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[bookmark: _Toc503854571]1 Introduction
The primary objective of this project was to develop a three-blade marine hydrokinetic (MHK) rotor with low manufacturing and maintenance costs. During project execution, the design, fabrication and testing was done on a novel half-scale low cost, net shape fabricated single piece three-blade marine hydrokinetic (MHK) rotor.  This rotor is expected to have significant Capital Expenditures (CAPEX) and Operational Expenditures (OPEX) cost reductions due to the novel design and manufacturing process. 
This report will provide a complete description of the component design, including numerical predictions to address performance and reliability during use. In lead-up to the design of the single piece rotor, initial work was done to characterize the loads on the blade for various flow conditions.  These loads were applied to a full scale blade to assess the design space (e.g. blade shape, materials, ply layup).  After verifying that an epoxy/glass composite blade design was feasible, the half-scale single piece three blade rotor design was initiated.  The design was verified using Finite Element (FE) analyses and a high cycle (10 million) fatigue test on the actual test article produced.  The component design was deemed acceptable based on the FE analyses and fatigue test results.  
[bookmark: _Toc503854572]2 Characterization of blade loads
The blade and hub geometry was taken from the Verdant Gen5d file VDP-00007.  The general layout of the turbine using this geometry is shown in Figure 1.

[image: image002]
[bookmark: _Toc503792820][bookmark: _Toc503792922]Figure 1. Verdant Gen5d cutaway


The blade loads are generated by pressure profiles on the hydrodynamic surfaces of the turbine blades.  Pressure profiles were developed using flow data for the test site and subsequent Computational Fluid Dynamics (CFD) analyses. 
[bookmark: _Toc503854573]2.1  RITE Flow data
Colby and Corren (2010) documented the mean and turbulence characteristics at the RITE project site. Based on the ADCP measurements, the ebb tide at RITE should be considered as a representative inflow condition, with a constant shear exponent of n=1/4. Hence, the mean flow is given by the equation below:
	




Verdant Power provided ADV hub height data from the RITE project. Per Jonathan Colby (tele-con, June 3, 2016), the highest peak flood tides occurred at or near June 15, 2011and July 15, 2011. As data from June 15, 2011 was not available, the data from July 15 is used. Ten minute averaged u, v and w velocity data are shown in Figure 2. The nacelle body self-rotates into the flow. From the rotor perspective it is more important to examine the flow in its reference frame, hence the horizontal velocity, sqrt(u2+v2), is also plotted.
[bookmark: _Toc503854574]2.2 CFD analyses
ARL’s in-house Computational Fluid Dynamics (CFD) code, OVER-REL, was used for all flow simulations.  OVER-REL is a conservative, finite-volume flow solver for the three-dimensional, time-dependent, incompressible, Reynolds-Averaged Navier-Stokes (URANS) equations on hybrid block-structured and overset meshes.  
Initially, steady-state analyses were performed using the CFD flow volume shown in Figure 3.  Example flow visualizations are shown in Figure 4.  CFD simulations were performed for a load case flow sweep from 1.6 m/s to 3.0 m/s.  The steady-state modeling effort did not account for the effect of the pylon wake or the ingested turbulence. Accounting for these effects will require a fully transient CFD simulation, which is addressed next. 
All transient CFD analyses were run with an axial flow speed of  2.6 m/s at the hub. Transient CFD analyses were performed using a sequential buildup as follows: river flow only; river flow and pylon; river flow, pylon and turbulence; river flow, pylon, and surging; river flow, pylon, and yawing, surging; and river flow, pylon and free surface effects.  These analyses were used to estimate rotor pressure distributions and thrust and torque values. An example flow visualization for a transient load step is shown in Figure 5.
	[image: W:\tgb14\tmp\power_spectra1.tif]


[bookmark: _Toc503792821][bookmark: _Toc503792923]Figure 2. Ten minute averaged RITE ADV data from July 15, 2011.

[image: W:\tgb14\MHK_PTHB\Rev1\U0.267_QO_TI13\geo.png]
[bookmark: _Toc503792822][bookmark: _Toc503792924]Figure 3. CFD flow volume
[bookmark: _Toc503792823][bookmark: _Toc503792925][image: S:\MHK_PTHB\Rev1\fvv_comp.png]
Figure 4. Example flow visualizations using the steady-state model

[image: S:\MHK_PTHB\Rev2\U2.6_QO\viz1.png]
[bookmark: _Toc503792824][bookmark: _Toc503792926]Figure 5. CFD domain for transient simulations in the river
The resultant total forces and moment on a single blade are summarized in Table 1.  The cases with an “Ocean domain” (ie. minimal blockage) compare well with Verdant Power’s FAST simulations. The “River domain” includes the blockage imposed by a notional East river. The in river cases are considered to be more realistic. Compared to the ocean domain, the river blockage increases the torque and thrust by approximately 25% and 12% respectively. Hence, this set of simulations were used to provide pressures for subsequent structural fatigue analyses. 

[bookmark: _Toc503793372]Table 1. Summary of mean and maximum blade torque and thrust.
	Flow Speed (m/s)
	Blade Torque (kN-m)
	Blade Thrust (kN)

	
	Mean
	Max
	Mean
	Max (TDC)

	Ocean domain (steady state)

	2.0
	2.9
	2.9
	12.0
	12.0

	2.2
	3.8
	3.8
	13.7
	13.7

	2.4
	4.9
	4.9
	15.5
	15.5

	2.6
	6.0
	6.0
	17.3
	17.3

	2.8
	7.3
	7.3
	19.0
	19.0

	3.0
	8.9
	8.9
	20.8
	20.8

	River domain, without pylon

	2.6 (flat)
	7.7
	7.8
	19.4
	19.5

	2.6 (1/4 shear)
	7.6
	8.9
	19.2
	20.8

	River domain, with pylon

	2.0
	3.6
	4.5
	13.3
	14.8

	2.6
	7.4
	9.0
	18.9
	20.9

	3.0
	10.6
	12.7
	22.6
	24.7

	River domain, with pylon and synthetic turbulence

	2.6
	7.6
	12.2
	19.0
	25.1

	River domain, with pylon and a surging oscillation

	2.6
	7.5
	12.0
	18.9
	24.1

	River domain, with pylon and a yawing oscillation

	2.6
	7.3
	14.2
	18.6
	23.2



[bookmark: _Toc503854575]3 Full-scale single blade FE analyses
The half-scale three blade rotor design was evolved using full-scale single blade FE analyses with both steady-state and transient pressures generated by CFD analyses.   
[bookmark: _Toc503854576]3.1 Full-scale single blade FE analyses using steady state CFD results 
An FE model based on the Gen 5d rotor blade was created.  The model consists of 76,800 brick elements and 2,400 wedge elements.  Element material orientations for the blade pressure and suction side outer structural plies were aligned with the outer surfaces.  The blade interior plies, referred to as core plies herein, were aligned with the blade mid-surface.  Figure 6 shows the Abaqus FE mesh.  

[image: ]
[bookmark: _Toc503792825][bookmark: _Toc503792927]Figure 6. Full-scale single blade FE model fully constrained at the blade tang

Blade surface pressures provided from CFD analyses were applied to the surfaces of the blade FE model to generate strains and deflections.  Since a material system for the blade had not been selected yet, representative glass/epoxy material properties were used for these initial analyses.  Principal strain results from the steady-state pressure distributions are shown in Figures 7 and 8.
Based on the favorable principal strain results obtained for the steady-state loading conditions, additional analyses were done using the transient CFD results.  These predictions were done using the pressures based on a 2.6 m/s flow velocity, which is the cut-out velocity for the turbine system.
[image: ]
[bookmark: _Toc503792826][bookmark: _Toc503792928]Figure 7. Maximum principal strain as a function of flow velocity from 2 m/sec to 3 m/sec.
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[bookmark: _Toc503792827][bookmark: _Toc503792929][image: ]Figure 8. Minimum principal strain as a function of flow velocity from 2 m/sec to 3 m/sec.

[bookmark: _Toc503854577]3.2 Full-scale single blade FE analyses using transient CFD results 
The same FE model used for the blade during the steady-state analyses was used for the transient analyses.  Figure 9 and 10 show the maximum and minimum principal strain contours away from the root at 2.6 m/sec.  It should be noted that the strains at the root of the single blade are artificially high as the tang is fully constrained.  The peak maximum principal strain (away from the root) at 2.6 m/sec is 2,640 µє. 
To assess the strain levels obtained for these analyses, tension and compression tests using ASTM D638 Type III specimens were done using the material selected for the rotor: Gurit QE1203/ST94.  This quadrax material has a four-ply stitched material architecture where each ‘ply’ consists of a (0/+45/90/-45) ply stack with a thickness of 0.040 inches.  The test specimens contain six ply stacks laid up as follows:  [(0/+45/90/-45)]6.  

[image: ] 
[bookmark: _Toc503792828][bookmark: _Toc503792930]Figure 9. Maximum principal strain color contour plot for the full-scale blade pressure side at flow velocity of 2.6 m/sec
[image: ]
[bookmark: _Toc503792829][bookmark: _Toc503792931]Figure 10. Minimum principal strain color contour plot for the full-scale blade suction side at flow velocity of 2.6 m/sec

Two specimens were fatigue tested to 10 million cycles; one tension-tension (єmin = 1,600 µє; єmax = 2,600 µє) and one compression-compression (єmax = -1,800 µє; єmin = -3,000 µє).  Specimen moduli values were measured every 2.5M cycles.  The baseline tensile modulus and subsequent intermittent fatigue measurements were recorded for the tension-tension specimen and the baseline compression modulus and subsequent intermittent fatigue measurements were recorded for the compression-compression specimen.  
The modulus change after 10 million cycles for the two specimens was well within typical measurement scatter range, indicating that there was no material degradation attributed to fatigue testing.  Based on this conclusion, development of the half-scale single-piece three blade rotor design was initiated.   
[bookmark: _Toc503854578]4.  Half-scale three blade rotor design evolution
The half-scale rotor design was obtained by first developing the full-scale rotor geometry, then scaling this geometry by 0.5.  The full scale rotor design is described next.  
[bookmark: _Toc503854579]4.1 Full-scale three blade rotor design
The basic shape of the rotor blade for the one-piece full scale rotor was developed from Verdant Power’s Gen5d rotor blade.  A notional design concept for the single-piece rotor compared to the existing design is shown in Figure 11.


[image: ]
Figure 11.  Notional 1–piece rotor concept

For a single piece rotor, the geometry at the blade’s edge near the root has to transition to the geometry at the opposite end for the adjacent blade.  For example, the trailing edge geometry at the root of the blade has to transition to leading edge geometry for the next blade.  This can be a difficult transition for blades with:
· significant pitch angle at the root and 
· large differences between leading and trailing edge thicknesses.   
During design of the net shape three blade rotor, it was determined that manufacturability could be improved if the transition from the blade to the hub region of the rotor had reduced curvature.  In addition, sharp curvature in this region could induce deleterious interlaminar normal and shear strains.  In order to limit drastic form changes near the root of the blade, the blade shape was modified by:
· gradually un-twisting the blade somewhat near the root, and
· gradually thickening the blade near the trailing edge.
ARL, working with Verdant Power (VP), modified the twist angles for blade stations from the rotor’s 1.45 m radius (station 10) down to the blade root.  The allowable untwist angle to prevent reduction of the annual energy production was limited to 8-degrees.  The rotor blade circular sections were rotated about the 10 m radius stack-up line to generate the new cross-sections needed to re-loft the blade geometry below the 1.45 m radius.  In an effort to further smooth the transition region, the station located at the hub was omitted from the lofting process.  This omission produces slightly more untwist of the blade right at the hub surface (additional 2°).  Figure 12 shows a schematic that compares the difference in blade shapes between the untwisted blade under development and baseline Gen5d blade.  
The transition obtained near the root for the one-piece rotor for these modifications is shown in Figure 13.  The region beyond the root of the blade near the center was made flat and parallel for ease of rotor fabrication and subsequent mounting into the turbine assembly.  The full scale thickness in this region is 5 inches. 
 
[image: ]
Figure 12. Final LE and TE geometries of the Gen5d and un-twisted blade
[image: ]
Figure 13.  Modified blade geometry transition near root

After developing the geometry for the rotor, additional components were designed and developed for mounting the rotor into the turbine assembly.   Figure 14 shows the hub, bracket, fairings, and rubber elements developed for the one-piece rotor.
The hub provides the interface between the rotor driveshaft and the three blade rotor.  A central tube on the hub is used to accurately locate the rotor using a close tolerance fit between rotor bore and the hub tube.  The inside of the tube is tapered to accept the tapered shaft.  The hub also locates and retains the compliant rubber members used to bear against the rotor during operation.  It is recommended that the hub be a ductile iron casting since this material provides better mechanical properties than NAB and is the material of record for the current KHPS turbine hub.  
The bracket is bolted to the hub to retain the rotor.  A shimming process is envisioned to provide a controlled, accurate preload pressure to the rotor clamped region.  The recommended average preload pressure over the clamp area is 500 to 1,000 psi.  The bracket also prevents the rubber compliant elements from sliding out of the hub pockets.  The bracket is also a candidate for a ductile iron casting.  

[image: ]
Figure 14.  One-piece rotor mounting components
The leading edge (LE) and trailing (TE) compliant elements are provided to prevent fretting at the blade/hub interfaces.  Thick rubber castings are used to bear against the rotor blades.  The LE compliant element provides torque transfer from the rotor to the hub.  The TE element is used as a snubbing device, preventing free movement of the rotor on the hub.  The elements are retained in the hub using a dovetail interlock and are replaceable during servicing.  The bracket prevents them from sliding out of the dovetail pockets.  The full-scale e-glass/epoxy net shape rotor weighs approximately 920 lbs.
[bookmark: _Toc503854580]4.2  Full scale one-piece rotor cyclic symmetry FE analysis
Cyclic symmetry (loads on all blades are equal) finite element analyses were conducted to determine an initial assessment of a rotor segment’s structural integrity.  Subsequent analyses of the entire rotor were then performed so that TDC and BDC pressure distributions could be applied to the rotor.  
The materials in the model include ductile iron for the  hub and bracket, rubber for the compliant members and the e-glass epoxy composite for the rotor.  The e-glass epoxy composite properties used for this and all subsequent analyses are shown in Table 2.  These static properties were generated from coupon tests using the same material system selected for the rotor.  They are slightly higher than the representative properties used for single blade analyses.
[bookmark: _Toc503793373]Table 2. Composite rotor material properties.
[bookmark: _Toc503421581][image: ]

For the initial cyclic symmetry analysis shown in Figure 15, the bracket was fixed to the hub (i.e. the attachment screws were not explicitly modeled), the rotor was fixed to the hub and bracket (i.e. the rubber elements were not explicitly modeled), the hub bore was fully restrained and the blade was pressure loaded with the same TDC 2.6 m/sec transient pressure distribution that was used for the single blade FE analysis.
[bookmark: _Toc503421551][bookmark: _Toc503421639][bookmark: _Toc503429297][image: ]
Figure 15. Cyclic symmetry rotor assembly components and FE model.
The results of the cyclic symmetry analysis are shown in Figure 16.  The maximum displacements of the rotor compared to the single blade results increased from 4.70 inches to 5.25 inches due to the additional compliance of the assembly. The maximum von Mises stresses in the hub and bracket away from the tied locations do not exceed 6 ksi.  As shown in the lower left of the figure below, the maximum principal strains in the rotor are 2,584 µє as compared to 2,640 µє for the single blade.  It is very important to note that the maximum strains in the rotor do not occur in the composite hub portion of the rotor but occur at approximately 70 percent span of each blade due to the use of a pass through the hub rotor design.
[bookmark: _Toc503421552][bookmark: _Toc503421640][bookmark: _Toc503429298][image: ]
Figure 16. Cyclic symmetry rotor analysis results with tied constraints.
[bookmark: _Toc503854581]4.3  Full scale one-piece rotor FE analysis, without cyclic symmetry
A full FE model was developed that did not incorporate cyclic symmetry.  See Figure 17.  The model uses a full scale composite 3-bladed rotor.  The rotor is installed over a ductile iron hub and retained in place with a ductile iron bracket.  The bracket is attached to the hub using 9 screws.  The rotor bore has a 0.02 inch radial clearance with the hub tube.  The bracket bore has a 0.01 inch radial clearance with the hub tube.  Rubber elements mounted into the hub contact the leading edge of the blades to transfer the rotor torque to the hub.  Additional FE model particulars are listed below:
· Bracket attached to hub using 1 inch diameter screws with 15,000 lb preload each
· Clearance of 0.015 inch between bracket and hub to preload the rotor
· Rotor contact with bracket and hub raised surfaces 
· Rotor contact with LE rubber element
· Erubber = 2.5 ksi (lower bound)
· nurubber = 0.48
· Hub pocket contact with LE rubber element
· Rotor bore contact with hub tube 
· 0.02 inch radial clearance
· Bracket bore contact with hub tube
· 0.01 inch radial clearance
· Bracket contact with end face of LE rubber
· All friction coefficients  = 0.15
· Hub bore fully restrained
· 2.6 m/s unsteady pressures applied to blade TDC and BDC loads

[image: ]
[bookmark: _Toc503421555][bookmark: _Toc503421643][bookmark: _Toc503429301]Figure 17. Full rotor FE model without cyclic symmetry using un-twisted blades

Two different loading scenarios were used with this model to bound the solution space:
· one blade at TDC load, two blades at BDC load
· two blades at TDC load, one blade at BDC load
The maximum and minimum principal strains for the two loading scenarios are shown in Figures 18 and 19.  Strain differences in blades with the same applied load are due to slightly different material stiffness values in the 0 and 90 degree directions.  As shown in the figures, the maximum principal strain is 2,570 με and the minimum principal strain is -2,940 με.  
Displacements and stresses in the hub and bracket components are shown in Figures 20 and 21 for the two loading scenarios.  The displacements are in inches and stresses in psi.  As shown in the figures, the stresses are relatively low for both components and both loading scenarios.
Stresses, displacements, and contact pressures for the rubber components are shown in Figure 22 for the two loads.  The displacements are in inches and stresses and contact pressures are in psi.  As shown in the figures, the von Mises stresses and contact pressures are in the range of about 500 psi.  

[image: ]
Figure 18. Maximum principal strain contours
[image: ]
Figure 19. Minimum principal strain contours

[image: ]
Figure 20.  Mises stress (psi) and displacements (inch) for hub and bracket: one blade at TDC
[image: ]
Figure 21.  Mises stress (psi) and displacements (inch) for hub and bracket: two blades at TDC


[bookmark: _Toc503854582]4.4  Half scale rotor design specification
The analyses performed for the full scale one-piece rotor assembly indicated acceptable levels of strains and deflections in the composite rotor and stresses in the metallic parts.  As such, the half-scale rotor was developed by simply scaling the full scale rotor by one-half.  
Fabrication of the half scale rotor required the development of tooling to generate the half scale part.

[image: ]
Figure 22.  Rubber deflection (inch), stress (psi), and contact pressure (psi)

[bookmark: _Toc503421892][bookmark: _Toc503854583]5. Half scale three blade rotor tooling and fabrication
Development of the half scale rotor required design and development of associated tooling for the composite part. The tooling development began with a preliminary design for full scale rotor tooling.  This tooling was then reduced in scale and refined to generate the final tooling for the half scale rotor.  After the tooling was completed, it was used to fabricate the half scale rotor.
[bookmark: _Toc503854584] 5.1  Tooling design for a full scale rotor
The tooling design process for half scale rotor began by developing multi-piece mold tooling for a full scale three blade composite rotor.  A schematic of the full-scale mold design is shown in Figure 23.  All of the mold split lines are inside the existing hub diameter eliminating fairing concerns.  The blade areas are shown in gray and the bagging material lands are shown in light blue.  


[bookmark: _Toc503421561][bookmark: _Toc503421649][bookmark: _Toc503429307][image: ]
Figure 23. Schematic of the full-scale mold clam-shell design.
[bookmark: _Toc503854585] 5.2  Half scale three blade rotor tooling 
Tooling for the half scale rotor was started after finishing the preliminary full-scale rotor tooling.  After scaling the full scale rotor tooling by one-half, it was discovered that the tooling would not easily fit into ARL’s 10 foot by 5 foot oven that is to be used to cure the composite rotor.  As such, for this project, in lieu of fabricating a smaller scale rotor (1/4-scale, 1/3-scale, etc.), two of the blades were trimmed.  The benefits obtained were:
· reduced fabrication costs associated with the molds and rotor, 
· easy fitment of tooling into the oven, and 
· easy fitment of rotor into test machine area, allowing demonstration and testing of the novel net shape fabricated three blade rotor with the “pass-through-the hub” feature.  
Figure 24 helps to illustrate the issue associated with curing the half scale rotor.
Figure 25 shows the proposed modified tooling design to allow fabrication of the half scale three blade rotor.  This design accommodates ARL’s facility limitations.  A schematic of the resulting net shape fabricated rotor (with truncated blades) proposed for rotor fatigue testing is also shown.  
The half-scale rotor mold consists of multi-piece pressure and suction side molds, and center posts.  All parts are fabricated from aluminum alloy (6061-T6/T651).  Although the pressure side and suction side half-scale molds could have been fabricated from a single piece of metal, a multi-piece design was incorporated to demonstrate required full-scale mold features since a full-scale mold would be difficult to fabricate as a single component.
 
[bookmark: _Toc503421564][bookmark: _Toc503421652][bookmark: _Toc503429310]
[bookmark: _Toc503421563][bookmark: _Toc503421651][bookmark: _Toc503429309][image: ]
[image: ]Figure 24. Size issue with curing three-blade rotor – requires truncation of two blades to fit in ARL oven
[image: ]
Figure 25. Modified half scale clam shell tooling to accommodate ARL oven.

The pressure side and suction side molds are shown in Figure 26.  Mold sections for each blade are bolted to a center piece to comprise the mold.  Precision alignment pins are used to control the alignment of the components as shown in Figures 27 and 28. Center posts are used to accurately locate the plys in the molds and to create the center through hole for attaching the rotor to the hub, eliminating any post machining.  The center post on the pressure side mold is removed after the plys are installed and de-bulked.  The suction side center post remains in the mold until after the part has cured and the mold is opened.  This post also helps ensure precise alignment between the two mold halves during mold closure.

[image: ]
[bookmark: _Toc503429313]Figure 26. Suction and pressure side molds

[image: ]
Figure 27. Suction side mold assembly features

[image: ]
Figure 28. Pressure side mold assembly features

The mold halves are designed to mate at the leading edges of the blades.  The trailing edge is designed to provide a 0.04 inch gap for resin flow during curing of the rotor composite material.  A continuous 0.50 inch gap is created between the mold halves after closure.  This feature allows measurement after mold closure to determine the state of mold closure during curing (if fully closed or not).  See Figure 29.  
The finish-machined mold components are shown in Figure 30.  The pressure side mold weight was 445 lbs.  The suction side weight was 775 lbs.

[image: ]
Figure 29.  Fit-up of mold halves


[image: ]
Pressure side mold                                                      Suction side mold
Figure 30.  Pressure and suction side molds

After receiving the molds and preparing for rotor fabrication, two modifications were desired to aid the rotor fabrication process:
1. mold modifications for better visual access to the mating flange surfaces, and
2. pressure side post modification to allow easier removal after hot de-bulking the pressure side laminate.
To obtain better visual access of the mating flanges during mold closure, the suction side mold was modified to remove material adjacent to the mating flanges of the mold.  A waterjet was used to cut the material.  The waterjet path is shown in Figure 31.  The modified mold for the suction side long leg is shown in Figure 32.  This was done for the short legs on the suction side as well.

[image: ]
Figure 31.  Typical waterjet path for mold modification 

[image: ]
Figure 32.  Typical modification to suction side mold pieces

A concern was also raised regarding removal of the pressure side center post after hot de-bulk operations.  It was felt that removal would be difficult due to the tackiness of the plys in the pressure side mold.  To alleviate this concern, a split bushing was fabricated from thin stainless steel sheet metal.  This bushing was to be positioned around the pressure side post before layup.  After the layup and compaction steps, the bushing allows removal of the post. Then the bushing pieces can be removed from the compacted layup.  The split bushing is shown in Figure 33.

[image: ]
Figure 33.  Split bushing for pressure side center post

[bookmark: _Toc503421897][bookmark: _Toc503854586]5.3 Half-scale rotor fabrication
Rotor fabrication requires the following steps:
1. specification of ply flat pattern shapes
2. generation of plys 
a. fabricate templates and subsequent hand cutting
b. CNC cutting
3. placement of plys into molds
4. compaction of laminates using vacuum and heat
5. mold closure
6. curing using vacuum and heat
7. de-molding
8. flash removal
[bookmark: _Toc503421898][bookmark: _Toc503854587]5.3.1 Specification of ply flat patterns
The ply flat pattern shapes were specified for the pressure and suction sides of the rotor.  Three outer surface plys cover the full length and width. These plys are called “structural” plys and are shown in Figure 34 for the pressure side of the rotor.  Each ply is comprised of four sections.  The ply butts near the center are staggered by 1 inch.    
The internal or “core” plys build thickness and typically do not span the full length or width.  Each core ply has three sections, with one including the center region of the rotor.  This section is cycled from blade to blade for each core ply as shown in Figure 35.  There are 27 core plys on the suction and pressure sides of the rotor.  The ply butts near the center are staggered by one inch between plys.  The butt locations repeat every seven plys. 

[image: ]
Figure 34.  Pressure side structural plys

[image: ]
Figure 35.  Pressure side core plys


[bookmark: _Toc503421899][bookmark: _Toc503854588]5.3.2 Generation of plys
The ply sections are cut from prepreg using the specified flat pattern shapes.  For certain plys, including all of the outer structural plys, templates were used to cut sections.  All core plys that include the hub section were CNC machine cut using provided DXF files for the ply sections. The ply cut plan for the pressure side is provided in Figure 36, and that for the suction side in Figure 37.  Sections that include (T) in the designation were templated.  The core sections that include the hub were rotated between blades A, B, and C as indicated.  After core ply 10, all sections intended for stub blades B and C were truncated.    
[image: ]
Figure 36. Ply section plan for the pressure side. 

[image: ]
Figure 37. Ply section plan for suction side.

Representative templates and associated structural ply sections are shown in Figure 38.  CNC-cut core ply sections are shown in Figure 39.

[image: ]
Figure 38.  Templates and associated hand-cut ply sections for structural plys

[image: ]
Figure 39.  CNC-cut suction side core ply sections for plys 1 to 6


[bookmark: _Toc503421900][bookmark: _Toc503854589]5.3.3 Placement of plys into molds
After all of the ply sections were generated, they were placed into the pressure and suction side molds, starting with the outer structural plys.  A total of 30 plys are used in each mold.  Figure 40 shows the suction side plys in the mold prior to compaction.  Markings on the templates and on the CNC cut sections are aligned with markings on the mold, which facilitates positioning of each section.  More accurate positioning with laser projection or some similar means would simplify section placement in production. 
[image: ]
Figure 40.  Placement of suction side plys into mold

[bookmark: _Toc503421901][bookmark: _Toc503854590]5.3.4 Compaction of laminates using vacuum and heat
Before the mold halves are mated, the laminates in each mold are compacted or “de-bulked” under vacuum at an elevated temperature to full compaction.   This is a novel process developed by ARL and is the key to the low cost manufacturing of hydrokinetic blades.  Periodic de-bulking is common with autoclave-cured prepreg as it partially compacts the laminate and so prevents wrinkling, bridging, or misalignments that would otherwise occur during full consolidation in the autoclave.   In the ARL process, unique characteristics of Out of Autoclave prepreg allows de-bulking to full compaction prior to joining the halves.  In this manner costs are avoided.  With traditional blade fabrication processes the pressure and suction halves are fabricated separately, followed by machining and adhesive bonding the two halves at the mid-plane.   
Figure 41 shows the mold halves with the vacuum bag applied.  Figure 42 shows both laminates before and after the elevated temperature de-bulk process.
[image: Z:\DOE Hydrokinetic Blade\ARL Fabrication\Test Article\Debulk\IMG_5770.JPG]
Figure 41.  De-bulking vacuum bag applied to molds
[image: ]
Figure 42.  Laminates before and after de-bulk process

[bookmark: _Toc503421902][bookmark: _Toc503854591]5.3.5 Mold closure
After de-bulking the pressure and suction side laminates, the pressure side center post and split bushings were removed in preparation for mold closure.  The pressure side mold was then flipped over to allow placement on top of the suction side mold.  Lowering of the pressure side mold onto the suction side mold can be seen in Figure 43.  The center post on the suction side mold accurately locates the pressure side mold during mating, except for rotation about the post axis.  This rotational alignment was done manually as the mold was closed.

[image: Z:\DOE Hydrokinetic Blade\ARL Fabrication\Test Article\Cure and De-molding\IMG_5803.JPG]
Figure 43.  Lowering of pressure side mold onto suction side mold

After closing the mold, the gaps between the mating surfaces were checked.  The mold flanges were separated by a uniform gap of about 0.125 inch around the circumference.  The gap for each of the blades can be seen in Figure 44.

[image: ]
Figure 44.  Gap between mold flanges prior to cure

[bookmark: _Toc503421903][bookmark: _Toc503854592]5.3.6  Curing using vacuum and heat
After mating the mold halves, the assembly was vacuum bagged in preparation for cure as shown in Figure 45.  The half scale three blade rotor was cured with the cure schedule shown in Table 3.
[bookmark: _Toc503421582][bookmark: _Toc503793374]Table 3. Half scale rotor cure schedule
	Temperature (°F)
	Duration (hours)

	145
	24

	160
	8

	175
	12



[image: Z:\DOE Hydrokinetic Blade\ARL Fabrication\Test Article\Cure and De-molding\IMG_5812.JPG]
Figure 45.  Mold assembly vacuum-bagged for curing

During curing, the gap between the mold flanges closed from an initial value of about 0.125 inch to about 0.062 inch.  The gap was uniform, with no locations where the flanges were in contact.  Since the mold flanges were not in contact full vacuum pressure was applied to all areas of the laminate throughout the cure cycle.  The gap between the molds before and after curing is shown in Figure 46.


[image: ]
Figure 46.  Gap between mold flanges before and after cure

[bookmark: _Toc503421904][bookmark: _Toc503854593]5.3.7  Part removal
After completing the cure cycle the part was cooled to ambient temperature.  Next the mold was opening by lifting the pressure side mold from the suction side mold.  After removing the pressure side mold, slight mold flash was evident on both the leading and trailing edges of all three blades as shown in Figures 47 and 48.  A close-up view of the transition region between the leading and trailing edges near the center of the rotor is shown in Figure 49.  Figure 50 shows the rotor after removal from the suction side mold.
[bookmark: _Toc503421905][bookmark: _Toc503854594]5.3.8  Flash removal
After removing the rotor from the mold flash was removed from the leading and trailing edges of the blades using hand-working techniques.  A view of the rotor after flash removal is shown in Figure 51.
[image: ]
Figure 47.  Mold flash on leading and trailing edges of stub blades
[image: Z:\DOE Hydrokinetic Blade\ARL Fabrication\Test Article\Cure and De-molding\IMG_5831.JPG]
Figure 48.  Mold flash on leading and trailing edges of full blade
[image: ]
Figure 49.  Close-up view of leading edge and trailing edge transition region near center


[image: ]
Figure 50.  Rotor after removal from mold




[image: Z:\DOE Hydrokinetic Blade\ARL Fabrication\Test Article\Cure and De-molding\IMG_20170807_112501975.jpg]
Figure 51.  Rotor after removal of mold flash


After the half scale rotor was completed, it was fatigue tested to ensure its suitability for the intended application.
[bookmark: _Toc503421906][bookmark: _Toc503854595]6  Fatigue test analyses and experimental results
The half scale rotor component was to be fatigue tested to ensure its suitability for the intended application.  Fixturing was developed to perform the fatigue tests.  Analyses were performed to predict the strains and displacements during fatigue testing.   A 10 million cycle fatigue test was done and the experimental results were compared to the predicted results.
[bookmark: _Toc503421907][bookmark: _Toc503854596]6.1  Design of the half scale three blade rotor fatigue test fixture
A preliminary design of a rotor test fixture was developed and is shown in Figure 52.  The blade to be tested is clamped near its root using a set of machined steel blocks with contours that match the blade surfaces.  These blocks are attached to an aluminum baseplate, which is attached to the test machine and supported by a section of steel pipe bearing on the floor.  The test machine actuator assembly is attached to the blade using a set of contoured steel blocks that also match the blade surfaces.  Thin rubber sheets are positioned between the contoured blocks and the blade to prevent localized blade damage.   
The attachment screws for the load pads near the tip of the blade are torqued to only 11 ft-lbs. to prevent damage to the blade. contoured to the blade shape at that location.  The root clamp screws are torqued to 400 ft-lbs.  Shims are used between the upper and lower clamps at the blade root to control the contact pressures applied to the composite blade.  The shims are installed after the clamp screws are initially tightened to 40 ft-lbs.
Modifications to the preliminary design (shown in red in Figure 52) were as follows:
1. rubber sheets between clamps and blade not used, 
2. tapped holes in baseplate replaced with through holes and nuts for screws, and
3. long actuator arm replaced with short section.
The rubber sheets between the clamps at the tip and root of the blade were eliminated from the test setup to allow a more consistent preload to be applied to the clamping screws at both locations.  The intent of the sheets was to reduce localized contact stresses under and near the clamps. However, since these locations are not near the high strain areas of interest on the blade, removal did not pose a problem for the fatigue test or the results.

[image: ]
Figure 52.  Fatigue test setup

Through holes in the aluminum baseplate were used in lieu of tapped holes such that a higher preload could be applied to the clamp screws near the blade root without fear of stripping the threads.  
The long rod in the actuator mechanism was changed to a shorter component to allow better compatibility with the selected test machine.  
[bookmark: _Toc503421908][bookmark: _Toc503854597]6.2  Finite element analyses and predictions
A finite element (FE) model of the fatigue test assembly was developed to allow predictions of the strains and deflections of the blade.  The model is shown in Figure 53.  

[image: ]
Figure 53.  Finite element model of fatigue test setup

The FE model details are as follows:
· Mesh
· Bolts represented with linear beam elements and shell elements for the head
· Strain gages represented with a single shell element tied to underlying surface
· All other parts are meshed with linear bricks (with incompatible modes) and linear wedges
· Blade element material orientations follow the outer blade surfaces (3 axis normal to surface)
· All metal components are steel except baseplate (aluminum)
· Materials (all values in msi) 
· Blade uses engineering constants:
· E11=2.72; E22=2.71; E33=1.395; G12=1.28; G13=G23=0.50
· Steel: E=29.0; Aluminum: E=10.0
· Preload
· 1 inch screws, before activating shims: 2.4 kips (40 ft-lbs. torque)
· 1 inch screws, after activating shims: 24 kips (400 ft-lbs. torque)
· 3/8 screws: 1.8 kips (11 ft-lbs. torque)
· Non-linear contact defined between:
· Blade and root clamps; blade and load pads; lower clamp and baseplate
· Tied surfaces defined between:
· All screws and internal threads; screw heads and underlying surfaces; shims to upper and lower clamps, pipe flanges to pipe, upper pipe flange to baseplate
· Restraints 
· Baseplate attachment to test machine (UX=UY=UZ=0)
· Lower flange surface (UZ=0)

Loads applied in the model are based on pressure profiles on the blade surfaces generated by computational fluid dynamics.  During in-water use, the pressure loads on the blades vary due to rotation.  When the blade is at top dead center (TDC), the water velocity is at its maximum, producing the highest blade pressures.  The pressure load at bottom dead center is based on the reduction in flow velocity due to the change in depth as well as the hydrodynamic effects of the pylon wake.  
For the fatigue test, point loads were calculated that produce the same strain state in the blade at the high strain region. The maximum and minimum loads represent the fatigue cycle loads that are to be applied.  For the TDC load, the applied point load is 721 pounds.  For BDC, the applied point load is 464 pounds.  Therefore, the fatigue cyclic load is:  593 ±129 pounds, an R value of 0.65.  
Based on the prescribed loads and after subtracting off assembly deflections, the analysis predicted the load point deflection to be 0.906 inch for TDC loading and 0.586 inch for BDC loading.  The maximum tip deflection was predicted to be 1.652 and 1.068 inches respectively.  Figure 54 shows the FE model results for the TDC and BDC load cases.
The FE model includes shell elements representing strain gages mounted on the blade pressure and suction side surfaces in the high strain regions.  The strain gage locations and numbering are shown in Figure 55.  Predictions were made for the strains at the gage locations for the TBC and BDC loads.  The strain predictions are shown in Table 4 for the 12 strain gages mounted to the blade.  The strain values shown in the table are the E11 strains in the local material coordinate system for the strain gage elements.  This E11 strain direction is also the direction of the global Y axis in the model.  These direct strains are slightly lower than maximum principal strains at these locations (from 0.2 to 2.2 % less). 

[image: ]
Figure 54.  FE model maximum principal strains at TDC and BDC loads




[image: ]
Figure 55.  Strain gage locations

[bookmark: _Toc503421583][bookmark: _Toc503793375]Table 4. Strain predictions at gage locations
[image: ]
[bookmark: _Toc503854598]6.3  Half scale rotor fatigue testing and results
The full blade of the half scale prototype net-shape fabricated 3-blade composite rotor, shown in Figure 56, was fatigue tested for 10 million cycles at load levels inducing the maximum and minimum principal strains at the identified locations from the finite element model.
Strain gages (MicroMeasruements CEA-06-250UW-350) were used to capture the strain distributions along the span as well as across the blade chord near the peak strains on the blade surface as defined by the numerical analysis.  Six strain gages were attached to the full-span blade on both the pressure and suction sides (12 total strain gages).  See Figure 55.
After the rotor was secured to the fixture, six acoustic emission (AE) transducers were bonded (typical cyanoacrylate super glue) to the blade surfaces.  As matrix micro-cracking is much more prevalent in composites subjected to tensile loads, four AE transducers were installed on the pressure face with two near the loading block (approx.. 1 inch inboard) and along the same nominal chord line.  Two additional pressure-side transducers were placed approximately 1 inch in front of the steel clamp along the same chord line. The remaining two AE transducers were installed on the suction side with one near the loading block at approximately the same span location as the two pressure-side load-pad transducers, and the final transducer near the steel clamp (1 inch offset) on the suction side.  
Prior to the start of fatigue testing, several quasi-static loading ramps were conducted to compare the deflection and measured strains at the top dead center (TDC) and bottom dead center (BDC) loads against the numerical model predictions.  The test protocol called for the blade to be loaded on the pressure face, hence, the pressure-side strains are all tensile (positive) and the suction-side strains are all compressive (negative).  Three quasi-static loadings were conducted and both the measured and predicted strains are shown in Tables 5, 6, and 7.

[image: ]
56. Half scale rotor prior to testing 
Table 5. Pre-Fatigue Quasi-Static Loading #1
Table 6. Pre-Fatigue Quasi-Static Loading #2
Table 7. Pre-Fatigue Quasi-Static Loading #3



Upon completion of the full 10 million fatigue cycles the blade was once again manually unloaded and allowed to sit for 30 minutes.  A quasi-static ramp was again conducted while load, strains, deflection, and AE data were recorded.  There were some noted changes this time in the loading results at the 10 million cycle check.  The load-deflection curve showed a slightly “stiffer” response with a somewhat broader elastic hysteresis loop.  Tables 8 and 9 list the baseline, 4.8M, and 10M-cycle strains measured during quasi-static loadings.  The lower 10M-cycle strains also suggest a slight stiffening of the material.   
There was no evidence in the collected AE data that suggested occurrence of any damage onset or accumulation (outside of the load-pad area).

Table 8. Quasi-Static Loading after 10,000,000 Cycles: Strain Gages 1, 2, 3, 7, 8, 9
Table 9. Quasi-Static Loading after 10,000,000 Cycles: Strain Gages 4, 5, 6, 10, 11, 12


[bookmark: _Toc503854599]6.4 Fatigue test results compared to analysis predictions
A comparison of the predicted strains and measured strains obtained during three initial static load applications of the TDC and BDC loads  are shown in Figure 57.  The predicted strains were generally about 8 to 12 percent less than the measured strain values. 
Potential causes for the strain differences include:
· Inaccurate blade material properties
· Composite material elastic constants
· Load not applied at specified load point
· Load magnitude incorrect
· Strain gages not located at specified locations
· Inaccurate strain gages 
· Inaccurate finite element model (overly stiff)
During setup of the fatigue test, paper templates were used to accurately locate the blade’s root clamps, loading pads, and strain gages.  Also, test machine feedback provides an accurate estimate of the applied load to the blade.  
The only remaining likely reasons for the strain comparison discrepancies were the FE model stiffness (element size, type, etc.) and blade material properties.  The blade in the FE model uses linear brick elements with added incompatible modes to improve bending accuracy.  There are 12 elements through the thickness of the blade.  Based on these parameters, it is felt that the model should provide accurate strain results within a few percent. Therefore, the blade material elastic constants were adjusted to determine the impact on the resulting blade deflections and strains.   
The material elastic constants E11, E22, and G12 for the blade were adjusted downward by 10 percent:
· E11: from 2.72 msi to 2.448 msi
· E22: from 2.71 msi to 2.448 msi
· G12: from 1.28 msi to 1.152 msi
The remaining elastic constants were left unchanged.  The strain predictions using the adjusted material elastic constants are shown in Table 10.
A comparison of the predicted strains based on the modified properties and measured strains for the three initial static load applications are shown in Figure 58.  Most of the predicted strains are now within a few percent of the measured values.
The predicted blade deflections at the load point using the original and modified material properties are shown below.  Note that these values have the assembly vertical deflection at the load point removed (+0.0008 inch).
· Original properties:
· TDC point load (721 lbs.):  0.906 inch
· BDC load (464 lbs.): 0.586 inch 
· Adjusted properties: 
· TDC load (721 lbs.):  0.997 inch
· BDC load (464 lbs.): 0.644 inch
The displacements predicted with the adjusted properties compared well with experimental results.

[image: ]
Figure 57.  Comparison of predicted to measured strains

Table 10. Strain predictions at gage locations using adjusted properties
[image: ]

[image: ]
Figure 58.  Comparison of predicted to measured strains (revised properties)
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Ply Center Blade A Blade B Blade C # Templates # CadCut # Sections

1 1 PSC1(T) PS1(T) PS1(T) PS1(T) 2 0 4

2 2 PSC2(T) PS2(T) PS2(T) PS2(T) 2 0 4

3 3 PSC3(T) PS3(T) PS3(T) PS3(T) 2 0 4

1 4 PCF1  0 1 1

2 5 PCF2  0 1 1

3 6 PCF3 PCF3 PCP3 PCP3 0 3 3

4 7 PCF4 PCP4 PCF4 PCP4 0 3 3

5 8 PCF5 PCP5 PCP5 PCF5 0 3 3

6 9 PCF6 PCF6 PCP6 PCP6 0 3 3

7 10 PCF7 PCP7(T) PCF7 PCP7(T) 1 1 3

8 11 PCF8 PCP8(T) PCP8(T) PCF8 1 1 3

9 12 PCF9 PCF9 PCP9(T) PCP9(T) 1 1 3

10 13 PCF10 PCP10(T) PCF10 PCP10(T) 1 1 3

11 14 PCF11 PCP11(T) PCP11(T) PCF11 1 1 3

12 15 PCF12 PCF12 PCP12(T) PCP12(T) 1 1 3

13 16 PCF13 PCP13(T) PCF13 PCP13(T) 1 1 3

14 17 PCF14 PCP14(T) PCP14(T) PCF14 1 1 3

15 18 PCF15 PCF15 PCP15(T) PCP15(T) 1 1 3

16 19 PCF16 PCP16(T) PCF16 PCP16(T) 1 1 3

17 20 PCF17 PCP17(T) PCP17(T) PCF17 1 1 3

18 21 PCF18 PCF18 PCP18(T) PCP18(T) 1 1 3

19 22 PCF19 PCP19(T) PCF19 PCP17(T) 1 1 3

20 23 PCF20 PCP20(T) PCP20(T) PCF20 1 1 3

21 24 PCF21 PCF21 PCP21(T) PCP21(T) 1 1 3

22 25 PCF22 PCP22(T) PCF22 PCP22(T) 1 1 3

23 26 PCF23 PCP23(T) PCP23(T) PCF23 1 1 3

24 27 PCF24 PCF24 PCP24(T) PCP24(T) 1 1 3

25 28 PCF25 PCP25(T) PCF25 PCP25(T) 1 1 3

26 29 PCF26 PCP26(T) PCP26(T) PCF26 1 1 3

27 30 PCF27 PCF27 PCP27(T) PCP27(T) 1 1 3

27 35 89
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Ply Center Blade A Blade B Blade C # Templates # CadCut # Sections

1 1 SSC1(T) SS1(T) SS1(T) SS1(T) 2 0 4

2 2 SSC2(T) SS2(T) SS2(T) SS2(T) 2 0 4

3 3 SSC3(T) SS3(T) SS3(T) SS3(T) 2 0 4

1 4 SCF1 0 1 1

2 5 SCF2 0 1 1

3 6 SCF3 SCF3 SCP3 SCP3 0 3 3

4 7 SCF4 SCP4 SCF4 SCP4 0 3 3

5 8 SCF5 SCP5 SCP5 SCF5 0 3 3

6 9 SCF6 SCF6 SCP6 SCP6 0 3 3

7 10 SCF7 SCP7(T) SCF7 SCP7(T) 1 1 3

8 11 SCF8 SCP8(T) SCP8(T) SCF8 1 1 3

9 12 SCF9 SCF9 SCP9(T) SCP9(T) 1 1 3

10 13 SCF10 SCP10(T) SCF10 SCP10(T) 1 1 3

11 14 SCF11 SCP11(T) SCP11(T) SCF11 1 1 3

12 15 SCF12 SCF12 SCP12(T) SCP12(T) 1 1 3

13 16 SCF13 SCP13(T) SCF13 SCP13(T) 1 1 3

14 17 SCF14 SCP14(T) SCP14(T) SCF14 1 1 3

15 18 SCF15 SCF15 SCP15(T) SCP15(T) 1 1 3

16 19 SCF16 SCP16(T) SCF16 SCP16(T) 1 1 3

17 20 SCF17 SCP17(T) SCP17(T) SCF17 1 1 3

18 21 SCF18 SCF18 SCP18(T) SCP18(T) 1 1 3

19 22 SCF19 SCP19(T) SCF19 SCP19(T) 1 1 3

20 23 SCF20 SCP20(T) SCP20(T) SCF20 1 1 3

21 24 SCF21 SCF21 SCP21(T) SCP21(T) 1 1 3

22 25 SCF22 SCP22(T) SCF22 SCP22(T) 1 1 3

23 26 SCF23 SCP23(T) SCP23(T) SCF23 1 1 3

24 27 SCF24 SCF24 SCP24(T) SCP24(T) 1 1 3

25 28 SCF25 SCP25(T) SCF25 SCP25(T) 1 1 3

26 29 SCF26 SCP26(T) SCP26(T) SCF26 1 1 3

27 30 SCF27 SCF27 SCP27(T) SCP27(T) 1 1 3

    27 35 89

Suction Side

Structural



Core


image43.png




image44.jpeg




image45.png
Plies 1 through 3un suction side mold 7 Plies 2 through 13 in suction side mold Plies 1 through 30 in suction side mold
™~

e





image46.jpeg




image47.png
mEEE
Afternde-bulk proce‘és j

-

p=—





image48.jpeg




image49.png
Stub blade 1 R Stub blade 2





image50.jpeg




image51.png
'V..gx \A‘ '

After cure,
1/16 inch g





image52.png




image53.jpeg
) Sas /
. A
\ E / //p j({
L4




image54.png
leading
edge ;

trailing
edge





image55.png




image56.jpeg




image57.png
Half-scale rotor
Machined

steel blocks
Actuator assembly

Machined steel
blocks

Aluminum _—"

baseplate

/'

Pipe and pipe flanges

Test machine




image58.png
Upper clamp <

Strain gages Lower clamp—

Upper load pad

7

Baseplate

Lower load pad

Support





image59.png
Blade at TDC

Max load = 721 lbs.

Vertical displacement at
actuator: 0.906 inch

Max principal strain: 2,665 pe
Min principal strain: -3,037 pe

Blade at BDC

Min load = 464 lbs.

Vertical displacement at
actuator: 0.586 inch

Max principal strain: 1,735 pe
Min principal strain: -1,964 pe

E, Max. Principal
Multiple section points
(Avg: 75%)
+2.665e-03
+2.436e-03
+2.206e-03
+1.977e-03
+1.748e-03
+1.518e-03
+1.289e-03
+1.060e-03
+8.302e-04
+6.008e-04
+3.7142-04
+1,421e-04
-8.732e-05





image60.png
PRESSURE SIDE SUCTION SIDE




image61.png
m le of blade | Strain gage number and strain (pe) using gage elements

1 2 3 a B 6

TDC pressureside 2,427 2,606 2,383 1,948 2,244 1,508

BDC 1578 1,695 1,548 1262 1,449 1,016
7 8 9 10 1 12

TDC  suctionside 2,693 -2,998 -2,742 -2,234 2,483  -2,369
BDC 1,768 1,435  -1,594 542





image62.emf
Nominally

48 inches


image63.emf
Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas

pressure side 2,423 2,845 2,604 2,925 2,371 2,640 1,961 2,110 2,235 2,528 1,595 1,901

suction side -2,666 -2,972 -2,995 -3,304 -2,725 -2,995 -2,231 -2,408 -2,475 -2,875 -2,362 -2,570

pressure side 1,575 1,795 1,694 1,853 1,540 1,673 1,271 1,365 1,443 1,611 1,015 1,202

suction side -1,723 -1,871 -1,934 -2,108 -1,756 -1,913 -1,433 -1,535 -1,588 -1,831 -1,538 -1,639

12 10 11

10 11 12



1 2 3 4 5 6

TDC   

721 lbs

BDC   

464 lbs

7 8 9

7 8 9

Load Side of Blade

Strain gage number and strain values (µє )

1 2 3 4 5 6


image64.emf
Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas

pressure side 2,423 2,844 2,604 2,928 2,371 2,633 1,961 2,223 2,235 2,532 1,595 1,881

suction side -2,666 -2,967 -2,995 -3,311 -2,725 -3,004 -2,231 -2,403 -2,475 -2,871 -2,362 -2,581

pressure side 1,575 1,814 1,694 1,873 1,540 1,693 1,271 1,409 1,443 1,624 1,015 1,190

suction side -1,723 -1,886 -1,934 -2,132 -1,756 -1,939 -1,433 -1,545 -1,588 -1,848 -1,538 -1,652

12



BDC   

464 lbs

1 2 3 4 5 6

TDC   

721 lbs

7 8 9 10 11

Load Side of Blade

Strain gage number and strain values (µє )

1 2 3 4 5 6

7 8 9 10 11 12


image65.emf
Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas

pressure side 2,423 2,844 2,604 2,928 2,371 2,633 1,961 2,223 2,235 2,532 1,595 1,881

suction side -2,666 -2,967 -2,995 -3,311 -2,725 -3,004 -2,231 -2,403 -2,475 -2,871 -2,362 -2,581

pressure side 1,575 1,814 1,694 1,873 1,540 1,693 1,271 1,409 1,443 1,624 1,015 1,190

suction side -1,723 -1,886 -1,934 -2,132 -1,756 -1,939 -1,433 -1,545 -1,588 -1,848 -1,538 -1,652

12



BDC   

464 lbs

1 2 3 4 5 6

TDC   

721 lbs

7 8 9 10 11

Load Side of Blade

Strain gage number and strain values (µє )

1 2 3 4 5 6

7 8 9 10 11 12


image66.emf
Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas

pressure side 2,423 2,845 2,604 2,925 2,371 2,640 1,961 2,110 2,235 2,528 1,595 1,901

suction side -2,666 -2,972 -2,995 -3,304 -2,725 -2,995 -2,231 -2,408 -2,475 -2,875 -2,362 -2,570

pressure side 1,575 1,795 1,694 1,853 1,540 1,673 1,271 1,365 1,443 1,611 1,015 1,202

suction side -1,723 -1,871 -1,934 -2,108 -1,756 -1,913 -1,433 -1,535 -1,588 -1,831 -1,538 -1,639

12 10 11

10 11 12



1 2 3 4 5 6

TDC   

721 lbs

BDC   

464 lbs

7 8 9

7 8 9

Load Side of Blade

Strain gage number and strain values (µє )

1 2 3 4 5 6


image67.emf
Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas

pressure side 2,423 2,844 2,604 2,928 2,371 2,633 1,961 2,223 2,235 2,532 1,595 1,881

suction side -2,666 -2,967 -2,995 -3,311 -2,725 -3,004 -2,231 -2,403 -2,475 -2,871 -2,362 -2,581

pressure side 1,575 1,814 1,694 1,873 1,540 1,693 1,271 1,409 1,443 1,624 1,015 1,190

suction side -1,723 -1,886 -1,934 -2,132 -1,756 -1,939 -1,433 -1,545 -1,588 -1,848 -1,538 -1,652

12



BDC   

464 lbs

1 2 3 4 5 6

TDC   

721 lbs

7 8 9 10 11

Load Side of Blade

Strain gage number and strain values (µє )

1 2 3 4 5 6

7 8 9 10 11 12


image68.emf
Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas Pred Meas

pressure side 2,423 2,844 2,604 2,928 2,371 2,633 1,961 2,223 2,235 2,532 1,595 1,881

suction side -2,666 -2,967 -2,995 -3,311 -2,725 -3,004 -2,231 -2,403 -2,475 -2,871 -2,362 -2,581

pressure side 1,575 1,814 1,694 1,873 1,540 1,693 1,271 1,409 1,443 1,624 1,015 1,190

suction side -1,723 -1,886 -1,934 -2,132 -1,756 -1,939 -1,433 -1,545 -1,588 -1,848 -1,538 -1,652

12



BDC   

464 lbs

1 2 3 4 5 6

TDC   

721 lbs

7 8 9 10 11

Load Side of Blade

Strain gage number and strain values (µє )

1 2 3 4 5 6

7 8 9 10 11 12


image69.emf
Pred Baseline 5M 10M Pred Baseline 5M 10M Pred Baseline 5M 10M

pressure side 2,423 2,843 2,803 2,615 2,604 2,922 2,876 2,754 2,371 2,629 2,592 2,527

suction side -2,666 -2,969 -2,910 -2,689 -2,995 -3,309 -3,240 -3,124 -2,725 -3,004 -2,933 -2,871

pressure side 1,575 1,802 1,773 1,642 1,694 1,857 1,829 1,745 1,540 1,683 1,655 1,599

suction side -1,723 -1,877 -1,843 -1,696 -1,934 -2,117 -2,071 -1,988 -1,756 -1,919 -1,882 -1,834

3 1 2

TDC   

721 lbs

7 8

Load Side of Blade

Strain gage number and strain values (µє)

8 9 7

9



BDC   

464 lbs

1 2 3


image70.emf
Pred Baseline 5M 10M Pred Baseline 5M 10M Pred Baseline 5M 10M

pressure side 1,961 2,152 2,105 2,068 2,235 2,528 2,481 2,381 1,595 1,880 1,853 1,791

suction side -2,231 -2,405 -2,347 -2,326 -2,475 -2,872 -2,805 -2,719 -2,362 -2,576 -2,518 -2,417

pressure side 1,271 1,340 1,348 1,321 1,443 1,613 1,582 1,513 1,015 1,197 1,176 1,133

suction side -1,433 -1,537 -1,508 -1,482 -1,588 -1,834 -1,797 -1,733 -1,538 -1,642 -1,607 -1,536



Load Side of Blade

Strain gage number and strain values (µє)

4 5 6

TDC   

721 lbs

10 11 12

BDC   

464 lbs

4 5 6

10 11 12


image71.emf
Pred Baseline 5M 10M Pred Baseline 5M 10M Pred Baseline 5M 10M

pressure side 2,423 2,843 2,803 2,615 2,604 2,922 2,876 2,754 2,371 2,629 2,592 2,527

suction side -2,666 -2,969 -2,910 -2,689 -2,995 -3,309 -3,240 -3,124 -2,725 -3,004 -2,933 -2,871

pressure side 1,575 1,802 1,773 1,642 1,694 1,857 1,829 1,745 1,540 1,683 1,655 1,599

suction side -1,723 -1,877 -1,843 -1,696 -1,934 -2,117 -2,071 -1,988 -1,756 -1,919 -1,882 -1,834

3 1 2

TDC   

721 lbs

7 8

Load Side of Blade

Strain gage number and strain values (µє)

8 9 7

9



BDC   

464 lbs

1 2 3


image1.emf

image72.emf
Pred Baseline 5M 10M Pred Baseline 5M 10M Pred Baseline 5M 10M

pressure side 1,961 2,152 2,105 2,068 2,235 2,528 2,481 2,381 1,595 1,880 1,853 1,791

suction side -2,231 -2,405 -2,347 -2,326 -2,475 -2,872 -2,805 -2,719 -2,362 -2,576 -2,518 -2,417

pressure side 1,271 1,340 1,348 1,321 1,443 1,613 1,582 1,513 1,015 1,197 1,176 1,133

suction side -1,433 -1,537 -1,508 -1,482 -1,588 -1,834 -1,797 -1,733 -1,538 -1,642 -1,607 -1,536



Load Side of Blade

Strain gage number and strain values (µє)

4 5 6

TDC   

721 lbs

10 11 12

BDC   

464 lbs

4 5 6

10 11 12


image71.png
000%
200%
400%
600%
800%
“1000%
1200%
“14.00%
-1600%
-18.00%

a00%
200%
000%

4.00%
“6.00%
800%
-1000%
1200%
“14.00%
“16.00%
-18.00%

Pressure side: TDC

1 2 3 a 5 6

mRunl mRun2 mRun3

Pressure side: BDC

1 2 3 a B 6

®Run1 mRun2 mRun3

000%
200%
-a00%
0%
800%
~1000%
1200%
-1400%
16005

000%
200%
-a00%
0%
800%
“1000%
“12.00%
“10.00%
“1600%

Suction side: TDC

7 5 9 10 n n

®Run1 mRun2 mRun3

Suction side: BDC

7 5 9 10 n 1

mRun1 WRun2 mRun3




image72.png
TDC
BDC

TDC
BDC

pressure side

suction side

1
2,681
1,743

7

2,959

-1,908

2 3 4
2,882 2,633 2,143
1875 1,711 1,389

8 9 10

3,316 3,031 -2,440

2,142 -1,954 -1,570

5
2,483
1,603

1

2,747

1,763

de of blade | Strain gage number and strain (pie) using gage elements

6
1,768
1,125

12

2,621

1,706




image73.png
Pressure side: TDC Suction side: TDC

20% 30%

10% 0%

[ |
- o
0% e III - In

20% 00% gy

30% 10%

4 0% 20%

50%

0%

0%

0% 4 0%

-80% 5%

1 2 3 a B 6 7 s 9 10 1 2

mRun1 WRun2 ®Run3 mRuN1 WRun2 ERun3
Pressure side: BDC Suction side: BDC

14.0% 50%

2.0 0%

100% 30%

80% 20% I I I I
60%
b . III 1.1 K=
20%
—_— I

00%
1 2 3 4 5 6 7 8 9 10 1 2

mRun1 WRun2 WRun3 mRun1 WRun2 WRun3




image2.png
-Appr. 4390 - 4490mm:

New OPR forecone Nom. 1000mm-

1583mm
(center of shortest OPR hub)

{center of longest OPR hub)’




