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Composites Manufacturing Products,
Continued:

Novakinetics produces engine nose cowlings, fairings, wingtips,
cockpit canopies, internal ductwork and empennage parts for the Air
Tractor AT-802F fire fighting airplane shown here.

We often work closely with our customers, at their facilities, to create
new parts and ensure that they fit perfectly and repeatably.

Novakinetics engineering designed and
produced tooling for the Hoerner
wingtips now flying on Air Tractor
AT-802 airplanes. Shown is a structural
load test on a prototype wingtip using
bags of lead shot.



http://www.airtractor.com/
http://www.airtractor.com/

Engineering and Design Services:

Novakinetics engineering
and tooling specialists
produced this series of
models to help a client
explore engine cowl
design concepts for a
new cargo plane.

These scale models were produced
as a quick and cost effective way
to evaluate different engine intake
and exhaust system layouts.
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We still get into our work
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Worldwide Wind Energy:

Capacity Growth
Actudl Proected Jan 2003 Cumiative MW
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Wind Turbine & Blade Components

Trailing Edge

Blade

Nacella\
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Wind Turbine:

Components & Operation

!  1.Blades
2. Rotor
3. Pitch
Y 4. Brake
5. Low-speed shaft
6. Gear box
7. Generator
8. Controller
9. Anemometer
10. Wind Vane
11. Nacelle
12. High-speed shaft
13. Yaw drive
14. Yaw motor

CLEVELAND
15. Tower ELECTRIC

LABORATORIES
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Wind Turbines:

Massive Scale Structures
Enercon E-112 (4.5 MW), E-126 (6 MW) = 198 m

L Cologne Cathedral — 150 m

Wind
12,000
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Wind Turbines:

Blade Size trend

160 m &

Rotor diameter (m)

15ma

g5 ‘87 ‘B9 ‘81 93 ‘95 ‘97 ‘69 ‘01 03 ‘05

05 K 5 13 186 2 4.5 5 g0 My 15t year of operation

installed power
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Wind Turbines:

Blade Materials

Zoltek UNI2I Zoltek UNIZS (XP33FBUDIS)

Toray ACM « 132

\\\ ‘\\\\ \\‘-m. em‘*\“
5 .\‘\‘:\‘\\ '\\\3 \

N e N g

;\\\‘:‘-\\'\\" ‘f‘\\\\ % \ 2 ?_\‘\‘i \\‘!\:‘

UC1018V DB120 o

72 cm

E-Glass Fiber Carbon Fiber
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Wind Turbines:

Manufacturers Worlwide market share
90MW Turbines

* Acclona * Goldwind s Goldwind 3 %

e Aeroblade e Mitsubishi _— Awiona3 % | )
. Repower 3 % Vestas 28 %

* Ecotecnia * Nordex Nordex 3 % —

* Enercon *Novakinetics sicmens 7 %~

‘ Gamesa e REpower Suzlon 8 %

e Folica e Siemens

* GE Wind * Suzlon Enercon 15 %  General Eleétric 15 % SREh

* Vestas

Gamesa (Spain)
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Wind Turbine Monitoring:
Motivation—Operating Expenses

~33% spent on
maintenance & repairs!

\
Retrofit & Overhaul Decommissioning : Tower
6% ARe Foundation o

9%

Yearly Operation &
Maintenance
27%

Wind turbine
24%

Assembly, Transport
and Installation
11%

Electric Collection
Transmission System System

to Shore 2%

6%
¢ CLEVELAND
ELECTRIC
LABORATORIES

5%

Source: DOWEC study (Netherlands)
Offshore wind turbine operating expenses




Wind Turbine Monitoring:
Motivation—Safety & Reliability

Increased safety.

Improve turbine reliability.
Prolong service lifetime. !
Reduce downtime. |

Detect and locate early
blade damage.

Monitor service loads and
vibrations.

Turbine cost reduction—
design improvement.

Reduce insurance costs.

¢ CLEVELAND
ELECTRIC
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Why Flber Optlc Sensors?

 Source: NASA Langley
N s Composite wing IVHM testing

3000 fiber optic FBG stram sensors

400 conventional stram gage sensors



Why Fiber Optic Sensors?

* Immunity to lightning and electric shorts
 Ease of installation

» Better reliability & longevity than foil gages
* Multi-point sensing

CLEVELAND
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LABORATORIES



Applications:
Blade Testing & On-Line Monitoring

* Design Verification & Testing

— Ultimate strength & fatigue
— Design verification & improvement
— Qualification & compliance testing

 Blade Monitoring

— Static & dynamic loads (blade root & full lenght, wind speed,
turbulence, etc.)

— Surface stresses

— Blade deflection (determine shape profile and avoid tower strikes)
— Pitch control

— Vibrations (frequencies & modal response)

— Surface condition (ice, dust, fouling)

e Tower & Foundation

— Loads, bending & torque
— Vibration modes

CLEVELAND
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Applications:
Blade Edge Erosion

L eading edge erosion
*Soiling > dirt, oil

*Dings & gouges
*Collisions = birds & debris

CLEVELAND
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Applications:
Blade Fatigue Testing & Qualification

- 1
o CLEVELAND
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Wind Turbine Monitoring:

System Configuration

Sensors in
blade Signal sent across
rotating joint

Sensors in
blade roots
Measurement Input to turbine
instrument computer
In hub

CLEVELAND
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Blade Strain Monitoring:
Sensor Locations

— = ————
& °
——-_-_"‘H—__
_‘——_‘———______ E— = L \-\-—w _h-—_‘._
— S ——
(A) SINGLE POINT SENSCR, (B) MULTIPLE SINGLE POINT SENSORS,
SINGLE FIBRE TO ROOT OF BLADE MULTIPLE FIBRES TO ROOT OF BLADE

T —————— ———————
— —

_"‘_—:':_‘“_—-—-—_hff I

(C) MULTIPLE SINGLE POINT SENSORS ON A COMMON FIBRE, (D) CONTINUOUS SENSITIVE SENSOR,

SINGLE FIBRE TO ROOT OF BLADE SINGLE FIBRE TO ROOT OF BLADE

Source: ECN
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Blade Strain Monitoring:
Sensor Locations

[ rathing edge

SIrAmn sensor

Lemperature sensor

Leading ege

Rool

¢ CLEVELAND
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Examples of FBG Strain Sensors
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FBG Sensor Outputs:

Blade Strains

D 1.b D 2.b D 3.b

b —
R —
_—"TD1a D=2a D 3.2 ﬁ Wind load

6-1

4*1 |Ifl* I | 2 =
|slow, 0.3 rpm: i ;WW”Wﬂ Strain 5 3.b, close to blade tip

2 Jload by blade mass il " Strain S 2.b, blade center

6. A

5 M Strain S 1.a, close to root
=L |

Strain [Relative units]

-i . F!‘ll f’ ™" | A Cihrnis .:_" N = -lnen ~n hil- i Sl
acceleration to 11 rpm:'[| [/ W Strain S 3.a, close to blade tip
=& - i : : . ”
4 ﬁ Increasing wind load \ N m‘” Ul Source:
-6- Compression|= Leeward position

1700 1800 1900 2000 2100
Time [s]
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Advantages of Fiber Optic
Sensors

« Galvanic isolation

 EMI immunity > no failure under electric
lightning

* Intrinsically safe > explosion-proof

* Passive: no need for electrical power
* Possibility of remote, multiplexed operation
 Small size and lightweight

* Integrated telemetry: fiber itself is a data link
* Wide bandwidth
* High sensitivity

¢ CLEVELAND
ELECTRIC
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Fiber Optic Sensor:
Basic Configuration

SOURCE-LED LASER

OPTICAL FIBER

|p)+}( D~t— ——( D-‘-:|-
\

DETECTOR/ COMPONENTS TRANSDUCER

PHYSICAL

E=Eo COS(kZ - O)t) FIELD “P*

Sensing is based on detecting a change in one or more
of the light wave properties:

intensity phase
polarization frequency

CLEVELAND
ELECTRIC
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Fiber Bragg Gratings:
Operating Principle

A Fiber Bragg Grating is a periodic change of the refractive
index in the core region of an optical fiber.

Ag = 20,/

grating period ~1/2000 mm

_-optical fiber

v, Ll w.——  fiber core
— Ty (cliameters-10um)

refractive index

CLEVELAND
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Fiber Bragg Gratings:
Operating Principle

Fiber Photo-Imprinted
Core Grating

Input

SOl — 1111111111111 —— 1r2NSMitted
— Signal
Reflected i

Signal A Ag=2n A

Input Spectrum Transmitted Spectrum Reflected Spectrum

strain-induced
shift

CLEVELAND
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Fiber Bragg Gratings:

Transmission & Reflection Spectra—Single FBG

i

L
RL

-59.48 dBs
-d1 ™
.3.P@|dBsDIV 2R

s s (R M

[0 0 T ]
Reflection -

nsmission

3 5.9 na [ ? na
*RB 8.1 nm UB 28 Hz ST 728 msec

-

/ ™~

START 15Z5.64 nd-*mr" STOP .S:H‘i nm

*RB 6.1 nm UE 288 Hz ST 3.b sec
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Fiber Bragg Gratings:
Fiber Arrays & WDM Addressing

Broadband Input

P ! '

Input A= 2N A

signal o
Reflected
signal

M 29 Ag

mﬂ 5 Output Spectra

Each grating sensor is at different fiber location and allocated a separate
central wavelength and spectral operating window band.

CLEVELAND
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Fiber Bragg Gratings:
FBG Arrays—Multi-Point Sensing

Signal In /
L/#\
Reflected Signals : \ ?’\- 1 ?\'z /
e

with wavelengths
.?'.. and ;-.2 \
Gratings ,f',
Fiber Optic ,z"
f—-\.‘_ . ’,’f
L v '--\\ ’,’,
E:IIP{-“W:—uu— e -~ — _:‘_"
— ==
Spool with FBG Sensor Array -- 100s of FBGs =

Dherrsvengie Pragucts b fe

positioned at discrete points along a single fiber.
Source: LxSix ii{ ‘EtEE%‘.‘E"“
I.ABOI!MDRIE



Fiber Bragg Gratings:

Transmission & Reflection Spectra—FBG Array

‘IE.BdB:'D RES: B.1rm _ SENSiHIGH 1 AUG: .__EMPL:AUTO

28, Lg 3
’ -
:.,_H_Jf_, 333
L2-Li| § 29,
L

...............

RES) @.1rm __ SENS:HIGH .

tisFEa .Lﬁ::m

Reflection

_41:{ Frommsssnnangesguicamnanchonssnmecnredenssmrpisrs parannssrasagnainna

" :
T «FABM

---------

-451
1525, BAnm 1643, 03rwm
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Hundreds of sensors

Why FBG Sensors?? distributed over 100km!

Optical fibre

...An attractive sensing solution:
- Wavelength Encoded g
- Self-Referencing vjju_mf_f g
- Linear Output T Fibre Bragg gratings
- Small and Lightweight

- WDM & TDM Multiplexing
- Mass Producible
Reflective & Transmission Operation
- Single- & Multi-Point Sensing
- Multi-Parameter Sensing
- Long Range
- Reasonable Cost

- Durable CEVEAND
% a0t
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Aspect of Micron Optics 0s3100
Fiber Optic Strain Sensor

Spot-welded to a metal specimen

¢ CLEVELAND
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0s3100:

Specifications

General Specifications:
Lot Number: FP1-0607001
Gage Type: Weldable Strain Gage Patch
Gage Factor(F.): See Table
Gage Factor Tolerance: = 1.0% at 21°C
Gage Length: 24 mm

Operating Temperature Range: -40 to 120°C
(150°C Short Te

Strain Limits: +/- 2500 uym/m

Fatigue Life: > 20x10° cycles. + 1000 pm/m

Dimensions: 36 mm x 8§ mm x | mm
Pigtail Length: 1 m= 10 cm
Connectors: (Optional) FC/APC
Weight: 11¢

Optical Specifications:
Fiber Type: SMF-28 Equivalent
FWHM Bandwidth: 25 nm+ 08 nm
Side Mode Suppression: =12 dB

15435

—
1543 0 V=000726% + 15M//
1542 5 .
E‘ /
£ 15420
|
= /
15415 /
15410 / .
1540 5 _ - ;
-1000 -500 0 500

Extensometer (ustrain)

1000
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0s3100:

Sensor Design Evolution

— Encapsulation

'
_=

o —

Flexure

Advanced Flexure

&
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0s3100:

Sensor Design & Construction

Weld Pocket
= ii?f
(3D @
TDp View

36x8x1mm

Epoxy Application Areo

U—J |
Up—AUn

Bottom-View

¢~ CLEVELAND
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0s3100:

Fabrication Process

R | Carrier flexures batch
= = fabricated using EDM or
water jet cutting techniques.

Carrier profile and features
are cut out from a precision
metal shim plate.

Fibers pre-stretched and
mounted using proprietary
bonding technique.

CLEVELAND
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0s3100:
First Commercial FBG Strain Gage

 Repeatable manufacturing processes

Qualification by design
— Gage factor
— Temperature compensation
— Humidity resistance
— Fatigue resistance

Easy installation
— Weld
— Adhesive

Rugged packaging for ease of handling
Customizable (different gage factors)
Low cost

¢~ CLEVELAND
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Testing Program




Sensor Qualification:
Environmental & Mechanical Testing Program

— FBG Reflection Spectrum Quality - axial effects, side
lobes, bi-refringence, etc.

— Strain Response - +/- 3000ue using a constant stress
beam or a dynamic pull using a universal testing machine.

— Temperature Response - temperature cycling from - 20°
to + 120°C, 500 cycles

— High Temperature Soak = 150°C for 45 days

— 75/75 Environmental Soak - exposure, under constant
strain, at 75°C & 75 RH for 1,000 hours.

— Cyclic Fatigue - 100Million cycles, 20Hz, +/-3,000u¢

¢~ CLEVELAND
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Strain Response

WL (nm)

Sensor mounted on a constant stress
test beam fitted with a reference foil
gage and extensometer.

FlexPatch FP1-007 vs Extensometer

19435

1543.0 ! =0-WTW

1542 5
1542.0

15415 /
15410 /

1540 5 2 1.26pm/ue sensitivity factor ==
-1000 -500 0 3500 1000
Extens ometer (ustrain)
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Temperature Response:
Unmounted Sensor (AT of 100°C)

1543.5 -
y = 0.0274x + 1541
1643.0

1542 5

1642.0

1541.5

1541.0

15405

1540 U T r T 1 U 1 = L Bl 1
-20 -10 0 10 20 30 40 &0 60 70 a0
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Temperature Cycling

s - T EHORDEE '

Tamp Beam-40to 126¢C

Time - Rertod =3 min
bk @
—
—
|

Ill "r 1" J|I l'l Temp Seam
y i y 7 \ i y

Tamp °C

Flax Pakeh Temp Cy cls FP 1-025-V Vivs Langth

BB OE E ¥

s
= ]—::"-::s|
3 SEESLIEEEEEEEND
. 1 14 1 11
5 ool et o
a7
taze
LE- =
a0 403 aoa 2ot wagt Lrd: R A0 | =o

lime - Memcd = 3 mescies
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5 Mounted Gages
AT of 140°C

WL - 5 Flex Patches

1555

1553

1551

1549

i —FP1-028-T
——FP1-021-T

1545 | FP1-031-T

1543 —FP1-022-C
——FP1-024-C

1541 4~
1539
1537

1 41 81 121 161 201 241 281 321 361 401 441 481 521 561 601 641 681
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High Temperature Soak

FP1-009 Temperature Strain
150°C Temperature Soak
350
300 r,
250 -
=
'® 200 -
‘g Delta Strain (Gage008 - Gage009)
S 150 ¢
=
100 |
50
0
Time 5 =

I
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Humidity Soak — Remember This?

WL - nm

1637.20

1637.15 + —

1537.10 |
1537.05 |
1537.00 |

15636.95 -

1536.90

15636.85

1536.80 -

1636.756

1536.70

1 1001

Temperature Humidity Soak 75/75 Company P Gage 452

—Gage 452
——Temp Plate

2001 3001 4001 5001 6001 7001
Time - min
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Humidity Soak

75°C/75% RH for 1000 Hours

1553 400

1553.350

1653.300

1553250

1553200

—FP1-039

15653150 Téiip:- B

Temp °C

WL - nm

1553100

1553.050

1553.000

1552 950

15652.900
1 2001 4001 6001 8001 10001 12001 14001 16001

Time
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Cyclic Fatigue

20 Hz, 100 million cycles, +/- 3,000u.¢, 0 Failures!!

Sensors mounted across

sliding plates CLEVELAND
ELECTRIC
w“nmmzs
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Cyclic Fatigue —

——FP1-140
—Temp - Beam

Temp °C

1647 ————4——— 44—t
1 2001 4001 6001 8001 10001 12001 14001 16001 18001
Time - Period = J minutes
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New FBG Strain Sensor:
0s320 - Dielectrically Packaged Design

Protective plastic carrier
& epoxy molding preform

FBG underneath
Inside protective groove

Optical fiber in
Protective braided jacket

CLEVELAND
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All-Dielectric FBG Strain Sensor:

08320 - Sensor Design & Construction

g A v A Cross

=
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All-Dielectric FBG Strain Sensor:

0s320 - Sensor Design & Construction
Filling & venting
: Bonding cavity orifices
Fiber groove

Back Side
View

Cavity is filled with

FBG
' bonding adhesive

/ Groove
Bonding cavity

. Fiber Adhesive backing
/ aids sensor placement

CLEVELAND
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All-Dielectric FBG Strain Sensor:

0s320 - Installation

CLEVELAND
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Strain Response:
Qualification Procedure

Sensor mounted on a constant stress
test beam fitted with a reference
extensometer.

CLEVELAND
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Strain Response:
Consistent, Wavelength Specific Gage Factor

1533.5 Using:
1533 | y=0.001223x +1,531.989653 /’.n
e FG&- FLu'.l )‘1
el Calculate
193151 Fg = 1.239
1531
1530.5 - => Theoretical factor matches
1000 500 0 500 1000 measured factor to within 0.2%
1553.5 +
1553 y=0.001236x + 1.551.946046
1552.5 1
1552
15581.5
1551
1550.5 +
-1000 -500 0 500 1000
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0s320 FBG Strain Sensor:

Sensor Specifications

Maximum Temp. Range: - 40 to 80°C

Recommended Temp. Range: - 40 to 60°C

Strain Range: +/- 2500 pe standard
+/- 5000 pe available

Gage Factor: ~1.2 pm/ue

Thermal Cycling Stability

- 40 to 60°C: 12 — 24 pm typical,
~10 — 20 pe

Fatigue Lifetime: TBD, expected to be
> 20M cycles

¢ CLEVELAND
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FBG Strain Sensors:
Sensor Design Comparison

0s3100: Metallic Flexure

» Epoxy free construction

» Simple bond or weld installation

* Braided fiberglass protection

* Immune to transverse strains

* Pre-strained, +/-2500 pe

* Flat surface geometry

« 20M+ cycle fatigue life, +/- 1000 pe
» -40 to 120 °C, 150 °C short term

» Long term absolute and static strain

0s3200: Dielectric Pre-form

* Non-metallic construction
» Rapid installation process
* Braided fiberglass protection

* Minimized transverse strains, distortions

» Tension and compression, +/- 5000 pe

 Applicable to curved surface geometry
» Expected 20M+ cycles, > +/-1000 pe
» -40 to 60 °C recommended, 80 °C Max

o Static strains

CLEVELAND
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Networking Entire Wind Mill Farms

Strain Sensors Accelerometers
-
Z 9
=
Split Rotary Optical Ring

High Speed Optical
Equipment

Optical Cables

— Mounted within the grid control

| — cabinet all data is gathered and
processed through Ethernet
connection so information can be
sent to a central control station.

Grid Control Cabinet

¢~ CLEVELAND
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System Configuration

sm130

Use sm130-200 as interrogator
Use sp130 as controller, storage &
Data acquisition system

Protect sm130/sp130 inside NEMA
Box for environmental control

Use E2000 fiber connectors

Use pre-installed & connected FBG strain sensors

4 strain &

1T sensor

Per blade
root
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ELECTRIC
LABORATORIES



System Configuration

s Trailing Edge -
\ A
“® ® P 0—e@
Leading Edge
Roct Trailing Edge To
\ B
O @ ® ® c\:
Leading Edge
o Trailing Edge -
\ C
P ® ® O
@ Strain \ _
Leading Edge
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Proposed Solution

e Instrumentation
— sm130-200 +3xtra channels (4Channel, 80nm, 100 Hz)
— si325-500 (4 Channel, 1Hz, 80nm, Full-Spectrum)
— sp130 (data acquisition processor)
— NEMA box

» Sensors
— 0s110 (10 pcs) bare fiber FBG sensor
— 0s 120 (5 pcs) 5 element FBG array
— 0s 310 strain sensor (10 pcs)
— 0s 420 temperature sensor (5 pcs)
— 0s 770 vibration sensor (3pcs)
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