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The Department of Energy (DOE) launched the Wave Energy Prize (WEPrize) Competition as a mechanism to stimulate the development of new wave energy converter devices that have the prospect of becoming commercially competitive in the long run.  In the Final stage of the competition, nine teams will test their 1/20th scale devices at the US Naval Surface Warfare Center Carderock Division (NSWCCD) Maneuvering and Seakeeping Basin (MASK) in West Bethesda, MD.   Each contestant will prepare their device for one week and then test their device for one week at the MASK basin in Summer/Fall 2016.  This testing program will measure the performance of each device tested to determine the WEPrize winners.
The purposes of the Team Test Plan are to:
· Plan and document the 1/20th scale device testing at the Carderock MASK basin;
· Document the test article, setup and methodology, sensor and instrumentation, mooring, electronics, wiring, and data flow and quality assurance;
· Communicate the testing between the Finalist team, Carderock, Data Analyst (DA) and the Prize Administration Team (PAT);
· Facilitate reviews that will help to ensure all aspects (risk, safety, testing procedures, etc.) have been properly considered;
· Provide a systematic guide to setting up, executing and decommissioning the experiment.
The team test plan is a WEPrize required document and will be owned/managed by the Carderock Test Leads and DAs, and is intended to be a “living document” that will evolve continuously prior to the MASK basin testing.


[bookmark: _Toc445995611][bookmark: _Toc445995740][bookmark: _Toc445995870][bookmark: _Toc445996000][bookmark: _Toc445996132][bookmark: _Toc445999046][bookmark: _Toc446000868][bookmark: _Toc446001013][bookmark: _Toc446002656][bookmark: _Toc446002809][bookmark: _Toc446002955][bookmark: _Toc466463199]Test Objective
The top level objective of the 1/20th scale device testing is to obtain the necessary measurements required for determining Average Climate Capture Width per Characteristic Capital Expenditure (ACE) and the Hydrodynamic Performance Quality (HPQ), key metrics for determining the WEPrize winners [1].
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All testing will be conducted in the Maneuvering and Seakeeping basin (MASK) at Carderock Division, Naval Surface Warfare Center located in Bethesda, Maryland.  The MASK is an indoor basin having an overall length of 360 feet, a width of 240 feet and a depth of 20 feet except for a 35-foot deep trench that is 50 feet wide and parallel to the long side of the basin.  The basin is spanned by a 376-foot bridge supported on a rail system that permits the bridge to transverse to the center of the basin width as well as to rotate up to 45 degree from the centerline as seen in Figure 1.  Figure 1 does not include the physical update of this wavemaker system, but a drawing of the new paddle layout can be seen in Figure 2.  The MASK Carriage is suspended beneath the bridge and can travel along the rails by the rollers and drive system.  There is an arresting gear to prevent the carriage from hitting the end stops and this limits the travel along the bridge.  The carriage has 6’ x 10’ moon bay in the center which allows for models and instrumentation to be mounted.  A photo of the carriage is shown in Figure 3.  Along the two ends opposite of the wavemakers are beaches with a 12 degree slope. The beaches are constructed of 7 layers of concrete sections and are effective in mitigating the mass flux of water back into the tank during wave generation.  The hydrodynamic properties of the beaches can be found in [2].
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[bookmark: _Ref429000481][bookmark: _Toc442202046][bookmark: _Toc466463244]Figure 2. General view of new segmented wavemaker in MASK Wavemaking Facility. Paddles are highlighted in red and the control cabinets are highlighted in bright blue. 
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[bookmark: _Ref429000175][bookmark: _Toc442202045][bookmark: _Toc466463245]Figure 3. MASK carriage shown below the bridge at the center of the bridge.
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The new wavemaker is rendered with respect to its general install position in Figure 2.  The wavemaker system consists of 216 paddles.  There are 108 paddles along the North edge of the basin, 60 paddles in a ninety degree arc, and 48 paddles along the West edge of the basin.  The paddles are grouped in sets of eight paddles per control cabinet.  The 27 control cabinets are then joined via three marshaling cabinets, and ultimately the marshaling cabinets are connected to the main control station at the second floor of the MASK control room.  The cabinets and control room are generally illustrated in Figure 2.
A more detailed view of the wavemaker paddles is provided in Figure 4.  The paddles have a hinge depth of 2.5 m (8.2 ft) and a pitch (centerline to centerline spacing) of 0.658 m (25.9 in.).  The wavemaker system is a dry back, force feedback system.  The paddles are moved using hydrostatic compensation with air tanks and bellows and with sectors attached to the wavemakers with an A-frame type structure.  The sector has a timing belt attached which runs on the topside of the sector.  The timing belt runs through a pulley box powered with an encoder controlled motor.  The motor is used to control the real-time quick motions of the paddle.  The force feedback of the paddle is provided via a force transducer mounted at the bellows and sector interface to the paddle.
The wavemaker is controlled via runtime software located on the main control computer using Edinburgh Designs Limited (EDL) software. The software allows entering specific regular wave conditions or it can be programmed to generate irregular seas via the input of “experiments files”. 
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[bookmark: _Ref429000536][bookmark: _Toc442202047][bookmark: _Toc466463246]Figure 4. General wavemaker characteristics and design
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With respect to the MASK basin, the reference frame is illustrated in Figure 5.  Its operational origin is located at the interior intersection of the northwest and northeast walls and vertically at the nominal 20 ft. water level.  The positive x-axis is aligned along the shorter northwest wall and the positive y-axis along the longer northeast wall.  Waves propagating parallel with the x-axis (toward the long beach) are defined as having a mean wave direction, β₀, of zero degrees and waves propagating parallel with the y-axis as 90 degrees.  This convention defines the wave direction as the direction the waves are traveling toward.
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[bookmark: _Ref429000556][bookmark: _Toc442202048][bookmark: _Toc466463247]Figure 5. MASK reference orientation, note that the orientation here is different than that in Figures 1 and 3. 


[bookmark: _Toc445995617][bookmark: _Toc445995746][bookmark: _Toc445995876][bookmark: _Toc445996006][bookmark: _Toc445996138][bookmark: _Toc445999052][bookmark: _Toc446000874][bookmark: _Toc446001019][bookmark: _Toc446002662][bookmark: _Toc446002815][bookmark: _Toc446002961][bookmark: _Toc466463203]Scaled Model Description
[bookmark: _Toc466463204]Device description
The test article is a 1/20 scale M3 Wave “Nexus” WEC.  It is a submerged, mid-water column, pressure differential harvesting device.  It works based on the pressure wave from waves passing over the device compressing air bladders within the device.  These air bladders, connected by a rigid pipe, are situated apart (by a distance of ½ nominal wavelength, +/- 30%) such that passing waves create an oscillating air exchange between the air bladders.  As that air moves, power can be extracted using an air turbine.  Since WEP is a “deep water” test, Nexus is on long mooring lines in a Tension Leg Platform (TLP) mooring configuration.  The 1/20 test article is nominally 6m long, 2m wide, and 2m tall with bags that are approximately 0.9m x 1.6m in Length and Width.  The latest iteration includes a buoyancy tank below the main device in order to improve the device’s stability in the water.  Based on mooring analysis of the 1:50 testing, we identified the need for higher mooring tensions to improve stability of the TLP system.  Although submerged, Nexus still resides in a relatively energetic region hydrodynamically.  Modeling showed that adding buoyancy tanks near the device Center of Gravity (CG) resulted in higher hydrodynamic loading that only decreased stability.  Thus, the design decision was made to add the necessary buoyancy well below CG and connect the buoyancy tank to the main WEC via rigid structure.  The full-scale device is nominally 115 m long, 40 m wide, with caissons nominally 20 m x 40 m at each end.
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[bookmark: _Toc466463248]Figure 6. Concept drawing of M3 Wave WEC with buoyancy tank indicated.


Please see Appendix A for detailed electrical and mechanical drawings.
[bookmark: _Ref456695020][bookmark: _Toc466463205]Power Take-Off description
The full scale incarnation of the M3 WEC will use a self rectifying, guide vane impulse turbine (GVIT).  In the literature, most researchers simulate this turbine at small scale using an orifice plate (due to its proper matching of flow vs pressure response).  M3 prefers to use a GVIT, rather than a Wells turbine, for a variety of reasons, including superior start-up characteristics.  Consequently, the simulated 1:20 PTO is an instrumented orifice plate.  The orifice plate provides the “resistance” to air flow that an impulse turbine would; thus making the scaled model WEC behave in a more realistic power extraction manner.  In addition, the orifice extracts some power from the moving air.  By using ISO standard 5167, geometry and methods, we are able to use local pressure measurements, and known geometric factors, to calculate air flow through the pipe.  

In order to give additional confidence to the pressure vs flow calibration of the PTO, an instrumented benchtop test rig has been constructed.  This setup includes a NIST traceable flow gage (Kanomax 6501-AE Clinomaster hot wire anemometer with Kanomax 6561-2G probe), and time varying flow to mimic the same frequencies expected at Carderock.  Third party validation of the PTO characterization was provided by Hinsdale Wave Research Laboratory (HWRL) at Oregon State University; see Appendix B for details.  
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[bookmark: _Toc466463249]Figure 7 Schematic view of PTO characterization on the benchtop.

PTO characterization was conducted in two primary areas:  1. establish a correlation between the hot wire anemometer measured air flow, and the orifice plate measured air flow; 2. assess measurement performance during time varying conditions (simulating wave action).  It was found that the (indirect) orifice technique of measuring flow does a very good job of accurately measuring the flow that the (direct) hot wire technique measured.  However, it was also found that the hot wire technique did not have the response speed to capture time-varying air flow in the time regime of interest (1.6-3.9 sec).  And, it was found that the orifice technique is fast enough to capture time-varying flow in the time regime of interest.  Overall, the hot wire technique provides confidence in the PTO characterization with respect to measurement of air flow.

There was a concern from the judges about pressure measurement as a function of pressure line length in the line between the pressure tabs and the pressure gauges on the test carriage.  Dynamic tests for various lengths of pressure line showed no difference in pressure value, or response time, regardless of line length from 30cm up to 360cm.  
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[bookmark: _Toc466463250]Figure 8. 1:20 PTO characterization plot.  Plot of KPTO showing relationship between Qv from HWA and transformed dP from OP.  This plot supports the idea that the relationship between dP and Qv conforms to Bernoulli’s equation, and that there is a quadratic relationship between dP and Qv.
Additional measurement of kinematic side:
1. To directly measure kinematic side of absorbed power during testing, M3 incorporates a hotwire anemometer (HWA) into the oscillating air column (OAC) pipe of the device.  M3 Wave has reviewed detailed historical searches and communications with vendors (Omega, DegreeC, TSI, Kanomax, and others) as well as conducted a new search with modified parameters.
a. Assumed HWA parameters are as follows:
i. Max flow 20m/s.  This exceeds 120% of max anticipated flow in OAC with Orifice Plate (OP) installed. (previous target max was 50m/s to enable 120% of max flow in open pipe without OP).
ii. NIST certification optional.  Sensor can be calibrated in PTO test rig using existing NIST-certificated HWA.
iii. In stock.  Many existing HWAs are built-to-order (request a quote, etc) requiring 4-12 weeks lead time.
iv. Response time:  fastest possible for HWA technology.  The limit appears to be around 250msec with many devices closer to 1 second.  This is adequate for the slower wave periods in the WEP Carderock test matrix, but may be too slow for capturing the fine detail during the faster wave periods.
v. Can be remotely powered
vi. Provides data output for DAQ
vii. Offers durability, with likely survival through WEP Carderock testing.
b. Unit Used: Omega FMA900A
[image: ]
[bookmark: _Toc466463251]Figure 9. Diagram of the Omega hotwire anemometer

c. HWA Integration:
i. The HWA probe is located in the center of the tube cross section and is situated approximately mid-way between the bag port and the OP (approximately 12 diameters from nearest feature).

[image: ]
[bookmark: _Toc466463252]Figure 10.  Diagram of the mounting location of the hotwire anemometer.
Additional details on the HWA unit selected are included in appendix G.
Post Test Notes for Section 4.2
The relationship between the volumetric flow rate and differential pressure in Figure 8 was found to be inaccurate during spot checks and was not used. 
During calibration, the Omega hot wire anemometer failed the spot check and based on its performance during the spot checks, it was decided that it would not be used to calculate the volumetric flow rate. Also, the range for the Omega was 0 - 5.08 m/s, not 0-25 m/s as reported above.
[image: ]
Instead, the flow rate to change in pressure was calibrated using the NIST traceable HWA (this HWA has too long of a response time to be used for testing). In parallel, the orifice plate standard was applied to calculate the volumetric flow rate. See the results spreadsheet for further details.
67

[bookmark: _Toc466463206]Device properties
[bookmark: _Toc466463239]Table 1. Critical Dimensions
	
	Measurement
	Description
	Comments
	Verified at Carderock
	Measured by Team

	Dimensions (m)
	length overall (in direction of wave travel)
	5.75
	From outer edge of caisson, to outer edge of caisson
	
	

	
	width overall (perpendicular to direction of wave travel)
	2m
	From outer edge of caisson, to outer edge of caisson
	
	

	
	height overall 
	1.9 m
	From top of OAC flange to bottom of buoyancy pod
	
	

	
	Dimension of Air Bladder (L x W x H) 
	1.6m x 0.9m x 0.12m
	Static, operational inflation of air bladder, nominal
	
	

	
	Dimension of Tube (L x D)
	4.75m x 0.098m (ID)
	Length is from center of bag port to center of bag port. Diameter Froude scaled consistent with 2m ID full size tube.
	
	

	Please provide the following measurements for each body of the WEC

	Mass (kg)
	130 kg
	Dry
	
	

	Buoyancy (kg)
	410 kg net
	Based on CAD, fresh water
	
	

	Center of gravity (m)
	TBD pending final tweaks during shakedown runs June 22  Refer to Appendix A for preliminary values as part of Ershigs analysis
	Based on CAD
	
	

	Center of buoyancy (m)
	TBD pending final tweaks during shakedown runs June 22 Refer to Appendix A for preliminary values as part of Ershigs analysis
	Based on CAD
	
	

	Moment of inertia
	Pitch (kgm2)
	TBD pending final tweaks during shakedown runs June 22 Refer to Appendix A for preliminary values as part of Ershigs analysis
	Based on CAD
	
	

	
	roll (kgm2)
	TBD pending final tweaks during shakedown runs June 22 Refer to Appendix A for preliminary values as part of Ershigs analysis
	Based on CAD
	
	

	
	yaw (kgm2)
	TBD pending final tweaks during shakedown runs June 22 Refer to Appendix A for preliminary values as part of Ershigs analysis
	Based on CAD
	
	

	Operating Depth (based on SWL to top of device) (m)
	0.6m – 1.0m
	SWL to top of Caisson
	
	

	Operating Draft (based on SWL to lowest point of device) (m)
	2.6m
	SWL to bottom of buoyancy pod
	
	

	Wetted surface area  (m2)
	TBD pending final tweaks during shakedown runs June 22 Refer to Appendix A for preliminary values as part of analysis
	From CAD
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Scaling of the M3 WEC (“Nexus”) could require scaling different aspects of the WEC separately (much like Maunsell and Murphy proposed)—see Appendix C for a more in depth discussion.  (1) Overall device length, and device depth are Froude scaled.  (2) Air column diameter is Froude scaled.  (3) Flexible bag length and width are each Froude scaled.  (4) Flexible bag volume scales with (scale factor)2, ala Falcoa et al—this results in an auxiliary air volume being required, which has been previously implemented in OWC modeling of other researchers.  Power output is Froude scaled from the 1:20 absorbed power (see Appendix C).  Froude scaling of the preceding items is based on discussion with the WEP judges; while the M3 team has an additional scaling approach, in the interest of streamlining debate, it has been agreed to proceed with Froude in the cases indicated above.
· Model dimensions at 1:20:  overall length = 5.75m, width of air chambers = 1.9m, length of air chambers = 0.6m, inner diameter of air column 98mm, overall length of air column (neglecting fittings and PTO head loss) = 4.75m.  Note that the Caisson dimensions are still 1m x 2m, reflecting the original scaled bag size.  The bag scaling was modified late in the process and caissons are long lead items that cannot be re-fabricated on the WEP timeline.  Using the smaller scaled bags inside the larger caissons does not provide an advantage vs smaller scaled caissons with the smaller bags- in fact it increases cross-sectional area that will adversely affect mooring dynamics so it will likely impact model efficiency.  The caissons are merely just rigid structures to provide support for the bags that would otherwise rise and stress the seal to the air column pipe. 
· Kinematic and dynamic quantities:  volumetric flow rate (m^3/s) through the air column, and pressure delta (Pa) across the PTO (orifice), respectively.

Mooring stiffness scaling:  Froude scaling of mooring line stiffness requires a 1/400 stiffness compared to full scale.  If the mooring line were adequately stiff, then a spring (or other compliant member) would need to be added to the mooring to accurately produce scaled model mooring stiffness.  However, given uncertainty in the dynamic stiffness of the Carderock Vectran V-100 mooring line, the 1:20 mooring will have a dynamic stiffness that is between “somewhat higher” and “much higher” than our target stiffness.  Consequently, it does not make sense to add a spring to the mooring line, since the overall dynamic stiffness can not be accurately predicted with the V-100.  As a result, our mooring dynamic stiffness will be stiffer than a comparable 1:1 scale WEC.   However, proper mooring scaling isn't as critical for the M3 WEC, which doesn't rely on mooring for power generation, but may be of concern for WECs that rely on mooring reaction as part of their power capture.
[bookmark: _Toc466463240]Table 2 General Froude Scaling
	
Dimensions
	Description of Dimension
	Full Scale Value
	1:20th Scale Value

	Device overall length
	Length from end of caisson to end of caisson
	115m
	5.75m

	Device Effective Length
	Device length from center to center of bags
	95m
	4.75m  (this is tuned to prescribed 1:20 waves)

	Device Depth
	Distance under static water line that bag top surface resides
	12m – 20m
	0.6m – 1.0m

	Bag Area
	Bag cross sectional area
	576 m2 (18m x 32m)
	1.44 m2(0.9m x 1.6m)

	Bag Volume
	Volume of air inside each flexible bag.  Note, an auxiliary volume of air will be used at 1:20 to compensate for the “spring effect”
	576 m3 (18m x 32m x 1m) 
	0.11m3  (0.9m x 1.6m x 0.076m)

	Bag “effective” volume
	Bags are not perfect rectanglular shapes- seams and joints result in rounded edges and corners.  Based on empirical studies, actual air volume inside bag is 80% of theoretical square-corner dimensions.
	461 m3
	0.088 m3 

	Tube length
	Length between centers of bags- function of target wave length +/-30%
	95m 
	4.75m

	Tube Diameter
	Diameter of OAC pipe
	2m 
	0.098m
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Following Falcao et al, we scaled the volume of air in each bag by scale factor squared (1/400 at Carderock).  As an example, a 1m3 bag at Carderock would scale up to a 400m3 bag at full scale.  In particular for the M3 WEC, at full scale, our technical submission uses a bag 18m x 32m x 1m in size.  Based on empirical testing of inflation of fin-seal bag geometries, typical bag inflation volume is 80% of theoretical rectangular volume due to curvature near edges, corner rounding, etc.  Thus, a full scale bag volume would be 0.8*(18*32*1) = 461m3.  Consequently, we'll need 461 / 400 = 1.15 m3 of air volume present for each bag at Carderock.  Since the operational bag dimensions for the M3 WEC at Carderock are 1.6m x 0.9m x 0.076m, volume would be 0.8*0.11 m3 = 0.088m3, thus we require an auxiliary (additional) air volume of 1.15 - 0.088 = 1.06m3 for each bag.  This will be accomplished using the following air line connection, air line, and auxiliary air tank:  (drawings and dimensions)


[image: ]
[bookmark: _Toc466463253]Figure 11 Auxiliary air tanks – side view

[image: ]
[bookmark: _Toc466463254]Figure 12. Auxiliary air tanks – view from below
Tanks will be off-the-shelf rigid-walled poly tanks. 

[image: ]
[bookmark: _Toc466463255]Figure 13. Caisson view showing connection to auxiliary air tanks

Power absorption on bags: Note that energy absorption on the bags is via the bottom surface which moves up and down.  The caisson rigidly constrains the top surface of the bag and the sides of the caisson are thicker than the nominal thickness of the bags when inflated at operational thickness.

Please see appendix C for more discussion of scaling.
[bookmark: _Toc445999138][bookmark: _Toc446000960][bookmark: _Toc446001105][bookmark: _Toc446002748][bookmark: _Toc446002901][bookmark: _Toc446003047][bookmark: _Toc445999139][bookmark: _Toc446000961][bookmark: _Toc446001106][bookmark: _Toc446002749][bookmark: _Toc446002902][bookmark: _Toc446003048][bookmark: _Toc445999140][bookmark: _Toc446000962][bookmark: _Toc446001107][bookmark: _Toc446002750][bookmark: _Toc446002903][bookmark: _Toc446003049][bookmark: _Toc445999141][bookmark: _Toc446000963][bookmark: _Toc446001108][bookmark: _Toc446002751][bookmark: _Toc446002904][bookmark: _Toc446003050][bookmark: _Toc445999142][bookmark: _Toc446000964][bookmark: _Toc446001109][bookmark: _Toc446002752][bookmark: _Toc446002905][bookmark: _Toc446003051][bookmark: _Toc445999143][bookmark: _Toc446000965][bookmark: _Toc446001110][bookmark: _Toc446002753][bookmark: _Toc446002906][bookmark: _Toc446003052][bookmark: _Toc466463209]Control strategy
There is no active control strategy applied, the only change consists of setting device pressure (maintaining constant starting pressure) between each run. At full scale, the energy used by the onboard, autonomous pressure regulating device will be negligible; therefore, no active control energy use penalty will be assessed. 
[bookmark: _Toc451731650][bookmark: _Ref456694884][bookmark: _Toc466463210]Assembly and Deployment Plan
Preliminary assembly steps based on dry run:
1. Unpack device components and lifts from crate/container
2. Assemble lifts
3. Assemble PTO characterization hardware for spot check
4. Layout caissons and alum and OAC
5. Bolt runners together
6. Load caissons to lifts
7. Strap caissons to lifts
8. Bolt runners between caissons
9. Set up stepladders
10. Bolt OP flanges
11. Load half moons into bags
12. Position gaskets above and below bag film 
13. Position bags under caissons 
14. Position OAC at ports
15. Thread half moon studs through gaskets and bags and caissons and into OAC flange
16. Mount OAC with loose nuts 
17. Raise lifts one notch 
18. Bolt on pod trusses 
19. Bolt in crossbar 
20. Raise one lift 2 notches total 
21. Position pod 
22. Attach pod 
23. Tighten bag port bolts 
24. Tighten rest of trusses
25. Connect shackles and springs to mooring points

Deployment is divided up into several Phases (see lists and sketches below).
· Phase 1 INGRESS: encompasses assembly and transport to the crane pick point near the basin beach
· Phase 2 LAUNCH AND TRANSLATE: encompasses Crane Ops
· Phase 3 CONNECT TO MOORING encompasses Punt ops and mooring

[image: ]
[bookmark: _Toc466463256]Figure 14. WEC deployment plan
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[bookmark: _Toc446000967][bookmark: _Toc446001112][bookmark: _Toc446002755][bookmark: _Toc446002908][bookmark: _Toc446003054][bookmark: _Toc445999145][bookmark: _Toc446000968][bookmark: _Toc446001113][bookmark: _Toc446002756][bookmark: _Toc446002909][bookmark: _Toc446003055][bookmark: _Toc466463211]Test Matrix and Schedule
[bookmark: _Toc466463212]Test matrix 
The incident wave conditions for the 1/20th scale experiments at NSWC Carderock’s MASK are shown in Table 3.  
[bookmark: _Ref441046446][bookmark: _Toc466463241]Table 3. Test waves
	Type
	Number
	TP [s]
	HS [m]
	γ (gamma)
	Direction
	Spreading

	IWS (JONSWAP)
	1
	1.63
	0.117
	1.0
	10.0
	∞

	
	2
	2.20
	0.132
	1.0
	0.0
	∞

	
	3
	2.58
	0.268
	1.0
	-70.0
	∞

	
	4
	2.84
	0.103
	1.0
	-10.0
	∞

	
	5
	3.41
	0.292
	1.0
	0.0
	∞

	
	6
	3.69
	0.163
	1.0
	0.0
	∞

	LIWS (JONSWAP)
	7
	3.11
	0.395
	3.3
	-30.0
	3.0

	
	8
	2.50
	0.460
	3.3
	-70.0
	7.0

	RWS                  (4-parameter JONSWAP)
	9
	3.22
	0.076
	2.0
	-70.0
	7.0

	
	
	1.61
	0.108
	2.0
	0
	10

	
	10
	3.32
	0.079
	2.0
	-70.0
	7.0

	
	
	1.93
	0.065
	2.0
	-10
	10



[bookmark: _Toc466463213]Test schedule
[bookmark: _Ref445998187][bookmark: _Toc466463242]Table 4. Testing schedule
	Date/Time
	Event

	Monday
	MASK installation and work-in

	7:00
	Morning Huddle

	7:10
	Contestants will be moving their device from the assembly area to the installation area,  installation and verifying operation

	Tuesday
	Continued installation and work-in

	7:00
	Morning Huddle

	7:10
	Contestants continue moving their device from the assembly area to the installation area,  installation and verifying operation

	2:00
	Readiness verification

	3:00
	Baseline 1 run
	IWS Wave 2

	4:00
	Baseline 2 run
	IWS Wave 5

	4:20
	Contestants pack up for evening

	Wednesday
	Full Test Day

	7:00
	Morning Huddle

	7:15
	Contestants set up for testing and perform pre-test checks

	8:00
	Run 1 (Baseline 1)
	IWS Wave 2

	9:00
	Run 2 (Baseline 2)
	IWS Wave 5

	10:00
	Run 3
	IWS Wave 1

	11:00
	Run 4
	IWS Wave 3

	12:00
	Lunch

	1:00
	Check Run 1  (Baseline 1)
	IWS Wave 2

	2:00
	Run 5
	IWS Wave 4

	3:00
	Run 6
	IWS Wave 6

	4:00
	Check Run 2  (Baseline 2)
	IWS Wave 5

	5:00
	Contestants pack up for evening (also a 30 minute buffer)

	Thursday
	 

	7:00
	Morning Huddle

	7:15
	Contestants set up for testing and perform pre-test checks

	8:00
	Check Run 3  (Baseline 1)
	IWS Wave 2

	9:00
	Run 7
	RWS Wave 1

	10:00
	Run 8
	RWS Wave 2

	11:00
	Run 9
	LIWS Wave 1

	12:00
	Lunch

	1:00
	Run 10
	LIWS Wave 1

	2:00
	Check Run 4  (Baseline 2)
	IWS Wave 5

	3:00
	Backup Run 1/ Contestant Testing
	TBD

	4:00
	Backup Run 2/ Contestant Testing
	TBD

	5:00
	Perform final daily data QA checks and test reporting (may start earlier if testing permits)

	Friday
	 
	 

	7:00
	Morning Huddle

	7:15
	Contestants set up for testing and perform pre-test checks

	8:00
	Backup Run 3/ Contestant Testing
	TBD

	9:00
	Backup Run 4/ Contestant Testing
	TBD

	10:00
	Backup Run 5/ Contestant Testing
	TBD

	11:00
	Backup Run 6/ Contestant Testing
	TBD

	12:00
	Lunch

	1:00
	Contestants pack up for shipping



Post Test Notes for Section 5.2
The test schedule was modified and all but one test wave - LIWS 2, were run. Please see the test results spreadsheet for a list of waves that were run and the order for which they were run.

[bookmark: _Toc466463214]Experimental Set Up and Methods
The simulated PTO is an instrumented orifice plate (OP).  Consequently, we have a direct measure of the dynamic aspect of absorbed power (differential pressure), and an indirectly determined kinematic aspect of absorbed power (volumetric flow rate—based on measured differential pressure).   In industry, geometric constants are often used to determine volumetric flow based on differential pressure measurement across the orifice plate.  M3 will use an empirically determined volumetric flow vs. differential pressure relationship that uses a NIST traceable volumetric flow gage, and has been verified by a qualified third party, in order to give additional confidence in the kinematic portion of absorbed power.  In addition, an Omega hot wire anemometer (HWA) will be measuring air velocity in the pipe at all times.
M3 Wave pressure gages will record differential pressure across the precision orifice plate; one gage will record the pressure delta in the “fore” direction; the other gage will record the pressure delta in the “aft” direction.  MASK load cells will record mooring tension loads.  MASK motion tracking will record six axis motion data.
· Pressure response (esp linearity) of each differential pressure gage is expected to be checked using a u-tube manometer, as a spot check at Carderock.
· Setra model 265 pressure gages will be used during spot checks, and each has a factory (NIST traceable) calibration certificates.  All are now in hand.
· An Omega FMA900A will be used during testing to measure flow velocity.
· The PTO characterization test rig will be available for spot checking at Carderock.

A HWA will be in the OAC to provide a direct measurement of flow rate during the test. 

Post Test Notes for Section 6
Please see post test note for Section 4.2
[bookmark: _Toc466463215] Mooring
Mooring is a four-point, tension leg configuration.  Default configuration has vertical tension legs.  Multiple 140# weights are likely to be required at each mooring point, on the basin floor.  
The current mooring configuration goes in this sequence:  eye connection at WEC; load cell; rope; block at anchor; rope; rope puller; carriage.

Figure 6.1  Schematic of mooring concept.
Note the positions of turnbuckles (for fine adjustment of device depth and level), and load cells.

[image: ]
[bookmark: _Toc466463257]Figure 15 Drawing of WEC, mooring line and anchor.  Note the two colored mooring lines:  the blue line may need to be extremely stiff to properly scale mooring stiffness, esp. if the yellow line is not very stiff.
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[bookmark: _Toc466463258]Figure 16.  Drawing of anchor, block, and mooring lines.

[image: ]
[bookmark: _Toc466463259]Figure 17.  Side view of device moored in operational position.
[image: ]
[bookmark: _Toc466463260]Figure 18.  End view of device in moored position.



[image: ]
[bookmark: _Toc466463261]Figure 19.  Drawing of current mooring line attachment to the M3 WEC.  Not shown:  spring for matching stiffness of mooring line at 1:20 scale.
Post Test Notes for Section 6.1
During testing, the anchor weights on one end of the WEC lifted up causing that end of the WEC to reach the surface. The anchor weights were increased and the test continued. 
[bookmark: _Toc446000974][bookmark: _Toc446001119][bookmark: _Toc446002762][bookmark: _Toc446002915][bookmark: _Toc446003061][bookmark: _Toc446000975][bookmark: _Toc446001120][bookmark: _Toc446002763][bookmark: _Toc446002916][bookmark: _Toc446003062][bookmark: _Toc446000976][bookmark: _Toc446001121][bookmark: _Toc446002764][bookmark: _Toc446002917][bookmark: _Toc446003063][bookmark: _Toc466463216]Instrumentation
High level description of DAQ:  PTO data is recorded using two differential pressure gages.  Each gage measures both sides of a precision orifice plate in the air column of the WEC.  These data allow for direct measurement of the pressure differential (dP) across the orifice, and also allow for the calculation of air flow (Q) through the orifice using an empirically determined dP vs Q curve (based on a calibrated, NIST traceable hot wire anemometer (HWA)).  A HWA will also provide flow measurement data to the DAQ.  This data will be in the form of 0-5VDC signal.  The flow measurement values were calibrated to the voltage output using the same NIST HWA setup used for PTO calibration.
Based on numerical modeling, it is expected that the maximum unrestricted air flow in the air column would reach 44m/s.  When this is air input is applied to the air column with a 25.4mm orifice we find empirically that a +/- 25 in H20 differential pressure gage has adequate range to measure the orifice pressure values with a 2x factor of safety.  Note, the differential pressure gages have a NIST traceable calibration that covers the +/-25 in H20 range.
Data flow:  pressure differential data are measured as 0-5VDC by the MASK DAQ unit.  There are two differential pressure gages, so there will be two data streams from the WEC PTO to the MASK DAQ.  HWA velocity data are measured as 0-5VDC by the MASK DAQ unit.
Sensor locations:  current plan has the pressure sensors topside, on the bridge, at the end of 20’ umbilicals that connect to the WEC.  Umbilical length was a concern, consequently we have evaluated pressure signal and response speed at 1, 7 and 20’ of umbilical length, and seen no signal drop-off.  This was verified during PTO Characterization (esp. during time-varying testing).
The HWA will be inside the OAC and the sending unit will be contained in a small bulkhead appendage to one side.  Data will be sent up (and sensor power sent down) via a small insulated umbilical.
Post Test Notes for Section 6.2
Please see notes for section 4.2. The flow rate did not reach the expected value of 44 m/s
[bookmark: _Toc446000979][bookmark: _Toc446001124][bookmark: _Toc446002766][bookmark: _Toc446002919][bookmark: _Toc446003065][bookmark: _Toc446000980][bookmark: _Toc446001125][bookmark: _Toc446002767][bookmark: _Toc446002920][bookmark: _Toc446003066][bookmark: _Toc466463217]Motion tracking

A natural point tracking system will be used to track the motion of the platform. Motion tracking uses markers on top of 5/16” rods / flag poles, extending up from the WEC, surface piercing, and visible above the water.  The markers will reside directly above the device, at locations to be determined.  The M3 team recommends one flag at the device center (mounted to the orifice plate flange bolts), and one flag at a corner of each caisson.

· [image: ]
[bookmark: _Toc466463262]Figure 20.  Concept drawing of M3 Wave WEC.  Optical flags are indicated, by three red arrows, for motion tracking.



[bookmark: _Toc446000982][bookmark: _Toc446001127][bookmark: _Toc446002769][bookmark: _Toc446002922][bookmark: _Toc446003068][bookmark: _Toc466463218]Data Processing and Analysis
[bookmark: _Toc466463219]Data quality assurance and on-site processing
Data collection will start 2 minutes before waves are started and continue for at least 2 minutes once wave generation stops. This will ensure that the data captures the initial conditions and ramp-up/down.
“Raw” data from the Natural Point motion tracking and from the National Instruments (NI) measured power/loads/other are collected on two different systems and stored in separate text files. The motion tracking data are stored in a CSV file while the data from NI DAS are stored in a tab delimited text file.
[bookmark: _Toc466463220]Data analysis
The data processing and analysis is divided into two parts: 1) data quality assurance (QA) that will ensure that quality, consistent and error free data are used in data analyses and 2) data analysis to calculate the performance metrics used in judging.  The data flow and processing steps are shown in Figure 21 and the calculated values for the data analysis are provided in Appendix J. 

[bookmark: _Ref450208127][bookmark: _Toc466463263]Figure 21. Data flow and processing steps
 The objective of the data quality check is to detect and eliminate as many significant errors from the data as soon as possible, and to come to an overall assessment of the data quality.  The data QA shall be performed at three points during testing: 1) visually in “real time” during each test while data are collected, 2) during the interval after testing when the wave basin in settling and 3) when data are analyzed. It is critical to identify any data issues as soon as possible so corrective action can be taken and a test rerun if necessary.
The DAs and Carderock will decide if a test needs to be rerun if they have determined the data is of sufficiently poor quality in terms of:
· The wave field did not sufficiently match the specified spectrum
· There were errors in the measurements due to such issues as sensor failure, connector failure, too high noise, etc.
· Failure or issues with the WEC 
· Fault with DAS
[bookmark: _Toc466463221]“Real Time” Data QA
To ensure data quality, to prevent re-running multiple tests, and to halt tests early, all channels shall be visually monitored during testing to provide a basic level of data quality assurance and to verify that all instruments and the data acquisition system are functioning properly. If bad data are detected, the test lead should be immediately notified, who will then decide what action needs to be taken. During each test the following QA should be performed:
· Operation and performance of the DAS should be monitored to verify that it has not locked up or faulted – make sure the DAS runs throughout the test by monitoring CPU load and data updates 
· Visual inspection of the data being displayed by the DAS, as they are gathered – the Carderock DAS will plot specific incoming data channels as they are acquired.
[bookmark: _Toc466463222]Settling Interval and Time between Test Data QA
After each test, while the basin settles and while the next test is set up (~20 min total), a more detailed data QA shall be performed to identify any issues before the next test starts. The DA will do their best to perform this task between runs, but if this is not possible, the QA will be completed during the subsequent run. If issues are detected with the data, these will be brought up to the test lead. The following tasks should be performed:
· Operation and performance of the DAS should be monitored to verify that it has not locked up or faulted
· Time series for each data channels should be plotted and inspected
· Data shall be processed to perform higher-level data QA
· Spectra should be calculated for waves, power and loads and plotted and inspected
· Wave spectra should be compared with baseline wave spectra 
· Periodic comparisons with baseline runs (as possible)
· Visual inspection of all wires, connectors and sensors should be performed (as possible)
· Visual inspection of device should be performed (as possible)
The first six bullets will be performed using pre-written scripts that interface with the Carderock DAS storage. These scripts will load the data, perform some processing, create figures for review, and identify any data of concern. 
	
	
	Real Time via observation
	Settling Interval
	Post Test

	
	
	
	
	

	DAS malfunction
	Check for data acquisition failure or malfunctions
	X
	X
	

	Sensor malfunction
	Check for sensor failure or malfunctions
	X
	X
	

	Time difference
	Check the time difference between each measurement for consistency and against specifications and check for strange variations in time
	
	X
	X

	Error values/substitutes
	Identify error values/substitutes (i.e. “999” or “NaN”)
	X
	X
	X

	Constant value
	Repetitions of consecutive data with the same value (repeating standard deviations or offset).
	
	X
	X

	Completeness
	Check whether the number of records and their sequence is correction (identification of gaps, check for repetition)
	
	
	X

	Range /threshold 
	Check whether the data of each sensor lie within the measurement range of that sensor.
	
	X
	X

	Measurement continuity
	Compare the rate of change of a signal to expected/seasonally accepted values and between similar measurements that are collocated in close proximity
	
	X
	X

	Measurement Consistency
	comparison between statistics, such as the ratio of wave height to power
	
	
	X

	Near-by Comparison
	Comparison with  similar/duplicate  measurements that are collocated in close proximity
	
	
	X

	Spectral spikes
	Spikes in the spectral data
	
	X
	X

	Trends and inconsistencies
	Identify trends in data such as large drift in sensor output or inconstancies in sensor output for similar input 
	
	
	X








[bookmark: _Toc446000984][bookmark: _Toc446001129][bookmark: _Toc446002771][bookmark: _Toc446002924][bookmark: _Toc446003070][bookmark: _Toc445973024][bookmark: _Toc445973187][bookmark: _Toc445995715][bookmark: _Toc445995844][bookmark: _Toc445995974][bookmark: _Toc445996104][bookmark: _Toc445996236][bookmark: _Toc445999156][bookmark: _Toc446000985][bookmark: _Toc446001130][bookmark: _Toc446002772][bookmark: _Toc446002925][bookmark: _Toc446003071][bookmark: _Toc445973025][bookmark: _Toc445973188][bookmark: _Toc445995716][bookmark: _Toc445995845][bookmark: _Toc445995975][bookmark: _Toc445996105][bookmark: _Toc445996237][bookmark: _Toc445999157][bookmark: _Toc446000986][bookmark: _Toc446001131][bookmark: _Toc446002773][bookmark: _Toc446002926][bookmark: _Toc446003072][bookmark: _Toc445973026][bookmark: _Toc445973189][bookmark: _Toc445995717][bookmark: _Toc445995846][bookmark: _Toc445995976][bookmark: _Toc445996106][bookmark: _Toc445996238][bookmark: _Toc445999158][bookmark: _Toc446000987][bookmark: _Toc446001132][bookmark: _Toc446002774][bookmark: _Toc446002927][bookmark: _Toc446003073][bookmark: _Toc445973027][bookmark: _Toc445973190][bookmark: _Toc445995718][bookmark: _Toc445995847][bookmark: _Toc445995977][bookmark: _Toc445996107][bookmark: _Toc445996239][bookmark: _Toc445999159][bookmark: _Toc446000988][bookmark: _Toc446001133][bookmark: _Toc446002775][bookmark: _Toc446002928][bookmark: _Toc446003074][bookmark: _Toc445973028][bookmark: _Toc445973191][bookmark: _Toc445995719][bookmark: _Toc445995848][bookmark: _Toc445995978][bookmark: _Toc445996108][bookmark: _Toc445996240][bookmark: _Toc445999160][bookmark: _Toc446000989][bookmark: _Toc446001134][bookmark: _Toc446002776][bookmark: _Toc446002929][bookmark: _Toc446003075][bookmark: _Toc445973029][bookmark: _Toc445973192][bookmark: _Toc445995720][bookmark: _Toc445995849][bookmark: _Toc445995979][bookmark: _Toc445996109][bookmark: _Toc445996241][bookmark: _Toc445999161][bookmark: _Toc446000990][bookmark: _Toc446001135][bookmark: _Toc446002777][bookmark: _Toc446002930][bookmark: _Toc446003076][bookmark: _Toc445973030][bookmark: _Toc445973193][bookmark: _Toc445995721][bookmark: _Toc445995850][bookmark: _Toc445995980][bookmark: _Toc445996110][bookmark: _Toc445996242][bookmark: _Toc445999162][bookmark: _Toc446000991][bookmark: _Toc446001136][bookmark: _Toc446002778][bookmark: _Toc446002931][bookmark: _Toc446003077][bookmark: _Toc445973031][bookmark: _Toc445973194][bookmark: _Toc445995722][bookmark: _Toc445995851][bookmark: _Toc445995981][bookmark: _Toc445996111][bookmark: _Toc445996243][bookmark: _Toc445999163][bookmark: _Toc446000992][bookmark: _Toc446001137][bookmark: _Toc446002779][bookmark: _Toc446002932][bookmark: _Toc446003078][bookmark: _Toc445973032][bookmark: _Toc445973195][bookmark: _Toc445995723][bookmark: _Toc445995852][bookmark: _Toc445995982][bookmark: _Toc445996112][bookmark: _Toc445996244][bookmark: _Toc445999164][bookmark: _Toc446000993][bookmark: _Toc446001138][bookmark: _Toc446002780][bookmark: _Toc446002933][bookmark: _Toc446003079][bookmark: _Toc445973033][bookmark: _Toc445973196][bookmark: _Toc445995724][bookmark: _Toc445995853][bookmark: _Toc445995983][bookmark: _Toc445996113][bookmark: _Toc445996245][bookmark: _Toc445999165][bookmark: _Toc446000994][bookmark: _Toc446001139][bookmark: _Toc446002781][bookmark: _Toc446002934][bookmark: _Toc446003080][bookmark: _Toc445973034][bookmark: _Toc445973197][bookmark: _Toc445995725][bookmark: _Toc445995854][bookmark: _Toc445995984][bookmark: _Toc445996114][bookmark: _Toc445996246][bookmark: _Toc445999166][bookmark: _Toc446000995][bookmark: _Toc446001140][bookmark: _Toc446002782][bookmark: _Toc446002935][bookmark: _Toc446003081][bookmark: _Toc466463223]Data Management
Data are transferred from the Caderock systems (Natural Point and the NI DAS) to the DA computers via an optical media, likely a re-writable DVD or Bluray. Each disc will be labeled with the data, the team name and the included runs. Separate discs will be used for each team.
Data will be transferred to the DA computer and stored in separate directories for each team. As data are processed, the processed data, along with the processing algorithms will be stored on the DA computers. The “raw” data files SHALL not be altered by the DAs – if modifications are needed, a new file shall be created to do this, thus, preserving the original “raw” data file.
At lunch and at the end of each day, all data will be backed up to two separate hard drives and to the spare DA computer. One drive will remain at Carderock and the other will be stored at a separate location during evenings and weekends.
When DAs are using computers other than the DA computers, all analysis and algorithms will be backed up to two different jump drives at least once a day. Once analysis is complete, the DA will send one drive to the lead DA who will archive the raw and processed data on NREL’s secure data server. 
The teams will not be provided with any data from Carderock or the DAs – the PAT will facilitate data transfer to the teams.
The discs, DA computer, the redundant back-up drives, and storage on NREL’s secure server provide a high level of storage redundancy
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[bookmark: _Ref445998133][bookmark: _Toc466463226]Appendix B: PTO calibration results
[bookmark: _Ref445998143]PTO Characterization was completed with the Hinsdale Wave Research Laboratory (HWRL) at Oregon State University.  Dr. Pedro Lomonaco, the director for the Hinsdale Wave Research Laboratory lead the work.  One of his theses was on measurement of water flow in a tube using an orifice plate.  Dr. Lomonaco’s letter of support for the PTO calibration method and results is appended to the end of this appendix.
KPTO is defined in this submission as the relationship between the directly-measured variable (DV) and either the dynamic or kinematic component of absorbed power, which will be derived from DV.  This relationship will be used to derive the dynamic or kinematic component of absorbed power during the 1:20th scale experiments at the MASK basin.  KPTO must be obtained for all structural configurations that will be implemented during the testing.

1.  Provide a description of the 1:20th scale PTO characterization experimental set-up.  Include a schematic.
M3’s PTO characterization requires measurement of pressure drop across a precision orifice plate (OP), and determination of flow through the pipe.  Pressure drop is a direct measurement using a differential pressure gage, following ISO 5167.  Flow measurement in the pipe is indirect when using an orifice plate, necessitating a direct measurement, third-party validation.  The method used to produce the direct measurement is introduction of a hot wire anemometer (HWA) into the pipe, at an appropriate distance (>10 pipe inner diameters away) from the OP.  Flow in the pipe was compared for the direct, and indirect measurement, assessing both steady state, as well as time varying response.  In essence, the HWA is used to validate the quality of the flow data from the OP.
The HWA that is used in the WEC is not NIST tracable in its calibration.  Consequently, the team is using a separate, NIST tracable, calibrated HWA to calibrate the WEC HWA.  The NIST traceable gage is a Kanomax Clinomaster 6501-OE, and the non NIST tracable gage is an Omega FMA902A-V1-S.
The experimental set-up consists of several key components:  i) source of input air flow (leaf blower capable of producing 64 m/s in an unrestricted 4” schedule 80 pipe)—note, 44m/s is the predicted upper limit in velocity (for an unrestricted pipe) based on CFD, so this air source reaches 145% of  the predicted maximum; ii) air flow control module (instrumented air bypass, providing a DC voltage indicating air baffle position) capable of producing a several distinct air flow values, as well as smoothly changing air flow; iii) pipe with dimensions matching the 1:20 WEC (4.75m long, and 97.2mm ID); iv) instrumentation for direct measurement of flow (HWA, NIST traceable and non-NIST traceable); v) instrumentation for indirect measurement of flow (OP with differential pressure taps and differential pressure gages [NIST traceable]).  The air column pipe consists of a 2.375m section on each side of a centrally located OP, with pressure taps at D and D/2 locations (consistent with the ISO standard and the 1:20 WEC design).  
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Figure B1.  Schematic of PTO characterization with orifice plate and hot wire anemometer.  The blower provides air to the air bypass unit.  The air bypass unit has an instrumented butterfly valve for controlling and monitoring how much air is allowed to bypass the system, and how much is forced through the orifice.  The hot wire anemometer is > 10 diameters away from the orifice, and >15 diameters away from the air bypass.  The differential pressure gages are connected to the pipe at D and D/2 positions.  One side of each pressure gage is open to atmosphere to allow for direct assessment of the absolute pressure at each side of the orifice.
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Figure B2.  Schematic of PTO characterization with orifice plate and two hot wire anemometers.  The Kanomax is the NIST traceable gage, and the Omega is the non-NIST traceable gage.  Note:  both gages are on the same side of the orifice plate, which is needed to restrict the flow to the proper range of velocities.
The experimental method consists of the following five key components:  
1.  Stepped flow measurement:  continuously measure flow using OP, but make stepwise adjustment in baffle position, holding at each position for a few seconds.  This allows for steady state comparison of OP and HWA at various flow rates, in a relatively rapid fashion.  This also allows for assessment of the dynamic reaction of each flow measurement technique at each transition from one flow to another.  
2.  Dynamic:  smoothly rotate baffle from “full flow” to “no flow”, and back, while measuring flow with OP and HWA.  This test is done with a variety of periods, bracketing the wave conditions used at Carderock.  This is the simulation of time varying flow that is most similar to what the WEC will experience at Carderock, and is the ultimate dynamic assessment.
3.  Repeat (1) with both the Omega HWA and the Kanomax HWA in the pipe.  This is done with the orifice plate in the pipe also, in order to achieve the proper damping and restriction to air flow.  This data is used to calibrate the Omega HWA with the NIST tracable Kanomax HWA.  
The Kanomax, NIST tracable HWA data are the “gold standard” data that will establish what the true local air velocity in the tube is.  All data from 1-3 will be compared to the HWA data for validation.
2.  Provide data sheets for the sensors used in the PTO characterization experiments.  
Hot wire anemometer:  Kanomax, Climomasater model 6501-0E, measurement range 0.01 – 30 m/s, measurement accuracy +/- 2%, with NIST traceable calibration.
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See Appendix H for information regarding the differential pressure gages and the Omega hot wire anemometer.

3.  Provide a description of the data acquisition used to collect the data and the associated frequency of collection.
Data acquisition is performed using an Omega USB-4700 data acquisition unit (DAQ).  Data are collected from the Kanomax HWA as an analog, 0-1VDC output.  Data are collected from the Omega HWA as an analog, 0-5VDC output.  Data are collected from the differential pressure gages (for the OP) as an analog, 0-5VDC output.  Data are collected from the position of the air bypass baffle as an analog, 0-1VDC output.   All data are collected at 0.05sec interval.  Baffle position data, HWA and pressure gage data, are collected simultaneously through the Omega DAQ, and use the same time reference.


4.  Provide a description of the data analysis used to obtain the KPTO value.
An initial version of KPTO was determined as a 3rd order polynomial regression between (directly) measured pressure drop across the orifice plate and Kanomax HWA  (directly) measured flow through the tube.  
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Figure B3.  Plot of dP (from orifice plate pressure gages) vs Qv (from Kanomax hot wire anemometer).  From this polynomial regression, measured dP can be used to indirectly determine Qv (volumetric flow) in the pipe.
While the 3rd order polynomial fits the data well, it is not based in physical processes.  The physical processes are well described by Bernoulli’s equation, where we have a quadratic relationship between pressure and velocity.  If we transform the above data so that we replace dP with A*sqrt(2g*dP), then we have a constant of proportionality (A), and the plot, linear curve fit is based on Bernoulli’s equation.  
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Figure B4.  Plot of KPTO showing relationship between Qv from HWA and transformed dP from OP.  This plot supports the idea that the relationship between dP and Qv conforms to Bernoulli’s equation, and that there is a quadratic relationship between dP and Qv.

It is satisfying that figure B4 is consistent with Bernoulli’s equation, and the quadratic relationship between dP and Qv.  Further, this approach gives a single constant (A) as the slope between the directly kinematic variable, and the dynamic variable.  In our case, A = 0.0211 (see figure B4).  This makes computation of absorbed power straight forward:
	i.  differential pressure (dP), is measured directly with a differential pressure gage.
	ii.  volumetric flow rate (Qv), is measured in one of two ways:
a.  if the HWA is reacting fast enough, and producing smooth, continuous curves that are in phase with the dP data, then the HWA data can be used DIRECTLY to calculate flow (average velocity * pipe cross sectional area).
b.  if the HWA is not reacting fast enough, then the dP data can be used to calculate volumetric flow in the pipe, following the ISO standard.  In this case, the dP value would be used with figure B4, and Qv calculated (Qv = 0.0211 * sqrt (2g * dP)).
iii.  absorbed power is the product of dP and Qv from (i) and (ii) above.



5.  Provide scatter plots of DV and either the dynamic or kinematic component of the absorbed power.  
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Figure B5.  Plot of Qv from Kanomax HWA vs Qv from OP.  These data fit a straight line with a correlation coefficient of 99.57%. Note, these data are from steady state measurements of air flow.  
The data in figure B5 indicate that volumetric flow in the M3 WEC can be predicted using orifice plate based measurements.  Also, we notice that the constant of proportionality (figure B5) is not “1,” which it would be if the HWA and OP matched perfectly.  Since we are using a single velocity value from the HWA, and calculating flow, the HWA data are overestimating the average velocity in the tube.  Our constant from figure B5 of 0.5007 suggests that the average velocity in the pipe is about ½ of the maximum (measured) velocity.  This is intuitively satisfying since we have a zero velocity boundary layer at the wall, and a large velocity in the pipe center—CFD of this pipe has shown a roughly parabolic velocity vs position profile.  Overall, these data are consistent with CFD, are reasonable, and suggest that the OP data can be used to calculate volumetric flow accurately.
Dynamic, time varying flow data are shown subsequently.  As an initial assessment of the dynamic response of the various flow measuring techniques, we can inspect the pseudo-steady state “stepped” flow data in figure B6.
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Figure B6.  Stepped response in flow measurement, and baffle position, vs time.  All data are normalized to -1 (full scale of measured values).
We see (figure B6) that the baffle smoothly transitions from one position to another, then holds its position for several seconds.  The OP data mimic the baffle (air flow) behavior quite well in terms of not showing false peaks, and also responding to the change in flow in a timely fashion—while the OP response is not instantaneous, it is pretty fast.  In contrast, the Omega HWA data are sometimes spurious, and do not respond quickly to changes in air flow.  This is surprising since the manufacturer claims that the HWA has a response time of 0.2sec—these data do not support that assertion.  Overall, we see that the OP data respond to changes in baffle position (air flow), and the HWA data sometimes respond.
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Figure B7.  Time sequence of normalized differential pressure (voltage) measurements across the orifice plate and normalized air velocity measurements (voltage) for three different “wave periods.”  The first plot has a “wave period” of about 3.25sec; the middle plot has a period of about 1.49sec; the last plot has a period of about 1.12sec.
As a more detailed assessment of the measurement of time varying flow, three separate “wave periods” were simulated with the air bypass from figure B1.  These three responses are plotted in figure B7.  We can see that the differential pressure measurement across the orifice plate does a good job of responding fast enough to show distinct peaks corresponding to the changing air flow, which is represented here by the baffle position.  Note:  this was not the case with the Omega HWA.  We find that the orifice plate data stay in phase with the input air flow phase, but the HWA data do not—they may be delayed (T=3.25sec), or completely out of phase and confused (T=1.12sec).  At the lowest frequencies, the HWA has the same period as the input air oscillation; but, at frequencies in the range that we care about for Carderock, the HWA data can get far out of phase, and completely miss peaks in the air stream oscillation.  Figure B7 (middle) illustrates the HWA data being out of phase with the “baffle” position (which indicates air flow input), and we can see that the HWA peaks and troughs are not consistent (as they should be).  The case is worse as we increase wave frequency, and we see a complete lack of ability to track air flow in figure B7 (bottom).
Omega to Kanomax HWA “Calibration”
Since the Omega HWA will be used in the WEC, we need to be able to verify that its air velocity measurement is accurate in the range of interest.  The Kanomax, NIST tracable HWA was used for this purpose.  Both HWA gages were inserted into the flow (see figure B2), at the same time, and their velocity data were plotted below (figure B7).
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Figure B8.  HWA to HWA calibration curve.  This data allows the non-NIST tracable gage (Omega) data to be scaled to match the NIST tracable gage (Kanomax).  
We see that there is a high correlation coefficient (0.9978) between the Kanomax and Omega data, indicating that almost all of the variation in the response data is explained by the linear fit—in other words, the Omega HWA data can be used to accurately predict the Kanomax HWA data in this range.  
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Figure B9.  Kanomax HWA vs Omega HWA data (raw volts).  This plot is included for completeness on the HWA gage calibration topic.
Effect of pressure tap tube length.  Previous work on wind turbines has indicated that pressure taps (like what are being used here) can exhibit spurious results.  In particular cases where the pressure line (tube) is long, and the frequency of oscillation is high, an unexpected gain in pressure signal has been observed.  Consequently, we wanted to assess this possibility for the M3 Wave PTO.  A subset of time varying flow measurements were made with various sets of pressure lines (which lead from the pressure taps on the pipe to the differential pressure gages).  The team was pleasantly surprised to find that there was no signal gain, and no measureable signal lag when the pressure lines increased from 30cm to 210cm and finally 600cm.  This provides confidence that 600cm pressure lines are not adversely affecting pressure measurements.
6.  If the team expects a deviation in operation once the device is in situ in the 1:20th scale wave tank, provide an explanation.
Measurement in situ is expected to work as predicted above, where the HWA calibration is used to determine volumetric flow in the pipe based on differential pressure measurements across the orifice.  The Omega HWA will be measuring air velocity in-situ on the M3 WEC during 1:20th scale testing.  However, while the Omega HWA was a good calibration tool for PTO characterization, its data rate is low for dynamic measurements.  Consequently, the HWA will be present in the 1:20th tank testing, but it is likely to be used as a “sanity check” type of data, rather than a faithful representation of what the air flow is doing at any point in time.  The OP data is well suited to representing instantaneous volumetric flow in the M3 WEC.
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Post Test Notes for Appendix B
Please see test notes for section 4.2. 
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Appendix C: Device Froude scaling 
	Quantity
	Froude
Scaling
	Reynolds
Scaling

	wave height and length
wave period and time
wave frequency
power density
	s
s0.5
s-0.5
s2.5
	s
s2
s-2
s-2

	linear displacement
angular displacement
	s
1
	s
1

	linear velocity
angular velocity
	s0.5
s-0.5
	s-1
s-2

	linear acceleration
angular acceleration
	1
s-1
	s-3
s-4

	mass
force
torque
pressure
power
	s3
s3
s4
s
s3.5
	s3
1
s
s-2
s-1

	linear stiffness
angular stiffness
	s2
s4
	

	linear damping
angular damping
	s2.5
s4.5
	



Froude scaling R(Load), where lower case r is model scale, and capital R is full scale:
Dynamic (force) to kinematic (velocity):

Dynamic (torque) to kinematic (angular velocity):

Dynamic (pressure) to kinematic (volumetric flow):

Description of the M3 Wave WEC Scaling Approach

[bookmark: _Toc466463228]I.  Introduction--Why the scaling question needs to be answered.

A. In order to have a fair competition for evaluating WECs, there are several options:  1.  Test at full scale (not feasible due to cost and time); 2.  Test at subscale without scale up (not realistic since various WECs having different power capture phenomena, and subscale may not predict full scale power); 3.  Test at subscale with scale up (feasible but tricky due to accurately scaling all technologies).  Consequently, the best option appears to be figuring out how to accurately scale up a wide range of technologies.  As a side benefit, the ability to accurately scale up a given WEC is a valuable tool for the device developer to be able to project a useful/believable LCOE.

B. However, useful scaling of a device (WEC or otherwise) depends on accurate matching of the scaling method with the relevant physical phenomena.  In the case of many WECs, there are inertial and gravity effects to be scaled (typically handled with Froude scaling); there are compressibility and turbulence effects to be scaled (often Reynolds and/or Mach scaling); there are stiffness and surface effects of thin membranes to be considered (Cauchy scaling is often used here); in some cases the relative effects of drag and inertia are coupled (the Koulegan-Carpenter number is often used here); as well as other less common physical phenomena.  The tricky aspect of this work is assessing not only what the governing physical phenomena are, but how and if those phenomena are relevant at all meaningful scales (e.g. is drag important at full scale, but not at 1:20?).  Essentially, this can end up being part science, part art.
[bookmark: _Toc466463229]Background--M3 WEC (Nexus) operating principle
Principle of Operation:
A.  In order to assess how to scale the M3 WEC, we’ll start with understanding the physical processes at work.  As waves travel over the WEC, the pressure beneath the waves interact with flexible membranes (see figure C1).  The WEC does not rely on overall device motion, nor does it rely on water “particle” motion.  The device is two-sided, in that it responds to pressures at two bag areas--this is fundamentally different from an OWC.  Both bags are capable of displacement, but their displacement depends on the relative pressure from one end of the device to the other (again, different from an OWC).  If there is a relative pressure difference, then air within the device tries to equilibrate, driving air along the air column.  A key aspect to this WEC’s operation is that air is not only pushed through the air column, but air is also pulled through the air column.  As the air is driven from the bag surface, through the bag ports, and into the air column, a very large change in velocity occurs.  Energy is extracted at the PTO (larger scale uses an impulse turbine while smaller scale uses an orifice plate to measure and simulate the effects of a turbine).  

[image: ]
Figure C1.  Schematic of air bag expansion, contraction, and air flow under a traveling ocean wave.
[bookmark: _Toc466463230]Comparison of OWCs and M3 WEC:
B.  It is instructive to illustrate the differences between an OWC and the M3 WEC, since many of the judges are likely to be familiar with OWC scaling, and not M3 WEC scaling.  (see also References A, B, C, D, H)  

1.  Some OWC devices float at the air/water interface, and the bulk structure may move up and down relative to waves--however, the M3 device uses a Tension Leg Platform to stay stationary in the vertical direction (see figure C2).  

[image: ]
Figure C2.  Schematic illustration of the M3 WEC “Nexus”, moored below the surface of the water.

2.  An OWC device has one end open to atmosphere (an infinite reservoir, at fixed pressure)--however, the M3 device is a closed air system, with a finite reservoir, and each reservoir has a constantly changing pressure.  
3.  The OWC device is actuated from one side only, with pressure increasing and decreasing relative to atmospheric pressure--however, the M3 device is actuated by both sides in a push-pull manner. 
4.  The OWC device air/water interface displacement is governed by the fluid level at one location/area--the M3 device bag displacement is governed by the relative pressure at both ends of the device simultaneously.  
5.  The OWC is often associated with a Wells turbine--the M3 device operates more efficiently with an impulse type turbine due to the poor start-up characteristics, and narrower operating range of a Wells turbine. 
[bookmark: _Toc466463231]Scaling Method:  which parts scale with what method and why

A.  Overall device length.  This parameter describes the physical extent of the device, in the direction of primary wave travel.  However, a more important length (considering the operation of the WEC), is the distance between centers of the flexible bags.  Luckily, these two lengths are related.  Device length is a first order term in describing power capture from the M3 WEC.  Since the input pressure signal to the WEC depends on wave height, and wavelength, these are important parameters. (see Ref. F and G)   Since wave height and wavelength are governed by inertial and gravity effects, it follows that the M3 WEC overall device length should be Froude scaled:  

L20 = 1/20 * LFull Scale

B.  Device depth.  The important depth here that is concerned with power capture is the depth to the bottom of the flexible membrane (bag).  It turns out that the pressure realized inside of the bag, and along the air column is governed (to first order) by the static pressure at the depth of the bag bottom.  When the depth of the bottom of the bag is small relative to the wavelength, then the pressure at depth is essentially linear, and we may froude scale the pressure and device depth.   As device depth gets large relative to wavelength, then the hyperbolic cosine term in the pressure response factor grows, making linear Froude scaling less appropriate. (see Ref. F and G)    However, for the purposes of the device depth used in this competition, we may consider device depth and device operating pressure to be Froude scaled, 

D20 = 1/20 * DFull Scale

C.  Air column and turbine.  Air flow through the air column and turbine / PTO is clearly dependent on fluid flow regime (e.g. turbulent vs laminar) and compressibility of the air.  It is common to use a constant Reynolds number to maintain fluid flow similarity.  (see Ref. A)  Also, gravity is not an important factor when considering air (gaseous) flow through this WEC.  Consequently, Reynolds scaling is appropriate for scaling the air column and turbine.  After consultation with the WEP judges (diametrically opposed to the previous point about Reynolds scaling), M3 has agreed to scale the air column diameter with Froude scaling, 

ID20 = 1/20 * IDFull Scale

D.  Flexible membrane wall.  If the wall material were either stiff enough, or thick enough, then we may find that Cauchy scaling is important.  However, the inertial and stiffness effects of the membrane wall are small relative to the forces applied to the bag wall, and so this scaling is ignored.  Empirical data has shown that a large increase in bag stiffness does not affect power capture--giving further support to the notion that we can ignore bag wall thickness/stiffness scaling.

E.  Flexible membrane chamber.  The bag, or air chamber, is the pressure harvesting interface of the WEC and is critical in the proper scaling of the WEC.  However, it is complicated by the various forces acting upon it and within it.
B. Air movement effects.  The interior space of the bag defines the space that air travels within.  (see figure C3 for relative position of bag and bag port)  Air flow starts from zero velocity at the bag wall, and quickly gets into a turbulent regime as the air exits through the bag port.  Consequently, air flow and compressibility are clearly important.  This is suggestive of Reynolds scaling.  
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Figure C3.  Cut away view of an early incarnation of the Nexus device.  The bag is shown in blue relative to the air column and device structure.


B. Pressure harvesting.  The bag surface area is the water pressure harvesting interface.  An increase in bag area should provide more power input to the device since the wetted surface is pressurized, and can displace.  
B. Inertial effects
a. There is an inertial effect of the air within the bag.  This air is accelerated rapidly, with direction of flow changing often.  The magnitude of this effect relates to the volume of air in the bag.  This is where the “spring-like compressibility” effect of Falcao and Henriques shows up.  Falcao and Henriques arrive at their “volume scales with L2” argument by differentiating the following with respect to time:  mass of air = volume of air * density of air.
b. There is also an inertial effect of water outside of the bag that needs to be displaced in order for a bag to expand and, conversely, water needs to occupy bag space in order for a bag to contract.  Empirical observations have shown that the flexible bag does displace in three dimensions--however, to first order, the bag displacement occurs only on the bottommost, flat surface--much like a piston.  Consequently, the inertial effect of water moving, or being moved by, the bag is determined by the bag area (esp. bottom area), and NOT by the bag volume.  
c. The relative magnitude of the inertial forces at play (comparing (a) and (b)) is roughly proportional to the ratio of densities.  [Note, the volume considered in (a) and (b) is exactly the same.  However in one case, it is a volume of air, and in the other it is a volume of water.]  The ratio of air to water density is about 1/1000. Consequently, the inertial effect due to air movement in the bag is about 1000x less than the inertial effect due to water movement around the bag.
d. Since the dominant inertial effect pertaining to the air bag is movement of water, and the bag displaces like a piston, it makes sense that the bottom area of the bag is the factor that needs to be scaled.  
B. There is buoyant force acting on the bag, and there is gravity acting on the bag.  However, the buoyant force is always countered by the WEC structure, and the gravitational force is small compared to the inertial, and air compressibility effects.

Since we can ignore buoyancy and gravity effects, we are left with scaling (1) air flow in the bag, (2) pressure harvesting of the bag, and (3) inertial effect of water in the vicinity of the bag.  Fortunately, all three of these items depend on the cross sectional area of the bag, so we can satisfy (1), (2) and (3) simultaneously by scaling bag area.  After consultation with the WEP judges, M3 has agreed to scale the air bag length and width (top-down view) with Froude scaling, resulting in a bag area that is 1/400 of the full scale bag area:  

               A20 = 1/400 * AFull Scale.

Note:  this scaling approach is counter to previous empirical work by M3 showing that bag area scales with scale factor linearly.
[bookmark: _Toc466463232]Scaling Method:  how to scale up power from 1:20 to full scale

For the purposes of 1:20 scale testing of the M3 WEC for the WEP, the PTO is an orifice plate, which simulates the power absorption and damping of a guide vane impulse turbine while simultaneously enabling accurate bidirectional flow measurement.  The power measured and absorbed at this PTO is what needs to be scaled “up” in order to predict power absorption of a full scale device.  After consultation with the WEP judges, M3 has agreed to scale the absorbed power at the PTO via Froude scaling.  According to Froude scaling, power scales as s3.5:  

P20 = 1/203.5 * PFull Scale.

V.  Analysis:  

A. The air “spring-like” compressibility effect described in detail for an OWC by Weber, Payne, and Falcao is a bit more complicated for the M3 WEC.  It has been determined empirically (M3 WEC) that for a given device geometry, there is an optimum bag height regime. 


[image: ]
Figure C7.  Example precharge curve, illustrating the optimum bag height regime.  In this case the optimum lies between 8.6 and 8.9.


 This relates to at least two competing effects:  (1) at the upper end of bag inflation, the system becomes inflexible, preventing bag displacement under operation; (2) at the lower end of bag inflation, the bag may partially block the air column port, leading to restricted air flow.  However, given the optimum range of bag heights, there still exists the compressibility effect described by others.  The big difference between air chambers in OWCs and the M3 WEC is the height of the “air spring.”  Where a full scale OWC air chamber may be many meters tall, the full scale M3 WEC air bag is about one meter tall.  So, if we compare equivalent air chamber areas, the OWC will have greater volume (on the order of 10x more volume) than the M3 WEC.  For this reason, the “air spring” compressibility is a larger concern for an OWC device.  However, even though the effect should be 10x smaller for the M3 WEC, it still exists, and should be accounted for.  Consequently, it is recommended that the M3 WEC scale its air chamber volume in a manner consistent with Weber, Payne and Falcao, in order address the air spring compressibility effect:  

V20 = 1/400 * VFull Scale.


VI.  Conclusions

Scaling of the M3 WEC could require scaling different aspects of the WEC separately (much like Maunsell and Murphy proposed).  After consultation with WEP judges, it has been determined that the best approach is to Froude scale most device linear dimensions (including overall device length, device depth, air column inner diameter, and flexible bag length and widty).  This results in bag area scaling with 1/400.  Bag volume requires an auxiliary volume to reach the 1/400 volume described by Falcoa et al.  Absorbed power (of air losses at the orifice plate PTO) is scaled with Froude scaling. 
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[bookmark: _Ref445998153][bookmark: _Ref445999478][bookmark: _Toc466463233]Appendix D: Detailed description of control strategy
Not Applicable.
[bookmark: _Ref446001895]
[bookmark: _Toc466463234]Appendix E: Raw Data Channel list
	[bookmark: _Ref446001928]Instructions
	 
	 
	 
	 
	 
	 
	 

	Data File:
	 
	The name of the data file where the data resides 
	 
	 
	 
	 

	Channel Name:
	 
	The name of the data channel in the data file - if data are in a matrix, this is the index (column number) of the data in the matrix 
	 
	 

	Channel Title:
	 
	The common named use to refer to the data in the cannel
	 
	 
	 
	 

	Description:
	 
	Description of what is being measured/recorded
	 
	 
	 
	 

	Unit:
	 
	The unit of the measurement as output by the DAS
	 
	 
	 
	 

	Sensor
	 
	The name of the sensor. Please provide enough information so a reader can identify the specific type of sensor used
	 
	 

	Sample Rate
	 
	The sample rate of the data record 
	 
	 
	 
	 

	Scaling and Conversion Calculations
	Where the measured values will be used
	 
	 
	 
	 

	 
	 
	 
	 
	 
	 
	 
	 

	Data File
	Channel Name
	Channel Title 
	Description
	Unit
	Sensor
	Sample Rate
	Scaling and Conversion Calculations

	 
	 
	Fore Differential Pressure
	 Differential Pressure in the fore-direction, Output: 0-5VDC,  Input: 24VDC, Full scale: +/- 0.90 psi
	 0.36 PSI/V
	 Setra Model 265 Very Low Differential Pressure Transducer
	50 Hz
	See data file for conversions used during testing

	 
	 
	Aft Differential Pressure
	 Differential Pressure in the aft-direction, Output: 0-5VDC,  Input: 24VDC, Full scale: +/- 0.90 psi
	 0.36 PSI/V
	 Setra Model 265 Very Low Differential Pressure Transducer
	 50 Hz
	

	
	
	Hot Wire Anemometer
	Measures flow speed through the pipe, Output: 0-5VDC,  Input: 24VDC, Full scale: 5.08 m/s
	1.016 m/s/V
	Omega FMA902A-V1-S
	50 Hz
	

	 
	 
	Mooring Tension 1
	 
	 
	 
	 50 Hz
	

	 
	 
	Mooring Tension 2
	 
	 
	 
	 50 Hz
	

	 
	 
	Mooring Tension 3
	 
	 
	 
	 50 Hz
	

	 
	 
	Mooring Tension 4
	 
	 
	 
	 50 Hz
	

	 
	 
	Wave Height 1
	 
	 
	 
	 
	

	 
	 
	Wave Height 2
	 
	 
	 
	 
	 

	
	
	Wave Height 3
	
	
	
	
	

	
	
	Wave Height 4
	
	
	
	
	

	
	
	Wave Height 5
	
	
	
	
	

	
	
	Wave Height 6
	
	
	
	
	

	
	
	Wave Height 7
	
	
	
	
	

	
	
	Wave Height 8
	
	
	
	
	



[bookmark: _Toc466463235]Appendix F: Checklists for spot checks, software operation, readiness verification, and “real time” data QA
Initial:
· Conduct initial Flow verification and data check by inducing manual displacement on bags (manual compression or biasing top plate)
· Verify pressure gauges using manometer or similar
Every run:
· Verify deck height before each run.
· 8 positions (each caisson corner)
· Record water temp, 
· Record wave test point
· Record ambient pressure
· Inspect mooring connections x 4
· Check for loose bolts where possible
· Inspect pod and trusses for damage or displacement off nominal
· Verify mooring static tension
· Verify pre-charge target
· Verify water depth
· Confirm precharge port closed off; pod fill ports closed; 
· Verify integrity of optical markers 
· Verify telemetry (pressure, flow, motion tracking) is recording
[bookmark: _Toc466463236]Spot Check Procedure
<M3 Please provide a short description of the spot check procedures here – I started, but please modify>
The spot check will be performed in the Carderock parking lot outside of the MASK facility. The spot check will be performed prior to assembling the WEC as per the schedule in 4.7 while the pipe is still accessible. The test apparatus described in 4.2 will be used. The following spot checks will be performed: 
1. Air bypass amounts in increments of air bypass baffle position, with the orifice plate, the NIST traceable HW anemometer and the fixed vane anemometer. This will be repeated twice
2. Air bypass amounts, with steady velocity increase/decrease with the orifice plate, the NIST traceable HW anemometer and the fixed vane anemometer. This will be repeated twice with a rise/fall time of about 3 secs on the first cycle and 1.5 secs the second cycle
3. Air bypass amounts in increments of air bypass baffle position, with the orifice plate, the HW anemometer (used in testing), and the fixed vane anemometer. This will be repeated twice.
4. Air bypass amounts, with steady velocity increase/decrease with the orifice plate, the HW anemometer (used in testing), and the fixed vane anemometer. This will be repeated twice with a rise/fall time of 3 secs on the first cycle and 1.5 secs on the second cycle
After each change in velocity in spot checks 1 and 3, the system will be allowed to settle to steady velocity as indicated by the fixed vane anemometer. The following tables shall be filled in during checks 1 and 3. During all spot checks, the data will recorded using the Carderock DAS for subsequent analysis be the DA.



	Spot Check 1 - Orifice plate, NIST traceable HW anemometer and fixed vane anemometer

	Baffle position
	Cycle 1
	Cycle 2

	
	Fixed Vane (m/s)
	Hot Wire (NIST Trac.)
(m/s)
	Δ Pressure
(PSI)
	Fixed Vane (m/s)
	Hot Wire (NIST Trac.)
(m/s)
	Δ Pressure
(PSI)

	Open
	
	
	
	
	
	

	¼ closed
	
	
	
	
	
	

	½ closed
	
	
	
	
	
	

	¾ closed
	
	
	
	
	
	

	Closed
	
	
	
	
	
	

	¾ closed
	
	
	
	
	
	

	½ closed
	
	
	
	
	
	

	¼ closed
	
	
	
	
	
	

	Open
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	




 


	Spot Check 3 - Orifice plate, the HW anemometer (used in testing), and fixed vane anemometer

	Baffle position
	Cycle 1
	Cycle 2

	
	Fixed Vane (m/s)
	Hot Wire (Omega FAM900A)
(m/s)
	Δ Pressure
(PSI)
	Fixed Vane (m/s)
	Hot Wire (Used in Test)
(m/s)
	Δ Pressure
(PSI)

	Open
	
	
	
	
	
	

	¼ closed
	
	
	
	
	
	

	½ closed
	
	
	
	
	
	

	¾ closed
	
	
	
	
	
	

	Closed
	
	
	
	
	
	

	¾ closed
	
	
	
	
	
	

	½ closed
	
	
	
	
	
	

	¼ closed
	
	
	
	
	
	

	Open
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	




 
[bookmark: _Ref446001944][bookmark: _Toc466463237]
Appendix G: Team provided sensors – specifications and calibrations
The team provided differential pressure gages are Setra, model 2651025WB2BT1F, which are bidirectional, differential pressure gages.  The gages require 24VDC input, and output 0-5VDC (i.e. zero differential pressure reading is at 2.5VDC).  These gages are especially accurate (guaranteed to within +/- 0.25% full scale), and have a factory, NIST traceable calibration.  These gages have a measurement range of +/- 25 inches of water.
[image: ]
[image: ]
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[bookmark: _Ref446345778][bookmark: _Toc466463238][bookmark: _Ref446000345]Appendix H: Data analysis details
The following time series will be plotted for each run and be available for viewing between runs (if time permits)
	Variable
	Definition
	Reference Formula
	Relevant Runs

	Displacement – Inertial Frame
	X is defined relative to the 0 deg wave heading, Z is upward and Y completes the right hand rule
	
	All

	Mooring Tension for each line
	The instantaneous value of the mooring tension for line j
	
	All

	Kinematic Power (inferred from Dynamic via calibration table)
	Kinematic Side of Power for PTO j
	
	All

	Dynamic Power
	Dynamic Side of Power for PTO j
	
	All

	Absorbed Power(inferred from Dynamic via calibration table)
	Absorbed power for PTO j
	
	All



The following variables will be calculated for each run and be available for viewing between runs (if time permits)
	Variable
	Definition
	Reference Formula
	Relevant Runs

	Wave PSD
	Spectral density of the water surface elevation 
	
	All

	Significant Wave Height
	Measured significant wave height 
	
where

	All

	Omni-Directional Wave Energy Flux
	Omni-Directional Wave Energy Flux 
	


	All

	Wave Energy Period
	Wave Energy Period 
	
	All

	Horizontal Displacement
	Horizontal displacement of the WEC from its at rest position
	
	All

	Mean
	The mean value of the mooring tension for line j
	
	All

	Standard Deviation
	The standard deviation of the mooring tension for each mooring line
	
	All

	Max
	The maximum value of the mooring tension of all mooring lines
	
	All

	Min
	The minimum value of the mooring of all mooring lines
	
	All

	Mean
	The mean value of the dynamic side of power for PTO j
	
	All

	Standard Deviation
	The standard deviation of the dynamic side of power
	
	All

	Max
	The maximum value of the dynamic side of power
	
	All

	Min
	The minimum of the dynamic side of power
	
	All

	dynamic spectral density
	spectral density of the dynamic side of power, one for each power conversion chain of the WEC
	
	All

	Mean
	The mean value of the power
	
	All

	Standard Deviation
	The standard deviation of the power
	
	All

	Max
	The maximum value of the power
	
	All

	Min
	The minimum of the power
	
	All

	Absorbed power spectral density
	spectral density of the absorbed power, one for each power conversion chain of the WEC
	
	All
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NEXUS 1:20 scale Model Tentative Deployment Plan  Carderock MASK Basin
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of energy in e system. The dynamic and kinematic component of e FTO s, in
his case reprasented by the pressure drop and the fow tough e ipe.

The sbsorbed powsr st the PTO s dafined by 3 loslzed pressurs drop.
represaniad with a1 oo plate, Squvalent o 8 urbina. Hence, b compenznis
of the PTO can be measured by i pressure diferantal at e ofice plate, and
he nstantanaous fow et

Pl
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The pressure dro is measured by M usig a diferental prassure gauge, whie
the ow i indracly estmated using the same orfie plate. T pressure gauges.
ncu 3 NIST racessle cabration. However, he o St . oy 1oeh, e fon
measirement device, and thereore t has no NIST iraceable calbraton. The.
Calbration of te onfice lte needs t be valdated by 3 hd-pary.

The verfcation and characteszaton of e orifce plae, 3 means b measure e
fow rate trough e pipe, was conductad at e O H. Hinsdale Wave Research
Laboratory (HARL), Oregon Sise Uriversy.

T dosument preseris the theorstcal background _snd describe the
comesponding procedires for he verfiaton and Graracterzaion of e orfice
piae.

Verifiation and characterization of an orfice piate 25 3 flow measurement.
devics

s icicated previousy, the PTO of M3 WEC, is represented by alocaized snargy.
oss (e the absorbed power is represerisd by an energy o) o reversing 1
fow long a pipsine. Hence, e asscrbed power s dafined a5 he productof e
locazed pressure Giferental (). and he fowrate athe PTO (a) By continuity,
the flow rae 3 the PTO s squivlent o the fow rate irough the ppe

10 M3 divice. he osslized pressure crop is induced by an i plste. Tis has
been conveniently chosen snce an orfice plate can 150 be used 1o measure and
haracirza the fow rae n & pressurzad condut

Trersfoe, by simply knowing the pressure ferental (£9), ihe sbsorbed power
3 be ssimated contnususy.

Housver, the orfoe plate is. by itsel, e measuring device, which uses.
fundamertal physics 10 indirectly measure the flowia e prassurs &rop. and 1o
fow-measuremant onfia pates re ound wih 3 NIST-raceable cabraton.

Neverveless. an orfce piace i 2 well-known and relable devios for measuring
fow rates, pariculal in it condts and remote water pipeines. The basic
principles for measusing flowin an orfce lae ar based on fundamentalprysis.
nd were widely used Since 1 does ot ey on indrect slctical or slectonical
Systems. inthe pas, ofice plates used piezometnc manometers 5 measure e
pressire dferental, inducing the cassioa mercury pezometer.
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Orfie pltes belongs o the same category o flow messuremen deiices which
uses fndamental (and direc) physical principis to estmate e flow rate
Exampls of hese devioss are:

- Orfiospltes
T Plotubas
© Vent e

Al of these devices are 6l in use nowadays, and were developed at the end of
the XIX Certury and parfecioned 2 the begianing of e XX Century, i absence.
of slacronis massurtment devoss.

it tubes are 6l so refable that are used by commerdal aplanes fo measure.
the s speed. Ventur wbes are used i hydroslectnc and nucear powsr plans,
and onfioe plates ar widely used i the o and ircondifoning indusey.

Al of these devios rely on th bslance of nrgy 5 represntad b the Bemoull
Equaton, which states that the il energy 3iong 3 seamine remains consiant,
and can be represented by three energy components. pressure. velodty and
positn (equivalent 1 potentl energy. kinet energy. and pressure energy).

A id parice fowing from one posion 1 another, etains he toial snergy pis.
the' enargy disipation due o fcton. boundary, ubulent. or visoous 05585,

25 the sevsion (otental snergy).
P is the pressure (pressure anergy).
Vs e velocty (kinetc energy).

vis the specti gravy (1=p).
it o densry.

5 i asslerston dus to gravy,snd.

Ty £ represent the energy losses from positon (1) to positon (2
Foran s pte, he Bemoull Equation can e smpifidby sssuming the same.

potenalenergy (21=22) and expressing e kinee energy i terms of e flow rate
atpositon (1
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Wher:
s the cismaterof the ipe.
= the fowree 5t he e,
B he ratio between the dametarof the orfos plste and the ipe dameter.

‘Equivalenty. the fowrate can be compued by

“The flow ate ssimstion as presented previously. has been cerved with the only
‘assumpiion f o change n potenial energy

Hanos. by messuring the pressure iference snd ths geomstrics deiniton of .
pipe and he crfice plte e flow rate can be computed.

“The use of afios pistes n he indusiy yielded the implemsnistion of standards.
and procedures o cminate the need of cairaton tets. Classical sandards wifh
rformaton on s plstes nuds Welenck (1626). o more recenty the 150-
st67 2003).

The advantage o i IS0-517 is he refabity of he procedur, ke where fo
nstallressure taps. dmensions and geometry of the orfice piae,or e disance.
rom the orfics iate and oher deica3itings akong he ipe.

Folowing ll of e 150 standards, shoud provide an accurate means 1 estmate
ne fow e wihot exbraton.

P4
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Hotwireanemomeers use a very fne wire secticaly heated o some tempersture
above ihe ambient Ar fowing past he wie cools the wie. AS the aleciioal
resisiance of most metais is dependent upon i temparsturs of the metal &
relatonship can be obiained beween he resisiance of the wire and the flow
Speed.

1t should b noted tht the hotwire_snemometer wil be massuring the fiow
intensiy (speed) and ot e fowrate. The fow e s then compaed by assuming.
S veloiy dsrbuton seross the pipe. I s cese:

P
=2

‘Seversl NIST-racestle hotwire anemometars can be found nowsdsys in the

market. Howsver, ven though the aigna princpe of & hotaie anemomster

allows extramely high frequency responses. commerdal exampies ncomorate

Fter techmiqus 1o Sy he messurement utpu, whi e iherent ragiky of

ne instumant remains s prosiem.

Therefos, th vaidsion snd characierzstion of e arfios place wil consstn the
direct comparion of he pressira Gfferental tm seres (1p) o the onfoe plate,
2nd e ow rate 35 measured by the hotaire (q).

Hence, 2 calbrated relationship can be obiained 1o esimate he fow rate at e
pipe wih the pressure dferetial a he onfe pate

The prossdure consist in messure the pressure diference st diferent (consin)
fow rates. For sach flow ate, several sampls are measured 1 inorease e
retabiy o the cabraton.

By tis mesns, thefow rstereltonship coresponds o 3 stsscy ssts condiion,

Bage (S
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Quasi-stesdy state oriie plste calibration
Folowing the proosdure descrbed above, applied 1 the M3 device, and using te.

relatonship 25 derved with the Bemouli Equaton, the calbrated fow fate
messired it o orfce st pelds

B 8 B 8

[Ty ——
B

g

g

T w ww w  awm s s mo
®pa

The comsiaton cosficent of te previous expression s 99 43%.

Unsteady flow verification

A indicated praviously. the procedure and resufs obained are based on the.
measurement of quasiseady flow. Howster, the fowthrough the PTO ofh M3
evie wil depictihe same variabity 2 the ncdent waves. The M3 devics has.
bsen conosived fo reversing fow, where the m seres incorporate he same.
oscilatry bahavior of e ncdent waves. In therwords, th flow Brough e ipe.
il paray 5 harmonss craracter wih s S5ma paros S5 he Gt wavEs.

Noinformstion hss_been found in the ifersture regarding unsteady fow

meastrements i onfe plates. The only reference anayze e efect of apid
uctuaton n the fow, wit frequencies wel abova that of the ncdent waves.
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Hanos. the procedurs consiss in massure simutanecusy the parsmater that
define thefow ate o th pipe (posiion of a valve, pressure head,rpm of the 3
pump...). the flow rate 25 measired by the hotire anemometer, and e
preseirs dferental st the orfios pate.

T measurement wil st ndiote i e arfce piae pressure diferental depics
the same response a5 the valve I is i the case. then e low changes can be.
‘onsiderad s be govered by incompressibl mascid fow.

On the other hand, iis comparison is also necessary o verfy the dynamic
response of the h-uie. AS mentoned befoe, commerdial hotwre instumes.
Incorporte filers and post processing o present the data. Fiters (Ike moving
verage) alowing  more readie oufut, bt preventing he resordingof sceurste
essiramants of sscilsiony fovs.

In s regard, since the gauges used to measure the pressure dfferenial a the
onfis pate have 2 very igh Synamic response, It umed out hat e orfice iate
15 morarefable o mazsurereversing sltory flow than i NIST raceatle .

Concluding remarks

Massuremant of flow ate by means of an arfcs place hs been verfd snd
Calbrated by means of he pressure dfferenial a th plate and e measurement
of the  velocy intensty using hotwire anemomety. Quasisieady site
messurements have shown the deraton of 5 reiable calbration Sxpresson.
Unsteady osclatory flow are propery capiured by the orfce pate pressure
‘gauges but 1 calbraton sannotrly on lered oata fom hot-wre anemometers.

A simiar procedure can be used o caibrate and valdats other insruments, a5

descrbed above, Ik nonNIST raceable hotwe anemometers wih bater
ynamic responses.
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Phase A
As the crest of the wave
passes the Side A chamber,
the pressure increases and
compresses the chamber,
forcing air through the turbine.

Side B
@ TURBINE

Seabed
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Phase B
As the wave continues to move
toward Side B, the Side A
chamber expands and Side B

compresses forcing air in
the other direction through the _
turbine . Side A
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Precharge Curve, Nexus 1:50
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Figure 2-1. FMA900A Back Plate View
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Figure 2.2. Typical Wiring Diagram
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Figure 2-3 shows the FMAOA general dimensions with the fixed mount probe.

Figure 2-4 shows the FMA900A with remote probe.
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Figure 2-4. FMA900A With Remote Probe
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y Specifications

Section 4 - Spe
Air Velocity Range:

Accuracy:

Sensor Probe
Standard:

Velocity Sensor:
Response Time:

Analog Output
Voltage:
Current:

High Alarm Set Point:
Alarm Indication:
Alarm Deadband:
Built-in Relay:
Contact Rating:

010500 (0 t0.2.54), 0 t0 1000 (0 to 5.08), 0 to 2000 (0
1010.16), 0 t0 5000 (0 t0 25.4), 0 t0 10,0000 t0 50.8), 0
012,000 (0 to 60.9) FPM (m/sec)

2% of Full Scale

630D x 305 mm (14 OD x 12") - 304 Stainless Steel
Standard probe connected via 15' of shielded cable
630D x 95 mm (14 OD x 3.75") - 304 Stainless Steel

One 100 ohms RTD, Two 1000 ohms RTD
250 msec, 0 to 90% of final value

0105 Vde, 1K min. Load
41020 mA, 400 Ohms Load Max.

0to 100% adjustable, 0 to 5 Vdc
Red LED

5% of IS

One 12V SPST NO relays
10A@24 Vdc, 10A @250 Vac

Operating Ambient Temperature

Sensor Probe:
Electronic Case:

Power:
Power Indicator:
Dimensions:
Weight:

4010 121°C (-40 t0 250°F)
010 50°C (32 to 122°F)

15 t0 24 Vde @200 mA
Green LED

89Hx51Wx32mmD (35x2x125")
1608 (5.6 02)
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