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Nomenclature or List of Acronyms

BEM blade element momentum

MHK marine and hydrokinetic

NREL National Renewable Energy Laboratory
TSR tip-speed ratio

a axial induction factor (-)

a' tangential induction factor (-)
Cooin minimum pressure coefficient (-)
Cp power coefficient (-)

Cr thrust coefficient (-)

g gravitational constant (m/s”)

h submerged depth (m)

o cavitation number (-)

O critical cavitation number (-)

D density of fluid (kg/m®)

P atmospheric pressure (Pa)

P, local pressure (Pa)

P, vapor pressure (Pa)

r radius (m)

U, undisturbed inflow velocity (m/s)
V. relative velocity (m/s)

0] rotational velocity (rad/s)
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1 Introduction

As the marine and hydrokinetic (MHK) industry moves toward design and deployment of full-
scale devices, reliable development tools are going to play a crucial role in the success of this
effort. Currently, uncertainty in the design process leads to high safety factors that necessitate
heavy, overdesigned, and expensive structures. Current estimates state that manufacturing and
deployment make up 53.3% of the cost of energy, and operations and maintenance make up 30%
of the total levelized cost of energy of a horizontal-axis tidal turbine (Neary et al. 2014).
Therefore, appropriate device design using reliable and verified design tools is essential to
limiting turbine failures and expensive downtime while developing cost-effective devices.

A range of design tools with different levels of model fidelity are used in the MHK industry
depending on the stage of development. For early-stage design and prediction of MHK turbine
performance and loads, blade element momentum (BEM) theory is often used because of its
simplicity and computational efficiency. BEM theory is an analytical model that iterates between
momentum theory and blade element theory, as originally published by Glauert (Glauert 1935).
In this method, the blade is discretized into elements along the length and 2D aerodynamic forces
and moments are calculated at nodes (one node per element at the aerodynamic center, % chord)
as distributed loads per unit length. These 2D distributed loads are integrated over the blade
length to approximate 3D aerodynamic loads over the entire blade. This modeling approach has
been applied to wind turbines (Burton et al. 2001), and plays a major role in technology
development in the tidal energy industry (Galloway, Myers, and Bahaj 2011, Clarke et al. 2007,
Nevalainen, Johnstone, and Grant 2015, Gracie et al. 2015, Murray et al. 2016). These models
are fast and efficient, facilitating a large number of design trials prior to the use of higher-cost
computational tools. The concept behind BEM theory and its application to turbine modeling can
be found in (Hansen 2008).

The objective of this work is to validate an open-source performance tool that can be used to
predict tidal turbine performance, as well as cavitation inception on MHK blades. To achieve this
objective, the National Renewable Energy Laboratory’s (NREL’s) engineering tool AeroDyn
(Jonkman et al. 2016) was updated to version 15.04 to enable users to predict the likelihood of
cavitation inception at locations along the blade span. AeroDyn is a time-domain wind turbine
aerodynamics module that uses BEM theory to compute the loads on turbines based on user
defined sectional lift and drag data, and input operating conditions. More detail on the cavitation
implementation in AeroDyn is given in Section 2. This report validates the updated AeroDyn
program for MHK turbines using two publicly available data sets. It also presents a verification
of the AeroDyn prediction of cavitation inception on MHK blades based on experimental
observations.

1

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



2 Background

The design of an MHK rotor is governed by hydrodynamic performance and structural
requirements, and in the case of MHK turbines, the blade airfoils have to be designed to limit
and delay cavitation inception. As the velocity of the fluid increases over the turbine airfoil, the
hydrodynamic pressure decreases according to Bernoulli’s principle. Cavitation occurs when the
hydrostatic pressure on the blade surface drops to or below the vapor pressure of the fluid. This
pressure drop results in the formation of bubbles that implode on the blade surface, causing
cyclic surface fatigue. This pitting of the blade surface not only deteriorates the airfoil
performance, but can affect it over the long term (Buckland et al. 2013, Barber and Motley
2016). Because of the cost and complexity of maintaining MHK devices that are installed in
extreme subsea environments, cavitation damage to the blades is costly to repair. Thus,
cavitation should be avoided when designing MHK rotors.

which

the undisturbed free-stream pressure, the

Cavitation inception can be predicted by the nondimensional cavitation number, o

crit 2

depends on the local relative velocity of the blade, V,

el >

density, p , and the vapor pressure of the fluid, £, (typically around 2,000 Pa for seawater). P,

tm
is the atmospheric pressure above the free surface, /4 is the submerged depth (distance to the free
surface), and the undisturbed free-stream pressure is the sum of the surface pressure, P, , and the

>~ atm ?
gravitational pressure of the fluid acting on the blade, pgh . The critical cavitation number is the
number above which cavitation will occur, and is given by:

- — (Ijatm -:pgh)_f)vap (1)

Epl/rel

2

V., 1s the relative velocity on the blade section based on the local radial positon of the node, 7,

the undisturbed free-stream velocity, U, the rotational velocity, @ (in radians/second), and the

axial, a, and tangential, a', induction factors:

Vy=yU,(1-a) +ro*(+a') )

It should be noted that the relative velocity given in Eq. 2 is a simplification of the expression
implemented within AeroDyn, which also includes the effects of inflow variations (shear,
tilt/yaw error, turbulence, and structural vibrations). Cavitation occurs when the local cavitation
number is greater than or equal to the critical cavitation number (cavitation occurs when

o, <0 ), which is based on the minimum pressure coefficient of the blade section and is given

by:

O_:(Patm+pgh)_PL :_CP . (3)
1 min
Epl/rel2
2
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The local pressure on the airfoil surface, P, , is not often known in practice due to difficulties

measuring blade pressures experimentally, hence the nondimensional minimum surface pressure
coefficient,C, .., 1s used. C, . varies as a function of the angle of attack for a particular airfoil

Pmin
section, similarly to the lift and drag coefficients. The panel method, XFOIL (Drela 2001), is
commonly used to estimate minimum pressure coefficients for MHK blade profiles (Molland et
al. 2004, Batten et al. 2008, Buckland et al. 2013).

2.1 AeroDyn Cavitation Prediction

AeroDyn is an open-source BEM theory performance tool that is supported and maintained by
NREL (Jonkman et al. 2016). It can also be coupled to NREL’s FAST (Jason M. Jonkman 2005)
platform for full-turbine fluid-structure interaction design. In the latest version of Aerodyn
V15.04, a cavitation check flag was included which the user can turn on or off. Therefore,
additional options were added to the AeroDyn input file to allow the user to specify the
atmospheric pressure, fluid vapor pressure, and the submerged hub depth, which are required to
perform a cavitation check.

In AeroDyn V15.04, the critical and local cavitation numbers are calculated for each blade node
along the span. During each blade rotation, the distance from the blade node in question to the
free surface varies; the closer the blade node is to the free surface, the more likely cavitation will
occur. The distance from the free surface to the blade node is calculated using the nodal position
(z-coordinate of the node in the global coordinate system given in (Jason M. Jonkman 2005)),
which includes the blade displacement, relative to the center of the hub.

In AeroDyn V15, the blade airfoil acrodynamics can be steady or unsteady. In the steady model,
the static airfoil lift, drag, and pitching-moment coefficient data, together with the angle of attack
computed using BEM theory, is used to calculate nodal loads. The unsteady model accounts for
flow hysteresis, including unsteady attached flow, trailing-edge flow separation, dynamic stall,
and flow reattachment. When a cavitation check is flagged by the user, the program requires that
the airfoil aerodynamics are steady and the minimum pressure coefficient C, _, 1s calculated

along with the other airfoil coefficient data. AeroDyn V15.04 sample files and documentation
can be found at the NWTC Portal (Hayman, Jonkman, and Murray 2017).

3
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3 AeroDyn Performance Validation

To validate that the updated AeroDyn V15.04 design tool works adequately for predicting the
performance of MHK turbines, it was compared against two sets of MHK experimental data
provided in (Bahaj et al. 2007) and (Doman et al. 2015).

For both turbines modeled in AeroDyn, Prandtl’s tip and hub-loss model, as well as the
tangential induction factor, were used in the BEM theory calculations. Prandtl’s tip and hub-loss
correction factors are used to account for losses in efficiency and power production due to span-
wise flow and vortex shedding at the blade tip and hub. In addition, acrodynamic drag was used
in the calculation of both the axial and tangential-induction calculations (an optional flag in the
AeroDyn input file).

3.1 NACA 63 8xx — Cavitation Tunnel Tests

The AeroDyn turbine performance predictions were compared to experimental data produced by
Bahaj et al. (Bahaj et al. 2007) for an 800-mm-diameter turbine tested in a cavitation tunnel. The
flow speed was fixed at 1.73 m/s and the rotational speeds were varied to cover a range of tip-
speed ratios (TSRs). The turbine and blade geometry can be found in (Bahaj et al. 2007). Airfoil
data for the NACA 63 8xx airfoil used in AeroDyn was obtained using XFOIL (Drela 2001) at
the appropriate Reynolds numbers, as was done by Bahaj et al. in (Bahaj, Batten, and McCann
2007), and the blades were modeled with 17 blade nodes. Note that the lift and drag airfoil data
was corrected for rotational augmentation using NREL’s AirfoilPrep tool (Ning 2013), however,
the C, . data used in Section 4 was not corrected or adjusted. The input files to model this
turbine in AeroDyn are given in the Appendices A through D. Figure 1 shows the power and
thrust coefficients, Cp and Cr, for both the experiment and the AeroDyn program.

4
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Figure 1. C,-TSR AeroDyn compared to experimental tests done by Bahaj et al. (Bahaj et al. 2007)
for an 800-mm-diameter turbine

Figure 1 shows that AeroDyn predicts the power coefficient well, but underpredicts the thrust
coefficients by approximately 5%. However, this comparison does not consider uncertainty or
scatter in the experiment, and the fit to the performance prediction is equivalent to other
validations performed in the industry.

3.2 NREL S814 - Towing Tank Tests

The second data set used for AeroDyn V15.04 validation was from towing tank tests presented in
Doman et al. (Doman et al. 2015). A three-bladed, 782-mm-diameter turbine with NREL S§814
airfoil-shaped blades was tested in the University of Strathclyde towing tank at a flow speed of 1
m/s and varying rotational speeds. More information on the turbine geometry and tests can be
found in (Doman et al. 2015). The NREL S814 airfoil lift and drag data used in AeroDyn was
based on tests performed by Togneri et al. (Togneri et al. 2015) in a flume with a Reynolds

number of 5x10*. Twenty blade nodes were used. Figure 2 shows the power and thrust
coefficients for both the experiment and the AeroDyn program.
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Figure 2. C, and C; versus TSR, AeroDyn compared to experimental tests conducted by Doman et
al. (Doman et al. 2015) for a 782-mm-diameter turbine

In general, AeroDyn performs acceptably for a TSR greater than 3.25; however, for a TSR of
less than 3.25, AeroDyn significantly overpredicts the power coefficient. This overprediction is
thought to be a result of the increasingly low Reynolds number in the tests at a low TSR that was
not modeled through changes to the airfoil data. Previous work shows that the performance of
the NREL S814 airfoil varies significantly with Reynolds number in this low range (Milne
2014). Because the airfoil data used in the design tool was for a single Reynolds number, it did
not capture the effect of varying Reynolds number on the performance of the turbine.

Sources of error between the AeroDyn program and the experimental results include blockage
effects that may have been present in the towing tank and cavitation tunnel tests (AeroDyn does
not account for these), and limitations in predicting or experimentally obtaining airfoil data at the
low Reynolds numbers tested. Selecting appropriate airfoil data (lift, drag and minimum pressure
coefficients) is one of the most critical components to predicting turbine performance and
cavitation using BEM theory tools such as AeroDyn. For both the NACA 63 8xx and NREL
S814 experimental data sets, the match achieved was comparable to similar validations done by
other researchers in the industry (Batten et al. 2007, Germain et al. 2007, Murray 2016) and was
considered acceptable.
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4 AeroDyn Cavitation Predictions

4.1 Cavitation Tunnel Observations

Bahaj et al. (Bahaj et al. 2007) tested an 800-mm-diameter MHK turbine (the same turbine as
presented in Section 3.1) in the cavitation tunnel at Haslar Marine Technology Park, Gosport,
United Kingdom under various pressure and operating conditions. The cavitation tunnel at
Haslar Marine Technology Park is 5 m long by 2.4 m wide and 1.2 m deep, with an adjustable
pressure ranging from 0.2—1.2 atm. The flow speed during the tests was fixed, and the working
section static pressure in the tunnel was decreased as required until cavitation was observed
using a light and a video recording system. This turbine was modeled using AeroDyn V15.04
and compared to the experimental observations.

The AeroDyn turbine model was set up similarly to Section 3.1 (e.g., 17 nodes, XFOIL airfoil
lift and drag data). The minimum pressure coefficient data for the NACA 63 8xx airfoil was
obtained by Buckland et al. (Buckland et al. 2013) using XFOIL for angles of attack from 0° to
15° and then extrapolated for the full -180° to 180° range. A midhub depth of 0.6 m from the free
surface was assumed based on the cavitation tunnel dimensions. To simulate the cavitation
tunnel conditions, the atmospheric pressure was adjusted in the AeroDyn input file to achieve the
same critical cavitation number for the blade tip as given in (Bahaj et al. 2007). The percentage
of the blade predicted to cavitate by the model was then compared to that observed in the
experiment. In this case, for comparison to the experiment, the cavitation number was calculated
with the blade in the top- dead-center position, giving the most conservative estimate of
cavitation inception.

For a tunnel flow speed of 1.4 m/s, a root pitch setting of 25°, a static pressure of 21,000 Pa, a
TSR of 7.2, and o, of 0.64, Bahaj et al. (Bahaj et al. 2007) observed cavitation over
approximately 15% of the blade. With the same cavitation number, the AeroDyn model
predicted cavitation to occur on 18% to 24% of the blade. Other cavitation tunnel test conditions
are compared in Table 1.

Table 1. Cavitation Prediction of AeroDyn Compared to Experimental Observations

Bahaj Experiment AeroDyn Model

TSR . Percent . Percent
Static pressure | 0., cavitation observed Patm input | o cavitation predicted
exp. (Pa) exp. A (Pa) model A
(%) (%)

8.2 61,400 1.1 None 75,896 1.11 None

8.1 32,000 0.67 | 10% of blade 45,400 0.673 | 12% of the blade

7.5 | 23,000 0.63 | 15% of blade 36,316 0.636 | 18% of the blade

7.2 21,000 0.64 | 15% of blade 34,000 0.649 | 18% to 24% of the blade

AeroDyn predicted between 2% and 9% more cavitation to occur on the blade than observed in
the experiments, but in general was in good agreement. The difference between the amount of
cavitation predicted with AeroDyn and observed experimentally is attributed to the airfoil
minimum pressure coefficients that were obtained using XFOIL.

Guo et al. (Guo, Zhou, and Wang 2015) modeled the same Bahaj et al. turbine using

computational fluid dynamics and predicted a critical cavitation number at the blade tip of 1.35

7
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with Py = 101,325 Pa, a flow speed of 1.4 m/s, and TSR = 8.7. AeroDyn predicted a critical
cavitation number at the blade tip of 1.32 under the same conditions, increasing the confidence in
this model.

4.2 NACA 63 8xx — Cavitation Prediction

The 800-mm-diameter turbine modeled in Section 3.1 was simulated with an atmospheric
pressure above the free surface of Py, = 102,325 Pa and a midhub depth of 0.6 m, to observe the
likelihood of cavitation at normal operating conditions (not in the pressurized tunnel). Note that
there was no available experimental data to compare this simulation to. The flow speed was fixed
at 1.73 m/s and the rotational speeds were varied to cover a range of TSRs. Figure 3 shows the
critical and local cavitation numbers for the outer half of the blade toward the tip (radial
locations from r=0.24 m to r=0.4 m at the tip), and Figure 4 shows the ratio of these cavitation
numbers, with a ratio greater than one indicating the occurrence of cavitation. The markers in
Figure 3 represent the critical cavitation numbers at each blade node, and the lines represent the
local cavitation number for those nodes, hence cavitation occurs when the lines exceed the
markers.

8
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Figure 3. Critical cavitation numbers (markers) and local cavitation numbers (lines) for the 800-
mm-diameter MHK turbine
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Cavitation was predicted to begin at the blade tip (r = 0.40 m) at a TSR of 8. As the TSR
increased beyond 8, the amount of the blade with cavitation increased as well, with up to 35% of
the blade cavitating at a TSR of 10.3. This result suggests that for a large percent of the turbine
operating conditions, cavitation will not occur. For realistic turbine operation, control systems
can be implemented to maintain the TSR below 8 and avoid cavitation inception.

10
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5 Conclusions and Future Work

AeroDyn V15.04 predicted the performance of two MHK turbines well based on comparison to
experimental data. AeroDyn also provided reasonable predictions of cavitation inception based
on observations of an 800-mm MHK turbine tested in a cavitation tunnel. This validation
provides confidence in the program, which will increase its use as a design tool for predicting
turbine performance and cavitation inception on MHK turbines. Future work will build on the
development of AeroDyn for MHK by developing added mass algorithms in NREL’s FAST
framework. This design tool capability will enable MHK turbines to be modeled in FAST with
both added mass considerations as well as cavitation predictions.

11
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Appendix A

------- AERODYN v15.04.* INPUT FILE

Bahaj MHK_blade.dat 0.8 m diameter MHK turbine tested at Southampton, UK, Bahaj et al. 2007
====== QGeneral Options
False Echo - Echo the input to "<rootname>.AD.ech"? (flag)
"default" DTAero - Time interval for acrodynamic calculations {or "default"} (s)

1 WakeMod - Type of wake/induction model (switch) {O=none, |=BEMT}

1 AFAeroMod - Type of blade airfoil aerodynamics model (switch) {1=steady model, 2=Beddoes-Leishman unsteady model}

0 TwrPotent - Type tower influence on wind based on potential flow around the tower (switch) {O=none, 1=baseline potential flow, 2=potential flow

with Bak correction}
False TwrShadow - Calculate tower influence on wind based on downstream tower shadow? (flag)
False TwrAero - Calculate tower aerodynamic loads? (flag)
False FrozenWake - Assume frozen wake during linearization? (flag) [used only when WakeMod=1 and when linearizing]
True CavitCheck - Perform cavitation check? (flag)
====== Environmental Conditions
998 AirDens - Fluiddensity (kg/m"3)
1.000E-03 KinVisc - Kinematic viscosity (m”2/s)
1500 SpdSound - Speed of sound (m/s)
103500  Patm - Atmospheric pressure (Pa)
1700 Pvap - Vapor pressure of fluid (Pa)
0.5 FluidDepth - Water depth above mid-hub height (MHK only, for cavitation check) (m)
====== Blade-Element/Momentum Theory Options [used only when WakeMod=1]
1 SkewMod - Type of skewed-wake correction model (switch) {1=uncoupled, 2=Pitt/Peters, 3=coupled} [used only when WakeMod=1]
True TipLoss - Use the Prandtl tip-loss model? (flag) [used only when WakeMod=1]
True HubLoss - Use the Prandtl hub-loss model? (flag) [used only when WakeMod=1]
True TanInd - Include tangential induction in BEMT calculations? (flag) [used only when WakeMod=1]
True AlDrag - Include the drag term in the axial-induction calculation? (flag) [used only when WakeMod=1]
True TIDrag - Include the drag term in the tangential-induction calculation? (flag) [used only when WakeMod=1 and TanInd=TRUE]
SE-05 IndToler - Convergence tolerance for BEMT nonlinear solve residual equation {or "default"} (-) [used only when WakeMod=1]
10000 Maxlter - Maximum number of iteration steps (-) [used only when WakeMod=1]

====== Beddoes-Leishman Unsteady Airfoil Aerodynamics Options [used only when AFAeroMod=2]

1 UAMod - Unsteady Aero Model Switch (switch) {1=Baseline model (Original), 2=Gonzalez’s variant (changes in Cn,Cc,Cm), 3=Minemma/Pierce

variant (changes in Cc and Cm)} [used only when AFAeroMod=2]

True FLookup - Flag to indicate whether a lookup for f' will be calculated (TRUE) or whether best-fit exponential equations will be used (FALSE); if

FALSE S1-S4 must be provided in airfoil input files (flag) [used only when AFAeroMod=2]
======_Airfoil Information

1 InCol_Alfa - The column in the airfoil tables that contains the angle of attack (-)

2 InCol_Cl - The column in the airfoil tables that contains the lift coefficient (-)

3 InCol _Cd - The column in the airfoil tables that contains the drag coefficient (-)

0 InCol_Cm - The column in the airfoil tables that contains the pitching-moment coefficient; use zero if there is no Cm column (-)

4 InCol_Cpmin - The column in the airfoil tables that contains the Cpmin coefficient; use zero if there is no Cpmin column (-)

1 NumAFfiles - Number of airfoil files used (-)
"Airfoils\NACA63815.dat" AFNames - Airfoil file names (NumAFfiles lines) (quoted strings)
====== Rotor/Blade Properties
False UseBICm - Include aerodynamic pitching moment in calculations? (flag)
"Bahaj MHK blade.dat" ADBIFile(1) - Name of file containing distributed aerodynamic properties for Blade #1 (-)
"Bahaj_ MHK_blade.dat" ADBIFile(2) - Name of file containing distributed aerodynamic properties for Blade #2 (-) [unused if NumBI < 2]
"Bahaj MHK blade.dat" ADBIFile(3) - Name of file containing distributed aerodynamic properties for Blade #3 (-) [unused if NumBI < 3]
====== Tower Influence and Aerodynamics [used only when TwrPotent/=0,

TwrShadow=True, or TwrAero=True]

1 NumTwrNds - Number of tower nodes used in the analysis (-) [used only when TwrPotent/=0, TwrShadow=True, or TwrAero=True]
TwrElev TwrDiam TwrCd
(m) (m) )
1.0000000E+00 6.0000000E+00 1.0000000E+00
====== Qutputs
False SumPrint - Generate a summary file listing input options and interpolated properties to "<rootname>.AD.sum"? (flag)

9 NBIOuts - Number of blade node outputs [0 - 9] (-)

1, 2, 3, 4, 5, 6, 7, 8, 9 BIOutNd - Blade nodes whose values will be output (-)

0 NTwOuts - Number of tower node outputs [0 - 9] (-)

1, 2, 3, 4, 5 TwOutNd - Tower nodes whose values will be output (-)

OutList - The next line(s) contains a list of output parameters. See OutListParameters.xlsx for a listing of available output channels, (-)

"RtSpeed, RtTSR, RtAeroPwr"
"RtAeroFxh, RtAeroCp, RtAeroCt"
"BIN7SigCr"

"BIN7SgCav"

END of input file (the word "END" must appear in the first 3 columns of this last OutList line)

Figure A1. Primary AeroDyn input file
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Appendix B

----- AeroDyn Driver v1.00.x Input File
Bahaj MHK blade.dat
————— Input Configuration
FALSE Echo - Echo input parameters to "<rootname>.ech"?

"Bahaj MHK_input.dat" AD_InputFile - Name of the primary AeroDyn input file
----- Turbine Data
3 NumBlades - Number of blades (-)
.08 HubRad - Hub radius (m)

1 HubHt - Hub height (m)

0 Overhang - Overhang (m)

0 ShftTilt - Shaft tilt (deg)

0 Precone - Blade precone (deg)
————— 1/0 Settings
" OutFileRoot - Root name for any output files (use "" for .dvr rootname) (-)

True TabDel - When generating formatted output (OutForm=True), make output tab-delimited (fixed-width otherwise) (flag)

"ES15.6E3" OutFmt - Format used for text tabular output, excluding the time channel. Resulting field should be 10 characters.
(quoted string)

True Beep - Beep on exit (flag)

----- Combined-Case Analysis

16 NumCases - Number of cases to run

FlowSpeed ShearExp RotSpd Pitch Yaw dT Tmax

(m/s) ) (rpm) (deg) (deg) (s) (s)

1.7300000E+00 0.0000000E+00 150.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 160.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 170.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 190.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 200.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 220.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 235.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 255.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 265.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 280.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 300.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 330.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 350.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 390.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 410.0  0.0000000E+00 0.0000000E+01 0.500 5.600
1.7300000E+00 0.0000000E+00 430.0  0.0000000E+00 0.0000000E+01 0.500 5.600

Figure B1. AeroDyn driver file
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Appendix C

------- AERODYN v15.00.* BLADE DEFINITION INPUT FILE

Bahaj blade tested at Southhampton - blade input properties

====== Blade Properties
17 NumBINds - Number of blade nodes used in the analysis (-)

BISpn BICrvAC  BISwpAC BICrvAng BlTwist BlChord  BIAFID
(m) (m) (m) (deg) (deg) (m) )
0.00E+00  0.00E+00 0.00E+00 0.00E+00 2.00E+01 5.00E-02  1.00E+00
2.00E-02  0.00E+00 0.00E+00 0.00E+00 1.73E+01 4.81E-02  1.00E+00
4.00E-02  0.00E+00 0.00E+00 0.00E+00 1.45E+01 4.62E-02  1.00E+00
6.00E-02  0.00E+00 0.00E+00 0.00E+00 1.28E+01 4.44E-02  1.00E+00
8.00E-02  0.00E+00 0.00E+00 0.00E+00 1.11E+01 4.25E-02  1.00E+00
1.00E-01  0.00E+00 0.00E+00 0.00E+00 1.00E+01 4.07E-02  1.00E+00
1.20E-01  0.00E+00  0.00E+00 0.00E+00 8.90E+00 3.88E-02  1.00E+00
1.40E-01  0.00E+00 0.00E+00 0.00E+00 8.15E+00 3.69E-02  1.00E+00
1.60E-01  0.00E+00  0.00E+00 0.00E+00 7.40E+00 3.50E-02  1.00E+00
1.80E-01  0.00E+00 0.00E+00 0.00E+00 6.95E+00 3.31E-02  1.00E+00
2.00E-01  0.00E+00 0.00E+00 0.00E+00 6.50E+00 3.12E-02  1.00E+00
2.20E-01  0.00E+00 0.00E+00 0.00E+00 6.20E+00 2.94E-02  1.00E+00
2.40E-01  0.00E+00 0.00E+00 0.00E+00 5.90E+00 2.75E-02  1.00E+00
2.60E-01  0.00E+00 0.00E+00 0.00E+00 5.65E+00 2.57E-02  1.00E+00
2.80E-01  0.00E+00 0.00E+00 0.00E+00 5.40E+00 2.38E-02  1.00E+00
3.00E-01  0.00E+00 0.00E+00 0.00E+00 5.20E+00 2.19E-02  1.00E+00
3.20E-01  0.00E+00 0.00E+00 0.00E+00 5.00E+00 2.00E-02  1.00E+00

Figure C1. AeroDyn blade input file
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Appendix D

[ Airfoillnfo v1.01.x Input File
I NACA63815 from HarpOpt data to -180 to 180deg Cl, Cd, (no Cm) versus AOA data
!

! note that this file uses Marshall Buhl's new input file processing; start all comment lines with !
!

DEFAULT InterpOrd ! Interpolation order to use for quasi-steady table lookup {1=linear; 3=cubic spline; "default"} [default=3]
1 NonDimArea ! The non-dimensional area of the airfoil (area/chord"2) (set to 1.0 if unsure or unneeded)
0 NumCoords ! The number of coordinates in the airfoil shape file. Set to zero if coordinates not included.

| x-y coordinates are next if NumCoords > 0 .............
1 NumTabs ! Number of airfoil tables in this file. Each table must have lines for Re and Ctrl.

! data for table 1
!

0.5Re ! Reynolds number in millions
0 Ctrl ! Control setting (must be 0 for current Airfoillnfo)
True InclUAdata ! Is unsteady aerodynamics data included in this table? If TRUE, then include 30 UA coefficients below this line

-5 alpha0 1 0-lift angle of attack, depends on airfoil.
20 alphal ! Angle of attack at £=0.7, (approximately the stall angle) for AOA>alpha0. (deg)
-160 alpha2 ! Angle of attack at £=0.7, (approximately the stall angle) for AOA<alpha0. (deg)
1 etae ! Recovery factor in the range [0.85 - 0.95] used only for UAMOD=1, it is set to 1 in the code when flookup=True. (-)
6.0031 C_nalpha ! Slope of the 2D normal force coefficient curve. (1/rad)
Default T 0 ! Initial value of the time constant associated with Df in the expression of Df and f". [default = 3]
Default T VO ! Initial value of the time constant associated with the vortex lift decay process; it is used in the expression of Cvn. It depends on Re,M, and
airfoil class. [default = 6]
Default T _p ! Boundary-layer,leading edge pressure gradient time constant in the expression of Dp. It should be tuned based on airfoil experimental data.
[default = 1.7]
Default T VL ! Initial value of the time constant associated with the vortex advection process; it represents the non-dimensional time in semi-chords,

needed for a vortex to travel from LE to trailing edge (TE); it is used in the expression of Cvn. It depends on Re, M (weakly), and airfoil. [valid range = 6 - 13,
default = 11]

Default bl ! Constant in the expression of phi_alpha”c and phi_g”c. This value is relatively insensitive for thin airfoils, but may be different for turbine
airfoils. [from experimental results, defaults to 0.14]
Default b2 ! Constant in the expression of phi_alpha”c and phi_q”c. This value is relatively insensitive for thin airfoils, but may be different for turbine
airfoils. [from experimental results, defaults to 0.53]
Default b5 ! Constant in the expression of K" _q,Cm_g”nc, and k_m,q. [from experimental results, defaults to 5]
Default Al ! Constant in the expression of phi_alpha”c and phi_q”c. This value is relatively insensitive for thin airfoils, but may be different for turbine
airfoils. [from experimental results, defaults to 0.3]
Default A2 ! Constant in the expression of phi_alpha”c and phi_q”c. This value is relatively insensitive for thin airfoils, but may be different for turbine
airfoils. [from experimental results, defaults to 0.7]
Default AS ! Constant in the expression of K" q,Cm_q”nc, and k_m,q. [from experimental results, defaults to 1]
1 Sl ! Constant in the f curve best-fit for alpha0<=AOA<=alphal; by definition it depends on the airfoil. [ignored if UAMod<>1]
1 82 ! Constant in the f curve best-fit for AOA> alphal; by definition it depends on the airfoil. [ignored if UAMod<>1]
1 83 ! Constant in the f curve best-fit for alpha2<=AOA< alpha0; by definition it depends on the airfoil. [ignored if UAMod<>1]
1 S4 ! Constant in the f curve best-fit for AOA< alpha2; by definition it depends on the airfoil. [ignored if UAMod<>1]
0 Cnl ! Critical value of COn at leading edge separation. It should be extracted from airfoil data at a given Mach and Reynolds number. It can be

calculated from the static value of Cn at either the break in the pitching moment or the loss of chord force at the onset of stall. It is close to the condition of
maximum lift of the airfoil at low Mach numbers.

0 Cn2 ! As Cnl for negative AOAs.
0.19 St sh ! Strouhal's shedding frequency constant. [default =0.19]
.01 Cdo 1 2D drag coefficient value at 0-lift.
0 Cm0 ! 2D pitching moment coefficient about 1/4-chord location, at 0-lift, positive if nose up. [If the aerodynamics coefficients table does not
include a column for Cm, this needs to be set to 0.0]
0 kO ! Constant in the \hat(x)_cp curve best-fit; = (\hat(x)_AC-0.25). [ignored if UAMod<>1]
0 ki ! Constant in the \hat(x)_cp curve best-fit. [ignored if UAMod<>1]
0 k2 ! Constant in the \hat(x)_cp curve best-fit. [ignored if UAMod<>1]
0 k3 ! Constant in the \hat(x)_cp curve best-fit. [ignored if UAMod<>1]
0 kl1_hat ! Constant in the expression of Cc due to leading edge vortex effects. [ignored if UAMod<>1]
Default x_cp_bar ! Constant in the expression of \hat(x)_cp”v. [ignored if UAMod<>1, default = 0.2]
Default UACutout ! Angle of attack above which unsteady aerodynamics are disabled (deg). [Specifying the string "Default" sets UACutout to 45 degrees]
10 AfiltCutOff ! Cut-off frequency (-3 dB corner frequency) for low-pass filtering the AoA input to UA, as well as the 1st and 2nd derivatives (Hz) [default
=20]
!
! Table of acrodynamics coefficients
68 NumAlf ! Number of data lines in the following table
! Alpha Cl Cd Cm Cpmin
! (deg) ) ) ) )
-1.80E+02 0.00E+00 1.00E-02 3.13E-01 -1.40E+00
-1.70E+02 5.81E-01 1.00E-02 3.43E-01 -1.60E+00
-1.60E+02 8.94E-01 9.04E-02 3.65E-01 -1.80E+00
-1.50E+02 7.32E-01 2.59E-01 3.82E-01 -2.00E+00
-1.40E+02 6.43E-01 4.65E-01 3.94E-01 -2.50E+00
-1.30E+02 5.53E-01 6.86E-01 4.01E-01 -3.00E+00
-1.20E+02 4.42E-01 8.95E-01 4.04E-01 -3.50E+00
-1.10E+02 3.07E-01 1.07E+00 4.05E-01 -4.00E+00
-1.00E+02 1.55E-01 1.18E+00 4.03E-01 -5.00E+00
-9.00E+01 0.00E+00 1.23E+00 3.98E-01 -5.50E+00
-8.00E+01 -1.55E-01 1.18E+00 3.92E-01 -6.30E+00
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-7.00E+01 -3.07E-01 1.07E+00 3.84E-01 -6.30E+00

-6.00E+01 -4.42E-01 8.95E-01 3.74E-01 -6.30E+00
-5.00E+01 -5.53E-01 6.86E-01 3.64E-01 -6.30E+00
-4.00E+01 -6.43E-01 4.65E-01 3.52E-01 -6.30E+00
-3.00E+01 -7.32E-01 2.59E-01 3.39E-01 -6.30E+00
-2.00E+01 -8.94E-01 9.04E-02 3.25E-01 -6.00E+00
-1.00E+01 -4.54E-01 1.45E-02 3.10E-01 -4.50E+00
-6.00E+00 -1.98E-02 1.15E-02 2.94E-01 -2.90E+00
-5.50E+00 3.45E-02 1.07E-02 2.77E-01 -2.80E+00
-5.00E+00 8.88E-02 9.98E-03 2.60E-01 -2.63E+00
-4.50E+00 1.48E-01 9.97E-03 2.41E-01 -2.29E+00
-4.00E+00 2.06E-01 9.96E-03 2.21E-01 -1.95E+00
-2.00E+00 4.60E-01 9.41E-03 2.01E-01 -8.75E-01

-1.50E+00 5.68E-01 9.41E-03 1.79E-01 -7.81E-01

1.00E+00 8.12E-01 8.36E-03 1.56E-01 -8.13E-01

1.50E+00 8.67E-01 8.34E-03 1.16E-01 -8.56E-01

2.00E+00 9.21E-01 8.33E-03 1.04E-01 -9.00E-01

2.80E+00 1.05E+00 8.80E-03 9.16E-02 -9.81E-01

4.00E+00 1.14E+00 9.27E-03 7.85E-02 -1.40E+00
5.80E+00 1.30E+00 1.42E-02 6.49E-02 -1.70E+00
7.00E+00 1.38E+00 1.61E-02 5.08E-02 -3.25E+00
7.50E+00 1.40E+00 1.73E-02 3.64E-02 -2.30E+00
8.00E+00 1.43E+00 1.85E-02 2.18E-02 -2.40E+00
9.00E+00 1.49E+00 2.05E-02 1.29E-02 -2.50E+00
9.50E+00 1.51E+00 2.22E-02 -2.80E-03 -2.70E+00
1.00E+01 1.54E+00 2.39E-02 -2.51E-02 -2.80E+00
1.05E+01 1.56E+00 2.64E-02 -4.19E-02 -2.90E+00
1.10E+01 1.59E+00 2.88E-02 -5.21E-02 -2.90E+00
1.15E+01 1.62E+00 3.13E-02 -6.10E-02 -3.30E+00
1.20E+01 1.64E+00 3.37E-02 -7.07E-02 -3.60E+00
1.25E+01 1.66E+00 3.72E-02 -7.22E-02 -4.00E+00
1.30E+01 1.67E+00 4.06E-02 -7.34E-02 -4.10E+00
1.35E+01 1.68E+00 4.50E-02 -7.72E-02 -4.30E+00
1.40E+01 1.69E+00 4.94E-02 -8.07E-02 -4.50E+00
1.45E+01 1.70E+00 5.29E-02 -8.25E-02 -5.00E+00
1.50E+01 1.72E+00 5.63E-02 -8.41E-02 -5.20E+00
1.55E+01 1.72E+00 6.30E-02 -8.69E-02 -5.30E+00
1.60E+01 1.73E+00 6.96E-02 -9.12E-02 -5.40E+00
1.65E+01 1.74E+00 7.63E-02 -9.46E-02 -5.50E+00
1.70E+01 1.74E+00 8.29E-02 -9.71E-02 -5.60E+00
2.00E+01 1.72E+00 1.28E-01 -1.01E-01 -6.00E+00
3.00E+01 1.05E+00 2.59E-01 -1.08E-01 -6.30E+00
4.00E+01 9.18E-01 4.65E-01 -1.13E-01 -6.30E+00
5.00E+01 7.91E-01 6.86E-01 -1.16E-01 -6.30E+00
6.00E+01 6.32E-01 8.95E-01 -1.20E-01 -6.30E+00
7.00E+01 4.38E-01 1.07E+00 -1.24E-01 -6.30E+00
8.00E+01 2.21E-01 1.18E+00 -1.23E-01 -6.30E+00
9.00E+01 0.00E+00 1.23E+00 -1.16E-01 -6.30E+00
1.00E+02 -1.55E-01 1.18E+00 -1.16E-01 -5.00E+00
1.10E+02 -3.07E-01 1.07E+00 -1.16E-01 -4.50E+00
1.20E+02 -4.42E-01 8.95E-01 -1.15E-01 -4.00E+00
1.30E+02 -5.53E-01 6.86E-01 -1.15E-01 -3.50E+00
1.40E+02 -6.43E-01 4.65E-01 -1.15E-01 -2.80E+00
1.50E+02 -7.32E-01 2.59E-01 -1.14E-01 -2.00E+00
1.60E+02 -8.94E-01 9.04E-02 -1.15E-01 -1.50E+00
1.70E+02 -5.81E-01 1.00E-02 -1.16E-01 -1.00E+00

1.80E+02 0.00E+00 1.00E-02 3.13E-01 -1.40E+00
!

! data for table 2
!

Figure D1. Airfoil input file
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