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Executive Summary

This project used modealcale tank testing and fluidtructure-interaction (FSI) simulations to investigate
the behavior of foils with large deflections and the effe€these deflections owrossflowturbine
performance with thegoalof determining the maximum allowable deflections consonant with efficiency
and a robust, durable structurd validated modeling and simulation approaghs used in the design of
an OceanRenewable Power CompanyRPCEfull-scale turbine. The methodology is applicable to the
design of othemarine hydrokineticMIHK) devices andto hydrokinetic turbines which experience
significant deflections during operation

Foils for model scaleirbines were designednd built by ORP@nd testedat Jere A. Chase Ocean
Engineering Laboratoiat the University of New Hampshi(egNH) .Numerousfoils exhibiting different
deflection behaviors were investigate@ihe external profile of the test foilsag maintained constant,
and stiffness of the foils varied using different construction materBdgh straight and helical turbines
were tested.The foil materials included solid carbon composite, solid glass composite, hollow glass
composite, silicon bnaze and titaniumTurbine foils were supported by a pair of turbine struts, one of
which was movable along the turbine foil. This provides a means of varying foil stiffness for a given foil
material. Theseturbineswere instrumented tocollectdata characatrizing turbine performance and foil
strain. SandiaNational Laboratorie§Sandiapssisted with the selection of the strain measurement
methodology androvided the fiber optic interrogator, slip ring, and distributed strain sensgesl in
the testing Sandiaaidedassistance in installation, testingnd integration of the fiber optic sensor
system Sandia reviewed strain data from the calibration tests anik tests and confirmed that
strain data was being measured appropriately.

Simulation andralidation workfocused on developing engineering tools for predicting the effect of high
deflection on performance and structural longevity. The tank tests were modeled cmimgutational

fluid dynamics (CFD) arithite elementanalysis (FEAImulations Methodologies were investigated and
refined to allow for load transfer between the CFD and FEA mo#lélisid structure interaction (FSI)
methodology was validated using the tank test data.

Data and analysishowthat:

1 As the struts are moved, the sin range experienced by the foil changes significantly, with high
strains experienceth cases with lovlevel of structural supporfor the foil. Strain reflects
patterns generally expected from distributed loads on beams. Strain is symroetvieen inner
and outer surfaces, indicating a pure bending loading.

1 The hydrodynamic performance reduction from carbon to glass composite foils is very small and
may well be within the error bounds of the test. This indicates that while stiffness is tamgor
from a structural viewpoint, its impact on hydrodynamic performance may be less than
expected.

1 The helical turbine is hydrodynamically very different from the straight foil turbifkehelical
turbine tested is a highly twisted turbine and may a®sult be introducing additional
hydrodynamic effects when compared with the straight foil turbines.

9 Testing of thditanium helical turbindndicates that surface roughness is a critical parameter for
testing at the model scale.

Using the analytical methodologies developed in this workea highRSFf SOGA 2y NR (G2 NJ T2 NJ
turbines wasdesigned, making use of the lessons learned in maskdirtg andanalyticalmethods

explored in the projectThis improved rotor design implements improvements in foil geometry which

lead to improved turbine performance and reduced structural loadirsigalternative turbine strut
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placement and desighis updated rotor design provides a p&rcentincrease in energy efficiency
over the baseline efficiency. This represents @&rtentincrease imnnualenergyproduction (AEP)
and a B percent reduction irlevelizedcost ofenergy(LCOE) for a representative ORPC Power System.
LCOE values fonarray of fourTidGen® Power Systareshown in Table 1.

Tablel: Predicted AEP increases and LCOE reductionsrfareay of fourTidGerPPower Systers

Array of fourBaseline TidGen Array of fourHigh Deflection Foil | % Change
TGW TidGen TGH
Turbine Efficiency | 42.0% 52.2% 24.3%
AEP (MWhr) 538.5 669.2 24.3%
LCOE ($/kWhr) 0.67 0.54 -19.5%

Summary of Project Activities
The projecthadfour taskseach with separate milestones. The tasks were

=a =4 =4 =9

Task 1: Model Scale Testing of Hagtflection Foils

Task 2: Fluidic and Structural Modeling of Hydrokinetic Turbines
Task 3: System Integration
Task 4: Project Reporting & Management

Model scale testing of flexible crossflow turbines was carried out for multiple turbine and foil designs at

the! bl Qa WSNX ! & / Kl as$s

hOSIFYy 9y 3aAAYSSNRAY3I [ 02N (2 NE
towing tank.Turbine performance and stragtata were collected and analyzed. The data sets for the

testing conducted by the UNH team are being curated and will be made available by UNH on a publicly
accessible data hosting service or website well aon the Department of Energy{OB Marine

Hydokinetic Data Repository (MHKDR).

ORPC develaul fluid and structural modeling methods be used to design and analyze higybflection

foils. At the beginning of the project, the intent was to focus on using low order computational methods
such as momentum models, panel and vortex models, and simple {eéament structural models for

FSI modHing, based on the assumption that these modelling techniques would provide sufficiently
accurate results with much lower computational eff0®RPC worked to develop such tovder

analytical method$iowever, mne of loworder methods are fully capabld taking the structural
deflections as inputs to hydrodynamic modedsd these methods suffer from inaccuracies inherent in
their formulation ORPC determined that the project should focus on computational fluid dynamics
methods whichwere expected to povide more accurate results, although at a higher computational
cost ORPC developed ornveay and tweway FSI modelling approaches and validated thewag FSI
methodology using test data. Ongay FSI modelling proved accurate. Tway FSI modelling was
attempted but not completed in this work due to issusrscountered withparallelizationof the problem

on Hgh PerformanceComputingsystemsWhile it is expected that twavay FSI would be preferred, this
project determined that onavay FSI was sufficientrfa large class of problems and preferred in some
cases due to the lower computational effadquired.

ORPC appdthe FSI tools to a commercial ORPC turbine degigithe basis for design exploration,
ORPC selected the RivGen 2.1 turbine variant. This turbine has been previously deployed in multiple
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applications, and while there are differences in mechanical joint design between the variants, the basic
hydrodynamic Bape has been well established, and operational experience with the design obtained in
openwater tests Using the tools developed in this wattke efficiency of the baseline turbine is

predicted toincrease in efficiency by Z¥ercentwhich in turn is prdicted tolead to an increase in AEP

of 24percent. These improvements will lead tareduction in LCOE of &rcent

Cost, schedule, and technical performance was managed throughout the Project. Quarterly reports were
submitted during the performanceguiods.Projectmanagement plans and intellectual property
management plans were developed. Risk management for project and technical risks were performed
and risk management strategies were executed and updated throughout the Project.

Dissemination oféchnical work will occur in the form of conference papierbe authored byJNHas
part of a Ph.D. prograntdp to three papers are expected to be published within the next two years
related to the work conducted in this projec€omponent and LCOE contenbdels are uploaded to the
DOBEMHKDR

Thisfinal reportdescribegroject progress, system/component performance, lessons learned,
opportunities identified for further improvement of LCOE, and next steps in technology development.

The project provided an excellent opportunity to develop analytical approaches forsasges
performance of hydrokinetic turbines, and for validating these approaches with aduiglity data set
from scale model testing. Some key lessons learned include:

1 The strain data collection methodology used in this work is an excellent techniquelliecting
in-situ strain measurements for hydrokinetic turbine testing.

1 Hydrodynamic performance reduction from carbon to glass composite foils is small and may
well be within the error bounds of the test. This indicates that while stiffness is impdiramta
structural viewpoint, its impact on hydrodynamic performance may be less than expected.

1 ORPC worked to develop leavder analytical methods to guide design of high deflection foils
Thesewere deemed inadequate to the task or were assessed to bepotsionally intense
with insufficient benefit. None of loverder methods are fully capable of taking the structural
deflections as inputs to hydrodynamic models.

1 A omparison of CFD analysis and test datadifmat agreement between the 3D CFD results
and the test data for the straight carbamnd glasdoil turbine is very good.

1 This oneway FSI methodologyeveloped in this projeds relatively easy to implement, with an
easy to replicate workflonand is sufficiently accurate for design of hydrokiod¢tirbines.

Basedon the findings of the test worlincreased deflectioshould not adversely affettirbine
efficiency significantly. More detailedprogram of structural optimizatioshouldbe carried out by
ORPC to further refine the turbine desigrhe methodologies developed here will be carried over to

more complex geometries to include ducting, fairings, and other incidental support structures that often
exist within crossflow turbines

1.0 Task 1Model Scale Testing of Higheflection Foils

1.1 Task Summary
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Model scale testing of flexible crossflow turbgwas carried out for multiple turbine and foil designs at
theUNHQA WSNB ! @ / KFaAS hOSIFy 9y 3IAYySSNAy3a [ 062N G2NE
towing tank.Turbine performage and strain data were collected and analyzed. The data sets for the

testing conducted by the UNH team are being curated and will be made available by UNH on a publicly

accessible data hosting service or website.

1.2 Test Plan
ORPCUNH andsandiadeveloped a test planfor the project. The test plan was compledeandoutlines
best practices for tank testing crossflow turbines and specifically addresses difficulties previously
encountered with in situ strain measurements during crossflow turbine testing

1.3 Model Turbine Design
ORPC desigd and construced scalemodel turbinesfor use inthe towing tank at UNHFigurel).

Two configurationsof turbine were selected for testig: 1) a straight foil turbine an@) a turbine with
helically twisted foils. Parameters for each turbine are providetahle2.

For each turbinemultiple materials sets were used for construction of turbine f@ilable3). This
provided the opportunityto test turbines with the same external ape but with differing torsional and
flexural rigidity. This results in a wide range of stiffness between test turbines.

Radial turbine struts were provided for each turbine. One radial strut was affixed at one end of the test
turbine, while the secondteut was moved to different locations spanwise along the turbine foils, thus
ONBIiAYy3a RAFTFSNByYy(d € Sy 3 iik THsProvidksTariatidnNds#fneSsy Ra ¢ 2 F
between turbine foils of the same materials.

Within each series of turbes, the external geometry remained constant, whiie torsional and
flexural rigiditychanged Due to the different materials and structural support locations usedjde
range of stiffness between the test turbinessulted

Simplifiedanalysis tools were used to design the foifecluding momentum streartube analysis
techniques, and simple beam bending structural models.

While the helical turbine design uses the same foil profile as the straight turbine, the performance
characterisicsof the helical design were expected to be different from the straight foil turbires

length of each foil is increased due to the helical twist hedcethe solidity of the turbine change$he

degree of helical twist useid the model turbiness nmuch higher than would be used irfal-scale

turbineasr Fdzf f G o NI LI 2 7F (sKodtenéddpbidvise/lédgtiibrahe mcdlel ArbieS R Ay |
This helical scale model turbine represents an extreme of design that provides a test case at thé edge o

the expected design space.

! Gunawan B; Bachant P; Neary VS; Wosnik M (2016) Fiber Optic Instrumentation for Measuring Rotor Strain on
MHK Turbines, Proceedings of the 4th Marine En@gghnology Symposium, METS2016, Apf225
2016, Washington, DC.
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L L L
ITEM NO.| PART NUMBER DESCRIFTION ary. | MATERIAL
1 V0042-89955K419 Drive Shaft 1 Carbon Steel
2 P-ATGU-10694 Shaft Coupling Star Plate_Top 2 ALUMINIUM
3 V0042-94684T340 Flange Mount Shaft Caollar - 2" 2 Carbon Steel = - - K 1
4 V0042-21102A755 Split Lock Washer 6 Carben Steel . . -
5 V0042-91255A583 | Button Head Cap Screw - 5/16-18 x 1 & Carbon Steel
] P-xHDF-10714 Strut 2 | Aluminium 6051 Té
7 P-xHDF-10715 Strut Extension_75mm & | Aluminium &061-Té
8 P-xHDF-10717 Straight Foil Clamp_Lower & | Aluminium &061-Té
B ? P-xHDF-10718 Straight Foil Clamp_Upper & | Aluminium &061-T4
10 | V0042-9684T340 Flange Mount Shaff Callar - 2° 4 | Carbon stesl |
1 V0042-23501 4027 Bellevile Spring Lock Washer 12 Carbon Steel |
12 V0042-3332A276 Helical Insert 12 Steel
13 V0042-90665A158 | Low-Profile Socket Head Cap Screw | 12 Alloy Steel
14 V0042-91595A408 Dowel Pin_Smm 24 Alloy Steel
15 V0042-0835A200 Barrel Nut ] Carbon Steel 4
16 V0042-94365A370 Hex Thumb Nut W/ Flange 6 |18-8 Stainless Steel
17 V0042-71074A4129 Wedge Lock Washer & | Iinc Coated Stesl
[ T | GrodeB-Mid |
» 18 V0042-B750A437 hreaded Rod & Strength Steel
19 V0042-51255A587 Button Head - Socket Cap Screw 12 Alloy Steel
20 V0042-91102A755 Split Lock Washer 12 | Zinc Plated Steel
21 | P-xHDF-10734 Foil 3 | E-Glass/Carbon
11
13
. 14 2
T . O R P C sghooMMEcIAL ST
FORTLAND, ME 04101
( ’ {56 r2or
TILE:
HIGH DEFLECTION TURBINE
T To- s T SIEE [DWG. NO REV
o o] ox [ o B | AXHDF-10733| A
poven scatE: m | [ sHeer 1oF 1
T

Figurel: Scale Model Turbine Geometry

1.4 Model TurbineConstruction Details
Different materials and methods of manufacingwere used for the foils.

Due to testing constraints, natll these combinations were tested in the tow tadlkringthis project.
Additional testing is expected to occlater.

Details of the turbine shapes are providedTiable2.
Details of turbine materials are provided Tiable3.

Details of strut locations are provided Trable4.

1.4.1 CarbonGompositeFoil
Carboncompositefoils were constructedrom carbon fiber prepreg. The ply schedule is provided in
Table5. Theplieswere laid up in a closed mold amdencured This provided a solid carbon fiber
laminate. The laminate is symmetric and anisotropic, with higher stiffness in the spanwise direction.

1.4.2 GlassGmpositeFoll
Glass composittoils were constructed in the same manner as the carbon foils, with glassfibereg
used instead of carbon fiber prepragd using a similar layup schedule and process.
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1.4.3 Rubbefrfilled GassCompositeFoll
A set of foils was constructembmprised of a skin of glass compoasitith seven pliesof glass fabric. This
wasvacuum infusd with an epoxy resin. The internal void space inside thenmasdifilled with a Shore D,
urethane casting resin.

1.4.4 SiliconBronzeFoil
To evaluate alternative manufacturing process@®P@etermined to make a set of foils by casting
silicon bronze, which is a material wellited to marine applications. A samdsting mold was made
using a carbon fiber foil as a template and three foils cast in solid silicon bronze.

1.4.5 3D-printed Titanium Foil
To evaluate alternative manufacturing processe®PGetermined to make a set of foils using additive
manufacturing. Metal 3D printing was used to print segments of foils which were then fixtured together
to form a complete foil span.

The D printed materiacomprisessintered titanium particles and the gginted part has a relatively
rough surface finish 20 to 22>m Sa.The turbine was tested in the g®inted condition and after
surface finish was improvdaly buffing,wherethe averagesurface roughness decreased@do 13>m
Sa.

Figure2: Straight foil turbine and helical foil turbine, showindifferent positioning of movable strut.

Table2: TurbineConfiguration

Straight Foil Turbine Helical Foil Turbine
Turbine radius 0.5m 0.5m
Number of Foils 3 3
Foil span 0.9m 0.9m
Foil chord 0.095m 0.095m
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Foil mounting position | 1/2 chord position 1/2 chord position
Foil pitch 0 degree 0 degree
Twistper meter 0 degree 135 degres
Foil profile NACAO0018 NACA0018
Table3: Turbine Materials
Description Material Straight Foil | Helical Foil | Struts
Carbon PrepregSolid Gurit Carbon X
SparPreg
Fiberglass Prepredgsolid Gurit Glass SparPrg X
Fiberglass Prepregollow with rubber Glass fiber skin with
Shore D urethane
casting resin fill
Silicon bronze solid CDA 875 X
3D PrintedTitanium Ti-6AHYV, 98% solig X
Aluminum struts 6061-T6
Shaft Carbon steel X X
Table4: Turbine Strut Locations
Strut location positions
0.900m
0.675m
0.450m
0.225m
0.123m
Table5: SymmetricLaminate schedule for Carbon and Glass composite foils
LayerNo. | Orientation(deg) Ply thickness (mm) Width (mm)
1 0 0.586 98
2 0 0.586 95
3 45 0.586 91
4 -45 0.586 87
5 0 0.586 84
6 0 0.586 80
7 90 0.586 21
8 45 0.586 33
9 -45 0.586 40
10 90 0.586 47
11 0 0.586 53
12 0 0.586 58
13 45 0.586 63
14 -45 0.586 67
15 0 0.586 70




DEEE0008386.000
Design otHigh-deflectionFoils for MHKApplications

16 0 | 0.586 | 74
Note: The laminate is symmétrand consists of an additional piesfor a total of 32plies

1.5 Instrumentation
In addition to the standard crossflow turbine tow test instrumentation used at UNH, fiber optic strain
sensors were embedded along the length of the foils. For the straight foils, both sides of two of the
three foils were instrumented. Each of the two foivere permanently connected via the fiber cable.
Due to the increased length in the helical foils, only two sides of a single foil were instrumented. Sandia
National Laboratories assisted with the selection of the strain measurement methodologyavided
the fiber optic interrogator, slip ring, and distributed strain senagsed in the testingSandia alsaided
assistance in installation, testingnd integration of the fiber optic sensor systeBandia revieed
strain data from the calibratiotests and irtank tests andconfirmedthat strain data waseing
measured appropriately.

The fiber optic strain measurement instrumentation consisted of:

9 Distributed fiber optic sensors
For the experiments conducted at UNH, fiber length was approxim&t@ m and a sampling
rate of 100Hz,and a gage pitch of 2.6 mm was selected during testing. Gage pitch is the fiber
distance between the centers of two neighboring gages. This setting produces approximately
2000 data points for a 5.2 m length fiber\{#@ried slightly with the exact length of each fiber),
with 50 percentoverlap.

1 Fiber optic slip ring
A pressurecompensated Princetel fiber optic rotary joint (FORJ) REB5R8AFA was used
throughout the testing. This is the same model that was use8drydisand UNH on a prior
WPTGfunded Reference Model Project (RM2 at 1:6 scald)e FORJ is rated for 10,000 psi (6
km water depth).

1 Luna Odisi 6100Qptical Distributed Sensdmterrogator (ODiSl)
The ODiSI 6000 Series products are multichannekdeginition fiber optic sensing (HBOS)
interrogators. Working with sensors based on lowst unaltered optical fiber and operating on
the principle of measuring Rayleigh backscatter, the ODiSI systemeasure and acquire
strain and temperature with aigh spatial resolution.

Figure3: Fiber Optic sensorbeingembedded in two structural fiberglass composition straight turbine foils

Typicallya groove wasouted into both sides of two foils, and the fiber laid into and potted into the
groove (Figure3d). Potting materials were sanded flush with the foil surface.
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Each fiber optic @mentcould reportstrain measurement at 2.6mm intervals along the fiber and

allowed for real time strain measurement along both sides of each length of foil during tow tank testing.
The fiber optic strand was delicate and extreme care was required when installing and routing the cable
for testing.

1.6 Structural Calibration
Prior to tow tark testing each turbine configuration was subject to a structural calibration test whereby
known loads were applied at specified positions along the span of one failurbine. Measurements
of deflection were taken at known locations. Strain data wagect#d for each of the calibration tests.
These data were used to calibrate structural moehelterialpropertiesusedin Task 2.

Yy |

Figure4: Calibration testing for carbon foil turbine with strut separation = @AM
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Figureb: Calibration testing for carbon foil turbines with strut separation = 0.123m

An example of the tabular data for deflection is showT@ble6.

Table6: Exemplar table of deflection results for structural calibration test

Test# | Weight Weight | Test 1 (mm) Test 2 (mm) Test 3 (mm) Mean Std Mean Std
Location | (kg) Devation Deviation
(m)
Trailing Leading | Trailing Leading | Trailing Leading | Trailing Leading Trailing Leading
Edge Edge Edge Edge Edge Edge Edge Edge Edge Edge
la 0.3 5.520 -0.403 -0.383 -0.409 -0.385 -0.401 -0.380 -0.404 0.004 -0.383 0.003
1b 0.3 10.545 | -0.763 -0.726 -0.751 0.714 0.771 -0.730 -0.762 0.010 0.723 0.008
1c 0.3 15.565 -1.134 -1.082 -1.139 -1.085 -1.137 -1.086 -1.137 0.003 -1.084 0.002
2a 0.4 5.520 -0.680 -0.652 -0.672 -0.640 -0.682 -0.650 -0.678 0.005 -0.647 0.006
2b 0.4 10.545 | -1.308 -1.259 -1.294 -1.250 -1.289 -1.243 -1.297 0.010 -1.251 0.008
2c 0.4 15.565 | -1.938 -1.868 -1.941 -1.871 -1.937 -1.875 -1.939 0.002 -1.871 0.004
3a 0.6 5.520 -1.329 -1.297 -1.315 -1.283 -1.310 -1.284 -1.318 0.010 -1.288 0.008
3b 0.6 10.545 | -2.552 -2.489 -2.548 -2.483 -2.559 -2.498 -2.553 0.006 -2.490 0.008
3c 0.6 15.565 | -3.760 -3.665 -3.750 -3.658 -3.760 -3.665 -3.757 0.006 -3.663 0.004

Page 23 of 100



DEEE0008386.000
Design oHigh-deflectionFoils for MHKApplications

4a 0.7 5.520 -1.661 -1.619 -1.658 -1.614 -1.647 -1.610 -1.655 0.007 -1.614 0.005
4b 0.7 10.545 | -3.185 -3.109 -3.168 -3.092 -3.161 -3.090 -3.171 0.012 -3.097 0.010
4c 0.7 15.565 | -4.685 -4.560 -4.690 -4.569 -4.676 -4.559 -4.684 0.007 -4.563 0.006
5a 0.8 5.520 -1.920 -1.869 -1.913 -1.865 -1.911 -1.863 -1.915 0.005 -1.866 0.003
5b 0.8 10.545 | -3.660 -3.580 -3.639 -3.560 -3.641 -3.565 -3.647 0.012 -3.568 0.010
5c 0.8 15.565 -5.412 -5.225 -5.391 -5.248 -5.395 -5.250 -5.399 0.011 -5.241 0.014
Notes: Carbon fiber foils

0.123m strut separation

Indicator location at 0.512m along span

Leading edge measurement @ 14.72mm from leading edge of foil

Training edge measurement @ 14.89mm from trailing edge of foil

An example of the strain data from the structural test is showRigure6. There are some data
dropoutsalong the span, recorded a®t a number(NaN.
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Figure6: Example strain data from structural calibration test.
Carbon foil, with weightof 15.565kgapplied at 0.80m along the span.
Fixed strut located at span = Om and extending for 0.0127m.
Movable strut located at span = 0.123m and extending from 0.110m to 0.123m

The influence of the struts is seen in thetplBor the case shown the presence of the fixed strut at span

= 0m is clearly indicated. The width of the struts is 0.0127mm and strain measurements do not register
until this side of the strut ipassed The second movable strut is located between 0.1%d 0.123m

along the strut. Again, this location is clearly defined in the strain pldts.applied weight is at C08m.
There is some ambiguity as to the location of the weight due tdofbekingused to transfer load to the
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foil (Figured). This test is equivalent to a beam bending test, with the beam supported as a cantilever
and with load applied at a discrete point.

Another example of strain data from the calilticn testing is provided ifigure?7. In contrast to the
previous example, this case represents beam bending with a stippeach endvith struts at their
maximum separation of 0.900rhe calibration weight was applied near the center of the foil
Maximum stain occurs at the load application point. Strain transitions from compressive to tensile
moving from left to right along the spandicating the localizé effects of the strut jointas well as the
end effects on the strain gauge as it wraps around thieffom the upper to the lower surface of the foil
(Figure3).

Multiple such calibration sets were obtained for the straight foil turbines.
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Figure7: Example strain data from structural calibration test.
Carbon foil, with weight of 15.565kg applied at @@m along the span.
Fixed strut located at span = Om and extending for 0.0127m.
Movable strut located at span = 0.900m and extending from 0.887m to 0.900m

For the helical foil turbines, it proved difficult to manage the run of fiber optic strand betweendileo f
and so only one of the foils for each helical turbine test was outfitted with a strain gauge.

For theadditive manufactureditanium model,it was not possible to inset the fiber optic strand with
the body of the material, and testing was condwtt@ithout strain measurements.
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1.7 Tow Tank Geometry
Testing of the various model turbines was conductetViatH

Tank parameters are as follows
Length 36 m

Width: 3.66m

Depth 2.44m

Fresh water
Temperature ~ 2%

= =4 -4 -8 -9

The turbines were mounted in\gertical orientation Figure8) in a streamlined test frame. A servo
motor/generator was used to control the rotational speed of the turbine and torqas weasured with

an inline rotatory torque cell, mounted between the turbine and the motor/generator, with a secondary
torque measurement from a moment arm and a load cell where the motor is mounted to the tow

frame. The test frame rides on linear begsrand is connected to the tow carriage via twioeam

load cells which provide an overall thrust measurement, from which tare thrust measurements was
subtracted. Tow speeds ranged from 0.6 to 1.3 m/s. The turbine center is located at a depth of 1.200m.
Tow speed and turbine rotational speed were fixed for each test run, controlling turbine tip speed ratio
(TSR).

Figure8: Coordinate system for turbine testRotation is positive around Z.

1.8 StraightFoil Carbon Composite Turbine Test
Test data will first be presented and commentary on the data and test findings will be provided later in
this report.

1.8.1 Straight Foil Carbon Gomposite Turbine HydrodynamicResults
Initial tank testing focused on the carbon straight torbine. Multiple tests were performed to
establish the testing speed at which the performance results became Reynolds Number independent

For a given strut location and turbine type, the turbine was spun up to a preset rotational speed and
then then toved along the tank. Testing resulted in data which was then processed and presented as
turbine efficiency, and nodimensional turbine forces. Standard definitions of Coefficient of
Performance (Cp) and Coefficients of Drag were used. The testing wasaepieaee times for each

test condition
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The movable strut was then repositioned along the span, and the turbine retested for the new strut
position (Table4). The fixed strut was always located nearest the bottom of the tank.

Test results were Reynolds number independent at a tow speed of 1.1 m/s.
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Figure9: AverageCoefficient of Performance vs. Tip Speed Ratio for carbon straight foil turbine. Testing
performed at different tow speedsMovable strut is located at 0@m position.
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FigurelO: Average Gefficient of Performance vs. Tip Speed Raffior carbon straight foil turbine, tw speed of

1.1 m/s, and strut positions from 0.123 to 0.900 m.
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Figurell: Average Coefficient of Drag vs. Tip Speed Ratio for carborigditdoil turbine. Testing performed at

different tow speeds. Movable strut is located at (09m position.
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Figurel2: AverageCoefficient of Drag vs. Tip Spe&htio for carbon straight foil turbinefor a tow speed of 1.1
m/s, and strut positions from 0.123 to 0.900 m.
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Figurel3: AverageCoefficient of Performance at a Tip Ratio of 2.&0 carbon straight foil turbinefor different
Reynolds Number (different tow speeds).
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Figurel4: Turbine torque as a function of turbine rotational position for carbon straight foil turbines for
different strut positions.Turbine tow speed = 1.1m/s, and tip speed ratio =@.4

1.8.2 Straight Foil Garbon Gomposite Turbine Sructural Results
Strain data for the straight carbon composite foil turbine for various struts locations is shown in the
following figuresThe data are presented in two charts. The leftmost chart shows the strain on the
outside surface of the foil along the foil span dsiaction of turbine angular position. The rightmost
chart shows the strain on the outside surface and the inside surface at a stated spanwise location on the
foil as a function of turbine angular position. The pattern of strain at any given point alergptin can
be inferred from these two plots.

Strain measurements near the end of the foils are not aligned with the spanwise direction as the fiber
sensing element changed direction to wrap onto the other side of theFajufe2).
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Figurel5: Strut location of 0.123m. Major strain in outermost ply of the outside surface for steaight carbon
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner sudce of the same foil as a function of turbine rotational position at spanwise
location of 0.440might). Tip speed ratio is 2.40.

urbine Angle (deg)

Figurel6: Strut location of 0.225m. Major strain in outermost ply of the outside surface foettraight carbon
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner surface of the same foil as a function of turbine rotational position at spanwise
location of 0.440m (ight). Tip speed ratio is 2.40.

urbine Angle (deg)

Figurel?: Strut location of 0.450m. Major strain in outermost ply of the outside surface for steaight carbon
composite foil along the foil span, for different turbine rotationglositions (eft). Major strain for the outermost
plies on the outer and inner surface of the same foil as a function of turbine rotational position at spanwise
location of 0.00m (right). Note change in strain scale from prior plot§ip speed ratio is 2.40.

Page 31 of 100



DEEE0008386.000
Design oHigh-deflectionFoils for MHKApplications

e - AN .
il A "’V.ﬁ%w:éﬁ"%‘:@_l i % P EELAS SRR IERERE
N AR £ NI O AT g . Lt
N e e

N

X N
& 'Mﬁ_—w\"”

urbine Angle (deg)

Figurel8: Strut location of 0.675m. Major strain in outermost ply of the outside surface for tteaightcarbon
composite foil along the foil span, for different turbine rotational positiontet). Major strain for the outermost
plies on the outer and inner surface of the same foil as a function of turbine rotational position at spanwise
location of 0440m (right). Note the change in scales compared with prior plotsp speed ratio is 2.40.

Turbine Angle (deg)

Figure 19: Strut location of 0.900m. Major strain in outermost ply of the outside surface for tteaightcarbon
composite foil along the foil span, for different turbine rotational positionteft). Major strain for theoutermost
plies on the outer and inner surface of the same foil as a function of turbine rotational position at spanwise
location of 0.440m (ght). Note the change in scales compared with prior ploTsp speed ratio is 2.40.
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Figure20: Strut location of 0.900m. Major strain in outermost ply of the outside surface for the straight carbon
compositefor different turbine angles for different tip speed ratios. The angular position of maximum
compressive strain changes with tippeed ratio, advancing as TSR increasEse spanwise location for this
strain measurement i$.440m.

1.9 Straight Foil GassComposite Turbine Test
Test data will first be presented and commentary on the data and test findings will be provided later in
this report.

1.9.1 Straight Foil GlassGomposite Turbine HydrodynamicResults
The same test methodology was used as for straight carbon foil turbines.
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Figure21: Average Coefficient of Performance vs. Tip Speed Ratio for glass composite straight foil turbine.
Testing performed at different tow speed$4ovable strut is located at 0.90m position.
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Figure22: Average Coefficient of Performance vs. Tip Speed Ratio for glass composite straight foil turbine for a
tow speed of 1.1 m/s, and strut positions from 0.123 to 0.900 m.
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Figure23: Average Coefficient of Drag vs. Tip Speed Ratio for glass composite straight foil turbine. Testing
performed at different tow speeds. Movable strut is located at @9m position.
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Figure24: Average Coefficient of Drag vs. Tip Speed Ratio for glass composite straight foil turbine, for a tow
speed of 1.1 m/s, and strut positions from 0.123 to 0.900 m.
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Figure25: Average Coefficient of Performance at a Tip Ratio of Zd&0glass composite straight foil turbine for

different Reynolds Number (different tow speeds).

100

Turbine Torque (Nm)

-60

Turbine angle (deg)

300

—5123

5225
——5450
—5675
—5900

Figure26: Turbine torque as a function of turbine angle for glass composite straight foil turbine for different

strut positions. TSR 2.40Tow speed= 1.1m/s.
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1.9.2 Straight Foil GassGomposite Turbine Sructural Results
Strain data for the straight glass composite foil turbine for various struts locations is shown in the
following figures. The datis presented in two charts. The leftmost chart shows the strain on the outside
surface of the foil along the foil span asuaétion of turbine angular position. The rightmost chart
shows the strain on the outside surface and the inside surface at a stated spanwise location on the foil
as a function of turbine angular position. The pattern of strain at any given point alorgpérecan be
inferred from these two plots. Note thathen compared with the carbon foil test, the strains are
higher, and that the strain sensing seems less capable with significant amount afrdptauts

Turbine Angle (deg)

Figure27: Strut location of 0.123m. Major strain in outermost ply of the outside surface for #teaightglass
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies an the outer and inner surface of the same foil as a function of turbine rotational position at spanwise
location of 0351m (right). Note that for higher strain measurements data quality decreases and data dropouts
increase.Tip speed ratio is 2.40.
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Figure 28: Strut location of 0.225m. Major strain in outermost ply of the outside surface for #teaightglass
composite foil along the foil span, for different turbine rotational positiontet). Major strain for the outermost
plies on the outer and inner surface of the same foil as a function of turbine rotational position at spanwise
location of 0.42m (right). Note change in scale from prior ploTip speed ratio is 2.40.
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Turbine Angle (deg)

Figure29: Strut location of 0.450m. Major strain in outermost ply of the outside surface for steaightglass
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner surfee of the same foil as a function of turbine rotational position at spanwise
location of 0502m (right). Note the change in scales compared with prior plof8p speed ratio is 2.40.

Y, \‘\
P : ~ g | s - (A R R IS (PO (S (U
Do o : AA .
\\M

Turbine Angle (deg)

Figure30: Strut location of 0.675m. Major strain in outermost ply of the outside surface for steaightglass
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner surfze of the same foil as a function of turbine rotational position at spanwise
location of 0440m (right). Note the change in scales compared with prior plotsp speed ratio is 2.40.
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Figure31: Strut location of 0.900m. Majortsain in outermost ply of the outside surface for thetraightglass
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner surface of the same foil as a functidriusbine rotational position at spanwise
location of 0.440m(ght). Tip speed ratio is 2.40.

1.10 HelicalFoil GassComposite Turbine Test
Test data will be presentefirst. @mmentary on the data and test findings will be provided later in this
report.

1.10.1 HelicalFoil GassGmposite Turbine HydrodynamicResults
For the helical foil glass composite turbjhesting was not conducted at a strut location of 0.123m as
the strains vere potentiallylarge enough to cause damage to the composite.

Initial testing showed that the performance of the helical turbine to be significantly different from the
straight foil. The maximum obtainable Cp value was lower and occurrefiigharthan-expectedtip
speed ratio. It was possible to test at a highewtcarriage speethan for the straight foil.
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Figure32: Average Coefficient of Performance vs. Tip Speed Ratio for glass composite helical foil turbine. Testing
performed at different tow speeds. Movable strut iBcated at 0.90m position.
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Figure33: Average Coefficient of Performance vs. Tip Speed Ratio for glass composite helical foil turbine for a
tow speed of 1.3 m/s, and strut positions from 225to 0.900 m.
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Figure34: Average Coefficient of Drag vs. Tip Speed Ratio for glass composite helical foil turbine. Testing
performed at different tow speeds. Movable strut is located at @9m position.
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Figure35: AverageCoefficient of Drag vs. Tip Speed Ratio for glass composite helical foil turbine, for a tow speed
of 1.3 m/s, and strut positions from 0.123 to 0.900 m.

0.30

0.20

0 200,000 400,000 600,000 800,000 1,000,000 1,200,000 1,400,000 1,600,000

0.225m

-0.10 ] 0.450m
0.675m

© 0.900m

Coefficient of Performance

-0.40

Reynolds Number

Figure36: Average Coefficient of Performance at a Tip Rati®@d#H0 for glass composite straight foil turbine for
different Reynolds Number (different tow speeds).
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Figure37: Turbine torque as a function of turbine angular position for glass helical foil turbines with different
strut positions.

Thehelical turbine is highly twisted when compared with full scale ORPC turbines, with a helical angle of
135 degree/m as compared to a typical twist of 27 degree/m flullescaleturbine. This large helical

twist was chosen to provide a minimum of oscithatin turbine torque and drag during rotatidior this

model scale test.

1.10.2 HelicalFoil GassGmposite Turbine Sructural Results
Strain data for the helical glass composite foil turbine for various struts locations is shown in the
following figures. The datispresented in two charts. The leftmost chart shows the strain on the outside
surface of the foil along the length of the éibsensing element as a function of turbine angular position.
The rightmost chart shows the strain on the outside surface and the inside surface at a stated spanwise
location on the foil as a function of turbine angular position. The pattern of strainyageaven point
along the span can be inferred from these two plots. Note that compared with the previous tests, the
strains are higher, and that the strain sensing seems less capable with significant amount of data
dropouts.

These plots show a differertaxis scale when compared to prior plots of strain, since the fiber optic
sensing element was embedded parallel to the leading edge of the helical foil. The glass helical foil is
longer than the glass straight foil.334m as compared wit0.900m for thestraight foil.

Testing was not performed for the 0.123m strut spacing as strain valaestoo high for the material
to sustain.

Page42 of 100



DEEE0008386.000
Design oHigh-deflectionFoils for MHKApplications

g ¢ B T 0 g 3
3 - G i e g . R SR ; A
5 i : N g I E
\ = = 0t
x Z =
- . ..
whi?
&
3 A

Turbine Angle (deg)

Figure38: Strut location of 0.225m. Major strain in outermost ply of the outside surface for thelicalglass
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner surfacof the same foil as a function of turbine rotational position at location of
0.715m along gaugdright). Tip speed ratio is 3.00.
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Figure39: Strut location of 0.450m. Major strain in outermost ply of the outside surface foehelicalglass
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner surface of the same foil as a function of turbine rotational position at location of
0.800m along gaugdright). Tip speed ratio is 3.00.
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Figure40: Strut location of 0.675m. Major strain in outermost ply of the outside surface for thelicalglass
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner surfacof the same foil as a function of turbine rotational position at location of
0.900m along gaugdright). Note change in scales compared with prior plotSp speed ratio is 3.00.
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Figure41: Strut location of 0.900m. Major stin in outermost ply of the outside surface for thieelicalglass
composite foil along the foil span, for different turbine rotational positionteft). Major strain for the outermost
plies on the outer and inner surface of the same foil as a functionwbine rotational position at location of
0.440m along the gaugédright). Note change in scale compared with prior plofBip speed ratio is 3.00.

1.11  HelicalFoil 3D-printed Titanium Turbine HydrodynamicResults
Tow testing was performed for the 3Dinted titanium turbine. Initial tests were performed with the
turbine in the as printed surface conditiohhe 3D printed material comprises sintered titanium
particles and the aprinted part has a relatively rough surface finish of 20 to>&2Sa.Theefficiency of
the turbine in this configuration was negative.

Thesurface finish was improved by buffing, where the average surface roughness decreased to 6 to 13
>m Sa.The efficiency of the turbine in this configuration was positive.

For the smootheconfiguration the turbine was run at different Reynolds numbers to determine at
which point the results became independent of Re.
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Figured42: Average Coefficient of Performance vs. Tip Speed Ratio for 3D prititadium helical foil turbine of
different surface roughness. Testing performed at 1.3 m/s. Movable strut is located ad@r® position.
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Figure43: Average Coefficient of Drag vs. Tip Speed Ratio for 3D printed titanium hdbdalirbine of different
surface roughness. Testing performed at 1.3 m/s. Movable strut is located ad@®position.
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Figure44: Average Coefficient of Performance at a Tip Ratio of 3.1 for 3D printed titanium helical foil turbine of
givensurface roughnesfor different Reynolds numbersTesting performed at 1.3 m/s. Movable strut is located
at 0.9m position.

1.12 Comparison of Data
Table7 provides a summary of some data from the tank testing. Maximum and minimum strain values
for the outer strain fiber are provided. For each of the test setupsehmaxima and minima will occur
at different locations along the foil span, and at different turbine angular positions. These values will
depend on flow speed, tip speed ratio, as well as the strut location and the material composition of the
foils. A stram range is calculated from the max and min values, but this should only be used as a guide to
the range of strain that a particular setup may experiencet sspossiblehat max and min values of
strain willnot occur at precisely the same location on the foil. The lar@gs$ provided for each test
setup.
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Table7: Summary of data from tank testing

Max Tensile Strain Max Compressive Strain|Strain range (max - min) |Max Coefficient of

(microStrain) (microStrain) (microStrain) Performance Tip Speed Ratio
Carbon Straight Foil S123 769 -278 1,047 0.256 2.40
Carbon Straight Foil S225 573 -217| 790 0.273 2.4
Carbon Straight Foil S450 257 -105 362 0.284 2.4
Carbon Straight Foil S675 84| -96 180 0.292 2.40
Carbon Straight Foil S900 70| -224 294 0.306 2.40
Glass Straight Foil S123 3,265 -1,545 4,810 0.232 2.40
Glass Straight Foil S225 2,625 -1,014 3,639 0.253 2.40
Glass Straight Foil S450 1,179 -473 1,643 0.285 2.40
Glass Straight Foil S675 455| -388 843 0.292 2.4
Glass Straight Foil S900 441 -806| 1,244 0.294 2.40
Glass Helical Foil H225 4,487 -2,827 7,314 0.171] 3.00
Glass Helical Foil H450 1,281 -1,43Q 2,711 0.198 3.00
Glass Helical Foil H675 697 -432 1,129 0.201 3.00
Glass Helical Foil H900 835) -361 1,194 0.154 3.00
Titanium 3D printed Foil |H900 0.058 3.00

1.12.1 CarbonStraight FoilData
Comments on the hydrodynamperformance data presented for the straight carbon compaosite foil

turbine.
1

1
13).

)l
1
il

14).

Maximum @ occurs in the region of TSR of 2.5 for all tests.
Test results are dependent on tow tank speeds up to a tow speed of 1. IHms €9, Figure

Maximum value of €increases as the strut spacing increadeigiyjre10).
Values of Drag Coefficient are independent of strut spadigu(el?).
Turbine torque as a function of turbine angle appears mostly unaffected by strut podtiiguré

Comments on the strain data presented for the straight carlcomposite foil turbine.

1

1
1
1

Strain magnitude generally increase as unsupported length increases.

Strain reflects patterns generally expected from distributed loads on beams.

Strain is symmetric between inner and outer surfaces, indicating a pure bendidigdp
Highest strain occurs at larger turbine angles for increasing tip speed ratios.

As the struts are movedhe strain range experienced by the foil changes significantly, with high strains

experie

nced at the S123 strut location, which providesltveestlevel of structural support to the foil.

The strain patterron the foil outer surfacehanges from a compssive to a tensile dominated strain as

the stru

ts are moved from the 0.900 through the 0.123m positions.

The hydrodynamic performance of the turbine is reduced as the stiffness of the setup is reduced.

1.12.2 Glass Straight FoData

Comments on th@erformance data presented for the straight glass composite foil turbine.

T Maximum @ occurs in the region of TSR of 2.5 for all tests.

9 Testresults are dependent on tow tank speeds up to a tow speed of 1. 1Fgle€21,
Figure25).

T Maximum value of Rincreases as the strut spacing increadeg|re22).

1 Values of Drag Coefficient are somewhat dependent on strut spak€iggré24).
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1 Turbine torque as a fiwction of turbine angle is somewhat different for different strut
positions Figure26).

Comments on the strain data presented for the straight glass composite fbiher
9 Strain magnitude generally increase as unsupported length increases.
9 Strain reflects patterns generally expected from distributed loads on beams.
1 Strain is symmetric between inner and outer surfaces, indicating a pure bending loading.
1 When the strai values exceed Ogdercentstrain, strain data is often dropped.

The strain pattern for the glass foils follows similar behavior to the carbon foil case, but with strain
values approximately 8.times higher.

The hydrodynamic performance of the turleiis reduced as the stiffness of the setup is reduced as was
the case for the carbon foils, but with a slightly overall smaller max Cp for all setups.

1.12.3 Glass HelicaFoilData
Comments on th@erformancedata presented for the helical glassmposite foil turbine.

1 The shapsof the @/TSR curves for this helical turbine are fundamentally different than for the
straight foil turbines. The maximum Cp value is lower and occurs at a higher TSR value.
Maximum @ occurs in the region of TSR of &t a flow speed of 1.3m/dgure32)

The location of the struts has a significant effect on the maximum value dfiQuré33)
Tow speed does not have a large effect on the Coefficient of Biggre34)

Strut location has a small effect on tl@mefficient of DragHigure35)

Higher tow test speeds were achievable for the helical turbFigure34)

Turbine torque patterns show differences for different strut positioRg(re37)

= =4 =4 -8 -8 -9

Comments on the strain data presented for the helical glass composite foil turbine.
9 Since the turbine is helically twisted, strain along the foil is a composite of strain at different
angula locations relative to the flow. This complicates the interpretation of these data.
1 Itappears that strains at the movable upper strut are higher than at the lower strut.

The helical turbine is hydrodynamically very different from the straight foiliha®. Fundamental
behavior has changed, with the optimum tip speed ratio shifting from 2.40 for straight foils to 3.00 for
the helical turbinesThe helical foil is almost Gdercentlonger in length than the straight foil due to the
helical twist.Strainsare significantly larger.

1.12.4 Carbon Straight Foil vs. Glass Straidtuil Data
We can compare the performance of the straight foil data sets.

The glass foil strains are approximately 4.6 times higher than those for the carbon foils, as would be
expected based on the materials properties of carbon and glass composites. The reduction in stiffness
for the glass composite foil is perhaps more thaowd be expected based on the design material
properties. Based on the strain values we would expect that the glass foils ¥ddiraes more than the
carbon foils during turbine rotation.

The hydrodynamic performance reduction from carbon to glass coitgfisls is very small and may
well be within the error bounds of the test. This indicates that while stiffness is important from a
structural viewpoint, its impact on hydrodynamic performance may be less than expected.
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1.12.5 Glass Helical Foil vs. Glass Sgfeti FoilData
Thehelicalturbine tested is a highly twisted turbine and may as a result be introducing additional
hydrodynamic effects when compared with the straight foil turbines.

Given the magnitude of the performance shift it may not be possiblaaie any direct comparison

with straight foil performance. The large reduction@pfor the helical glass turbine is more likely due to
changes in the turbine shape than in the turbine stiffness.

The helical turbine exhibits lower average torque valines the equivalent straight foil turbine, but

also exhibits much lower torque oscillations as expectéawever,the torque oscillation is still not
reduced to a negligible level.

100
80
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\
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o
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0 60 120 180 240 300 360
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Figure45: Turbine torque for carbon straight, glass straight, glass heltoabines as a function of turbine
rotational position. Torque shown is at 1.1 m/s for the straight foils, and 1.3 m/s for the helical foils. Torque
production for the helical turbine is laver than for straight foils, but also has a smaller oscillation range.
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Figure46: Average turbine torque for carbon straight, glass straight, glass helical turbines for different strut
positions. In this plot the average torquéor the glass helical foil turbine is scaled to a 1.1 m/s flow speed for
direct comparison with the straight foil data.

1.12.6 Titanium Helical Foil vs. Glass Heli¢ail Data
TheCpfor the titanium helical turbine is lower than that for the glass helical turbine, even though the
stiffness of the titanium turbine is greater. The major effect of surface roughness on the résglise
42) shows that surface finish at this model scale is more significant than stiffness of the system.
Additional investigation will be required to determine relative effects.

1.13 Task 1Summary andMilestones Status
Tow tank testing of different implementations of cross flow turbine was completed.

High quality strain and performance data was collected for the tested configurations.

Milestones were completed as follows

Table8: Task 1 Milestone Summary

Milestone 1.1 Test plan for scale model testing completed with best practices identified and accountg
for in testing methodology. Data acquisition system (DAQ) design will define
instrumentation, resolution, and accuracy requiremats to validate FSI models;
simulated datasets will have been posprocessed to verify DAQ requirements.

Status Complete

Deliverable EE0008386 Deliverable 1.1 UNH experimental test plan.pdf
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Milestone 1.2 Completed design for test foilsAnalytical models of scale model foil performance will
predict achievement project target objectives for fullscale efficiency, system
performance and costs improvements.

Status Complete

Deliverable EE0008386 Deliverable 1.2 Design for Testoils.final.pdf

Milestone 1.3 Scale model foils built and prepared for tank testing. Foils will have been verified to
meet structural and dimensional specifications per scale test requirements.

Status Complete

Deliverable EE0008386 Deliverable 1.3 ScalModel Foil Build.pdf

Milestone 1.4 Testing of all turbines completed, data processed, and results summarized. Test result
will be complete and validate performance predictions from analytical models to
achieve project objectives for efficiency, systerperformance and costs.

Status Complete

Deliverable This final report serves as deliverable for M1.4

2.0 Task 2: Fluidic and Structural Modeling of Hydrokinetic Turbines

2.1 Task Summary
ORPC will develop fluidic and structural modeling methods which can be used to design and analyze
high-deflection foils.

2.2 Low-order Hdelity Modelling
At the beginning of the project, the intent was to focus on using dogker computatioral methods such
as momentum models, panel and vortex models, and simple betment structural models for FSI
modelling.ORPC worked to develspichlow-order analytical methods to guide design of high
deflection foils.These analytical methods provide onay fluid struture analysis, taking hydrodynamic
loadings and applying the loadings to structural models to estimate deflecfitreswork investigated
multiple approaches, with varying degrees of success. Some of the analytical paths were followed but
were deemed inadguate to the task or were assessed to be computationally intense ingthifficient
benefit. None ofthe low-order methods are fully capable of taking the structural deflections as inputs to
hydrodynamic models.

ORPC completed this effort adétermined that the project should focussteadon computational fluid
dynamics methods.

2.3 Computational Fluid Dynamics
ORPC focesl hydrodynamic analysis efforts on Reynolds Averaged N&taes (RANS)
methodologies. A review of the various commercial codes available indicated that licensing models for
use of these codes would lead to a prohibitively large computational cost.-@pece RANS codes
were investigated, an@penFOAMvas selected as a CFD tool which appeared to be scalable and cost
effective. The opensource nature of the code also offered the ability to modify thei€edeh
modification was needed for a flustructure interaction analysis.
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2.4 Structural Analysis
In keeping with the desire to use scalable, opensource tools, ORPC focused on using foalculix
structural analysis. Calculix uses drafustype input deck which allows for reading and editing of deck
entries inthe American Standard Code for Information Intercha§8C)I As the project developed
ORPC tended towards usiN@strantype deck inputs instead ofbaqus

2.5 CFD Validation
To provide validation of the CFD codettings,and solution parameters ORPC conducted several
validation exercises. An analysis of a 2D static airfoil problem was conducted. The analysis was expanded
to a pitching airfoil problem. Analytical results were compared with empirical data.

2.6 2D CFDsStaticFoll
A test case for a NACAO0012 airfoil was used to assess performance of mesh settings and turbulence
models.Meshes were generated with ORB€ermined mesh parameters

Runs were performed for a range of angles of att&aker time stepswvere requiredfor convergences
flow approached separation.

Empirical data was obtained from Ladgon

A panel code analytical toXfoif', was also used for comparison purposes.

The Spalarlmaras (SA) and thek  {¢ fnatlels turbulence models were assessed.

Runs were performed with and without wall functions. For the cases without wall functions, y+ values of

order ~1 were usedlabled summarizes the results. A root mean squéarMSrror is calculated to
compare the CFD predictions with the empirical data.

Coefficient of Lift - NACAD012 Re = 626 Coefficient of Drag - NACA0D12 Re = 6e6

Figure47: OpenFOAMpredictions for Coefficient of Lifand Dragusing SpalarAlmaras turbulence modehs
compared with empirical data and XFoil predictions

2 CALCULIX: A ThrBémensional Structural Finite Element Program
3 2D NACA 0012idoil Validation (nasa.gov)

4 https://web.mit.edu/drela/Public/web/xfoil/

5 SpalartAllmaras Model (nasa.gov)

6 OpenFOAM: User Guidepknega Shear Stress Transp(SST)
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Table9: Summary of lift and drag errors fawo turbulence models irOpenFOAMor a NACAQ012 case

Root Mean Square Error
SA 1 -SST SA- wall function 1 -SSFwall function
CD (0 to 16 deg) 0.003 0.009 0.028 0.008
CD (16 to 20 deg) 0.199 0.166 0.096 0.047
CL (0 to 16 deg) 0.023 0.048 0.157 0.059
CL (16 to 20 deg) 0.515 0.264 0.217 0.205

1 For attached flows the SA model follows drag better.

9 For attached flows the SA model follows lift better.

1 For separated flows the SA performs well for drag, but oddly the wall function version pfthe
SSTmodel performs better.

1 For separated flows the wall function models appear to be marginally better, and the SA model
performs worst but agreement with emipical data is poor in either case.

2.7 2D CFDPitchingFoll
A further refinement is to examine the ability of the RANS solver to predict behaviors from oscillating
foils compared totest datd for pitching foils over a wide range of conditions

The pitching function is expressed as a sinusoidal variation of pitch around a fixed pitch value. The
reduced frequency parameter is used to characterize the rate of the pitch oscillation.

1 'QQ6 Q00N Qt-Gw

Figure48: CD and CL for a pitching foil with 11-# degrees, reduced frequency = 0.190, as compared with data
from Piziali.NACAO0015 profile.

Additional cases were run with higher values afueed frequency.

From this work ORPC concluded:

7 Piziali NASA TM 4632 2D and 3D Oscillating wing aerodynamics for a range of angles of attack including stall
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1) SA turbulence model is easier to implemethtan thel -SST modelhichrequires entry of
multiple constantsThe] -~SST does hot seem to improve accuracy relative to empirical data.

2) A y+ ofapprox. 5 is suitable for SA model.
3) Flow separation is not well captured @penFOAMy either turbulence model.
4) Liftis well predicted by the OpenFOAM models.

5) Drag is often overpredicted for stati@penFOAMnodels, but underpredicted for the pitching
model cases.

2.8 3D CFDOests
To evaluate the settings required for a 3D CFD solution a simplified 3D mesh consisting of only the scale
model turbine straight foils and the UNH tank geometry was created. This model ignores turbine
shafting, strutsand the tubine model support structure in the tank.
3D CFD models were setup for each of the straight foil model cases tested in the UNH tow tank.

Two initial meshes were created: a fine mesh and a coarser mesh. For both meshes only the cells in the
rotor zone vere adjusted, with cells in the volume domain the same for both meshes.

A run for TSR 2.75 was completed for both meshes, with two comfiretirotations for each of time
steps equivalent to 8,4,2, and 1 degree.

The M1 and M3 meshes results in y+ eslof order 1.

A coarser mesh, M4, was created with y+ values for the foils of ordé&/&lD functiorsareactive for
this mesh.

Tablel10: Mesh Density study. Rotor zone cells.

Rotor Zone Mesh
Mesh Pentagon| Hexagon | Polyhedral | Total number of Initial Layer Number
cells cells cells cells height (mm) Layers
M1 65,844 7,422,516 | 6,622,631 | 14,110,991 0.005 25
M3 44,604 5,028,156 | 1,620,731 | 6,693,491 0.010 22
M4 10,620 1,179,180 | 1,627,707 | 2,817,507 0.300 6

A comparison of time step (in degrees), Mesh density, and use of wall functions indicates that the only
significant outliers are when time step is greater than 6 degrees.
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Figure49: Sensitivity of Cp tanesh settings
Atime step of less than 6 degrees is adequate.

TheM1 modelwas run for more than 3 rotations. The average MZ value continues to reduce but only
marginally after rotation 5.

Table11: Number of rotations requiredor rotor torque convergence

Rotation | Average rotor torque (Nm) % Difference from previous rotation
1 32.13

2 21.55 67.08%

3 19.87 92.21%

4 19.34 97.35%

5 19.16 99.04%

6 19.00 99.19%

Only 5rotations are required to establish a steady state.

2.9 3D CFD Straight Foil Turbiheshing
Using the settings determined from the previous sections, ORPC created CFD meshes for a straight foil
turbine with the movable strut located at the five differentstiocations (0.123, 0.225, 0.450, 0.675,
0.900m). These meshes included the turbine strut and shaft geometry. In additefixturing system
for holding the scale model in the UNH tank was included in the model geometry.

These are large meshes whigguire substantial computational effort to solve. ORPC utilized cloud
computing services to providgigh performancecomputing (HPC) facilities for these analyses.
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Figure50: Cross sectional view of the test turbine setup the UNHtow tank.

Figure51: Isometric view of straight foil turbine domain. The dimensions of the UNH tow tank are used for the
domain. The turbine is located at a fixed position in this domain and flow is in thdirection (left to right
above).
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Figure52: Isometric view of straight foil turbine rotor. The vertical and horizontal tank support structure for the
turbine is shown. Some shaft connection details are not modeltedallow for separation of the static mesh and
the rotating turbine rotor mesh.

Figure53: Isometric view of straight foil turbine surface mesh. The meshes used were quad dominant and
aligned with the chord and span of the foilhe mesh is refined at the leading and trailing edges of the foil.
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Figure54: Detail view of surface mesh at the intersection of a strut and foil. For this area ofrtresh, it was
difficult to grow layers from the surface meshue to the mesh refinement at the trailing edge, and the two
perpendicularsurfa8 f F @ SNJ aSGa INBogAYy3I aAyiaz2é SHOK 20KSN®

Figure55: Cross sectional view of the rotor domaifhe mesh shown is polygonal. Polygonal meshes were used
where possible to reduce cell count, but in some casiésvas not possible to generate high-quality polygonal
mesh with the available tools, and hex and tetra meshes were used instead.
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Figure56: Isometric view of straight foil turbine domain with struts at the 0.123m location.

Table12: Summary of straight foil mesh cell count.

Turbine Case # Cells - Rotor Volume# Cells - Rotor VoluméTotal # cells Solution CPU Hours|
Straight Foll S123 16,667,958 3,221,903 19,889,861 6764
Straight Foll S225 12,544,723 3,221,903 15,766,626 Continuation ru

Straight Foll S450 11,155,800 3,221,903 14,377,703 7208
Straight Foll S675 13,117,664 3,221,903 16,339,567 5015
Straight Foll S900 8,836,440 3,221,903 12,058,343 Continuation rur

A continuation run iffablel2 indicates that the run had multiple restartand that @ accurate
calculation of CPU hours was not feasible as a result.

2.10 3D CFD Straight Foil Turbine CFD Results
Tablel3 provides a higHevel summary of the CFD results for the straight foil meshes. These are the
results that would be expected from an infinitely stiff foil, with no foil deflection.

Tablel4 provides values for moments on individual components for each case.
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Table13: Summary of CFD results for Straight Foil Meshes

Turbine Case Strut Location (mm)] TSR V (m/s) Time Step (deg) Cp Cd

Straight Foil S123 123 2.4 1.1 4 0.295 0.950
Straight Foll S225 225 2.4 1.1 4 0.298 | 0.949
Straight Foll S450 450 2.4 1.1 4 0.298 | 0.952
Straight Foil S675 675 2.4 1.1 4 0.297 0.949
Straight Foil S900 900 2.4 1.1 4 0.320 0.969

Tablel14: Moment values for straight foil CFD

Avg. Avg. Avg. Avg. Avg. Avg.

Moment |Moment |Moment |Moment |[Moment |Moment
Turbine Case TSR V (m/s) |Foil 1 (Nm) |Foil 2 (Nm)|Foil 3 (Nm)|Strut 1 Strut 2 Shaft (Nm)
Straight Foll S123 2.4 11 13.36 13.38 13.38 -3.20 -3.49 -8.04E-0;
Straight Foil S225 2.4 11 13.40 13.38 13.35 -3.04 -3.37  -4.28E-04
Straight Foll S450 2.4 1.1 13.45 13.44 13.43 -3.11 -3.53 -9.11E-04
Straight Foil S675 2.4 11 13.42 13.66 13.48 -3.32 -3.61] -7.60E-04
Straight Foil S900 2.4 1.1 14.00 14.24 14.10 -3.11 -3.0§ -7.61E-04

FromTablel3, there is an increase in overall coefficient of performance as the struts are moved further
away from each other.

FromTablel4:
1 The moment for each of the three foils is eqtmi all cases
1 The foil moment increases as the strut separation increases
1 The moment on the struts is large and negative
1 The moment on the shaft is negligible.

The parasitic moment from th&truts account for a large reduction in turbine performance, reducing the
O by approximately ercentpoints in all cases.

Figure57 shows typical moment patterns for eacti the components in a turbine as a function of

turbine rotational position. Foil 1, 2, and 3 data are offset by 120 degrees as expected. Strut torque is
negative. The total turbine torque pattern shows peaks of less than those of each foil, and a strong
oscillatory pattern of three peaks per revolution.

Figure58 shows pressure distribution along the span of afimilthe outer and inner surfaces. Pressures

on the outer surface are positive, and pressures on the inner surface are negative. A large difference in
pressure between inner and outer surfaces is desifldte cases presented are for the maximum strut
sepaation (S900) and for the minimum strut separation (S123). In these thiextts is a clear pattern at

the free end of the foil which indicates tip effedty the S123 spacing, which explagmne ofthe

reduction of performance of this turbine configurati. For the S900 case there is pressure recovery at
the tip due to the presence of the strut at this location.
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Figure57: Straight foil case, with strut separation = 0.900m. CFD predicted moments on each compoh8fRt
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Figure58: Pressure along the foil span for two different strut cas@$SR =2.40, U = 1.1 m/s.
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2.11

3D CFD Straight Foil Turbine Comparison with Tow Tank Results
A comparison of the test data for both the carbon and glass straight foil turbines with the CFD results for

an infinitely stiff straight foil turbine for different strut support cases is presented below.
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Figure59: Comparisn of test data and CFD prediction for Coefficient of Performance: Straight Foil TurGiSR

=2.40,U =11 m/s.
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Figure60: Comparison of test data and CFD prediction for Coefficient of Drag: Straight Foil Turb8i =20, U
=1.1m/s.

Across the board the agreement between the 3D CFD results and the test data for the straight carbon
foil turbine is very good. This is the case even without consideration of foil defleclibeCFD data
tends to slightly overpredidEpand underpredict Coefficient of Drag.
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The agreement between the infinitely stiff results from the CFD and the glass turbine test is still very
good for dragout is less so for th€pvalues, with larger differences occurring for the S123 where the
glass foil is most flexible.

We should acknowledge that the test data should be bounded by an error bar, which may be sufficiently
large to make the carbon test data and the CFD data algindistinguishable.

2.12 3D CFD Helical Foil Turbine Analyses
Using the same approaches as outlined above ORPC created analyses of the helical turbine tested in the
tow tank. Maintaining sufficient mesh quality for 3D CFD meshes for the helical turbipe phaved
more challenging than for the straight foil meshes. The case with strut separation at 0.123m was not
analyzed as this case was not tested in the tow tests, due to excessively high strain.

Tablel5: Helical Foil Mesh paraeters

Turbine Case # Cells - Rotor Volume# Cells - Rotor VolumeTotal # cells Solution CPU Hours|
Helical Foil H123 - - - -

Helical Foil H225 16,911,449 3,221,903 20,133,352 7,195
Helical Foil H450 19,651,733 3,221,903 22,873,636 5,956
Helical Foil H675 26,554,211, 3,221,903 29,776,114 3,756
Helical Foil H900 7,540,764 3,221,903 10,762,667 3,559

Parameters for the helical meshes are outlined ablel5. The case for a strut separation of 0.900m
(H900) is an outlier in terms of cell count, sinlcis mesh is a polygonal mesh as compared to the hex
and tetra meshes used for the other cases.

Tablel6: Summary of CFD results fetelicalFoil Meshes

Turbine Case Strut Location (mm), TSR V (m/s) dT (deg) Cp Cd
Helical Foil H225 225 3.0 1.3 2 0.204

Helical Foil H450 450 3.0 1.3 2 0.088 0.785
Helical Foil H675 675 3.0 1.3 4 0.066 | 0.782
Helical Foil H900 900 3.0 1.3 2 0.112 | 0.809

Tablel17: Moment values forHelicalfoil CFD(red text indicates assumed values)

Avg. Avg.
Avg. Moment|Avg. Moment  [Avg. Moment |Avg. Moment |Moment Moment
Turbine Case Foil 1 (Nm) |[Foil 2 (Nm) Foil 3 (Nm) Strut 1 (Nm) |Strut 2 (Nm) [Shaft (Nm)
Helical Foil H225 13.81 13.88 13.96 -8.67 -7.23 -0.01
Helical Foll H450 8.31] 8.74 9.08 -8.04 -6.92 -0.01
Helical Foll H675 7.73 7.92 8.35 -8.43 -7.2] 0.00
Helical Foll H900 10.42 10.42 10.4] -9.53 -7.57 -0.01

3D CFD results for the helical turbines are summariz8ablel6andTablel7. Some numerical issues
arose with the H225 case studies, and strut forces were deemed to be unreliable for these runs. An
assumption was made that the forces on the struts would be equivadestrut forces for other cases
and these values were assumed for calculation of Cp for H225.

Helical turbine cases were run at a TSR of 3.00 and a flow speed of 1.3m/s. These run conditions were

informed by tank testing of the helical glass foil turhifibe Coefficient of Performance values are much
lower than for the straight foil case, and there is greater variability between the cases.
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Given the increase in flow speed from 1.1 to 1.3m/s we would expect to see higher values of Foil
moments than werdound for the straight foil cases, but this is not the case, indicating that the helical
foil is performing less efficiently that then straight foil.

There is a significantly larger parasitic torque experienced by the struts for these runs, but this can
mostly explained by the increased rotational speed moving from a TSR of 2.40 and U of 1.1m/s to a TSR
of 3.00 and a U of 1.3m/s. The rotational speed increases from 5.28 to 7.20 rad/sec, which would scale
the drag on the struts by a factor of 2.18. Mieduncreased by 2.12 from the straight foil CFD runs to the
helical foil runs.

Shaft torques are again negligible.

The difference in behaviors between the straight and helical foils CFD runs can be ascribed to the foils
alone.

Figure61 shows the moments on a single helical foil €ach of the four strut cases examined. There are
indications of numerical instabilities for the H675 case, but averages are consistent with 1225@nd
H900 have similar behaviobsit H225 ha®verall better performanceas there is no negative torqu

This finding is somewhat inconsistent with all the other analyses

Figure62 plots the pressure trace along the inner and outer surfaces of a helical foil at one point during
a turbine rotation for the H225 and H450 cases. Pressure on the outer surface is positipeessiue

on the inner surface is negative. A large difference between the inner and outer pressures is desired.
The presence of the struts can be seen for both sets of traces. However, the pressure on the inner side
of the foil appears to collapse ovegaificant lengths for the H450 case. This correlates to the lower
performance for this strut cas@his finding is confirmed by looking at the pressure plots on the foils for
these two cases, where large areas of the H450 foil do not experience low EegEigure63).
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Figure61: Foil 1 moments for klical foil cases. TSR 3.00U = 13 m/s.
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Figure62: Pressure along the foil span for two different strut cases. TSR09, U = 1.3 m/s.
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Figure63: Pressure plots on the H225 and H450 foil.
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Figure64: Comparison of test data and CFD prediction for CoefficienPefformance and Coefficient ddrag:
HelicalFoil Turbine. TSR3-00, U = 13 m/s.

A comparison of the CFD results and the test data is providEdjimre64. The CFD analyses for the
helical cases were more difficult to construct and exhibited higher levels of numerical instabilities and
overall differences between strut cases

There is very clearly a difference in hydrodynamic behavior between the straight foil and helical foil
turbines, with the helical foil turbine exhibiting a lower performance, but a higher optimum TSR value.
Thishelicalturbine design is very highly twistemaking a direct one to one comparison between

straight and helicdbils difficult. The CFD results are in general underpredicting performabserved

in testing. A potential conclusion is that the CFD models for the helical turbines may require additional
verification and validation work before being able to fully depend on their findings.
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2.13  Structural Analysis
Structural analysis of the scale modettiines is required to determine deflections of the foils in
operation. Results from the structural analysis can be directly compared with #ituistrain
measurements from the testing to validate both the structural and CFD models.

2.13.1 Carbon Straight Foibtructural Model
The material composition of the straight carbon foils was provided in prior sections. Structural
calibrations were performed on the turbine by applying kmoleads and measuring both deflection and
strain response. These results were useevaluate the accuracy of a structural model of the static
turbine.

Finite element models of the various turbine configurations were created using a commercial meshing
tool. These models use isotropic materials for the shaft and struts, and a compogsotropic ply level
model defined for the foils. Shafts and foils are modelled as shell elements, and struts as volume
elements. The strut joints are modelled with steel pins joining the strut cap to the strut and capturing
the foil. Contacts betweenarts are modelled as bonded joints for simplicity and speed of analysis.

Figure65: Typical construction of a finite element model for the S900 case.

The full laminate schedul@ &ble5) is not used in the definition of the material properties of the foil, as
several of thepliesused are not full chord widtplies An effective ply definition was developed by
modifying the till laminate schedule to replicate the observatductural responsdérom calibration

testing. The S123 case which has the lowest stiffness was the primary case used for structural model
calibration since this has the highest strains and deflections. Thkehmesponse was then cross
checked with the S900 case which has the lowest strains and deflections.

The reduced laminate used for structural modelling is showFeinel8.
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Table18: Reduced laminate definition based on structural calibration testing
Layer No.Orientation ThicknessCPT Width (mm)

1 0 0.586 98
2 0 0.586 95
3 45 0.586 91
4 -45 0.586 87
6 0 0.586 80
7 90 0.586 21
10 90 0.586 47
11 0 0.586 53
13 45 0.586 63
14 -45 0.586 67
15 0 0.586 70
16 0 0.586 74

Using the reduced laminatchedulea FEAun was performed for the case with a load applied at

0.800m along the span. A comparison of strain as measured by-8iiifiber optic sensor as

compared with strain predicted by the finite element model is showRigure66. Agreement is

excellent across the free span of the foil. There is a difference between strain readings in the vicinity of
the strut joint at 0.123m, and this is probably due to the assumptiba bonded connection between

the strut and foil. This assumption greatly simplifies the numerical structural analysis and the deviation
from measurement is accepted as a consequence.

= 'Outside_bend_123mm_0800mm_15565"

0.123m Pinned Mode!

Strain

Span(m)

Figure66: Calibration of carbon foil S12structural model.

The process was repeated for the S900 case, where structural support for the carbon foil is greatest.
Again the strain pattern is well captured by the finite element model. There are discrepancies near the
strut junctions, but these are considered acceptalNete that the values of strains in the S900 case are
much lower than for S123 case, and that there agseto be a fixed offset of approximately 25train
between measured data and finite element results in both cases.
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Figure67: Calibration of carbon foil S900 structural model.

2.14 One Way Fluid Structure Interaction
To predictthe strains that would be expected to occur on the turbine based on thend2IsORPC
developed a workflow process where pressures loads were extracted from the CFD models at defined
points of the rotation and mapped onto the structural mosef the turbines. This process may be
accomplished in multiple ways, but all involved some manipulation of intermediate pressure load files.

2.14.1 CarbonCompositeStraight Foil One Way Fluiitructurelnteraction
Tovalidatethe methodology ORPC focused on edncases for the straight foil turbine, S900 and S123,
which represent extremes of structural stiffness. Results for the structural analysis assuming carbon foils

are presented.
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Figure68: Spanwise strain along the outer ply afcarbon straight foil turbine (S123), as predicted from finite
element structural models, with loadings provided by 3D CFD. Strut spaciag.23m; TSR 2.40; U¢ 1.1 m/s.
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Figure69: Spanwise strain along the outer ply ofearbon straight foil turbine (S123), as predicted from finite
element structural models, with loadings provided by 3D CFD, compared with test data. Strut spgéiriP3m;

TSR; 2.40; U¢ 1.1 m/s. Data are presented at the turbine angles at which maximamd minimum strain are
experienced within a rotation.
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Figure70: Strain on the outer ply of a carbon straight foil turbine (S123) at span = 0.440m, as predicted from

finite element structural models, with loadingprovided by 3D CFD, compared with test data. Strut spaging
0.123m; TSR 2.40; U¢ 1.1 m/s. Data are presented as a function of turbine rotation angle.
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Figure71: Spanwise strain along the outer ply of a carbon straigbil turbine (S900), as predicted from finite
element structural models, with loadings provided by 3D CFD. Strut spaciag.23m; TSR 2.40; U¢ 1.1 m/s.
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Figure72: Spanwise strain along the outer ply of a carbetraight foil turbine (S900), as predicted from finite
element structural models, with loadings provided by 3D CFD, compared with test data. Strut spgéiriP3m;

TSR; 2.40; U¢ 1.1 m/s. Data are presented at the turbine angles at which maximum and mimin strain are
experienced within a rotation.
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Figure73: Strain on the outer ply of a carbon straight foil turbine (S900) at span = 0.439m, as predicted from
finite element structural models, with loadings provided by 3D CFBmpared with test data. Strut spacing
0.123m; TSR 2.40; U¢ 1.1 m/s. Data are presented as a function of turbine rotation angle.

2.14.2 GlassCompositeStraight Foil One Way Fluid Structure Interaction
A similar exercise was conducted for the glass comeaditight foil turbine. Material properties for the
glass composite were established by calibrating the model against the measured structural response.
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Figure74: Spanwise strain along the outer ply of a glass straifgit turbine (S123), as predicted from finite

element structural models, with loadings provided by 3D CFD, compared with test data. Strut spg@ri3m;

TSR; 2.40; U¢ 1.1 m/s. Data are presented at the turbine angles at which maximum and minimum steae
experienced within a rotation. The strain presented is for the maximum and minimum cases from the test data
and from the FEA run. Note that while the values of strain agree very well, there is a discrepancy in the angle at
which they occur.
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Figure 75: Strain on the outer ply of a glass straight foil turbine (S123) at span = 0.440m, as predicted from finite
element structural models, with loadings provided by 3D CFD, compared with test data. Strut spg@ri3m;
TSR; 2.40; Ug 1.1 m/s. Data are presented as a function of turbine rotation angle. Note that there appears to
be a phase shift occurring between the test data and FEA results.
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Figure76: Spanwise strain along the outer ply ofgdass straight foil turbine (S900), as predicted from finite
element structural models, with loadings provided by 3D CFD. Strut spaciag.23m; TSR 2.40; U¢ 1.1 m/s.

Figure77: Strain on the outer ply of a glass straightifturbine (S900) at span = 0.439m, as predicted from finite
element structural models, with loadings provided by 3D CFD, compared with test data. Strut spgéiriP3m;
TSR; 2.40; U¢ 1.1 m/s. Data are presented as a function of turbine rotation anglote that there is a slight
disagreement in magnitude of strain, but that the correlation for turbine anglegisod, indicating only a slight
phase shift.
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