERSECTION ANALYSIS
4 substructures,12549 elements

CARGO DOOR CABIN ANALYSIS

747 Regions Analyzed with FEM-DSM at Boeing
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Introduction to FEM

Another Example (M cDonnell-Douglas DC-10,
ca 1968)
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Introduction to FEM

Multilevel FEM Substructuring was Invented in the
Norwegian Offshore Industry in the mid/late 60s

-
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Introduction to FEM

Among Other Things, to Take
Advantage of Repetition
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From DNV (Det Norske Veritas) web-posted brochure.
Permission requested for inclusion in book proper.
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Introduction to FEM

Multistage Rockets Naturally Decompose
Into Substructures
Short stack

Apollo/Saturn lunar é COMMAND MODULE
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Static Condensation

A universal way to eliminateinternal DOFs

Substructure

M acr oelement
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Introduction to FEM

Static Condensation by Matrix Algebra

Partition [Kbb Kbi] [Ub] _ [fb]
Kip  Kii | | Uj f;

Solvefor interior displacements from 2nd matrix equation
— -1
ui = K" (fi = KipUp)

replaceinto first matrix equation

IZ _ ]; Condensed
bbUb = Th stiffness equations
where |Z = K — K K71K:

bb = Kbp bi K;i" Kip

c _ -1
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Introduction to FEM

Static Condensation by Symmetric
Gauss Elimination

- 6 -2 -1 -3 rui — 3
-2 5 -2 -1 Uz | _ 6 8 iscalled
-1 -2 7 -4 U3 4 the pivot
| -3 -1 -4 8JLu,d Lod
Task: eliminateu4 /
_ (=3%x(=3) _o9_ (=Dx(=3) _q_ (=9x(-3 _ 0x(-3)
6 8 2 8 1 8 Uy 3 8
_o_ (=3x(-1 _ (EDx(=1)  _o_ (=Hx(-1) — _ 0x(-1)
_1_ (Ix(=4 _o_ (=Dhx(-9 _ (9x(-9) _ 0x(-4)
1- C3xCA o CAXCH 17 CAxCA | Lu, 4- 29
39 19 5
T ~8 2 |[W 3
19 39 _ 5 _ Condensed
T 8 “a2||Uu|=|6 -
: : eguations
~3 ~z 2°2llus
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Introduction to FEM

Static Condensation by Symmetric
Gauss Elimination (cont'd)

39 _19 _5

8 8 > U1 3
_19 3 _5 _

8 8 > Uz 6
_5 5

5 5 5 Uus 4

Now eliminate u3/

39 _ (=5/2) x(=5/2) _ 19 _ (=52)x(=5/2) 3 4x(-52)
8 5 8 5 U | 5
[_ 19 _ (=52) x(=5/2) 39 _ (=5/2)x(=5/2) ] [UJ [6— 4x(-5/2) ]

8 5 8 5 5

2 - url_[9 Condensed
— = u, | |8 equations

|8 |3

IFEM Ch 10 — Slide 13




Introduction to FEM

Static Condensation M odule
(posted on web site)

Condenselast Freedon]{ K_, f _]: =Modul e[ { pi vot, c, Kc, fc,

n=Length[ K]}, If [n<=1, Return[{K f}]];

Kc=Tabl e[ O, {n-1}, {n-1}]; fc=Table[O, {n-1}];

pivot=K[[n,n]]; If [pivot==0, Print["CondenseLastFreedom",
" Singular Matrix"]; Return[{K f}]];

For [i=1,i<=n-1,i++, c=K[[i,n]]/pivot;
fe[[i11=F[[i]]-c*f[[n]];
For [j=1,j<=i,]++,

Ke[[,i1]]=Ke[[1,JT1=K[[i,jT1]-c*K[n,j]]

l;
Return[ Si nplify[{Kc,fc}]]
l;
ClearAl[K f];
K={{6,-2,-1,-3},{ -2,5,-2,-1},{ -1,-2,7,-4},{-3,-1,-4,8}};
f={3,6,4,0};
Print["Before condensation:"," K=",K//MatrixForm™" f=" f//MtrixForni;

{K, f} =CondenselLast Freedon{ K, f]; Print["Upon condensi ng DOF 4:",
" K=",K//MatrixForm " f=",f//MatrixForm;

{K, f} =CondenselLast Freedon{ K, f]; Print["Upon condensi ng DOF 3:",
" K=",K//MatrixForm " f=",f//MatrixForm;
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Static Condensation M odule
Results on Notes Example

6 -2 -1 -3 3
-2 -2 -1
Bef ore condensation: K= 1 _52 7 4 f= 2
-3 -1 -4 8 0
e
Upon condensing DOF 4: K=| -2 32 > | f-
§ -% s
29 29
Upon condensi ng DOF 3: K= _29 2_: ) f_(:)
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Global-L ocal Analysis
(an instance of Multiscale Analysis)

Example structure: panel with small holes
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Introduction to FEM

Standard (one-stage) FEM Analysis

coarse mesh finer meshes
W ///—
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Introduction to FEM

Global-L ocal (two-stage) FEM Analysis

Global analysiswith acoarse mesh, ignoring holes,
followed by local analysis of the vicinity of the holes
with finer meshes (next dlide)
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Introduction to FEM

L ocal Analysis

BCs of displacement or (better) of forcetype
using results extracted from the global analysis

Lo 4 S
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