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Wind Turbine Blade Construction
and
Sample Correlation
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Blade Manufacturing Flaws of Particular Interest

Suction Side (LP) Spar Cap

* Trailing edge bonding. (Solg Laminate)

Leading edge . )

Trailing edge

* Shear web bonding to spar
cap (both fiberglass and
carbon). \

» Delaminations.
Pressure Side (

* Porosity in the root section.

HP) Spar Cap

Sandwich Core Structure (Solid Laminate) blade tip
o Rel nfOrcem ent Waves (minimal wall thickness and very light!) f/,/”g
* Trailing edge. (focus on root i
transition to max chord).
* Root Section. (also root
transition to max chord). W, ////fi&dvanced o
maging

blade root



Sandia Blade Test Specimen Library

AomE e

Figure 3-12: Element of Adhesive Joint in Trailing Edge NDI Test Specimens
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pure 3-6: Blade Sections for Sandis Wind Energy Test Spocimen Library - Cut Plan
Kuight and Carver Blades

Flgare 319 Sample Carbon NDI Reference Stamdards -
Spar Cap and Shear Web Spectmens

Figure 3-7: Wind Turbine Blade Test Specimen Library — Actual Airfoil and Blade Root
Sections Representing Multiple Blade Sizes, Manufacturers and Construction Types
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Trailing Edge Bond Paste, Complications

Trailing edge assembly of

larger blades: , What aboyq

a ' .
Paste Voids here, tool!!]

* Not so different than
previous generations

Y AR e
e E e A, VSN
< < o

.
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' e At A R s

- S Lhe A - o

 However, bond paste is
required to extend under
core.

* Not easily verified by |
conventional methods. B :
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Panel #1: Cored Panel With Bond Paste (details

Panel #1: Propose 250mm wide by 400mm long, Indications to be applied/molded on "B-surface of panel
Which will ensure the A-surface remains plane. Include open (void) in 7mm thick bond paste on b-surface [after molding)

[starting from mold surface) Cored Panel #1
A-Surface Ply # Material thickness notes
1 DB-600 0611 face up
2 UD- 1800 112 face up
3 D&-600 0511 |taceup Maintain symmetry
4 DE-o00 0611 face down
5 UD- 1800 112 face down
& DB-600 0.611 face down
Thickness 4.68 i
Core 7 SB100 standard sheet with 3/16" perferations on 2" centers 50,00 rm [negotiable, 25mm ok too)
[starting from core surface)
B-Surface Ply # Material thickness width notes comment
8 DE-&00 0611 250 face down
9 UD-1B00 112 250 face down
10 DE-&00 0611 250 face down . .
11 DE-&00 0611 250 face up Maintain symmatry
12 UD-1B00 112 250 face up
13 DE-600 0611 250 face up
14 DE-&00 0.611 175 face down ply drop 1
15 UD-1800 1.12 175 face down plydrop 1
16 UD-1800 112 100 faceup  plydrop2 Ply drops
17 DBE-&00 0.611 100 face up ply drop 2
Thickness 8.15 FYi P

Defect #1:  Ply drops on B-surface are built into this laminate as part of layup.

Defect #2:  B-surface bond paste 7mm thick applied (width wise 25mm from 1 edge and 50mm from cpposite edge and 75mm wide, 2ea.).

Defect #3: Include aémm, 12mm and 25mm sguare "woids" equally spaced in center of bond paste (using PE inserts that will be removed or other removable block). /

Defect #4:  Include a 12mm wide by 25mm long (embedded) "pull tabs" as delaminations in 3 places along long direction panels ("thick edge") as shown in dwg). /fAdvanced Microwave
Defect #5: Include a 12mm wide by 25mm long (embedded) "pull tabs" 2 places between bond paste and lower edge to simulate a "kissing" bond, located as shown in dwg.

Imagin
Defect #6:  slice PET core 1.5mim thick and 25mm by 50mm and place in B-surface side in center of thickest section of b-side panel (see drwing). g g



Panel #1: Cored Panel with Bond Paste: Embedded Features

(1) Ply Drops on B-Surface built into laminate as part of layup.
(2) B-Surface bond paste applied , 7mm thick (2 places).

(i) 25mm from edge and 75mm wide.
(ii) 50mm from opposite edge and 75mm wide (with voids).

(3) 6Bmm, 12mm and 25mm square paste voids molded into pasted layer (ii).
(4) 12mm wide by 25mm long “pull tabs” as delamination (3 places).

(5) 12mm wide by 25mm long “pull tabs” (2 places) between paste bond
and laminate (kissing bonds).

(6) PET insert, 25mm by 50mm, 1.5mm thick centered on B-Surface.
Z///fAdvanced Microwave
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Construction of Inspection Panel #1 (2 ea.)

Defect #5 - "kissing bond” between
/ paste and laminate surface.

Defect #1 — Ply drops

Defect #2 — Paste
edges at 25mm and
50mm from edge.

Defect #3 — Paste “voids”
in backside bond paste
(6mm, 12mm, 25mm)

Defect #6 — PET slice 1.7mm thick to simulate voids. below u
ply 14. (cut opening in plies 12 and 13 and insert PET slice.

Defect #4 — Pull tabs in Z//
laminate see next page. ff Advanced Microwave

Imaging



W

e fe %
7
Z ZBond Paste (7mm)

Ply Drops (plies 14 -17)

-
P

pull tab 1 /
pull tab 2 ///
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. . ... Root Section Porosity

 Blade root includes
laminate > 100mm thick.
* Highly loaded are of the blade.

* Root inserts complicated
infusion.

* Porosity is visible but little
correlation between visible
appearance and porosity
level.

* Repairs require removal
and replacement of large y
amounts of material. %ﬁdvmdmmm

Imaging




Panel #2: Generation of Controlled Porosity

njec

» Early efforts to “i t” fixed

volume of air.
e Resulted in unrepeatable
porosity.
* Unrepresentative visible
morphology.

g//
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Panel #2: Generation of Controlled Porosity

* Subsequent work:

Infuse laminate with 0.61mm
blunt needle inserted and
sealed.

Open to atmosphere at fixed
periods of time after infusion
completion.

Predictable and repeatable levels
of porosity.

Representative of visual defects
seen in affected blades.
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Two Sets of Four Panels Fabricated

* 300mm x 300mm 18 plies with
nominal thickness of ~10mm.

« 800gsm Biaxial [(+/-45),(-/+45)],
Laminates.

» Target Porosities:
* Void Free (~¥0%) Panel 10A
* “Low” void content ~“5% Voids 11A
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Two Sets of Four Panels Fabricated

* 300mm x 300mm 18 plies with
nominal thickness of ~10mm.

« 800gsm Biaxial [(+/-45),(-/+45)], 1

Laminates.
* Target Porosities:

e “Mid” void content ~15% Voids 13A
* “High” Void content ~25% Voids 12A

Ve B

Z 7 "_:, WAy /:.;‘
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Two Sets of Four Panels Fabricated

* 300mm x 300mm 18 plies with
nominal thickness of ~10mm.

« 800gsm Biaxial [(+/-45),(-/+45)],
Laminates.

» Target Porosities:

* Void Free (~“0%) Panel 14A




* 300mm x 300mm 18 plies with
nominal thickness of ~10mm.

 800gsm Biaxial [(+/-45),(-/+45)],

Laminates.

* Target Porosities:
* Void Free (~Y0%) Panel 10A
e “Low” void content ~5% Voids 11A
e “Mid” void content ~15% Voids 13A
* “High” Void content ~25% Voids 12A
* Void Free (~“0%) Panel 14A

0.0

7.0

28.6
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0.13

0.0
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Panel #3: Out-of-Plane Reinforcement Waves (Marcels)

Panel fabrication with four embedded
marcels.

* 8mm diameter, hemi-spherical epoxy cast of
variable thickness.

* 4mm

* 6mm |

* 8mm (2 places) ' i =
* Located at center-line of 8 ply 810gsm Biax ' ‘

NCF laminate.
d =diameter =
/ 8mm (generates ==
aspect ratio) e

T T T T T T T T o T —

Cast epoxy resin dowels embedded at
mid-plane of glass laminate.
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Microwave Inspection Background
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Microwave vs UT Similarities

(Pulse Echo)

Microwave Ultrasound
* Electromagnetic Radiation(EMR) e Acoustic waves
» Reflections from differences in » Reflections from differences in
Complex Permittivity acoustic impedance

%
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Microwave vs UT Differences

(Pulse Echo)

Microwave

» Reflected signals are EMR

» Reflected signals contain a Real
portion (dielectric constant) and an
Imaginary portion (Loss tangent)

 Surface inspection only of metallic or
conductive components

* Transmits well through most non-
metallic materials

* Air coupled —requires no couplant
* No surface contact

Ultrasound

Reflected signals are sound waves

Reflected signals contain amplitude and
frequency

Volumetric inspection of metallic or
conductive component

Sound waves are attenuated through
many composite materials

Predominantly requires a liquid or gel
couplant

Typically, surface contact through

couplant Zk
ff Advanced Microwave
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Microwave System Characteristics

Low output power (10mW) so its inherently safe

The system is lightweight

The advanced multi-frequency systems accurately detect, size, and
locate flaws in X Y space and depth

The electronics are robust and have been field deployed in harsh
conditions

The architecture allows it to be easily adapted to multiple scanners
and scanning systems and field situations

%
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R MICROWAVE NDT SYSTEMS

* Pipe
Scanner

S yStemS N/ 4 Pz | rf Advanced Microwave
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MICROWAVE NDT SYSTEMS

* Motorized Axis Portable Scanner Systems

--
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MAPS In Field Use
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MICROWAVE NDT SYSTEMS

* Portable Tank
Scanner Systems

£
f/ Advanced Microwave

Imaging fr .
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MICROWAVE NDT SYSTEMS

« COBOT
ROBOTIC
SYSTEMS

%
/f Advanced Microwave
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o o o o .COBOI In Use
ering the Most Advanced Composite ‘
E/NDTMeﬂmdonﬂleMm*et ‘
22MM Thick GFRP PANEL

Hing the world of
bsite inspection
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MICROWAVE NDT SYSTEMS

« HAUSBOT Vertical
Wall Crawler

/k
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ICROWAVE NDT SYSTEMS

e Hand Held Time
of Flight

 Thickness and
Flaw Detector

Zk
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Microwave Inspection
Sandia Panels
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Sandia Panels

Microwave Analysis - & X
[ Open .| |[STD 6-202-250 10mm by 10mm sdt @ Bre &%
3D ComplexData | @ © €% ComplexPart | Magnitude - [=] viewers dB Converter | Smooth - /Z Brne D

AScan Y Section X Position =]
iFFT ON ] i ! X Position 50425 mm
iFFT Result g I Y Position 272.891 mm
Seale (0050 | |3 < 1 XY Value 0052
- g S| 1
Start (0.000 * o 1
o | 1
Resol. |0.130 7 o |
o 5 O A ——
“. R 50 00 150 200 250 300 350 T400
Gale A Setup M5 20 25 30 '35 40 45 mm
Delay 304 «» (1.439) = 0472
Range pi0 .. Horz B Scan IFET Wfm Scan Analyzer - Amp X Section o
C Reset GateA | || ‘Ir — §,
o — a
Amp = 0.051 == — — |
! —_ o
) g
1 =]
Axis CONVersion 100 mm'200 300 400 Ts00  Te00
o
Scan | Not Co - @]
Index | Not Co -
=i
Lo o ) :
=
3
Offset [-025 «» 3|

0032 .

(495.000mm, 5.000mm) = 0.072

MicroWave Analysis - 8 x
[ Open .| [STD 6-202-250 10mm by 10mm sdt @ Qre & &
3D Complex Data | @ & 4-:» Complex Part | Magnitude - [=] viewers. dB Converter | Smooth - / Brane @

AScan o ¥ Section X Posttion E
G || X Position 219.620 mm
iIFFT Result Y Position 136502 mm
Scale 0050 * XY Value 0.286
| e 141
Start (0.000 - e
Resol. 0.130 °
T T T T T T T T
50 100 150 200 250 300 350 400
Gate A Setup s 12 "2 3 3 10 mn
Delay (310 <. (1.439) = -5.375 dB
Range 0.10 .. Horz B Scan o IFFT Wim Scan Analyzer - Amp X Section o
— T
C Reset Gate A T ' 1 \
% 1
Gate A Readout “J 1 Q
1
Amp = 0.286 §7
TOF = 3.141 o 6
& 1
Axis Conversion z% ’ 1 6
1
Scan | Not Co - . '
2
Index | Not Co - -
Lo cnon # o
Offset (025 ., 2] y
1
= T - T — T T T T T L T T T T
100mm'200  '300 400 '500 '600 100mm 200 300 400 500 600 o 1E 030 0%
(625.000mm, 3 141) = _ (625.000mm, 285.000mm) = 0.156
0163 . E (5.937 mm) = —
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Horizontal B Information

MicroWave Analysis
D Open ... |STD 6-202-250 10mm by 10mm.sdt ® a B ﬁ a

. - "
3D ComplexData @ @ |{* ComplexPart | Magnitude - [=] viewers dB Converter | Smooth - Z  DPane ®

A Scan o Y Section o X Paosition o
[ FrTON RIS : X Position 531.920 mm
iFFT Result 7 | 7 | Y Position 142,380 mm
Scale |0.050 * 1 XY Value 0.084
' j ! TOF 3.010
Start |0.099 : i { _\/\m
Resol [0120 - !

Qate A

Gate A Setup M5 20 25 30 '35 40

01
0.1

0.0

0.0

Delay 304 4. (1.433) = -53.375dB

Range (010 «» o X Section o

C Reset Gate A

600

Gate A Readout

500
T
1
1

Amp = 0.077
TOF=3010 W A e owe ses| TSNS SRR R T

400

Axis Conversion

SEAN Mot 00 - [ i e e e B s Ly — SR R TSR \ o’ SR, - .
Index | Mot Cor ~

Adiust Backlash ON [

Offset -0.25 .

300

100 mm

100 mm

0.00'0.0570.10'0.15

BT o

(635.000mm, 3.402) = (575.000mm, 295.000mm) = 0.045
nn4az
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Depth Information

MicroWave Analysis - F X
[ open .| |STD 6-202-250 10mm by 10mm.sdt ® a File ﬁ *
- . "3
3D Complex Data | & | @ |«# Complex Part | Magnitude - [5] viewers dB Converter | Smootn - /7 Brane @
§ A Scan o Y Section o X Position o
iFFT ON | : X Position 458.828 mm
IFFT Result o P | ¥ Position 97.588 mm
Scale 0050 * ] 1l 1 XY Value 0.117
= |[— = ! TOF 3.141
Start | 0.000 * o e 1
| | .
Resol. (0.130 o |
o =, "
| o date A T T T T T T T T
50 100 150 200 250 300 350 400
Gate A Setup 15 Too  T2s T30 Tas  Tap mm
Delay (310 «»

Range 010 .

IFFT Wfm Scan Analyzer - Amp o X Section o
- ]

C Reset Gate A
Gate A Readout

Amp =0117
TOF = 3141

Axis Conversion

Scan | Mot Cor - 1
Index | Not Co- - -y 18 y
. ” 1
3 SN,

st o ) - T g PR e e
Offset |-025 . I . - 1
N
o —-—m - " P -l

"00 mm'200  "300  '400  Ts00 600 "00mm  T200 T300 400 500 T600

00 o1 o2

(5.000mm, 1.570) = 0.140 .|_I7_2'- (585.000mm, 105.000mm) = 0.146 . 0.0 @1 (5.937 mm) =
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Synthetic Aperture Radar Focusing

IW Evaluate MW - SAR Demo 1.3

©| OPENDATAFILE | | 3D SIMULATION |  File Title |STD 6-202-250 10mm by 10mm.sd

copy U_S License Activation

AS
DATAPRE-PROCESSING ST T N T T can T

o X
Data Axis Start 10000000000.00

DataAxis Resol. | 40000000.00

Axis 1 Start 6.00

Axis 1 Resol 0.04

Wfm Scan Analyzer

Pl Row 1

BD = Back Drilled Hole
Pl = Pillow Insert
PT = Pull Tab

SAR PROCESSING

Enable On

Z depth 12.00
BeamAngle 32.00
Velocity 299.70
(mmins)

Element Min -10.00

Element Max 10.00

Apply SAR 2D

DATAPROCESSING
IFFT On
Scale Factor 080

ComplexPart  Real

WAVEFORM SCAN CROP FIRST AXIS

(114.000mm, 408.000mm) = 1.508 .‘-1:- 3

Note the SAR image is truncated in the Y axis (500mm versus 680)

Zk
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SAR Image

IW Evaluate MW - SAR Demo 1.3 - [u] ®
2| OPEN DATAFILE 3D SIMULATION File Title |STD 6-202-250 10mm by 10mm.sdt COoPY U_IDJ License Activation

AS =]
DATAPRE-PROCESSING T T N T T = T

Data Axis Start

Data Axis Resol

Ais 1 Start 6.00

Mons "5 20 125 '3

.0 35 40 45 50

Axis 1 Resol 0.04 Wim Scan Analyzer

BD = Back Drilled Hole
Pl = Pillow Insert
PT = Pull Tab

SAR PROCESSING
Enable On
Z depth 12.00
Beam Angle 32.00
Velocity 29970

(mmins)

Element Min -10.00

Element Max 10.00

Apply SAR 2D

DATAPROCESSING

IFFT On

Scale Factor 0.80

ComplexPart  Real

1

0 '200

EFORM SCAN CROP FIRST AXIS

(798.000mm, 382.000mm) = 0.000

Ennbin A

Note the SAR image is truncated in the Y axis (500mm versus 680)

%
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IW Evaluate MW - SAR Demo 1.3
2| OPEN DATAFILE 3D SIMULATION File Title |STD 6-202-250 10mm by 10mm.sdt COoPY 2 License Activation

- AS o
DATAPRE-PROCESSING T - - ==

Data Axis Start 1

Data Axis Resol.  40000000.00

Ais 1 Start 6.00

Axis 1 Resol 0.04 Wim Scan Analyzer

BD = Back Drilled Hole
Pl = Pillow Insert

SAR PROCESSING

Enable On

PT = Pull Tab
Zdepin 12,00 : ]

Beam Angle Fo.oo - =

Velocity 299.70 8

(mm/ns} E

Element Min -10.00

250

Element Max 10.00

200

Apply SAR 2D

150

DATAPROCESSING

100

IFFT On

Edge &
Glue Line

Scale Factor 0.80

50

ComplexPart  Real

Omm

WAVEFORM SCAN CROP FIRST AXIS

100 '200 '300 00 7500 Te00 700
Crnahla Nn A

Note the SAR image is truncated in the Y axis (500mm versus 680)
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AR Image

IW Evaluate MW - SAR Demo 1.3

- o x
| OPEN DATAFILE 3D SIMULATION File Title |STD 6-202-250 10mm by 10mm.sdt CoPY U_S License Activation
- AScan [=IjFy
DATAPRE-PROCESSING T T T T T T
Data Axis Start 10000000000.00
DataAxis Resol. 4000000000 ;
Axis 1Start 5.00 ‘
1.0ns 15 2 2

Axis 1 Resol 0.04 Wfm Scan Analyzer

BD = Back Drilled Hole
Pl = Pillow Insert
PT = Pull Tab

SAR PROCESSING
Enable ©On
Z depth 12.00
BeamaAngle 3200
Velocity 29070

(mmins)

Element Min -10.00

Element Max 10.00

Apply SAR 2D

DATAPROCESEING
IFFT On
Scale Factor  |1.00

ComplexPart  Magnitude

PT’s (Lack of bond)

WAVEFORM SCAN CROP FIRST AXIS 0 o0 =00 o
(798.000mm, 0.000mm) = 0.000

500

Note the SAR image is truncated in the Y axis (500mm versus 680)
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IW Evaluate MW - SAR Demo 1.3

-
25| OPEN DATAFILE | | 3D SIMULATION |  File Tite | STD 6-202-250 10mm by 10mm.sdt COPY uj License Activation
- AS o
DATAPRE-PROCESSING oT - - - - s - - -
Data Ais Start : : :
Data Axis Resol. 4000000000 : . i
Axis 1 Start 6.00 : ; ; : :
35 [ (5 50 55
Axis 1 Resol 0.04 Wim Scan Analyzer o x

SAR PROCESSING
Enable On
Z depth 13.00
BeamAngle 32.00
Velocity 29970
(mm/ns}

Element Min -10.00

Element Max 10.00

Apply SAR 2D

DATAPROCESSING
IFFT On
Scale Factor 0.80

ComplexPart | Difference

WAVEFORM SCAN CROP FIRST AXIS - -
(630.000mm, 234.000mm) = 0.000 .‘-zc- 15 10 5
Crnahl, Nn A

Note the SAR image is truncated in the Y axis (500mm versus 680)

BD = Back Drilled Hole
Pl = Pillow Insert
PT = Pull Tab
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IW Evaluate MW - SAR Demo 1.3
2| OPEN DATAFILE 3D SIMULATION

DATAPRE-PROCESSING

Data Axis Start 1

Data Axis Resol
Ais 1 Start 6.00
Axis 1 Resol 0.04

SAR PROCESSING
Enable On
Z depth 13.00
Beam Angle 32.00
Velocity 29970
(mmins)
Elementiin 1000

Element Max 10.00

Apply SAR 2D

DATAPROCESSING
IFFT On
Scale Factor 075

ComplexPart  Magnitude

WAVEFORM SCAN CROP FIRST AXIS

File Titte | STD 6-202-250 10mm by

AScan

Wfm Scan Analyzer

(608.000mm, 310.000mm) = 0.000

Note the SAR image is truncated in the Y axis (500mm versus 680)

BD = Back Drilled Hole

Pl = Pillow Insert
PT = Pull Tab

Zk
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IW Evaluate MW - SAR Demo 1.3

2| OPEN DATAFILE 3D SIMULATION

DATAPRE-PROCESSING

Data Axis Start 1

Data Axis Resol. 4000/

Ais 1 Start 6.00

Axis 1 Resol 0.04

SAR PROCESSING

Enable On

Z depth 18.00 N
Beam Angle D :
Velocity 29970

(mm/ns}

Element Min -10.00

Element Max 10.00

Apply SAR 2D

DATAPROCESSING
IFFT On
Scale Factor 0.80

ComplexPart  Real

WAVEFORM SCAN CROP FIRST AXIS

Ennbin A

- o x
File Title | STD 6-202-250 10mm by 10mm.sdt COPY uj License Activation
AScan o=

Wfm Scan Analyzer

PT’s

(0.000mm, 260 000mm

=-0608

Note the SAR image is truncated in the Y axis (500mm versus 680)

BD = Back Drilled Hole

Pl = Pillow Insert
PT = Pull Tab
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SAR Image

IW Evaluate MW - SAR Demo 1.3
2| OPEN DATAFILE 3D SIMULATION

DATAPRE-PROCESSING

Data Axis Start

Data Axis Resol

Ais 1 Start 6.00

Axis 1 Resol 0.04

SAR PROCESSING
Enable On
Z depth 17.00
BeamAngle 32.00
Velocity 29970
(mm/ns}

Element Min -10.00

Element Max 10.00

Apply SAR 2D

DATAPROCESSING
IFFT On
Scale Factor 075

ComplexPart  Magnitude

WAVEFORM SCAN CROP FIRST AXIS

Ennbin A

- o x
File Title | STD 6-202-250 10mm by 10mm.sdt COPY uj License Activation
AScan (=
o : poatel :
10ns 5 2 2 30 a5
Wim Scan Analyzer o x
S|F |
- B
] 4 ik 1
158
i
o
=] X
2|
o [ E

250

Tl
g

Y
-

3

200

150
P
ek

—-=Ceveral areas of non-bond

N mm T100 200 300 EE 4 TS00

(262 .000mm, 322.000mm) = 1514

T600 T700

200

Note the SAR image is truncated in the Y axis (500mm versus 680)

BD = Back Drilled Hole
Pl = Pillow Insert
PT = Pull Tab
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IW Evaluate MW - SAR Demo 1.3

2| OPEN DATAFILE 3D SIMULATION

DATAPRE-PROCESSING

Data Axis Start
Data Axis Resol
Ais 1 Start 6.00
Axis 1 Resol 0.04
SAR PROCESSING

Enable On

Z depth 16.00

Beam Angle 32.00

Velocity 29970
(mmins)

Elementiin 1000

Element Max 10.00

Apply SAR 2D

DATAPROCESSING
IFFT On
Scale Factor 075

ComplexPart  Magnitude

WAVEFORM SCAN CROP FIRST AXIS

Ennbin A

File Title | STD 6-202-250 10mm by 10mm.sdt

300

‘r. el g

250

»

200

—-=Ceveral areas of non-bond

(0.000mm, 372 000mm) = 1.469

T600 T700

Note the SAR image is truncated in the Y axis (500mm versus 680)

BD = Back Drilled Hole
Pl = Pillow Insert
PT = Pull Tab
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3D RENDERING

Depth Start 20 B

Index

3D Render

da% e e e b
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Microwave Inspection
TPl Composite
Balsa and Foam Core Samples
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Balsa Sample

Underside of balsa panel

Ply Drop

Ply Drop
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Balsa Bond Line Results

-
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Balsa Core - Overlay of M|

Image
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Foam Core Sample

=
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Foam Core Bond Line
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Foam Core Overlay

%
(f Advanced Microwave

Imaging



Microwave Inspection
TPl Composite
Porosity Samples
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Methodology

*All 5 samples were inspected in a 150mm by 170mm section in the center of the part
*This was done to eliminate the edge effect from the result

*The samples were inspected in order from 10-14

*Inspection parameters are as follows:
*10-18GHz with the antenna located approximately 7mm from the surface

*Real, Imaginary and Magnitude data at 11.56 GHz (arbitrary selection) was used to generate images for

porosity
-Uging this data, the samples were arranged based on the result from high dB to low in the following
order

*This should be the approximate order of porosity, either more to less or less to more (TBD)

*Typically, in GFRP inspection, the higher dB value would be interpreted as a dry area
For this inspection, this will be interpreted as more porosity but should be validated
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Sample Data Image

MicroWave Analysis

[ open ... | |TPI Porosity Sample 10A- 2 @ B rie & *
s
3D ComplexData | @ | @ | €{# ComplexPart Imaginary - [2]) viewers dB Converter | Smooth B /| BPane @
A Scan =) Y Section o X Position o
iFFT OFF : X Position 76.957 mm
iFFT Result ] 1 Y Position 91.030 mm
Scale |0.050 * | |2 | ‘ 2 1 XY Value 0.481
- ||e] | .
Start [0.000 * i L' - .
0] = 1
Resol. (0.130 =] o I
T T T T T T T T
20 40 60 80 100 120 140 160
Gate A Setup 10000000000 Hz "14000000000 16000000000 mm
Delay [12727 ., (17945864912.261 Ha) = 0.187 (86,548 mm) = 0 451
Range 53895 .. Horz B Scan 0 i IFFT Wfm Scan Analyzer - Amp o X Sedtion o
C Reset Gate A i i 1 i
=] 1
Gate AReadout | |8 ‘ 2] 1 2
1 1 —
Amp = 0479 | \ 8 !
8 Al f=]
- = 12999999488 | (= ! =
8 1 b
. o | - i 2
Axis Conversion Rl | HHIMEHE l LGNNI == = = = == ST e | 3|
& | e -
Scan | Not Co - 2 ‘ 3 |
Index | Not Co « 7 2 ! -
7 1
1
q . a
=1 1 E
Offset |-0.25 .| | &] | =)
i . |
1
10000000000 Hz 714000000000 16000000000 "20mm  T60 Tso 00 T20 T o
(15680000000 000Hz, _ (2 500mm, 137 500mm) = 0 499 06 -04 '02 0.0 '02 - -
147 500mm) = 0 159 . “ .| m (68.444 mm) = 0.432

i i
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Real Data for Each Panel

The top row is arranged
10A - 1.5% 11A - 9.6% 12A-15.8%  13A-22.1%  14A-3.4% numerically while the bottom
row is arranged by porosity.
Notice how the panels become
darker as the porosity increases.

__________________

__________________

10A - 1.5% 14A - 3.4% 11A -9.6% 12A - 15.8% 13A-22.1% ffﬂqdvanced Microwave

Imaging



Image J Data

Min Max IntDen RawlIntDen

152.135 226 13053153 13053153 The images were analyzed using
: : Imagel) and the image Integrated
85800 123.972 b P21 10636833 10636833 . .
: Density (INTDEN) determined.
85800 79.413 0 o9 6813619 6313619

: The integrated density is a way to
e oA o e R %801594 measure the image brightness. It is
: used in medical research imaging.

85800 148.400 0 27 12732706 12732706

Rows 1-5 correlate to Panels 10A-14A.
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__________________

Image Density

______________________________________________

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

__________________

______________________________________________

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

10A - 13,053,153

11A - 10,636,833 12A - 6,813,619 13A-5,801,594 14A - 12,732,706

__________________

__________________

10A - 13,053,153

14A - 12,732,706
11A-10,636,833 12A - 6,813,619 13A - 5,801,594

The top row is arranged numerically
while the bottom row is arranged by
porosity.

The Integrated Density of the image
correlatesin a nice fit with the
porosity.

Since the integrated density can be
calculated via software, it may be a
useful tool to automatically determine
porosity of a sample in the future.

%
Kf Advanced Microwave

Imaging



Porosity Curve Real Reflected Signal

7
f Advanced Microwave

Imaging




Microwave Inspection
TPl Composite
Wrinkle Samples

%
ff Advanced Microwave

Imaging



Wrinkle Sample
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Wrinkle M| Image
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Wrinkle Measurement

B-C=68.73mm A-C=121.67mm C-D=108.667mm

Note that because we do not start scanning from the edge of the part,
absolute location on the panel is difficult. We can locate the wrinkles with
respect to each other.

Measured Delta
A-C=121.67mm A-C=125mm A-C=(-)2.7%
A-B=52.9mm A-B=50mm A-B=5.8%

C-D =108.667mm CD=120mm  p_()9.4% /fr
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Aspect Ratio

* These are the most challenging dimensions to obtain because the limits of the measurement are not clear.

* The width of the wrinkle will be determined using the data line(i.e. - the X section data) and the 3dB down method from the

peak.

® This is a typical NDT technique to determine the 50% point of the peak.

Microwave Analysis - 8 x

[ open | | TPIWrinkle Sample Take 3 Smm by g @ e & *
oy * | BPane @ dB
3D ComplexData | @ | @, € Complexfart Real [=) viewers vl dB Converter | Smooth . V4
AS 4 o ¥ Section ] XPosition o
IFFT Result

iFFT ON ) ! X Position 17.487 mm j
Scale 0.025

y 1
1
T
! TOF 48.090

Start 0.000 |
' L

Resol. 2290 ' | \

: : : : :
50 T4z 42 46 ‘28 'sof 52 'e4 %6 56 50 mm 10 150 200 20

Gate A Setup T

Delay 4800 . (45371 = 5.4 (213.220 mm) = -0.024 dB . 0sz T 0oz T 051 T ool W 0S T

[

10

LU

Y Position 57.133 mm
XY Value -4.896 dB

y 3

J‘A/

10d8 -5
10dB |5

an AR

Range 125 ., Horz B Scan o IFFT Wfm Scan Analyzer - Amp X Section
T T B

C Reset Gate A

250

Gate A Readout

Amp = -4.115
TOF = 48 090

200

Axis Conversion

150

Scan | Mot Co -
Index | NotCo -

o o R e %dvanced Microwave

The REAL portion of the reflection coefficient provides a better view of Imaglng
the neat resin layer.

50 mm 100

58 56 54 52 50 48 46 44 42 40,




Aspect Ratio

* To determine wrinkle thickness we will isolate on the “resin rich” core and use its thickness.

* This will be accomplished using the “Horizontal B” image as shown below.

- Horz B Scan o
=3
T
— - oa| |
Dopen TPI Wrinkle Sample Take 3 Smm by Smm.sdt ® B File E n -t |
3D ComplexData | @ | @ ¢4  ComplexPart | Real - =] vievers « dB Converter | Smooth - /7 Brme @ g_ 1
G R = : VVVVVVVV ><PasmanP ??‘E& mm : o \
sene [0 7| |} R e Lo ~
Start[0.000 E Eg g i e P PET T ELE L > Q_ 1
Resol. [2290 4 [ N A AT T L il !
Gate ASetup T30 T4z '44 '46 '48 's0 's2 's4 's6 '8 50 mm _“20 ..... 50y mwwmlilmmEEET gy %
€la) L LR SRR RN Y PP EEL L L L (213220 mm)=-9.024 4B — H ]
ol cswesen T = Total Thickness o
G Resetoaten Hg] 1 I . . | 1
cacareaa £ Wt = Wrinkle thickness | ,
Amp = -4.115 :g’ 2 % 1
ToF=4000 JI ~ 4
— - % !
Axis Conversi 2 = .
e [t o] 1 Note the difference 1,
Index | Not C 8| b t th . kl % |
ez | etween the wrinkie 50mm 100 150  '200  '250
: o=y | - and total thickness.
(292 E?E;n;nﬂﬁnggﬁn): m (292.500mm, 137.500mm) = -16.847dB . (151.062 mm) = -6.269 dB
In this case both the Real and Magnitude data signals provides a well defined interface to start the measurement

from.

The fact that this interface is identifiable indicates that it might be possible to identify the start of a wrinkle (i f
depth) in a thick laminate. That could be useful to understand how far down the material would need to be Advanced Microwave

“scarfed” for a repair. Imaglng



Aspect Ratio

MI Data Wa= 26.4* MI Data Wc =22.6mm MI Data Wo= 15.24 mm*
Measured Wa=15.7 Measured Wc =28.61mm (I;/Ieasure Wo=26.7 mm

MI Data Ws = 28.7

Measured W < 22.8 * - Note that these widths are considered to be less accurate /fr
B=22. o .
because of the proximity of the flaw to the side of the panel. / «

This situation is not likely to occur in an actual inspection Advanced Mlcrowave

environment. Imaging



plex Data

Delay

Range 125

C ResetGateA |g

GateAReadout  |c

Amp = -5 456
TOF = 45.800

Aspect Ratio

@ Qe Complespart | Magniuoe

20dp

Data T Measured T
TA = 5.136 mm TA =3.60 mm
TB=7.309 mm TB =8.78mm

TC=3.966 mm
TD = 6.519 mm

TC=7.33mm
TD=7.34mm

Delay 45.80

It is assumed that there will be some deviation in the thickness data
with location as well. We can only physically measure the thickness
near the edges, so that will result in some deviation in the values.
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Aspect Ratio

e A -W=26.4mm, T=5316mm, AR = 4.97
B -W=28"7Tmm, T =7.309mm, AR =3.92
eC -W=226mm, T=3.966mm, AR =5.69
D -W=15.24mm,T = 6.519mm, AR = 2.34

Data vs Measured
ARA=4.97 vs 4.36
ARs =3.92 vs 2.59
ARc=5.69 vs 3.9

ARp =2.34 vs 3.63
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SAR 3D ImageDemo
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Lagniappe

One item to note is that the ply drops
occur, in some cases, in narrow windows
of space. For example, some are only
50MM wide. The ability to distinguish

et 5[ T00mm [ i i 1 I { , these areas through 30MM of balsa wood
EE&A - :5 o is difficult because of the beam spread
ca om0 1 - through the thlckness._lf the poly d_rops
B 5] TE0mwm are wider, they would likely be easier to

identify.

150

100

_______________________ e S IR Image from backside
to Gel Coat

50mmI

|

100 mm '200 300

&) @ |l
Number of GFRP Layers persection

_ Including Gel Coat) : :
The two areas with 8 layers have(d?ﬁerent eC?Iectec?s)lgnals. This the result of the locations of

the layers. The higher dB signal is located in the area where a single layer of UD near the
backside is replaced by a single layer of biaxial located on the far side of the balsa.

The two areas with 9 layers are approximately the same because a single layer of bias has /
changed location on the far side of the balsa. (
ﬂdvanced Microwave

Imaging
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Ply Drop Far Side 30mm Balsa

material |

Gel Coat

biax

ud

ud

biax

biax
ore

ud

biax

a5

BALSA

N/A

I

biax 45 [600mm
;Zx 42 51’"‘"':"“ ! ! ! ! ! J ! ! | | |
biax 45 [150mm
L - IFFT Wfm Scan Analyzer - Am : =
1
8 1
- | 1
L - A
' 8 : 1
= ' I
r ~ 106.641 mm, 0.000 .-
ER _E—_ —- R ]
£ (B Al
o 1
s}
7 1
I
1
I
1 4
8 7 00 mrr}6 200 5 380 8 00 9 500
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Summary

* Microwave inspection is a field or factory deployable inspection
method that can detect and measure
* Flaws through core (Balsa or foam)
* Delaminations
Bond line flaws
Wrinkles
Ply Drops
Porosity including characterizing percent porosity
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Questions?

Contact Us
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https://www.linkedin.com/company/advmwi/?viewAsMember=true
https://www.linkedin.com/company/advmwi/?viewAsMember=true

	Slide 1: Microwave Inspection of Complex Wind Turbine Blade Structures
	Slide 2: Presentation Content
	Slide 3: Part 1
	Slide 4: Blade Manufacturing Flaws of Particular Interest
	Slide 5: Sandia Blade Test Specimen Library
	Slide 6: Trailing Edge Bond Paste, Complications
	Slide 7: Panel #1: Cored Panel With Bond Paste (details)
	Slide 8: Panel #1: Cored Panel with Bond Paste: Embedded Features
	Slide 9: Construction of Inspection Panel #1 (2 ea.)
	Slide 10: Construction of Panel #1 (Cont.)
	Slide 11: Root Section Porosity
	Slide 12: Panel #2: Generation of Controlled Porosity 
	Slide 13: Panel #2: Generation of Controlled Porosity 
	Slide 14: Two Sets of Four Panels Fabricated
	Slide 15: Two Sets of Four Panels Fabricated
	Slide 16: Two Sets of Four Panels Fabricated
	Slide 17: Two Sets of Four Panels Fabricated
	Slide 18: Panel #3: Out-of-Plane Reinforcement Waves (Marcels)
	Slide 19: Part 2
	Slide 20: Microwave vs UT Similarities (Pulse Echo)
	Slide 21: Microwave  vs UT Differences (Pulse Echo)
	Slide 22: Microwave System Characteristics
	Slide 23: MICROWAVE NDT SYSTEMS
	Slide 24: MICROWAVE NDT SYSTEMS
	Slide 25: MAPS In Field Use
	Slide 26: MICROWAVE NDT SYSTEMS
	Slide 27: MICROWAVE NDT SYSTEMS
	Slide 28: COBOT In Use
	Slide 29: MICROWAVE NDT SYSTEMS
	Slide 30: MICROWAVE NDT SYSTEMS
	Slide 31: Part 3
	Slide 32: Sandia Panels 
	Slide 33: Horizontal B Information
	Slide 34: Depth Information 
	Slide 35: Synthetic Aperture Radar Focusing
	Slide 36: SAR Image
	Slide 37: SAR Image
	Slide 38: SAR Image
	Slide 39: SAR Image
	Slide 40: SAR Image
	Slide 41: SAR Image
	Slide 42: SAR Image
	Slide 43: SAR Image
	Slide 44: 3D Render
	Slide 45: Part 4
	Slide 46: Balsa Sample
	Slide 47: Balsa Bond Line Results
	Slide 48: Balsa Core –MI Image
	Slide 49: Balsa Core – Overlay of MI Image
	Slide 50: Foam Core Sample
	Slide 51: Foam Core-MI Image
	Slide 52: Foam Core Bond Line
	Slide 53: Foam Core Overlay
	Slide 54: Part 5
	Slide 55: Methodology
	Slide 56: Sample Data Image
	Slide 57: Real Data for Each Panel
	Slide 58: Image J Data
	Slide 59: Image Density
	Slide 60: Porosity Curve Real Reflected Signal
	Slide 61: Part 6
	Slide 62: Wrinkle Sample
	Slide 63: Wrinkle MI Image
	Slide 64: Wrinkle Measurement
	Slide 65: Aspect Ratio
	Slide 66: Aspect Ratio
	Slide 67: Aspect Ratio
	Slide 68: Aspect Ratio
	Slide 69: Aspect Ratio
	Slide 70: SAR 3D ImageDemo
	Slide 71: Lagniappe
	Slide 72: Ply Drop Far Side 30mm Balsa
	Slide 73: Summary
	Slide 74

