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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.
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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: _Ref383053130][bookmark: _Toc383074400][bookmark: _Toc392854587][bookmark: _Toc425777632][bookmark: _Toc442202044][bookmark: _Toc465925766]Figure 1. General Schematic of bridge and MASK basin.
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[bookmark: _Ref429000481][bookmark: _Toc442202046][bookmark: _Toc465925767]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: _Toc465925768]Figure 3. MASK carriage shown below the bridge at the center of the bridge.
[bookmark: _Toc383074748][bookmark: _Toc392854666][bookmark: _Toc442202024][bookmark: _Toc465925970]Wave Maker
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: _Toc465925769]Figure 4. General wavemaker characteristics and design
[bookmark: _Toc383074749][bookmark: _Toc392854667][bookmark: _Toc442202025][bookmark: _Toc465925971]MASK Orientation
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: _Toc465925770]Figure 5. MASK reference orientation, note that the orientation here is different than that in Figures 1 and 3. 
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[bookmark: _Toc453456507][bookmark: _Toc465925771]Figure 6. Triton full-scale dimensions. Side view (left), in which waves travel left to right. Back view (right)
The Triton Wave Energy Converter is a two-body, multi-modal point absorber consisting of a surface float connected by three flexible tethers to a submerged reaction structure (‘heave plate’). Mechanical energy is extracted from the environment in the form of wave-induced heave, pitch, roll, and surge motion of the surface float through its reaction against the heave plate. At full scale, the resulting tension variation in each tether is transmitted to an independent linear powertrain, consisting of a linear hydraulic load transfer mechanism and a solid-state magnetostrictive, or other linear generator, housed inside the surface float.
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[bookmark: _Toc453456508][bookmark: _Toc465925772]Figure 7. Triton 1:20 surface float side elevation showing hull profile
The 1:20 model Triton will be constructed from a combination of Aluminium structure and engineering foam. Particular elements will be represented as follows:
Hull shape: 
The hull was CNC machined from a single piece of low density foam (4lb/ft3). High density inserts were introduced into the foam to serve as an interface for mounting of the structure and mooring lines. A fiberglass layer was applied to the exterior of the foam to provide a shell with a resin coating applied to the exterior to protect the model. The fabricated 1:20 hull is shown in Figure 8.
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[bookmark: _Ref453267050][bookmark: _Toc453456509][bookmark: _Toc465925773]Figure 8. Fabrication of 1/20 scale hull
Framework.
The central core of the model comprises a three-piece CNC milled Aluminium billet which is bonded to the fiberglass hull and serves as an attachment for the PTO units and air chambers for the pneumatic spring.  
Heave Plate.
[image: ][image: ]
[bookmark: _Ref453255447][bookmark: _Toc453456510][bookmark: _Toc465925774]Figure 9. Heave Plate with Cutaway view (right) showing the Elliptical-profile. 
The Heave Plate has an annular planform with an elliptical cross-sectional profile as shown in Figure 9. It has been cast from concrete and ballasted with foam to achieve the correct underwater mass. The molds for the casting process were CNC machined from two foam blocks, one of which replicates the exterior ellipse and the second replicating the interior ellipse. The two molds will be interlaced and indexed to form the overall shape. Tensile strength inside the concrete is provided by a steel rebar structure that was hand-formed and tack welded using ¼” steel rods a. Three steel gussets are integrated into the rebar structure to serve as connection points for the Tethers. A fine-grained (<1/4” aggregate) concrete mix with a high range water reducer and waterproofing admixtures were used and the final model sealed with waterproof masonry paint. 
[image: ]
[bookmark: _Toc465925775]Figure 10. 1:20 scale Triton WEC
Tethers.
The tethers that connect the Hull and Heave plate are constructed from 3mm Amsteel. For each tether, a ceramic ball-bearing fairlead at the bottom of the hull is used to straighten the line so that the tension force is aligned with the PTO.
Electrical.
Instrumentation power is low-level and provided by the Carderock DAQ system.
Mooring System. 
The Model Triton will have a representative 3-point mooring system discussed in further detail in Section 6.1.
[bookmark: _Toc465925974]Power Take-Off description
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[bookmark: _Ref453255520][bookmark: _Toc453456511][bookmark: _Toc465925776]Figure 11. CAD drawing of Triton surface float and representative PTO operation. 
Representative Damper.
The PTO arrangement is shown in the CAD drawing in Figure 11. The linear displacement and force exerted by the relative motion of the heave plate and surface float is translated to rotary motion by the tether wrapping once around a sheave. A rotary damper, produced by Kinetrol (T-CRD, 30,000 cSt viscosity), is directly attached to the sheave’s axle. This unit dissipates energy by shearing viscous fluid (silicone oil) between rotor and stator discs, and it provides a damping torque that varies linearly with angular velocity. The damping torque (dynamic component of power capture) is transmitted via a lever arm to a tension & compression load cell that is supported between two clevises. The angular velocity of the sheave axle (kinematic component of power capture) can be derived from the quadrature output of the attached incremental optical encoder.
A manual knob on the damping unit, shown in Figure 12, changes the gap between the rotor and stator, which allows the damping level to be adjusted by up to a factor of four. In between each of the wave conditions, the knob will be manually adjusted (from a boat) to set the unit to the optimal damping value. There are several discrete tick marks scribed/numbered onto the dial corresponding to different damping levels. The optimal setting for each sea state was determined during pretesting at the University of Maine the week of July 11-15.
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[bookmark: _Ref453439388][bookmark: _Toc453456512][bookmark: _Toc465925777]Figure 12. Representative rotary oil damper (Left image courtesy of Kinetrol) 
Air Spring.
The Triton device, because of its flexible connections (tethers) between the surface float and the heave plate, requires a return spring to balance the mean force applied by the heave plate. In the model, this is implemented by a pneumatic cylinder (air spring) acting on each tether. As shown in Figure 11, the air spring acts on a pivoting lever arm, which is connected to the sheave by a chain/sprocket mechanism. 
To minimize parasitic friction in the air spring, a rolling diaphragm style piston is used (Illinois Pneumatics 12LBL-X-FM-NS, Bore Diameter = 3.9”), and the cylinder is placed on a trunnion mount to mitigate side loads on the linear bearings that guide the piston shaft. Each pneumatic cylinder is connected to a pressure manifold that is linked to three external air tanks of differing volumes, each with an individual ball valve, summarized in Figure 13. By opening or closing each of the tanks, different reservoir volumes can be achieved, allowing the spring rate to be adjusted for each sea state. The mean pressure in the pneumatic system at mid-stroke is ~25 psi, which is the force required to offset the heave plate weight on each tether. The air tanks will be manually opened or closed before each test from a boat, and they will be pressurized using a foot pump. Manual markings inscribed onto the sheave, which will be aligned with mid-stroke, allow the optimum pressure to be applied in order to center the piston. 
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[bookmark: _Ref453255776][bookmark: _Toc453456513][bookmark: _Toc465925778]Figure 13. Effective reservoir volume for different tank combinations (left), and theoretical prediction for spring rate as a function of air tank volume, assuming isothermal compression (right)
Travel/End-Stops.
The full-scale Triton WEC has mechanical end-stops that limit the tether’s travel to 5m (peak to peak), which corresponds to 250mm at 1:20 scale. Representative hard end-stops in the 1:20 model are provided by the pneumatic cylinder, which bottoms or tops out at the travel limits. The gear and lever arm ratios in the PTO assembly, summarized in Figure 14 and Table 1, are selected so that 250mm of tether travel corresponds to the maximum piston stroke (91.4mm). End-stop events can be inferred from the encoder position as well as spikes in the spring load cell. 
[image: ]
[bookmark: _Ref453282156][bookmark: _Toc453456514][bookmark: _Toc465925779]Figure 14. PTO kinematics in inches at mid position
[bookmark: _Ref453328465][bookmark: _Toc453456494][bookmark: _Toc465925735]Table 1. Dimensional quantities relevant to the PTO
	Sheave diameter
	118.95
	mm

	Sprocket pitch diameter
	72.90
	mm

	Lever arm pivot -> air spring 
	338.07
	mm

	Lever arm pivot -> chain
	586.46
	mm



A linear actuator, shown in Figure 15, has been configured to apply equivalent linear velocities and forces (up to and exceeding the forces expected in the testing) to an air spring unit. This apparatus has been used to investigate feasibility of different configurations and will be used to fully characterize the springs before they are installed into the model. Figure 15 shows a characterization of the air spring using different reservoir volumes at the operating pressure (25psi). The air spring demonstrates a fairly linear force profile with displacement (due to the high reservoir volume) and negligible stiction and hysteresis. 
[image: ][image: ]
[bookmark: _Ref453255859][bookmark: _Toc453456515][bookmark: _Toc465925780]Figure 15. Air spring calibration set-up and characterization for different tank volumes @operating pressure (25psi).
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[bookmark: _Ref453255944][bookmark: _Toc453456516][bookmark: _Toc465925781]Figure 16. Torque vs angular velocity curves for the representative rotary damper
The PTO calibration test bed is identical to the model arrangement (Figure 16). A servo motor directly couples to the damper shaft and rotates it over a representative range of velocities. The same encoder integrated into the 1:20 model is used to measure angular velocity. The damping torque is measured by a tension and compression load cell connected to the damper body by a torque arm. As shown in Figure 16, the torque tends to zero at low angular velocities with very low stiction (<0.06 Nm), and the torque is acceptably linear with rotational speed at each damping level (worst case R2>0.83, typ. R2>0.97).
Since the viscosity of the oil in the dampers is sensitive to temperature, care was taken to ensure that the calibrations were performed at approximately 20 °C, representative of the Carderock environment in summer. 
[image: ]
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[bookmark: _Ref453438434][bookmark: _Toc453456495][bookmark: _Toc465925736]Table 2. Full-scale and 1:20 scale device properties

	
	Measurement
	Full-scale
	1:20 scale (target)
	1:20 scale (Actual)
	Comments
	Verified at Carderock
	Measured by Team

	Dimensions (m)
	Length Overall (in direction of wave travel)
	30m
	1.5m
	
	
	
	

	
	Width Overall (perpendicular to direction of wave travel)
	23m
	1.15m
	
	
	
	

	
	Height of Float 
	8m
	0.4m
	
	
	
	

	
	Outer Diameter of Heave Plate
	33m
	1.65m
	
	
	
	

	
	Inner Diameter of Heave Plate
	27m
	1.35m
	
	
	
	

	
	Height of Heave Plate
	6m
	0.3m
	
	
	
	

	Please provide the following measurements for each body of the WEC

	Operating Draft (based on SWL to bottom of Float) (m)
	5.76m
	288mm
	
	
	
	

	Mass of surface float (kg)
	760 Te
	95 kg
	
	
	
	

	Buoyancy of surface float (m3)
	1950 m3
	.244 m3
	
	
	
	

	Vertical center of gravity  of surface float (m)
	5.6m above bottom
	280mm above bottom
	
	
	
	

	Horizontal center of gravity  of surface float (m)
	2.1m behind center
	105mm behind center
	
	
	
	

	Vertical center of buoyancy of surface float (m)
	3.076m above bottom
	153.8mm above bottom
	
	
	
	

	Horizontal center of buoyancy of surface float (m)
	2.1m behind center
	105mm behind center
	
	
	
	

	Moment of inertia of surface float
	Pitch (kgm2)
	40000 Te·m2
	12.5 kg·m2
	
	
	
	

	
	roll (kgm2)
	51520 Te·m2
	16.1 kg·m2
	
	
	
	

	
	yaw (kgm2)
	53950 Te·m2
	16.86 kg·m2
	
	
	
	

	Mass of heave plate underwater (kg)
	1190 Te
	148.75 kg
	
	
	
	

	Buoyancy of heave plate (kg)
	562.6 Te
	70.325 kg
	
	
	
	

	Vertical center of gravity  of heave plate (m)
	3.028m above bottom
	151.4mm above bottom
	
	
	
	

	Horizontal center of gravity  of heave plate (m)
	Planform center
	Planform center
	
	
	
	

	Vertical center of buoyancy of heave plate (m)
	3.028m above bottom
	151.4mm above bottom
	
	
	
	

	Horizontal center of buoyancy of heave plate (m)
	Planform center
	Planform center
	
	
	
	

	Moment of inertia of heave plate
	Pitch (kgm2)
	212400 Te·m2
	66.38 kg·m2
	
	
	
	

	
	roll (kgm2)
	212400 Te·m2
	66.38 kg·m2
	
	
	
	

	
	yaw (kgm2)
	346880 Te·m2
	108.4 kg·m2
	
	
	
	



[bookmark: _Toc445995622][bookmark: _Toc445995751][bookmark: _Toc445995881][bookmark: _Toc445996011][bookmark: _Toc445996143][bookmark: _Toc445999057][bookmark: _Toc446000879][bookmark: _Toc446001024][bookmark: _Toc446002667][bookmark: _Toc446002820][bookmark: _Toc446002966][bookmark: _Toc465925976]Froude scaling

The surface float and PTO are expected to scale with Froude scaling. We have completed additional work outside of the WEP[3] that confirms that the Heave Plate can also scale in the same manner, which is discussed further below. This is reinforced by our experiences during the 1:50 scale testing in the earlier round of model testing for the prize where we were able to see a good physical match with numerical model results. 
The Triton heave plate is primarily an inertial structure that relies on its structural mass and hydrodynamic added mass to provide a reaction force against the surface float. Since these are both inertial quantities, Froude scaling is appropriate. An important subtlety is that the 1-20 heave plate must have a correctly Froude-scaled underwater weight (dry weight minus buoyant force) in order for it to exert representative reaction forces. Since the added mass is set primarily by the heave plate geometry, the nondimensional added mass coefficient will be invariant when Froude scaled. 
For oscillatory flows, the added mass and drag coefficients are also functions of the Keulegan-Carpenter number, KC, and the frequency parameter, β, as defined below. The product of the two is the Reynolds number. 
 		
Here, z is the oscillation amplitude, f is the oscillation frequency, D is a characteristic length scale (here, heave plate annulus width), and ν is the kinematic viscosity of water. The KC number is consistent with Froude scaling since z and D are multiplied by the same scale factor. However, β and therefore Re, are not consistent with Froude scaling. It is therefore important to assess the significance of Reynolds number effects for the Heave Plate. 
To study these scaling effects further and to fully characterize the Heave Plate, we constructed a laboratory facility in February 2016 (Figure 1). The facility consists of a quiescent pool of water (3m in diameter, 1m in height) in which a geometrically scaled heave plate (1:75 to 1:36 scale) is vertically oscillated using a pair of linear actuators. The motion profile is measured as well as the hydrodynamic resistance force acting on the heave plate.  Further information may be found in Ref [3]. 

Figure 14: (left) Heave plate laboratory, (middle) Drag coefficient, (right) Added mass coefficient.
We have collected data demonstrating how changes in β and KC affect the added mass and the drag components output at up to 1:50 scale. 
The right plot in Figure 1, shows the added mass coefficient for a 1:50 and 1:60 scale heave plate over a range of KC and β. Since added mass is an inviscid phenomenon, it shows little dependence with β, as expected. The trend indicates a slight increase in added mass with KC, which is consistent with the literature, but since KC scales consistently with Froude, this is not an issue.
In the case of drag, there is a particularly clear trend that as we increase β we reach a point where we get no further increase in drag. At large values of KC this occurs at quite low values of β. However, as we move towards smaller KC numbers (reducing the amplitude of oscillation) we find that that the point at which drag no longer increases, occurs at increasingly higher values of β. In the middle panel on figure 14, this asymptotic drag value is shown as a dotted black line. 
Inaccuracies in accurately representing full-scale values in the physical model will be due to differences between the β values obtained at full scale and model scale. As we move to larger scales, the β values that are achieved during testing are closer to those at full scale and we will tend towards more accurate representation. At the 1:50 scale tests completed so far, we can see that for KC > 2 we have been able to achieve adequate β values to allow a close match to full-scale hydrodynamic parameters. For KC < 2 there is some variance observed, but the parameters measured appear to be in the order of 10% smaller. As we increase the scale to 1:20 we increase the β values significantly and therefore expect a much closer match to full-scale hydrodynamic parameters. 
It is also important to understand the effect of errors in equivalence, and we can use power capture as a reasonable proxy. Figure 15 summarizes the normalized power at one of the Carderock wave conditions from our full-scale numerical model. If we increase drag, it can been seen that the power capture slightly decreases due to increased dissipation in the flow, however this effect is quite small. For example, doubling the drag coefficient reduces the power by less than a few percent. Furthermore, inequivalence is only experienced at low KC numbers (small amplitudes), which provide a very small contribution to power for a particular sea state. Therefore, even though there may be some Reynolds number dependence for the heave plate at low KC, the difference in power capture between a 1:20 physical model and the full-scale device is expected to be small. 
[image: ]
Figure 15: Normalized power for different heave plate added mass and drag coefficients.
To ensure that the heave plate is representative of the full scale device, a boundary layer tripping pattern, was used for the 1-50 scale tests. The 1-20 concrete heave plate is sufficiently rough that it will induce turbulent transition and therefore have a viscous dissipation that is more representative of the full-scale heave plate. 
To conclude, we feel that Froude scaling is appropriate for all components of our device. For the heave plate, Froude scaling is relevant and should yield accurate representative results because:
1. The heave plate reaction forces are dominated by its inertia
2. For most of the operational oscillation range, added mass and drag scale only with KC, which  scales 1:1 with Froude 
3. For low KC, where there are some slight Reynolds number effects, the higher drag on a full-scale heave plate, compared to a 1-20 scale model, will have only a small effect on power.
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Froude scaled device properties may be found Table 2.
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[bookmark: _Ref453454955][bookmark: _Toc453456522][bookmark: _Toc465925782]Figure 17. Spreader bar and heave plate lifting lines (yellow) for tether length adjustment
Between some tests, the tether lengths will be adjusted. This replicates the reconfiguration in the full-scale system, where winches located on the tethers will perform this operation. However, in the model we anticipate that this will be done manually by an operator in the boat, with help from a hoist connected to the gantry. The proposed solution is to use a triangular spreader bar (mass ~60lb) (Figure 17) that has three lifting lines each connected to a shackle on a tether. The spreader bar would then be hoisted from a single point on top. Once the heave plate is raised, an operator in the boat would remove or insert a new length of tether section. Tether sections will have shackles on both ends so they can be easily inserted into the model. We expect to have 6 discrete tether length settings available, summarized in Table 3.  Actual tether lengths for each sea state were determined during UMaine Pretesting July 11-15. Ultimately, only two or three configuration changes will be required in the test program.
[bookmark: _Ref453456284][bookmark: _Toc453456496][bookmark: _Toc465925737]Table 3. Tether length configurations 
	% Tether Length
	100%
	87.5%
	75%
	62.5%
	50%
	37.5%

	Full Scale Tether Length (m)
	69
	60.4
	51.8
	43.1
	34.5
	25.9

	1:20 Scale Tether Length (m)
	3.45
	3.02
	2.59
	2.16
	1.73
	1.30



The energy usage for the lifting of the heave plate can be calculated as indicated below. Note that this is a configuration change that would occur only infrequently depending upon how the dominant wave period changes. Additionally, note that energy would be expended only when shortening the tether (lifting the heave plate).
A time series analysis of a typical annual climate would need to be completed using the thresholds listed above to identify when the WEC would need to reconfigure. If required, the total annual energy usage for the reconfiguration could then be calculated and subtracted from the total annual energy generation of the WEC. 
Example calculation only:
Raising from 75m to 50m: U= 1200Te x 9.81 x 25m = 294.3MJ(m). Assume 50% efficiency for winch = 122kWh(e). 
Lowering from 50m to 75m. Not assuming any energy capture, electrical brake dissipating energy: No power usage.
Estimate of Annual Energy Consumption to Annual Energy Production:
Assuming (conservatively) that the heave plate is raised and lowered its entire range once a week: Annual energy consumption = 1200Te x 9.81 x (69 – 25.9)m x 52wks / 0.5(winch efficiency) = 53GJ = 15 MWh.

Based on the 1:50 physical model tests, the annual average power was estimated by the judges to be ~100kW:  Annual energy production = 100 kW x 365 x 24 = 876 MWh

These conservative figures suggest that the impact of the system re-configuration to be in the region of 1-2% of AEP. However, the purpose of the reconfiguration is to provide a significant boost to our top-line AEP and after implementing several design improvements as well as active control, our numerical models suggest AEP will be boosted by ~2.5x (AEP = 2190 MWh).  In which case the contribution of the reconfiguration would be in the region of 0.75%.

Post-test note for section 4.4:
No active control was used.
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[bookmark: _Toc465925978]Test matrix 
The incident wave conditions for the 1/20th scale experiments at NSWC Carderock’s MASK are shown in Table 4.  Carderock will perform wave environment calibration in Summer 2016. The result of this calibration is shown in Appendix E.
[bookmark: _Ref441046446]Table 4. 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: _Toc465925979]Test schedule
[bookmark: _Ref445998187]Table 5. 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


[bookmark: _Toc465925980]Experimental Set Up and Methods
[bookmark: _Toc465925981]Mooring
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[bookmark: _Ref453282727][bookmark: _Toc453456523][bookmark: _Toc465925783]Figure 18. Mooring points and Lifting points for model installation 


Model installation
[image: ]The hull will be equipped with a steel eyebolt (1300 lb vertical load capacity, 1” diameter) on top of each of the three sheave housings, as shown in Figure 18. Prior to installation, the model will be prepared by attaching shackles and straps to each of these pick points. At this stage, the Heave Plate and Hull will be fully connected by the model’s tethers. The Carderock overhead crane will then lift the entire hull/heave plate assembly by a single point via the spreader bar provided by OPI. The Heave Plate is first lowered into the water, then the hull will be lowered onto the water. Straps will be removed from the model and it will be towed to the test location, and mooring lines will be connected. 
For decommissioning, after disconnection of the moorings, one person in a boat will reattach the shackles/straps to the surface float and the entire model will be raised out of the water with the overhead crane in the same way. As the heave plate is lifted out of the water, its internal profile will be filled with water and will therefore be significantly heavier. At this stage, care should be taken to raise the heave plate as gently as possible to avoid extreme loading on the hull structure. 

Mooring arrangement

[image: ]
[bookmark: _Ref453435345][bookmark: _Toc453456524][bookmark: _Toc465925784]Figure 19. Full-scale mooring arrangement
The Model Triton will have a representative, 120 degree, 3-point mooring system as shown in Figure 19. Mooring line positions are provided in Figure 20. Two of these lines, A & B are anchored to the basin floor with clump masses provided by Carderock. The anchor location for the third line, C will be located on top of two containers located in the deep trench.
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[bookmark: _Ref453438778][bookmark: _Toc453456525][bookmark: _Toc465925785]Figure 20. Mooring Layout for MASK basin. Dimensions in m.
Each mooring line comprises two sections, a 5m upper section connected from the WEC to a simple line float (detailed in fiFigure 21), and a lower section (of variable length dependent upon the water depth) connected from the line float to the anchor. These lines provide the mooring pretension and restoring forces. In the model the mooring line float is represented by a foam cylinder with Aluminium attachment hardware and shown in Figure 21. The line will be represented with 7/64 Amsteel, which has a specific gravity of 0.98, which is expected to be similar to lines used at full scale. Line lengths and anchor locations are shown in Table 4.  Based on our numerical models, mooring loads for the 1:20 scale model are not expected to exceed 25 lb. 

[bookmark: _Ref453435690][bookmark: _Toc453456526][bookmark: _Toc465925786]
Figure 21. Mooring Float drawing. Dimensions in mm.
[bookmark: _Ref453435745][bookmark: _Toc453456499][bookmark: _Toc465925738]Table 4. Mooring line Anchor Locations. Coordinates assume X axis is aligned with bridge and zero degree waves. Positive X axis is towards the direction of wave generation as shown in figure 9. 
	Mooring Line
	X position (m)
(m
	Y Position (m)
	Depth (m)
	Upper line Length
	Lower line length

	A
	15.1
	0.0
	-6.1
	~5
	11.37

	B
	-6.2
	13.8
	-6.1
	~5
	11.37

	C
	-6.2
	-13.8
	-6.25
	~5 
	11.37
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[bookmark: _Toc453456500]
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[bookmark: _Ref453256615][bookmark: _Toc453456527][bookmark: _Toc465925787]Figure 22. Sensor locations
For each tether, four sensor measurements of the model properties will be made by the Carderock DAQ, as summarized below:
1. The angular position of the axle will be measured with an optical incremental rotary encoder. The index pulse will be aligned with mid-stroke allowing end of travel limitations to be inferred. OPI will use a quadrature to analog converter (Laurels LT81QD) to provide an input to a cRio for control implementation. OPI can provide Carderock with the raw encoder digital signal or this analog signal.
2. The rotary damper is attached directly to the rotary sheave via the axle. The body of the damper will be restrained from moving at a single point by a torque arm. This point will have a NIST traceable load cell (tension and compression) installed. The force measured on this load cell will be proportional to the reaction torque provided by the damper. The length of the torque arm is 176.3 mm. 
3. A NIST traceable submersible load cell will be attached between each Tether and Heave Plate. This sensor will allow OPI to quantify friction in the fairlead and identify structural loadings on the heave plate and tether. It will not be used in calculating absorbed power. 
4. A NIST traceable load cell will be attached between the arm and the air spring shaft to measure the applied spring force. This sensor will not be used in calculating absorbed power, but can be used to provide additional system dynamic information such as impulse loadings during end stop events.

Items 1-2 will be the kinematic and dynamic measurements used to compute power and their locations are shown in Figure 22. 
A detailed channel list, including expected instrumentation is provided in Appendix F
Derived Channels
· Tether Displacement:  Derived by measuring number of encoder pulses as a fraction of the total resolution (2540 pulse/rev) and multiplying by the disk circumference. While this will provide only relative displacement, an index pulse from the encoder will be aligned with the mid position of travel. Additionally, for setup in still water – physical marks on the sheave will indicate absolute displacement.
· Tether Velocity can be provided by either differentiating tether displacement, or using an algorithm to directly convert the encoder output to velocity. 
Digital Channels
· An IMU (SBG systems Ellipse-A) will be located on the heave plate, and will provide a measurement of the accelerations and relative motions. This is provided through a digital USB output giving Axx, Ayy, Azz, Roll, Pitch and Heave. The output of this unit will be collected using an OPI laptop running proprietary software supplied by SBG systems. In order to synchronize the IMU data with the instrumentation data, we request that Carderock provides OPI with a TTL trigger pulse at the start of data acquisition. 
· Digital encoder on each of the PTO axles. 
[bookmark: _Toc446000979][bookmark: _Toc446001124][bookmark: _Toc446002766][bookmark: _Toc446002919][bookmark: _Toc446003065][bookmark: _Toc446000980][bookmark: _Toc446001125][bookmark: _Toc446002767][bookmark: _Toc446002920][bookmark: _Toc446003066][bookmark: _Toc465925983]Motion tracking

It is understood that there will be 4 motion tracking LED’s placed on top of the surface float. One LED will be hard mounted onto the float. For this marker, OPI will provide a 3/8-16 threaded standoff (thread depth = 1”) on the model and its body coordinates are summarized in Table 5. The other 3 LED’s will be soft-mounted on the model with tape. These marker positions will be determined once the model arrives at Carderock and the camera arrangement is known so that visual obstruction from the PTO assembly can be avoided. The motion tracking cameras will monitor the surface float position and orientation from above the waterline. An IMU (SBG systems Ellipse-A) will be mounted on the heave plate to monitor Axx, Ayy, Azz, heave, pitch, and roll. 
[bookmark: _Ref453283176][bookmark: _Ref453258229][bookmark: _Toc453456501][bookmark: _Toc465925739]Table 5. Location of hard-mounted motion tracking LED.
	Distance from bow to centre of mounting location
	0.806
	m

	Distance from starboard hull to centre of mounting location
	0.575
	m

	Vertical distance from hull deck to top surface of mounting hole 
	0.051
	m




[bookmark: _Toc446000982][bookmark: _Toc446001127][bookmark: _Toc446002769][bookmark: _Toc446002922][bookmark: _Toc446003068][bookmark: _Toc465925984]Data Processing and Analysis
[bookmark: _Toc450244033][bookmark: _Toc465925985]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: _Toc450244034][bookmark: _Toc465925986]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 23 and the calculated values for the data analysis are provided in Appendix J. 
Post Test Analysis
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[bookmark: _Ref450208127][bookmark: _Toc450244062][bookmark: _Toc465925788]Figure 23. 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: _Toc450244035][bookmark: _Toc465925987]“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: _Toc450244036][bookmark: _Toc465925988]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: _Toc450244038][bookmark: _Toc465925989]Data Management
Data are transferred from the Carderock 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

[bookmark: _Toc450243869][bookmark: _Toc465925990]
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[bookmark: _Ref445998114][bookmark: _Toc465925991]Appendix A: Device electrical and mechanical drawings 
[bookmark: _Ref445998133]
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[bookmark: _Toc453456529][bookmark: _Toc465925789]Figure 24. Mechanical drawings of 1:20 surface float
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[bookmark: _Toc453456530][bookmark: _Toc465925790]Figure 25. Mechanical drawings of 1:20 heave plate
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[bookmark: _Toc465925791]Figure 26. Sheave assembly
[bookmark: _Ref445998143][bookmark: _Toc465925992]

Appendix B: PTO calibration results
No PTO Calibration Performed 


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):



[bookmark: _Ref445998153][bookmark: _Ref445999478][bookmark: _Toc465758738]Appendix D: Detailed description of control strategy
Not Applicable.
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[bookmark: _Toc465925993]Appendix E: Raw Data Channel list
	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

	WEC Prize Test Sensors

	 
	 
	Mooring Tension 1
	 
	 
	 
	 50 Hz
	See data file for conversions used during testing

	 
	 
	Mooring Tension 2
	 
	 
	 
	 50 Hz
	

	 
	 
	Mooring Tension 3
	 
	 
	 
	 50 Hz
	

	 
	 
	Wave Height 1
	 
	 
	 
	 50 Hz
	

	 
	 
	Wave Height 2
	 
	 
	 
	 
	

	 
	 
	Wave Height 3
	 
	 
	 
	 
	 

	
	
	Wave Height 4
	
	
	
	
	

	
	
	Wave Height 5
	
	
	
	
	

	
	
	Wave Height 6
	
	
	
	
	

	
	
	Wave Height 7
	
	
	
	
	

	
	
	Wave Height 8
	
	
	
	
	

	Team Sensors

	OPI Laptop
	Heave Plate IMU
	Heave Plate Axx
	Heave Plate Axx
	m/s/s
	SBG Ellipse – A
	
	

	
	
	Heave Plate Ayy
	Heave Plate Ayy
	m/s/s
	SBG Ellipse - A
	
	

	
	
	Heave Plate Azz
	Heave Plate Azz
	m/s/s
	SBG Ellipse - A
	
	

	
	
	Heave Plate Roll
	Heave Plate Roll
	Degrees
	SBG Ellipse - A
	
	

	
	
	Heave Plate Pitch
	Heave Plate Pitch
	Degrees
	SBG Ellipse - A
	
	

	
	
	Heave Plate Heave
	Heave Plate Heave
	Meters
	SBG Ellipse - A
	
	

	
	
	Tether 1 Damper Angular Rotation
	Rotary displacement of Sheave
	Degrees
	DYNAPAR HS20 Optical Encoder
	TBD
	2540 Counts/Revolution
Index (Z) pulse at mid-stroke
Supply +5-26 VDC

	
	
	Tether 1 PTO Torque
	Force applied to torque arm
	N
	FUTEK FSH03884 50lb Tension/Compression Load Cell
	50 Hz
	0.043385429 mV/V/lb
Amplification required
Supply +10V
Torque arm = 176.3 mm

	
	
	Tether 1 Heave plate force
	Tension in tether at heave plate
	Kg
	FUTEK QSH01055 300lb S-Beam Tension Load Cell
	50 Hz
	0.006931657 mV/V/lb
Amplification required
Supply +10V

	
	
	Tether 1 Spring Force
	Return Spring Force
	Kg
	FUTEK FSH03887 500lb Tension/Compression Load cell
	50 Hz
	0.004431686 mV/V/lb
Amplification required
Supply +10V

	
	
	Tether 2 Damper Angular Rotation
	Rotary displacement of Sheave
	Degrees
	DYNAPAR HS20 Optical Encoder
	TBD
	2540 Counts/Revolution
Index (Z) pulse at mid-stroke
Supply +5-26 VDC

	
	
	Tether 2 PTO Torque
	Force applied to torque arm
	N
	FUTEK FSH03884 50lb Tension/Compression Load Cell
	50 Hz
	0.04209 mV/V/lb
Amplification required
Supply +10V
Torque arm = 176.3 mm

	
	
	Tether 2 Heave plate force
	Tension in tether at heave plate
	Kg
	FUTEK QSH01055 300lb S-Beam Tension Load Cell
	50 Hz
	0.006941429 mV/V/lb
Amplification required
Supply +10V

	
	
	Tether 2 Spring Force
	Return Spring Force
	Kg
	FUTEK FSH03887 500lb Tension/Compression Load cell
	50 Hz
	0.004447571 mV/V/lb
Amplification required
Supply +10V

	
	
	Tether 3 Damper Angular Rotation
	Rotary displacement of Sheave
	Degrees
	DYNAPAR HS20 Optical Encoder
	TBD
	2540 Counts/Revolution
Index (Z) pulse at mid-stroke
Supply +5-26 VDC

	
	
	Tether 3 PTO Torque
	Force applied to torque arm
	N
	FUTEK FSH03884 50lb Tension/Compression Load Cell
	50 Hz
	0.035717143 mV/V/lb
Amplification required
Supply +10V
Torque arm = 176.3 mm

	
	
	Tether 3 Heave plate force
	Tension in tether at heave plate
	Kg
	FUTEK QSH01055 300lb S-Beam Tension Load Cell
	50 Hz
	0.006865143 mV/V/lb
Amplification required
Supply +10V

	
	
	Tether 3 Spring Force
	Return Spring Force
	Kg
	FUTEK FSH03887 500lb Tension/Compression Load cell
	50 Hz
	0.004433686 mV/V/lb
Amplification required
Supply +10V


[bookmark: _Ref446001928]


INSTRUMENTATION LIST
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[bookmark: _Toc465925994]Appendix F: Checklists for spot checks, software operation, readiness verification, and “real time” data QA
[bookmark: _Toc465925995]Spot Check Procedure
Prior to testing, the first spot check will be performed in the Carderock parking lot outside of the MASK facility. The spot check will be performed to verify the accuracy and the scale of the dynamic and kinematic sides of power which use rotary encoders and the load cells respectively. All load cells have factory-provided NIST traceable calibrations, which may be found in Appendix H. The procedure to perform in-situ calibrations and spot checks for the sensors is as follows:
· Damper load cells (dynamic component of power): Sensor range is 50 lb in tension and compression
1. The surface float will be placed on a flat surface and propped using foam so that it is level
2. Weights (provided by Carderock) will be placed on top of the torque arm, directly over the load cell, to characterize it in compression
3. The surface float will be manually flipped upside down and propped between two supports. Weights will then be hung from a line underneath the torque arm, directly below the load cell, to characterize it in tension
4. Load cell performance will be assessed by incrementally increasing and decreasing weight added to the sensors. Data will be collected for an interval of 60 seconds for each individual load cell. At least 5 increments will be needed spanning the full range of the load cell. This should be repeated twice. 
· Incremental encoders (kinematic component of power): Resolution is 2540 pulses/rev
1. The air spring will be pressurized lightly with a foot pump until it reaches the top of travel
2. The tether will be pulled by hand, or a weight will be placed on the lever arm, until the air spring reaches the bottom of travel, while the encoder output is measured. The maximum tether stroke (or the sheave arc length travel), which is ~250mm, will be measured. This should be repeated twice. The end stop angles will be identified by using Red Text. The encoder index pulse will be set so that it is aligned with center of travel





	Spot Check 1 – Load cells (assuming the same weights are applied for all three load cells)

	Calibration weight applied
(units)
	Load cell reading
Load cell 1
(units)
	Load cell reading
Load cell 2
(units)
	Load cell reading
Load cell 3
(units)

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	



	Spot Check 2 – Rotary Encoder

	Directly Measured Angle
(units)
	Rotary encoder reading 
Rotary Encoder 1
(units)

	Directly Measured Angle
(units)
	Rotary encoder reading 
Rotary Encoder 2
(units)

	Directly Measured Angle
(units)
	Rotary encoder reading 
Rotary Encoder 3
(units)

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	



For every run, the following check will be performed to ensure the WEC is ready for testing
· Verify sheaves are in the center of travel at the still water condition
· Check for loose bolts, appendages, and connectors
· Water level of device
· Verify integrity of optical markers
· Verify telemetry (loads, position, motion tracking) is recording
· Verify umbilical is free of tangles and twists


[bookmark: _Ref446001944][bookmark: _Toc465925996]Appendix G: Team provided sensors – specifications and calibrations
Spec Sheets. 
Torque arm (Damper) load cell: http://www.futek.com/product.aspx?stock=FSH03884
Spring load cell: http://www.futek.com/product.aspx?stock=FSH03887
Calibrations.
The incremental optical encoders used for velocity measurement have 2540 pulses/rev and do not require calibration. Below are the NIST traceable calibration certificates for the torque arm load cells (3 in the model + 1 spare). The sensor capacity is 50 lb in tension and compression. 
[image: ]
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Below are the NIST traceable calibration certificates for the Spring load cells (3 in the model + 1 spare). The sensor capacity is 500 lb in tension and compression. 
[image: ]
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[image: ]
[bookmark: _Toc465925997]Appendix F: Safety.
The pressure inside the pneumatic cylinders and air tanks will not exceed 50 PSI. All air tanks will be hydro tested to 100 PSI before installation in the model.  
Below is the MSDS sheet for the Silicone Oil inside the dampers. The total volume of oil in each damper is less than 100mL. In the event of a spill, the oil would drain primarily into the surface float and there would be minimal leakage into the Carderock basin.
[image: ]
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[bookmark: _Ref446345778][bookmark: _Toc465925998][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
	Kinematic Side of Power for PTO j
	
	All

	Dynamic Power
	Dynamic Side of Power for PTO j
	
	All

	Absorbed Power
	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 kinematic side of power for PTO j
	
	All

	Standard Deviation
	The standard deviation of the kinematic side of power for PTO j
	
	All

	Max
	The maximum value of the kinematic side of power
	
	All

	Min
	The minimum of the kinematic side of power for PTO j
	
	All

	Kinematic spectral density
	Spectral density of the kinematic side of power for PTO j
	
	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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FUTEK

Certificate of Calibration

Certificate Number: 1605310034

‘Sensorinfo;
SIN: 663644 Modet: LCM300
tem #: FSHO03884 Capacity: 501

; LCM300, 5010, Tension & Compression Load el Miniaturafnine Threaded), RoHS Complant Materal- 174 PH 5.5
M6x1-Thoad, 28 Awg 4 Conducior Brided Shieded Clear PVC, 1011 Long

Calibration Procedure ..... OP1000

CAl MENT
Diaital Multimeter;
48 Mode: J440TA, SIN: MY44001975

Dead Weight(s):

11016, Traceabitty No: 678784

T s i folowing sensor has b calbata using et racesbl 0 NIST Superting cccueraton rotveto raceabiiy i+ i an s svalba for
"o upon recues. Th carite shall b 1eraccnd st 1l it 9 i s ot FUTER

Calibration Technician: _ @aréos Diaz
Issue Date: _ 5/31/2016 Re-Calibration Date: One Year After Issue Date
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Certificate Number: 1605310034

Single Channel Item

Test Temp: 77 °F (25°C)

Input Resistance: 742 Q

CALIBRATION DATA

Relative Humidity: 46 %
Output Resistance: 743 O

Excitation: 9.99 Vdc
Zero Balance: 0.0016 mV/V/

Iension
Output Non-Lin. Error
(mVI) (%RO)
0.000
0.075
0.139
0.158
0.076
S I
Shunt Value Shunt Output Value Equivalent Load
Direction (KQ) Connection (Io)
100 (-Exc) & (-S) 3497 | 52
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10 Thomas, Irvine, CA 92618 USA
Tel: (949) 465-0900
Fax: (949) 465-0905

Certificate of Calibration

Certificate Number: 1605310035

Sensor Info:
SIN: 680462 Model: LCM300
Item #: FSH03884 Capacity: 50 Ib

; LCM300, 50 Ib, Tension & Compression Load Cell (Miniature/iniine Threaded), RoHS Compliant, Material - 174 PH S.S.,
M6x1-Thread, 28 Awg 4 Conductor Braided Shielded Clear PVC, 10 ft Long

Calibration Procedure ....... OP1000
CALIBRATION EQUIPMENT USED
igital Multis 5
HP Model: 34401A, SIN: MY44001975
Dead Weight(s):

1-101b,  Traceability No: 678784
‘This cerifies that the following sensor has been calibrated using equipment traceable to NIST. Supporting documentation relative to traceability is on file and is available for
‘examination upon request. This certificate shall not be reproduced except in ful, without the written approval of FUTEK

Calibration Technician:  Vietor Garcieazo
Issue Date: 5/31/2016 Re-Calibration Date: One Year After Issue Date
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10 Thomas, Irvine, CA 92618 USA
Tel: (949) 465-0900

F: 46,

Certificate Number: 1605310035
Single Channel Item

CALIBRATION DATA
Test Temp: 76 °F (25°C) Relative Humidity: 41% Excitation: 10.00 Vdc
Input Resistance: 743 Q) Output Resistance: 743 Q Zero Balance: -0.0083 mV/V
Tension
Load Output Non-Lin. Error
(Io) (mVI) (%RO)
0 0.0000 0.000
TR 04t 7 005
[ 0 I T
I e ST S
40 o L6842 B T
D i T 000
I T I
LIBi
Direction Shu(me\)l)alue o Shunt om(;m /\xlue Equivalont Load
Tension 100 _(ExQ)&(S) | 18490 | 44
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10 Thomas, Irvine, CA 92618 USA

FUTEK

NCED SENSOR T

Certificate of Calibration

Certificate Number: 1605310036

Sensor Info:
SIN: 680463 Model LCM300
Item #: FSH03884 Capacity: 50 Ib

Description: LCM300, 50 1b, Tension & Compression Load Cell (Miniature/inline Threaded), RoHS Compliant, Material - 174 PH S.5.,
M6x1-Thread, 28 Awg 4 Conductor Braided Shielded Clear PVC, 10 ft Long

Calibration Procedure ....... OP1000

ALl ED

HP Model: 34401A, S/N: MY44001975
Dead Weight(s):
1-10b, Traceability No: 678784

This certifies that the following sensor has been calibrated using equipment traceable to NIST. Supporting documentation relafive to traceabiliy is on file and is available for
‘examination upon request. This certficate shall not be reproduced except in ful, without the written approval of FUTEK

Calibration Technician:  Victor Gareitazo
Issue Date: 5/31/2016 Re-Calibration Date: One Year After Issue Date
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10 Thomas, Irvine, CA 92618 USA
e 0

Certificate Number: 1605310036

Single Channel Item

«: (949) 465-090

CALIBRATION DATA
Test Temp: 76 °F (25°C) Relative Humidity: 41% Excitation: 10.00 Vdc
Input Resistance: 742 ) Output Resistance: 743 ()
Tension
Load Output Non-Lin. Error
(Ib) (mVIV) (%RO)

SHUNT CALIBRATION

Direction

Shunt Value Shunt Output Value Equivalent Load
(Ka) Connection (mVA) (Io)

100 (-Exc) & (-S) 1.8458 42

0
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10 Thomas, Irvine, CA 92618 USA
Tel: (949) 465-
x: (949) 46

Certificate of Calibration

Certificate Number: 1605310037

Sensor Info:
SIN: 680464 Model: LCM300
Item #: FSH03884 Capacity: 50 Ib

: LCM300, 50 Ib, Tension & Compression Load Cell (Miniature/Inline Threaded), RoHS Compliant, Material - 174 PH S.S.,
M6x1-Thread, 28 Awg 4 Conductor Braided Shielded Clear PVC, 10 ft Long

Calibration Procedure ....... OP1000

CAl 1P| D

Digital Multimeter:
HP Model: 34401A, S/N: MY44001975
Dead Weight(s):

1-101b, Traceability No: 678784

This certifes tha the following sensor has been calibrated using equipment traceable o NIST. Supporting documentation relative to traceabiity is on file and is available for
‘examination upon request. This certficate shall not be reproduced except in full, without the written approval of FUTEK.

Calibration Technician:  Victor Garciéazo
Issue Date: 5/31/2016 Re-Calibration Date: One Year After Issue Date
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FUTEK 10 Thomas, Irvine, CA 92618 USA

ADVANCED SENSOR TECHNOLOGY, INC

Certificate Number: 1605310037

Single Channel Item

CALIBRATION DATA
Test Temp: 76 °F (25 °C) Relative Humidity: 41% Excitation: 9.99 Vdc
Input Resistance: 742 Q Output Resistance: 743 Q Zero Balance: 0.0152 mV/V/
Tension
Load Output Non-Lin. Error
(I6) (mVV) (%R.0)
0 0.0000 0.000
10 0.4357 0.076
20 08712 0.144

1.3045 0.110

17359
50 21702
0 0.0000
" Shunt Value Shunt Output Value Equivalent Load
Direction (KQ) Connection (mVIV) RS
“Tension 100 | (ExQ&(9) 1.8755 43
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10 Thomas, Irvine, CA 92618 USA

Certificate of Calibration

Certificate Number: 1605310038

Sensor Info:
SIN: 650397 Modet LCM300
Item #: FSH03887 Capacity: 500 Ib

: LCMB300, 500 Ib, Tension & Compression Load Cell (Miniature/Inline Threaded), RoHS Compliant, Material- 17-4 PH S.S.,
M8x1-Thread, 28 Awg 4 Conductor Braided Shielded Clear PVC, 10 ft Long

Calibration Procedure ...... OP1000

RATI! ME|

1 r
HP Model: 34401A, S/N: US36134723
Dead Weight(s):

500 1b,  Traceability No: 08545-14

This certifies that the following sensor has been calibrated using equipment traceable to NIST. Supporting documentation relative to traceability is on file and is available for
‘examination upon request. This certificate shall not be reproduced except in ful, without the written approval of FUTEK

Calibration Technician: ~ @dgar Jimenez
Issue Date: 5/31/2016 Re-Calibration Date: One Year After Issue Date
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F UTE K 10 Thomas, Irvine, CA 92618 USA

ADVANCED SENSOR TECHNOLOGY

Certificate Number: 1605310038

Single Channel Item
CALIBRATION DATA
Test Temp: 75 °F (24°C) Relative Humidity: 44 % Excitation: 9.99 Vdc
Input Resistance: 742 Q Output Resistance: 743 Q Zero Balance: -0.0112 mV/V
Tension
Load Output Non-Lin. Error
(Ib) (mVV) (%R.0)
0 0.0000 0.000
100 0.4460 0.049
200 0.8906 0.034
300 13357 0.042
400 - 17788 0040
500 22246 0.000
0 -0.0001
T CALIBRA
i Shunt Value Shunt Output Value Equivalent Load
Direction (KQ) Connection (mVA) ()
“Tension 100 (Ex)&(S) | 18516 416





image58.png
10 Thomas, Irvine, CA 92618 USA

Certificate of Calibration

Certificate Number: 1605310039

Sensor Info;
SIN: 650399 Modet LCM300
Item #: FSH03887 Capacity: 500 Ib

: LCM300, 500 Ib, Tension & Compression Load Cell (Miniature/iniine Threaded), RoHS Compliant, Material - 174 PH S.S.,
MBx1-Thread, 28 Awg 4 Conductor Braided Shielded Clear PVC, 10 ft Long

Calibration Procedure ....... OP1000

CAl ED

Digital Multimeter;
HP Model: 34401A, SIN: US36134723
Dead Weight(s):

5001b,  Traceability No: 08545-14

This certifies that the following sensor has been calibrated using equipment traceabe to NIST. Supporting documentation relative to traceability is on file and is available for
‘examination upon request. This certficate shall not be reprodiced except in full, without the written approval of FUTEK

Calibration Technician:  @dgar Jimencz
Issue Date: 5/31/2016 Re-Calibration Date: One Year After Issue Date
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FUTEK

ADVANCED § TECHN inc

Certificate Number: 1605310039

Single Channel Item
CALIBRATION DATA
Test Temp: 76 °F (24 °C) Relative Humidity: 44 % Excitation: 9.99 Vdc
Input Resistance: 742 Q Output Resistance: 743 Q Zero Balance: -0.0115 mV/V/

Non-Lin. Error
(%R.O)

0.000
0.014
0.051

AL
i Shunt Value Shunt Output Value Equivalent Load
Direction (KQ) Connection (mviv) )

Tension 100 —(Ex9 8 (S) 1.8522 418
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Certificate of Calibration

Certificate Number: 1605310040

Sensor Info:
SIN: 650400 Model: LCM300
Item # FSH03887 Capacity: 500 b
Description: LCM300, 500 Ib, Tension & Compression Load Cell (Miniature/Inline Threaded), RoHS Compliant, Material - 17-4 PH S.S.,
M6x1-Thread, 28 Awg 4 Conductor Braided Shielded Clear PVC, 10 ft Long

Calibration Procedure ....... OP1000

BRA MEN

igi imeter:
HP Model: 34401A, SIN: US36134723
Dead Weight(s):
5001b, Traceability No: 08545-14

‘This certifles that the following sensor has been calibrated using equipment traceable to NIST. Supporting documentation relative to traceabilty is on file and is available for
‘examination upon request. This certfcate shall not be reproduced except in full, without the written approval of FUTEK

Calibration Technician: ~ @dgar Jimenez
Issue Date: 5/31/2016 Re-Calibration Date: One Year After Issue Date
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Irvine, CA 92618 USA
Tel: (94

Certificate Number: 1605310040

Single Channel Item

Test Temp: 76 °F (25°C)
Input Resistance: 743 O

CALIBRATION DATA

Relative Humidity: 44 %

Output Resistance: 744 Q

Excitation: 9.99 Vdc
Zero Balance: -0.0111mV/NV

Tension
Load Output Non-Lin. Error
() (mVN) (%RO)
0 X 0.000
BT o - 0056
T e 08879 T oo |
i o o 13310 0069
- 1.7740 ORI o
77777 500 22158 o000
T o T oo i
SHUNT CALIBRATION
Direction Shunt Valuo cShunt Ouputyalie | EquivalentLoad
Tension 100 (Ex)&(S) | 18527 I
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FUTEK

NOLOGY, INC

Certificate of Calibration

Certificate Number: 1605310041

Sensor Info:
SIN: 650401 Model: LCM300
tem #: FSH03887 Capacity: 500 Ib

: LCMB300, 500 Ib, Tension & Compression Load Cell (Miniature/Inline Threaded), RoHS Compliant, Material - 174 PH S.S.,
M6x1-Thread, 28 Awg 4 Conductor Braided Shielded Clear PVC, 10 ft Long

Calibration Procedure ....... OP1000

CAl MENT
Digital Multimeter:
HP Model: 34401A, SIN: US36134723

5001b, Traceability No: 0854514

‘This certfes that the following sensor has been calibrated using equipment traceable to NIST. Supporting documentation relative to traceabily is on file and is available for
‘examination upon request. This certificate shall not be reproduced except in full, without the written approval of FUTEK

Calibration Technician: ~ @dgar Jimenez
Issue Date:  5/31/2016 Re-Calibration Date: One Year After Issue Date
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vine, CA 92618 USA

EcHnO

Certificate Number: 1605310041
Single Channel Item

CALIBRATION DATA
Test Temp: 77 °F (25°C) Relative Humidity: 44 % Excitation: 9.99 Vdc
Input Resistance: 743 O Output Resistance: 743 O Zero Balance: -0.0145 mV/V
Tension
Load Output Non-Lin. Error
(1b) (mVIV) (%RO)
0 0.0000 0.000
0.4420 0053
0.8833 0073

0.076
400 0.065
500 0.000
0
ATI
rect Shunt Value Shunt Output Value |  Equivalent Load
Direction Q) Connection mVIV) (o)
Tension 100 (Ex0) & (5)_ i 20
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SIGMA-ALDRICH

sigma-aidrich.com

SAFETY DATA SHEET

Version 4.4

Revision Date 06/252014

Print Date 052612016

7.PRODUCT AND COMPANY IDENTIFICATION

14

12

13

14

Product identifiers

Product name Silicone oil
Product Number 378429
Brand Aldrich
CAS-No. 63148-629
Relevant identified uses of the substance or mixture and uses advised against
Identiied uses Laboratory chemicals, Manufacture of substances
Details of the supplier of the safety data sheet
Company Sigma-Aldrich
3050 Spruce Street
SAINT LOUIS MO 63103
UsA
Telephone +1800325-5832
Fax +1 6003255052

Emergency telephone number
Emergency Phone # (314) 7766555

7. HAZARDS IDENTIFICATION

21

22

23

Classification of the substance or mixture

‘GHS Classification in accordance with 29 CFR 1910 (OSHA HCS)
Acute aquatic toxicity (Category 2), HA01
Chronic aquatic toxicity (Category 2), Ha11

For the fulltext of the H-Statements mentioned in this Section, see Section 16.
GHS Label elements, including precautionary statements

Pictogram @

Signal word none

Hazard statement(s)

Ha11 Toxic to aquatic lfe with long lasting effects.

Precationary statement(s)

P273 Avoid release to the environment.

P39 Collect spillage.

P01 Dispose of contents/ container to an approved waste disposal plant

Hazards not otherwise classified (HNOC) or not covered by GHS - none

3. COMPOSITIONINFORMATION ON INGREDIENTS.

31

Substances
Fomula (Si(CH3)20- 0
CASNo. 63148629

Ao - 378428

Paget of 7
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No ingredients are hazardous according to OSHA citeria.
No companents need to be disclosed according to the applicable regulations.
For the fulltext of the H-Statements mentioned in this Section, see Section 16.

7.FIRST AID MEASURES

41

42

43

General advice
Consult a physician. Show this safety data sheet to the doctor in attendance.

aled
If breathed in, move person into fresh air. If not breathing, give artificial respiration. Consult a physician.

In case of skin contact
Wash off with soap and plenty of water. Consult a physician

In case of eye contact
Rinse thoroughly with plenty of water for at least 15 minutes and consult a physician.

If swallowed
Never give anything by mouth to an unconscious person. Rinse mouth with water. Consult a physician.

Most important symptoms and effects, both acute and delayed
The most important known symptoms and effects are described in the labelling (see section 2.2) and/or in section 11

Indication of any immediate medical attention and special treatment needed
no data available

5. FIREFIGATING MEASURES

51

52

53

54

Extinguishing media
Suitable extinguishing media
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide.

‘Special hazards arising from the substance or mixture
Carbon oxides, siicon oxides

Advice for firefighters
Wear self contained breathing apparatus for fire fighting if necessary.

5. ACCIDENTAL RELEASE MEASURES.

61

62

63

64

Personal precautions, protective equipment and emergency procedures
Use personal protective equipment. Avoid breathing vapours, mist or gas. Ensure adequate ventiation
For personal protection see section 8.

Environmental precautions
Prevent further leakage or spillage if safe to do s0. Do not let product enter drains. Discharge into the environment
‘must be avoided.

Methods and materials for containment and cleaning up
‘Soak up with inert absorbent material and dispose of as hazardous waste. Keep in suitable, closed containers for
disposal.

Reference to other sections

For disposal see section 13.

7.HANDLING AND STORAGE

71

72

Precautions for safe handling
Avoid contact with skin and eyes. Avoid inhalation of vapour or mist.
For precautions see section 22.

Conditions for safe storage, including any incomp:
Keep container tightly closed in a dry and well-ventilated place.

Adnion - 378428 Pagez of 7
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73

Specific end use(s)
Apart from the uses mentioned in section 1.2 no other specific uses are stipulated

8. EXPOSURE CONTROLS/PERSONAL PROTECTION

81

82

Control parameters

Components with workplace control parameters
Contains no substances with occupational exposure limit values.

Exposure controls.

Appropriate engineering controls
Handle in accordance with good industrial hygiene and safety practice. Wash hands before breaks and at the end of
workday.

Personal protective equipment

Eyefface protection
Safety glasses with side-shields conforming to EN166 Use equipment for eye protection tested and approved
under appropriate govemment standards such as NIOSH (US) or EN 166(EU)

Skin protection
Handle with gloves. Gloves must be inspected prior fo use. Use proper glove removal technique (without
touching glove's outer surface) to avoid skin contact with this product Dispose of contaminated gloves after
use in accordance with applicable laws and good laboratory practices. Wash and dry hands.

Full contact
Material: Nitle rubber

Minimum layer thickness: 0.11 mm

Break through time- 480 min

Material tested:Dermatri® (KCL 740 / Aldrich Z677272, Size M)

Splash contact
Material: Nitile rubber

Minimum layer thickness: 0.11 mm

Break through time- 480 min

Material tested:Dermatri® (KCL 740 / Aldrich Z677272, Size M)

data source: KCL GmbH, D-36124 Eichenzell, phone +49 (0)6659 87300, e-mail sales@kcl de, test method:
EN374

If used in solution, or mixed with other substances, and under conditions which differ from EN 374, contact the
supplier of the CE approved gloves. This recommendation is advisory only and must be evaluated by an
industrial hygienist and safety officer familiar with the specific stuation of anticipated use by our customers. It
should not be construed as offering an approval for any specific use scenario.

Body Protection
impervious clothing, The type of protective equipment must be selected according to the concentration and
‘amount of the dangerous substance at the specific workplace.

Respiratory protection
Where risk assessment shows air-purifying respirators are appropriate use a full-face respirator with multi-
purpose combination (US) or type ABEK (EN 14387) respirator cartridges as a backup to engineering controls.
Ifthe respirator is the sole means of protection, use a full-face supplied air respirator. Use respirators and
‘components tested and approved under appropriate govemment standards such as NIOSH (US) or CEN (EU).

Control of environmental exposure
Prevent further leakage or spillage if safe to do so. Do not et product enter drains. Discharge into the
environment must be avoided

3. PHYSICAL AND CHEMICAL PROPERTIES

91

Information on basic physical and chemical properties

a) Appearance Fom: viscous
Colour: colourless
b) Odour no data available

Ao - 378428 Paged of 7
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92

) Odour Threshold no data available

d) pH no data available
€) Melting pointffreezing -5 °C (-67 °F)
point

f)  Initial boiing pointand > 140 °C (> 284 °F) at 0.003 hPa (0.002 mmHg) - it
boiling range

) Flash point 316.00 °C (600.80 °F) - closed cup
h)  Evapouration rate no data available
i) Flammability (solid, gas) no data available
i) Upperfiower no data available
flammability or
explosive limits
k) Vapour pressure <7hPa (<5 mmHg) at 25 °C (77 °F)
1) Vapour density no data available
m) Relative density 0.971 gimL at 25 °C (77 °F)
) Water solubilty slightly soluble
©) Partition coefficient: n-  no data available
octanoliwater
) Auto-ignition >400°C (> 752 °F)
temperature
) Decomposition >200°C (>392 °F) -
temperature
") Viscosity no data available

) Explosive properies  no data available
1) Oxidizing properties  no data available

Other safety information
no data available

0. STABILITY AND REACTIVITY

1041

102

103

104

105

106

Reactivity
no data available

Chemical stability
Stable under recommended storage conditions.

Possibility of hazardous reactions
no data available

Conditions to avoid
no data available

Incompatible materials
acids, Bases.

Hazardous decomposition products
Other decomposition products - no data available
Inthe event of fire: see section 5

1. TOXICOLOGICAL INFORMATION

14

Information on toxicological effects

Acute toxicity
no data available

Ao - 378428

Paged of 7
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Inhalation: n

0 data available

Dermal: no data available

no data avail

Skin corrosi
Skin - rabbit
Result: Mid

lable
ionlirritation

skin iitation - 24 h

Serious eye damageleye irritation

Eyes - rabbit

Result: Mild

eye imitation - 24 h

Respiratory or skin sensitisation

no data avail

ilable

Germ cell mutagenicity
Carcinogenicity

IARC:

ACGIH:

No component of this product present at levels greater than or equal to 0.1% s identiied as
probable, possible or confirmed human carcinogen by IARC.

No component of this product present at levels greater than or equal to 0.1% is identified as a
carcinogen or potential carcinogen by ACGIH

No component of this product present at levels greater than or equal to 0.1% is identified as a
known or anticipated carcinogen by NTP.

No component of this product present at levels greater than or equal to 0.1% is identified as a
carcinogen or potential carcinogen by OSHA.

‘Specific target organ toxicity - single exposure

no data avail

Specific tar
no data avail

ilable

rget organ toxicity - repeated exposure
lable

Aspiration hazard

no data avail
Additional I

ilable
Information

RTECS: JT6485000

To the best of our knowledge, the chemical, physical, and toxicological properties have not been thoroughly

investigated.

2. ECOLOGICAL
121 Toxicity

INFORMATION

no data available

122 Persistence and degradability
no data available

123 Bioaccumul

lative potential

no data available

124 Mobility in soil
no data available

125 Results of PBT and vPvB assessment
PBT/VPVB assessment not available as chemical safety assessment not required/not conducted

126 Other adverse effects
An environmental hazard cannot be excluded in the event of unprofessional handiing or disposal

Ao - 378428

Pages of 7
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Toxic to aquatic lfe.

3. DISPOSAL CONSIDERATIONS.
131 Waste treatment methods

Product
Offer surplus and non-recyclable solutions to a licensed disposal company.

Contaminated packaging
Dispose of as unused product.

T4 TRANSPORT INFORMATION
DOT (US)
Not dangerous goods

IMDG
Not dangerous goods

IATA
Not dangerous goods

5. REGULATORY INFORMATION

'SARA 302 Components
‘SARA 302: No chemicals in this material are subject to the reporting requirements of SARA Tile I, Section 302.

SARA 313 Components
'SARA 313: This material does not contain any chemical components with known CAS numbers that exceed the
threshold (De Minimis) reporting levels established by SARA Tit Il Section 313.

SARA 311/312 Hazards
No SARA Hazards

Massachusetts Right To Know Components
No companents are subject to the Massachusetts Right to Know Act

Pennsylvania Right To Know Components

CASNo Revision Date
a-Methyl-w-methoxypolydimethylsiloxane 63148629
New Jersey Right To Know Components

CASNo Revision Date
a-Methyl-w-methoxypolydimethylsiloxane 63148629

California Prop. 65 Components
“This product does not contain any chemicals known to State of Califonia to cause cancer, birth defects, or any other
reproductive harm

6. OTHER INFORMATION
Full text of H-Statements referred to under sections 2 and 3.

H401 Toxic to aquatic lfe.
Ha11 Toxic to aquatic lfe with long lasting effects.
HMIS Rating

Health hazard 0

Chronic Health Hazard

Flammabilty 1

Physical Hazard 0

NFPA Rating

Health hazard 0

Ao - 378428 Pages of 7
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Fire Hazard 1
Reactivity Hazard 0

Further information
‘Copyright 2014 Sigma-Aldrich Co. LLC. License granted to make unlimited paper copies for intemal use only.

‘The above information is believed to be correct but does not purport to be all inclusive and shall be used only as a
quide. The information in this document is based on the present state of our knowledge and is applicable to the
product with regard to appropriate safety precautions. It does not represent any guarantee of the properties of the
product. Sigma-Aldrich Corporation and ts Affiiates shall not be held liable for any damage resulting from handiing
or from contact with the above product. See www.sigma-aldrich com and/or the reverse side of invoice or packing
slip for additional terms and conditions of sale.

Preparation Information
Sigma-Aldrich Corporation
Product Safety ~ Americas Region
1-800-521-8956

Version: 4.4 Revision Date: 06/25/2014 Print Date: 05/26/2016
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