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Summary

In the second quarter of this project, an at-sea test was performed to validate the accuracy of the numerical model developed previously to model floating systems typical of wave-energy extraction devices.  The tests were performed on August 10th and 11th, 2009.  The data collected during these tests has been analyzed and compared to the model predictions for the deployed system in the wave conditions present on the days of the tests.  A summary of these results are presented in this report and a more detailed account of the testing procedure and results analysis is attached as a separate report.  In addition to performing an experiment to validate the numerical model in the simple case of a submerged plate, the model capabilities have been extended to include the case of a submerged foil tethered to a surface expression.  This configuration is expected to generate thrust when the waves cause the system to heave and the model demonstrates this thrust behavior.  Some refinement of the submerged foil case is ongoing and initial results to size a prototype system are being developed.  Finally, preliminary work has begun to investigate candidate power take-off systems for the case of a floating surface expression tethered to a submerged element.  The numerical model can include the characteristics of the power take-off system and so models of candidate power take-off systems are being developed for inclusion in the numerical motion models.  This combined model will provide the capability to predict the power generation capabilities of candidate concepts in various sea-states.  Coupling these predictions with the previously generated statistics of wind, wave, and currents at various global sites will provide a long-term prediction of power generation capabilities.
Activities

1. Performed at-sea test of the behavior of a surface buoy tethered to a submerged plate with a spring/damper system.
2. Performed numerical modeling of deployed system in wave-conditions present at the time of the tests. 
3. Extended numerical model to include the characteristics of a submerged foil and generated initial results.

4. Beginning to study power take-off techniques that may be applicable to submerged foil concept.

5. Hamilton attended the 8th European Wave and Tidal Energy Conference (Sept 7-9, Uppsala, Sweden).

6. Hamilton and Bellingham attended Khine Latt’s vent power meeting (August, 18th, San Diego, CA).
Technical Status and Results

Model Validation Experiments
The test device consists of a 92” diameter surface float connected to a submerged element by a hydraulic ram that behaves like a spring/damper system.  The main elements are shown in figure 1. The system is instrumented with force and elongation sensors on the tether, the time signals of these measurements provide the main comparison between the experimental measurements and the numerically computed results for a system of the same characteristics (size, weight, spring/damper behavior, etc).  
Because the response of the system depends on the input wave field, the tests were performed near a wave height sensing buoy in Monterey Bay. The sea state differed between the two test days, with an approximately 1.5m significant wave height on August 10th and somewhat calmer conditions on August 11th.  Figure 2 shows the measured wave height on August 10th during the portion of the day in which the flat plate was being tested below the buoy.  In order to incorporate the measured wave-field into the numerical model, the measured time-series data is converted to a power spectrum in the frequency domain; this spectrum is then used to compute the wave elevation used for the numerical computations.  Although it would be possible to use the measured wave-height time history directly in the model, the conversion to a wave spectrum and back again allows more information about the incoming wave-field to be used in the model.  For instance, the measured wave-height history does not provide the velocity field below the waves, but the velocity field can be determined for a wave-height time series numerically constructed from a spectrum.  Use of this technique means that the measured elongations and loads won’t match the modeled results on a wave-by-wave basis, but statistically the results should match.  For this reason the comparison between measured and modeled results are best done as a comparison of power spectrum for the measured quantities.  Time history plots can be useful to provide a general feel for the agreements, but the power spectrum comparisons provide a more quantitative comparison.  Figure 3 shows a comparison between the measured (blue) tensions and elongation with those predicted by the model in the same sea-state (red).  Decent agreement was found and the discrepancy appears to be mainly due to difficulties in estimating and modeling the damping behavior of the hydraulic spring/damper system.  
In general there is sufficient agreement between the modeled and measured results that the model has been validated for use in evaluating concepts for wave-energy extraction and station keeping behaviors for systems at the target size.  This is an important result because the modeling techniques make several assumptions that are widely held to be valid for large structures, but were questionably valid for structures at the size scales of interest in this project.  More detailed results and explanation are contained in the attached report (Time Domain Model Validation Results).
[image: image1.jpg]Hydraulic Accumulator
for Spring Function

Logaing Electronics

surface Expression
/92” Diameter
waterline \

i el e el

Load Cell

Hydraulic Ram
72" Max Extension




Figure 1:  Surface expression and hydraulic cylinder acting as spring/damper system.  Two submerged elements (not shown) were tested separately at a depth of 20 meters, a flat plate of 4’ diameter and a sphere of 28” diameter.
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Figure 2:  Measured wave height on August 10th, 2009.
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Figure 3:  Comparison of measured and modeled tension and elongation behavior for test system.  This configuration is for the flat-plate suspended 20m below the buoy on August 10th, 2009.  The mean values of the tension and elongation have been subtracted to allow the power spectrum to be computed without a large zero-frequency component.

Submerged Foil Results

A leading concept for realizing a station keeping buoy that produces electrical power involves a surface expression tethered to a submerged foil as shown in Figure 4.  In this concept the heaving of the surface expression due to waves drives a submerged foil which produces in a net propulsive force.  On a small scale this concept has been demonstrated to effectively propel a very small surface expression at a knot or two (Liquid Robotics).  In principle it should also be possible to generate electricity by a power take-off mechanism that relies upon the relative motion of the surface expression and the submerged foil.  The immediate goal of this project is to perform sufficient analysis to determine the capabilities of this concept with regard to station keeping and electrical power generation.

Performance predictions for this type of arrangement are possible using the computer code previously developed and validated.  In this case the flow over the submerged foil is a lifting flow and necessarily relies on the effects of viscosity to generate propulsion.  This complicates the analysis considerably and requires computational fluid dynamics techniques to accurately predict.  Airflow Sciences Inc. has been enlisted to perform the required calculations in a manner that can be coupled with the code developed within this project to predict the surface buoy motions and the resulting forces on the tether.  It is not immediately clear how sophisticated this modeling needs to be and currently work is underway to evaluate the applicability of several simplifying assumptions that could reduce the effort required.  In particular, it’s not clear if the analysis can be performed in a “quasi-static” manner, or if a full transient solution will be required.
As a first step in this analysis, before including the sophisticated CFD results, motion results have been computed by assuming that the flow over the foil can be assumed to behave quasi-statically and that the resulting forces are well represented by traditional lift and drag coefficients.  In this application the angle of attack of the flow towards the foil is not constrained to a small range near zero as it is in aircraft applications and it is necessary to use tests results that cover all angles of attack, a reasonably complete tabulation of such results are presented in a Sandia National Laboratories report.  Figure 5 shows the lift and drag coefficients for a NACA0015 foil shape at a Reynolds number of 1X106.  Using these lift and drag estimates in the motion prediction code demonstrates the potential effectiveness of this propulsion technique.  An animation of representative results can be found at www.mbari.org/staff/hamilton/Videos/FoilExample.mpg.  In this animation the foil in the lower left pane is connected to the surface buoy in the upper left pane.  As time progresses the heaving of the foil causes the foil to move to the right and drag the buoy along behind it.  The figure in the lower right of the animation shows the apparent inflow to the foil (blue arrow) and the resulting forces on the foil (red when the result is a drag force and green when the result is a propulsive force).

In the example shown in the animation the buoy and foil sizes are comparable to those used in the validation tests performed previously and the spring/damper system in the model corresponds to that used in the validation tests.  Additionally, some pitch control has been added to keep the foil oriented advantageously, this is done as an expedient because the foils pitch moments are not available across the range of angles of attack.  When the CFD results are used in place of the lift/drag coefficients used here, the dynamics of a simple pitch control mechanism will be included in the model.  In the meantime, these results from a simplified model are useful for an initial exploration of the design space.  Computations are currently being performed to evaluate the effects of buoy size, foil size, and power take-off characteristics on the system in a range of sea conditions.  
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Figure 4:  Schematic representation of submerged foil propulsion and power take-off concept.
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Figure 5:  Lift and drag coefficients across all possible angles of attack for a NACA0015 foil section at Re = 1X106 (Sheldahl, Klimas, 1981).
Power Take-off Mechanisms
For the submerged foil concept, the most obvious possibility for electrical power generation in this scheme is a linear generator that takes advantage of the relative motion of the buoy and submerged element as the waves cause the two to oscillate.  Linear generators are notoriously inefficient due to the slow speeds they typically operate.  Nevertheless, it is possible to generate power in this manner as has been demonstrated by various utility power wave-energy pilot projects.  

Although the connection between the submerged element and the buoy is shown as a linear spring and damper in Figure 4, the actual behavior of this element is more complicated and depends on its design and power take-off characteristics.  For any particular power take-off device, the characteristics of the device can be included in the numerical model and the resulting performance and electrical power generation potential can be predicted within the limits of the characterization of the power take-off device.  
Within the context of this project two novel linear generator technologies have been investigated, one using a proprietary lubricant that has a high magnetic permeability (Ferro-fluid), and another that uses a polymer material that acts as a capacitor of variable thickness (SRI, artifical muscle).  Both of these options are at the research stage and aren’t directly applicable although the SRI artificial muscle material deserves more investigation.  In particular, SRI has indicated that they would be able to predict their materials behavior if provided a motion and force profile.  The numerical model developed in this project appears to be the tool they’re missing to design and implement a wave-energy device that uses the artificial muscle so further collaboration may be possible.
A more traditional and well understood linear generator technology for this application is a hydraulic system that uses the pumping of a working fluid to rotate the shaft of a traditional electrical generator.  This type of system is currently being implemented for utility scale wave-energy pilot projects.  For the station-keeping buoy application, the types of hydraulic motors being used in the large scale applications are inappropriate due to their losses at low flow speeds.  Figure 6 shows the typical efficiencies of different turbine designs as a function of flow speed (measured as a nondimensional “specific speed”).  For the flow rates expected from a device of the size being considered in this project, the specific speed will be relatively low, down in the Pelton wheel range of specific speed as shown in Figure 6.  This is a relatively unexplored area of power take-off mechanism for wave-energy devices and work has begun in this project to investigate this type of turbine device for application to the power-buoy device.  In particular, a numerical model of a hydraulic power take-off device based on a Pelton wheel turbine is being developed to include in the numerical modeling of the entire system.  To ensure validity of this model, laboratory testing is being performed with the hydraulic system from the validation test platform.  If the numerical results and testing indicate that electricity can be generated in this manner, the validation test system may be re-deployed in the third quarter of the project to demonstrate electrical generation and to gain experience with the issues surrounding electrical power generation from the platform.  
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Figure 6:  Efficiencies of various turbine types based on specific speed parameter. (a) Pelton wheel, (b) Francis propeller turbine. (c) Centrifugal pump (d) Axial compressors.  (from Fluid Dynamics and Heat Transfer of Turbomachinery, Lakshminarayana, 1996)

Budget and Spending

As of 9/25/2009, $128,863 has been spent out a budgeted $654,244.  The spending rate for this project is expected to increase significantly at this point as labor resources from the companion project are being concentrated on this project and as additional MBARI staff is added at the beginning of calendar year 2010.  Additionally, the outside services budget has been largely unspent so far but that will soon change as the CFD work by Airflow Sciences begins in earnest.  Attached to this report is the MBARI budget status report as of 9/25/2009 for this project.
Attachments

1. Technical Report:  Time Domain Model Validation Results
2. MBARI Grant Status Report
6/26/2009-9/25/2009
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