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“Introduction: The Ampair 600 Test-Bed

In the past few years a
renewed interest in
experimentally-based
substructuring has
developed.

Groups interested in
collaboration developed a
test bed to enable sharing of
techniques and results.

Ampair 600 Turbine
represents a ‘real-world’
application with joints,
uncertain material properties,
etc.
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- Substructuring Objectives

* Derive experimental models for two substructures of
the Ampair 600 assembly

* Couple these two models together using the
Transmission Simulator method to predict the
response of the assembly.
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Fransmission Simulator Method
Considerations

* Previous studies with the transmission simulator method
have utilized a separate fixture as the transmission
simulator.

« Save expense by using the hub as the transmission
simulator

» Since a hub appears in both experimental sub-
assemblies, onggwill neag.io,be subtracted.
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Testing Parameters and

Nomenclature
¢ o
Modes up to second yaw
bending of tower and SN
blades (~100 Hz) of o ep,t’chx
interest roll 18
Test range from 0O to

156.25 Hz

0.3 kg (0.7 Ib) impact
hammer with softest
available tip used to excite
the structure

Modes extracted with the T
SMAC algorithm -
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Bladed Hub Test

Instrumented to
distinguish firstand  ® s
second bending :
modes.

Torsion modes not
easily identifiable.

Excited on hub and +.
blade midpoints |

— Hitting blade tips gave .
large deformations and
double-hits.
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““Bladed Hub Rigid Body Modes

o
é

The bladed hub subassembly
was supported on soft bungee
cords

— Approximate as free boundary

Can analytically estimate rigid
body modal parameters based
on mass properties and
geometry

Hub mass properties measured
with a Space Electronics mass
properties machine

Blade mass properties
approximated from solid models

— Uniform densities assigned to
various portions of the blade

— Densities calculated using total
mass of blade and lengthwise
center of gravity

v

Blade Span:
Blade Base:

940.5 kg/m?3
2664.5 kg/m?3
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- Bladed Hub Results
« Created analytical rigid 1?22

body modes at 0.1 Hz 10,

« Modes extracted from 20.36
Hz to 153.1 Hz 1000,

 Peaks shift from reference 1008
to reference due to

10

nonlinearities
10000 :
Hz Ratlo % 1000

r-direction Translation ol ]
° y-drection Translation 0 20 40 60 80 100 120 140 160
0 z-direction Translation Frequency (Hz)
0 Rigid Body Yaw Top: z-direction on transmission simulator
0 Rigid Body Pitch Middle: 6-direction on transmission simulator
0 Rigid Body Roll Bottom: z-direction on blade
217 15t Bending, 3 Blades in Phase
1.75 15t Bending, 1 Blade out of Phase
1.84 15t Bending, 1 Blade out of Phase
3.27 2 Blade Edgewise Mode
1.81 2 Blade Edgewise Mode ]
1.76 2nd Bending, 3 Blades in Phase Sandia
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2.14 2nd Bending, 1 Blade out of Phase Bl

1.50 2nd Bending, 1 Blade out of Phase
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Bladeless Tower Test

* |nstrumented to
distinguish first and
second tower modes

* High-sensitivity (500
mV/g) accelerometers
used on massive base

* EXxcited a large
number of drive
points.

— Tall, Pole, Hub
Clamps, Hub Arms
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Tower Rigid Body Modes

« Tower rests on a modified commercial
trampoline of unknown stiffness
* Highest ‘rigid body’ frequencies near 4 Hz

— Lowest elastic frequencies near 20 Hz

— Typically desire rigid body frequencies 10x lower than
elastic frequencies for free boundary approximation

* Accurate, properly-scaled rigid body modes are
crucial to substructuring success!
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‘Measuring Tower Rigid Body Modes

Used separate stepped-sine
shaker test to extract rigid
body modes.

Tower drive points excite x-
and z-direction translational
modes and pitch and roll
modes

Base inputs excite y-
direction (bounce) mode
and yaw mode

Rigid body mode shapes
were a least-squares fit to
the data of a linear sum of
the analytical rigid body
modes
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 Extracted modes from

0.89 Hz to 148.9 Hz. A A

« Data from tail drive points

looked worse o 1 /44\
— Tail is relatively soft moh |
— Adequate force level gives |
. Tor ve Point
large deformations,
nonlinearities ]
 Extracted generator shaft -
torsion mode | on
— Helps to characterize joint | 657 PitchMode
I : 6.69 Roll Mode
stiffness 20,53 101 15 Bending in yz-plane
. B 0.95 15 Bending in xy-plane
(13 145_57 ::5‘6 égneratorShaﬂTarsion
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A negative transmission
simulator model is required
to complete the
substructuring calculations

A simple tap test showed
the first hub mode ~1200
Hz

Transmission simulator
assumed rigid

Rigid body modes
constructed from measured
hub mass properties

Transmission Simulator
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Substructuring Calculations

* Transmission simulator method used to couple the two
subassemblies as well as the negative transmission simulator

model.
q,
q, ;+
qTS

I, 0 qt
lb qb +
0 —Irs qu

* Point-by-point constraints are assembled by equating motion on the
hub of each subassembly with the motion of the transmission
simulator

Xt,m de
I 0 -—I . Prm 0 Prsm _ Xem = XT5,m
Xpm =0 or 0 _ qp 1 =0
0 I -l ,
TS,m

[ 2] [t ] :

[ ]

o e

|22, ]

0 ~[ 285015 |
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"Substructuring Methods, Continued

* Modal constraints are formed by pre-multiplying the
point-by-point constraints by the pseudo-inverse of the
transmission simulator mode shape matrices

q)T.S‘,m X Pim 0 ~Prsm iy — x — P7Xem = drs
+ 0 d _® dp ;=B{qp ;=0 o _
0 q)'r_s‘,m bm TS m qrs Ars 7sXpm = drs

» Transform into a coupled set of generalized coordinates
q, Which account for the constrain equations

q:
4» ¢ = Lq,
qrs

BLgq, =0 L = null(B)

o Substitute
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Substructuring Methods, Continued

* New equations of motion
M4, +Cq, +Kq, =Q

1,

0

_ [2 Cysoors, ]

M=L" I, L
0 ~Iyg
) 2 tht___ ] 0
c=1' [..'zzb“’b.._]
_ 0
| o] 0
R=L KA L
|0 ~[ ot ]
* Recover physical displacements
b, 0
X = D, Lq,
0 Prg
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Substructuring Results

Substructured model compared to a truth test on the

Truth Modes

12

-
o

N ~ (o)) oo
L[ O A

DDDHHDIHHDDHHIDD

I [
R

eI e e e e

N

N
N O

N

N T

I o
2]
10—

N 5 5

[]
]
=
[]
[
]
O]
[]
|
[

OO EE e

5 10
Substructured Modes
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entire turbine.

« (Good agreement for frequencies and mode shapes

* Average absolute damping error 36.8%
Truth Frequenc Substr Frequenc Truth Substr
Mode (Hzc)1 ! Match (Hzc)1 || Ereor Damping | Damping Error MAC
Mode 1 | 17.24 Mode 1 | 17.86 3.58% J[I1.12% [0.99% [-12.08% §[}0.92
Mode2 | 17.70 Mode 2 | 18.06 2.05% J1§0.78% 1.12% | 44.53% R 1lo.98
Mode3 | 18.71 Mode3 | 19.10 2.10% J]§0.81% 1.24% 52.68% §110.93
Mode 4 | 20.06 Mode 4 | 19.85 1.02% J[00.87% 1.32% 51.83% #]10.97
Mode 5 | 21.46 Mode 5 | 21.21 1.16% J100.92% 1.22% 32.93% .
Mode 6 | 30.06 Mode 6 | 29.66 132% I01.79%  [o0.44% [ -7537%
Mode 7 | 37.31 Mode 7 [ 38.15 %WO% 0.77% | -22.91%
Mode 8 | 48.38 Mode 8 [ 51.27 %% B11.70% | 2.65% | 56.15%
Mode 9 [ 54.87 Mode 9 [ 56.92 3.74% [B.15% 1.40% | =55.52% f[lo.
Mode 10 | 60.68 Mode 10 [ 61.50 134% [[§1.96% 1.76% | -10.16% | [J0.83
Mode 11 [ 66.16 Mode 11 [ 66.31 021% [l1.47% 1.70% 15.72% [[§o0.72
Mode 12 | 68.60 Mode 12 | 75.41 993% [I[lo.s2% [077% [-6.58% [[§0:59
Mode 13 | 84.44 Mode 13 | 88.10 433% J[§0.92% 1.54% | 66.43% .
Mode 14 [ 95.26 Mode 14 | 95.50 0.24% [f1.14% 1.24%  |9.15%
M 1Z 10C 8: N A d 1L 104 /a annn 0 nnan 10
Mode 16 [ 121.28 - -
Mode 17 | 140.80 - -
Svroreempmtieug dvtoeiGmtieiadG

15

Sandia
National
Laboratories



£

y

“Substructuring Results, Continued

« Low frequency mode shapes look good
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“Substructuring Results, Continued
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Fs show frequency and scaling agreement
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Some Possible Error Sources

* Rigid Body Mode Shape :
Scaling 1000}

— Approximated mass properties 100
based on solid model 1.

— Scale inertia properties to N
determine sensitivities :
 (Constraint Satisfaction

— Transmission simulator doesn't
enforce strict constraints

— Rigidhub approximation is
agcurate | ‘

. NonI@earity | | | 1000%

— P&aks shift between refer¢ndes | 100;

. Moda) Thuncatisg [\ ™

1000
100

10}

[
10000

- Qﬁly one mode | | ° Frequency (H3) 0
atibve 100 Hz for | | T A
sibagsembly } | | NS
0 2 4 6 8

Elastic Mode
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Conclusions

Coupled experimental model of bladed hub to
experimental model of bladeless tower

— Both structures contain hub as transmission simulator

Compared substructuring predictions with a truth test
on the full turbine
Substructuring predictions match truth data very well
for first several modes:
— Frequency errors < 3%
— MAC > 0.90
Higher frequency modes still have a good correlation
— Two modes with frequency errors > 5%
— Four modes with MAC < 0.8

Damping not captured quite as well
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