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Quasi-Static Coupon Testing
Quasi-static tensile and compression tests-to-failure were conducted to characterize the tensile and compression strengths of the down-selected material (Gurit QE1203/ST94) and laminate configuration, [(0/+45/90/-45)2,(+45/90/-45/0)2].  For both tensile and compression testing the ASTM D638 Type III [ECSREF-1] specimen was used and is shown in Figure ECS-1.Figure ECS-1. ASTM D638 Type III Specimen dimensions


















To avoid buckling during compression loading, a face-support fixture was used [ECSREF-2] as shown in Figure ECS-2. Tests were conducted at a cross-head rate of 0.05 in./min.  Tensile strain was recorded using an Epsilon 3542-0100 strain gage-based 1-inch gage section clip-on axial extensometer.  Compression strain was recorded using an Electronic Instrument Research LE-05 non-contact laser extensometer across a 1.65 inch gage section.  The larger gage section was used for compression testing because the laser extensometer is not as precise as the Epsilon extensometers and the larger absolute deflection produced across the larger gage section helps increase the compressive strain resolution.  The Epsilon clip-on extensometers were unable to be used for compression testing due to the supported faces of the specimen by the restraining fixture.



Figure ECS-2. Compression-Support Fixture in Place Around Test Specimen












Quasi-static strength tests were conducted on specimens in the room-temperature dry state and after submersion in 160°F distilled water for 14 days.  This wet conditioning temperature and time was used because it is a US Navy-accepted wet-conditioning method (albeit in synthetic seawater) for “wet” composite specimens.  Distilled water was used because it has been shown to represent more conservative properties when compared to seawater conditioning [ECSREF-3,4] and fatigue testing in distilled water eliminates a myriad corrosions issues with the test fixturing and grips.  Drying of the specimens (per ASTM D5229 Procedure D) before immersion into the moisture bath was not conducted as the interest herein was not the absolute amount of water uptake, but rather accelerated moisture conditioning of the as-fabricated turbine blade materrial.  The moisture weight gain of the specimens after removal from the 14-day 160°F bath was 0.584 ± 0.013% by weight.  Quasi-static properties are given in ECSTAB-1. The rather large (23%) knockdown in wet tensile strength is surmised to be a function of the accelerated-conditioning water temperature and not the water itself.  ARL Penn State has previously experienced large tensile strength knockdowns with other E-glass/epoxy materials subjected to this conditioning protocol which seems to be unnaturally attacking the glass/matrix interface, or even the fiberglass itself, causing overly large tensile knockdowns.


Table ECSTAB-1. Baseline Strength & Modulus Results for Gurit QE1203/ST94 [(0/+45/90/-45)2,(+45/90/-45/0)2]







Compressive knockdowns after the same conditioning are not typically as large as the tensile percentages.   It should be noted, however, this conditioning protocol would yield conservative mechanical properties (static and fatigue) which in turn would yield conservative design allowables.
To help assess the impact of the elevated temperature conditioning, several test specimens were placed in distilled water and kept at 78-80°F to coincide with the reported maximum range of East River water temperature [ECSREF-5].  As expected these specimens have shown a much slower water-absorption rate with a current (November 2017) moisture weight gain of nominally 0.44% after 15 months.  The weight-gain curve, however, is still increasing so these specimens will be kept in this submerged condition and their weights periodically monitored for as long as practical and until equipment becomes unavailable.  It is anticipated that once these specimens reach the 14-day 160°F equivalent weight gain (0.584%), retained tensile strength will be higher than the conditioned values reported in Table ECSTAB-1.

In-Plane Coupon Fatigue
As the hydrokinetic turbine blades are obviously subjected to changing loads during operation, material test coupons were subjected to in-plane fatigue loading at the maximum and minimum strains defined by the numerical analyses relative to varying water flow speeds.  Fatigue testing was conducted in both the room-temperature ambient condition as well as after water conditioning.  The water-conditioned specimens were fatigue tested in water by using a water containment setup and special lower (submerged) specimen grip as shown in Figure ECS-3. Because the pressure and suction sides of the turbine blades are not subjected to reversible strains (i.e., tension -to- compression loading at a single spot/region on the blade), both tension-tension and compression-compression fatigue tests were conducted.  The tension-tension test specimens were loaded between +1,740 to +2,660  (mean strain = 2,200 ; strain amplitude = 460 ).  The compression-compression tests were loaded between -1,960 to -3,030  (mean strain = -2,490 ; strain amplitude = 535 ).  The compression-compression tests utilized the antibuckling fixture shown in Figure ECS-2 while the tension-tension tests did not employ the fixture.Figure ECS-3. Water-Submerged Fatigue Testing

Prior to fatigue testing the baseline quasi-static modulus was measured for each individual specimen.  Those specimens subjected to tension-tension fatigue had their baseline tensile modulus measured and specimens subjected to compression-compression fatigue had their baseline compression modulus measured.  Each specimen was then fatigued under a sinusoidal waveform at a frequency of 10Hz between the strain limits outlined above for a total of 10 Million cycles.  The specimen modulus was measured again after the completion of the 107 fatigue cycles.  Any significant reduction in modulus with accumulating fatigue cycles is a sign of matrix micro-crack onset and coalescence.  This in turn can lead to fiber/matrix disbonding with ultimate local fiber failures, and with further damage accumulation, a significant reduction in the material strength.  Therefore, it was desired that no more than a 5% drop in modulus occur during the 107 fatigue cycles.  ARL Penn State has characterized similar E-glass/epoxy materials systems that, when held to a modulus drop of 5% or less during 107 cycles of in-plane fatigue at operational strains, have shown the ability to withstand any further significant reductions for tens of millions of additional cycles, even up to a Quarter Billion cycles.
The in-plane residual (post-fatigue) strength and moduli values are given in Table ECSTAB-2.  Comparing these properties to those given in ECSTAB-1 we see no statistically significant knockdown in any property.  The room-temperature compression fatigue consisted of only a single specimen due to a shortage of material availability and a concerted effort to focus on the water-conditioned properties.  The high retention of in-plane elastic constants provides confidence in long-term performance of this material at the operational strain levels defined herein.
Table ECSTAB-2. Residual (Post 10M-cycle Fatigue) Strength & Modulus Results
for Gurit QE1203/ST94 [(0/+45/90/-45)2,(+45/90/-45/0)2]
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Sub-Scale Rotor-Blade Fatigue
The full blade of the ½-scale prototype net-shape fabricated 3-bladed composite rotor shown in Figure ECS-4, 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.
Figure ECS-4. Manufacturing Demonstration & Fatigue Test Article

Most specifics regarding the testing were presented in the testing and validation plan [ECSREF-6] so these details are not rehashed here. Any changes, exceptions, or modifications that were made during the actual test are noted herein. Prior to instrumenting the blade surfaces, the pressure-side load-attachment pad, which was contoured to the blade shape at the load location, was set into place and c-clamped to the blade.  This pad (block) served as a drill guide and the load-pad holes were then drilled by hand.  The hole edges were deburred with 320-grit sandpaper.
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).  The gage locations were transferred to the full-span blade by means of full-scale paper templates.  The gage locations were cut out of the paper template and the template was then positioned over the blade surface whereby the individual strain gage locations were marked.  This procedure was repeated for the suction side surface. The gage locations are those previously identified in the Testing and Validation Plan [ECSREF-6] and shown schematically in Figure ECS-5.  The gages were all oriented along the span direction of the blade.
Figure ECS-5. Test Article Strain Gage Locations

The ½-scale test article was secured to an aluminum fixture plate which in turn was fastened to the servo-hydraulic test frame base.  The overhang of the fixture plate was supported by a steel column which rested upon, and was reacted by, the ground.  This fixture plate is shown in Figure ECS-6.  The lower steel clamp was placed into position on the aluminum fixture plate and the blade was positioned onto this lower clamp.  The upper steel clamp was fitted atop the blade and the upper and lower clamps were lightly bolted together.  The pressure side and suction side load pads were positioned near the tip of the blade at the designated load-application point and lightly secured together with the four attachment bolts.  The load train assembly was attached to the pressure-side load pad.  It should be noted that the rubber sheets called out for use in reference ECSREF-6 between the blade and the load pads and clamping blocks could not be used as any applied torque relaxed very quickly.  The design dimension from the hub centerline to the front edge of the upper (pressure side) steel clamping block was marked on the pressure side of the blade. This line and the upper clamp block served as a starting point as the prototype rotor was then manually maneuvered, moved, and re-positioned until a “best fit” condition was realized.  At this point the steel clamping block bolts were torqued to 40 ft-lbs.  The shims [ECSREF-6] were inserted between the clamp blocks as necessary and the additional torque was applied in 100 ft-lb increments.  The planned final torque was 530 ft-lbs, however, at 450 ft-lbs the entire test frame was moving against three men’s efforts to keep it secure.  It was decided that 450 ft-lbs was adequate to prevent any unwanted movement of the blade. The aforementioned shims, shown in Figure ECS-7, are used to transfer the load to the bottom clamp and to control the pressure on the composite blade, so the lower-than-planned clamping torque should not have hindered the designed clamping force on the blade.  The clamped assembly is shown in Figure ECS-8.  After the component was fully 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.  The AE transducers efficiently respond to very small dynamic motion brought about by high-frequency elastic waves such as those which would be produced within the blade in the event cracking (matrix, fiber, interfacial, etc.) occurred within the volume of the blade.  The AE transducers were monitored throughout the entire fatigue test.Figure ECS-6. Fixture Plate Fastened to Instron Test Frame


Figure ECS-7. Shims between Steel Clamping Blocks

Figure ECS-8. Fully-Fixtured Test Assembly

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 [ECSREF-6] 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 ECSTAB-3, ECSTAB-4, and ECSTAB-5.
Table ECSTAB-3. Pre-Fatigue Quasi-Static Loading #1
Table ECSTAB-4. Pre-Fatigue Quasi-Static Loading #2
Table ECSTAB-5. Pre-Fatigue Quasi-Static Loading #3

As can be seen in these three tables, the measured strains are all higher in magnitude than the predicted strains.  As the predictions were made using the elastic constants reported in ECSTAB-1 which were measured on coupon specimens machined from flat, thin test panels, it suggests that the ½-scale test article has a lower elastic modulus than the test panels.  Not shown in the strain tables is the deflection of the blade at the load point.  During these 3 initial quasi-static loadings, the load-point deflection was nominally 1.2 inches.  The predicted deflection was 0.975 inches which again is indicative of the test article being more compliant than the coupon specimens.  As the fixturing is not perfectly rigid, the measured deflection would be slightly higher than the prediction due to some contribution to the overall displacement from fixture movement.  The AE transducers experienced no energy hits during the pre-fatigue loadings.
As shown in Figures ECS-9 and ECS-10, the load-deflection curve showed generally linear behavior as did the individual load-strain curves.
Figure ECS-9. Quasi-Static Pre-Fatigue Load-Deflection Curve


It was planned that fatigue testing would be conducted in load control, however, issues with establishing adequate electronic control loop settings caused a change to these plans and the fatigue test was conducted in displacement control.
Using the results from the pre-fatigue loadings, a displacement value of 0.375 inches between the TDC and BDC loads was anticipated during fatigue loading.  The blade was manually loaded to the mean fatigue load of 592.9 lbs and the test frame programmed to oscillate at a displacement amplitude of ±0.187 inches.  Fatigue cycling was conducted at 5Hz.  During testing and if required, small adjustments to the displacement amplitude were made manually to maintain the TDC and BDC loads.  A total of 10 million fatigue cycles were applied to the blade.  A variation 
from the original test plan was that data capture every 10,000 cycles was not available due to the needed support of the data acquisition system by another on-going testing program.  Several quick snap-shots of cyclic data were recorded early in the test when the acquisition system was available.  At nominally 5 million cycles (4,785,000) the test was manually stopped and the blade unloaded and allowed to sit for 30 minutes.  Another quasi-static loading was conducted identical to the pre-fatigue load ramps.  This loading was conducted to assess whether there was any discernable changes in the blade’s strain and load-deflection performance relative to the baseline (pre-fatigue) condition.  Table ECSTAB-6 displays the strain values for this loading check. Figure ECS-10. Quasi-Static Pre-Fatigue Load-Strain Curves

Table ECSTAB-6. Quasi-Static Loading at 4,785,000 Cycles

As is seen in the data given in Table ECSTAB-6, no tensile strains (pressure side, gages 1-6) are more than 47 different with respect to the average of the individual baseline (pre-fatigue) tensile strains in Tables ECSTAB3 -5. The compressive strains (suction side, gages 7-12) show no differences greater than 71.  The average difference in pressure-side and suction-side strains relative to their corresponding average baseline strains is 32 and 50, respectively.  These are very low differences that can be considered statistically equivalent when considering the blade had been fatigued for nearly 5 million cycles.  These strain results are a strong indication that nothing deleterious has occurred during the first half of the fatigue test.  Further, the load-deflection curve at this point showed virtually identical behavior to the pre-fatigued baseline curve and this comparison is shown in Figure ECS-11.  The two pressure-side AE transducers immediately inboard of the loading pad had recorded some small-level energy accumulation that is typical of load-block rubbing.  The other four AE transducers recorded no energy hits corresponding to levels associated with cracking, delamination, or fiber breakage.  These data all point to the same conclusion that nothing has changed in the blade through the first half of the scheduled fatigue cycles.
Figure ECS-10. Quasi-Static N=4.785M Cycle Load-Deflection Curve

The remaining 5+ million fatigue cycles were concluded without any significant strain or deflection changes.  The two AE transducers in near proximity of the load pad had started recording higher levels of accumulated energy possibly associated with small hole-edge cracking brought about by the load-pad rubbing.  Due to the stoppage at 4.785M cycles for the loading check noted above, the load pad may have slightly shifted or re-seated into a slight position change which could bring about the AE indications immediately at that location.  Checking the torque on the load pad bolts (during the half-way stoppage point) was not possible due to access restrictions to the suction side section of the load pad and bolts.  The bolts were very tight when checked by hand from the pressure side with a socket wrench so it was concluded that a torque check on these bolts did not warrant the dis-assembly of the blade to allow access. All in all the levels of AE during the second 5 million cycles were not worrisome as we felt confident in the cause (load pad).  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.  A comparison of the pre-fatigue baseline, the (nominally) 50% mark, and the final (after 10M cycles) load-deflection curves is given in Figure ECS-11.
Figure ECS-11. Quasi-Static N=10M Cycle Load-Deflection Curve

One may immediately conclude that “something happened” to the blade based solely on the broader unloading hysteresis, which is typically an indication of a rise in internal friction, brought about in composites by delamination and/or excessive matrix micro-cracking.  This suggestion, however, is not supported by the slightly stiffer response during the loading portion of the curve (steeper slope WRT baseline).  When composite materials begin to degrade, they typically will experience a reduction in stiffness (elastic modulus), so a stiffer response is not in line with typical composite material degradation.  The measured strains during the post-fatigue loading also showed changes relative to the baseline and (nominally) 5M-cycle loadings.  The absolute magnitude of the measured strains were smaller across the board during this final quasi-static loading.  Tables ECSTAB-7 and ECSTAB-8 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.  Looking back at Tables ECSTAB-1 and ECSTAB-2, we see that after 

10M fatigue cycles the coupon tensile moduli (both dry and wet) are statistically equivalent, however, the mean compressive moduli (dry and wet) after fatigue are higher than the baseline values and are on the cusp of statistical difference.  If after the full 10M fatigue cycles the modulus is increasing slightly throughout the portion of the blade being subjected to compressive stress, this would cause all the strain magnitudes to decrease because of the contribution of the slightly stiffer portion of the blade.  This is possibly what we are experiencing during our post-fatigue quasi-static loading.  Further, there was no evidence in our collected AE data that would suggest occurrence of any damage onset or accumulation (outside of the load-pad area). Table ECSTAB-7. Quasi-Static Loading after 10,000,000 Cycles: Strain Gages 1, 2, 3, 7, 8, 9
Table ECSTAB-8. Quasi-Static Loading after 10,000,000 Cycles: Strain Gages 4, 5, 6, 10, 11, 12

During dis-assembly of the fixturing and rotor, we noted some wear patterns under the load pad and around the load-pad clamping holes.  Figures ECS-11 and ECS-12 show the wear areas and indications of contact rubbing can be seen through (or down into) hole “A” in Figure ECS-12.  This level of wear and very localized fixture-induced surface cracking may account for the accumulated AE energy recorded during the test.  The area on the suction-side under the load-pad mating plate does not appear to have much wear as is shown in Figure ECS-13.  This is not very surprising as the load was applied by pushing down on the pressure-side load pad and the lack of discernable wear on the suction side suggests the loading pad was moving slightly, and independent, of the lower mating plate.  The wear in Figures ECS-11 and ECS-12 would confirm this conclusion so again the wear under the load pad on the pressure surface is not surprising.  Taking all the results into account we feel that the blade has shown no signs of material wear-out during the 10-million cycle fatigue test.

Figure ECS-12. Pressure-Side Wear around Load-Pad Clamping Holes
PRESSURE SIDE
Figure ECS-13. Primarily Surface Resin Wear around Hole “A” (rotated 90° clockwise) from Figure 12

Testing Section ReferencesFigure ECS-14. Suction-Side Load-Pad Mating Plate Region. No Noticeable Wear
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‘Specimen Dimensions for Thickness, T, mm (in.y*
7 (0.28) or under Over 710 14 (028 10 0.55), incl 4(0.16) or under
Dimensions (see drawings) Tolerances
Type | Type Il Type Il Type V8 Type VOO

W—Width of narrow section=* 13 (050) 6(0.25) 19 (0.75) 6(025  318(0.125) 205 (0,027
L—Length of narrow section 57 (2.25) 57 (2.25) 57 (2.25) 33(130) 953 (0.375) 205 (:0.02)°
WO—Width overall, min® 19 (0.75) 19 (0.75) 29(1.13) 19 (0.75) - +64(+0.25)
WO—Width overall, min . . - . 953 (0.375) +318 (+0.125)
LO—Length overall, min*! 165 (6.5) 183 (7.2) 246 (97) 115 (45) 5(25) no max (no max)
G—Gage length’ 50 (2.00) 50 (2.00) 50 (2.00) - 762 (0.300) 2025 (:0.010)°
G—Gage length’ . . - 25 (1.00) - £0.13 (£0.005)
D—Distance between grips 115 (45) 135 (5.3) 115 45) 65(257  254(10) 5 (202)
R—Radius of filet 76 (3.00) 76 (3.00) 76 (3.00) 14 (0.56) 127 (05) +1(2004)°

RO—Outer raius (Type IV) . . - 25 (1.00) . +1(2004)





