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Technical polymers

Unfilled /Filled polymers

@ Unfilled elastomers

Elastomer springs by BASF Polyurethanes GmbH

Filled conductive polymers

Heat sinks and coil bodies by CoolPoly, k=1,...

10 W/mK, p > 1 TQ em, po= 1.47 g/cm?
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@ Realistic results

> Validated material laws’

(ichas > |dentified material param.!

> Validated boundary cond.?

Simulation methods

Rotating heat pipe (McMaster University, Ca)
@ Efficient methods

> Numerical stability

~> coarse space-time meshes

Challenges of numerical simulation methods

> Locking-free space mesh?
> Momentum consistent &

> Energy consistent time mesh

x10'

Energy function [kJ]
[

=
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Time [s]

Energy balance relative to equilibrium

> Variable accuracy?

~» adaptive space-time meshing
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Dynamics of solids
Technische y

Mechanik /Dynamik Oden [1972], Gurtin [1981], Miehe [1988], Holzapfel [2000], Andrews [2005], Chernyshev [2007], Fernandez & Kuttler [2010]
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ichae B 8 8’0 1
Mict vy = % 8_7: = P_o Div[FS;] + b,

@ Lagrangian local momentum balance

© Deformation gradient/metric & strain measure

1
F; := GrAD[p,] C,:=[F)"F, Ey =5 [Ci— 1]

© Piola/Mandel stress tensor

oY
St =2 8—65 2‘; = Cf,Sf,
@ Stress power & deformation rate tensor
P =% L} pi=Len2C

27t ot
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Viscous elastomers

Behaviour of viscoelastic elastomers

*Fy(t) =

kKN . /m
4 — sin (7 t)
cm S

3cm

fir 0s<t<05s

fur 0.5s<t<15s

kN
4=
cm
5em sin (——
u(t) = 1.5 cm sin (105 1)
7

0<a<sr

.
Sp = / [|[E(t)[[dt  (curve parameter of hysteresis)
JO

Displacement [cm]

Shear stress [kPa]

& Govindjee [1998], Haupt [2
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Viscous evolution of isotropic elastomers

Mechanik/Dynamik Miehe[1988], Le Tallec et al. [1993], Kaliske [1995], Reese & Govindjee [1998], Reese [2001], Kleuter [2007], Hartmann & Hamkar [2010]
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© Elastic metric tensor
O = [T O\ Fi)
Michael G

@ Elastic invariants

elv .
Fy I(CM) =3(C,[CFF) )

© Viscous internal variable

C;/is — [F;/is,b} TF;/is

Viscous evolution equation

@ Viscous evolution equation

% = naim Vepn SPH([LYSHT) + 2 Ve, DEV([LYSHT)

© Viscous Dissipation/rate tensor

8 CVIS

) is 1
Dy =30 L™ >0 L =[OV
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i . Height H 10em
Phys_lcally —Fy(t) =30 % s (% t) Width W 12.82cm
consistent Viscoelastic Simo-Taylor material
simulation Mass density 0 10kg/cm?

. First Lamé constant n 7.5k]fem?®
offtechnical Second Lamé constant A 30K fem?
polymers Deviatoric viscosity Vi 10kls/em?
Spherical viscosity Viph 50 kJs/em?®
Michael G Time step size Tt 10ms
e Global iteration tolerance tol 10°57
Local iteration tolerance tolevo 10~ J/em?
Number of spatial elements 1.1 100
Number of spatial nodes o 441

Midpoint rule (h, = 10ms, 7 = 1.155s) eG method (h, = 10ms, T = 5s)

VE spring example
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Physically Midpoint rule

eG method
consistent

2 2
simulation o X10 o 10
of technical 18 18
polymers = 16 = 16
== =,
Michael Gr c M c M
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Thermodynamics of elastomers
Technische

Mechanik /Dynamik Oden [1972], Miehe [1988], Holzapfel & Simo [1996], Bérardi et al. [1996], Lion [1997], Reese [2000], Boukamel et al. [2001]

Physically

consistent

simulation 3

of technical @ Lagrangian local entropy balance

polymers

Michael GroB o awf ant B 1 D;fis e
"0 ot ~ g, PVIQdT o+
@ Fourierian isotropic heat flux
q, .= —ko (J; FY)~TGraD[0,] Q,:=J, F;'q,
© Specific heat capacity & thermal expansion
oy 1 ODET[FY] _
=:c> >
b g6 = =0 nam 00 =0

@ Thermal dissipation

D§d = —GRraAD[In64] - Q, > 0
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Physically Inner radius R; 0.5m

consistent Outer radius R, 1.5m
simulation Thermoelastic Simo-Taylor material

of technical j— Mass density o 10kg/m?

polymers S First Lamé constant m 7.5kJ/m?

0 Second Lamé constant A 30kJ/m?

§ Specific heat capacity 3 0.3kJ/m?K

- Heat expansion coefficient 3 104Kt

3 Heat conduction coefficient ky  0.3kW/K

T Ambient temperature O 208.15 K

Global iteration tolerance tol 10757

Number of spatial elements 7, 416

Number of spatial nodes Mo 448

Trapezoidal rule (h, = 10ms, 7 = 1.59s) ehG method (h, = 25ms, T = 15s)

TE spring example
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Trapezoidal rule ehG method

Physically

147
consistent 14.66 b =10ms
simulation 1464 ;” o
. — 14.62 —_— .mb
of technical 2 2 —— h=%ms
= 146 —
polymers - -
S 1458 S
Michael GroB T 1456 ©
< I3
S 15 2
45 -
Q 14.52 ]
T 145 ]
c c
w1448 wi
14.46
0 0.5 ) 1 15 0 . 10 15
Time [s] Time [s]
1580.0 ms Kirchhoff stress [J/m?] t =1585.0 ms Kirchhoff stress [J/m?]
PPN 120 . 500
108 450
96 400
84 Q 350
72 \k}\\\\ 300
it
60 I 250
48 200
36 150
24 100
12 50
0 0

hy =10 ms
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Technische Heating of an elastomer spring (TE)

Mechanik/Dynamik

Physically Inner radius R; 0.5m

consistent —_ Outer radius R, 1.5m
simulation £ Thermoelastic Simo-Taylor material

of technical E Mass density o 10kg/m?

polymers = First Lamé constant " 7.5kJ/m?

3 Second Lamé constant A 30kJ/m?

g Specific heat capacity ¢ 03kI/m2K

o° Heat expansion coefficient B 104Kt

5 Heat conduction coefficient ko 0.3kW/K

= Ambient temperature O 298.15 K

-4(:0 Global iteration tolerance tol 10797

f Number of spatial elements Nel 416

Number of spatial nodes Npo 448

Trapezoidal rule (h, = 10ms, 7 = 1.71s) ehG method (h,, = 25ms, T = 10s)

TE spring example
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e

Mechani ynamik

Physically Trapezoidal rule ehG method

149
consistent
simulation 14.85
H = =" 14.85
of technical g g.
polymers = -
S 18 (<}
E=1 S48
o o
c <
=1 3
“; 14.75 “;
% 25 175
3 5 hy = 10ms
c c by =15ms
w147 i N hy = 20ms
17 hy = 25ms
0 04 0.8 12 16 0 5 10
Zeit [s] Time [s]
t =1700.0 ms Kirchhoff stress [J/m?] t =1705.0 ms Kirchhoff stress [J/m?]
1000 1000
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TE spring example
800 800
700 700
600 600
500 500
400 400
300 300
200 200
100 100
0 0




H§ TECHNISCHE UNIVERSITAT
CHEMNITZ

Energy-consistent finite element method

Mechanik /Dynamik Argyris & Scharpf [1969], Hughes et al. [1978], Betsch & Steinmann [2001], Hansbo [2001], Cockburn [2003], Bui [2007]
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o V() = [ pove v+ v 00— 0.0
Michael GroB B

0

@ Energy-consistent finite element method

_ vy
V(T) = V(to) _/g/ﬂ pov, - 2 //@D”at [ ]
0%, OF, 8(,0, v,
+/7/;30 OF ~ ot //»50 Po Bt Div[F .S,
oy oCy® 3Cm .
+// ac™ " ot */9 T [Cy)'s, - ¥,
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Discrete energy-consistent approximations
Technische &Y : L

Mechanik/Dynamik 01, Kibler et al. [2003], Sansour et al. [2004], Bargmann [2006], Mohr et al. [2008]

Physically

consistent . .

B e © Discrete Galerkin methods
of technical

polymers » Standard continuous Galerkin method where the test
Michael GroB function is a time derivative

» Non-standard discontinuous Galerkin method with a
special jump term elsewhere.

@ Non-standard approximation of the deformation metric

© Non-standard approximation of the Mandel stress tensor
Enumb 2 n M +2damb+ Mdamb

@ Non-standard approximation of the entropy

@ Viscous damping

sydam? ;—: {ndim sph SPH(L ) + 2 Dgev DEV(Lﬁ) }

[e3
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@ Free flying thermo-viscoelastic elastomer plate

of technical ., Current temperature at ¢ = 0 0 ., Current temperature at ¢ = 0.1s -
polymers 08 ) s
1

. = 306 306
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I 0 ,
=08 = :x 0 — 02
g 300 =R 300
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Physically Temperature distribution of the ehG method (h, = 10ms, T = 55)
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TVE spring example
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Technische  Tension/Pressure of an elastomer spring (TVE)
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Physically Stress distribution of the ehG method (h, = 10ms, 7 = 5s)
consistent

simulation
of technical
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TVE spring example
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Slmulatlon of a rotatlng TVPE heat pipe

ng et al. [

Water jacket Teflon

Shukla et al. [

Coil

Phys_lcally i Condensate film
consistent 1
simulation
i edliniiizz] =z ondensator iabatic section vaporator e
polymers 2= ! P ~Uw
TR Vapour (Arcton 113)
y 152 123 50
N
ity
v\p >/
Problem
Condensator Adiabatic section Evaporator
Outside | § = 6 (Controlling) Q=0 Convection & Radiation

Inside

Convection & Pressure | Convection & Pressure

Convection & Pressure
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Mechanical and thermal boundary conditions

Daniels & Al-Jumaily [1974], Harley & Faghri [1995], Baehr & Stephan [1996], Bay et al. [2003]
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@ Inside pressure by gas expansion & radial acceleration

- RT, n w2r?
P =po 7, D)

@ Convection on the condenser & adiabatic section

Michael G

Qc:hcAc(Ts_ec) Qa:haAa(Ts_ea)

© Convection on the evaporator

Qe = he Ae (ge - Ts) @u = Qy (ge - eoo)
© Heat radiation/input of the evaporator

Qinp
Ve

re =

@U =€,0 (04 —9‘;)

© Experimental data from the literature

Boundary conditions

Vapour (ldeal gas)

pu = 2.605kg/m?

T, = 346K

M, = 0.18738kg/mol

Condensate film Ts = 106°C

Condensator Adiabatic section | Evaporator
Inside he = 483W/m?K | h, = h. he = 4438W /m?K
Outside a, = 13.566W/m*K

e. = 0.92
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Plastic evolution equation of filled polymers
Technische rummer [2010], Egelkraut et l

Mechanik/Dynamik a [20 a a 3], Hartmann [2010]
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© Plastic internal variable
C$la — [F$1a,b] TF$la

Michael G @ Plastic dissipation

F® DM =3 L > g

© Plastic rate tensor

a, a pla
Lpl £, [Cpl] 18gt

@ Plastic evolution equation

3 = ngim Vapt SPH([EY¥)T) 4 2 Vaey DEV([ED™T)

@ Plastic evolution tensor

on equation

la, laj_1 OCP'™ 1
Pt . 11 oplaj—1 Lt _1 pplat
t 31CY] s T Bt
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Michael GroB

298.15

Reference configuration

22
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398.15
Michael GroB

Reference configuration

23
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Closing remarks multlscale in time

& Stewart [1996], Bo 0 Nouy [2003], ol a g M Takizawa & Tezd

Technische

Mechanik/Dynamik

Physicall
consistet @ Advantages of the ehG method

simulation

of technical > energy-momentum consitency
TG » higher-order accuracy
» multiscale approximation (1st step towards p-adaptivity)

Michael G
@ Thermo-mechanical multiscale approximation

mechanical residual (e.g. k™ = 4)

Pt tat1/a tovijz tagsja togad
—@ ® e o @
| Pt
Agmee internal element nodes
micro-step size Atthe i synchronisation nodes
—e . o
tn lny1/2 toyis

thermal residual (e.g. k*he = 2)

Closing remarks

24

macro-step size AT
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