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ABSTRACT

This final report summarizes ATA Engineering, Inc.’s experimental dynamic characterization of the
Sandia National Laboratories (SNL) Scaled Wind Farm Technology (SWIFT) Vestas 27 (V27) wind
turbine components and fully assembled turbines. Testing was performed at SNL’s SWIFT facility in
Lubbock, Texas, from October 2012 through June 2013. Dynamic testing consisted of modal testing of
the individual blades, the towers in a free-free boundary condition, the towers bolted to the foundations,
and the fully assembled wind turbines. Additionally, modal testing was performed on a hub and two
nacelles to determine the mass and inertia properties of these components. Details on these tests can be

found in their respective reports.
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1. INTRODUCTION AND TEST OBJECTIVES

Sandia National Laboratories (SNL) developed the Scaled Wind Farm Technology (SWIFT) center to
enable rapid, cost-efficient testing and development of transformative wind energy technology. ATA
Engineering, Inc., (ATA) was contracted as part of this effort to dynamically characterize a number of
components and assemblies used at SWIFT. This executive summary provides results of the dynamic
characterization of the Vestas 27 (V27) wind turbines and components. The testing was successfully
completed October 2012 through June 2013. Individual blades, a hub, nacelles, towers, and full
assemblies were tested in the course of this program.

The overall objective of the SWIFT V27 dynamic characterization was to obtain modal properties to use
for model updating and correlation. The requirements to satisfy the overall objective were stated as

follows:

1. Perform modal survey on six V27 blades.
a. Experimentally determine primary mode shapes, frequencies, and damping.
b. Obtain mass, center of gravity (CG), and mass moment of inertia (MOI) of the blades.
c. Determine variability in dynamic properties of the blades.

2. Experimentally determine mass properties of hub.

3. Experimentally determine mass properties and variability of nacelles.

4. Perform modal survey on the towers in a free-free boundary condition.
a. Experimentally determine primary mode shapes, frequencies, and damping of towers.
b. Determine variability in dynamic properties of the towers.

5. Perform modal survey on the towers attached to the foundation.

a. Experimentally determine primary mode shapes, frequencies, and damping; also, determine

the variability of towers bolted to the foundation.
b. Determine compliance in the tower to foundation interface.
6. Perform modal survey on the V27 full turbine assembly.

a. Experimentally determine primary mode shapes, frequencies, and damping of turbines using
both experimental and operational methods.

b. Determine variability in dynamic properties of the turbines.

1
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2. V27 BLADE VARIABILITY

This section of the report provides a brief description of the test configuration and results for the V27
modal survey and mass property measurement. The full report, titled “Final Report on SNL SWIFT V27
Modal Survey and Inertia Testing,” provides additional details of this specific test effort.

2.1. Test Article Description and Configuration

Modal and mass testing was performed at SNL’s SWIFT facility in Lubbock, Texas, on October 27-31,
2012. Modal testing was performed with the blades suspended by bungee loops, as shown in Figure 2-1.
A detailed modal survey was performed on two blades, with accelerometers installed at the locations
shown in Figure 2-2. A reduced set of instrumentation was used on the remaining four blades, which

provided sufficient information to compare mode shapes and frequencies between blades.

19 ! Lifting Crane ‘
§hy Bungee Straps - ‘
L wie AN
— | Safety Strap

i

Figure 2-1. Bungee system used for V27 blade testing.

2
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Figure 2-2. V27 coordinate systems and measurement locations.

Additionally, the blades were weighed and the mass moment of inertia about the flapwise axis determined
using load cells and the bifilar pendulum technique. The test setup for mass property information is
shown in Figure 2-3.

Figure 2-3. Bifilar pendulum suspension used for V27 blade testing.

2.2. Test Results

Table 2-1 provides the modal results up to 60 Hz for the six blades. The max frequency difference is less
than 5% between all blades for the majority of modes; however, the first and second torsion modes have a
greater variance, likely due to differences in blade repairs.
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Table 2-1. V27 final global modes sorted by test frequency.

4

o Blade Frequency (Hz) Average |Max Difference| _ .
Mode # Description o Priority
SNL1 - BL1| SNL1 - BL2| SNL1 - BL3|SNL2 - BL1|SNL2 - BL2| SNL2- BL3| (H2) (%)

1 1st Flapwise 4.79 4.80 4,94 4.90 4.82 4.88 4.86 3.16 P
2 2nd Flapwise 11.30 11.40 11.89 11.64 11.41 11.55 11.53 5.27 P
3 1st Edgewise|  12.35 12.37 12.67 12.66 12.29 12.35 12.45 3.08 P
4 3rd Flapwise 21.49 21.40 21.97 21.54 21.69 21.29 21.56 3.19 P
5 2nd Edgewise|  30.10 29.96 30.86 31.05 30.59 30.26 30.47 3.64 B
6 1st Torsion 34.70 30.58 31.08 33.11 32.40 32.43 32.38 13.47 S
7 4th Flapwise 33.60 34.24 34.90 34.64 34.64 34.04 34.34 3.88 (0]
8 2nd Torsion 50.46 47.75 48.66 50.02 51.69 52.53 50.19 10.01 S
9 3rd Edgewise|  55.36 55.50 57.74 56.89 56.10 55.19 56.13 4.62 [

Table 2-2 provides the mass property results, including weight, CG, and mass moment of inertia about the

flapwise axis. Mass moment of inertia was limited to the blade flapwise term due to limits in the test

setup; however, this inertia term is the most important term for model updating and correlation.

Table 2-2. V27 final mass and inertia properties.

SNL1_BL1|SNL1_BL2|SNL1 BL3|SNL2_BL1|SNL2_BL2|SNL2_BL3|Average Diﬁell-\sn:l)::e (%)
Weight (N) 6343 6357 6303 6552 6423 6787 6460.8 7.7
CG - X Axis (m) - - - - - - = -
CG - Y Axis (m) - - - - - - - -
CG -Z Axis(m)| 4.18 4.15 4.19 4.29 4.16 4.20 4.20 3.4
Ixx (kg*m~2) - - - - - - - -
lyy (kg*m”2) 5002.8 5466.0 5097.4 4967.0 5887.3 5796.4 | 5369.5 18.5
I1zz (kg*m”2) - - - - - - - -
* Coordinate System Origin Defined at Blade Root Center
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3. HUB MASS PROPERTIES

This section of the report provides a brief description of the test configuration and results for the V27 hub
mass property measurement. The full report, titled “Inertia Testing of SWIFT V27 Hub,” provides
additional details of this specific test effort.

3.1. Test Article Description and Configuration

Testing of the V27 hub was conducted December 17-21, 2012, and January 611, 2013. Mass, CG, and
moment of inertia terms were obtained for the hub. Figure 3-1 shows the test setup of the V27 hub for the

modal inversion and mass line techniques.

Figure 3-1. Test setup of the V27 hub.

3.2. Test Results

The results of the mass and inertia testing on the V27 hubs are provided in Table 3-1. The modal
inversion and mass line inversion techniques were performed using the modal data and frequency

response functions obtained from the shaker excitation.

Table 3-1. Mass and inertia properties of V27 hubs.

Mass and Inertia Properties of V27 Hubs (Pitch Yaw Linkage Included)

Property |Hub #]Load Cell| Bifilar Pendulum|Modal Inversion** Mass Line Inversion
Mass (k) 1 . ! 483.7
2
CGx (m)*
Cgy (m)*
CGz (m)*
Ixx (kg*mz) 1
lyy (kg*m’)
Izz (kg*mz)
* Origin Defined at Front Face of Hub Rotor About the Center Using Rotor Csys
) ** Includes the Effective Mass of the Airbags
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4. NACELLE MASS PROPERTIES

This section of the report provides a brief description of the test configuration and results for the V27
nacelle mass property measurement. The full report, titled “Inertia Testing of SWIFT V27 Nacelles,”
provides additional details of this specific test effort.

4.1. Test Article Description and Configuration

The V27 nacelles were tested to obtain mass and inertia properties. Each nacelle was lifted at four points
with load cells to obtain the mass and CG of the structure, as shown in Figure 4-1. An effort was made to
ensure that the nacelle was level with respect to the yaw bearing.

Figure 4-1. V27 nacelle suspended and attached to load cells to measure mass and CG
(exterior of nacelle on left and interior of nacelle on right).

Additionally, modal testing was performed on two of the V27 nacelles to obtain all mass and inertia
properties. During testing, the nacelles were supported by an airbag suspension to provide an approximate
free-free boundary condition. Shakers were then attached to the nacelle to provide excitation of the six
rigid body modes from which mass properties can be extracted. Figure 4-2 shows the modal test setup.
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Sandia
National
Laboratories

Figure 4-2. V27 nacelle mounted on air spring suspension system.

4.2. Test Results

The mass and inertia results are shown in Table 4-1. The masses of the nacelles were also measured
independently by a crane company during transportation, and these are included for completeness. The
mass and CG properties of Nacelle 3 were also obtained, but modal testing was not performed on this
nacelle.

Table 4-1. Final list of inertia properties for V27 nacelles.

Mass and Inertia Properties of V27 Nacelles

Property |Nacelle #| Crane | Load Cell Modal Inversion
1 6804 7038 5570
Mass (kg) 6577 6781 5551
6668 7203

CGx (m)*

Cgy (m)*

CGz (m)*

Ixx (kg*m~2)

lyy (kg*m”2)

2
3
1
2
3
1
2
3
1
2
3
1
2
1
2
1
2

1zz (kg*m~2)
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5. TOWER FREE-FREE MODAL SURVEY

This section of the report provides a brief description of the test configuration and results for the V27
tower modal survey. The full report, titled “Modal Survey of SWIFT V27 Towers,” provides additional
details of this specific test effort.

5.1. Test Article Description and Configuration

The V27 towers were tested on specialty characterization supports designed by ATA and Sandia, shown
in Figure 5-1. The stands were located approximately at the nodes of the first bending mode (4.25 and
23.1 meters from the base of the tower). Airbags (Firestone Airmount Isolators Model 19) were supported
by the stands and were used to simulate a free-free boundary condition. The airbags were pressurized to
approximately 90 psi at 23.1 meters from the tower base and approximately 120 psi at 4.25 meters from

the tower base.

Figure 5-1. Overall view of tower on stands (left), individual stand (right), and tower lifted on airbags (bottom).

ATA created a test model representative of the tower to develop a set of test measurement degrees of
freedom (DOF). The test display model (TDM), shown in Figure 5-2, is used for mode shape
visualization. Accelerometers (PCB T33B) were mounted tangential to the tower to spatially filter the
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response and minimize the response attributed to the breathing modes. Force was input into the structure
with a calibrated modal impact hammer (PCB 086D20).

Tip Base

Stands

>~

* Door

Figure 5-2. V27 tower and measurement locations for modal testing.

5.2. Test Results

The final list of mode shapes is included in Table 5-1. The first and second bending modes are of primary

importance. Rigid body modes can be used to help correlate the model by determining the stiffness of the

supports. The frequencies for Tower 1 and Tower 2 are within 5% of each other, indicating a high level of
similarity between the two towers. Due to the orientation of each tower with respect to the air springs, the

modes are not predominantly in the same axes. Additionally, some of the modes were able to be extracted
from Tower 1 without air springs.

Table 5-1. Final mode list for V27 towers in free-free configuration.

Tower 1 Tower 2 Tower 1 without Air Springs
Frequency (Hz) | Damping (% Crit) | Frequency (Hz) | Damping (% Crit) | Frequency (Hz) | Damping (% Crit)
10.66 1.47 10.61 1.10 10.81 0.81
First Bending M

ISEECEDM o0 10.88 247 10.69 1.92

. 28.34 3.06 28.29 0.85 26.39 1.10
Second Bending Mode =575 224 28.80 1.09

Rigid Body Mode 2.12 6.86 2.08 5.48 5.21 0.49
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6. TOWER ON FOUNDATION MODAL SURVEY

This section of the report provides a brief description of the test configuration and results for the modal
survey of the V27 towers bolted to the foundation. The full report, titled “Modal Survey of SWIFT V27
Towers on Foundation,” provides additional details of this specific test effort.

6.1. Test Article Description and Configuration

The V27 towers were bolted to the concrete foundation as shown in Figure 6-1. ATA created a test model
representative of the tower to develop a set of test measurement degrees of freedom (DOF). The test
display model (TDM), used for mode shape visualization, is also shown in Figure 6-1. Accelerometers
were mounted tangential to the tower to spatially filter the response and minimize the response attributed
to the breathing modes. Force was input into the structure with a calibrated modal impact hammer.
Seismic accelerometers were located on the concrete foundation and at the base of the tower in order to
obtain the motion of the foundation for use in determining the impedance of the structure.

-\

Impact

T Accelerometer
T
| Hammer

Figure 6-1. Overall view of tower on foundation (left) and test display model (right).
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6.2. Test Results

The final list of mode shapes is included in Table 6-1. The first and second bending modes are of primary
importance. The frequencies between Tower 1 and Tower 2 are within 5% of each other, indicating a high
level of similarity between the two towers. The modal assurance criterion (MAC) was also computed
between the two towers and shows a high level of agreement; the slightly lower values for the second
bending mode are due to removing the affected channels from the mode shapes and not having sufficient
high response measurements.

Table 6-1. Final mode list for V27 towers bolted to concrete foundation.

Axis of Motion Tower | Tower 2 MAC
Frequency (Hz) | Damping (% Crit)| Frequency (Hz) | Damping (% Crit)
A . Fore-Aft (X) 2.70 0.56 2.61 0.82 0.95
First Bending Mod
. Side-Side (Y) 2.75 0.98 2.67 0.50 0.90
‘ Fore-Aft (X) 11.58 224 1132 2.49 0.81
Second Bending Mod
econd Bending MoCe M Side-Side (Y) 1171 116 11.58 157 0.84

In addition, SNL was interested in determining the stiffness between the foundation and tower due to the
bolted interface. For this, the axial (Z-axis) accelerometer FRFs at the base of the tower and at the

foundation are overlaid in Figure 6-2.

Figure 6-2. FRF comparison of base of tower and foundation.

The overlaid FRFs are almost identical, indicating that there is very minimal energy lost over the
interface; therefore the interface is a very good approximation of a fixed boundary condition. There is
significant motion in the foundation, however, indicating that the entire concrete foundation has relative

motion with respect to ground.
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7. V27 FULL TURBINE EXPERIMENTAL AND OPERATIONAL MODAL SURVEY

This section of the report describes the test configuration for the V27 modal survey. The full report, titled
“Final Report on SNL SWIFT V27 Full Wind Turbine Experimental and Operational Modal Analysis,”
provides additional details of this specific test effort.

7.1. Test Article Description and Configuration

The V27 225 kW wind turbine has a 30 meter tower with 13 meter rotor blades. The V27 turbine is
shown in Figure 7-1. The V27 was tested in a parked configuration to prevent the turbine from rotating
during testing, and the turbine rotor was set to zero degrees to minimize the potential of damage due to

wind.

Figure 7-1. Overall view of V27 turbine.

The final set of measurement locations totaled 80 fixed DOF at 53 node locations. The geometry and
nodes were defined using one global coordinate system and four local coordinate systems. The tower and
foundation DOF were located in the global coordinate system; each blade and the nacelle were in their
own local coordinate systems. Figure 7-2 shows the test display model and accelerometer locations, with
each arrow in the figure representing an accelerometer. In total, 81 channels counting the modal hammer
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were measured during impact testing. The same channels—with the exception of the modal hammer—
were measured during operational testing. Due to time constraints, only a subset of channels was
measured on the second turbine for comparing natural frequencies. This included all DOF measured on

SNLI1 except the blades. Additional biaxial accelerometers were installed on the blades at max chord on
SNL2.

Figure 7-2. V27 coordinate systems and measurement locations.
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7.2. Experimental Modal Test Results

The list of modes, sorted by test mode shape frequency, is provided in Table 7-1. This table lists the shape
description, test frequency, and damping for the two turbines tested. Additionally, the MAC between
SNL1 and SNL2 is provided for each mode. As SNL2 had a significantly reduced instrumentation set,
modes were compared to SNL1 using a combination of MAC, mode shape, and comparison of PSMIF
using a common sensor set. Differences in the modes between SNL1 and SNL2 are likely due to minor
differences in construction and components of the turbine, as well as slight differences in rotor
orientation. However, all but two modes are within a 5% difference.

Table 7-1. SNL1 and SNL2 V27 turbine final global modes sorted by test frequency.

SNL1 SNL2
Frequency Damping Frequency Damping e o .
Mode (Hz) (% Crit.) (Hz) (% Crit.) Diff (%)] MAC Description

1 1.00 3.39 0.97 2.66 3% 96 Ist Tower Bending Edgewise

2 1.01 3.82 0.99 2.95 2% 83 Ist Tower Bending Flapwise

3 2.02 2.48 1.88 2.87 7% 68 1st Blade Flapwise Bending - Asym

4 2.04 2.51 2.00 236 2% 50 1st Blade Flapwise Bending - Asym

5 2.40 2.13 2.37 1.59 1% 82 Ist Blade Flapwise Bending - Sym

6 3.65 1.45 1st Blade Edgewise Bending - Asym

7 8.73 1.24 3,75 0.01 0% 32 1st Blade Edgewise Bending - Asym

8 5.33 1.35 5.05 1.96 5% 76 2nd Blade Flapwise Bending - Asym

9 5.36 1.46 5.34 1.26 0% 68 2nd Blade Flapwise Bending - Asym

10 6.67 1.20 6.70 0.98 0% 88 2nd Blade Flapwise Bending - Sym

11 7.83 1.38 7.76 1.18 1% 90 2nd T ower Bending Flapwise

12 7.97 1.19 7.99 1.52 0% 85 2nd Tower Bending Edgewise

13 8.43 1.32 8.34 0.80 1% 89 Ist Tower Torsion, 2nd Blade Edgewise Bending
14 9.67 1.65 9.99 1.64 -3% 73 2nd Blade Edgewise Bending - Sym

15 11.15 1.19 11.12 129 0% 83 3rd Blade Flapwise Bending - Asym

16 12.52 3.64 3rd Blade Flapwise Bending - Asym

17 12.69 1.70 12,17 2.68 4% 84 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap - Asym
18 13.45 1.06 13.22 1.11 2% 71 2nd Blade Edgewise Bending - Asym

19 13.66 1.08 13.82 1.98 -1% 66 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap -Sym
20 13.80 1.04 3rd Blade Flapwise Bending -Sym

7.3. Operational Modal Test Results

Operational modal analysis was performed on the SNL1 V27 turbine. Approximately two hours of natural
wind excitation data were recorded and used for OMA. The CC-SSI algorithm in ARTeMIS was used to
extract modes in the operational data.

The list of modes, sorted by test mode shape frequency, is provided in Table 7-2. This table lists the shape
description, test frequency, and damping for SNL1, comparing the EMA results to OMA. Additionally,
the MAC between EMA and OMA is provided for each mode. Modes were compared using a
combination of MAC and visualization of the mode shape.
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Table 7-2. SNL1 turbine EMA and OMA final global modes sorted by test frequency.

15

SNL1 - EMA SNL1 - OMA
Frequency | Damping | Frequency | Damping e o
Mode (Hz) (% Crit.) (Hz) (% Crit.) Diff (%)] MAC Description

1 1.00 339 Ist Tower Bending Edgewise

2 1.01 3.82 1.00 0.82 0% 44 Ist Tower Bending Flapwise

3 2.02 2.48 1.98 2.24 2% 63 1st Blade Flapwise Bending - Asym

4 2.04 251 2.02 2.45 1% 98 1st Blade Flapwise Bending - Asym

5 2.40 213 2.37 1.77 1% 100 1st Blade Flapwise Bending - Sym

6 3.65 1.45 1st Blade Edgewise Bending - Asym

7 3.73 1.24 3.61 0.95 3% 42 1st Blade Edgewise Bending - Asym

8 5.33 1.35 5.25 1.40 2% 73 2nd Blade Flapwise Bending - Asym

9 5.36 1.46 5.31 1.20 1% 93 2nd Blade Flapwise Bending - Asym

10 6.67 1.20 6.61 0.97 1% 100  |2nd Blade Flapwise Bending - Sym

11 7.83 1.38 2nd T ower Bending Flapwise

12 797 1.19 2nd T ower Bending Edgewise

13 8.43 1.32 Ist Tower Torsion, 2nd Blade Edgewise Bending
14 9.67 1.65 9:.37 2.07 3% 94 2nd Blade Edgewise Bending - Sym

15 11.15 1.19 11.00 1.31 1% 99 3rd Blade Flapwise Bending - Asym

16 12.52 3.64 3rd Blade Flapwise Bending - Asym

17 12.69 1.70 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap - Asym
18 13.45 1.06 2nd Blade Edgewise Bending - Asym

19 13.66 1.08 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap -Sym
20 13.80 1.04 13.49 1.32 1% 92 3rd Blade Flapwise Bending -Sym
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8. CONCLUSIONS

Modal and mass property testing was performed on several components and assemblies of SNL’s SWIFT
V27 wind turbines. ATA was responsible for test setup, data acquisition, data analysis, and
instrumentation and hardware removal from the V27 components and assembled turbines following the
test. All phases of the test program were completed and objectives met from October 2012 through June
2013.
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ABSTRACT

This final report documents ATA Engineering, Inc.’s modal survey and inertia testing of Sandia National
Laboratories’ Scaled Wind Farm Technology (SWIFT) Vestas 27 (V27) wind turbine blades. The modal
survey was performed at SNL’s SWIFT facility in Lubbock, Texas, on October 27 through October 31,
2012. Six blades were tested—two blades with a full set of instrumentation and four blades with a
reduced set of instrumentation. All six blades were tested in a free-free configuration by suspending the
blades with a serial bungee loop system. All six rigid body modes and the first three flexible flapwise
bending modes, first three edgewise bending modes, and first torsion mode were identified as target
modes. The modal survey was conducted with modal impact hammer and burst random shaker test runs,
and all target modes were identified. The inertia properties of the blades were also obtained. Modal and

inertia results were compared between all six blades to identify variation in the blades.

This report documents one of several different tests that were performed to characterize various
components and assemblies for the SWIFT. Details on the other tests can be found in their respective

reports.
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1. INTRODUCTION AND EXECUTIVE SUMMARY

Sandia National Laboratories (SNL) is developing the Scaled Wind Farm Technology (SWIFT) center to
enable rapid, cost-efficient testing and development of transformative wind energy technology. ATA
Engineering, Inc., (ATA) was contracted as part of this effort to dynamically characterize a number of
components and assemblies to be used at SWIFT. This report documents the modal survey for the Vestas
27 (V27) wind turbine blades. The modal survey was successfully completed October 27-31, 2012. Six
blades were tested—two with a full set of instrumentation and four with a reduced set of instrumentation.

The blades were tested in a free-free configuration.

In preparation for the modal survey, SNL provided ATA with a finite element model (FEM) of the V27.
ATA selected measurement locations and developed a test-analysis model (TAM) with a reduced-model
mass and stiffness matrix, and a back expansion matrix for visualization of the test mode shapes. ATA
used this information to plan and conduct the modal survey.

ATA conducted the test using modal impact hammer and multi-point random shaker excitation methods.
ATA provided the data collection equipment and instrumentation. A bungee suspension system was used
to support the V27 in order to simulate free-free boundary conditions as accurately as possible. The first
flexible structural modal frequency was above the highest rigid body modal frequency. All V27 primary
modes were identified up to 60 Hz, and these are presented in Table 1-1. V27 flapwise mass inertia
properties were also identified and are presented in Table 1-2.

1.1. Test Objectives

The overall objective of the SNL V27 modal survey was to obtain modal and mass properties to use for
correlation. The requirements to satisfy the overall objective were stated as follows:

1. Perform a pretest analysis, predicting the target mode shapes and frequencies.
a. Develop a TAM for defining accelerometer locations and expanding out mode shapes.
b. Identify modal survey excitation locations.

2. Develop a detailed test plan and procedure for conducting the modal survey. The frequency range of
interest was 0—100 Hz for the V27 suspended in a simulated free-free configuration. All six rigid
body modes and the first three flexible flapwise bending modes, first three edgewise bending modes,

and first torsion mode were identified as target modes.

3. Experimentally define the modal parameters (frequency, damping, and shape) for all target modes of
the blade.

4. Provide quick-look results on site during testing (including animated mode shapes and comparison
with finite element predictions).

5. Deliver a final report detailing all tasks of the modal survey, to be included with the final project
report.
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1.2. Test Performance and Results

In preparation for the modal survey, SNL provided ATA with the measurement geometry of the V27.
ATA used this information to plan, prepare for, and perform the modal survey. ATA provided the
necessary data collection equipment and instrumentation.

ATA executed and completed the test using modal impact hammer excitation methods. Global blade
modes were extracted from the impact hammer data runs and from the multiple-point-random data runs.
All V27 primary modes were identified up to 60 Hz; they are presented in Table 1-1. The weight, CG
location of the Z-axis, and the moment of inertia about the Y-axis were identified and are presented in
Table 1-2; the moment of inertia in the X and Z axes were not able to be identified, as explained in the
later results section. The maximum percent difference for any flexible mode aside from the torsion modes
is 5.27 %.

Table 1-1. Final modes, V27 wind turbine blades.

L Blade Frequency (Hz) Average |Max Difference| _ . .
Mode # Description " Priority
SNL1 - BL1|SNL1 - BL2| SNL1 - BL3|SNL2 - BL1|SNL2 - BL2|SNL2- BL3| (H2) (%)
1 1st Flapwise 4.79 4.80 4.94 4.90 4.82 4.88 4.86 3.16 P
2 2nd Flapwise 11.30 11.40 11.89 11.64 11.41 11.55 11.53 5.27 P
3 1st Edgewise|  12.35 12.37 12.67 12.66 12.29 12.35 12.45 3.08 P
4 3rd Flapwise 21.49 21.40 21.97 21.54 21.69 21.29 21.56 3.19 P
5 2nd Edgewise|  30.10 29.96 30.86 31.05 30.59 30.26 30.47 3.64 P
6 1st Torsion 34.70 30.58 31.08 33.11 32.40 32.43 32.38 13.47 S
7 4th Flapwise 33.60 34.24 34.90 34.64 34.64 34.04 34.34 3.88 )
8 2nd Torsion 50.46 47.75 48.66 50.02 51.69 52.53 50.19 10.01 S
9 3rd Edgewise|  55.36 55.50 57.74 56.89 56.10 55.19 56.13 4.62 P
Table 1-2. Inertia properties of V27 wind turbine blades.
SNL1_BL1|SNL1_BL2|SNL1 BL3|SNL2 BL1|SNL2 BL2|SNL2_BL3|Average WA
= = = = = = Verage | pitference (%)
Weight (N) 6343 6357 6303 6552 6423 6787 6460.8 7.7
CG - X Axis (m) - - - - - - - -
CG - Y Axis (m) - - - - - - - -
CG - Z Axis (m) 4.18 4.15 4.19 4.29 4.16 4.20 4.20 3.4
Ixx (kg*m#2) - - - - - - - -
lyy (kg*m*2) 5002.8 5466.0 5097.4 4967.0 5887.3 5796.4 5369.5 18.5
I1zz (kg*m*2) - - o - - = - =
* Coordinate System Origin Defined at Blade Root Center
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2. TEST CONFIGURATIONS AND PRETEST MODELING

This section of the report describes the specific pretest activities for the V27 modal survey. The blade is
described, along with pretest model preparation activities.

2.1. Test Article Description and Configuration

The V27 wind turbine blade is 13 meters long and is used as part of the Vestas 27 225 kW wind turbine.
The V27 has a max chord of 1.3 meters and a root diameter of 0.5 meters. The V27 blade is shown in
Figure 2-1.

Figure 2-1. Overall view of V27 and test facility.

The V27 was tested in two different configurations to accommodate two different tests. The first
configuration consisted of the blade suspended by a bungee system to separate the rigid body modes from
the flexible structural modes. All rigid body modes were less than 1.8 Hz. The two support locations were
at 2.40 and 10.20 meters from the root end; these locations were chosen to minimize the effect of the
supports on the measurements by locating the supports at the nodes of the first flapwise bending mode. A
photograph of the bungee system is shown in Figure 2-2.

The second configuration consisted of the blade rigidly suspended in order to perform a bifilar pendulum
test. The two support locations were 7.80 meters from each other as defined from the modal supports but
equidistant about the CG of the blade. A photograph of the bifilar pendulum suspension system is shown
in Figure 2-3.
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1 Lifting Crane

Bungee Straps | S— :

- Safety Strap

_d = ?

Figure 2-2. Bungee system used for V27 blade testing.
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4

Figure 2-3. Bifilar pendulum suspension used for V27 blade testing.
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Pretest Analysis

Pretest analysis was performed to determine accelerometer locations and calculate reduced mass,

stiffness, and back-expansion matrices. The blade FEM was provided by SNL.

Table 2-1 shows the pseudo-orthogonality matrix between the FEM modes using the reduced TAM mass

matrix for the blade. Details regarding the orthogonality computation are provided in Section 3.3.4. The

pseudo-orthogonality computation compares the FEM modes to themselves using the reduced TAM mass

matrix. Ideally, the mass for every mode is exactly captured in the TAM and the pseudo-orthogonality is
an identity matrix. Practically, the difference characterizes how well the mass information is captured in

the TAM, and on-diagonal values close to 1.0 with off-diagonal values close to 0.0 indicate a suitable
TAM. In Table 2-1, values less than 0.1 are not displayed. Table 2-1 shows that above 27 Hz the TAM
begins to lose its accuracy. This is due to the modes above this frequency having local panel flexibility.

As these modes are not target modes, accurately capturing these modes was not of high priority.

Table 2-1.

FEM Pseudo Orthogonality Table
FEM shapes

V27 pseudo-orthogonality matrix. Values greater than 0.1 are yellow and those greater than 0.90 green.
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2.3.

Test Measurements and Geometry

This section of the report provides information about the measurement locations used during the modal

survey. Measurement locations were selected based on a pretest analysis. ATA created a test model

representative of the V27 blade to develop a set of test measurement degrees of freedom (DOF).

The final set of measurement locations totaled 56 fixed DOF at 26 node locations. This number does not

include drive point accelerometers or load cells. The geometry and nodes were defined using one global

coordinate system. Figure 2-4 shows the test display model and accelerometer locations. Each arrow in

the figure represents an accelerometer. Table 2-2 lists the 56 test DOF at the 26 selected model node

locations, along with a description of each. Test measurements were also made at the shaker input
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locations. These nodes are not included in the display model or in the table. Photos of all accelerometers
are included in Appendix C. In total, 57 channels counting the modal hammer were measured during
impact testing.

&Y

Figure 2-4. V27 coordinate systems and measurement locations.
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Table 2-2. Accelerometer locations (56 channels and 26 nodes, not including drive points).

Group Name| Node |X+|Y+|Z+| Locations
Trailing 3502 | X |Y+|Z+| Trailing-1 (Tip)
Trailing 3358 [ X [Y+ Trailing-2
Trailing 3052 | XY+ Trailing-3
Trailing 2871 | XY+ Trailing-4
Trailing 2559 | X |Y+ Trailing-5
Trailing 2208 | X Y+ Trailing-6
Trailing 2010 | X [Y+ Trailing-7
Trailing 1593 | X- | Y+ Trailing-8
Trailing 1359 | X | Y+ Trailing-9
Trailing 878 X |Y+ Trailing-10
Trailing 488 X | Y+ Trailing-11
Trailing 242 XY+ Trailing-12
Trailing 76 X- | Y+ | Z+ | Trailing-13 (Root)
Leading 3537 | X |Y-|Z+| Leading-1 (Tip)
Leading 3407 | X | Y- Leading-2
Leading 3101 | X | Y- Leading-3
Leading 2898 | X | Y- Leading-4
Leading 2631 | X[ Y- Leading-5
Leading 2290 | X | Y- Leading-6
Leading 2099 | X | Y- Leading-7
Leading 1691 | X | Y- Leading-8
Leading 1465 | X | Y- Leading-9
Leading 992 X |Y- Leading-10
Leading 550 X 1Y- Leading-11
Leading 296 X |Y- Leading-12
Leading 95 X- | Y- | Z+ | Leading-13 (Root)

# X Entries | #Y Entries |# Z Entries
26 26 4
Total Number of Entries| 56
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3. TEST DESCRIPTION

The V27 modal survey involved applying and measuring external force excitations to the blade and
measuring the acceleration responses at the instrumented locations. This testing allowed the measurement
of frequency response functions (FRF) between the instrumented response locations and the applied
shaker input forces. The FRF characterize the dynamic behavior of the structure and can be used to
identify the modal parameters (frequency, damping, and shape) of the blade.

The V27 mass inertia in the Y-axis was also measured using a bifilar pendulum method.

3.1. Test Conduct

The following sections provide the test conduct for the modal survey and bifilar pendulum tests
performed on the V27 blades. Other methods were attempted, but they yielded poor results and are not
discussed further.

3.1.1. Modal Survey

The modal survey was performed on site at SNL’s SWIFT facility in Lubbock, Texas, on October 27-31,
2012. ATA was responsible for the installation and removal of all transducers and cabling necessary for
the modal survey. All DOF locations on the blade were measured and marked on the surface by ATA.
The measurement locations matched those in the test display model, as selected for visualization of the
primary modes. After all of the measurement locations were mapped on the blade, the accelerometers and

cables were installed.

Impact testing, using an instrumented modal impact hammer, was also performed to excite the structure

and perform the modal survey.

The exciter locations for the V27 modal survey were identified during the pretest analysis effort and were
selected based on prior experience testing wind turbine blades. The data acquisition system measured all
data channels simultaneously, allowing all data to be taken in a single pass. A complete channel table list
is provided in Appendix E.

In total, 44 runs were recorded. These included check-out, impact, sine-sweep, Multi-Sine,? and MPR
runs. The test run log is provided in Table 3-1 below. The text in the “Notes” column provides brief

details on each run and any anomalies encountered. The final test mode shapes were extracted from runs
3,22,29, 34, 38, and 43 for blades 1-6.

2 The products, services, and technology described here may be protected by U.S. Pat. No. 8,281,659.
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Table 3-1. SNL V27 modal survey test run log.

61178 Project Description Test Run Log RMS Force level (Ibs]
Freq Range
Run Date Start Time | Config’|Blade #| Exc. | 10001 10002 File Name Block Reference Channels (Hz)
# (auto) <CTRL><T> Type* Size Notes
Testing day 1
Blade 1 - SNL2 BL1
1 10/27/2012 14:07 Flap 1 i - - 61178_V27_001i_flap_1.ati 8192 3502X- 0-100 Impact Run - Reglued some accel blocks
2 10/27/2012 14:43 Flap 1 i - - 61178_V27_002i_flap_1.ati 8192 3502X- 0-100 Impact Run - Scaling looks incorrect for ch5-8
3 10/27/2012 15:15 Flap 1 i - - 61178_V27_003i_flap_1.ati 8192 3502X-, 3537Y+,2898Y +,878X- 0-100 Impact Run - Changed ch 5-8 to ch 61-64
4 10/27/2012 15:55 Flap 1 r 4.77 1:62 61178_V27_004r_flap_1.ati 1601 10001, 10002 0-78 Shaker Checkout
5 10/27/2012 19:26 Flap 1 r 4.77 1.52 61178_V27_005r_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia Modal Method
Testing day 2
6 10/28/2012 7:46 Flap 1 b 0.74 0.66 61178_V27_006b_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia Modal Method - Shaker 1 Load Cell Changed
7 10/28/2012 8:11 Flap 1 b 1.29 1.1 61178_V27_007b_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia - Level 2
8 10/28/2012 8:28 Flap 1 b 1.29 1.11 61178_V27_008b_flap_1.ati 1601 10001, 10002 0-78 Mass Inertia - Level 2 - Shaker 1 Pigtail and Accel Changed (36857)
9 10/28/2012 8:40 Flap 1 b 4.11 1.11 61178_V27_009b_flap_1.ati 1601 10001, 10002 0-78 Mass Inertia - Multi Level
10 10/28/2012 8:54 Flap 1 b 10.32 2.10 61178_V27_010b_flap_1.ati 1601 10001, 10002 0-78 Mass Inertia - High Level
1 10/28/2012 9:07 Flap 1 b 0.93 0.86 61178_V27_011b_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia - Low Lewel, Large Block Size
12 10/28/2012 10:06 Flap 1 ms - - 61178_V27_012ms_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia - Multi Sine
13 10/28/2012 10:35 Flap 1 ms - - 61178_V27_013ms_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia - Multi Sine - Lower Level
14 10/28/2012 15:36 Flap 1 man - - 61178_V27_014man_flap_1.ati 101 - 0-25 Pendulum
15 10/28/2012 16:02 Flap 1 man - - 61178_V27_015man_flap_1.ati 101 - 0-25 Bifilar Flapwise
Testing day 3
Blade 3 SNL2 - BI3
16 10/29/2012 8:16 Flap 3 man - - 61178_V27_016man_flap_3.ati 101 - 0-25 Pendulum
17 10/29/2012 8:43 Flap 3 man - - 61178_V27_017man_flap_3.ati 101 - 0-25 Bifilar Flapwise
18 10/29/2012 10:10 Flap 3 man - - 61178_V27_018man_flap_3.ati 101 - 0-25 Axial Pendulum
19 10/29/2012 11:34 Flap 3 man - - 61178_V27_019man_flap_3.ati 1601 488 X-,Y+,Z+ 0-78 RB Modes Checkout
20 10/29/2012 12:07 Flap 3 man - - 61178_V27_020man_flap_3.ati 1601 - 0-78 RB Modes Checkout - Adjusted Bungee
21 10/29/2012 13:09 Flap 3 man - - 61178_V27_021man_flap_3.ati 1601 " 0-78 RB Modes Checkout - Moved accel
22 10/29/2012 14:00 Flap 3 i - - 61178_V27_022i_flap_3.ati 8192 3502X%- 0-100 Impact Test
23 10/29/2012 16:46 Flap 3 b 1.42 1.27 61178_V27_023b_flap_3.ati 4096 10001, 10002 0-40 Low Level Burst Checkout
24 10/29/2012 16:46 Flap 3 b 1.20 1.27 61178_V27_024b_flap_3.ati 4096 10001, 10002 0-20 Low Level Burst - 0-20 Hz
25 10/29/2012 16:46 Flap 3 b 1.20 1.27 61178_V27_025b_flap_3.ati 8192 10001, 10002 0-20 Mass Inertia - Low Lewel, Large Block Size
Testing day 4
Blade 2 SNL2 - BI2
26 10/30/2012 8:36 Flap 2 man - - 61178_V27_026man_flap_2.ati 101 - 0-25 Pendulum
27 10/30/2012 8:49 Flap 2 man - - 61178_V27_027man_flap_2.ati 101 - 0-25 Bifilar Flapwise
28 10/30/2012 9:34 Flap 2 i - - 61178_V27_028i_flap_2.ati 8192 488 X-,Y+,Z+ 0-25 RB Mode Impact
29 10/30/2012 11:07 Flap 2 i - - 61178_V27_029i_flap_2.ati 8192 3502X%-, 3537Y+, 0-100 Impact Test
Blade 4 SNL1 - BI1
30 10/30/2012 14:44 Flap 4 man - - 61178_V27_030man_flap_4.ati 101 - 0-25 Pendulum
31 10/30/2012 14:59 Flap 4 man - - 61178_V27_031man_flap_4.ati 101 - 0-25 Bifilar Flapwise
32 10/30/2012 15:26 Flap 4 i - - 61178_V27_032i_flap_4.ati 8192 488 X-Y+,7+ 0-25 RB Mode Impact
33 10/30/2012 16:33 Flap 4 i - - 61178_V27_033i_flap_4.ati 8192 3502X%-, 3537Y+, 0-100 Impact Test
34 10/30/2012 17:05 Flap 4 i - - 61178_V27_034i_flap_4.ati 8192 3502X%-, 3537Y+, 0-100 Impact Test - Corrected Channels
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Table 3-1. SNL V27 modal survey test run log (continued).

11

61178 Project Description Test Run Log RMS Force level (Ibs]
Freq Range
Run Date Start Time |Config'|Blade #| Exc. | 10001 10002 File Name Block Reference Channels (Hz)
# (auto) <CTRL><T> | Type* Size Notes
Testing day 5
Blade 5 SNL1 - BI3
35 10/31/2012 8:17 Flap 5 man - - 61178_V27_035man_flap_5.ati 101 - 0-25 Pendulum
36 10/31/2012 8:28 Flap 5 man - - 61178_V27_036man_flap_5.ati 101 - 0-25 Bifilar Flapwise
37 10/31/2012 8:39 Flap 5 i - - 61178_V27_037i_flap_5.ati 8192 488 X-Y+,7+ 0-25 RB Mode Impact
38 10/31/2012 9:49 Flap 5 i - - 61178_V27_038i_flap_5.ati 8192 3502X-, 3502Y+, 0-100 Impact Test - Pendulum Support Locations
39 10/31/2012 10:49 Flap 5 i - - 61178_V27_039i_flap_5.ati 8192 3502X%-, 3502Y+, 0-100 Impact Test
Blade 6 SNL1 - BI2
40 10/31/2012 14:07 Flap 6 man - - 61178_V27_040man_flap_6.ati 101 - 0-25 Pendulum
41 10/31/2012 14:26 Flap 6 man - - 61178_V27_041man_flap_6.ati 101 - 0-25 Bifilar Flapwise
42 10/31/2012 14:33 Flap 6 i - - 61178_V27_042i_flap_6.ati 8192 488 X-Y+,7+ 0-25 RB Mode Impact
43 10/31/2012 15:47 Flap 6 i - - 61178_V27_043i_flap_6.ati 8192 3502X-, 3537Y+, 0-100 Impact Test - Pendulum Support Locations
44 10/31/2012 16:41 Flap 6 i - - 61178_V27_044i_flap_6.ati 8192 3502X%-, 3537Y+, 0-100 Impact Test

* EXCITATION TYPE

i modal impact
modal burst random
multi-sine sweep
manual excitation

|
b

ms

man
Configs
Flap

Blade Tested on Edge

Blade Numbering

Blade 1 = SNL2_BL1
Blade 3 = SNL2_BL3
Blade 2 = SNL2_BL2
Blade 4 = SNL1_BL1
Blade 5 = SNL1_BL3
Blade 6 = SNL1_BL2
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3.1.2. Inertia Property Estimation Using Bifilar Pendulum

The inertia property estimation was performed on site at SNL’s SWIFT facility in Lubbock, Texas, on
October 27-31, 2012. ATA was responsible for proving the instrumentation and supports needed for
testing. The theory used in this test, the bifilar pendulum technique, is briefly discussed below.

The bifilar pendulum technique uses a torsional pendulum located about the CG of an object to determine
the mass moment of inertia, as shown in Figure 3-1.

At Rest Rotated

Figure 3-1. Principle of bifilar pendulum.

The key summary equation is
_ Mgx’T* 1

I
L 47

Equation 3-1

where M is the mass of the object, g is the gravitational constant, x is the distance from the CG to the
support, T is the period of time required to undergo one revolution, and L is the length of the pendulum.
For an irregularly shaped object, this test must be completed in all three axes to obtain Iy, Iy and L,.
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3.2. Test Instrumentation

Modal response data were measured using accelerometers mounted on the blade, and an impact hammer
with an attached load cell was used to measure the amount of force applied to the blade. Load cells were
also installed between the electrodynamic shakers (used to apply the excitation force) and the blade to
measure the amount of force applied. ATA provided all instrumentation required to complete the test.
This included the impact hammer, shakers, shaker amplifiers, sine-sweep generator, transducer signal
conditioning, data acquisition hardware, and data collection and analysis computers. SNL provided gantry
cranes and the technicians to lift and move the blade.

All of the accelerometer cabling was routed and plugged into gather boxes at a central location near the
data acquisition system. A photograph of ATA’s workstation is shown in Figure 3-2.

5
Y W g,

'\ Load Cell
s Readout
P | T
Load Cell
Conditioner

T ’Hki |

| DC Accelerometer
Power Supply
V4 A i

—

e

rAmpiitier |

Figure 3-2. Data acquisition equipment and analysis workstations.

The DB-50 cables were then routed from the gather boxes to the data acquisition system. A photograph of
the gather boxes and cabling is shown in Figure 3-3.
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Ribbon Cable

Gather Box
DB-50 Cable ; J“‘_—f
il o}

Figure 3-3. Instrumentation cabling was routed to gather boxes where DB-50
cables were then used to connect to the data acquisition system.
The DB-50 cables that connected to the VXI data acquisition system are shown in Figure 3-3. All
equipment specifications are provided in Appendix G.

All of the DC accelerometers were routed to DIN rails, shown in Figure 3-4, which were powered by an
external power supply. Pigtail-to-BNC cables were used to connect the DIN rails to the data acquisition
system.

Plgtall BNC |

D E v“":

Figure 3-4. DC accelerometers were routed to DIN rails where plgtall-to -BNC cables
were then used to connect to the data acquisition system.
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3.2.1. Accelerometers

All of the accelerometers installed for the modal survey were defined using the global Cartesian
coordinate system. Photos of all of the accelerometer locations are provided in Appendix C. The global
coordinate system was changed after the test to comply with the standard wind turbine blade coordinate
system. As a result, all accelerometer photos have an incorrect node direction. The coordinate
transformation is shown in Figure 3-5.

Looking from Root to Tip

Y+
(Trailing Edge) X+
(Trailing Edge)
X+ +
(Low Pressure Side) (High Pressure Side)
New Coordinate System Original Coordinate System

Figure 3-5. V27 test coordinate system transformation.

Accelerometers were attached as needed to mounting blocks, allowing correct alignment to the proper
displacement coordinate system. Cube blocks permitted the attachment of up to three accelerometers per
block and allowed tangential measurements. Semicylindrical accelerometer mounting blocks and bubble
levels were used to orient some accelerometers to the coordinate system. The blocks also ensured that the
accelerometers were electrically isolated from the blade. ATA provided the blocks that were used to
attach accelerometers to the blade. Figure 3-6 shows an example of the accelerometer installation, includ-

ing the cube and barcodes used to document the measurement location.
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Figure 3-6. Example accelerometer installation; note the barcode used for documenting the accelerometer location.

Each accelerometer was labeled with a barcode that identified its serial number. These barcode labels
were scanned with a special Palm™ handheld, which stored the information in its database. The Palm’s
database was then downloaded to a database on the acquisition computer, which was used to set up the
channel table in the data acquisition system.

Acceleration values of 0.001 to 0.5 g (maximum) were anticipated for the modal survey. The acceler-
ometers used for the modal survey were PCB model T333B piezoelectric, integrated circuit preamplifier
(ICP®) type and were capable of measuring accelerations accurately (+ 5%) from 2 to 1,000 Hz. The
transducers were powered by signal-conditioning units supplied by ATA and included transducer
electronic data sheet (TEDS) information, which allowed the amplifier to recognize each serial number
for all of the accelerometers. Specification sheets for the accelerometers are included in Appendix G of
this report. The calibrated sensitivities and calibration due dates for all accelerometers used for this test
are included in Appendix E.

Acceleration values of 0.001 to 0.5 g (maximum) were anticipated for the rigid body survey. The acceler-
ometers used for the modal survey were PCB model 3741D4HB30G, capable of measuring accelerations
accurately (£ 5%) from 0 to 1000 Hz. The accelerometers were powered by an external power supply
producing 15 V at 0.5 A.

Test instrumentation logs were prepared and maintained to show the location of each accelerometer,
along with its serial number and sensitivity.
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3.2.2. Force Transducers

Force transducers (load cells) were provided at each of the shaker input locations. All load cell transduc-
ers were piezoelectric devices (PCB Model 208C03), each of which can measure up to 500 pounds of
force in the frequency range of 1 to 36,000 Hz. The calibration values and due dates for all load cells used
for this test are included in Appendix E.

The load cell measurements were used to set the open-loop excitation levels and compute the FRF for the
blade. These force levels were recorded and documented using a computation of the power spectral
density (PSD) and the overall root mean square (RMS) for the entire frequency band. Figure 3-7 shows
the PSD for the input force of both shakers from MPR run 25.

Auto Spectrum
61178_V27_025b_flap_3 ati - Mass Inertia - Low Level, Large Block Size

J

Ll

| -&;&Mmﬂm’mnﬁ

10°

Ll

Lol

. Shaker Excitation Bandwidth

Excitation Force (N)Hz)
A
v

sl

Lyl

il

T T T I T 1
5 15 20 25 30
Frequency (Hz)

———(10001X+,10001X+) - DP Force Root
—{10002X+,10002X+) - DP Force Tip

=}
n
=}

Figure 3-7. PSD for both shaker inputs, MPR run 25.

Additional static load cells (Interface Model #1210) were used to determine the mass and CG of the blade
by suspending the blade at the two locations as shown in Figure 3-8; the CG was able to be determined
based on the locations of the two straps and the load measured on each.
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Figure 3-8. Load cells used to calculate mass and CG.

3.2.3. Impact Hammer

The impact hammer load cell transducer is a piezoelectric device (PCB Model 086D20) that can measure

up to 5000 pounds of force in the frequency range of 1 to 12,000 Hz. The calibration values and due dates
for the impact hammer used for this test are included in Appendix E. The hammer tip chosen (PCB Model
084A60) was used due to the low-frequency bandwidth excitation. The auto power spectrum for a typical

impact is shown in Figure 3-9.



Exotabon Force (N)Hz)
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Auto Spectrum
61178_V27_022i_flap_3 ati - Hammer Checkout

-
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Frequency (Hz)
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Figure 3-9. PSD for impact hammer, run 22.
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3.2.4. Electrodynamic Shakers

The V27 modal survey required two shakers to apply simultaneous excitation during the MPR runs. ATA
supplied the 110-pound MB Dynamics electrodynamic shakers. One shaker was attached at a skewed
angle to the root end and the other was attached at a skewed angle to the tip. These positions provided for

adequate excitation of all modes of the blade.

All shakers used plastic stingers that transmitted a direct force with minimal bending moment. The sting-
ers are rigid enough to transmit unattenuated axial force within the frequency range of interest. Attach-
ment between the shaker system and the blade was made through attachment blocks that were glued to the
tip and root of the blade. The load cell transducers were attached to the blocks, and the stingers completed
the connections between the transducers and the shakers as shown in Figure 3-10. Pictures of each shaker

configuration are shown in Appendix D.

Mounting
Block

Drive Point .
Accelerometer |

Figure 3-10. Shaker attachment with drive point accelerometer.
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3.2.5. DC Accelerometers

The DC accelerometers were used for the bifilar pendulum testing to accurately capture the frequency of
the rigid body mode. The blade was manually excited at the natural frequency of the mode and was
allowed to freely oscillate and decay. A representative time and auto spectrum, shown in Figure 3-11,
indicate the natural frequency of the mode due to the spike in the response at that frequency.

Power Spectral Density
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Figure 3-11. Time and spectra of DC accelerometer for bifilar pendulum test run 27.



Final Report for SNL SWIFT V27 Modal Survey | Project No. 61178 22

3.2.6. Data Measurement and Recording

All time history, auto spectrum, coherence, and FRF data were stored on the hard disk of the data
acquisition computer. All data were written to an external hard disk as a backup at the conclusion of each
test day. After completion of the modal survey, the data were transferred onto the computer system at
ATA’s San Diego office, where the final data analysis was performed and the report written.

A schematic layout of the data collection system is shown in Figure 3-12. The system utilized a
128-channel VXI Technology digitizing front-end hardware system with 1432A analog-to-digital con-
verter modules. The data acquisition chassis was then connected to the laptop computer through a
FireWire interface card. All input forces and all response measurements were acquired simultaneously,
which allowed all data to be collected in a single pass, thus reducing overall test time. The data
acquisition computer was a laptop PC, and one additional computer at the test site was used for analysis
and documentation. Briiel & Kjer I-deas® Test software and ATA’s IMAT™ software were run on these
computers to acquire and process the data. Processing included extracting the modal parameters from the
FRF and evaluating the data quality and mode shapes.
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Figure 3-12. Data acquisition system schematic.
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3.3. Test Performance

One computer was used acquire data, while the other on-site data processing computer was used to extract
modal parameter information from the FRF data. The FRF data were processed to determine the resonant
frequencies, mode shapes, and modal damping. Preliminary data analysis was performed as soon as the
FRF were available for processing. This allowed for a quick study of the dynamic characteristics of the
blade. It also allowed the data quality to be verified through the use of coherence, complex mode-indi-
cator functions (CMIF), multivariate mode-indicator functions (MMIF), power spectrum mode-indicator
functions (PSMIF), and FRF quality. Quick processing of the data into mode shapes permitted the modal
assurance criteria (MAC) and self-orthogonality to be computed between the test shapes, which helped to
verify the independence of the extracted modes. Back-expansion of test shapes from the measured DOF to
the full test display DOF allowed visual verification that all target modes had been identified. These
preliminary data were shared with SNL engineers at the test site.

3.3.1. Data Quality Assessment

After acquisition, processing, and on-site analysis of the test data were completed, all of the data were
reviewed by ATA and SNL engineers to ensure that the test objectives and the criteria for satisfaction of

the test objectives had been attained.

During the data collection process, the response signals on the acquisition computer screen were moni-
tored continuously, and data quality was evaluated immediately after the collection of each data set by
examining the force spectra (shown previously in Figure 3-7), coherence, reciprocity, and FRF quality.

Coherence functions that were computed during the acquisition process were all stored, along with the
auto spectrum and FRF for each channel. In this manner, any questions about data quality could be
assessed by reviewing specific coherence functions associated with a particular response measurement.
Figure 3-13 shows the FRF and coherence for the drive point impact hammer location 3502X— for run 22.
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Figure 3-13. FRF and coherence for impact hammer drive point 3502X—, run 22.

In addition to the coherence review as a check of data quality, reciprocity was checked between shaker
locations. Figure 3-14 shows the reciprocity comparison obtained between shakers 1 and 2 for run 13. The
two functions shown indicate good reciprocity.
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Figure 3-14. Reciprocity comparison between shakers 1 and 2, run 13.

3.3.2. Modal Extraction

The first indications of resonance were determined by evaluating the FRF, in particular the drive point
FRF. Peaks showing dynamic amplification were tagged for documentation. Natural frequencies were
verified by looking at the minimums of the MIF and MMIF, maximums of the PSMIF, and peaks indi-
cated by the FRF. All of the modal parameters were extracted from the FRF. These modal parameters
include the natural frequency, damping, and corresponding mode shapes. The modal data extracted from
the FRF were evaluated while the blade was still available so that any modes that had not been clearly
identified could be studied further. Data collected during MPR excitation were used to extract the final

modal parameters.

The alias-free polyreference algorithm was the primary method used to extract the modal information
from the test data. Real normal modes were computed directly from the test data. Damping was estimated
using the same polyreference FRF curve-fitting algorithm that was used to extract the resonant
frequencies. The alias-free polyreference technique in ATA’s AFPoly™ IMAT toolkit employs a
Laplace-domain curve-fitting algorithm capable of extracting lightly or highly damped modes in a single
pass.

Data processing that was not completed during the test program was finalized at ATA following the test.
Ongoing data analysis was performed at the test site as further testing was being performed. Final listings
of modal frequencies, shapes, and damping estimates are provided in Section 4.
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3.3.3. Modal Assurance Criteria

Once test modes were extracted from the data, evaluation of the modes was performed on site. This
approach helped to confirm that all primary (target) modes of interest had been characterized.

The MAC was computed for the test modes to obtain an indication of the independence of the modes as
directly measured. The MAC is a scalar value between zero and one representing the correlation between
two mode shapes. High correlation is indicated by a value near one. The MAC value between two mode
shapes is computed using the following vector inner products.

o, (0.
o) o, Jo.) [0.]

The vectors ®@; and @, are the mode shapes being compared.

MAC,, = Equation 3-2

3.3.4. Orthogonality

Since a pretest model had been developed, the analytic mass matrix was available at the test site. This
made it possible to compute orthogonality of the test modes relative to the analytic mass matrix.

The modes acquired from the test measurements were checked for orthogonality using the TAM analyti-
cal mass matrix. The orthogonality matrix [O),] is computed from the following matrix product.

[012 ]: [q)l ]T [MAA I(I)2 ] Equation 3-3

The terms [®,] and [®,] are mode shapes matrices (normalized to [M,4] to produce 1.0 on the [O;]
diagonal), and [M 4] is the TAM analytical mass matrix. The self-orthogonality of the test mode shapes
relative to the analytic mass matrix was computed from Equation 3-4 with [®] = [D,].

An additional orthogonality check was performed as a measure of correlation between test and analytical
modes. This cross-orthogonality check is expressed in Equation 3-5, where [®,] are test mode shapes and
[®D,] are analysis mode shapes. Cross-orthogonality was evaluated during the test to assess whether the

test had defined the predicted modes of the structure. The result, however, was not used as a criterion for

acceptance of test data.

Ideally, an acquired mode will be perfectly orthogonal with respect to all of the other modes, and the
modal coefficients for each DOF will contain only the contribution of the mode of interest. However, the
various practical limitations in actual testing that render the attainment of perfect modal orthogonality
nearly impossible include the following:

1. Extremely high modal density (several modes close in frequency)

Any inaccuracy or insufficiency of the acquired data

The possibility of the exciter location being at or near a node point of the target mode

Any inaccuracy of the mass matrix used for orthogonality checks

Lok WD

Any interference of uninstrumented and nonstructural component modes
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4. TEST RESULTS

This section of the report documents the results of the V27 modal survey program. The summary tables
include the modal parameters identified from the experimental data. As discussed previously, the modes
of interest were all six rigid body modes, the first three flexible flapwise bending modes, the first three
edgewise bending modes, and the first torsion mode. Most of the parameter estimation effort was focused
on identifying these modes. All flexible target modes were extracted successfully, as were the mass, CG,

and moment of inertia about the Y-axis.

Test self-MAC and orthogonality calculations, along with visual inspection of the shapes, were used to
verify the uniqueness of modes reported for each configuration. The MAC and orthogonality values pre-
sented were calculated using all of the test DOF.

Test-to-analysis MACs and orthogonality matrices (cross-MAC and cross-orthogonality) are also
included in this section. The test target modes demonstrated poor compatibility with the pretest analysis
modes due to known correlation issues with the FEM. More details regarding modal extraction are pro-
vided in the following sections.

A back-expansion matrix was used to fill in the unmeasured DOF at each test node to improve the ability
to visualize the mode shapes. For example, an accelerometer measured DOF 1465X— and Y- but not the
accelerations in the corresponding Z direction. The back-expansion uses the TAM constraint matrix to
interpolate these missing DOF for purposes of visualization only. The mode shapes presented in
Appendix F include the back-expanded DOF. The MAC and orthogonality calculations did not use the
back-expanded shapes.

This section of the report also documents the results of the V27 mass inertia testing. The summary tables
include the mass and inertia parameters identified from the experimental data. As discussed previously,
CG, mass, and inertia were the key items of interest, and the CG in the Z-axis, mass, and moment of

inertia about the Y-axis were obtained successfully.

4.1. V27 Final Modes

A single V27 configuration was tested to obtain the modal results: the V27 blade mounted suspended by
bungees at two locations (the nodes of the first flap bending mode). All target modes of this configuration
were identified. Two excitation methods were used during testing, and the majority of the modes were
successfully extracted from impact hammer test runs 3, 22, 29, 34, 38, and 43 for blades 1-6. The test run
number corresponds to the test run log presented in Table 3-1.

The list of modes, sorted by test mode shape frequency, is provided in Table 4-1. This table lists the shape
description, priority, test frequency, and damping for all six blades tested. Mode shape plots are provided
in Appendix F.
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Table 4-1. V27 final global modes sorted by test frequency.
Mode # | Description Blade Frequency (Hz) Average |Max Di:ference Priority
SNL1 - BL1|SNL1 - BL2| SNL1 - BL3|SNL2 - BL1|SNL2 - BL2| SNL2- BL3| (H2) (%)

1 1st Flapwise 4.79 4.80 4.94 4.90 4.82 4.88 4.86 3.16 P
2 2nd Flapwise 11.30 11.40 11.89 11.64 11.41 11.55 11.53 5.27 P
3 1st Edgewise| 12.35 12.37 12.67 12.66 12.29 12.35 12.45 3.08 P
4 3rd Flapwise 21.49 21.40 21.97 21.54 21.69 21.29 21.56 3.19 P
5 2nd Edgewise|  30.10 29.96 30.86 31.05 30.59 30.26 30.47 3.64 P
6 1st Torsion 34.70 30.58 31.08 33.11 32.40 32.43 32.38 13.47 S
7 4th Flapwise 33.60 34.24 34.90 34.64 34.64 34.04 34.34 3.88 (¢}
8 2nd Torsion 50.46 47.75 48.66 50.02 51.69 52.53 50.19 10.01 S
9 3rd Edgewise|  55.36 55.50 57.74 56.89 56.10 55.19 56.13 4.62 P

The orthogonality matrices for the V27 final modes are provided in Table 4-2 for the two full sets of
instrumentation blades (SNL2_BL1 and SNL2_BL3) and in Table 4-3 for all six blades For the test self-

orthogonality displayed in Table 4-2 and Table 4-3, high diagonal values and low off-diagonal values

were obtained, indicating good mode uniqueness and high correlation between the different blades.

Table 4-2. V27 final test modes (SNL2_BL1 and SNL2_BL3 at full instrumentation set): self-orthogonality.
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Table 4-3. V27 final test modes (all six blades at reduced instrumentation set): self-orthogonality.

Test Self Orthogonality Table
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A linearity check was performed using multiple levels of excitation. The overall structure was relatively
linear over the frequency range of interest (2—80 Hz). The power spectrum mode indicator function
(PSMIF) is shown in Figure 4-1 for three different levels of MPR excitation. Because the PSMIF is the
summation of all FRF multiplied by each FRF conjugate, it is an ideal function to allow a global study of
nonlinearity. The PSMIF plotted in Figure 4-1 are summed from both references (shakers 1 and 2), and
they demonstrate good linearity in both frequency and magnitude with increasing force input. Figure 4-2
presents three FRF in total: one drive point FRF each from runs 9, 10, and 11. Good blade linearity is
demonstrated in this plot as well, and the modal peaks are visible for each of the six target modes.

Mode Indicator Function
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Figure 4-1. Linearity check observing PSMIF from MPR runs 9, 10, and 11.
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Figure 4-2. FRF from MPR runs 9, 10, and 11.

V27 Rigid Properties

The mass, CG, and moment of inertia about the Y-axis are shown in Table 4-4. The mass and CG of all
six blades were measured using two load cells at the two support locations described previously. The

moment of inertia about the Y-axis was measured using the bifilar pendulum technique described

previously.
Table 4-4. V27 final mass and inertia properties.
SNL1_BL1|SNL1 BL2|SNL1_BL3|SNL2_BL1|SNL2_BL2(SNL2_BL3|Average Diffell'\:?l)c(:e (%)

Weight (N) 6343 6357 6303 6552 6423 6787 6460.8 7.7
CG - X Axis (m) - - - - - - - -
CG - Y Axis (m) - - - - - - - -

CG -Z Axis(m)| 4.18 4.15 4.19 4.29 4.16 4.20 4.20 3.4
Ixx (kg*m*2) - 5 = = B = B -

lyy (kg*rm*2) | 5002.8 5466.0 5097.4 4967.0 5887.3 5796.4 | 5369.5 18.5
I1zz (kg*m*2) s B o s B o B -

* Coordinate System Origin Defined at Blade Root Center

The CGs of all six blades were relatively close to one another, indicating the similarity between the
blades. The weight of the blades and the mass moment of inertia showed higher variation, likely due to
rework done on the blades.
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The bifilar pendulum was not able to be used to obtain the moments of inertia about the X or Z axes, as
the X-axis would have required a saddle to prevent crushing of the trailing edge and the Z-axis would
have required suspending the blade vertically. The test setup prevented either of those tests from

occurring.

Effort was made to use the other techniques described in the report to obtain the missing inertia and CG
terms but, due to significant blade interaction with the support structure, further examination and
processing of the data did not yield information of a sufficient quality to obtain the missing terms.

33
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5. CONCLUSIONS

A modal survey was successfully performed on six V27 blades. A global modal survey for a single test
configuration was conducted, and all primary flexible target modes were identified. The mass, CG, and
moment of inertia about the Y-axis were also obtained. The modal parameters were successfully
extracted, recorded, and shared with SNL engineers at the test site in a preliminary test report. ATA was
responsible for test setup, data acquisition, data analysis, and instrumentation and hardware removal from
the V27 blade following the test. All phases of the test program were completed October 27-31, 2012.

Modal parameters were extracted from MPR and modal impact hammer runs, and the uniqueness of the
final mode shapes was verified through visual inspection and the test self-orthogonality. The self-
orthogonality demonstrated that the extracted flexible mode shapes were unique, and all target modes
were clearly identified with shape visualization. Finally, the V27 exhibited linear behavior, evidenced by
MPR runs performed with input forces of approximately 1, 4, and 10 Ibf RMS.
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Appendix A

On-Site Test Log and Run Log
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61178 Project Description Test Run Log

RMS Force level (Ibs]

Freq Range
Run Date Start Time |Config’|Blade #| Exc. | 10001 10002 File Name Block Reference Channels (Hz)
# (auto) <CTRL><T> Type* Size Notes
Testing day 1
Blade 1 - SNL2 BL1
1 10/27/2012 14:07 Flap 1 i - - 61178_V27_001i_flap_1.ati 8192 3502%- 0-100 Impact Run - Reglued some accel blocks
2 10/27/2012 14:43 Flap 1 i - - 61178_V27_002i_flap_1.ati 8192 3502%- 0-100 Impact Run - Scaling looks incorrect for ch5-8
3 10/27/2012 15:15 Flap 1 i - - 61178_V27_003i_flap_1.ati 8192 3502X-, 3537Y+,2898Y +,878X%- 0-100 Impact Run - Changed ch 5-8 to ch 61-64
4 10/27/2012 15:55 Flap 1 r 4.77 1.52 61178_V27_004r_flap_1.ati 1601 10001, 10002 0-78 Shaker Checkout
5 10/27/2012 19:26 Flap 1 r 4.77 1.52 61178_V27_005r_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia Modal Method
Testing day 2
6 10/28/2012 7:46 Flap 1 b 0.74 0.66 61178_V27_006b_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia Modal Method - Shaker 1 Load Cell Changed
7 10/28/2012 8:11 Flap 1 b 1:29 1.11 61178_V27_007b_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia - Level 2
8 10/28/2012 8:28 Flap 1 b 1.29 1.1 61178_V27_008b_flap_1.ati 1601 10001, 10002 0-78 Mass Inertia - Level 2 - Shaker 1 Pigtail and Accel Changed (36857)
9 10/28/2012 8:40 Flap 1 b 4.1 1.11 61178_V27_009b_flap_1.ati 1601 10001, 10002 0-78 Mass Inertia - Multi Level
10 10/28/2012 8:54 Flap 1 b 10.32 2.10 61178_V27_010b_flap_1.ati 1601 10001, 10002 0-78 Mass Inertia - High Level
1 10/28/2012 9:07 Flap 1 b 0.93 0.86 61178_V27_011b_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia - Low Level, Large Block Size
12 10/28/2012 10:06 Flap 1 ms - - 61178_V27_012ms_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia - Multi Sine
13 10/28/2012 10:35 Flap 1 ms - - 61178_V27_013ms_flap_1.ati 6401 10001, 10002 0-78 Mass Inertia - Multi Sine - Lower Level
14 10/28/2012 15:36 Flap 1 man - - 61178_V27_014man_flap_1.ati 101 - 0-25 Pendulum
15 10/28/2012 16:02 Flap 1 man - - 61178_V27_015man_flap_1.ati 101 - 0-25 Bifilar Flapwise
Testing day 3
Blade 3 SNL2 - BI3
16 10/29/2012 8:16 Flap 3 man = = 61178_V27_016man_flap_3.ati 101 - 0-25 Pendulum
17 10/29/2012 8:43 Flap 3 man - - 61178_V27_017man_flap_3.ati 101 - 0-25 Bifilar Flapwise
18 10/29/2012 10:10 Flap 3 man o m 61178_V27_018man_flap_3.ati 101 - 0-25 Axial Pendulum
19 10/29/2012 11:34 Flap 3 man - - 61178_V27_019man_flap_3.ati| 1601 488 X-,Y+,Z+ 0-78 RB Modes Checkout
20 10/29/2012 12:07 Flap 3 man - - 61178_V27_020man_flap_3.ati 1601 - 0-78 RB Modes Checkout - Adjusted Bungee
21 10/29/2012 13:09 Flap 3 man = = 61178_V27_021man_flap_3.ati 1601 - 0-78 RB Modes Checkout - Moved accel
22 10/29/2012 14:00 Flap 3 i - - 61178_V27_022i_flap_3.ati 8192 3502%- 0-100 Impact Test
23 10/29/2012 16:46 Flap 3 b 1.42 1.27 61178_V27_023b_flap_3.ati 4096 10001, 10002 0-40 Low Level Burst Checkout
24 10/29/2012 16:46 Flap 3 b 1.20 1.27 61178_V27_024b_flap_3.ati 4096 10001, 10002 0-20 Low Level Burst - 0-20 Hz
25 10/29/2012 16:46 Flap 3 b 1.20 1.27 61178_V27_025b_flap_3.ati 8192 10001, 10002 0-20 Mass Inertia - Low Level, Large Block Size
Testing day 4
Blade 2 SNL2 - BI2
26 10/30/2012 8:36 Flap 2 man - = 61178_V27_026man_flap_2.ati 101 - 0-25 Pendulum
27 10/30/2012 8:49 Flap 2 man - - 61178_V27_027man_flap_2.ati 101 - 0-25 Bifilar Flapwise
28 10/30/2012 9:34 Flap 2 i - - 61178_V27_028i_flap_2.ati 8192 488 X-,Y+,Z+ 0-25 RB Mode Impact
29 10/30/2012 11:07 Flap 2 i - - 61178_V27_029i_flap_2.ati 8192 3502X-, 3537Y+, 0-100 Impact Test
Blade 4 SNL1 - BI1
30 10/30/2012 14:44 Flap 4 man & e 61178_V27_030man_flap_4.ati 101 - 0-25 Pendulum
31 10/30/2012 14:59 Flap 4 man - - 61178_V27_031man_flap_4.ati 101 - 0-25 Bifilar Flapwise
32 10/30/2012 15:26 Flap 4 i - - 61178_V27_032i_flap_4.ati 8192 488 X-,Y+,Z+ 0-25 RB Mode Impact
33 10/30/2012 16:33 Flap 4 i - - 61178_V27_033i_flap_4.ati 8192 3502X-, 3537Y+, 0-100 Impact Test
34 10/30/2012 17:05 Flap 4 i - - 61178_V27_034i_flap_4.ati 8192 3502X-, 3537Y+, 0-100 Impact Test - Corrected Channels
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61178 Project Description Test Run Log RMS Force level (lbs]
Freq Range
Run Date Start Time |Config®|Blade #| Exc. | 10001 10002 File Name Block Reference Channels (Hz)
# (auto) <CTRL><T> Type* Size Notes
Testing day 5
Blade 5 SNL1 - BI3
35 10/31/2012 8:17 Flap 5 man = = 61178_V27_035man_flap_5.ati 101 = 0-25 Pendulum
36 10/31/2012 8:28 Flap 5 man - - 61178_V27_036man_flap_5.ati 101 - 0-25 Bifilar Flapwise
37 10/31/2012 8:39 Flap 5 i - - 61178_V27_037i_flap_5.ati 8192 488 X-,Y+,Z+ 0-25 RB Mode Impact
38 10/31/2012 9:49 Flap 5 i - - 61178_V27_038i_flap_5.ati 8192 3502%-, 3502Y+, 0-100 Impact Test - Pendulum Support Locations
39 10/31/2012 10:49 Flap 5 i - - 61178_V27_039i_flap_5.ati 8192 3502X-, 3502Y+, 0-100 Impact Test
Blade 6 SNL1 - BI2
40 10/31/2012 14.07 Flap 6 man - - 61178_V27_040man_flap_6.ati 101 - 0-25 Pendulum
41 10/31/2012 14:26 Flap 6 man = = 61178_V27_041man_flap_6.ati 101 = 0-25 Bifilar Flapwise
42 10/31/2012 14:33 Flap 6 i - - 61178_V27_042i_flap_6.ati 8192 488 X-,Y+,Z+ 0-25 RB Mode Impact
43 10/31/2012 15:47 Flap 6 i . = 61178_V27_043i_flap_6.ati 8192 3502X-, 3537Y+, 0-100 Impact Test - Pendulum Support Locations
44 10/31/2012 16:41 Flap 6 i - - 61178_V27_044i_flap_6.ati 8192 3502X-, 3537Y+, 0-100 Impact Test
* EXCITATION TYPE Blade Numbering
i modal impact Blade 1 = SNL2_BL1
b modal burst random Blade 3 = SNL2_BL3
ms multi-sine sweep Blade 2 = SNL2_BL2
man manual excitation Blade 4 = SNL1_BL1
Configs Blade 5 = SNL1_BL3
Flap Blade Tested on Edge Blade 6 = SNL1_BL2
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Appendix B

Nodes and Accelerometers Table
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Full Set of Instrumentation

Group Name Node |X+|Y+(|Z+ Locations
Trailing 3502 | X |Y+|Z+ Trailing-1
Trailing 3358 | X [Y+ Trailing-2
Trailing 3052 | X [Y+ Trailing-3
Trailing 2871 | X |Y+ Trailing-4
Trailing 2559 [ X |Y+ Trailing-5
Trailing 2208 | X |Y+ Trailing-6
Trailing 2010 | X |Y+ Trailing-7
Trailing 1593 | X | Y+ Trailing-8
Trailing 1359 | X | Y+ Trailing-9
Trailing 878 XY+ Trailing-10
Trailing 488 X | Y+ Trailing-11
Trailing 242 XY+ Trailing-12
Trailing 76 X | Y+ |Z+ Trailing-13
Leading 3537 | X |Y-|Z+ Leading-1
Leading 3407 | X | Y- Leading-2
Leading 3101 | X | Y- Leading-3
Leading 2898 | X |Y- Leading-4
Leading 2631 | X | Y- Leading-5
Leading 2290 | X | Y- Leading-6
Leading 2099 | X | Y- Leading-7
Leading 1691 | X | Y- Leading-8
Leading 1465 | X- | Y- Leading-9
Leading 992 X 1Y- Leading-10
Leading 550 X Y- Leading-11
Leading 296 X |Y- Leading-12
Leading 95 X | Y-|Z+ Leading-13

# X Entries |#Y Entries |# Z Entries
26 26 4
Total Number of Entrie 56

Reduced Set of Instrumentation

Group Name Node |X+|Y+(|Z+ Locations
Trailing 3502(%- |Y+ Trailing-1
Trailing 2871|X% |Y+ Trailing-4
Trailing 1593|X%- |Y+ Trailing-8
Trailing 76(% Y+ Trailing-13
Leading 3537 (X% Leading-1
Leading 2898(X- Leading-4
Leading 1691| % Leading-8
Leading 95| % Leading-13

# X Entries | #Y Entries |# Z Entries
8 4 0
Total Number of Entries 12
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Appendix C

Accelerometer Photos

C-1



Final Report for SNL SWIFT V27 Modal Survey | Project No. 61178 C-2

Due to coordinate system change after the test was completed, the node directions listed in the
following pictures are different than those listed in the report.

Blade Area 1 — Nodes 3052, 3101, 3358, 3407, 3502, 3537
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Blade Area 3 — Nodes 1593, 1691, 2010, 2099
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Node: 3502 Group: Trailing Dir: X+ Y+ Z+

Node: 3358 Group: Trailing Dir: X+ Y+

C-4
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Node: 3052 Group: Trailing Dir: X+ Y+

Node: 2871 Group: Trailing Dir: X+ Y+

Node: 2559 Group: Trailing Dir: X+ Y+

Node: 2208 Group: Trailing Dir: X+ Y+

Node: 2010 Group: Trailing Dir: X+ Y+

Node: 1593 Group: Trailing Dir: X+ Y+
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Node: 1359 Group: Trailing Dir: X+ Y+

Node: 878 Group: Trailing Dir: X+ Y+

Node: 488 Group: Trailing Dir: X+ Y+

Node: 242 Group: Trailing Dir: X+ Y+

Node: 76 Group: Trailing Dir: X+ Y+ Z+

Node: 3537 Group: Leading Dir: X- Y+ Z+
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Node: 3407 Group: Leading Dir: X- Y+

Node: 3101 Group: Leading Dir: X- Y+

Node: 2898 Group: Leading Dir: X- Y+

Node: 2631 Group: Leading Dir: X- Y+

.

Node: 2290 Group: Leading Dir: X- Y+

Node: 2990 Group: Leading Dir: X- Y+
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Node: 1691 Group: Leading Dir: X- Y+

-

Node: 992 Group: Leading Dir: X- Y+

Node: 550 Group: Leading Dir: X- Y+
i j

Node: 296 Group: Leading Dir: X- Y+

Node: 95 Group: Leading Dir: X- Y+ Z+

C-8



Final Report for SNL SWIFT V27 Modal Survey | Project No. 61178

Appendix D

Shaker Configuration and Location Photos
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Shaker 1 — Root a) location and b) attachment
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Shaker 2 — Tip a) location and b) attachment
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Appendix E

Modal Test Channel Table
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Only the channel setup for SNL2_BL1 is shown, the other blades were setup the same but contained
different accelerometers at each node.

SN [Node |DIR|Data Type |EU[Cal mV/EU| Channel Description CAL DUE DATE
255395 1 | X+ 13 7] 1133 Hammer 07-Jun-13
9473 [1691] X- 12 11] 103.28 Leading-8 17-Aug-13
9212 | 1691| Y+ 12 11| 96.3224 Leading-8 17-Aug-13
9654 |1465| Y+ 12 11| 102.3447 Leading-9 17-Aug-13
9480 |1465]| X- 12 11| 99.8854 Leading-9 17-Aug-13
10292 | 242 | X+ 12 11| 108.8477 Trailing-12 17-Aug-13
9500 | 488 | X+ 12 11| 93.1801 Trailing-11 17-Aug-13
9430 | 488 | Y+ 12 11| 81.6732 Trailing-11 17-Aug-13
10323 | 242 | Y+ 12 11| 93.6905 Trailing-12 17-Aug-13
9385 (2010]| Y+ 12 11| 100.0472 Trailing-7 17-Aug-13
28987 | 2010 X+ 12 11| 88.9211 Trailing-7 17-Aug-13
10318 | 1593| Y+ 12 11| 86.9038 Trailing-8 17-Aug-13
28961 | 1593 X+ 12 11| 89.368 Trailing-8 17-Aug-13
28933 | 3052| Y+ 12 11| 89.6398 Trailing-3 17-Aug-13
9717 |[2871| X+ 12 11] 90.7541 Trailing-4 17-Aug-13
9658 [3052| X+ 12 11| 83.4838 Trailing-3 17-Aug-13
9562 [2871| Y+ 12 11] 101.3014 Trailing-4 17-Aug-13
20661 [ 76 | X+ 12 11] 90.3599 Trailing-13 17-Aug-13
9408 | 76 | Z+ 12 11| 99.5236 Trailing-13 17-Aug-13
9438 | 76 | Y+ 12 11| 100.6007 Trailing-13 17-Aug-13
40608 | 1359| X+ 12 11| 85.1676 Trailing-9 17-Aug-13
9382 | 878 | Y+ 12 11| 88.8745 Trailing-10 17-Aug-13
17459 | 1359| Y+ 12 11| 79.8151 Trailing-9 17-Aug-13
26725 | 878 | X+ 12 11| 85.6211 Trailing-10 17-Aug-13
939 | 95 | Z+ 12 11| 102.8144 Leading-13 17-Aug-13
9737 [2290] X- 12 11| 83.6883 Leading-6 17-Aug-13
20663 | 2990| Y+ 12 11| 90.8111 Leading-7 17-Aug-13
9715 [2990] X- 12 11| 98.4429 Leading-7 17-Aug-13
28966 | 2290| Y+ 12 11| 93.9675 Leading-6 17-Aug-13
9222 [2898] X- 12 11| 90.7832 Leading-4 17-Aug-13
27440 [ 2898| Y+ 12 11| 85.8724 Leading-4 17-Aug-13
10322 | 2631] X- 12 11] 80.0196 Leading-5 17-Aug-13
9709 |2631| Y+ 12 11| 105.3984 Leading-5 17-Aug-13
9593 [3358] X+ 12 11] 96.2132 Trailing-2 17-Aug-13
9410 [3502| Y+ 12 11| 101.5418 Trailing-1 17-Aug-13
9689 |[3502| Z+ 12 11| 85.3983 Trailing-1 17-Aug-13
32990 | 3502| X+ 12 11| 94.8144 Trailing-1 17-Aug-13
10334 | 2208| Y+ 12 11| 97.9161 Trailing-6 17-Aug-13
32996 | 2559 Y+ 12 11| 82.0173 Trailing-5 17-Aug-13
9424 | 2559| X+ 12 11| 97.5336 Trailing-5 17-Aug-13
9731 [2208| X+ 12 11| 83.7423 Trailing-6 17-Aug-13
9687 |3358| Y+ 12 11| 80.239 Trailing-2 17-Aug-13
9451 (3537| Z+ 12 11| 98.4928 Leading-1 17-Aug-13
10298 | 3537 X- 12 11| 86.3401 Leading-1 17-Aug-13
9554 | 3537| Y+ 12 11| 85.1508 Leading-1 17-Aug-13
9730 (3407| Y+ 12 11| 108.3291 Leading-2 17-Aug-13
9509 |3407| X- 12 11| 110.356 Leading-2 17-Aug-13
9630 |3101] X- 12 11] 90.8782 Leading-3 17-Aug-13
10335 | 3101] Y+ 12 11| 88.0383 Leading-3 17-Aug-13
9549 | 992 | Y+ 12 11| 94.8765 Leading-10 17-Aug-13
28942 | 992 | X- 12 11| 88.5929 Leading-10 17-Aug-13
9660 | 550 | X- 12 11| 108.1925 Leading-11 17-Aug-13
20647 | 550 | Y+ 12 11| 85.3179 Leading-11 17-Aug-13
10326 | 95 | Y+ 12 11| 111.3768 Leading-13 17-Aug-13
9645 | 296 | X- 12 11| 100.7877 Leading-12 17-Aug-13
9713 | 95 | X- 12 11| 97.7486 Leading-13 17-Aug-13
9556 [ 296 | Y+ 12 11| 102.3795 Leading-12 17-Aug-13
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Appendix F

Test Mode Shapes
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The shapes below are only for SNL2_BL1; the other shapes are similar and are not included for brevity.

Mode 1

Frequency: 4.903 Hg .
Damping: 0.534 %CN
IDLine 1: 61178_127
IDLine 4: 61178_V27_00

Y axis (Slg)

Z axis (Slg)

X axis (Slg)

i flap_1.afu :
flqp_1.ati - Impact Run - Chan

-2

-1

0
X axis (Slg)

1

12

10

Z axis (Slg)

Y axis (Slg)

Z axis (Slg)

2

0
X axis (Slg)

12

10}

-DPB
Y axis (Slg)
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Mode 2

Frequency: 11.644 Hz
Damping: 1.331 %Gr .
IDLine 1: 61178_27_00 _1afy :
IDLine 4: 61178_V2f_003i_| 1.ati - Impact Run - Chan 12
10 - .
: : 10
5 8f 5 8
28 : ; 23
X0 : 3 X0
5 6 | 5 °
N E : N
: : 4+
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| 2
2} ;
: ? ' 2
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- 0 . Y axis (Sl 2 Xaxis (S
X axis (Slg) axis (Slg) axis (Slg)
12+
2 ............................................................
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X axis (Slg)

Y axis (Slg)
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Mode 3 .
Frequency: 12.659
Damping: 1.016 %dm™ .
IDLine 1: 61178_127_003 1afy !

IDLine 4: 61178_V2}_003_f .ati - Impact Run - Chan

107

Z axis (Slg)

Y axis (Slg)

X axis (Slg)

Z axis (Slg)

Z axis (Slg)

Y axis (Slg)

12}

10t

2

X axis (Slg)

-5
Y axis (Slg)




Mode 4
Frequency:
Damping:

IDLine 1261

IDLine 4: 8
10}

Z axis (Slg)
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Y axis (Slg)

X axis (Slg)

-1

0
X axis (Slg)

12

10

Z axis (Slg)

Y axis (Slg)

Z axis (Slg)

127

1071

0'—1‘:95 i 2

X axis (Slg)

Y axis (SIg)



Mode 5

Frequency: 31.053 H
Damping: 0.641 %Cr
IDLine 1: 61178_V32
IDLine 4: 61178_V27 |

10

Z axis (Slg)

™N
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0031 flaplt afu:
| 003i:flail#1.ati = Impact Run - Chan
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Y axis (Slg)
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Mode 6
Frequency: 33.109 Hz
Damping: 2.064 %Cr :
IDLine 1461178_V27 u :
IDLine 4: §1178_V2 ati - Impact Run - Chan
10}
S 8 —
2 5 Loy
0 : 23
s 6 g
N : ®
: N
at z
-5 0 5 : -2 .
X axis (Slg) Y axis (Slg) A axis (Slg)
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3 .......................................................... :
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° i °
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Mode 7

Frequency: 34.638 Hz
Damping: 0.739 %Cr

IDLine 1461178_V27_003i_fl
IDLine 4: 61178_V27_003i_flz

10+

Z axis (Slg)

Y axis (Slg)

[o0]
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Mode 8

Frequency: 50.018 Hz
Damping: [1.041 %

Y axis (Slg)

Z axis (Slg)
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IDLine 1251178_v27_00 : _
IDLine 4: §1178_V27_003j ~ Impact Run - Chan 12
10} :
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8t :
o 84
Q 5
6f £ 64
© 2
N :
47 4N :
24
2 : L
2 0 5 : s - X axis (Slg)
X axis (Slg) Y axis (Slg) g
12t
10}
; : o gt
; : %)
? i @
; g s 6f
: i N
2 0 4
X axis (Slg) 4
2 L

-1 01
Y axis (SIg)

F-9



Final Report for SNL SWIFT V27 Modal Survey | Project No. 61178 F-10

Mode 9

Frequency: 56.891 Hz
Damping: 0.803 %Cr
IDLine 1461178_V27_003i N@b_1.afu :

IDLine 4: §1178_V27_003i_fla% 1.ati - Impact Run - Chan 12

10} 10

Z axis (Slg)
Z axis (Slg)

o1

. 2 4
X axis (Slg) Y axis (Slg) X axis (Slg)
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Y axis (Slg)
Z axis (Slg)

X axis (Slg)
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Y axis (Slg)
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Equipment Specifications
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MODAL 110 EXCITER SPECS MB750VCF AMPLIFIER SPECS
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,6 MODAL 110

Y

Exciter System

*,
L

MB's Modal family has a new addition with a new look! Unveiling
the MODAL 110 - longer — lighter — stronger — and REDY

MB MODAL EXCITERS are the #1 selling exciters in the world -
over 1000 in use in over 18 countries!

,
g

The new MODAL 110 delivers 110 |bs force (500N} and 1.5" stroke pk-pk;
has twice the force and 50% more stroke than the MODAL 50,

% Long Stroke

% Light moving element mass
+ Low longitudinal stiffness
+ Stiff radial stiffness

% Neodymium magnets

<+ Much lighter exciter weight

% Thru-hole to attach stinger

Force: 110 Ibf peak (500 N) forced-air cooled;
55 Ibf pk {250 N) convection

+

Lingar amplifier design

Frequency range; DC-10,000 Hz

Force: 75 Ibf RMS (350 N) forced-air cooled: AC or DC coupled, separatae BNCs

40 Ibf RMS (175 N) convection Current feedback and voltage feedback, external
Stroke: 1.5" (38 mm) p-p; 1.6" (41 mm) switch selectable

between stops 75 VRMS max. output voltage

Bandwidth: DC-5000 Hz 10 ARMS max. output current

Mowving element: 0.9 lbs (0.4 kg) Dutput current measurement, BNC
Longitudinal stiffness; 30 Ib/in (5.2N/mm) Shaker overtravel shutdown

Shaker weight: <48 lbs (22 kg) Programmable current imiting

Shaker cooling: shop air, with integral air Input power: 100, 120, 208, 220, 240V; 50/60
coupling: aux. fan cocling package Hz (1.5 kWA)

Clearance hole through armature for stinger Sig. IN for max QUT: 1, 3, 10 vpk
Compression and piano wire stingers, sacured Phase shift betweaen output current and BNC
with collets and chuck nuts value: <1 degree

Overtravel protection 19" rack mount x 7"H x 12D

Current limiting shutdown {178 mm H x 305 mm D)

Options: Accessory Kit & Cooling Unit Weight: 45 lbs (20 kg)

CE Mark CE Mark

*,
e ele

.
)

*,
ale

*,
e afe

#,

A
e e

4,
i

4,
L

+,

£,
e ale

*,
g
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MB Dynamics Inc » 25865 Richmond Road » Cleveland OH 44146 USA » 216,292.5850 » sales@mbdynamics.com
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8 input ranges including 2 100mV range
alloves use of low sensitivity transducers
True balanced differential inputs
On-board user-programmable DSP
greatly improves total system
performance

User pregrammable digital anti-alias
filters, with API controllable FIR and
Bessel filter

FIR digital anti-alias filter provides linear
phase response for accurate single and
cross channel measurements

Multiple breakout box options with

High-speed Digitizers
VT1432B

built-in signal conditioning including
charge inputs, simplify tests and reduce

cost

< Optional arbitrary source or dual input

tachometer

< 22 MBE on card FIFO memory plus
optional local bus allows data records up
to 146 GB with the WT2216A VXI data
disk, and larger data files to external

SCSI disks

16-CHANNEL 102.4KSA S 24-BIT DIGITIZER PLUS DSP

Agilent E1434A 4-Channel 65kSa/s Arbitrary

Source

The Agilent Technologies
E14244 four-channel arbitrary
source is a C-size, one-slot, WXl
maodule that provides stimulus for
mechanical, acoustical, and
electrical testing. Its versatile
wigveform types, performance,
and tight integration with the
E14324 and E1423A digitizers
make it the ideal source for
multi-channel measurements.
Euilt-in sine and random noise
wigveforms save development
time and offload computation and
data movement chores from the
host computer.

A single-channel versian of the
E14344 is available as an
internal option (104) to the
E14324 and E1423A digitizers.

* More info on this product

Downloads
Table 1
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Yamaha Shaker Amplifier

Specifications

B General Specifications

P7000S P50008 P3500S8 P2500S
Power Output Level (Rated Power) 8 Q/STEREO 750 W x2 525 W x2 390 W <2 275Wx2
1 kHz 4 QISTEREO 1100 W x 2 750 W x2 590 W x 2 390 W x 2
THD +N = 1% 8 Q/BRIDGE 2200W x 1 1500 W x 1 1180 W x 1 780W x 1
R 8wsSTEREO | 700Wx2 [ 500Wx2 | 350Wx2 | 250W=x2 |
650 W « 2 (European Mode)
20 Hz - 20 kHz 4 QUSTEREO 950 W2 700W x2 450 W x 2 310W 2
THD + N =0.1% 8 Q/BRIDGE 1900 W x 1 1400 W x 1 900 W x 1 620 W x 1
TTAkHz T T T T T T T TTT 2Q)STEREO” [ T 1600Wx2 | 1300Wx2 | 1000Wx2 | 650Wx2
20 ms non-clip 4 Q/BRIDGE 3200 W x 1 2600 W x 1 2000 W x 1 1300 W x 1
Power Bandwidth Half Power 10 Hz - 40 kHz (THD + N = 0.5 %)
Total Harmenic Distortion (THD + N) 4 Q -8 (WSTEREO < 01%
20 Hz — 20 kHz, Half Power 8 Q/BRIDGE e
Frequency Response RL=8Q,Po=1W 0dB, +0.5dB, -1 dB =20 Hz - 50 kHz
Intermodulation distortion (IMD) 4 Q) -8 (YSTEREO S 01%
60 Hz:7 kHz, 4:1, Half Power 8 (BRIDGE ke
Channel Separation Half Power RL =8 Q1 kHz 27048
Vol. max input 600 £ shunt
Residual Noise  Vol. min. 20 Hz - 20 kHz (DIN AUDIO) | £ -70 dBu
SN Ratio 20 Hz - 20 kHz (DIN AUDIO) 104 dB ] 103 dB 102d8 [ 100dB
Damping Factor RL=8%, 1 kHz 2 350 2 200
Sensitivity (Vol. max.) Rated Power 8 Q +8 dBu [ +6dBu +4dBu [ +3dBu
Voltage Gain (Vol. max.) 32.1 dB
Input Impedance 30 kL 15 k¢
Controls Front Panel POWER switch (Push on/Push off)
Two 31-step Volume control knobs (one per ch)
Rear Panel MODE switch (STEREO/PARALLEL/BRIDGE)
Two FILTER switches (SUBWOOFER/LOW CUT/OFF)
Two fc knobs (25 to 150 Hz)
YS Processing switch (ON/OFF)
Connectors INPUT XLR-3-31 jacks (one per ch)
1/4-inch TRS phone jacks (one per ch)
QUTPUT Speakon jacks (one per ch)
5-way binding posts
1/4-inch phone jacks (one per ch)
Indicators POWER x 1 (Green)
PROTECTION x 1 (Red)
TEMP x 1 (Red) (heatsink temp 2 85°C)
cLP %2 (Red)
SIGNAL x 2 (Green)
YS Processing x 1 (Yellow)
Load protection POWER switch ON/OFF muting
DC-fault power supply DC detection
shutdown
Amp. protection Temp. ion (heat sink temp = 90°C), VI limiter (RL £ 1)
Limiter Comp:THD 2 05%
Cooling Dual variable-speed fan | Single variable-speed fan
Power Requirements United States & Canada 120V, 60 Hz
Europe 230V, 50 Hz
Australia 240 V, 50 Hz
Power Consumption Idling 3BW 35w 30w 25W
1/8 output power, 4 Q 700W 550 W 450 W 320w
Maximum output, 4 Q 4000 W 3000 W 2000 W 1600 W
Dimensions (W = H x D) 480 x BB x 456 mm
Weight 12kg [ 12kg [ 15kg [ 14kg
Included Accessories Security cover (with a hex wrench), Owner's Manual

0 dBu=0.775 Vrms, Half Power=1/2 Power Output Level (Rated Power)

5[‘\.‘\.I|IL-\IIU"\ and descriptions in this owner’s manual are for information purposes only. Yamaha Corp. reserves the right 1o change or modify products or spec-
ifications at any time without prior notice. Since specifications, equipment or options may not be the same in every locale, please check with your Yamaha
dealer.

European models
Purchaser/TTser Information snecified in FNSST03.1 and FNSSIN3.2
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CPCB PIFZ0TRONICS

Model 333B

Product Type: Accelerometer
Modal array, ceramic shear ICP® accel., 100 mV/g, 2 to 1000 Hz, 3-pin socket connector mounting

There is no product photo available at this time.

PERFORMANCE ENGLISH SI
enstivity (£2U %) WUmVig .2 mViim/s)
Measurement Range F50 g pK 90 /52 PR
Frequency Range (5 %) 2 to 1000 Hz to 1000 Hz
Resonant Frequency SkHz SkHz
Phase Kesponse F°) to IUUU Hz to IUUU Hz
Broadband Resolution (1 to T0000 Hz) 0.00007 g rms 0.0007 m/s? rms [1]
Non-Linearity 1% % [2]
Transverse Sensitivity 27 o7 [3]
ENVIRONMENTAL
Overload Limit (Shock) +55UU g pk £5450U m/s* pk
Temperature Range Uto [O0 °F -18 to 100 "C
Temperature Response 0.15%°F 0.27 %/°C 1]
FLECTRICAL
Excitanon Voltage Ieto SUVDU [8to SUVDCU
Onstant COITent ExCitan on 10 20 M A 10 20 M A
Output Impedance TOU ohms TOU ohms
Uuﬁufoas Volfage sto 12 VDU to [Z2 VDU
Discharge T1me Constant U710 1.3 5eC U710 1.3 5eC
Senling Lime (within 1U7% of bias) 5 seC S sEC
Spectral Noise (1 Hz) 20 g/Hz 196 ( m/&?) Hz m
(10 ) TT g oz 2T ey B 0
(100 Hz) 13 gl Hz 12,8 ( mfs?)f Hz [1]
(1 kHz) U6 & Hz 59 s Hz §3]
FHYSICAL
ENnsing Element eramic eramic
ENFING GEOM ENy Tiear Shear
Housing Material Polymer Polymer
ealing Hermetic Hermetic
1ze (Helght X Diameter) U84 inx 046 10 Tdmm X 12.2 mm
Weirght UZoz 2.0 gm 1]
ETectrical Connector 3-PIn SOCKEL ~PIn SOCKEL

ORIES:

SUPPLIED ACTESST
Model ACS-2 NIST Traceable single point (100 Hz) sensitivity. (1)
OFTIONAL VERSIONS

T-TEDS Capable of Digital Memory and Communicanon Compliant with IEEE PI451.2

TLA -TEDS LMS International - Free Format

TLB - TEDS LIS Intematonal - ZUTom onve Format

TLC - TEDS LIS Internanonal - Aetonantical Format

All specifications are at room temperature unless otherwise specified.
NOTES:
[1 Typical.
[2] Zero-based, least-squares, straight line method.
[3] Transverse sensitivity is typically <= 3%.

In the interest of constant product improvement,
we reserve the right to change specifications without notices.
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Model Number Revision E
3741D4HB30G DC ACCELEROMETER ECN #: 26946
Performance ENGLISH Sl Optional Versions (Optional versions have identical specifications and accessories as listed
Sensitivity (£5 %) 66.7 mV/g 6.80 mV/(m/s?) [6] | for standard model except where noted below. More than one option maybe used.)
Measurement Range +30 g pk 42942 m/s? pk
Frequency Range (15 %) 0to 1000 Hz 0 to 1000 Hz Notes
Frequency Range (+10 %) 0 to 2000 Hz 0 to 2000 Hz [1] Offset tolerance is based on manufacturers supplied cable length.
Resonant Frequency >3 kHz >3 kHz [2] Typical.
Phase Response (100 Hz) <4° <4° [3] Case and shield to mounting surface or cable leads.
Phase Response (200 Hz) <7° <7° [4] -65 to +250 °F, ref. 75 °F (-54 to +121 °C, ref. 24 °C)
Damping Method Gas Gas [5] FSO = Full Scale Output over the Measurement Range (4VDC).
Damping Ratio (+0.25) 0.65 0.65 [6] Measured at 100 Hz, 1 grms.
Broadband Resolution (0.5to 100 Hz) 2.5mgrms 0.0245 m/s? rms [2] [7] Zero-based, least-squares, straight line method.
Non-Linearity <1%FS <1%FS [7] [8] See PCB Declaration of Conformance PS027 for details.
Transverse Sensitivity <3 % 3% Optional Accessories
Environmental 080A208 Triaxial mounting block ()
Overload Limit (Shock) +10000 g pk +98100 m/s? pk Supplied Accessories
Temperature Range (Operating) -65 to 250 °F -53.9t0 121 °C 081A103 Mounting screw (2)
Temperature Range (Storage) -65 to 250 °F -53.9t0 121 °C ACS-84 (1)
Temperature Coefficient of Sensitivity 3.0 % +3.0% [4] | MO81A103 Mounting screw and washer, M3 x 0.5 thread (2)
Zero g Offset Temperature Coefficient +2.0 %FSO 2.0 %FSO [5][4
Base Strain Sensitivity (Measured at 250 0.01 g/pe 0.10 (m/s?)/pe
He)
Electrical
Excitation Voltage 6 to 30 VDC 6 to 30 VDC
Current Consumption <7.5mA <7.5mA
Output Impedance <100 ohm <100 ohm
Offset Voltage (0 g) +50 mVDC +50 mVDC [1]
Common Mode Voltage (0.1 VDC) +2.5VDC +2.5VDC
Spectral Noise (1 to 1000 Hz) 387 pg/VHz 3796 (um/s?)/VHz [2]
Electrical Isolation (Base) >10° >10° [3]
Physical
Housing Material Anodized Anodized Aluminum
Aluminum
Sealing Epoxy Epoxy
Size (Height x Length x Width) 0.30inx1.00inx  7.62 mm x 25.4 mm x
.85in 21.6 mm
Weight (without cable) 0.35 oz 9.92 gm [2]
Electrical Connector Integral Cable Integral Cable
Electrical Connection Position Side Side
Cable Termination Pigtail Ends Pigtail Ends
Cable Type 010 4-cond 010 4-cond Shielded
Shielded . - - - -
Cable Length 10 ft 3m Entered: BLS Engineer: TCJ | Sales: RJL Approved: BAM Spec Number:
Mounting Through Holes (2) Through Holes (2) Date: Date: Date: Date: 30070
08/07/2007 07/27/2007 07/31/2007 07/30/2007
i . 3425 Walden Avenue
YPCB PIEZ0TRONICS ™ cepew. N 12043
VIBRATION DIVISION UNITED STATES

C€.

All specifications are at room temperature unless otherwise specified.
In the interest of constant product improvement, we reserve the right to change specifications without

notice.

ICP® is a registered trademark of PCB group, Inc.

Phone: 888-684-0013

Fax: 716-685-3886

E-mail: vibration@pcb.com
Web site: www.pcb.com
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UNIVERSAL, LOW-IMPEDANCE, VOLTAGE MODE
QUARTZ FORCE TRANSDUCER

with built-in amplifier Series 208A

LI

PMEZOTRONICS

measures tension, compression and impact
measures incremental forces at any level
high-level { 10V}, low-impedance { 100 ohm) output
static calibration; short-term static response
rigidity nearly that of solid steel

For measuring compression, tension, impact, re-
action and actuation forces in testing, vibrating, ten-
sioning, balancing, striking, welding, ralling, cutting,
coining, forming, pressing, machining and punching
operations, Adaptable to controlling, monitoring, ad-
justing, calibrating, counting, sorting, indicating,
warning, ete, Applications include vibration exciters,
machine tools, aerodynamic models, materials testing
and mechanical-impedance testing

Model 208A03 quartz force transduecer measures

BIE -
Haxx:

Dia

=5

=40 -

:
i

j= 50} w=— Faroe Sens

Area

F — Mad OBAA brpact
Phate with Cushioned
Surface isupplied)

S
¥ 1 T 10-32 Thd
B8 | ‘ (i

dynamic and short term static forces from 1.0 1w 500
pounds (001 to 10,000 Ib optional] at any tare level
within this range. In constant temperature environ
ments, this medium-range model follows transient
events lasting a few percent (~ 20 sec) of the discharge
time constant and automatically eliminates static
(tare) signal components in about 5 time constants.
Optional lower range models mare quickly eliminate
static signal components,

The structure of this transducer contains two thin
ouartz disks or plates operating in a thickness-
compression mode and capped by hardened steel
cylindrical members, The exceptional stiffness of this
design, which approaches that of a solid steel cylinder,
has little effect on the rigidity of most test structures
or test ohjects.

Quartz force transducers install by clamping pre:
eision mounting surfaces in intimate contact, usually
with an elastic berryillium-copper stud or bolt. Since
forces are transmitted through these interfaces, itis
important that mating surfaces be precision machined
and ground extremely flat and parallel, like those on
the transducer, Series 208A transducers, incorporat-
ing a separate outer case and an integral metal flexure,
withstand moderate torque and tranverse loads, but
far high accuracy measurements, the foree ought to
be centrally and axially applied. A detachable impact
plate and pad is supplied with the transducer.

When connected to a PCB power unit, self-
amplifying PCB transducers generate a high-level, low-
impedance analog output signal proportional to the
measurand and compatible with most readout instru-
ments. The simple power unit circuit powers the
transducer over the signal lead (coaxial or 2-wire),
eliminates bias on the output and monitors normal or
faulty operation. Signal guality is almost independent
of cable, length, condition and motion.

----‘----F_

= Mad. 031805
sy Mg Stuct
= 1037 Thd x
e 27 Long
12 suppliedy
SPECIFICATIONS: Muodel Mo 200403
Range, Tersion & Campression
16V out} i 500
Maximum Compresion L[] 5000
Maximum Tersion I 150
Regaluteon (200 sV pp noise) I 0.02
Stittnes Ik wim 10
Sansitivity mW/ih 10
Resonant Fraguency (o load) Hz 70,004
iz Thme 58 10
Discharge Time Constant {T.C.} 88 2000
Low-Fregquenoy {—5%) Hz L.oong
Lingarity, 6.5, L. H 1
Output Impedance ahms 100
Excitation {thru C.C. diode) VOC/ mA +181024/2 to 20
Temperature Coeflicent % F 03
Temperature Range F 100 to +260
Shoek (i lowd) /Vikration I 10,00 12,000
Weight am 25
Model No. | Optional Rangss|
~500+ 5000k (10,000 max) 1 mVAb 208405
—500+ 1,000 Ib {7,000 max] EmVAb 2NEAD
L1006 (42,000 max}
(500 5ec T.C.} S0mvib | 20BADZ
101 (+200 max) (50sec T.C) 500 mW/1h | 208A
Charge-Made M pChh 2104
Note: One [bf = 4.448N (kg-m-5— 71 =0L4538 kaf {kp|
TYPICAL SYSTEM e
|
|
o ¥
=D 7 e
™ e - —
Tramacluwoer Coaxial Cable Poweer Unit ~ Cable  Scopw
208403 OOZA N AB4H 012403

{7 ather bengih}
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Signal Conditioner

G-8

Revision® B

16 CHANNEL ICP® SENSOR SIGNAL CONDITIONER

PERFORMANCE
Frequency Response (£5% Amplitude) Hz 0.125 to 30k
Frequancy Response (+5° Phase) Hz 0.3t0 10k
Broadband Moise (1 to 27.5k Hz) wVrms <100
Signal Gain (£1%) ViV x®1
Sensor Excitation Voltage (10.5) VDo 22
Constant Current Sensor Excitation mé 2to 10 (Presst @ 4maA)
Ouput Range Vpk =10
Output Impedance (<10%) 0 1000
Typical Spectral Noise uVrms/Hz'? 16 @ 1Hz
5 @ 10Hz
04 @ 100 Hz
0.2 @ 1,000 Hz
DIGITAL COMMUNICATION
Module Control Type Via PCB 440 Series R5-483
Backplane MNetwork
TEDS Sensor Control Type IEEE P1451.4
ENVIRONMENTAL
Operating Temperature Range °F (°C) 32 to 120 (0 to 50)
ELECTRICAL
Fower Consumption mAmps @ 28VDC 24 i1
mAmps @ 5VDC 165
mAmMps @ 15VDC 85
mAmps @-15VDC 60
MECHANICAL [Notes: SUFFLIED ACCESSORIES:
Input Connector Type DB-50 Female [1] All Posver Cansumphion Values Hated At PLH 440 Series Contral Software
Factory Sel 4mA Constanl Current Sensor
Excitation
Qutput Connector Type Quad Agllent E1432 Compatible | [7] Gonforms to PCH 240 Senes Modular System
Fomm Factor (Single Slot)
Size (H x W) inches (mm) 505x 1.6 (1283 x457) [2]
Mass Ib (ka) 069 (0.31)
Al specifications are at room temperature unless otherwise specified.
1GF® 15 a requstered frademark of PCH Group, Inc ] Engineer: | saies | Approves: | spec Mumber
I the interest of constam product improverrent, specifications iy change withot norce. | rrate: | oate | Date: | Ps-goio
3149 East Kemper Rd 800-860-4867  Fax (513)458-2172 salesi@imodalshop.com
Cincinnati, OH 45241 ENG-FOTIREY NR 11842K
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Kapton Blue Tape

Tndosrrial T'rodusts bbb arer vemturern e oy final ndustrial - products.asp?il-6211

gL mins Hul Ehisdding Indugldal  Stsned Glass

981
1 mil (25 micron) Palyaster Film

e .-'Il'un slrang, pedyesier film with a high cmp-cmmrc: resistant
Y Expcalional quatily. high perfarmanoa, Excellent
audbesior o silicers ealed malerals al elevated lemperaturea.
Availablain blue, yellow, blzck and clear.

Bplicing silicone Peaicd casling papors ard release iners.

Bubstrale Thickness:

Adhesive Thicknass:

Total Thickness:

Peel Adbeslon: 25 azfn wichh (7.9 N2.5 cm)
Shear Stremgth: 2.2 pei 24+ hra. [15.2 kPa)
Elongalicn: 100%:

Tensile Strength: 18 Ibin width (B1.5 MNI2.5 cm)
Temperalure Resistance: SUPF o S0°F (467G 1o 2807
Minlum Applicatien Temperalure: CAF (=185

Release Liner: Ty

Adhesbea Type: Silicona

= Redirn fo isting

loi'l T LG 24N 1020 AN




Load Cell
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SPECIFICATIONS

MODEL
PARAMETERS 110 | 120 | 120 | 1z | 1240
CAPACITY
U5, Modals (Ibf) | 300, 500, 1K 2K| 5K, 10K 25K, 50K 100K 200K
Metric Models (kN) | 1.5 25,510 25, 50 100, 250 450 900
ACCURACY - (MAX ERROR)
Static Error Band-% F5 + 0.04 + 005 t (.05 + 006 + 0.07
Nonlinearity-% FS + 0.04 + 0.05 + .05 + (.05 + 0.07
Hysteresis—2% FS + 0.03 + 0.05 + (.06 + (.06 + 0.07
MNonrepeatability-S RO 1 0.071 + 0.01 t 0.01 1 .01 + 0.01
Creap, in 20 min-% + 0.025 + 0025 + 0.025 + 0.025 + 0.025
Side Load Sersitivity-% + 0.25 + 0.25 t0.25 +0.25 + 0.25
Eccentric Load Sensitivity—a'in + 0.25 + 0.25 t0.25 + (.25 t .25
TEMPERATURE
Compensated Range—"F 1510 115 15115 15 w115 15w 115 150115
Compensated Range—TC 10 to 45 -10 to 45 10 to 45 -10 to 45 10 to 45
Dperating Range—"F G5 w200 | -B5to 200 | -65te 200 -G53 b0 200 | -G5to 200
Operating Range-TC -55 to 80 -55 to G0 -55 1o 00 -55 to 80 -55 to 90
Effect on Zero-"ROST - MAX + 0.0008 + 0.0008 + 0.0008 + 00008 + 0.0008
Effect on Zero-%ROST - MAK 1 0.0015 + 0.0015 + 0.0015 £ 0.0015 + 0.0015
Effact an Output-560F — KAK + 0.0008 + 0.0008 + 0. 0008 + 0.0008 + 0.0008
Effect on Output-%6/C - MAX + 00015 + 0.0015 + 0.0015 + 0.0015 + 0.0015
ELECTRICAL
Rated Output—mVA (Nominal) 2.0 4.0 4.0 4.0 4.0
Excitation Voltage-VDC — MAX 20 20 20 20 20
Bridge Resistance-0hm (Nominal) 350 250 50 250 50
Zero Palance-% RO +1.0 + 1.0 + 1.0 + 1.0 +1.0
Imsulation Resistance-Megohm 5000 5000 5000 5000 5000
MECHANICAL
Safe Overload-% CAP + 150 + 150 + 150 + 150 + 150
Deflection @ RO-inch 0.001 0.002 0.002 0.003 0.004
Deflection @ RO-mm 0.03 0.05 0.05 0.08 010
Opticnal Base—P/N B101 B102 B103 B112 B105
Natural Frequency-kHz 38 50, 6.6 0.4 6.5, 7.0 58 4.9
6.8, 9.8
Weight b 1.5 3.3 95 26 i}
Weight—kg 0.7 15 4.3 11.8 308
Connector PCOME-10-6P | PCOME-10-6P | PCO4E-10-6P | PCO4E-10-6P( PCO4E-10-6P
Calibration T&C TEL TEC TEC T&l
OPTIONS™ STANDARD CONFIGURATIONS
Base (recommended) =10 ft Intagral Cable (1 2068 J-nn)
Compression overload protection <or= PCOAE-10-6P Standard Connector (1200AF-nm)
Integral 10 ft cable <0 FTOZE-10-6P Bayonat Connector (12io0ACK-nn)
Bayonet Connactor = Installed Basa (-B suffix)
Multiple bridge
Standardized output

Connector protection

ACCESSORIES™

Mating connector
| nstrumentation
Loading hardwara

* Seo appandix for more techical information Shown with gptional hase

Interface Force Measurements Ltd., Crowthome Business Estate, '0° Wing, Old Wokingham Road, Crowthorne, Berks., RG45 GXE
www.interface.uk.com - email: info@intertace.uk.com - Telephone: (+44) 01344 776666 - Fax:. (+44) 01344 774765
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ENGINEERING,. INLC.
Mr. Bruce LeBlanc
Sandia National Laboratories
P.O. Box 5800
Albuquerque, NM 87123

Subject:  ATA Report No. 61178, “Inertia Testing of SWIFT V27 Hub”
Dear Bruce:

This report documents ATA Engineering’s inertia testing of one hub that is to be installed as part of
the Sandia National Laboratories (SNL) Scaled Wind Farm Technology (SWIFT). Testing was
conducted December 17-21, 2012, and January 611, 2013. Mass, CG, and moment of inertia terms
were obtained for the hub. The testing procedure and results are documented below.

Introduction

Sandia National Laboratories (SNL) is developing the Scaled Wind Farm Technology (SWIFT)
center to enable rapid, cost-efficient testing and development of transformative wind energy
technology. ATA Engineering, Inc., (ATA) was contracted as part of this effort to dynamically
characterize a number of components and assemblies to be used at SWIFT. This report documents the
inertia testing for one Vestas 27 (V27) hub. The testing was successfully completed December 17-21,
2012, and January 611, 2013. One hub was tested in a free-free configuration.

Technical Approach

One Vestas 27 (V27) hub was tested to obtain mass and inertia properties. The weight of the hub was
measured using a calibrated load cell; the weight of the yaw pitch linkage was included, as it was
already mounted to the hub. The hub was then suspended from the gantry frame at two points to
create a bifilar pendulum as shown in Figure 1. The frequency of rotation about the yaw axis was
measured and used to calculate the moment of inertia term about the yaw axis.

Figure 1. Hub bifilar setup mounted to frame (left) and to hub (right).

11995 El Camino Real, Suite 200, San Diego, California 92130 Telephone 858.480.2000 Facsimile 858.792.8932 www.ata-e.com
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The hub was then suspended by air springs (Firestone Airmount Isolators Model 19) in order to
approximate a free-free boundary condition as shown in Figure 2. To ensure high-quality drive point
measurements, a cylindrical coordinate system was used when mounting the seismic accelerometers
(PCB 393B04). ATA created a test model representative of the hub to develop a set of test
measurement degrees of freedom (DOF). The test display model (TDM), shown in Figure 3, was used
for mode shape visualization.

Figure 2. V27 hub suspended on air springs.

10003

10006

Figure 3. Hub TDM using rotor global coordinate system but with cylindrical testing coordinate system.

Two different methods for calculating the inertia properties were used.

The first method, modal inversion, involves obtaining high-quality rigid body mode shapes. This was
performed by using shakers to excite all six rigid body modes in the same data run. Figure 4 shows
the locations of the shakers.

11995 El Camino Real, Suite 200, San Diego, California 92130 Telephone 858.480.2000 Facsimile 858.792.8932 www.ata-e.com
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Figure 4. Two shakers used to excite V27 hub.

Figure 5 shows the power spectrum mode-indicator function (PSMIF) for the test run with two
shakers. The PSMIF is the summation of all FRFs multiplied by each FRF conjugate and is an ideal
function to visualize the overall response of the structure. As seen, all six rigid body modes can be
seen in the peaks of the response (the fifth and sixth mode are closely spaced about 11 Hz, but they
are two distinct modes). To evaluate the quality of the rigid body modes obtained, the PSMIF was
then synthesized using only the six rigid body modes. The synthesized PSMIF shows a high level of
correlation with the test data (though the fit degrades slightly due to the close spacing of modes 5 and
6). As a result, there is confidence that the extracted rigid body modes will accurately describe the
inertia properties of the hub.

Mode Indicator Function

N B1178_Hub_008ms_as_1.ati - Mulb-sine sweep, changed pressure
107

L

YN -

L
I

R W |

I W |

L

- PSMIF (Test Data)
10° -- PSMIF (Synthesized from 6 RBM)

T T T T T T I
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Figure 5. Test vs. synthesized PSMIF from shaker runs showing all six rigid body modes.

The second method for calculating the inertia properties, mass line estimation, involves measuring the
mass line of FRFs. This was performed by using an impact hammer (PCB 086D20) to obtain high-
quality FRFs by fully populating the FRF matrix, including drive points at every DOF. Figure 6

11995 El Camino Real, Suite 200, San Diego, California 92130 Telephone 858.480.2000 Facsimile 858.792.8932 www.ata-e.com
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shows the drive point measurements for all of the DOFs where the six rigid body modes are evident
in the peaks seen in the responses. There are clear mass lines from 20 to 50 Hz, showing good
separation between the rigid body and flexible modes. As seen in the zoomed-in portion, however,
there is a small but noticeable oscillation in some of the mass lines. As a result, there is expected to be
some error involved in the estimation of the terms using this method.

Frequency Response Funchon
B1178_Hub_010|_as_1 ab - Impact test - fixed channel

— (10003X..1(

—— (10003Y+,10!

Figure 6. Drive point FRFs from impact runs showing mass lines.

Both methods were used to calculate the rigid body mass matrix as described in the Summary of Mass
and Inertia Approaches. The resulting terms were compared to the mass obtained from the load cell
and the inertia term obtained from the bifilar pendulum approach. Table 1 lists the various terms
obtained from all of the methods used.

Table 1. Extracted inertia properties for V27 hub.

Mass and Inertia Properties of V27 Hubs (Pitch Yaw Linkage Included)

Property |Hub #|Load Cell| Bifilar Pendulum|Modal Inversion** Mass Line Inversion
Mass (kg) |—2 - 483.7
2

CGx (m)*

Cgy (m)*

CGz (m)*
Ixx (kg*mz) 1
lyy (kg*m’)

1zz (kg*mz)

* Origin Defined at Front Face of Hub Rotor About the Center Using Rotor Csys
** Includes the Effective Mass of the Airbags
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As seen in the table, both the modal inversion and mass line inversion methods yield approximately
the same mass as the load cell to within 5%. The CGs are similar between both methods, but there is
an observable discrepancy between the two. The inertia for the bifilar pendulum is significantly lower
than both methods, and the mass line inversion is noticeably higher than the modal inversion.

All four methods used to obtain the mass and inertia properties are discussed below to explain
possible sources of error and to comment on their accuracy.

The load cell used to measure the mass is a calibrated transducer with accuracy down to the
tenth of a kilogram. These measurements are assumed accurate.

Use of the bifilar pendulum assumes that the two straps are equal in length and hang perfectly
vertical. Since visual inspection of the straps shows that neither of these assumptions was
valid, the resulting term is likely to be inaccurate.

The modal inversion was shown to have a high fit between the test data and the synthesized
response. The highest percent error on any of the modes was 2%, also indicating a high level
of correlation. The result for the mass is high due to the influence of the airbags, as the upper
airbag plate is considered part of the system and is therefore added to the weight. The results
seen for the CG appear reasonable; the Y and Z terms should be close to zero, as the hub is
symmetrical about those two axes. The X term should be about half a meter, as the test origin
was obviously away from the expected CG of the hub. The inertia terms about Y and Z are
also fairly close, which is expected due to the symmetry of the hub.

The mass line inversion was shown to have some oscillations, which indicated that the
estimated results would therefore contain error. Although the results are fairly reasonable,
they are high for all of the CG and inertia terms. Due to the hub’s physical structure,
impacting at some of the drive points was more challenging and poorer results were obtained.

Summary and Conclusions

The V27 hub was tested to obtain mass and inertia properties for use as part of SNL SWIFT. All
aspects of this test were completed successfully.

Thank you for the opportunity to complete this project work for Sandia National Laboratories. Please
contact David Cloutier or Tim Marinone if you have any questions about this report.

Sincerely,

M T
Scanned signature - original on file ATA ENGINEERING INC

Tim Marinone
Engineer (858.480.2078; tim.marinone(@ata-e.com)

Reviewed by:

Scanned signature - original on file ATA ENGINEERING INC
David Cloutier
Project Engineer (858.480.2083; david.cloutier(@ata-e.com)

cc: David L. Hunt, Account Manager
(858.480.2095; david.hunt@ata-e.com)
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Mr. Bruce LeBlanc

Sandia National Laboratories
P.O. Box 5800

Albuquerque, NM 87123

Subject:  ATA Report No. 61178-R1, “Inertia Testing of SWIFT V27 Nacelles”
Dear Bruce:

This report documents ATA Engineering’s inertia testing of two nacelles that are to be installed as
part of Sandia National Laboratories’ Scaled Wind Farm Technology (SWIFT). Testing was
conducted December 17-21, 2012, and January 6-11, 2013. Mass, CG, and moment of inertia were
obtained for both nacelles, and the testing procedure and results are documented below.

Introduction

Sandia National Laboratories (SNL) is developing the Scaled Wind Farm Technology center to

enable rapid, cost-efficient testing and development of transformative wind energy technology. ATA
Engineering, Inc., (ATA) was contracted as part of this effort to dynamically characterize a number of
components and assemblies to be used at SWIFT. This report documents the inertia testing for the
Vestas 27 (V27) nacelles. The testing was successfully completed December 17-21, 2012, and
January 6-11, 2013. Two nacelles were tested in a free-free configuration.

Technical Approach

Two Vestas 27 (V27) nacelles were tested to obtain inertia properties. Each nacelle was lifted at four
points with load cells in order to obtain the mass and CG of the structure, as shown in Figure 1. An
effort was made to ensure that the nacelle was level with respect to the yaw bearing.
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Figure 1. V27 nacelle suspended and attached to load cells to measure mass and CG
(exterior of nacelle on left and interior of nacelle on right).

The nacelle was then placed on air springs (Firestone Airmount Isolators Model 19), which were used
to simulate a free-free boundary condition, as shown in Figure 2. The nacelle was made level by
adjusting the pressure of the various air springs.

Sandia
National
Laboratories

Figure 2. V27 nacelle mounted on air spring suspensions system.
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ATA created a test model representative of the nacelle to develop a set of test measurement degrees
of freedom (DOF). The test display model (TDM) is used for mode shape visualization and is shown
in Figure 3. The coordinate system used for testing the nacelle is shown in Figure 4. All inertia and
CG terms are defined about the indicated origin.

L2000 1200007

aY

o 1200008

Figure 3. V27 nacelle and measurement locations for inertia testing.

¥n

Figure 4. Coordinate system of nacelle with origin used for inertia calculations.

One method was used for calculating the inertia properties of the nacelles. This method, modal
inversion involves obtaining high-quality rigid body mode shapes. This was performed by using
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shakers to excite all six rigid body modes in the same data run. Seismic accelerometers (PCB
393B04) were mounted onto the nacelle frame as shown in Figure 5, while electrodynamic shakers
were used to excite the nacelle as seen in Figure 6.

P g

1 Sl

-

¥
3 gf)_.’
AR ST N\

Figure 5. Location of accelerometers on V27 nacelle.
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Figure 6. Shakers used to excite the V27 nacelle.

Figure 7 shows the power spectrum mode-indicator function (PSMIF) for the test run with shakers for
both nacelles. The PSMIF is the summation of all FRF multiplied by each FRF conjugate and is an
ideal function to visualize the overall response of the structure. As shown, all six rigid body modes
can be seen in the peaks of the PSMIF for each run. To evaluate the quality of the rigid body modes
obtained, the PSMIF was then synthesized using only the six rigid body modes. The synthesized
PSMIF shows a high level of correlation with the test data. As a result, there is confidence that the
extracted rigid body modes will accurately describe the inertia properties of the nacelles. There are
significant differences between the PSMIFs of the two nacelles due to the change of both the structure
and test setup. Because the synthesized PSMIF is accurate for both nacelles, however, the data
obtained will be correct for both.

Mode indicator Funchon
B1178_Nacedo2_019ms 8 - Adust shakers, fied cal on 10082«

- PSMIF Nacelle 1 (Test Data)
-- PSMIF Nacelle 1 (Synthesized from 6 RBM)
- PSMIF Nacelle 2 (Test Data)
-- PSMIF Nacelle 2 (Synthesized from 6 RBM)

Frequency (H2)

Figure 7. Test vs. synthesized PSMIF from shaker runs, showing all six rigid body modes.
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The inertia results from modal inversion are shown in Table 1. The masses of the nacelles were also
measured independently by a crane company during transportation, and these are included for
completeness. The mass and CG properties of Nacelle 3 were also obtained, but modal testing was
not performed on this nacelle.

Table 1. Final list of inertia properties for V27 nacelles.

Mass and Inertia Properties of V27 Nacelles
Property |Nacelle #| Crane | Load Cell Modal Inversion
1 6804 7038 5570
Mass (kg) 2 6577 6781 5551
3 6668 7203
1
CGx (m)* 2
3
1
Cgy (m)* 2
3
1
CGz (m)* 2
3
1
Ixx (kg*m~2) 2
1
lyy (kg*m”2) 2
1
1zz (kg*mA2)

The two nacelles have fairly consistent properties, which is to be expected due to the assumed
similarity in manufacture of the nacelles. The CG of the nacelles in the X direction (fore-aft) is
forward of the origin. This is expected, as the nacelle should be balanced when the rotor is
assembled—without the rotor, the nacelle will be significantly back-heavy. The CG about the Y
direction (side-side) is relatively close to the origin, although there is a slight offset due to the
generator being primarily located on one side of the nacelle.

Substantial rigging was used when the nacelles were being lifted by the crane, which accounts for
some of the discrepancy in the masses obtained between the crane, load cell, and modal inversion
methods. Additionally, oil and equipment were installed after the initial inertia testing, changing the
mass and CG of the nacelle. The results obtained from the crane and the load cell are assumed to be
more accurate than the modal inversion method, as the loads were obtained directly from the
calibrated load cells in contrast to estimating them from the modal mass of the rigid body shapes. The
error seen using modal inversion may be due to error in measurement, curve-fitting, or measurement
of the accelerometer locations. However, the mass is within 20% of the load cell results, which
indicates that the moment of inertia terms are reasonably accurate. Finally, the moment of inertia
about the Y-axis is the largest, which is expected since the mass is most spread out about the Y-axis.

Summary and Conclusions

V27 nacelles were tested to obtain mass and inertia properties for use as part of SNL SWIFT. All
aspects of this test were completed successfully.
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Thank you for the opportunity to complete this project work for Sandia National Laboratories. Please
contact David Cloutier or Tim Marinone if you have any questions about this report.

Sincerely,
M i‘u/\.):*"t/'*@
Scanned signature - original on file ATAENGINEERING INC

Timothy Marinone
Engineer (858.480.2078; tim.marinone(@ata-e.com)

Reviewed by:

Scanned signature - ofginal on file ATA ENGINEERING INC
David Cloutier
Project Engineer (858.480.2083; david.cloutier(@ata-e.com)

cc: David L. Hunt, Account Manager
(858.480.2095; david.hunt@ata-e.com)

11995 EI Camino Real, Suite 200, San Diego, California 92130 Telephone 858.480.2000 Facsimile 858.792.8932 www.ata-e.com



March 27, 2013 —

/N\T/N\

ENGINEERING.INLC.
Mr. Bruce LeBlanc
Sandia National Laboratories
P.O. Box 5800
Albuquerque, NM 87123

Subject:  ATA Report No. 61178, “Modal Survey of SWIFT V27 Towers”
Dear Bruce:

This report documents ATA Engineering’s modal testing of two towers that are to be installed as part
of the Sandia National Laboratories (SNL) Scaled Wind Farm Technology (SWIFT). Testing was
conducted December 17-21, 2012, and January 7-9, 2013. Modal parameters were obtained for the
towers, and the testing procedure and results are documented below.

Introduction

Sandia National Laboratories (SNL) is developing the Scaled Wind Farm Technology (SWIFT)
center to enable rapid, cost-efficient testing and development of transformative wind energy
technology. ATA Engineering, Inc., (ATA) was contracted as part of this effort to dynamically
characterize a number of components and assemblies to be used at SWIFT. This report documents the
model survey for two Vestas 27 (V27) towers. The testing was successfully completed December
17-21, 2012, and January 7-9, 2013. The two towers were tested in a free-free configuration.

Technical Approach

V27 towers were located on specialty characterization supports designed by ATA and Sandia, shown
in Figure 1. The stands were located approximately at the nodes of the first bending mode (4.25 and
23.1 meters from the base of the tower). Airbags (Firestone Airmount Isolators Model 19) were
supported by the stands and were used to simulate a free-free boundary condition. The airbags were
pressurized to approximately 90 Psi at 23.1 meters from the tower base and to approximately 120 Psi
at 4.25 meters from the tower base.
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Figure 1. Overall view of tower on stands (left), individual stand (right), and tower lifted on airbags (bottom).

ATA created a test model representative of the tower to develop a set of test measurement degrees of
freedom (DOF). The test display model (TDM) is used for mode shape visualization and is shown in
Figure 2. Accelerometers (PCB T33B) were mounted tangential to the tower to spatially filter the
response and minimize the response attributed to the breathing modes. Force was input into the
structure by a calibrated modal impact hammer (PCB 086D20).

AY

¢ e Door

Figure 2. V27 tower and measurement locations for modal testing.
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Due to the structure geometry and the orientation of the accelerometers, most of the impact locations
were not drive points. Node 146589X at the tip, however, has a tab that allowed a drive point impact
to be performed. The resulting FRF and coherence at that point are shown in Figure 3 for Tower 1.
The coherence is generally high and distinct FRF peaks are seen, indicating high-quality
measurements.

r Frequency Response Function & Coherence
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Figure 3. Drive point FRF and coherence at node 146589X for Tower 1.

The power spectrum mode-indicator function (PSMIF) is shown in Figure 4 for both towers on the air
springs as well as Tower 1 without air springs. Because the PSMIF is the summation of all FRF
multiplied by each FRF conjugate, it is an ideal function to view the overall response. While Tower 1
and Tower 2 on air springs show the same general trends, Tower 1 without air springs shows a clear
change due to the different boundary condition.
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Mode Indicator Function
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Figure 4. PSMIF for Towers 1 and 2 on air springs and Tower 1 without air springs.

The final list of mode shapes is included in Table 1. The first and second bending modes are of
primary importance. Rigid body modes can be used to help correlate the model by determining the
stiffness of the supports. Plots of the mode shapes can be seen in Appendix A.

The frequencies for Tower 1 and Tower 2 are within 5% of each other, indicating a high level of
similarity between the two towers. Due to the orientation of each tower with respect to the air springs,
the modes are not predominantly in the same axes. As also seen in the PSMIF comparison, Tower 1
has a higher level of damping than Tower 2 for all of the modes of interest. Finally, some of the
modes were able to be extracted from Tower 1 without air springs.

Table 1. Final mode list for V27 towers in free-free configuration.

Tower 1 Tower 2 Tower 1 without Air Springs
Frequency (Hz) | Damping (% Crit) | Frequency (Hz) | Damping (% Crit) | Frequency (Hz) | Damping (% Crit)
10.66 1.47 10.61 1.10 10.81 0.81
First Bending M

irst Bending Mode 10.88 2.47 10.69 1.92

; 28.34 3.06 28.29 0.85 26.39 1.10
Sepend Bengig Mo |, 15 2.24 28.80 1.09

Rigid Body Mode 2.12 6.86 2.08 5.48 5.21 0.49

The modal assurance criterion (MAC) shown in Figure 5 was computed between the two towers and
also shows a high level of agreement between the modes of the towers. MAC was also computed

between the test mode shapes and the FEM-predicted shapes, as shown in Figure 6. These values are
not as high; this may be due to the effect of the support stands, which were not modeled in the FEM.
Updating the FEM to account for the stiffness of the support stands would improve the MAC results.
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Test Self MAC Table
Test Shapes
1 2 3 4 5 6 7 8 9 10
MACtt 2.1 10.7 10.9 28.3 29.1 2.1 10.6 10.7 28.3 28.8
é 1 21 1.00 0.41
2 2 10.7 1.00 0.93
‘*n,;,' 3 10.9 1.00 0.57
ﬁ 4 28.3 1.00 0.91
5 29.1 1.00 0.91
6 21 0.41 1.00
7 10.6 0.57 1.00
8 10.7 0.93 1.00
9 28.3 0.91 1.00
10 28.8 0.91 1.00

Figure 5. Test self-MAC table of two towers in free-free configuration.

FEM/Test Cross MAC Table

FEM shapes
1 2 3 4
MACtg 11.3 11.3 29.8 29.9
§ 2 10.7 0.86
% 3 10.9 0.90
B 4 28.3 0.58
= 5 29.1 0.45
7 10.6 0.49 0.40
8 10.7 0.71
9 28.3 0.24 0.39
10 28.8 0.50 0.24

Figure 6. FEM and test cross-MAC table of two towers in free-free configuration.

Summary and Conclusions

This report documents ATA Engineering’s modal testing of two towers that are to be installed as part
of the Sandia National Laboratories (SNL) Scaled Wind Farm Technology (SWIFT). Testing was
conducted December 17-21, 2012, and January 7-9, 2013. Modal parameters were obtained for the
towers, and the testing procedure and results were documented. Frequencies for both towers for the
first and second bending modes were within 5% of each other, indicating a high level of similarity
between the two towers.
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Thank you for the opportunity to complete this project work for Sandia National Laboratories. Please
contact David Cloutier or Tim Marinone if you have any questions about this report.

Sincerely,
Scanned signature - original on file ATA ENGINEERING INC

Timothy Marinone
Engineer (858.480.2078; tim.marinone(@ata-e.com)

Reviewed by:

Scanned signature - original on file ATA ENGINEERING INC
David Cloutier
Project Engineer (858.480.2083; david.cloutier@ata-e.com)

cc: David L. Hunt, Account Manager
(858.480.2095; david.hunt@ata-e.com)
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Test Mode Shapes
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Mr. Bruce LeBlanc

Sandia National Laboratories
P.O. Box 5800

Albuquerque, NM 87123

Subject:  ATA Report No. 61178, “Modal Survey of SWIFT V27 Towers on Foundation”
Dear Bruce:

This report documents ATA Engineering’s modal testing of two towers bolted to the foundation that
are to be installed as part of Sandia National Laboratories’ Scaled Wind Farm Technology (SWIFT).
Testing was conducted February 7—13, 2013. Modal parameters were obtained for the towers, and the
testing procedure and results are documented below.

Introduction

Sandia National Laboratories (SNL) is developing the Scaled Wind Farm Technology center to

enable rapid, cost-efficient testing and development of transformative wind energy technology. ATA
Engineering, Inc., (ATA) was contracted as part of this effort to dynamically characterize a number of
components and assemblies to be used at SWIFT. This report documents the model survey for two
Vestas 27 (V27) towers on the concrete foundation. The testing was successfully completed February
7-13, 2013. The two towers were tested bolted to the concrete foundation.

Technical Approach

V27 towers were bolted to the concrete foundation as shown in Figure 1.
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Figure 1. Overall view of tower on foundation.

ATA created a test model representative of the tower to develop a set of test measurement degrees of
freedom (DOF). The test display model (TDM), shown in Figure 2, is used for mode shape
visualization. Accelerometers (PCB T33B) were mounted tangential to the tower to spatially filter the
response and minimize the response attributed to the breathing modes. Force was input into the
structure with a calibrated modal impact hammer (PCB 086D20). Seismic accelerometers (PCB
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393B04) were located on the concrete foundation to obtain the motion of the foundation for use in
determining the impedance of the structure. Seismic accelerometers were also located at the base of
the tower in the vertical direction to determine the transfer function across the bolted interface.

g BN

T Accelerometer Group Name Node |X+|Y+|2+ Locations
Tower 30018 Y- Base-6Clock
A Tower 30036 | X Z* Base-9Clock
| Impact Tower 30147 y+|2ze Base -12Clock
| Hammer Tower 33807 Y+ Platform1-12Clock
Tower 37003 | X+ 22Ft-3Clock
Tower 37214 | X 22Ft-9Clock
Tower 38067 Y+ 22Ft-12Clock
Tower 40762 Y+ Tip-12Clock
Tower 40772 | X+ Tip-3Clock
Tower 44049 Y- 22Ft-6Clock
Tower 75564 | X+ Base-3Clock
Tower 77061 | X Platform1-9Clock
Tower 100589 | X+ Platform2-3Clock
Tower 101415 | X Platform2-9Clock
Tower 115734 Y+ Platform2-12Clock
Tower 146589 | X Tip-9Clock
Tower 200924 | X+ Platform1-3Clock
Tower 254503 Y- Tip-6Clock
Tower 271687 Y- Platform2-6Clock
Tower 281849 Y- Platform1-6Clock
Tower 400001 Z+ Foundation-12Clock
Tower 400004 Z+ Foundation-3Clock
Tower 400003 | X [Y+ | Z+ Foundation-6Clock
Tower 400002 Z+ Foundation-9Clock

Figure 2. V27 tower and measurement locations for modal testing.

Due to the structure geometry and the orientation of the accelerometers, the impact locations were not
drive points. The resulting FRF and coherence at node 146589X are shown in Figure 3 for Tower 1.
The coherence is generally high and distinct FRF peaks are seen, indicating high-quality
measurements.
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Figure 3. FRF and coherence at node 146589X due to impact at 254503X for Tower 1.

The power spectrum mode indicator function (PSMIF) is shown in Figure 4 for both towers. Because
the PSMIF is the summation of all FRF multiplied by each FRF conjugate, it is an ideal function to
view the overall response. The PSMIF for Towers 1 and 2 show the same general trends.
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As seen in Figure 4, the PSMIF of Tower 1 is significantly cleaner than the PSMIF of Tower 2.

lower 1 Bolted to Foundation
lower 2 Bolted to Foundation

Figure 4. PSMIF for Towers 1 and 2 bolted to foundation.

Unfortunately, a thunderstorm occurred during setup of Tower 2 and caused some of the channels to
produce erroneous measurements. Due to time constraints for the installation of the nacelle by the

crane company, it was not possible to troubleshoot and repair the channels with issues. Enough

channels remained functional, however, to obtain good-quality measurements as long as the affected
channels were removed.

The final list of mode shapes is included in Table 1. The first and second bending modes are of

primary importance. Plots of the mode shapes can be seen in Appendix A.

The frequencies of Tower 1 and Tower 2 are within 5% of each other, indicating a high level of

similarity between the two towers. The modal assurance criterion (MAC) was also computed between
the two towers and shows a high level of agreement; the slightly lower values for the second bending
mode are due to removing the affected channels from the mode shapes and not having sufficient high
response measurements.

Table 1. Final mode list for V27 towers bolted to concrete foundation.

Axis of Motion Topa'l, : Towers | Mac
Frequency (Hz) | Damping (% Crit) | Frequency (Hz) | Damping (% Cerit)
, , Fore-Aft (X) 2.70 0.56 2.61 0.82 0.95
First Bending Mod
st Bendmg Mode Side-Side (Y) 3.73 0.98 2.67 0.50 0.90
_ Fore-Aft (X) 11.58 224 1132 2.49 0.81
Second Bending Mod
eeond Bending Mo I Side-Side (Y) 1171 1.76 11.58 157 0.84

In addition, SNL was interested in determining the stiffness between the foundation and tower due to
the bolted interface. For this, the axial (Z-axis) accelerometer FRFs at the base of the tower and at the
foundation are overlaid as shown in Figure 5.
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Figure 5. FRF comparison of base of tower and foundation.

The overlaid FRFs are almost identical, indicating that there is very minimal energy lost over the
interface and therefore the interface is a very good approximation of a fixed boundary condition.

There is significant motion in the foundation, however, indicating that the entire concrete foundation
has relative motion with respect to ground.

Summary and Conclusions

This report has documented ATA Engineering’s modal testing of two towers that are to be installed as
part of the Sandia National Laboratories (SNL) Scaled Wind Farm Technology (SWIFT). Testing was
conducted February 7-13, 2013. Modal parameters were obtained for the towers, and the testing
procedure and results were documented. Frequencies for both towers for the first and second bending
modes were within 5% of each other, indicating a high level of similarity between the two towers.
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ABSTRACT

This final report documents ATA Engineering, Inc.’s experimental and operational modal analysis of
Sandia National Laboratories’ Scaled Wind Farm Technology (SWIFT) Vestas 27 (V27) wind turbines.
The modal survey was performed at SNL’s SWIFT facility in Lubbock, Texas, on June 10 through June
16, 2013. Two wind turbines were tested: one turbine with a full set of instrumentation and a second
turbine with a reduced set of instrumentation. All flexible bending modes below 15 Hz were identified as
target modes. The modal survey was conducted with modal impact hammer test runs and with natural
wind excitation, and all target modes were identified from the impact hammer excitation. The modal

results of both turbines were compared to identify variation between the turbines.

This report documents one of several different tests performed to characterize various components and
assemblies of the V27 wind turbines for the SWIFT project. Details of the other tests can be found in their

respective reports.
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1. INTRODUCTION

Sandia National Laboratories (SNL) is developing the Scaled Wind Farm Technology (SWIFT) center to
enable rapid, cost-efficient testing and development of transformative wind energy technology. ATA
Engineering, Inc., (ATA) was contracted as part of this effort to dynamically characterize a number of
components and assemblies to be used at SWIFT. This report documents the experimental modal analysis
(EMA) and operational modal analysis (OMA) for the Vestas 27 (V27) wind turbines. The modal survey
was successfully completed June 10-16, 2013. Two turbines were tested: one with a full set of
instrumentation (SNL1) and a second with a reduced set of instrumentation (SNL2). All turbines were
tested bolted to the concrete foundation in their final configuration.

In preparation for the modal survey, SNL worked with ATA to develop a test display model (TDM) to be
used in animating the modes obtained. A back-expansion matrix for visualization of the test mode shapes
was also developed based on this TDM. ATA used this information to plan and conduct the modal survey.

ATA conducted the test using modal impact hammer and natural wind excitation methods. ATA provided
the data collection equipment and instrumentation. All V27 turbine primary modes were identified up to
15 Hz, and these are presented in Table 1-1.

1.1. Test Objectives

The overall objective of the SNL V27 turbine modal survey was to obtain modal properties to use for
correlation. The requirements to satisfy the overall objective were stated as follows:

1. Perform a pretest analysis, predicting the target mode shapes and frequencies.
a. Develop a TAM for defining accelerometer locations and expanding out mode shapes.
b. Identify modal survey excitation locations.

2. Develop a detailed test plan and procedure for conducting the modal survey. The frequency range of
interest was 0—15 Hz for the V27 turbine bolted to the concrete foundation. All flexible bending and
torsion modes below 15 Hz were identified as target modes.

3. Experimentally define the modal parameters (frequency, damping, and shape) for all target modes of
the turbine.

4. Provide quick-look results on site during testing (including animated mode shapes and comparison

with finite element predictions).

5. Deliver a final report detailing all tasks of the modal survey.

1.2. Test Performance and Results

In preparation for the modal survey, SNL provided ATA with the measurement geometry of the V27
turbine. ATA used this information to plan, prepare for, and perform the modal survey. ATA provided the
necessary data collection equipment and instrumentation.
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ATA completed the test using modal impact hammer and operational excitation methods. Global modes
were extracted from the impact hammer data runs as well as the wind excitation data runs. All V27
turbine primary modes were identified up to 15 Hz, and they are presented in Table 1-1 for both SNL1

and SNL2 turbines. Table 1-2 lists the comparison of modes with artificial and natural excitation on
SNLI.
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Table 1-1. Final modes, SNL1 and SNL2 V27 wind turbines.

SNL1 SNL2
Frequency | Damping | Frequency | Damping cor o .
Mode (Hz) (% Crit.) (Hz) (% Crit.) Diff (%)] MAC Description

1 1.00 3.39 0.97 2.66 3% 96 Ist Tower Bending Edgewise

2 1.01 3.82 0.99 2.95 2% 83 Ist Tower Bending Flapwise

3 2.02 2.48 1.88 2.87 7% 68 st Blade Flapwise Bending - Asym

4 2.04 2.51 2.00 2.36 2% 50 1st Blade Flapwise Bending - Asym

5 2.40 2.13 2.37 1.59 1% 82 st Blade Flapwise Bending - Sym

6 3.65 1.45 1st Blade Edgewise Bending - Asym

7 3.73 1.24 3,75 0.01 0% 32 st Blade Edgewise Bending - Asym

8 5.33 1.35 5.05 1.96 5% 76 2nd Blade Flapwise Bending - Asym

9 5.36 1.46 5.34 1.26 0% 68 2nd Blade Flapwise Bending - Asym

10 6.67 1.20 6.70 0.98 0% 88 2nd Blade Flapwise Bending - Sym

11 7.83 1.38 7.76 1.18 1% 90 2nd T ower Bending Flapwise

12 7.97 1.19 7.99 1.52 0% 85 2nd Tower Bending Edgewise

13 8.43 1.32 8.34 0.80 1% 89 Ist Tower Torsion, 2nd Blade Edgewise Bending
14 9.67 1.65 9.99 1.64 -3% 73 2nd Blade Edgewise Bending - Sym

15 11.15 1.19 11.12 1.29 0% 83 3rd Blade Flapwise Bending - Asym

16 12.52 3.64 3rd Blade Flapwise Bending - Asym

17 12.69 1.70 12:17 2.68 4% 84 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap - Asym
18 13.45 1.06 13.22 1.11 2% 71 2nd Blade Edgewise Bending - Asym

19 13.66 1.08 13.82 1.98 -1% 66 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap -Sym
20 13.80 1.04 3rd Blade Flapwise Bending -Sym
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Table 1-2. Final modes, SNL1 V27 wind turbines—comparison of EMA and OMA.

SNL1 - EMA SNL1 - OMA
Frequency | Damping | Frequency | Damping cor o .
Mode (Hz) (% Crit.) (Hz) (% Crit.) Diff (%)] MAC Description

1 1.00 3.39 Ist Tower Bending Edgewise

2 1.01 3.82 1.00 0.82 0% 44 Ist Tower Bending Flapwise

3 2.02 2.48 1.98 2.24 2% 63 st Blade Flapwise Bending - Asym

4 2.04 2.51 2.02 2.45 1% 98 1st Blade Flapwise Bending - Asym

5 2.40 2.13 2.37 1.77 1% 100 st Blade Flapwise Bending - Sym

6 3.65 1.45 1st Blade Edgewise Bending - Asym

7 3.73 1.24 3.61 0.95 3% 42 st Blade Edgewise Bending - Asym

8 5.33 1.35 5.25 1.40 2% 73 2nd Blade Flapwise Bending - Asym

9 5.36 1.46 5.31 1.20 1% 93 2nd Blade Flapwise Bending - Asym

10 6.67 1.20 6.61 0.97 1% 100  |2nd Blade Flapwise Bending - Sym

11 7.83 1.38 2nd T ower Bending Flapwise

12 7.97 1.19 2nd Tower Bending Edgewise

13 8.43 1.32 Ist Tower Torsion, 2nd Blade Edgewise Bending
14 9.67 1.65 9.37 2.07 3% 94 2nd Blade Edgewise Bending - Sym

15 11.15 1.19 11.00 1.31 1% 99 3rd Blade Flapwise Bending - Asym

16 12.52 3.64 3rd Blade Flapwise Bending - Asym

17 12.69 1.70 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap - Asym
18 13.45 1.06 2nd Blade Edgewise Bending - Asym

19 13.66 1.08 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap -Sym
20 13.80 1.04 13.49 1.32 0.01 92 3rd Blade Flapwise Bending -Sym
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2. TEST CONFIGURATIONS AND PRETEST MODELING

This section of the report describes the specific pretest activities for the V27 turbine experimental and
operational modal analysis. The turbine is described along with pretest model preparation activities.

2.1. Test Article Description and Configuration

The Vestas 27 225 kW wind turbine has a 30 meter tower with 13 meter rotor blades. The V27 turbine is
shown in Figure 2-1. The V27 was tested in a parked configuration to prevent the turbine from rotating
during testing, and the turbine rotor was set to zero degrees to minimize the potential of damage due to

wind.
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Figure 2-1. Overall view of V27 turbine.
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2.2. Test Measurements and Geometry

This section of the report provides information about the measurement locations used during the modal
survey. Measurement locations were selected based on discussion with SNL engineers. ATA created a
test model representative of the V27 turbine to develop a set of test measurement degrees of freedom
(DOF).

The final set of measurement locations totaled 80 fixed DOF at 53 node locations. The geometry and
nodes were defined using one global coordinate system and four local coordinate systems. The tower and
foundation DOF were located in the global coordinate system; each blade and the nacelle were in their
own local coordinate systems. Figure 2-2 shows the test display model and accelerometer locations, with
each arrow in the figure representing an accelerometer. Table 2-1 lists the 80 test DOF at the 53 selected
model node locations, along with a description of each. Photos of the accelerometers are included in
Appendix C. In total, 81 channels counting the modal hammer were measured during impact testing. The
same channels—with the exception of the modal hammer—were measured during operational testing.
Due to time constraints, only a subset of channels was measured on the second turbine for comparing
natural frequencies. This included all DOF measured on SNL1 except the blades. Additional biaxial
accelerometers were installed on the blades at max chord on SNL2.
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\

Figure 2-2. V27 coordinate systems and measurement locations.
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Table 2-1. Accelerometer locations (80 channels and 40 nodes, not including impact hammer).

Group Name | Node ([X+|Y+|Z+|Locations # X Entries | #Y Entries |# Z Entries
Tower 30018 Y- Base-6Clock 40 28 12
Tower 30036 | X- Base-9Clock
Tower 30147 Y+ Base -12Clock Total Number of Entries 80
Tower 33807 Y+ Platform1-12Clock
Tower 37003 | X+ 22Ft-3Clock
Tower 37214 | X 22Ft-9Clock
Tower 38067 Y+ 22Ft-12Clock
Tower 40762 Y- Tip-12Clock
Tower 40772 | X Tip-3Clock

Tower 44049 Y+ 22Ft-6Clock
Tower 75564 | X+ Base-3Clock
Tower 77061 X- Platform1-9Clock
Tower 100589 | X+ Platform2-3Clock
Tower 101415 | X Platform2-9Clock
Tower 115734 Y+ Platform2-12Clock
Tower 146589 | X+ Tip-9Clock

Tower 200924 | X+ Platform1-3Clock
Tower 254503 Y+ Tip-6Clock

Tower 271687 Y- Platform2-6Clock
Tower 281849 Y- Platform1-6Clock
Blade 1 53502 | X- | Y+|Z+|B1-Trail-1(Tip)
Blade 1 53052 | X-|Y+ B1-Trail-3

Blade 1 52208 | X- | Y+ B1-Trail-6

Blade 1 51359 | X- | Y+ B1-Trail-9

Blade 1 53537 | X B1-Lead-1(Tip)
Blade 1 53101 X B1-Lead-3

Blade 1 52290 | X- B1-Lead-6

Blade 1 51465 | X- B1-Lead-9

Blade 2 53527 | X- | Y+ |Z+ [B2-Trail-1(Tip)
Blade 2 53523 | X |Y+ B2-Trail-3

Blade 2 53517 | X- | Y+ B2-Trail-6

Blade 2 53511 X | Y+ B2-Trail-9

Blade 2 53528 | X- B2-Lead-1(Tip)
Blade 2 53524 | X- B2-Lead-3

Blade 2 53518 | X- B2-Lead-6

Blade 2 53512 | X- B2-Lead-9

Blade 3 53580 | X- | Y+ |Z+|B3-Trail-1(Tip)
Blade 3 53576 | X |Y+ B3-Trail-3

Blade 3 53570 | X- | Y+ B3-Trail-6

Blade 3 53564 | X-|Y+ B3-Trail-9

Blade 3 53581 X B3-Lead-1(Tip)
Blade 3 53577 | X B3-Lead-3

Blade 3 53571 X B3-Lead-6

Blade 3 53565 | X- B3-Lead-9

Tower 400001 Z+ |Found-12Clock
Tower 400004 Z+ |Found-3Clock
Tower 400003 | X | Y+ |Z+ |Found-6Clock
Tower 400002 Z+ |Found-9Clock
Nacelle 120003 | X+ | Y- | Z+ |[Nacelle Fwd Port
Nacelle 120004 | X+ | Y- | Z+ |Nacelle Fwd Stbd
Nacelle 120007 | X- | Y+ |Z+ |Nacelle Rear Port
Nacelle 120008 | X- | Y+ |Z+ |Nacelle Rear Stbd
Hub 130001 | X+ | Y+ |Z+ |Hub
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3. TEST DESCRIPTION

The V27 turbine experimental modal survey involved applying and measuring external force excitations
to the turbine and measuring the acceleration responses at the instrumented locations. This testing allowed
the measurement of frequency response functions (FRF) between the instrumented response locations and
the applied shaker input forces. The FRF characterize the dynamic behavior of the structure and can be
used to identify the modal parameters (frequency, damping, and shape) of the turbine.

The V27 turbine operational modal testing involved measuring the acceleration responses at the
instrumented locations due to the natural excitation of the wind. This testing allowed the measurement of
cross-spectra functions between the instrumented response locations. The cross spectra characterize the
dynamic behavior of the structure and can be used to identify the operational modal parameters (fre-
quency, damping, and shape) of the turbine.

3.1. Test Conduct

The following sections provide the test conduct for the experimental and operational modal tests
performed on the V27 turbines.

3.1.1. Modal Survey

The modal survey was performed on site at SNL’s SWIFT facility in Lubbock, Texas, June 10-16, 2013.
ATA was responsible for the installation and removal of all transducers and cabling necessary for the
modal survey. All DOF locations on the turbine were measured and marked on the surface by ATA. The
measurement locations matched those in the test display model, as selected for visualization of the pri-
mary modes. After all of the measurement locations were mapped on the turbine, the accelerometers and

cables were installed.

Impact testing was performed using an instrumented modal impact hammer to excite the structure and
perform the modal survey. The excitation locations for the V27 modal survey, selected based on prior test
experience, were identified during the pretest analysis effort. The data acquisition system measured all
data channels simultaneously, allowing all data to be taken in a single pass. A complete channel table list
is provided in Appendix E.

In total, two runs were performed using impact excitation, while seven runs using natural excitation were
recorded. These included checkout runs. The test run log is provided in Table 3-1 below. The text in the
“Notes” column provides brief details on each run and any anomalies encountered. The final test mode
shapes were extracted from runs 6 and 7 for SNL1 (natural and artificial excitation) and run 8 for SNL2
(artificial excitation only).
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61178 SWIFT Full Turbine Test Run Log

Table 3-1. SNL V27 modal survey test run log.

Freq Range
Run Date Start Time | Config! | Tower# | Exc. File Name Reference Channels (Hz) Notes

Day 1-SNL 1

1 6/10/2013 22:20 pitch 1 o [61178_Full_0010_pitch_1.ati Chosen During Post-Processing 0-30 Checkout Run-Tower Only

2 6/11/2013 10:19 pitch 1 o [61178_Full_0020_pitch_1.ati Chosen During Post-Processing 0-30 Checkout Run - Tower and Blade 3

3 6/11/2013 10:50 pitch 1 ¢} 61178_Full_0030_pitch_1.ati Chosen During Post-Processing 0-30 Checkout Run - Tower and Blade 3 - Nacelle Orientation
Day 2 - SNL 1

4 6/12/2013 9:31 pitch 1 o 61178_Full_0040_pitch_1.ati Chosen During Post-Processing 0-30 SNL1 Full

5 6/12/2013 12:50 pitch 1 o [61178_Full_0050_pitch_1.ati Chosen During Post-Processing 0-30 SNL1 Full

6 6/12/2013 14:52 pitch 1 o [61178_Full_0060_pitch_1.ati Chosen During Post-Processing 0-30 SNL1 Full - Fixed ATS
Day 3 - SNL 1

7 | 6/13/2013 | 7:13 | pitch 1 i |61178_FuILOO7i_pitch_1.ati | 53517X-,53518Y+, 254503X%+,40772Y +, | 0-30 |SNL1 Full - Fixed ATS- Impact
Day 4 - SNL 2

8 6/14/2013 6:22 pitch 2 i 61178_Full_008i_pitch_2.ati 53517X-,53518Y +, 254503X%+,40772Y +, 0-30 SNL2 Full - Impact

9 6/14/2013 10:59 pitch 2 o [61178_Full_0090_pitch_2.ati Chosen During Post-Processing 0-30 SNL2 Full - Operational
* EXCITATION TYPE + Config
i modal impact pitch Pitched at 0 degrees, parked, facing east
o operational
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3.1.2. Operational Modal Analysis

Operational modal analysis is the principle of obtaining the experimental modal parameters of the test
object (frequencies, damping and mode shapes) while the test object is in its natural “operating”
configuration. This allows effects such as rotational stiffening to be included and may give a better
understanding of the test object. Natural excitation due to ground vibration or wind may be used for this
purpose when the operating configuration prohibits the use of artificial excitation (such as impact hammer
or electrodynamic shaker) or when the structure is of sufficient size such that a large enough force cannot
be input into the structure. In such cases, determining the input force caused by natural excitation is not
possible, so the formulation of equations for determining the modal properties is different than in the

classical experimental modal analysis.

The key summary equation is the cross-correlation function (‘R) evaluated at a time separation T:

iRl-jk(T)=Z A i’;-kexp[— é’fa); TJcos(a)(riT}LBg.kexp(— ;ra); TJsin(a)crlTj
" Equation 3-1

where

A" andB’, , shown below, independent of T, are functions of only the modal parameters,

itk ijk’
ol=of(1-¢'"?
is the damped modal frequency;

) " is the ry, modal frequency;

- is the ry, modal damping ratio;

m; 1s the ry, modal mass;

n is the number of modes;

Yir is the iy, component of mode shape r; and
t is the time.

Because this cross-correlation function is in the same form (damped sinusoidal) as the impulse response
function assumed in classical modal analysis, the assorted modal parameter estimation methods can be
used.

Further details on this technique can be found in the following references.

1. T.G.Carne, J.P. Lauffer, and A.J. Gomez, “Modal Testing of a Very Flexible 110 m Wind Turbine Structure,”
Proceedings of the 6™ International Modal Analysis Conference, Kissimmee, Florida, 1988, pp. 848-855.

2. G.H.James, T.G. Carne, and A.R. Nord, “Modal Testing Using Natural Excitation,” Proceedings of the 10"
International Modal Analysis Conference, San Diego, California, 1992, pp.1209-16.

3. T.G.Carne and G.H. James, “The Inception of OMA in the Development of Modal Testing Technology for Wind
Turbines,” Mechanical Systems and Signal Processing 24, No.5 (2010): pp. 1213-26.
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3.2. Test Instrumentation

Modal response data were measured using accelerometers mounted on the turbine. An impact hammer
with an attached load cell was used to measure the amount of force applied to the turbine. ATA provided
all instrumentation required to complete the test. This included the impact hammer transducer signal
conditioning, data acquisition hardware, and data collection and analysis computers. SNL provided the lift
and personnel responsible for moving the ATA engineer to the correct impact locations.

All of the accelerometer cabling was routed and plugged into gather boxes at a central location near the
data acquisition system. A photograph of ATA’s workstation is shown in Figure 3-1.

-
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Figure 3-1. Data acquisition equipment and analysis workstations.

The DB-50 cables were then routed from the gather boxes to the data acquisition system. A photograph of
the gather boxes and cabling is shown in Figure 3-2. All equipment specifications are provided in
Appendix G.
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Figure 3-2. Instrumentation cabling was routed to gather boxes where DB-50
cables were then used to connect to the data acquisition system.

3.2.1. Accelerometers

All of the accelerometers for the modal survey were defined to allow for ease of installation on the
turbine. Local coordinate systems were defined for each of the blades and the nacelle. All accelerometers
located on the tower were defined in the global coordinate system. Accelerometers were attached as
needed to mounting blocks, allowing correct alignment to the proper displacement coordinate system.
Cube blocks permitted the attachment of up to three accelerometers per block and allowed tangential
measurements. Semicylindrical accelerometer mounting blocks and bubble levels were used to orient
some accelerometers to their respective coordinate systems. The blocks also ensured that the
accelerometers were electrically isolated from the turbine. ATA provided the blocks that were used to
attach accelerometers to the turbine. Figure 3-3 shows an example of the accelerometer installation,
including the cube and barcodes used to document the measurement location. Photos of all of the
accelerometer locations are provided in Appendix C.
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iy

Figure 3-3. Example accelerometer installation; note the barcode used for documenting the accelerometer location.

Each accelerometer was labeled with a barcode that identified its serial number. These barcode labels
were scanned with a special Palm™ handheld, which stored the information in its database. The Palm’s
database was then downloaded to a database on the acquisition computer, which was used to set up the
channel table in the data acquisition system.

Acceleration values of 0.001 to 0.5 g (maximum) were anticipated for the modal survey. The acceler-
ometers used for the modal survey were PCB model T333B piezoelectric, integrated circuit preamplifier
(ICP®) type, capable of measuring accelerations accurately (+ 5%) from 2 to 1,000 Hz. The transducers
were powered by signal conditioning units supplied by ATA and included transducer electronic data sheet
(TEDS) information, which allowed the amplifier to recognize each serial number for all of the
accelerometers. Specification sheets for the accelerometers are included in Appendix G of this report. The
calibrated sensitivities and calibration due dates for all accelerometers used for this test are included in
Appendix E.

In addition, seismic accelerometers (PCB model 393B04) were used for determining the response of the
concrete foundation as low acceleration and frequency values were expected at these locations. These
transducers were also powered by signal conditioning units supplied by ATA.

Test instrumentation logs were prepared and maintained to show the location of each accelerometer,
along with its serial number and sensitivity.

3.2.2. Impact Hammer

The impact hammer load cell transducer is a piezoelectric device (PCB model 086D50) that can measure
up to 5000 pounds of force in the frequency range of 1 to 5000 Hz. The calibration values and due dates
for the impact hammer used for this test are included in Appendix E. The hammer tip chosen (PCB model
084A31) was used due to the low-frequency bandwidth excitation. The auto power spectrum for a typical
impact is shown in Figure 3-4.
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Power Spectral Density
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Figure 3-4. PSD for input hammer, run 7.
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3.2.3. Data Measurement and Recording

All time history, auto spectrum, coherence, cross spectrum, and FRF data were stored on the hard disk of
the data acquisition computer. All data were written to an external hard disk as a backup at the conclusion
of each test day. After completion of the modal survey, the data were transferred onto the computer
system at ATA’s San Diego office, where the final data analysis was performed and the report written.

A schematic layout of the data collection system is shown in Figure 3-5. The system utilized a
128-channel VXI Technology digitizing front-end hardware system with 1432B analog-to-digital con-
verter modules. The data acquisition chassis was then connected to the laptop computer through a
FireWire interface card. All input forces and all response measurements were acquired simultaneously,
which allowed all data to be collected in a single pass, thus reducing overall test time. The data
acquisition computer was a laptop PC, and one additional computer at the test site was used for analysis
and documentation. Briiel & Kjer I-deas” Test software and ATA’s IMAT™ software were run on these
computers to acquire and process the data. Processing included extracting the modal parameters from the
FRF and evaluating the data quality and mode shapes. Further processing of the operational data was
performed using ARTeMIS ® software.
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Figure 3-5. Data acquisition system schematic.
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3.3. Test Performance

One computer was used acquire data, and the other on-site data processing computer was used for signal
processing and to extract modal parameter information from the FRF data. The FRF data were processed
to determine the resonant frequencies, mode shapes, and modal damping. Preliminary data analysis was
performed as soon as the FRF were available for processing. This allowed for a quick study of the
dynamic characteristics of the turbine. It also allowed the data quality to be verified through the use of
coherence, complex mode-indicator functions (CMIF), multivariate mode-indicator functions (MMIF),
power spectrum mode-indicator functions (PSMIF) and FRF quality. Quick processing of the data into
mode shapes permitted the modal assurance criteria (MAC) and self-orthogonality to be computed
between the test shapes, which helped to verify the independence of the extracted modes. Back-expansion
of test shapes from the measured DOF to the full test display DOF allowed for visual verification that all
target modes were identified. These preliminary data were shared with SNL engineers at the test site.

3.3.1. Data Quality Assessment

After acquisition, processing, and on-site analysis of the test data were completed, all of the data were
reviewed by ATA and SNL engineers to ensure that the test objectives and the criteria for satisfaction of

the test objectives had been attained.

During the data collection process, the response signals on the acquisition computer screen were moni-
tored continuously, and the data quality was evaluated immediately after the collection of each data set by

examining the force spectra (shown previously in Figure 3-4), coherence, reciprocity, and FRF quality.

Coherence functions that were computed during the acquisition process were all stored, along with the
auto spectrum and FRF for each channel. In this manner, any questions about data quality could be
assessed by reviewing specific coherence functions associated with a particular response measurement.

Figure 3-6 shows an example of an impact excitation drive point FRF and coherence measurement.
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Figure 3-6. FRF and coherence for impact hammer drive point 53557Y+, run 8.

3.3.2. Modal Extraction from Frequency Response Functions

The first indications of resonance were determined by evaluating the FRF, in particular the drive point
FRF. Peaks showing dynamic amplification were tagged for documentation. Natural frequencies were
verified by looking at the minimums of the MIF and MMIF, maximums of the PSMIF, and peaks indi-
cated by the FRF. All of the modal parameters were extracted from the FRF. These modal parameters
include the natural frequency, damping, and corresponding mode shapes. The modal data extracted from
the FRF were evaluated while the turbine was still available so that any modes that had not been clearly
identified could be studied further. Data collected during MPR excitation were used to extract the final
modal parameters.

The alias-free polyreference algorithm was the primary method used to extract the modal information
from the test data. Real normal modes were computed directly from the test data. Damping was estimated
using the same polyreference FRF curve-fitting algorithm that was used to extract the resonant
frequencies. The alias-free polyreference technique in ATA’s AFPoly™ IMAT toolkit employs a
Laplace-domain curve-fitting algorithm capable of extracting lightly or highly damped modes in a single
pass.
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Data processing that was not completed during the test program was finalized at ATA following the test.
Ongoing data analysis was performed at the test site as further testing was being performed. Final listings
of modal frequencies, shapes, and damping estimates are provided in Section 4.

3.3.3. Modal Extraction from Cross-Spectrum Functions

Operational modal analysis was additionally performed using ARTeMIS® software. The Crystal Clear
Stochastic Subspace Identification (CC-SSI) was the primary algorithm used to extract modal parameters;
the CC-SSI relies on a linear least-squares estimation of the model using the raw measured time series.

3.3.4. Modal Assurance Criteria

Once test modes were extracted from the data, evaluation of the modes was performed on site. This

approach helped to confirm that all primary (target) modes of interest had been characterized.

The MAC was computed for the test modes to obtain an indication of the independence of the modes as
directly measured. The MAC is a scalar value between zero and one representing the correlation between
two mode shapes. High correlation is indicated by a value near one. The MAC value between two mode
shapes is computed using the following vector inner products.

o, 0.
o 0, J0.) )

The vectors @, and @, are the mode shapes being compared.

MAC, = Equation 3-2

Ideally, an acquired mode will be perfectly orthogonal with respect to all of the other modes, and the
modal coefficients for each DOF will contain only the contribution of the mode of interest. However,
there are various practical limitations in actual testing that render the attainment of perfect modal orthogo-
nality nearly impossible, including the following:

1. Extremely high modal density (several modes close in frequency)

2. Any inaccuracy or insufficiency of the acquired data

3. The possibility of the exciter location being at or near a node point of the target mode

4

Any interference of uninstrumented and nonstructural component modes
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4. TEST RESULTS

This section of the report documents the results of the V27 modal analysis due to artificial and natural
excitation. The summary tables include the modal parameters identified from the experimental data. As
discussed previously, the modes of interest were all the flexible bending and torsion modes below 15 Hz.
Most of the parameter estimation effort was focused on identifying these modes. All flexible target modes
were extracted successfully.

Test self-MAC calculations, along with visual inspection of the shapes, were used to verify the
uniqueness of modes reported for each configuration. The MAC values presented were calculated using
all of the test DOF.

A back-expansion matrix was used to fill in the unmeasured DOF at each test node to improve the ability
to visualize the mode shapes. For example, an accelerometer measured DOF 1465X- and Y-, but not the
accelerations in the corresponding Z direction. The back-expansion uses the TAM constraint matrix to
interpolate these missing DOF for purposes of visualization only. The mode shapes presented in
Appendix F include the back-expanded DOF. The MAC calculations did not use the back-expanded
shapes.

4.1. V27 Turbine Modal Test Results

A single V27 turbine configuration was tested to obtain the modal and operational results: the V27
turbine bolted to the concrete foundation and rotor locked. All target modes of this configuration were
identified. Impact hammer excitation was used during this testing, and all target modes of the SNL1
turbine were successfully extracted from impact hammer test run 7. The reduced instrumentation on
SNL2 allowed a subset of the target modes to be identified from impact hammer test run 8. The test run

number corresponds to the test run log presented in Table 3-1.

The list of modes, sorted by test mode shape frequency, is provided in Table 4-1. This table lists the shape
description, test frequency, and damping for the two turbines tested. Additionally, the MAC between
SNL1 and SNL2 is provided for each mode. As SNL2 had a significantly reduced instrumentation set,
modes were compared to SNL1 using a combination of MAC, mode shape, and comparison of PSMIF
using a common sensor set, as shown in Figure 4-1. Because the PSMIF is the summation of all FRF
multiplied by each FRF conjugate, it is an ideal function to allow a global study of response. The PSMIF
plotted in Figure 4-1 are summed for a common set of references and responses. Differences in the
PSMIF between SNL1 and SNL2 are likely due to minor differences in construction and components of
the turbine, as well as slight differences in rotor orientation. However, all but two modes are within a 5%

difference. Mode shape plots for SNL1 are provided in Appendix F.
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Table 4-1. SNL1 and SNL2 V27 turbine final global modes sorted by test frequency.

23

SNL1 SNL2
Frequency | Damping | Frequency | Damping o o
Mode (Hz) (% Crit.) (Hz) (% Crit.) Diff (%)] MAC Description

1 1.00 3.39 0.97 2.66 3% 96 Ist Tower Bending Edgewise

2 1.01 3.82 0.99 2i95 2% 83 Ist Tower Bending Flapwise

3 2.02 2.48 1.88 2.87 7% 68 1st Blade Flapwise Bending - Asym

4 2.04 2.51 2.00 2.36 2% 50 1st Blade Flapwise Bending - Asym

5 2.40 2.13 2.37 1.59 1% 82 1st Blade Flapwise Bending - Sym

6 3.65 1.45 1st Blade Edgewise Bending - Asym

7 3.73 1.24 3.75 0.01 0% 32 1st Blade Edgewise Bending - Asym

8 5.33 1.35 5.05 1.96 5% 76 2nd Blade Flapwise Bending - Asym

9 5.36 1.46 5.34 1.26 0% 68 2nd Blade Flapwise Bending - Asym

10 6.67 1.20 6.70 0.98 0% 88 2nd Blade Flapwise Bending - Sym

11 7.83 1.38 7.76 1.18 1% 90 2nd T ower Bending Flapwise

12 797 1:19 7.99 1.52 0% 85 2nd Tower Bending Edgewise

13 8.43 1.32 8.34 0.80 1% 89 Ist Tower Torsion, 2nd Blade Edgewise Bending
14 9.67 1.63 9.99 1.64 -3% 73 2nd Blade Edgewise Bending - Sym

15 1115 1.19 11,12 1.29 0% 83 3rd Blade Flapwise Bending - Asym

16 12,52 3.64 3rd Blade Flapwise Bending - Asym

17 12.69 1.70 12.17 2.68 4% 84 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap - Asym
18 13.45 1.06 13.22 1.11 2% 71 2nd Blade Edgewise Bending - Asym

19 13.66 1.08 13.82 1.98 -1% 66 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap -Sym
20 13.80 1.04 3rd Blade Flapwise Bending -Sym

10
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Figure 4-1. SNL1 and SNL2 PSMIF using common DOF set.
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The self-MAC matrix for the V27 final modes is provided in Table 4-2 for the full set of instrumentation
turbine (SNL1). Any significant off-diagonal terms observed in the self-MAC were verified to be

independent through visualization of the mode shape.

Table 4-2. V27 final test modes (SNL1 at full instrumentation set): self-MAC.

SNL1 EMA Test Shape

Test Self MAC Table
SNL1 EMA Test Shapes

1 2 4 5 6 7 9 10 11 12
MACtt 1.0 1.0 2.0 2.0 24 3.6 3.7 5.3 54 6.7 7.8 8.0
1 1.0 1.00 0.07 0.11 0.13 0.12
2 1.0 0.07 1.00 0.07 0.24 0.06 0.10
3 2.0 1.00 0.27 0.07 0.06 0.44 0.07 0.07
4 2.0 0.07 0.27 1.00 0.31 0.40 0.29 0.11
5 24 0.11 0.24 0.07 1.00 0.55 0.10
6 3.6 1.00 0.14 0.08
7 3.7 0.13 0.06 0.14 1.00
8 5.3 0.31 1.00 0.05 0.50 0.05
9 5.4 0.44 0.40 0.05 1.00 0.27 0.16
10 6.7 0.06 0.07 0.55 1.00 0.13
11 7.8 0.10 0.29 0.10 0.08 0.50 0.27 0.13 1.00 0.16
12 8.0 0.12 0.07 0.11 0.05 0.16 0.16 1.00
13 8.4 0.19 0.06 0.30 0.17
14 9.7 0.07
15 11.1 0.06 0.08 0.36 0.09 0.31 0.42 0.62 0.19
16 12.5 0.27 0.07 0.06 0.37 0.13
17 12.7 0.14 0.09 0.07 0.30 0.07 0.13 0.14
18 13.5 0.09 0.24 0.20 0.06 0.14
19 13.7 0.13 0.22 0.05 0.44 0.19
20 13.8 0.11 0.27 0.54 0.13
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4.2. V27 Turbine Operational Modal Test Result

Operational modal analysis was performed on the SNL1 V27 turbine. Approximately two hours of natural
wind excitation data were recorded in run 6, which was used for OMA. The CC-SSI algorithm in
ARTeMIS was used to extract modes in the operational data. The stabilization diagram for the final set of

OMA modes is shown in Figure 4-2.
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Figure 4-2. Stabilization diagram for operational model analysis.

The list of modes, sorted by test mode shape frequency, is provided in Table 4-3. This table lists the shape
description, test frequency, and damping for SNL1, comparing the EMA results to OMA. Additionally,
the MAC between EMA and OMA is provided for each mode. Modes were compared using a
combination of MAC and visualization of the mode shape. Mode shape plots are provided in Appendix F.
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Table 4-3. SNL1 turbine EMA and OMA final global modes sorted by test frequency.
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SNL1 - EMA SNL1 - OMA
Frequency | Damping | Frequency | Damping e o
Mode (Hz) (% Crit.) (Hz) (% Crit.) Diff (%)] MAC Description

1 1.00 339 Ist Tower Bending Edgewise

2 1.01 3.82 1.00 0.82 0% 44 Ist Tower Bending Flapwise

3 2.02 2.48 1.98 2.24 2% 63 1st Blade Flapwise Bending - Asym

4 2.04 251 2.02 2.45 1% 98 1st Blade Flapwise Bending - Asym

5 2.40 213 2.37 1.77 1% 100 1st Blade Flapwise Bending - Sym

6 3.65 1.45 1st Blade Edgewise Bending - Asym

7 3.73 1.24 3.61 0.95 3% 42 1st Blade Edgewise Bending - Asym

8 5.33 1.35 5.25 1.40 2% 73 2nd Blade Flapwise Bending - Asym

9 5.36 1.46 5.31 1.20 1% 93 2nd Blade Flapwise Bending - Asym

10 6.67 1.20 6.61 0.97 1% 100  |2nd Blade Flapwise Bending - Sym

11 7.83 1.38 2nd T ower Bending Flapwise

12 797 1.19 2nd T ower Bending Edgewise

13 8.43 1.32 Ist Tower Torsion, 2nd Blade Edgewise Bending
14 9.67 1.65 9:.37 2.07 3% 94 2nd Blade Edgewise Bending - Sym

15 11.15 1.19 11.00 1.31 1% 99 3rd Blade Flapwise Bending - Asym

16 12.52 3.64 3rd Blade Flapwise Bending - Asym

17 12.69 1.70 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap - Asym
18 13.45 1.06 2nd Blade Edgewise Bending - Asym

19 13.66 1.08 2nd Blade Edgewise Bending - Asym / 3rd Blade Flap -Sym
20 13.80 1.04 13.49 1.32 1% 92 3rd Blade Flapwise Bending -Sym

The cross-MAC matrices for the V27 EMA to OMA modes are provided in Table 4-2. While some values

of matched modes were fairly low, every mode pair was verified through comparison of the visualized

mode shapes.
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Table 4-4. V27 final test modes (SNL1 at full instrumentation set): self-orthogonality.

Test Cross MAC Table
SNL1 OMA Shapes

1 2 3 5 8 10 11 Test
MACtg 1.0 2.0 2.0 24 36 5.2 5.3 6.6 9.4 1.0 | 135 | cRs
8 1 10| 0.26 0.28
s 2 10| 0.44 0.23 0.40
g 3 2.0 063 | o038 025 | o030 0.92
al 4 2.0 0.98 0.49 0.34 0.97
?, 5 24| 045 1.00 0.53 027 | 098
6 3.6 0.25 0.21
7 3.7 0.42 0.32
8 53 030 | o024 073 | o022 0.26 0.96
9 5.4 0.45 0.93 0.44 0.98
10 6.7 0.55 1.00 057 | o098
1 7.8 0.26 0.44 0.57 0.66
12 8.0
13 8.4 0.25 0.54 0.51
14 97 0.94 0.86
15 1141 0.35 0.55 0.99 0.94
16| 125 0.31 0.24 0.21 0.45
17| 127 0.22 0.44 025 | 037
18] 135
19| 137 0.21 0.44 076 | o058
20 138 0.26 0.54 092 | o079
FEM  [CRS 0.81 092 | 098 | 098 [ 095 | 097 | 099 | 099 | o095 [ 098 | o096
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5. CONCLUSIONS

A modal survey was successfully performed on two V27 turbines. A global modal survey for a single test
configuration was conducted, and all primary flexible target modes were identified. ATA was responsible
for test setup, data acquisition, data analysis, and instrumentation and hardware removal from the V27
turbines following the test. All phases of the test program were completed June 10-16, 2013.

Modal parameters were extracted from modal impact hammer and wind excitation runs, and the
uniqueness of the final mode shapes was verified through visual inspection and the test self-MAC. The
self-MAC demonstrated that the extracted flexible mode shapes were unique, and all target modes were
clearly identified with shape visualization.
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Appendix A

On-Site Test Log and Run Log
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61178 SWIFT Full Turbine Test Run Log
Freq Range
Run Date Start Time | Config" | Tower# | Exc. File Name Reference Channels (Hz) Notes

Day 1-SNL 1

1 6/10/2013 22:20 pitch 1 o [61178_Full_0010_pitch_1.ati Chosen During Post-Processing 0-30 Checkout Run-Tower Only

2 6/11/2013 10:19 pitch 1 o [61178_Full_0020_pitch_1.ati Chosen During Post-Processing 0-30 Checkout Run - Tower and Blade 3

3 6/11/2013 10:50 pitch 1 o [61178_Full_0030_pitch_1.ati Chosen During Post-Processing 0-30 Checkout Run - Tower and Blade 3 - Nacelle Orientation
Day 2 - SNL 1

4 6/12/2013 9:31 pitch 1 o [61178_Full_0040_pitch_1.ati Chosen During Post-Processing 0-30 SNL1 Full

5 6/12/2013 12:50 pitch 1 o [61178_Full_0050_pitch_1.ati Chosen During Post-Processing 0-30 SNL1 Full

6 6/12/2013 14:52 pitch 1 o [61178_Full_0060_pitch_1.ati Chosen During Post-Processing 0-30 SNL1 Full - Fixed ATS
Day 3 - SNL 1

7 | 6/13/2013 | 7:13 | pitch 1 i |61178;Fu||_007i7pitch41.ati | 53517X-,53518Y+, 254503X+,40772Y+, 0-30 |SNL1 Full - Fixed ATS- Impact
Day 4 - SNL 2

8 6/14/2013 6:22 pitch 2 i 61178_Full_008i_pitch_2.ati 53517X%-,53518Y+, 254503X%+,40772Y+, 0-30 SNL2 Full - Impact

9 6/14/2013 10:59 pitch 2 o [61178_Full_0090_pitch_2.ati Chosen During Post-Processing 0-30 SNL2 Full - Operational
* EXCITATION TYPE + Config
i modal impact pitch Pitched at 0 degrees, parked, facing east
o operational
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Appendix B

Nodes and Accelerometers Table

B-1
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Group Name | Node |X+|Y+|Z+|Locations # X Entries | #Y Entries |# Z Entries
Tower 30018 Y- Base-6Clock 40 28 12
Tower 30036 | X Base-9Clock
Tower 30147 Y+ Base -12Clock Total Number of Entries 80
Tower 33807 Y+ Platform1-12Clock
Tower 37003 | X+ 22Ft-3Clock
Tower 37214 | X- 22Ft-9Clock
Tower 38067 Y+ 22Ft-12Clock
Tower 40762 Y- Tip-12Clock
Tower 40772 | X Tip-3Clock

Tower 44049 Y+ 22Ft-6Clock
Tower 75564 | X+ Base-3Clock
Tower 77061 X- Platform1-9Clock
Tower 100589 | X+ Platform2-3Clock
Tower 101415 | X Platform2-9Clock
Tower 115734 Y+ Platform2-12Clock
Tower 146589 | X+ Tip-9Clock

Tower 200924 | X+ Platform1-3Clock
Tower 254503 Y+ Tip-6Clock

Tower 271687 Y- Platform2-6Clock
Tower 281849 Y- Platform1-6Clock
Blade 1 53502 | X- | Y+ |Z+ |B1-Trail-1(Tip)
Blade 1 53052 | X-|Y+ B1-Trail-3

Blade 1 52208 | X-|Y+ B1-Trail-6

Blade 1 51359 | X-|Y+ B1-Trail-9

Blade 1 53537 | X- B1-Lead-1(Tip)
Blade 1 53101 X- B1-Lead-3

Blade 1 52290 | X- B1-Lead-6

Blade 1 51465 | X- B1-Lead-9

Blade 2 53527 | X- | Y+ |Z+ |B2-Trail-1(Tip)
Blade 2 53523 | X- | Y+ B2-Trail-3

Blade 2 53517 | X- | Y+ B2-Trail-6

Blade 2 53511 XY+ B2-Trail-9

Blade 2 53528 | X- B2-Lead-1(Tip)
Blade 2 53524 | X- B2-Lead-3

Blade 2 53518 | X- B2-Lead-6

Blade 2 53512 | X- B2-Lead-9

Blade 3 53580 | X- | Y+ |Z+ |B3-Trail-1(Tip)
Blade 3 53576 | X-|Y+ B3-Trail-3

Blade 3 53570 | X-|Y+ B3-Trail-6

Blade 3 53564 | X-|Y+ B3-Trail-9

Blade 3 53581 X B3-Lead-1(Tip)
Blade 3 53577 | X- B3-Lead-3

Blade 3 53571 X B3-Lead-6

Blade 3 53565 | X- B3-Lead-9

Tower 400001 Z+ [Found-12Clock
Tower 400004 Z+ [Found-3Clock
Tower 400003 | X- | Y+ |Z+ |Found-6Clock
Tower 400002 Z+ |Found-9Clock
Nacelle 120003 | X+ | Y- | Z+ |Nacelle Fwd Port
Nacelle 120004 | X+ | Y- | Z+ |Nacelle Fwd Stbd
Nacelle 120007 | X- | Y+ |Z+ |Nacelle Rear Port
Nacelle 120008 | X- | Y+ |Z+ |Nacelle Rear Stbd
Hub 130001 | X+ | Y+ |Z+ |Hub

B-2
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Appendix C

Accelerometer Photos

C-1
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The accelerometers shown are located on SNL1. SNL2 consisted of a subset of nodes and
pictures are not shown for brevity. Due to time constraints, not all accelerometers were

photographed.

Tower

Node: 30018 Group: Tower Dir: Y-

Node: 30036 Group: Tower Dir: X-

Missing

Node: 30147 Group: Tower Dir: Y+

Node: 33807 Group: Tower Dir: Y+

C-2
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Missing

Node: 37003 Group: Tower Dir: X+

Node: 37214 Group: Tower Dir: X-

Missing

Node: 38067 Group: Tower Dir: Y+

Node: 40762 Group: Tower Dir: Y-

Missing

Node: 40772 Group: Tower Dir: X-

Node: 44049 Group: Tower Dir: Y+

C-3
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Missing

Node: 75564 Group: Tower Dir: X+

Node: 77061 Group: Tower Dir: X-

Missing

Node: 100589 Group: Tower Dir: X+

Node: 101415 Group: Tower Dir: X-

Missing

Node: 115734 Group: Tower Dir: Y+

Node: 146589 Group: Tower Dir: X+
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Node: 200924 Group: Tower Dir: X+

Node: 254503 Group: Tower Dir: Y+

Missing

Node: 271687 Group: Tower Dir: Y-

Node: 281849 Group: Tower Dir: Y-
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Blade 1

Node: 53502 Group: Blade 1 Dir: X- Y+ Z+ Node: 53052 Group: Blade 1 Dir: X- Y+
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Missing

Node: 52208 Group: Blade 1 Dir: X- Y+

Node: 51359 Group: Blade 1 Dir: X- Y+

Missing

Node: 53537 Group: Blade 1 Dir: X-

Node: 53101 Group: Blade 1 Dir: X-

Missing

Node: 52290 Group: Blade 1 Dir: X-

Node: 51465 Group: Blade 1 Dir: X-
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Blade 2

Node: 53527 Group: Blade 2 Dir: X- Y+ Z+ Node: 53523 Group: Blade 2 Dir: X- Y+
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Missing

Node: 53517 Group: Blade 2 Dir: X- Y+

Node: 53511 Group: Blade 2 Dir: X- Y+

Node: 53528 Group: Blade 2 Dir: X-

Node: 53524 Group: Blade 2 Dir: X-

Missing

Node: 53518 Group: Blade 2 Dir: X-

Node: 53512 Group: Blade 2 Dir: X-

C-9
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Blade 3

< p
E g |
|y

Node: 53580 Group: Blade 3 Dir: X- Y+ Z+

Node: 53576 Group: Blade 3 Dir: X- Y+

Node: 53570 Group: Blade 3 Dir: X- Y+

Node: 53581 Group: Blade 3 Dir: X-

Node: 53577 Group: Blade 3 Dir: X-
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Node: 53571 Group: Blade 3 Dir: X-

Node: 53565 Group: Blade 3 Dir: X-

C-11
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Tower Foundation

Missing

Missing

Node: 400001 Group: Tower Dir:  Z+

Node: 400004 Group: Tower Dir:  Z+

Missing

Node: 400003 Group: Tower Dir: X- Y+ Z+

Node: 400002 Group: Tower Dir: Z+

C-12
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Nacelle

Node: 120003 Group: Nacelle Dir: X+ Y- Z+

Node: 120004 Group: Nacelle Dir: X+ Y- Z+

Node: 120007 Group: Nacelle Dir: X- Y+ Z+

Node: 120008 Group: Nacelle Dir: X- Y+ Z+

C-13
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Hub

Missing

Node: 130001 Group: Hub Dir: X+ Y+ Z+
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Appendix D

Impact Hammer Location Photos
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All impact locations shown are for SNL1. The same impact locations were used for SNL2 but are not
shown. In addition, not all of the impact locations were photographed due to time constraints.

B "“\\\'\

Hammer Location - 40772Y+
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Hammer Location - 254503 X+
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Hammer Location - 53571Y +
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Hammer Location - 53570X +
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Hammer Location - 52208X+
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Hammer Location - 52290Y+
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Hammer Location - 53527X-
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Appendix E

Modal Test Channel Table

E-1
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Channels with the calibration due date highlighted in red are accelerometers whose calibration had
expired by the time testing occurred due to the delay in the test schedule; these accelerometers were
calibrated post test to verify the change in sensitivity.
SNL1 Channel Table
Cal
Cal Due Cal Due | Difference
CH SN Node DIR Data Type EU Cal mV/EU| Channel Description Date [Cal mV/EU Data (%)
1] 9404 | 120003 | X+ 12 11 | 92.5641 |Nacelle Fwd Port | 11-Mar-14| 93,312 | 02-Jul-14| 0.80%
2| 9474 | 120003 z+ 12 11 |103.5122|Nacelle Fwd Port | 11-Mar-14| 103.8189 | 02-Jul-14| 0.30%
4] 28935 | 120004 | 7+ 12 11 | 83.9087 |Nacelle Fwd Stbd | 11-Mar-14| 83.7327 | 02-Jul-14| -0.21%
5| 31738 | 120004 | X+ 12 11 | 91.0143 |Nacelle Fwd Stbd | 11-Mar-14| 91.7879 | 02-Jul-14| 0.85%
6] 9400 | 120004 Y- 12 11 |101.4538 |Nacelle Fwd Stbd | 11-Mar-14 101.4385 | 02-Jul-14| -0.02%
7] 9199 | 120008 Z+ 12 11 | 98.5099 |Nacelle RearStbd [ 11-Mar-14| 98.7142 | 02-Jul-14| 0.21%
8| 9539 | 120008 Y+ 12 11 [102.7979 |Nacelle RearStbd | 11-Mar-14 102.7655 | 02-Jul-14|  -0.03%
9] 40625 | 120008 X- 12 11 | 87.2808 |Nacelle RearStbd | 11-Mar-14| 86.9669 | 02-Jul-14| -0.36%
10| 9544 | 120007 z+ 12 11 |109.6148 |Nacelle Rear Port | 11-Mar-14| 109.5254 | 02-Jul-14| -0.08%
11] 33000 | 120007 | Y+ 12 11 | 86.4976 |Nacelle Rear Port | 11-Mar-14| 86.1469 | 02-Jul-14| -0.41%
12| 9725 120007 X- 12 11 95.2249 |Nacelle Rear Port 11-Mar-14| 93,7956 [ 02-Jul-14| -1.51%
13| 9550 | 120003 Y- 12 11 | 99.7771 |Nacelle Fwd Port | 11-Mar-14| 99.6785 | 02-Jul-14| -0.10%
17| 9698 | 254503 | Y+ 12 11 | 80.2236 |Tip-6Clock 11-Mar-14| 80.1898 | 02-Jul-14| -0.04%
18] 32132 | 40772 X- 12 11 | 86.9648 |Tip-3Clock 11-Mar-14| 86.6188 | 02-Jul-14| -0.40%
19| 10283 | 40762 Y- 12 11 | 82.8392 |Tip-12Clock 11-Mar-14| 82.6561 | 02-Jul-14| -0.22%
20| 28936 | 146589 | X+ 12 11 | 92.2927 |Tip-9Clock 11-Mar-14| 92.5145 | 02-Jul-14|  0.24%
21| 28915 | 38067 Y+ 12 11 90.892 |22Ft-12Clock 90.4587 | 02-Jul-14|  -0.48%
22| 9712 37214 X- 12 11 | 98.8333 |22Ft-9Clock 98.0181 | 02-Jul-14] -0.83%
23] 9707 | 44049 v+ 12 11 | 95.3371 |22Ft-6Clock 95.6783 | 02-Jul-14|  0.36%
24| 10339 | 37003 X+ 12 11 93.555 |22Ft-3Clock 92.6879 | 02-Jul-14| -0.93%
25| 32977 | 130001 z+ 12 11 | 85.5774 |Hub 11-Mar-14| 86.1093 | 02-Jul-14|  0.62%
26| 9198 | 130001 | X+ 12 11 | 90.7648 |Hub 11-Mar-14| 89.3579 | 02-Jul-14| -1.56%
27 9391 130001 Y+ 12 11 106.3255 |Hub 11-Mar-14| 104.5697 | 02-Jul-14| -1.67%
33| 9424 52290 X- 12 11 | 97.5336 |Bl-Lead-6 17-Aug-13| 97.6056 | 02-Jul-14|  0.07%
34| 10322 | 52208 Y+ 12 11 | 80.0196 |B1-Trail-6 17-Aug-13| 80.1374 | 02-Jul-14|  0.15%
35 9715 52208 X- 12 11 | 98.4429 |B1-Trail-6 17-Aug-13| 98.2345 | 02-Jul-14| -0.21%
36| 26725 | 53502 7+ 12 11 | 85.6211 |B1-Trail-1(Tip) 17-Aug-13| 86.4841 | 02-Jul-14|  1.00%
37 9212 53502 Y+ 12 11 | 96.3224 |B1-Trail-1(Tip) 17-Aug-13| 96.9419 | 02-Jul-14|  0.64%
38| 20663 53502 X- 12 11 90.8111 |B1-Trail-1(Tip) 17-Aug-13| 91.2451 | 02-Jul-14| 0.48%
39| 27440 | 51465 X- 12 11 | 85.8724 |Bl-Lead-9 17-Aug-13| 86.3842 | 02-Jul-14|  0.59%
40| 28966 | 51359 X- 12 11 | 93.9675 |B1-Trail-9 17-Aug-13| 94,5122 | 02-Jul-14|  0.58%
41 10334 | 51359 Y+ 12 11 | 97.9161 |B1-Trail-9 17-Aug-13| 97.3391 | 02-Jul-14| -0.59%
42| 9385 53052 v+ 12 11 |100.0472 |B1-Trail-3 17-Aug-13| 100.5384 | 02-Jul-14|  0.49%
43 9660 53052 X- 12 11 |108.1925 |B1-Trail-3 17-Aug-13| 108.7976 | 02-Jul-14|  0.56%
44| 10292 | 53101 X- 12 11 | 108.8477 |Bl-Lead-3 17-Aug-13| 108.9221 | 02-Jul-14|  0.07%
45 9654 53537 X- 12 11 |102.3447 |B1-Lead-1(Tip) 17-Aug-13| 102.6406 | 02-Jul-14|  0.29%
49| 9502 53580 Z+ 12 11 | 93.0965 |B3-Trail-1(Tip) 19-Feb-14| 93.2148 | 02-Ju-14|  0.13%
50 51313 | 53580 X- 12 11 96.9 |B3-Trail-1(Tip) 23-Jan-14| 955764 | 02-Jul-14| -1.38%
51| 32996 | 53580 v+ 12 11 | 82.4021 |B3-Trail-1(Tip) 19-Feb-14| 82.0684 | 02-Jul-14| -0.41%
53] 40608 | 53570 X- 12 11 | 85.1676 |B3-Trail-6 17-Aug-13| 85.4554 | 02-Jul-14|  0.34%
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SNL1 Channel Table (Continued)
Cal

Cal Due Cal Due | Difference
CH SN Node DIR Data Type EU Cal mV/EU| Channel Description Date [Cal mV/EU Data (%)
54| 32126 53570 Y+ 12 11 86.8008 |B3-Trail-6 17-Aug-13[ 87.6591 | 02-Jul-14|  0.98%
55 9713 53564 X- 12 11 97.7486 |B3-Trail-9 17-Aug-13[ 98.0196 | 02-Jul-14| 0.28%
56| 28961 53564 Y+ 12 11 89.368 |B3-Trail-9 17-Aug-13[ 90.0076 | 02-Jul-14|  0.71%
57 9382 53565 X- 12 11 88.8745 |B3-Lead-9 17-Aug-13[ 89.0346 | 02-Jul-14| 0.18%
59 9500 53576 Y+ 12 11 93.1801 |B3-Trail-3 17-Aug-13| 92.3453 | 02-Jul-14 -0.90%
60 9645 53576 X- 12 11 100.7877 |B3-Trail-3 17-Aug-13( 101.9524 | 02-Jul-14 1.15%
61 10326 53577 X- 12 11 111.3768 |B3-Lead-3 17-Aug-13( 111.3494 | 02-Jul-14 -0.02%
65 9554 53517 X- 12 11 85.1508 |B2-Trail-6 17-Aug-13[ 85.2857 | 02-Jul-14|  0.16%
66 9689 53518 X- 12 11 85.3983 |B2-Lead-6 17-Aug-13| 85.0062 | 02-Jul-14| -0.46%
67 9509 53517 Y+ 12 11 110.356 |B2-Trail-6 17-Aug-13( 110.2212 | 02-Jul-14 -0.12%
68| 28933 53512 X- 12 11 89.6398 |B2-Lead-9 17-Aug-13[ 89.7219 | 02-Jul-14|  0.09%
69 32990 53511 X- 12 11 94.8144 |B2-Trail-9 17-Aug-13| 94.8144 | 17-Aug-13|  0.00%
70 9451 53511 Y+ 12 11 98.4928 |B2-Trail-9 17-Aug-13[ 98.8939 | 02-Jul-14|  0.41%
71 10298 53528 X- 12 11 86.3401 |B2-Lead-1(Tip) 17-Aug-13| 86.6556 | 02-Jul-14|  0.36%
72 9593 53524 X- 12 11 96.2132 |B2-Lead-3 17-Aug-13[ 97.1602 | 02-Jul-14|  0.98%
73 9735 53523 X- 12 11 111.4605 [B2-Trail-3 17-Aug-13[ 112.0681 | 02-Jul-14|  0.54%
74 9410 53523 Y+ 12 11 101.5418 |B2-Trail-3 17-Aug-13( 102.1072 | 02-Jul-14|  0.56%
75 9658 53527 7+ 12 11 83.4838 |B2-Trail-1(Tip) 17-Aug-13| 83.8357 | 02-Jul-14|  0.42%
76 9630 53527 Y+ 12 11 90.8782 |B2-Trail-1(Tip) 17-Aug-13( 90.8249 | 02-Jul-14 -0.06%
77 9687 53527 X- 12 11 80.239 |B2-Trail-1(Tip) 17-Aug-13[ 79.9969 | 02-Jul-14 -0.30%
78| H21234SS | 53517 X+ 13 7 0.968 |B2-Trail-6 26-Jan-14 0.968 |26-Jan-14| 0.00%
81 26738 75564 X+ 12 11 85.022 |Base-3Clock 11-Mar-14| 84,9971 | 02-Jul-14| -0.03%
82| 36860 30036 X- 12 11 88.0891 |Base-9Clock 11-Mar-14( 88.272 | 02-Jul-14|  0.21%
83 9601 30147 y+ 12 11 96.5654 |Base -12Clock 11-Mar-14| 96.692 | 02-Jul-14|  0.13%
84 9494 30018 Y- 12 11 102.3094 |Base-6Clock 11-Mar-14| 102.2488 | 02-Jul-14|  -0.06%
85 40621 200924 X+ 12 11 86.1792 |Platform1-3Clock 85.3712 | 02-Jul-14| -0.94%
86 9383 33807 Y+ 12 11 105.9951 |Platform1-12Clock 105.2722 | 02-Jul-14| -0.68%
87 9479 281849 Y- 12 11 103.1655 |Platform1-6Clock 102.0558 | 02-Jul-14| -1.08%
88| 32981 77061 X- 12 11 82.6019 |Platform1-9Clock 82.5109 | 02-Jul-14 -0.11%
89| 10294 100589 X+ 12 11 83.2345 |Platform2-3Clock 82.0825 | 02-Jul-14| -1,39%
90 9629 271687 Y- 12 11 105.1793 |Platform2-6Clock 104.0629 | 02-Jul-14| -1.07%
91 9436 115734 Y+ 12 11 95.0544 |Platform2-12Clock 94.4506 | 02-Jul-14( -0.64%
92 9403 101415 X- 12 11 102.8616 |Platform2-9Clock 101.765 | 02-Jul-14| -1.07%
97| 36796A 400001 7+ 12 11 1001 |Found-12Clock 11-Dec-13| 1001 |[11-Dec-13| 0.00%
98| 36919 400002 7+ 12 11 1019 |Found-9Clock 11-Dec-13| 1019 |[11-Dec-13| 0.00%
99| 36795A 400003 X- 12 11 1005 |Found-6Clock 11-Dec-13| 1005 |[11-Dec-13[ 0.00%
100 36782 400003 Y+ 12 11 1005 |Found-6Clock 11-Dec-13| 1005 |[11-Dec-13| 0.00%
101 36783 400003 7+ 12 11 987 Found-6Clock 11-Dec-13 987 11-Dec-13|  0.00%
102| 36908 400004 7+ 12 11 1006 |Found-3Clock 11-Dec-13| 1006 |[11-Dec-13| 0.00%
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SNL2 Channel Table
Cal
Channel Cal Due | Difference
CH SN Node DIR Data Type EU Cal mV/EU |Description Cal mV/EU Data (%)

1] 20662 101415 X- 12 11 90.4674 |Platform?2- 90.1026 | 02-Jul-14 0.40%

2| 9223 200924 X- 12 11 89.8244 |Platform1- 89.0494 | 02-Jul-14]  0.87%

3[ 32938 115734 Y+ 12 11 93.4313 |Platform2- 93.1916 | 02-Jul-14]  0.26%

4 32124 100589 X+ 12 11 86.4926 |Platform?2- 86.109 | 02-Jul-14(  0.44%

5| 31843 33807 Y+ 12 11 93.07 |Platform1- 93.1891 | 02-Jul-14| -0.13%

6| 9133 77061 X- 12 11 83.4079 |Platform1- 81.494 | 02-Jul-14 2.32%

7| oa29% | 281849 | V- 12 11 | 104.4135 [Platform1-

8| 9443 271687 Y- 12 11 90.0314 |Platform2-{ 11-Mar-14| 88,9742 | 02-Jul-14|  1.18%

9 9749 30147 Y+ 12 11 96.1607 |Base -12Clq 95.1542 | 02-Jul-14]  1.05%
10[ 9540 75564 X+ 12 11 95.2859 93.7499 | 02-Jul-14 1.63%
1 9476 30018 Y- 12 11 93.9078 91.2129 | 02-Jul-14 2.91%
12] 9441 30036 X- 12 11 100.507 99.7337 | 02-Jul-14  0.77%
17| 20653 146589 X- 12 11 83.012 |Tip-9Clock | 22-May-14| 83.4691 | 02-Jul-14 -0.55%
18| 9697 254503 Y- 12 11 90.1052 |Tip-6Clock | 22-May-14( 90.3954 | 02-Jul-14| -0.32%
19| 27441 40772 X+ 12 11 87.7906 |Tip-3Clock | 22-May-14( 88.3991 | 02-Jul-14| -0.69%
20 28951 40762 Y+ 12 11 91.7495 |Tip-12Clocl 22-May-14( 92.274 | 02-Jul-14| -0.57%
21| 28962 | 38067 | v+ 12 11 | 90.9492 22Ft-12CIoF 90.6833 | 02-Jul-14] 0.29%
22| 20645 44049 Y- 12 11 87.7401 |22Ft-6Clocl 22-May-14| 87.2311 | 02-Jul-14|  0.58%
23| 10328 37003 X+ 12 11 98.5028 |22Ft-3Clocl 22-May-14( 99.3399 | 02-Jul-14| -0.85%
24 9204 37214 X- 12 11 95.0249 |22Ft-9Clocl 91.6084 | 02-Jul-14 3.66%
25 26737 130001 X+ 12 11 87.9272 |Hub 22-May-14| 91.4395 | 02-Jul-14| -3.92%
26 26755 130001 Y+ 12 11 81.6396 |Hub 22-May-14| 82.098 | 02-Jul-14| -0.56%
27| 28982 130001 Z+ 12 11 89.6069 |Hub 22-May-14| 90.3467 | 02-Jul-14| -0.82%
33| 9428 120003 Y- 12 11 98.6329 |Nacelle Fw|22-May-14( 98.7104 | 02-Jul-14| -0.08%
34 32906 120003 X+ 12 11 89.4542 [Nacelle Fw|22-May-14| 90.037 | 02-Jul-14| -0.65%
35| 32954 120003 7+ 12 11 89.8832 |Nacelle Fw| 22-May-14| 90.4687 | 02-Jul-14| -0.65%
36 27281 120004 7+ 12 11 91.4956 |Nacelle Fw|22-May-14( 91.9866 | 02-Jul-14| -0.54%
37 32953 120004 X+ 12 11 90.6442 |Nacelle Fw|22-May-14| 90.3667 | 02-Jul-14| 0.31%
38| 32923 120004 Y- 12 11 87.0084 |Nacelle Fw|22-May-14( 87.7216 | 02-Jul-14| -0.82%
391 9604 120007 X- 12 11 102.5048 |[Nacelle Re{ 22-May-14| 102.4261 | 02-Jul-14|  0.08%
40 33013 120007 7+ 12 11 86.4967 |Nacelle Req22-May-14| 86.1979 | 02-Jul-14|  0.35%
41| 26788 120007 Y+ 12 11 87.957 |Nacelle Re{22-May-14| 87.8589 | 02-Jul-14 0.11%
42| 9661 120008 X- 12 11 100.0978 |[Nacelle Re{ 22-May-14| 100.052 | 02-Jul-14|  0.05%
43| 32978 120008 Y+ 12 11 84.2131 |Nacelle Re{22-May-14| 84.0927 | 02-Jul-14| 0.14%
44 26794 120008 7+ 12 11 85.3962 |Nacelle Re{22-May-14( 86.6612 | 02-Jul-14| -1.47%
49| 36796A | 400001 Z+ 12 11 1001 |Found-12C|11-Dec-13| 1001 |11-Dec-13| 0.00%
50 36919 400002 Z+ 12 11 1019 |Found-9Clq11-Dec-13] 1019 |[11-Dec-13 0.00%
51 36795A | 400003 X- 12 11 1005 |Found-6Cld11-Dec-13| 1005 |[11-Dec-13| 0.00%
52 36782 400003 Y+ 12 11 1005 |Found-6Clq11-Dec-13| 1005 |11-Dec-13[ 0.00%
53| 36783 400003 7+ 12 11 987 Found-6Cld 11-Dec-13 987 11-Dec-13|  0.00%
54| 36908 400004 7+ 12 11 1006 |Found-3Clq11-Dec-13| 1006 [11-Dec-13| 0.00%
65(H21234SS| 53504 X- 13 7 0.968 |Hammer |26-Jan-14| 0.968 |26-Jan-14 0.00%
66 10292 53504 X- 12 11 108.8477 |B3 - Max CH 17-Aug-13| 108.9221 | 02-Jul-14 -0.07%
67 9424 53504 Y+ 12 11 97.5336 |B3- Max CH 17-Aug-13| 97.6056 | 02-Jul-14| -0.07%
69 9715 53557 X- 12 11 98.4429 |B2 - Max CH 17-Aug-13| 98.2345 | 02-Jul-14| 0.21%
71 10322 53557 Y+ 12 11 80.0196 |B2- Max CH 17-Aug-13| 80.1374 | 02-Jul-14| -0.15%
72 9654 50095 Y+ 12 11 102.3447 |B1 - Max CH 17-Aug-13{ 102.6406 | 02-Jul-14 -0.29%
73 20663 50095 X- 12 11 90.8111 |B1- Max CH 17-Aug-13| 91.2451 | 02-Jul-14| -0.48%

* SN 9429 taken out of service due to bad pin connection
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Appendix F

Test Mode Shapes

F-1
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Experimental Modal Analysis Shapes
SNLI1 — Run 7

Dkplacement:
Mode 1
Frequency: 1.005 Hz
Damping: 0.034 %Cr
IDLIne1:61178_Full_007|_pitc At
IDLine4: 61178_Ful_007(_pitch_1.

ed ATS- Impact

Contour:
Mode 1
Component: Magnitude

L.

&Y

L =

F-2
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Dkplacement:
Mode 2
Frequency: 1.007 Hz
Damping: 0,038 %Cr
IDLIne1: 61178_Ful_007|_pitch_1_c
IDLine4: 61178_Ful_007_pitch_1.ati-

cl ATS- Impact
Contour:

Mode 1
Component: Magnitude

L.

F-3
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Dkplacement:
Mode 3
Frequency: 2017 Hz
Damping: 0,025 %Cr
IDLIne1: 61178_Full_007|_pitch_T™
IDLIne4: 61178_Ful_007_pitch_1.ar

dl ATS- Impact

Contour:
Mode 1
Component: Magnitude

L.

g

F-4
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Dkplacement:
Mode 4
Frequency: 2,042 Hz
Damping: 0,025 %Cr
IDLIne1: 61178_Ful_007|_pitch_ T
IDLIne4: 61178_Ful_007_pitch_1.ct™

Contour:
Mode 1
Component: Magnitude

L.

F-5
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Dkplacement:
Mode 5

Frequency: 2.397 Hz
Damping: 0,021 %Cr
IDLIne1: 61178_Ful_007|_pitch_ T
IDLINe4: 61178_Full_0071_pitch_1.a ed ATS- Impact
Contour:

Mode 1

Component: Magnitude

L.

F-6
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Dkplacement:
Mode 6

Frequency: 3.649 Hz
Damping: 0014 %Cr
IDLINe1: 61178_Full_007I_pitch_1_co
IDLine4: 61178_Ful_007_pitch_1.ati-

Contour:

Mode 1
Component: Magnitude

L.

&

F-7
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Dkplacement:
Mode 7
Frequency: 3.735 Hz
Damping: 0012 %Cr
IDLIne1: 61178_Full_007|_pitch_1 Y
IDLIne4: 61178_Ful_007_pitch_1.cti™

Contour:

Mode 1
Component: Magnitude

L.

NG
- !
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Dkplacement:
Mode 8
Frequency: 5.329 Hz
Damping: 0014 %Cr
IDLINe1: 61178_Full_0071_pitch_Tagr.afu
IDLIne4: 61178_Ful_007_pitch_1.atr™

ed ATS- Impact
Contour:

Mode 1
Component: Magnitude

L.

F-9
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Dkplacement:
Mode 9
Frequency: 5.360 Hz
Damping: 0015 %Cr
IDLIne1: 61178_Ful_007|_pitch_ T
IDLIne4: 61178_Ful_007_pitch_1.ati~

ed ATS- Impact

Contour:
Mode 1
Component: Magnitude

L.

NG
- !
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Dkplacement:
Mode 10
Frequency: 6.674 Hz
Damping: 0012 %Cr
IDLIne1: 61178_Ful_007|_pitch_Tx
IDLIne4: 61178_Ful_007_pitch_1.at™

dl ATS- Impact
Contour:

Mode 1
Component: Magnitude

L.
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Dekplacement:
Mode 11
Frequency: 7.833 Hz
Damping: 0014 %Cr
IDLIne1: 61178_Ful_007|_pitch_
IDLIne4: 61178_Ful_007_pitch_1.ar

ATS- Impact
Contour:

Mode 1
Component: Magnitude

L.



Final Report for SNL SWIFT V27 Full Turbine Modal Survey | Project No. 61178 F-13

Dkplacement:
Mode 12
Frequency: 7.973 Hz
Damping: 0012 %Cr
IDLIne1: 61178_Ful_007|_pitch_
IDLIne4: 61178_Ful_007_pitch_1.a"

ed ATS- Impact
Contour:

Mode 1
Component: Magnitude

z
VA
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Dkplacement:
Mode 13
Frequency: 8.429 Hz
Damping: 0013 %Cr
IDLIne1: 61178_Ful_007|_pitch_
IDLIne4: 61178_Ful_007_pitch_1.a°

ed ATS- Impact

Contour:
Mode 1
Component: Magnitude

L.

g
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Dkplacement:
Mode 14
Frequency: 9.671 Hz
Damping: 0.017 %Cr
IDLINe1:61178_Full_007|
IDLINe4: 61178_Full_0

Contour:
Mode 1
Component: Magnitude

z
VA

&Y Tz
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Dkplacement:
Mode 15
Frequency: 11.148 Hz
Damping: 0012 %Cr
IDLIne1: 61178_Ful_007|_pitch
IDLIne4: 61178_Ful_007_pitch_1.

ATS- Impact
Contour:

Mode 1
Component: Magnitude

L.
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Dkplacement:
Mode 16
Frequency: 12,522 Hz
Damping: 0036 %Cr
IDLIne1: 61178_Ful_007|_pitch_1

ed ATS- Impact
Contour:

Mode 1
Component: Magnitude

L.

g
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Dkplacement:
Mode 17
Frequency: 12.686 Hz
Damping: 0017 %Cr
IDLIne1: 61178_Full_O
IDLine4: 61178_Full_O

PFoitch_1_c .
_pltch_1.ati- S xed ATS- Impact

Contour:
Mode 1
Component: Magnitude

L.

g

A
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Dkplacement:
Mode 18
Frequency: 13.454 Hz
Damping: 0011 %Cr
IDLIne1: 61178_Full_O X
IDLIne4: 61178_Ful_@®7|_pitch_1.afi- S|

Contour:
Mode 1
Component: Magnitude

L.
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Dkplacement:
Mode 19
Frequency: 13,660 Hz
Damping: 0011 %Cr
IDLIne1: 61178_Ful_007|_pitc
IDLIne4: 61178_Ful_007_pitch_T

Contour:
Mode 1
Component: Magnitude

L.
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Dkplacement:
Mode 20
Frequency: 13.796 Hz
Damping: 0010 %Cr
IDLINe1:61178_Full_0071_pltch_1
IDLIne4: 61178_Ful_007_pitch_1.ati-

'l ATS- Impact
Contour:

Mode 1
Component: Magnitude

L.
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Operational Modal Analysis Shapes

Dbplacement:
Mode 1
Frequency: 1.004 Hz
Damping: 0.008 %Cr

IDLIne1: SVS - Operational Mo
IDLine4: 28-06-2013 15:11:48
Complex: Signed Amplitude

Component: Magnitude

L.

&

&

SNL1 — Run6

<

e

F-22
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Dkplacement:
o

Mode 2
Frequency: 1.976 Hz
Damping: 0,022 %Cr
IDLINe1: SVS - Operational Mo lysk
IDLine4: 28-06-2013 15:11:49
Complex: Signed Amplitude
Contour:
Mode 1
Component: Magnitude
L - I; R
e

[P,

&
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Dkplacement:
Mode 3
Frequency: 2,022 Hz
Damping: 0,025 %Cr
IDLINe1: SVS - Operational Mo lysk
IDLine4: 28-06-2013 15:11:48
Complex: Signed Amplitude

Contour:
Mode 1
Component: Magnitude

L.

I; 'V T
o
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Dkplacement:
Mode 4
Frequency: 2.374 Hz
Damping: 0018 %Cr
IDLINe1: SVS - Operational Mo
IDLine4: 28-06-2013 15:11:48
Complex: Signed Amplitude

Contour:
Mode 1
Component: Magnitude

L.
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Dkplacement:
Mode 5
Frequency: 3.610 Hz
Damping: 0010 %Cr
IDLINe1: SVS - Operational Modal Al
IDLine4: 28-06-2013 15:11:49
Complex: Signed Amplitude
Contour:
Mode 1
Component: Magnitude
I’Z‘ A
&Y i
[P, TZ
% Y
A a

k
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Dkplacement:
Mode 6

Frequency: 5.247 Hz
Damping: 0014 %Cr
IDLINe1: SVS - Operational Mo lysk
IDLine4: 28-06-2013 15:11:49
Complex: Signed Amplitude
Contour:
Mode 1
Component: Magnitude
L - I; R
&

'\ N
A
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Dkplacement:
Mode 7
Frequency: 5.313 Hz
Damping: 0012 %Cr
IDLINe1: SVS - Operational Mo
IDLine4: 28-06-2013 15:11:48
Complex: Signed Amplitude

Contour:
Mode 1
Component: Magnitude

L.



Final Report for SNL SWIFT V27 Full Turbine Modal Survey | Project No. 61178 F-29

Dkplacement:
Mode 8
Frequency: 6.610 Hz
Damping: 0010 %Cr
IDLINe1: SVS - Operational Mo
IDLine4: 28-06-2013 15:11:49
Complex: Signed Amplitude

Contour:
Mode 1
Component: Magnitude

L.

NG
- !
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Dkplacement:
Mode 9
Frequency: 9.370 Hz
Damping: 0,021 %Cr
IDLINe1: SVS - Opera

IDLine4: 28-06-201
Complex: Signe

Contour:
Mode 1
Component: Magnitude

L.

&Y
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Dkplacement:
Mode 10
Frequency: 11.004 Hz
Damping: 0013 %Cr
IDLINe1: SVS - Operational Mo Analysk
IDLine4: 28-06-2013 15:11:49
Complex: Signed Amplitude
Contour:
Mode 1
Component: Magnitude
I’Z‘ A
& o

L.
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Dekplacement:
Mode 11
Frequency: 13.491 Hz
Damping: 0013 %Cr
IDLINe1: SVS - Operational Mo
IDLine4: 28-06-2013 15:11:49
Complex: Signed Amplitude

Contour:
Mode 1
Component: Magnitude

L.

NG
- !
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Appendix G

Equipment Specifications
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Accelerometers

CPCB PIFZ0TRONICS

Model 333B

Product Type: Accelerometer

Modal array, ceramic shear ICP® accel., 100 mV/g, 2 to 1000 Hz, 3-pin socket connector mounting
There 15 no product photo available at this time.

PERFORMANCE ENGLISH SI
Sensinvity (£20 7o) TOU Vg TO 2 mV m s
Teasurement Range *O0 g pk 90 mIs” pK
Frequency Range (F5 %) 2to 1000 Hz 2 to T000 Hz
Resonant Frequency SkHz SkHz
Phase Kesponse (£27) < to [UUU Hz to IUUU Hz
Broadband Resolution (1 to 10000 Hz) 0.00007 g rms 0.0007 m/s? rms [1]
Non-Linearity % 1% [2]
Transverse Sensitivity EEQ EEQ [3]
ENVIRONMENTAL
Overload Limit (Shock) +55UU g pk +54 50U mfs* pk
Temperatire Range Uto [O0 °F ~18 to TOb "C.
Temperature Response 0. 15 %/°F 0.27 %/°C [1]
ELECTRICAL
EXcitation Voltage Teto SUVDU [8to SUVDCT
onstant Current Excitation to ZUmA to ZUmA
Output Impedance TOU ohris T0U ohtns
Tutput Bias voltage Bio 1Z VDT To 1Z VDT
Dlscﬁarge Time Constant U 7to .5 sec U.7to [.5gec
EHNng L1me (WIthin 1070 Of bias) D 5EC D 5EC
Spectral Noise (1Hz) 0 g/Hz 96 ( m/s*) Hz [1]
(10 Hz) T3 o Hz T T mis) HZ ]
(100 Hz) 13 g/ Hz 128 ( mfs*)/ Hz [1]
(1kHz) Uod g/l Hz 0.7 ( mis) Hz [1]
FHYSICAL
ensing blement Ceramic Ceramic
Ensing ermeﬁ*y hear ~hear
Housing Material Polymer Polymer
ealing Hermetic Hermetic
SiZe (Height X Diameter) U8dinx U401n T mm & 12.2 mm
Weight U2 oz 2.0 gm 1]
ETectrical Connector S-Pin Socket -Pin Socket

SUPPLIED ACCESSORIES:
Model ACS-2 NIST Traceable single point (100 Hz) sensitivity. (1)
OPTIONAL VERSIONS

T-TEDS Capable of Digital Memory and Communicaion Compliant with IEEE P1451.3
TLA -TEDS LMS Intemnational - Free Format

TLE -TEDS LN International - Automotive Format

TLC - TEDS LIS Intermatonal - 2 eronantical Format

All specifications are at room temperature unless otherwise specified.
NOTES:
[1] Typical
[2] Zero-based, least-squares, straight line method.
[3] Transverse sensitivity is typically <= 3%

In the interest of constant product improvement,
wereserve the right to change specifications without notices.
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Moge R oer ACCELEROMETER, ICP®, SEISMIC R 53
Performance ENGLISH SI Optional Versions (Optional versions have idertical specifications and accessories as listed
Sensitivity (210 %) 1000 mVig 102 mWimss?) for stardard model except where noted below. More than ore option maybe used.)
Measurement Range 59 pk +49 m/s? pk T - TEDS Capable of Digital Memory and Communication Compliant with
Frequency Range (x5 %) 00610 450 Hz 00610 450 Hz IEEE P1451 .4
Frequency Range (10 %) 0.05t0 750 Hz 0.05t0 750 Hz Output Bias Voltage 75t013VDC 751013 VDC
Frequency Range (3 dB) 0.02t0 1700 Hz 0.02t0 1700 Hz Excitation Voltage 2010 30VDC 20to 30 vDC
Resonant Frequency 225kHz 225 kHz TLA - TEDS LMS Irternational - Free Format
Broadband Resolution (1 to 10000 Hz) 0.000003 grms 0.00003 m&?rms [1]| TLB -TEDS LMS Irternational - Sutomctive Format
Non-Linearity <1 % <1 % 2] TLC - TEDS LMS Irternational - Aeronautical Format
Transverse Sensitivity <5 % <5 % [3]| TLD -TEDS Capable of Digital Memory and Communication Compliant with
Environmental IEEE 1451 .4
Overload Limit (Shock) +300 gpk +2950m/s? pk Excitation Voltage 20to 30VDC 201030 VDC
Temperature Range 0to +176 °F -18to +80°C Output Bias Voltage 75t013vDC 75t013VDC
Base Strain Sensitivity <0.0005 gipe <0.005 (mis)pe [1]| W-Water Resistart Cable
Electrical Eledtrical Connector Sealed Integral Seded Integral
Excitation Vottage 1810 30 VDC 18t0 30 VDC ) A " able Cable
Constant Current Excitation 2ta10mA 2t010mA Eledrical Connection P ostion Top Top
Output Impedance <500 Ohm <500 Ohm HNotes _
Output Bias Voltage 7t012VDC 7t 12vDC [1] Typical o
Discharge Time Constart 5to15sec 51015 sec [2] Zero-based, least-squares, straight line method.
Settiing Time =100 sec =100 sec [3] Transverse sensitivity istypically <= 3%. ’
Spedtral Noise (1 Hz) 030 pghHz 2.9 (umiseciHz M (4] See PCB Declaration of Conformance PS023 for details.
Spedtral Noise (10HZ) 010 pgiHz 10 mmtse:.;f\Hz 1]
Spedral Noise (100HZ) 0.04 pgiHz 0.4 (um/iseciHz (1] . .
3 § Y Supplied Accessories
P"i‘::cc::al Noise (1 kHz) 0.04 pgiHz 0.4 (umisec®\Hz Q] 081605 Mourting Stud (1032 to 10-32) (1)
Sensing Element Caramic Cerainic ACS-1 NIST traceable tequency response (10 Hz to upper 5% poirt). (1)
ing ACS-4 Single axs, low frequency phase and amplitude response cal rom 0.5t 10Hz (1)
Sensing Geometry Flexural Flexural MOB1B05 Mounting Stud 10-32to M8 ¥ 0.75 (1)
Housing Material Titanium Titanium 9 A .
Sealing Hemetic Hemetic
Size (Diameter x Height) 099inx1.22in 25mm x31 mm
Weight 180z 50 gm m
Electrical Connector 10-32 Coaxdal Jack 10-32 Coandal Jack
Electrical Connection Position Top Top
Mourting Thread 10-32 Female 10-32 Female
= Typkal Senstiviy Deviston vz Temparsture
P2 Ertered: BLS Engireer: BAM | Sales BLS Spec Number.
® 10 Date: Date: Date: 17026
c €l & o — 08/18/2008 08/15/2008 09108/2008
4] I
H 0 0 3425 Walden Avenue
5 0 20 40 €0 B0 100 120 140 160 180 @xB P/EZOTRON/(S Depew NY 14043
Tempersture (*F) VIBRATION DIVISION UNITED STATES
Phone: 800-528-5540
Fax: 716-684-0987
E-msil: info@pch.com
All speckications are at wom temperature uniess otherwise specified. Web site: wwwpch .com
Inthe interest of constart produdt improvement, we reserve the right to change specifications without
notice.
ICP®is a registered trademark of PCB group, Inc.

G-3
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Impact Haimmer

All speckications are at wom temperature unless othenwise specified.

In the interest of constart product improvement, we reserve the right to change spedificaions without
notice.

ICP®is a registered trademark of PCB group, Inc.

Model Nunber ® Revision F
wem | IMPACT HAMMER, ICP ECN # 32871

Pesfomance ENGLISH Sl Optional Versions (Optional versions have identical specifications and accessories as listed

Sensitivity (#15 %) 1 miibf 023 mVMN for standard model except where noted below:. More than one option mavhe used.)

Measurement Range +5000 Ibf pk 22240 N pk T - TEDS Capable of Digtal Memory and Communication Compliant wih

Resonant Frequency 25 kHz >5kHz IEEE P1451 4

NoreLinearity <1 % < % Output Bias Voltage 85t015VDC 85t015vDC
Electrical Hotes .

Excitation Voltage 2010 30 VDC 20t0 30 VDC [1] Typical.

Constant Current Excitation 2to 20maA 2to20mA

Output Impedance =100 Ohm =100 Ohm 1]

Output Bias Voltage 8t014 VDC 8t014 vDC Supplied Accessories

Discharge Time Constant 22000 sec >2000 sec [1]| 084431 Tip - soft plastic, brown (1)
Physical 084432 Tip - hard plastic, red (1)

Sensing Elemert Quartz Quattz HCS-2 Calibration of Series 086 insrumented impact hammers (1)

Sealing Hemmetic Hermetic

Hammer Mass 1211 55Ky

Head Diameter 30in 76cm

Tip Diameter 30in 76cm

Hammer Lencth 35in 89 cm

Electrical Connedtion Position Bottom of Handle Bottom of Handle

Electrical Connector BNC Jack BNC Jack

Ertered: LLH Engireer: BAM | Sales WDC Approved: LLH Spec Number.
Date: Date: Date: Date: 12993
0572012010 05122010 05122010 05/20/2010

3425 Walden Avenue
BPCB PIEZOTRONICS  Saeeciy v
VIBRATION DIVISION UNITED STATES
Phone: 800-828-8840
Fax: 716-684-0987
E-msil: info@pch.com
Wb siter wwwpch.com
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G-5

Model Nunber ® Revision G
086020 IMPACT HAMMER, ICP ECN # 32971
Performance ENGLISH S Optional Versions (Optional versions have identical specifications and accessories as listed
Sensitivity (#15 %) 1 miibf 023 mviN for standard model except where noted below. More than one option maybe used)
Measurement Range +5000 Ibf pk #22240 N pk T - TEDS Capable of Digital Memory and Communication Compliant with
Resonant Frequency 212 kHz 212kHz |EEE P1451 4
Non-Linearity <1 % < % TLD - TEDS Capable of Digital Memory and Communication Compliant with
Electrical |EEE 1451 .4
Excitation Voltage 20to 30VDC 20to 30 VDC Output Bias Voltage 85t015vDC 85t015VDC
Constant Current Excitation 2to 20 mA 2to20mA Notes .
Output Impedance <100 Ohm <100 Ohm "] [1] Typical.
Output Bias Yoltage 8to14VDC 814 VDC
Discharge Time Constart 21400 sec >1400 sec Mm
Physical Supplied Accessories
Sensing Elemert Quartz Quartz 084460 Tip - super soft plastic, gray (1)
Sealing Hemmetic Hemetic 084251 Tip - soft plastic, brown (1)
Hammer Mass 241 11 Kg 084462 Tip - medium plastic, red (1)
Head Diameter 20in 51cm 084463 Tip - hard plastic, Hack (1) .
Tip Diameter 20in 51 cm HCS-2 Calibration of Series 086 insgrumented impad hammers (1)
Hammer Lencth 145in 37 cm
Electrical Connedtion P osition Bottom of Handle Bottom of Handle
Electrical Connector BNC Jack C Jack

i

Al icatk ave at woom te

uniess athewi:

In t'g interest of constart produd improvement, we reserve H’v\e right io change spedifications without

notice

ICP® is a registered trademark of PCB group, Inc.

Ertered: LLH Engireer: BAM | Sales WDC Approved: LLH Spec Number.
Date: Date: Date: Date: 12923
05/20/2010 051212010 0512/2010 05/20/2010

3425 Walden Avenue

Depew; NY 14043
UNITED STATES
Phone: 800-828-8840
Fax: 716-684-09587
E-msil: info@pch.com
Weh site vwwwvpch.com

®PCB PIEZOTRONICS
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Signal Conditioner

Revision® B

16 CHANNEL ICP® SENSOR SIGNAL CONDITIONER

PERFORMANCE
Frequency Response (£5% Amplitude) Hz 0.125 to 30k
Frequancy Response (+5° Phase) Hz 0.3t0 10k
Broadband Moise (1 to 27.5k Hz) wVrms <100
Signal Gain (£1%) ViV x®1
Sensor Excitation Voltage (10.5) VDo 22
Constant Current Sensor Excitation mé 2to 10 (Presst @ 4maA)
Ouput Range Vpk =10
Output Impedance (<10%) 0 1000
Typical Spectral Noise uVrms/Hz'? 16 @ 1Hz
5 @ 10Hz
04 @ 100 Hz

0.2 @ 1,000 Hz

DIGITAL COMMUNICATION

Module Control Type Via PCB 440 Series R5-483
Backplane MNetwork

TEDS Sensor Control Type IEEE P1451.4

ENVIRONMENTAL

Operating Temperature Range °F (°C) 32 to 120 (0 to 50)

ELECTRICAL

Fower Consumption mAmps @ 28VDC 24 i1

mAmps @ 5VDC 165
mAmps @ 15VDC 85
mAmps @-15VDC 60

MECHANICAL

Input Connector Type DB-50 Female

Qutput Connector Type Quad Agllent E1432 Compatible
Size (H x W) inches (mm) 505x 1.6 (1283 x457) [2]
Mass Ib (ka) 0.69 (0.31)

Al specifications are at room temperature unless otherwise specified.

NOTES:

[1] Al Power Consumphion Values Hated At
Factory Sel 4mA Constanl Current Sensor
Fxcitation

[7] Conforms to PCH 440 Senes, Modular System
Form Factor (Single Stot)

SUPFLIED ACCESSORIES:
FCH 440 Series Control Software

1CP* 15 a regustered frademark of PCH Group, Inc

I the interest of constan product improvermesn, specifications may change withoot notoe.
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Data Acquisition

High-speed Digitizers
VT1432B

< 8 input ranges including a 100mV range
alloves use of low sensitivity transducers

C True balanced differential inputs

< On-board user-programmable DSP
greatly improves total system
performance

C Usar programmable digital anti-alias
filters, with API controllable FIR and
Bassel filter

< FIR digital anti-alias filter provides linear
phase response for accurate single and
cross channel measurements

C Multiple breakout box options with
built-in signal conditioning including
charge inputs, simplify tests and reduce
cost

< Optional arbitrary source or dual input
tachometer

© 32 MB on card FIFQ memory plus
optional local bus allows data records up
to 146 GB with the WVT2216A VXI data
disk, and larger data files to external
SCSI disks

16-CHANNEL 102.4KSA (S 24-BIT DIGITIZER PLUS DSP

Agilent E1434A 4-Channel 65kSa/s Arbitrary
Source

The Agilent Technologies

E 14344 four-channel arbitrary
source is a C-size, one-slot, WXl
maodule that provides stimulus for
mechanical, acoustical, and
electrical testing. Its versatile
wigveform types, performance,
and tight integration with the
E14324 and E1423A digitizers
make it the ideal source for
multi-channel measurements.
Euilt-in sine and random noise
wigveforms save development
time and offload computation and
data movement chores from the

host computer ¥ More info on this product
Downloads
A single-channel version of the Table 1

E14344 is available as an
internal option (104) to the
E14324 and E1433A digitizers.



