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[bookmark: _Toc479929780]1. Introduction
The primary objective of our Testing and Validation Plan is to summarize our proposed test methodology to be used to conduct the ½-scale prototype net shape fabricated three blade composite prototype rotor 10 million (10M) cycle fatigue test.  The desired outcome of the fatigue test is to demonstrate manufacturing and design robustness of the prototype composite rotor under representative operational loading.  Metrics used to demonstrate rotor blade fatigue resistance are no-changes (within measurement scatter) in rotor (i) cross-head displacements and (ii) strains.  The baseline for comparison are static measurements of displacements and strains prior to initiation of fatigue testing.  Increases in cross-head displacement and strains under constant fatigue loading may indicate that micro- or macro-cracking has occurred during rotor fatigue testing.
Our second objective is to determine the uncertainty of our finite element analysis method to accurately predict peak rotor displacements and strains for a given loading scenario using our high fidelity finite element modeling protocol.  We establish analysis uncertainty by correlating our predictions with measurements.  We envision using the finite element analysis uncertainty measurements to reduce the allowable threshold fatigue strains that would be used for full-scale design of the Verdant Power (VP) Gen5 kinetic hydropower system (KHPS) net shape fabricated three-blade prototype composite rotor.   The desired outcome is to prevent fatigue degradation during the operational life of the Gen 5 KHPS full-scale rotor.
Section 2 of this report summarizes the finite element analysis for the ½-scale prototype rotor fatigue set up.  Section 3 defines the strain gage locations and predicted values of cross-head displacement and strains. Section 4 summarizes our proposed static and fatigue test sequence and describes our instrumentation suite.  The Appendix includes a daily checklist that ARL will be using to monitor fatigue test status.
[bookmark: _Toc479929781]2. Fatigue Test Setup and FEA 
The Gen 5 KHPS ½-scale prototype rotor test configuration is shown in Figure 1 below with the load frame removed for clarity.  The three-blade rotor (only one blade is visible in the figure) is affixed to the base plate using the upper and lower steel clamp assembly.  A rubber sheet is installed between 1) the upper clamp and rotor pressure side surface and 2) between the lower clamp and suction side rotor surface.  Four one inch diameter screws are used to attach the upper (blue) clamp to the lower (red) clamp.  Each of the four one inch screws are torqued to 530 ft-lbs to generate a bolt preload of 31.8 kips to secure the clamp assembly to the aluminum plate.   The aluminum plate is then supported by the steel support to help react the applied static and fatigue loads during testing.
In order to limit excessive clamping pressure on the composite rotor while maintaining a stiff structure, shims are used to transfer the load to the bottom clamp to control the pressure on the composite rotor blade.  The nominal clearance between upper and lower clamps prior to preloading the screws is 0.125 inch.  The four clamp screws are first tightened incrementally to 40 ft-lbs using a cross-hatch pattern.  Shims are then installed to fill the remaining gap. The four screws are then incrementally torqued using a cross-hatch pattern to 530 ft-lbs.  The resulting suction and pressure side clamp pressures are nearly equivalent and do not exceed 600 psi and the gap between shim and upper clamps is fully closed.  
[image: ]
[bookmark: _Toc479930989]Figure 1. Solid model of the fatigue test set-up.

[image: ]Two steel blocks are contoured to the blade shape at the load location.  Rubber sheets are inserted between the upper and lower blocks and the blade to protect the composite rotor blade. The upper and lower pads are secured using 3/8-24 screws with a maximum installation torque of 11 ft-lbs.  The load pad assembly is attached to a load train linkage with ball joints at both ends of the linkage to prevent application of bending moments.  Figure 2 is a schematic of the load pad assembly mounted to our test frame.
[bookmark: _Toc479930990]Figure 2. Schematic of the load pad assembly mounted to our test frame.
A finite element model was developed to determine the point loads that would produce maximum and minimum principal strains in the ½- scale that are equivalent to the full-scale rotor maximum and minimum principal strains at both the top dead center (TDC) and bottom dead center (BDC) blade locations relative to the Gen5 KHPS pylon.  The finite element model of the test setup includes: (a) linear beams and shell elements to represent the screws shown in the solid model of our proposed test configuration in Figure 1; (b) single shell elements tied to the rotor blade surface to simulate strain gages; (c) and linear brick elements with incompatible modes and linear wedge elements to model all of the other components. Blade element material orientations, shown in Figure 3, follow the outer blade surfaces which are representative of the ½-scale rotor blade layup approach.  All metal components are steel except for the aluminum base-plate.  The engineering constants for quasi-isotropic e-glass/epoxy composite rotor and the isotropic properties for the steel and aluminum are defined below.
E-glass/epoxy: E11=E22=2.72Msi; E33=1.4Msi; G12=1.28Msi; and G13=G23=0.5Msi;
[image: ]Steel: E=29.0 Msi and µ=0.3 and Aluminum: E=10.0 Msi and µ=0.3
[bookmark: _Toc479930991]Figure 3. Blade material orientations with through-the-thickness direction shown.
[image: ]The finite element analysis consisted of six separate preload steps followed by application of TDC and BDC loads.  The finite element model include an initial clearance between shims and upper clamp of 0.01 inch.  Then the preload was incrementally applied until a torque of 530 ft-lbs was developed and the initial clearance was closed so that the pressure was limited by load transfer through the shim to the lower clamp.  Non-linear contact was defined between: (a) blade and root clamp rubber sheets; (b) blade and load pad rubber sheets; (c) lower clamp and baseplate; and (d) upper clamp and shims.  Tied contact surfaces were defined between all screws and inner threads; rubber sheets and clamps/pads; screw heads and underlying surfaces; shims to lower clamps; pipe flanges to pipe; and upper pipe to the baseplate.  The baseplate was fully constrained (Ux, Uy, and Uz = 0) and the lower pipe flange surface was constrained in the Uz direction as shown in Figure 4.
[bookmark: _Toc479930992]Figure 4[image: ].  Boundary conditions for the non-linear finite element analysis to predict strains as a function of applied TDC and BDC loading.
Table 1 shows the preload analysis step number with associated screw preloads (lbs), calculated pressure (psi), average pressure side and suction side pressures (psi), calculated torques (ft-lbs), and gap between shim and upper clamp.
[bookmark: _Toc479931620]Table 1[image: ]. Preload, pressures, torques and gap between shim and upper clamp as a function of loading steps.
The point load values at TDC and BDC were iterated until the maximum principal and minimum principal strains in the ½-scale rotor were equivalent to the full-scale strains.  Maximum principal strain contours for TDC and BDC are shown on the left and right of Figure 5 below.
[bookmark: _Toc479930993]Figure 5[image: ]. Maximum principal strain contours for TDC and BDC are shown in (a) and (b) respectively
The point load required to generate the TDC maximum principal and minimum principal strains of 2,665 µє and -3,037 µє is 721.4 lbs.  The point load required to generate the BDC maximum principal and minimum principal strains of 1,735 µє and -1,964 µє is 464.3 lbs.  Therefore, the fatigue loading range is 721.4 to 464.3.  The peak to peak displacements for the TDC and BDC ranges from 0.975 inches to 0.637 inches.  The fatigue test will be conducted with a load control sine wave 592.85 ± 128.55 lbs (Max Load of 721.4 lbs) at a frequency to be determined based on the test frames’ capability.  The corresponding mean fatigue displacement is 0.806 inch 
± 0.169 inch for a peak-to-peak displacement range of 0.338 inches.  
[image: ]Figure 6 shows the pressure contours at the root clamp and load pad assemblies after Step 6 (final preload) for both the pressure and suction faces of the rotor blade.  The root clamp pressure does not vary much after the final preload step.  The maximum pressure in this area as mentioned previously is less than 600 psi.  Similarly, the load pad pressure does not vary much after the final preload step.  The maximum pressure in way of the load pad is approximately 1500 psi.  
[bookmark: _Toc479930994]Figure 6.  Pressure contours at the root clamp and load pad assemblies after Step 6 (final preload) for both the pressure and suction faces of the rotor blade.
Based on these low pressures and the reasonable fatigue load and displacement ranges, we believe that the proposed fatigue test set up is viable for demonstration of 10M cycle fatigue resistance of our ½-scale composite rotor.
[bookmark: _Toc479929782]3. Strain Gage Locations and Predicted Strains
The ½-scale composite rotor strain gage locations for the pressure and suction sides of the rotor were defined to capture the strain distributions along the span as well across the blade chord near the peak strains on the blade surface.  Six strain gages are used on both the pressure and suction side of the blades.  As mentioned in the introduction, the strain gage measurements will be used to demonstrate rotor blade fatigue resistance.  If no-changes (within measurement scatter) are measured with respect to the static baseline strains during the course of the 10M cycle fatigue test, we will have confidence that the composite rotor design is robust and will survive operational fatigue loading at full-scale.   The strain gage measurements will also help us to determine the uncertainty of our finite element analysis method to accurately predict peak rotor strains for a given loading scenario using our high fidelity finite element modeling protocol.  We envision using the finite element analysis uncertainty measurements to reduce the allowable threshold fatigue strains that would be used to modify the full-scale design of the Verdant Power (VP) Gen5 kinetic hydropower system (KHPS) net shape fabricated three-blade prototype composite rotor.    Figure 7 shows the plan view of the pressure and suction side rotor strain gage [image: ]locations.
[bookmark: _Toc479930995]Figure 7.  Plan views of pressure and suction side rotor strain gage locations.
[image: ]Pressure and suction side templates will be fabricated to locate the load pad, root clamp and strain gage locations.  Figures 8 and 9 show the pressure side and suction side templates respectively.
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[bookmark: _Toc479930996]Figure 8.  Pressure side template to locate load pad, root clamp and pressure side strain gages.

[image: ]
[bookmark: _Toc479930997]Figure 9. Suction side template to locate load pad, root clamp and suction side strain gages.
The strain gage locations are presented in the rotor global coordinate system and are shown in Figure 10 below where the pressure and suction side strain gage locations are on the left hand side of the figure and a schematic including the strain gage numbering sequence for the pressure and suction sides of the blade are shown on the right hand side of Figure 10.
[image: ]













[bookmark: _Toc479930998]Figure 10.  Strain gage locations and numbering sequence for the pressure and suction sides of the blade.

[image: ]Figure 11 provides strain predictions from the non-linear finite element analysis for the pressure and suction sides of the blade for TDC and BDC point loads along with a schematic including the strain gage numbering sequence identical to that shown in Figure 10.  All strain gages used for static and fatigue testing are CEA-06-250UW-350 uniaxial gages with a gage length of 0.250 inches and have a width of 0.180 inches.













[bookmark: _Toc479930999]Figure 11.  Strain gage predictions for the pressure and suctions sides of the blade for TDC and BDC point loads and strain gage numbering sequence for the pressure and suctions sides of the blade.
As mentioned above a series of twelve (12) strain gages (Vishay Micro-Measurements CEA-06-250UW-350) will be applied with six (6) gages on both the pressure and suction sides of the rotor blade.  All strain gages will be applied using proper surface preparations and an adhesive (M-Bond 200) that meets the requirements for the expected strains.  Typical steps that ARL implements to apply strain gages are as follows:
1. Roughen composite surface with sandpaper
2. Transfer location/orientation marks
3. Clean with solvent
4. Using tape, transfer and adhere gage to bond surface
5. Peel back tape on one side past the gage (i.e. gage is suspended on tape)
6. Apply part A of adhesive to bond surface of gage
7. Apply a drop of part B of adhesive at tape/surface interface
8. Using a silicone pad, re-apply tape with gage attached to surface (i.e. starting at one end to ensure even adhesive flow along bondline)
9. Following bonding, a protective tape layer is applied around the solder tabs to protect from electrical short and over the gage grid for protection
[bookmark: _Toc479929783]4. Static and Fatigue Test Procedures and Instrumentation Suite Specification
In this section we will discuss our strain gage data acquisition system, describe our acoustic emission monitoring procedure and define our proposed static and fatigue test sequence.  We will implement an NI-CDAQ 9205 Data Acquisition System equipped with twelve (12) strain channels and the Instron 8511 test frame load and cross-head channels to monitor the static and fatigue tests.  Acquisition control software is written in LabView to calibrate, monitor, and record data from all channels.  During all static testing, data will be recorded at 10Hz. Fatigue test data for all instrumentation will be recorded with timed snapshots every 10,000 cycles.
In addition to monitoring strain gages, we will also use acoustic emission sensors to monitor rotor fatigue damage.  Acoustic emission (AE) monitoring is a unique non-destructive inspection technology that provides passive volumetric sensing to potentially localize the onset of micro- and macro-cracking events during static and fatigue loading.  A suite of eight (8) Micro-80 100-800 kHz acoustic emission (AE) transducers will be mounted (at locations to be determined during fatigue fixture setup) to monitor and record acoustic emission waveforms during testing.  The AE transducers are mounted using proper de-grease agent for surface preparations and an adhesive (cyanoacrylate) that meets the requirements for the application.  A total of eight (8) data channels were selected to monitor and record AE data. These data sets are used to detect the onset of matrix micro-cracking, macro-cracking and delamination. The AE data acquisition system is independent of the displacement and strain gauge recording system but is time synchronized at the start of each loading test.
Our proposed testing sequence is as follows.  Zero cycle baseline static tests will be performed at strain levels and displacements corresponding to the fatigue minimum, mean and maximum load values.  Each of the three static tests will be repeated three times at a load rate of 0.050 inch per minute (i.e. position control).  Finite element analysis predictions will be correlated with measured strain data to determine the initial uncertainty associated with the finite element model.  
After the baseline static testing, fatigue testing will be performed with a load control sine wave at 592.85 ± 128.55 lbs with a maximum load of 721.4 lbs.  The test frequency will be determined based on our 5 kip servo-hydraulic test frame capacity.  The fatigue test maximum frequency is a function of peak-to-peak displacement range predicted to be 0.338 inches. Initial settling of the test fixture can occur during baseline static loading and during the initial 100,000 fatigue cycles which will be monitored using the test frame cross-head amplitude.  
Fatigue cycling will be paused after one million (1M) cycles to repeat the baseline static loading sequence to record strain gage measurements.  Upon completion of the static tests, fatigue testing will be continued.  If the test frame cross-head amplitude continues to change after 1M cycles or acoustic emission (AE) hit counts increase, fatigue cycling will be interrupted at subsequent 1M cycle intervals to repeat the baseline static loading sequence to record strain gage measurements.  After completion of the ½-scale rotor 10M cycle fatigue test, the baseline static loading sequence will be applied to measure the post-fatigue strains to assess whether or not composite degradation occurred during the test.  
A final test report in Microsoft Word format will be generated to summarize the results of the static and 10M cycle fatigue tests. 
[bookmark: _Toc479929784]APPENDIX
Daily Checklist for Monitoring Fatigue Test Status
Fatigue status will be typically monitored at the beginning and end of each workday.  Daily monitoring helps to track changes in the test articles’fatigue response and ultimately facilitates efficient data manipulation when looking through large data files for response changes.  Data Acquisition (DAQ) file information for the most recent fatigue data “Snap Shot” is monitored for both time stamp and data file line number for efficient cross referencing.  Acoustic Emission data is monitored to follow trends in case a premature fatigue cycle stoppage is warranted due to excessive composite material damage.  The Instron test frame peak sensor data (both maximum and minimum) is stored by the control console, accessible via display, and can be reset.  The Instron sensor data since last reset is monitored to follow trends in case a premature fatigue cycle stoppage is warranted due to compliance change (i.e. position amplitude increases).  The daily checklist monitoring form is shown below.
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Load Side of blade Strain gage number and strain (με)* using gage elements

1 2 3 4 5 6

TDC pressure side 2,427 2,606 2,383 1,948 2,244 1,598
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BDC pressure side 1,578 1,695 1,548 1,262 1,449 1,016
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