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Motivation and goals

Motivation: metamaterials in rotating systems

T
Motivation: increasing application of fiber roving composites

@ Hollow shafts © Turbine/pump rotors © Disc brake rotors

Macroscopic scale: turbine blade preform Mesoscopic scale: Volume Element (RVE)

De Luycker, Morestin, Boisse, Marsal [2009]

Kai Uhlig [2017] (IPF TU Dresden), recommended by IST TU Chemnitz

Goals: FE simulations taking into account the fiber bending/twisting (curvature) stiffness

QD We design dynamic variational principles for continua with multi-scale effects

Q We derive an energy-momentum time integration for a more exact simulation



= Strategy (I): Generalized continuum mechanics
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(see e.g. Boisse et al. [2018], Asmanoglo & Menzel [2017], Madeo et al. [2015], Feretti et al. [2014], Spencer & Soldatos [2007])

A variational-based | Formulation of anisotropic Cauchy continua with structural tensors
energy-momentum
time integration of (see e.g. Reese, Raible & Wriggers [2001], Klinkel, Sansour & Wagner [2005], Schréder, Neff & Balzani [2005])
metamaterials in
non-isothermal
rotordynamical
systems

F; =Grad[p,]
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A S t: experiment vs. Cauchy theory ~ ‘the
need to a second-gradient theory’

(see Charmetant et al. [2012], Madeo et al. [2015])

bearing B bearing B

experiment FEM with Cauchy

mobile point C mobile point C



w2 . Strategy (Il): Principle of virtual power

A variational-based ! Principle of virtual work / Hamilton's principle (cf. Dimarogonas et al. [2013])

energy-momentum

time integration of X i X

metamaterials in 0 Simo-Taylor-Pister functional (Simo, Taylor, Pister [1985])
non-isothermal

rotordynamical - Istp (e, j,p) = / Wiso(go) dV + / WVOI( )dV — P [j = det(VLp)] [\%
systems Bo Bo Bo
Michael GroB, . @ Spatial weak form for J

Julian Dietzsch,

Chris RS pG(p, J)dt =0 with G(p,J) = J — det(Vep)

Bo .

y—momentum t| me integration (motivated by Betsch & Steinmann [2002], Armero [2008])
Mechanical strategy

@ Preservation of balance law of total energy H := T'(¢p) + Wi° () + ¥Vl (.])

s OH _  OH -
Hipy —H ; + 22 j| avat
e /f /sn{&p LRy

@ Time evolution of volume dilatation J

tnt1 . B . B P
/ pG(p,J)dt =0 with G(p,J) :=J —det(Vep)
tn  JBo -

——

Variational principle of choice (cf. Schréder & Kuhl [2015])

tn41 1 _
/ 5 H(@, Jp)dt =0 with H:= 2/ po@ - ¢ dV + Igrp(p, J,p)
t Bo

n




w2 Generalized continuum formulation (1)

A werkienelbsd] Transversely isotropic constrained micropolar model (s steinmann & stein [1907))
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time integration of
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G # G = Grad[a]

KiKk-FG

(cf. Klinkel, Sansour & Wagner [2005])

Generalized continuum
@ Fiber stretch per unit length with right Cauchy-Green tensor
Cr:=a;-a; =agCay=tr[A¢)C] Aj:=ay®ay C:= F'F

@ Fiber twist per unit length with curvature-twist tensor
TF::at-g—z-atEaO~FtG-aOEtr[AoK] Krp:= A)K K = F'G
© Fiber bending per unit length

Brp =a)K ayK =ay-KK'-apy=Kp: Kp



w2 Generalized continuum formulation (11)

A werkienelbsd] Thermo-viscoelastic free energy (cf. Beheshti [2017], Grbeic et al. [2018])

energy-momentum

UG @ Hyperelastic strain energy 7°#(C, Cy,Cr, K; Ag)

metamaterials in
non-isothermal ~ - 1 " 5
rotordynamical - C1V 7é CV = [det(C)] "dim CF 7é CF =C : AO

systems

S i (K Ao) = K2 (T)? + pen B = P22 (11 [KC))” + ipen K+ K
Michael GroB, 2 2
Julian Dietzsch,

it [l 41 @ Thermoelastic free energy
wthe(@, Cy,Crp) = U (0) — 24/ Cy2—naim By [ — Ous] DIFP(Cy)

Ci ' Br [0 — 6] DIg(Cr)
b © Viscoelastic free energy

ozt comtmuen [l “S(C) e13(1?,15,,13) A=CC;' C.=F'F,

(cf. Reese [2001])

@ Viscous evolution equation and non-equilibrium stress tensor

vis . . .
v= - JL pim_ g, 3,26, V(C): G, >0
an
@ Viscosity tensor

V(CU) = 1 |:Vvol -

Vd ev

Ndim

Vdev paym , c;lec;!

I }C;1®C;1+



e PrINCiple of virtual power (1)

r T
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temporally continuous

temporally discontinuous

Kinetic power functionals (motivated by Altenbach et al. [2003], Askes & Aifantis [2011])

Michael GroB,
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Chris Robiger (B T (g, b, p) ::/ [poI v —p|-5dV 7/ polv— ¢]dV+/ - @Al
Bo Bo PBo

T (e, w, 7) ::/@[”0 [(1% —13) Ag + BT w ﬂ-de—/ 7w —a)dV + /ﬁw.adv

. . 1 - = 1 -
| et = / =§8:Cav +/
Virtual power principle B 2 Bo 2
/ poB - @dV QdA
PBo BTEBQ
1 ) X
3 / —Grad [6] - QdV + / g(DCd“+D“‘t)dV + /[ C,:3,dv
&3’0 Bo PBo
+/ O] dA 7/ h[6-6]aa 7/ R-[p—¢] dA
8o Bo e Bo 8, %o
/ Z.[a—&]dA _/ G ferth]da - [ W.ada
O Bo Do Bo Ow Bo



i Principle of virtual power (I1)

jird

A variational-based Internal power fUnCtiOnal (motivated by Steinmann & Stein [1997])
energy-momentum ) R . R .
time integration of - oWy vol il 4 OV Cy o4 Cr
AN ;:/%{ 250+ Sy A 4 Sp Ao S|:5C + |27 sy | S+ 2l | T pav
non-isothermal
rotordynamical - ow . Oy - ~ 2
systems +/ [9—6}7’7+[—+n]6+—“:CU+[FS+G(SK)LP]:F+P;Grad[¢] av
Ja, 00 aC,
Michael GroB, 5 1 . ) O
Julian Dietzsch, . +/ PR’ZGrél(i[d]+Tékwi€' |i*€:FF71+dj| +[FSK7PK} .G P :
Chris Robige By 2

Principle of virtual power

temporally discontinuous

Virtual power principle (here only the volume weak forms)

']dV:/ G-eiort,dd ok | 2K L5~ sklav=o0
9050 %o 0K

6.6 [FSx - Px]dv =0 /J*PK: [Grad[a] - &] av =0 /6*7'r~ [6— w]dV = 0
Ba By B

/ 8.6+ [po [(12 — 12) Ag + BI] w — 7] dV = 0 5,8k : [ﬁ‘é L FG - i{} v =0
Bo Bo

S.é- [F+e:th,]dV+ [ Pk :Grad[.a dV:/ 6*d»ZdA+/ J.o-WdA
Bo By O PBo Ow Bo
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Rotational balance laws

Rotational balance laws

Set d,& = ¢ = const.:

tny1 _/L tnt1
/ {c- [fr+e;1-;kw}+PK;Grad[c]}dth=/ {/ c-ZdA+/ c-WdA}dt
t J By Jitn a, D

angular momentum ;7.1es additively:

Balance law of spin angular momentum [7°P™

o Bo JOw Bo

tni1
/manV—/m" dV:/ [—/e:r;kwdv+ ZdA+ WdA] dt
Bo Bo tn Bo A Bo Ow HBo

Set 6, = & and §,w = w and §,7 = 7 and 8. 7L, = T,

tnt1 tnt1
/ {a [r+e: r;kw}+PK:Grad[a]}dth:/ {/ d<ZdA+/ a-
tn 9a 3
tnt1 tnt1p o .
/ / Thew i € { e: FF™ +a]dth—O o:/ /G:[FSK—
Zh
tnti1
/ /w-[Jw—w]dth:U
fin Bo

Lkw and 5.G = G and 0.Pg = Pg:
WdA} dt
o Bo w Bo
Pgldvadt
tnt1
0 7/ / Grdd &) — } v dt

ot,
Tty =

tnt1 ¢
- / [/ e
tn Bo

nt1
7f0b = %/ Winpr Jwtnﬂdv - 5/ wi,, - Jw, dV + / / Sk : F Gd\/ dt
Bo Bo PBo

S L o dV+/ a<ZdA+/ a-WdA
1]

Do PBo w %o

]dt




@ Translational balance laws

EMNITZ

e ! lance law of orbital angular momentum 7°°

energy-momentum X
time integration of Set d.p=cxpand 6.P=cx P and 6.F =cx F and 8,9 = ¢ X ¢ and 6.p = ¢ X pop:
metamaterials in

N tn+1 tn1 tnt1
non—lsotherr_nal . / / c o xpdVdt = / / Grad [¢] : [c x P]dV dt +/ / c-[p x pgB]dV dt
. S0 . /% B Sl

rotordynamical

systems tni1 _ tnt1
+/ / c [pxT|dAdt +/ / c-[p x R|dAdt
Michael GroB, 3 tn JOr%o tn 8, B0

. S el . stnta p
B / /c x P : [Grad[g] — F]dV dt =0 0= / / @5 - [ @ — 2] AV
s Rabige K

(el

tnu _ _ . tnt1
/ /ch FS+G(SK)‘+1-;kWFt—P}dth:o o:/ /c><p04'p~[v—¢]dth
fin Bo

tot

jv?irbl jnorbz/j‘/’nﬂ XPanV*/Q‘F’nXPndV:
PBo

Bo tn
tnt1
/
t

tnt1 _ tnt1
/(pogBdV+/ / gadeAJr/ / @ x RAA| dt
n Zo tn  JOr®o tn JO,Bo

/ [e: T + G(Sk)! x F] dV dt
Bo

Translational balance laws

Set d.¢p = ¢ and 6,v = v and 0.p = p and 6, P = P and 5*1;:' = F

’ 1 tni1 9 vy
o =T = 7/ (V011 * POVE,Ly — V2, - POV, dV+/ / s,\ F'G+5: FF] dv at
Bo

tnt1 aa _
/ {/ [7T11(W:HSI(W:FF +¢'PDB:| dV+/ L?‘TdAi»/ L,:D'R(IA}dt
tn Bo A1 Bo B Bo




e POtENtial energy balance and algorithmic stresses

jird

A iati |-based . i
variationa”base Balance law of potential energy I7"*

energy-momentum
time integration of
metamaterials in int it tni1 2 2 x Tt
inf int _ -
non-isothermal I, — I = / / [WM +¥r + WI(} dvdt = / /
A Jtn JBo Jt, JBo
rotordynamical . L
systems Setting 6. K = K and 6,.Sk = Sk, leading to

Michael GroB, ; e K- Wi + Sk — Sk
Julian Dietzsch, - tn J By ‘| oK K
Chris ge we arrive at

. . tn+1 " - s tnp1 o
n;;ﬁlfn;;'u/ / {LI/M+WF+SK:K} av dt =/ Sk :Kdvdt
t Bo tn Zo

dv dt

2 A [}@K )
Uy +¥p+ — : K
MTEET 9k

tnt1 o a s
dVdt=0 and / /sK:[K—FfG—FtG]dth:O
tn Bo

Jtn o

. ) tnsip o 2 o ot e
mnt, — int — / / {wM U+ Sy [FtGJr F G} }dth = / Sk : Kdvdt
tn Bo ti %

—

[2002])

Local algorithmic constraint:

1 i 1 o
) % a N OK = oK =1
Potential energy balance Uy, — Vg, — / Che & o = / Sk - d aft) = n
_ . : o o o [l Ingr —tn
Sk vanishes with
~ k+1 _, 22 S k
K = Z]WI(Q)K M;i(a) := H ooy Icauss{f} = Zf(fl)wl
I=1 J=1 =1
J#I

for the Saint Venant-Kirchhoff curvature-twist model

UK Ag) = B2 [A0K 117 + piven A0K : AK



e Dynamic torsion of a long composite square pipe
(Boundary and initial conditions; 121-em with H20-mixed-Bbar)
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W, f(t) soa‘ =X af =0
Temperature control ©4 = O f(t) vl =0 wi =0

Blue patches:  Outward heat flux Q4 := —Q f(t)) 68 =0, ngt =0

Green patches: no b.c. (thermal insulation Q4 :=0)  Ti, = O = 298.15

Drivenld/mamictorsion Yellow patches: Torque load WA =



= Dynamic torsion of a long composite square pipe
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(Motion and loads with no curvature stiffness figyi = 0 = fipen)
T

A variational-based : Current fiber stress at t, =1.0s (A = 1010' I
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Fiber stress, tn=1 [s], VTQPRLOW=00000001
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s Dynamic torsion of a long composite square pipe
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S (Solution vs. time with no curvature stiffness fiwi = 0 = fipen)
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s Dynamic torsion of a long composite square pipe
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(Motion /solution with curvat. stiff. jig = 101, ppe, = 5 - 1012)
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A variational-based | Current fiber stress at ¢, = 1.0s
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s Dynamic torsion of a long composite square pipe
(Solution vs. time with curvature stiffness; H20-mixed-Bbar)
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s Dynamic torsion of a long composite square pipe
(Balance laws with curvature stiff. iy = 10™, fipen = :
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Driven dynamic bending

Displacement-controlled bending of the long pipe
(Boundary and initial conditions; 121-em with H20-mixed-Bbar)

Boundary Status Monitor

Yellow patches z = 0: Temperature control ©4 = & f(t)

A

| o =X' af =0
0 Uo =0 wi =0

Clamping with ¢4 = X4 and a? =
X O =60 mt =0
Yellow patches 2z = 100: Temperature control @4 = @ f(t t
RS & PEELL 0 =0 Oy =208.15

Displacement control u = —a f(t) .
Movies

Blue patches: Outward heat flux (cooling) with Q4 (¢) = Q f(t)

Green patches: no b.c. (thermal insulation Q4 := 0)



e Displacement-controlled bending of the long pipe
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(Motion and loads with no curvature stiffness figyi = 0 = fipen)
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Norm of rotation vector, tn=1 [s], VTQPRLOW=00001000
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Driven dynamic bending

Dirichlet boundary displacement
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s Displacement-controlled bending of the long pipe
(Solution vs. time with no curvature stiffness fiwi = 0 = fipen)

TECHNISCHE UNIVERSITAT
CHEMNI

A variational-based n 5
energy-momentum | | ime evolutions of a node on the free boundar
time integration of

metamaterials in Node-Nr. 948

Node-Nr. 948

non-isothermal
rotordynamical s N 0.4
= 7 | -
systems < 5 | /\ 02 &
= =, ) 2
. z g Nt 5
Michael GroB 3 H / L g
Julian Dietzsch g £ HIVT i
Chris 5 H T <
3 g2 IRIRYIRIR Z
< LA T
! BA 0.6 -202 100
Y
B o -0.8
0 0.5 1 15 2 0 05 1 15 2
Time [s) Time [s]
h Node-Nr. 948 15 Node-Nr. 948 0.025 Node-Nr. 948
0.02
= 0015
2 3 001
:
z % 0.005
E s,
] z
. 5
% -0.005
-0.01

-0.015
0

o 0.5 1 15 2 5 1 1. 5 1
Time [s] Time [s] Time [s]

15 2



s Displacement-controlled bending of the long pipe
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(Motion /solution with curvat. stiff. juy; = 10™, fpen = 5 - 1013)
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Driven dynamic bending
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Inelastic fiber strain [1073]

| Time evolutions of a node on the free boundary

Displacement-controlled bending of the long pipe
(Solution vs. time with curvat. stiff. puwi =0, fipen = 5
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s Displacement-controlled bending of the long pipe
(Balance laws with curvature stiff. iy = 10™, fipen = :

TECHNISCHE UNIVERSITAT
CHEMNITZ

A variational-based .
energy-momentum | Error of energy and momentum balance laws versus time
time integration of
metamaterials in
non-isothermal
rotordynamical
systems

Post-/Intra-processing Post-/Intra-processing

002 ‘Tolerance TOL
1 ¢

0015 il ”‘

001

Post-/Intra-processing

Tolerance TOL.

Ls

Michael GroB

06

Uy
0 SN T e e
Julian Dietzsch W SN I i, \. e
| l | i 04
| { I
o 000 | g e |
! ' Pyt i [
1" | fi l M‘ i
| 001 ! | | “ 0
T 1 A i \
0015 15 b} Fom i
' | ‘\‘,w‘wu ¥l ‘ m,w Iy mv ”: “‘,\"y
002 1 2 EE} ey
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2
Time [s] Time [s] Time [s]
Post-processin; Post-processin; Post-processin;
P - o 15 P - 1 15 r . 06
|
] o - - 4 1 04
T i
i Joos
i il |
{ 02
1 Joos u i3 1
I i ! I
l R, TS
004 - 0
(AR
[ \ i vl‘ M 1 :
| 002 i ] !
I | I 0
v YUl ot in s 0 ] /
Driven dynamic bending Y \ | |
\ 04
! i 002 | !
|
004 -1 1 15 06
0 05 1 15 2 0 05 1 15 2 0 05 1 1s 2
Time [s] Time [s] Time [s]



] Driven rotation of the long pipe under pressure
"™ (Boundary and initial conditions; 121-em with H20-mixed-Bbar)

BOUndary Status Monitor (cf. Nguyen et al. [2015])
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% o) =X af =0
A — A _
g v = wh =0

2 A _ g A
Yellow patches = 100: Temperature ©4 = 6 f(t) 05 =0x n5 =0
Torque load W = — W giction f(t) =0 O =298.15

Priven pressurzed pipe Blue patches: 1) Pressure follower load p®(t) = p|sin(wioad,p t)| Movies

2) Outward heat flux (cooling) with Q4(t) = Q f(t)

Yellow patches = = 0: Temperature 64 = éf(f)
Torque load W = +W gyive £(£)

i
T skw

Green patches: no b.c. (thermal insulation Q4 := 0)
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Driven pressurized pipe

Displacement [m]

Driven rotation of the long pipe under pressure
(Solution vs. time with no curvature stiffness fiwi = 0 = fipen)
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0.5 1
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Time [s]

(cf. Weidenhammer [1958]; Gasch, Markert & Pfitzner [1979]; Wauer [1981])




s Driven rotation of the long pipe under pressure
(Inertia comparison with no curvature stiffness fitwi = 0 = fipen)
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P fiber twisting and bending stiffness on the micro scale

Q Goals:

P Energy-momentum schemes for constrained micropolar continua

Michael GroB,
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Chris Robiger

P derived by variational principles for generalized Cauchy continua

© Strategy:

P Independent fields for rotation and rotation gradient
P Discretization of a mixed principle of virtual power

@ Important results:

P Curvature stiffness of fibers increases the total stiffness
P Micro inertia influences rotational/translational motion

@ Next steps:

SIHmELy P Investigation of nonlinear curvature strain energy functions
P Introduction of an algorithmic curvature-twist stress tensor
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