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[bookmark: _Toc383531495]Introduction
Aquantis Inc. will work with Senta Engineering and others to develop a structurally optimized family of 4 hydrofoils for large fixed-pitch MHK turbines such as the C-Plane.  
The following test will characterize the performance of this family of 2D hydrofoil sections. Test data will be used to design and certify turbines for generating electrical power from ocean current, river, and tidal flows. Testing will include 'clean' conditions as well as 'soiled' conditions to replicate marine growth and/or standard manufacturing surface roughness.
[bookmark: _Toc383531861]Table 1: Test Summary 
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[bookmark: _Toc383531496]Nomenclature
α	angle of attack
CFD	computational fluid dynamics
C	chord length
Cd	sectional drag coefficient
Cl	sectional lift coefficient
Cl0	sectional lift coefficient at zero degrees angle of attack
Cpmin	minimum pressure coefficient
l/d	lift to drag ratio
l/dmax	maximum lift to drag ratio
M∞	freestream Mach number
MHK	marine and hydrokinetic
m	meters
m/s	meters per second
ncrit	transition prediction parameter
p	pressure
pv	vapor pressure
p∞	freestream pressure
ρ	density
ρ∞	freestream density
R	rotor radius
RaNS	Reynolds-averaged Navier Stokes
Re	Reynolds number
σ	cavitation number
[bookmark: _Toc383531497]Hydrofoil Development
[bookmark: _Toc383531498]Design Objectives
[bookmark: _Toc383531499]Summary of Updates to MHKF1 Hydrofoil Family
1. 4th foil at 32% t/C
2. Fixed-pitch Operation
3. Limited rotational stall delay
4. Increased design Re#

[bookmark: _Toc383531500]Design Requirements
1. Family of 4 hydrofoils intended for MHK turbine applications in ocean currents with the following t/C ratios:
a. 18%
b. 24%
c. 32%
d. 40%
2. Design Re#: 5-10 million.
3. Good hydrodynamic performance with high lift to drag ratio (l/d) as the primary goal. Extended favorable pressure gradient, ramp and recovery to promote laminar flow on suction surface.
4. Limited rotational stall delay. Relatively high Cl to limit chord lengths.
5. Linear transitions of the following hydrodynamic and geometric design parameters between hydrofoils to enable cohesive blade design and smooth lofting.
a. Cl0, camber
b. Clmax
c. Stall Angle
d. Trailing Edge Thickness
e. Max Thickness Chord Location
6. Benign stall characteristics and restrained Clmax for fixed-pitch operation (variable speed stall regulation).
a. l/d max relatively close to stall for operation in low turbulence environment (deep water ocean current resource).
7. Limited sensitivity to soiling due to bio-fouling. Low susceptibility to boundary layer tripping.
8. Low susceptibility to cavitation. Reduced suction peak.
9. Low susceptibility to singing. Trailing edge thickness.

[bookmark: _Toc383531501]Design Methodology
The first phase will focus on calibration of our computational tools, comparing 3-D Navier-Stokes CFD (Fig. 2) with lower order methods such as those employed by AirfoilPrep and RFOIL.  Ideally, we would analyze coupled high Reynolds number, roughness sensitivity, and rotational effects simultaneously, performing 3-D CFD as needed for the expected operational configurations and conditions.  However, to accelerate this initial stage, we will mine the existing 3-D CFD datasets that we have generated previously.  These include results for the NREL 5-MW rotor and two cases for an MHK rotor.  While new 3-D CFD cases will not be run, the post-processing and analysis of the existing cases will still be a significant process which will inform the next phase.
In the second phase, we will design a new hydrofoil family using the calibrated toolset developed in the first phase.  These hydrofoils will be developed from the MHKF1 family, a reference MHK hydrofoil set.  The focuses will be on (1) the mid-outboard region and high Reynolds number effects and (2) the mid-inboard region, where there will be large thickness and significant rotational and roughness effects.  If possible, the most inboard stations will also be considered.
[bookmark: _Toc383531502]Development and Test Schedule

[bookmark: _Toc383531862]Table 2: Preliminary Schedule
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[bookmark: _Toc383531503]Test Set-Up
[bookmark: _Toc383531504]Wind tunnel
The 0.3-Meter Transonic Cryogenic Tunnel (0.3-m TCT) is a high-pressure, cryogenic, closed-circuit, wind tunnel used to test two-dimensional airfoil sections and proof-of-concept configurations, develop advanced test techniques, and validate computation fluid dynamics codes at high Reynolds numbers. The flexible floor and ceiling in the 0.3-m square test section can be adjusted to approximate free-stream shapes to eliminate or reduce wall effects.
The 0.3-m TCT is capable of running with air or gaseous nitrogen as the test medium. With the ability to control temperature and pressure as well, a very large range of Reynolds and Mach number combinations can be achieved.
The test section has computer-controlled angle-of-attack and traversing-wake-survey rake systems. Two inches of honeycomb and five anti-turbulence screens in the settling chamber provide flow quality suitable for natural laminar flow testing.
High-pressure (350 psi) and low-pressure (100 psi) air sources are available. These sources are located near the test section and can be used for boundary-layer blowing or calibration of auxiliary devices.
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[bookmark: _Toc383531521]Figure 1: Airfoil Model in 0.3m TCT

[bookmark: _Toc383531863]Table 3: 0.3m TCT Operating Capabilities
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[bookmark: _Toc383531505]Airfoil Models
Each hydrofoil section shall have a 2D model constructed of 6061 Aluminum TBD.
Span: 0.33m
Chord: 0.11m TBD Check blockage effects and degree of mitigation through wall deflection.
[bookmark: _Toc383531506]Aerodynamic Devices
Boundary layer trips located at 5% chord on high pressure and low pressure surfaces.
[bookmark: _Toc383531507]Instrumentation
The following instrumentation shall be implemented on the hydrofoil models and tunnel.
[bookmark: _Toc383531864]Table 4: 0.3m TCT Instrumentation Capabilities
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[bookmark: _Toc383531508]Airfoil Models
Number and location of pressure ports TBD.
[bookmark: _Toc383531509]Wake Rake
Number and location of pressure ports TBD. Traverse range TBD.
[bookmark: _Toc383531510]Wall Pressure
Number and location of pressure ports TBD.
[bookmark: _Toc383531511]Test Procedure
The test objectives are to determine lift, drag, and pitching moment polars for each foil well past positive and negative stall (>20deg AoA) to characterize stall hysteriesis. Reynolds number range from 1.5M to over 10M. Airofil pressure distributions and wake momentum loss will be measured.
Test Protocol for each model:
1. Install model, check pressure taps, close up tunnel
1. Set pressure and temperature in tunnel
1. Put model at initial condition (zero degrees AoA)
1. Bring tunnel on-line to desired Mach#, adjust pressure and temperature to get desired Re#.
1. Adjust walls for pressure gradient. Check wall pressures for correct geometry.
1. Take data point.
1. Adjust AoA to next point.
1. Repeat steps 5, 6, 7, until we get last AoA.
1.  Repeat step 3, 4, 5, 6, 7 for next Mach# & Re#.
1.  Bring temperature up and vent tunnel.
1. Remove model form tunnel.
[bookmark: _Toc383531512]Angle of Attack
-9 to 20deg
Each configuration test shall commence at 0 degrees angle of attack and proceed as follows. Measurements shall be recorded at each positive 1 degree angle of attack increment until the start of positive stall is observed. Measurements shall then be recorded at 0.5 degree increments up to 10 degrees above positive stall (or as far as possible considering tunnel blockage limitations). Measurements shall then be recorded at 0.5 degree increments as the angle of attack is decreased to 5 degrees below positive stall to capture. Measurements shall then be recorded at 0.5 degree increments as the angle of attack is increased again to the point of positive stall to fully document any hysteresis in performance. The model shall then be returned to 0 degrees and the angle of attack incremented -1deg to 5deg past negative stall. Less fidelity is required of the negative angles as this is an off-design condition. Angle of attack increments may be adjusted in real time to increase or reduce fidelity of measurements as necessary. This procedure is summarized in the table below.
[bookmark: _Toc383531865]Table 5: Test Procedure for Varying Angle of Attack
	Test Step
(#)
	Starting Angle of Attack
(deg)
	Finishing Angle of Attack
(deg)
	Change Increment
(deg)

	1
	0 
	Positive Stall
	+1.0

	2
	Positive Stall
	Positive Stall + 10.0
	+0.5

	3
	Positive Stall + 10.0
	Positive Stall - 10.0
	-0.5

	4
	Positive Stall - 10.0
	Positive Stall
	+0.5

	5
	0 
	Negative Stall
	-1.0

	6
	Negative Stall
	Negative Stall - 5.0
	-1.0



A data point shall be recorded at each of the following positive angles of attack for each Model Configuration and Test Condition (assumes 12deg stall angle).
[bookmark: _Toc383531866]Table 6: Example Positive AoA Test Matrix
[image: ]
A data point shall be recorded at each of the following negative angles of attack for each Model Configuration and Test Condition (assumes 12deg stall angle).
[bookmark: _Toc383531867]Table 7: Example Negative AoA Test Matrix
[image: ]
[bookmark: _Toc383531513]Test Conditions
Tunnel operating conditions shall be determined by NASA Langley Research Center.
[image: ]
[bookmark: _Toc383531522]Figure 2: Example Operating Conditions
[bookmark: _Toc383531514]Mach Number
All tests shall be conducted at Mach 0.2.
[bookmark: _Toc383531515]Reynolds Number
Each model shall be tested over a range of Re# from 1.5e6 to 11.5e6 in increments of 1.0e6.
[bookmark: _Toc383531868]Table 8: Approximate Test Conditions
[image: ]
Note that the lowest two Re# may be conducted at room temperature. Higher Re# shall be conducted at max tunnel pressure and progressively lower temperatures to minimize LN2 costs. If tunnel capabilities, blockage limitations, model structural constraints, and budgetary restrictions allow, higher Re# may be explored.
[bookmark: _Toc383531516]Test Configurations
Each test condition identified in Tables 5 and 6 shall be executed for both ‘clean’ and ‘soiled’ model configurations. Soiled model configurations shall implement boundary layer trips at 5% chord on the high pressure and low pressure surfaces.
[bookmark: _Toc383531517]Data Collection and Reduction
Except for instances where pressure ports are obstructed, the following data shall be provided for all of the aforementioned test conditions and configurations. Data shall be provided for each angle of attack specified in section 4.1.
1. Free stream pressure and velocity, Reynolds number, Mach number, Angle of attack.
2. Static pressure and pressure coefficient for all airfoil pressure ports. Calculated lift, drag, and moment coefficients from airfoil pressure data.
3. Static pressure and pressure coefficient for all wall pressure ports. Calculated lift coefficient from wall pressure data.
4. Static and total pressure and pressure coefficient for all wake rake pressure ports. Calculated drag coefficient from wake pressure data.

[bookmark: _Toc383531869]Table 9: 0.3m TCT Data Acquisition Capabilities
[image: ]
[bookmark: _Toc383531518]Wall Interference Correction
Wall geometry will be determined a priori through CFD analysis to minimize or eliminate wall effects. If the variable wall geometry is unable to adequately mitigate wall effects, the wall correction method of Allen and Vincenti [10] shall be used to correct the measured data for the effects of wall interference and tunnel blockage. Compressibility should not be a factor since the highest test Mach number is 0.2, below the widely accepted compressibility threshold of 0.3 Mach.
[bookmark: _Toc383531519]Measurement Uncertainty
NASA Langley Research Center shall provide an uncertainty analysis of all measurement systems with the final results of this test.
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