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The TetraSpar concept

e Concept developed by Stiesdal Offshore Technologies
e Rationale: / Mindset N

» Conventional thinking

+ We have designed this structure — now,
how do we build it?

« TetraSpar thinking

+  We need to manufacture this way —
now, how do we design it?

Fixed Semisubmersible TLP
4 DTU Wind Energy, Technical University of Denmar



Experimental
wave basin

e DHI deep-water wave bas
4 x 4 m2 wind generator
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Experimental setup:
floater configurati
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Experimental setup:
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Nacelle and rotor Rotor I Rotor II |
Rotor diameter 178.3m 2972mm 2072mm  2972mm o . . : . ]
Blade Length 86.5m 1440mm 1440mm  1440mm 1 15 2 25 3
Blade mass 41.7t 0.188kg 0.198kg  0.192kg :
Nacelle+hub mass 552t 2.49kg 2.896kg  2.896kg Modelscale-wind speed lmis]
Nacelle+hub+rotor mass 677t 3.06kg 3.490kg  3.472kg
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Experimental setup
- Instrumentatiopn

Rotor speed

Collective blade pitch
Shaft torque

Mooring gauge 3

Keel gauge 3

DTU Wind Er Keel A 1

6 DOF nacelle motion

= 2 DOF shear gauge

Mooring gauge 1
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Experimental program

Type Direction Duration No wind With wind
[deg] [full scale minutes]
Free decays - variable (10 repetitions) X semisub only
Wind only - 190 X
2D regular 0 20 X X
2D irregular 0 190 X X
X 2D focused 0 100 (8 repetitions) X X
E 2D regular 30 20 X X
®© 2D irregular 30 190 X X
E White noise 0 190 X X
+ Start-up/shut-down 0 100 (5 repetitions) X
8 Start-up/shut-down 30 100 (5 repetitions) semisub only
— Skewed inflow condition - semisub only
2D regular 0 20 X X
2D irregular 0 190 X X
2D focused 0 100 (8 repetitions) X X
2D regular 30 20 X X
2D irregular 30 190 X X
— Full scale Model scale
S ) EC Type Uyw HMH. T.T, Up. HMH. T, T, Turbine
GCJ - [111/5] [m] [*-,] (m/s]  [m] [5] _ operation
E 9 3 below-rated 8.5 3.3 6.5 1.10 0.055  0.839  yes
c ot 5 rated 11.4 4.16 7.3 1.47 0.069  0.942  yes
0 © 6 above rated  18.0 6.18 8.9 2.32 0.103  1.149  ves
= 8 64  aboverated 180 6.8 180 232 0103 2324 ves
> 0O 11 ULS 18.0 10.5 14.2 2.32 0.175 1.833  idling
LE 12 ULS 18.0 10.5 14.2 2.32 0.175 1.833  ves
W03  white noise 0.0 3.3 n/a 1.10  0.055 n/a idling

DTU Wind Energy, Technical University of Denmark
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Experimental program — selected results

With wind

10

Environmental

Test matrix

conditions

-]
—]
—

Type

Free decays

Direction

Duration

full scale minutes
variable (10 repetitions)

No wind

i

] semisub only

e System damping

] e Dynamic response of

both configurations in
ULS condition (EC11)

e Dynamic response of

spar in focused wave
group

DTU Wind Energy, Technical University of Denmark

Wind only - 190 X
2D regular 0 20 X X
2D irregular 0 190 X X
| 2D focused 0 100 (8 repetitions) X X
2D regular 30 20 X X
2D irregular 30 190 X X
White noise 0 190 X X
Start-up/shut-down 0 100 (5 repetitions) X
Start-up/shut-down 30 100 (5 repetitions) semisub only
Skewed inflow condition - semisub only
2D regular 0 20 X X
2D irregular 0 190 X X
2D focused 0 100 (8 repetitions) X X
2D regular 30 20 X X
2D irregular 30 190 X X
Full scale Model scale
EC Type Uyw HMH. T.T, Up. HMH. T, T, Turbine
m/s]  [m] [s] (m/s]  [m] [s] operation

3 below-rated 8.5 3.3 6.5 1.10 0.055  0.839  yes

5 rated 11.4 4.16 7.3 1.47 0.069  0.942  vyes

6 above rated  18.0 6.18 8.9 2.32 0.103  1.149  yes

64 above rated  18.0 6.18 18.0 2.32 0.103  2.324  ves

11 ULS 18.0 10.5 14.2 2.32 0.175 1.833  idling

(12 ULS 18.0 10.5 14.2 2.32 0.175 1.833  ves )
W03  white noise 0.0 3.3 n/a 1.10  0.055 n/a idling
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Results — system damping

e Identification of system damping — free decay tests in 6 DOF, 10 repetitions
» Roll example:

3 . I ..................
D I S R —
1_
B ’
Q
S 0 H’l i
S 5
@ :
_1_ ...............
1511 SR SO O
B B
I I I I I
0 100 200 300 400 500
Time [s]

11 DTU Wind Energy, Technical University of Denmark 18 January 2018



12

DTU W

<
o

0.25

<
b

Lincar damping ratio [-]
o
&

<
b

.:
—_
ot

0.05

Linear damping ratio [-]
o
—

o
o
St

o
o
=

Linear damping ratio [-]
o o
o o
3] wo

o]
ja]
—_

T T T T
*
[ - L4 |
-
*
L * e
C. M
| 4 * : -
. . .
L . 4
. ’ .
L5 P X
L .. * B
) ., e .
-
- % o o * ]
-
| = 1 1 1 1
0.01 0.02 0.03 0.04 0.05
Surge average cycle amplitude [m]
T T T
.
. J
L
L ]
Ls . . . 4
.y . .
- . ”'.." o‘ :
o“ -Vzo‘ se e
& s L A8 B
': 2 L. *h’“‘u,“‘ﬂ“:
* e
3 T

0.005 0.01 0.015 0.02
Heave average cycle amplitude [m]

|- . -
. e .
.
o" b * .
. P * o
L H B
. “:O‘.: o.‘ .
.
» . ‘O':“t" -
"oi“’:.: . ,
.o . .
".}‘t"' e \/ ‘sﬁ'
.;O‘of" > X . Pt
‘-'?:‘3} o 0.0‘: .
L
then *
.
.
Co% | | | | |
0.5 1 1.5 2 2.5

Pitch average cycle amplitude [deg]

I *
'9 03 [ . e . * . DTU
B . . -‘ s
= 0.25 | s
B0 * . o
g 02 : >
= S R o
Z 015 S
ool T
— . e .
EJ; 005' :' © +  Semi
S e e ¢ Spar
0.01 0.02 0.03 0.04 0.05
Sway average cycle amplitude [m)]
— 0.05 T .
2 0.045 : ASfunee 1
4’% L.
= 0.04 - . :o“ ey
=Y * “‘. . "o.‘o”
£ 0035 | SR SR £
= S
:% 0.03 - R 3:"; o;..u
o) L . - . A .' i
SO0, g et
- oo SRR
5 0.015 e i
0.5 1 1.5 2 2.5
Roll average cycle amplitude [deg]
0.15 .
I . - *
o .o
= . .
“‘ - ‘ ..y
.bED 01 E pop P :
o LI
E - . .
< . e,
e b oy '
[ .
g ' Tt rurs
‘E 0.05 F* "‘ ‘:‘ "'OO:"Q * b
q .. ..
0.5 1 1.5 2 2.5 18 January 2018

Yaw average cycle amplitude [deg]



Results
ULS waves only
Motion response

13 DTU Wind Energy, Technical University of Denmark
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Results
ULS waves only
Acceleration response

Rotor speed

Collective blade pitch
Shaft torque

Mooring gauge 3

Keel gauge 3

Keel gauge 1

15 DTU Wind Energy, Technical University of Denmark

6 DOF nacelle motion

Mooring gauge 1
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Rot d
R e S u I tS Cgll?erc:i!\)fzeblade pitch

Shaft torque

ULS waves only
Counterweight line tensions

' s ‘ Mooring gauge 2
Mooring gauge 3 - / Ee
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Keel gauge 3

Keel gauge 1 Mooring gauge 1

Keel gauge 2

Keel gauge 3

Aligned wave
direction
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Results
ULS waves only
Counterweight Ilne tensmns
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Results
Focused wave group — EC11 —H =0.33m (19.5m) =
Spar response

20 DTU Wind Energy, Technical University of Denmark 18 January 2018
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Conclusions

e Testing of TetraSpar in semi and spar configurations

e Nonlinear system damping
» Significant subharmonic wave forcing
e C/W tensions dominated by inertia loads

= WT operation observed to reduce max acceleration | i
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