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‘ Motivation

Motivation

» Dynamic simulations of fiber-reinforced materials in light-weight structures

> Keywords:
» Anisotropic material behavior
» Nearly incompressible material behavior
» Thermo-viscoelastic material behavior
» Long-term stimulations

» Solution strategy:
1. Mixed finite elements for finite anisotropic elastodynamics for higher-order time
integrators to reduce locking effect [polyconvex material formulations, continuous
Galerkin cG(k)]
2. Energy-momentum conserving time integrators for stable long-term simulations
[Discrete gradient eG(k)]
3. Extension to an thermo-viscoelastic material behavior

TUC, MB, TMD - March 1,2017 - Julian Dietzsch 2/19 http://www.tu-chemnitz.de/mb/TMD


http://www.tu-chemnitz.de/mb/TMD

Motivation

Motivation

» Solution strategy:
1. Mixed finite elements for finite anisotropic elastodynamics for higher-order time
integrators to reduce locking effect [polyconvex material formulations, continuous
Galerkin cG(k)]

TUC, MB, TMD - March 1,2017 - Julian Dietzsch 2/19 http://www.tu-chemnitz.de/mb/TMD


http://www.tu-chemnitz.de/mb/TMD

Theory

Continuum mechanics and material formulation

Transversely isotropic material | Continuum mechanics

C=F"F M =ap® ayg

J = I3(F) = det|[F]

I,(C) = trf|[CM] I5(C) = tr[cof[CM]]
F ... Deformation gradient

C ... Right Cauchy-Green tensor
ag . .. Fiber direction

Hyperelastic, transversely isotropic, polyconvex material formulation

U = piso + Pt [Schréder, Wriggers, Balzani 2011]
v(0) = 2 @[0))? + Z (tr[cot [CI)? — esln(y/det[C]) + ea(det[C]® + det[C] ™ — 2)
vHO) = 6( i -(tr[CM) T + ﬁ“r[eof{cmbw + id%[cr“’)
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ezt Theory
Hu-Washizu functional and Veubeke-Hu-Washizu functional

TECHNISCHE UNIVERSITAT

Hu-Washizu functionals
mhw (@ = [ ¥(C@)av ok (q,0,p) = T2 + / _e)v [simo 8]
By
CoFEM

055%™ (@, Heoto)s Beotc]s - - ) = Wy +/ Beotic] : (cof[C(q)] — Heotjoy)dV  [Schr1]

5% (q, hry by, hrg, brg, .. ) = LG50 Y +/ br, (I4(C) — h14)d\/+/ brs (I5(C) — hy)dV
Bo Bo

Veubeke-Hu-Washizu functional

1
Wy oy ) = // —povTvdth+// i = et —/HHW(q,...)dt
T JBy 2 T JBy T

+/ "' (q)dt with II°“‘(q) = /B pog - qdV + t-qdA
w 0

» Variation with respect to all unknowns

D . DP . o M .
Iy gw(q, 4, v, p) 0y yw(a,q,v,p,0,p) 059w M (g, 4. v, p, Heotfo] Beot() ©5 P)

Co
1Y% (4,4, v, p, H o115 Beot[c], ©5 Py b1y, by s hig, brg)
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Theory
Weak Form and discretization

Weak Form (CoFEM) (U = U (C, cof[C], J) = ¥(C, Hof(c), O)]

. ov — . Acof [C

/ Bo(dlv[F(za—C + pJ " 'cof[C] + 2Bcotc) : P)] — p)dgdVdt = 0 P= 6(£’ ]
S

1 . ov

/ (—p — q)dpdVdt =0 / / (p — =—)6©dVdt =0 / (6 — J)spdVdt =0
Bg PO T J8, 00 T /5
/ / (Beotic] — )OH corjc)dVdt = 0 / / (H cot[c) — cof [C])0 B cotjc1dVdt = 0
H .ot(c] T JBg

Space Discretization wigos | Time transformation

el
/ cdV = Z/ ...dVﬂ/D...dct[Je]dQ o2 o1 tn tags
< Q
0

JT g a(t)I
Time Discretization [Bets 01] . >
a=0 I a=1 «

1
/ .dt = Z/ ..dt — hy, ... da
0

n=1 Ny - .. Time step size

|
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Theory
Approximation

Approximation ial degree in time
k+1 "noy k_Tnou k+1 "noy
:ZZMIqu(;A éqe’hzz ZMJN:‘éq?A *—ZZMI fq?A
I=1 A=1 J=1 A=1 hn I=1 A=1

» Lagrangian shape functions in time

k+1 k

a — _ o — o
M;(a) = 27N O <i<k41 M;(a) = — 1 1<i<k
j];[I a; — O(J ]1:‘[1 Qi — Otj
G i
» The other quantities are approximated in the same manner, e. g.:
k+17nog k_"noo
=0 > Mi(@Ng(®)ert et =3 3 My(a)Ng()ser!
I=1 A=1 J=1 A=1
Time structure matrices:
NiMs ... MMy MM}y ... MM, M,y
1 1
A’:/ : : da A”:/ : : da b=
o | o o | o E
MyMs ... MM, MpM ... MpMj_, My,
1 1
b’ :/ [V My ... MM;]T da b” :/ [vyMm] ... M7 da
0 (0]
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ezt Theory
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i Residuals of CoFEM-Element in matrix representation

Residuals on element level (CoFEM-Element and cG(k))

’I'Z _ b// ‘gpelz,h + [A” ‘zI[S-nnau]]p:ev‘: +h"/ / bX {(B ) [ L]:| dVdOc-i—fezt

hn .
ry =b" Rap" 4 [A7 RIE ol — =2 (b Rpi"] + [A' K1 alipih)
0

cof[C]’ p
oCce + 2Je

e rre.h oulb ..
BC — |:[B‘£1] [3‘22] [B‘E/A]] §° o <(9‘II(C LV HS o) n

cof [C®] + BCof cl -IP’6>
af = [af' a7’ . af?" ap" = (Hw BIPNq) g = [a5" a5 o apy]" (sameforp)

u u

Hy = / N,®NIdV N, = [Nf N2 ... NAT
Qe
0
> Solve e, pe.. ---- ON element, e.g.
1
Ofw = [A' K Hep] ! (/ bX NgJ°dVda — b/H@,,@;‘) Hep = / Neo RN, dV
Qe e

» Eliminate pg:” in first equation and condensate at element level to pure
displacement form: K;, = K, + K, Ko Koo K6, Kp, + Ki K Ki KK,

TUC, MB, TMD - March 1,2017 - Julian Dietzsch 7/19 http://www.tu-chemnitz.de/mb/TMD


http://www.tu-chemnitz.de/mb/TMD

Numerical example - Cook cantilever beam
Loadcase

v

Quadratic distribution of an in-plane load
with the pressure amplitude p = 1500

» Compare the non-standard mixed elements
with the standard displacement element for
tetrahedral and hexahedral elements
(serendipity formulation)

> h, = 0~0]-7TEnd = 1,0,0 = [1 1 1]

» Refinement levels:

v

Material parameters ([Schr 11]):

€1 €2 €3 €4 €5 €6 €7 €8 €9 Po
42 84 1260 100 10 3000 4 8 1 0.01
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Numerical example - Cook cantilever beam
Convergence of the y-coordinate at Point A

—=—cG(1
—+—cG(1
—&—cG(1
—=—cG(1
—+—cG(1
——cG(1
—+—cG(1
——cG(1) HCoA10000
—*—¢cG(1) HCoA21000

/ ~2—cG(1) HCoA21010
il L L 1 L Lo | L L L L L

10° 104 10°
nNpor

Hlgl HPlg,©] HColg,H ofic1,©] HCOAlg,H cofic) 0,01, 1]

H1
H2

H3

HP10
HP20
HCo100 B
HCo210

79

78
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Numerical example - Cook cantilever beam

Convergence of the y-coordinate at Point A

T[Q] TP[(I:@] TCO[QrHcof[C]:@]

—=—cG(1) TCo100 b
—+—¢cG(1) TCo210
——cG(1) TCoA10000
——cG(1) TCoA21000| |
—£—cG(1) TCoA21010

L L R R R R | L L R R | L L R R R R |

108 10* 10°
nNpor

TCOA[q,HCOf[C] ,@,h14,h[5]
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Numerical example - Cook cantilever beam

Convergence of o, at Point B

-300

-400

-500

-600

-700

min(o ()]

——cG(1) H
—*—cG(1) H

-900 *A*CG(U
+cG(1)HP1o

-1000 —+—cG(1) HP20
—=—¢G(1) HCo100

-1100 —#—¢G(1) HCo210 7
—&—cG(1) HCoA10000

-1200 —#—cG(1) HCoA21000 ||
+cG(1) HCoA21010

-1300 L E——

10° 10* 10°

npoFr
H[q] HP[Q:@] HCO[qIHcof[C]rG)] HCOA[qIHcof[C’]r@rhI4:hI5]
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Numerical example - Cook cantilever beam

Convergence of o, at Point B

— _
-~
~—
Mg i
L —— G T
= G T i
= +ce<1>
—#—¢G(1) TIPO
~10001 * ——cG(1) T2P0
—=—¢G(1) TCo100
-1100 - —+—cG(1) TCo210 B
—%—cG(1) TCoA10000
1200 —#—cG(1) TCoA21000 |
ﬁéchU) TCoA21010
1300 . e 1 . L
108 104 10°

npor
T[q] TP[q,@] TCO[q,HCOf[C],G] TCOA[q,HCOf[C],@,h[4,h[5]
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Numerical example - Cook cantilever beam
Influence of time polynomial degree - Convergence of the y-coordinate at Point A

—s—cG(1) H2
——cG(2) H2
—&—cG(3) H2 n
—=—cG(1) HP10
—*—cG(2) HP10
~4-G(3) HP10
~=-G(1) Co210

79k —+—cG(2) Co210 |
—£—¢G(3) Co210
785 - —#—cG(1) Co21010] |
' —*—cG(2) Co21010
—£—¢G(3) Co21010
78 o i
10° 104 10°
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Numerical example - Cook cantilever beam
Influence of time polynomial degree - Convergence of o, at Point B

-1300 L L
10° 10*
nNpor

Hlgl HPIg,0] HColg,H .of(c},©] HCoAlg,H cofic),O.h1,,h1,]
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Numerical example - Oscillating cantilever beam

Loadcase

» Oscillating in a gravity field
g=1[-981 0 o]
» Compare the non-standard mixed elements

with the standard displacement element for

hexahedral elements (serendipity formulation)
> h, = O-lvTEnd =50
» Different fiber directions:

ap =[0 — 0.3095 — 0.9509]

ag = [0.3095 0 0.9509]

aop = [00.3095 — 0.9509]

ap = [0.30950 — 0.9509]

» Refinement levels:

» Material parameters([Schr 11]):

€1 €2 €3 €4 €5 €6 €7 €8 €9 PO
42 84 1260 100 10 3000 4 8 1 0.08

TUC, MB, TMD - March 1,2017 - Julian Dietzsch 13/19 http://www.tu-chemnitz.de/mb/TMD


http://www.tu-chemnitz.de/mb/TMD

Numerical example - Oscillating cantilever beam

Convergence of the z-coordinate at Point A

——cG(1)H
——cG(1) H
+cG(1)H1P0
50 - —+—cG(1) H2PO =
—=—¢G(1) HCo100
—+—cG(1) HCo210
—&—¢G(1) HCoA10000
— 551 —#—cG(1) HCoA21000 |
::*i —A—cG(1) HCoA21010
=
=)
é‘ -60 -
65~ s
70 : I : L
102 10° 10* 10°
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H[q] HP[(I:@] HCO[qIHcof[C]rG)] HCOA[qIHcof[C’]r@rhI4:hI5]
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= Numerical example - Oscillating cantilever beam
Convergence of o, at Point B
250 :
—#—cG(1) H1
——cG(1) H2
——cG(1) H1PO
—+—cG(1) H2PO
——cG(1) HCo100
—+—cG(1) HCo210
200" | ——cG(1) HCoA10000
= —+—cG(1) HCoA21000
s —A—¢G(1) HCoA21010
Qg
L,
o]
<
=
150 -
100 : : : :
102
nNpor
H[q] HP[qr@] HCO[QIHcof[C]r@] HCOA[qucof[C]IGrhI4 :h15]
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Numerical example - Rotating heatpipe

Loadcase

, cooling jacket 395 Teflon induction coil

_PPPESoEeEe

condenser diabatic section

53
30

e
\ | g

Yy 152 123 50
> Qo0 = [1000], hy = 0.00025, Teng = 1, a0 = [1 00}, p = 400
» Refinement levels:

» Material parameters([Schr 11]):

€1 €2 €3 €4 €5 €6 €7 €8 €9 PO
42 84 1260 100 10 3000 4 8 1 0.01
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Numerical example - Rotating heatpipe

Convergence of the inner diameter at condenser site

44 T
— —h——
pry= - 4
— 40 i
—
.~
SN~—
=~
= Qa8 -
g <
8.8
Rt |
C>é ——cG(1) H1
—*—cG(1) H2
E 34 —&—cG(1) H1PO .
—#—cG(1) H2PO
—#—¢G(1) HCo100
32 —+—cG(1) HCo210 =
—%—cG(1) HCoA10000
—#—cG(1) HCoA21010
30 L L L L L L T L L L -
10° 104 10°
npor

H[q] HP[(I:@] HCO[qIHcof[C]rG)] HCOA[qIHcof[C’]r@rhI4:hI5]
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Numerical example - Rotating heatpipe

Convergence of oy, 5, on outer surface

6000 T T T T T T T T T

5000 [~ -

—&—cG(1) H1
2000 - —¥—cG(1) H2 8
—%—cG(1) H1PO
—+—cG(1) H2PO
—=—cG(1) HCo100
1000 4|+ cG()HCo210 ||
——cG(1) HCoA10000
—#—cG(1) HCoA21010
0 L 1 L L L L L
10° 104 105

npor
Hlgl HPIg,0] HColg,H .of(c},©] HCoAlg,H cofic),O.h1,,h1,]
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Conclusion

>

Motivation:
» Dynamic simulations of fiber-reinforced materials in light-weight structures
Strategy:

» Mixed finite elements for finite anisotropic elastodynamics
» Higher-order time integrators [continuous Galerkin cG(k)]

Important results:

» Mixed element reduce locking effect

» Higher-order time integrators increase accuracy
Outlook:

» Investigate other mixed element formulations (e.g. SKA-Element [Schr 16])
» Apply discrete gradient to mixed formulations for energy-momentum conserving

v

v

v
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