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Need of Multiscale Modeling for Beams
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Design of Wind Turbine Blades

cross section
analysis g

Courtesy of DTU Wind Energy

Design of a wind turbine blade

Phase 1: pre-design based on1D beam
analysis together and 2D cross section
analysis.

Phase 2: design with full 3D analysis of
the blade.

Full 3D analysis is several orders of
magnitude higher in terms of
computational costs.




Three Essences of a Beam Theory
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Expressions of 3D
fields in terms of
1D beam variables
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A closed set of 1D
differential equations
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Most beam theories
are derived by
assuming the cross
section to deform in
a specific fashion:
Euler-Bernoulli,
Timoshenko, Vlasov.




Traditional Beam Model

> Invoke adhoc kinematic assumptions to express the kinematics.
> Invoke unixal stress assumption to relate 3D stresses and strains.
> Define beam stress resultants in terms of 3D stresses.

> Derive equilibrium equation using the Newtonian approach or the
variational approach.

> Solve the beam equations to obtain the global beam behavior
including displacements, rotations, forces and moments.

> Recover 3D stresses/strains based on the global beam behavior.



MSG-based Multiscale Beam Modeling




MSG-based Multiscale Beam Modeling
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MSG-based Multiscale Beam Modeling
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MSG-based Multiscale Beam Modeling
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Accurate Free-Edge Stress
Analysis for a Curved Section

00
4 mm \ X A

13.3 mm\:,_|0760°
Length:120 mm, length/width=7 e %
Boundary Conditions
» Case 1: Shear force F, =100 N
» Case 2: Shear force F; = 100 N

E;(MPa) E,(MPa) E3;(MPa) G,,(MPa) G 3(MPa) G,3(MPa) Vi, (2

132000 10800 10800 5650 5650 3380 0.24 0.24 0.59
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Computational Cost Comparison

= MSG cross-sectional model

6,937 nodes
2,240 8-noded quads
<3 seconds with 1 CPU

* 3D FEA model:120 mm long,

length/width=7 (4 layers only) >4M nodes
>IM C3D20Rs

4 hours with 24 CPUs
Prohibitive for more realistic structures,

e.g. flexbeam (100+ layers)
11




Inter-laminar Shear Stresses under F,
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Inter-laminar Shear Stresses under F,
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Inter-laminar Shear Stresses under F,

20 *

1 &

10

=
(a9

g 0-

5

109 .. a . MSG TM[45/90]
1 -=-eee- 3D FEA[45/90]
204 .. ... MSG EM[45/90]

'30 T T T T

-.-.-—-—m

10  -05 0.0
0/0

0

0.5

1.0

SNM, SHM13

Bottom

(Avg: 75%)
+6.415733e+01
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Timoshenko [TM]

Euler [EM]



Stiffened Composite Cylinder

Skin layup: [45/-45/90/0/45]s, thickness 0.09 in
Stiffener width & depth: 0.18 in

1.923E+07 1.566E+06 8.267E+05 4.931E+05 0.24 0.49

x| v=z | X | Y=z | R | ST |

2.205E+05 6.353E+03 2.466E+05 6.353E+03 9.805E+03 1.260E+04

unit (psi

Cylinder has 20 SGs




Stiffened Composite Cylinder

Effective stiffness (Timoshenko model)

1b 1b Ibein? Ibein? Ibein twisting (Ibein

1.192E7 2.153E6 3.763E7 S.131E7 3.981E5 -8.143E5

Effective strength (Timoshenko model)

R
Ib Ib Ibein lb°1n

1.498E4 8.782E3 S5.144E4 2.281E4
- S.430E4 8.782E3 7.073E4 2.281E4



Failure Envelope & Strength Ratio
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Failure Envelope & Strength Ratio
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Constitutive Modeling of Metamaterials

Frenzel, T., Kadic, M., &
Wegener, M. (2017). Three-
dimensional mechanical

metamaterials with a
twist. Science, 358, 1072-1074.

Beam

- N
[¢)] o

Twist angle/strain( °/%)
o

0.5

0.0

:
: :
X
|
o X
X
4
¢ A
* MSG .
X FEM
® m A
Experiment: 0.5%, 1%, 1.5% Strain
| | | | |
1 2 3 4 5

Scale factor N=L/a




Four Layer Cross-Ply Laminate
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Bottom-up Multiscale Modeling

Lamina
constants

Micromechanics

a

133930}
9} ¥}oelS

Abaqus composite layup analysis

&

<Laminati0n Theory




MSG-based Multiscale Modeling

Beam SG Beam analysis

Plate SG Plate analysis

2

DOFs: 500

DOFs: 373,000

DOFs: 23,000 DOFs: 10,000



Global Behavior

Method | U; ___|Absoluteerror

3D FEA 2.0849 x 1074
MSG Beam 2.0873 x 1074 0.1151%
MSG Plate 2.0832 x 10~* 0.0815%

ABAQUS Composite layup  2.0804 x 10~* 0.2158%

e Conventional method

[ECT R N ECETEEI | under predicts the

3D FEA 2.7124 x 1073 deflection

MSG beam 27146 X 103 0.0811% * SwiftComp-based
- beam and plate

MSG plate 2.7084 x 10 0.1475%

analyses both agrees
ABAQUS Composite layup 2.5264 x 1073 6.8574% with 3D FEA
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Local Stress Distribution

M s S | e « Conventional method
’ A A ! predicts poorly
e MSG-based beam &
plate analyses achieve
excellent agreements
with DNS
- | DNS 48 7.5 Days
MSG reproduces DNS
Abaqus 30” ) 6 )
SwiftComp plate 207 time, as fast as
s - analysis traditional multiscale
%%N - SW|ftC9mp beam 1 435" modeling
- | | b~ | . analysis




Modeling Nonlinear Shear Behavior
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Can be used to calibrated in-plane
nonlinear shear behavior using
the tensile load-displacement
curve then use this calibrated
constitutive relations to predict
other nonlinear behavior.



MSG Multiscale Structural Modeling

3 mm

)

(a) 3D plain weave structure

Xg

0.04 min F

0.3 mm

(b) 3D beam SG

MSG — 2 hrs and 4 mins (1 CPU)
DNS — 4 hrs and 44 mins (28 CPUs)

Xq

Boundary conditions: Fixed-free boundary conditions.

Loading: Uniform pressure in - x5 449x10°N 0 0 2.52x10"N-mm
, 0 1.58x10"N-mm’ 0 0
Mesh: (1) SG: 86.4K 20-noded brick elements S = . mim
_ 0 0 5.64x10"N-mm’ 0
(2) DNS: 864K 20-noded brick elements 2.5210°N- mm 0 0 2. 96N - mm’




MSG Multiscale Structural Modeling

0 100
0.1 50
i _D|E i, " l.-." = -.}_.':
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-1004
0.5 O MSG=—DNS \ O MSG —DNS
=150
0 0.5 1 1.5 2 25 3 0 0.01 0.02 0.03 0.04
ry (1) g (1m0
Deflection in plain weave beam along x1 direction. Distribution of g11 through the thickness.
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MSG Multiscale Structural Modeling

0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04

aq (mim) Is | I

Distribution of g2 through the thickness. Distribution of ¢33 through the thickness.
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0.0035
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£ 0.0020 F ( ) ﬁ/ﬁr
é - rd
S 0.0015 -
| =
0.0010 F I°dd
0.0005 h/,ﬂ’ Trapeze Effect
0.0000 1 | | 1 1 1
0.000  0.001 0002 0003 0004  0.005
0
sax; E=207.126 GPa
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l : v=0.27
: X2
__I __________________________ :_ _________________________ "}
T I, 5 mm _

Sectional geometry of spring
steel strip.

Finite Strain: Trapeze and Poynting Effects

)P — EXPERIMENTAL _
".i;'\‘.-‘j_l?\, - + Rivlin and Saunders |
5t -+\,-;"5“ .
\_\‘ “_8\
_ 1ol 4 e ]
z NUMERICAL N om
- VABS (N-H) 't\ QN ]
15k © 3DFEA (N-H) MR
------- VABS (M-R) o
" O 3D FEA (M-R) S+
——=VABS (HASE) Poynting Effect
3D FEA (HASE)
_25 1 2 1 2 1 . 1 . | " 1 2 1 2 1 L | . |
0 5 10 15 20 25 30 35 40 45
K, (rad/m)
D=1 in. +X3
D

Vulcanized rubber

G =382.5kPa
v =0.4999

Geometry of cylinder section.



Finite Strain: Brazier Effects

' X3 350
Undeformed 7% E =1.14 GPa

v =035 00T

X2 250

fé\ 200
Z

<150

Finite warping 100 -

X3 [

| X 50 F

! Deformed 0.00

Sectional ovalization of thin-
walled tube section.

1 | )
0.01 0.02 0.03 0.04 0.05
K, (rad/m)

Nonlinear bending behavior.
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Conclusion

MSG: A top-down constitutiv mdlg

MSG provides a unified approach to | s Guiiicmasi
model all beam-like structures.

Nl
MSG theoretically achieves the best prosrbwsth o
tradeoff between efficiency and
accuracy.

MSG-based beam models are
proven to be much better than other
existing models and

More applications of MSG for
multiscale modeling for beams
should be explored. =

e Virtual testing of
materials
o Mechanical properties
o Multifunctional properties

e Multiscale modeling of
structures
o Composite structures
o Stiffened structures
o Build-up structures
o Sandwich structures
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