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Abstract

:

The marine energy (ME) industry historically lacked a standardized data processing toolkit for common tasks such as data ingestion, quality control, and visualization. The marine and hydrokinetic toolkit (MHKiT) solved this issue by providing a public software deployment (open-source and free) toolkit for the ME industry to store and maintain commonly used functionality for wave, tidal, and river energy. This paper demonstrates an initial model verification study in MHKiT. Using Delft3D, a numerical model of the Tanana River Test Site (TRTS) at Nenana, Alaska was created. Field data from the site was collected using an Acoustic Doppler Current Profiler (ADCP) at the proposed Current Energy Converter (CEC) locations. MHKiT is used to process model simulations from Delft3D and compare them to the transect data from the ADCP measurements at TRTS. The ability to use a single tool to process simulation and field data demonstrates the ease at which the ME industry can obtain results and collaborate across specialties, reducing errors and increasing efficiency.
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1. Introduction


The growing field of marine energy (ME) has numerous archetypes of marine renewable energy devices (MREDs) currently in development, deployment, and testing worldwide across river, tidal, and wave environments. Due to the wide variety of MREDs and resource types, standardization of data processing and analysis techniques has been an ongoing challenge. Each device has unique data collection needs, leading to a variety of data collection strategies. As a result, a variety of data analysis methodologies and independent codebases have arisen. Typically, researchers and device developers create their own data processing software [1,2], which leads to greater time spent on data wrangling and analysis as well as inconsistent results and reporting across the industry. Standards bodies, such as the International Electrotechnical Commission (IEC), have worked to standardize data analysis methodologies relevant to marine energy research and development through the IEC Technical Specification (TS) 62600—“Marine Energy—Wave, tidal, and other water current converters” [3]. This has been an important step towards consistent data analysis, but individuals have still been responsible for interpreting these technical specifications and developing analysis tools.



To tackle this challenge and provide a unified data analysis code base for ME, the United States Department of Energy (DOE) Water Power Technologies Office funded an initiative to develop standards-compliant, open-source ME software, resulting in the Marine and Hydrokinetic ToolKit (MHKiT). In early 2020, the first version of MHKiT was released and featured code based on the IEC technical specifications. This release established a free, open-source for the ME industry to utilize and further develop for areas of interest such as power performance, mechanical loads, and resource characterization for wave, tidal, and river applications [4].



MHKiT expedites ME data processing for data ingestion, quality control, analysis, visualization, and management using an open-source and free Python toolkit. The Python toolkit is also wrapped into a MATLAB toolbox [5] to support a wider user base. MHKiT is hosted on GitHub, which allows anyone to ask questions or submit feature requests directly to the core developers. The core developers are funded through the DOE with staff from the National Renewable Energy Laboratory (NREL), the Pacific Northwest National Laboratory (PNNL), and Sandia National Laboratories (SNL). The core developers add functionality, maintain the code, and field feature requests and issues from the community.



This paper will demonstrate MHKiT’s capabilities to analyze empirical data taken at the University of Alaska Fairbank’s (UAF) Tanana River Test Site (TRTS) and use that data to verify a Delft3D numerical model of the site. The field and model data are first read in and processed, and then selected quantities of interest are taken and compared between the analyzed field and model data. The results can then be used to go back and improve the model. This type of analysis is a common model verification technique used to ensure that a numerical model is producing accurate results prior to manipulation of the domain, such as adding a Current Energy Converter (CEC) to the river. The analysis done for this paper finds the   L 1   and   L 2   error values between the field data and the modeled data. Using the MHKiT package allows for a seamless data comparison experience, as the user can run simulations and compare field data all within the same Python environment. The code and data for this analysis are available on the MHKiT Python GitHub as an interactive python notebook named “ADCP_Delft3D_TRTS_example.ipydb” located in the examples folder [6].




2. MHKiT Functionality and Structure


MHKiT is a toolbox designed for the marine energy industry to assist in data ingestion, processing, and visualization. The toolbox was initially released in January 2020 with modules helping users calculate and process data to the specifications detailed in the IEC standards. Additions to MHKiT follow a standard GitHub pull request workflow where the MHKiT core developers review new requests for correctness, tests, examples, and general applicability to the ME industry. If a user finds an issue with current MHKiT features, a bug report may be made and the core developers will address the error and deploy a fix. Sharing common functionality across the ME industry and having users submit features in issues builds up a knowledge base and toolkit, which saves current and future ME practitioners time and effort.



To expand the MHKIT functionality beyond the initial IEC-compliant scope, the MHKiT core developers incorporated previously developed software funded by the DOE, such as the Wave Design Resource Toolbox [7] and Doppler Oceanographic Library for pYthoN (DOLfYN) [8] into the toolkit. One benefit of MHKiT incorporation is access to MHKiT’s user base and code maintenance by the MHKiT team, ensuring simple package installation, functional features, and dependencies as the Python ecosystem evolves. Further, MHKiT gains access to any user base the project may have had and can cast a wider net of data analysis.



The MHKiT package is organized into modules containing tools for specific types of analysis (see Figure 1). The top-level modules now include Wave [9], Tidal [10], River, DOLfYN, Power, Loads, Quality Control, and Utilities. The three initial modules were organized by resource (Wave, River, and Tidal), each having “input/output (IO)”, “performance”, “resource”, and “graphics” submodules. Modules such as Power, Loads (not shown), and Quality Control (not shown) may apply to any resource and are therefore given their own modules. Olson et al. [11] discussed the package modules in more detail and demonstrated the use of MHKiT for wave resource characterization at PACWAVE, a wave energy converter test site in Oregon. Each module has an example that may be found in the MHKiT GitHub repository examples folder. Users may want to familiarize themselves with the River example, the Delft3D example, and the ADCP example, as components of each of these are expanded in the current study.



The River and DOLfYN modules, which are the focus of this paper, are used to perform the TRTS Delft3D model verification with Acoustic Doppler Current Profiler (ADCP) field data. The River IO submodule has the functionality to ingest and process data from Delft3D and United States Geological Survey (USGS) survey stations. The USGS ingestion tool is used to read in discharge, and water-height measurements at the USGS station near the TRTS on the day the filed data was collected. The DOLfYN IO module has the capability to read, filter, and process ADCP and Acoustic Doppler Velocimeter (ADV) data. The DOLfYN “rotate” module can rotate the data to beam coordinates, instrument (x and y) coordinates, or Earth coordinates (longitude and latitude). The use case demonstrated in this paper will showcase DOLfYN’s riverine applications and how they can be compared to simulated results from the River module.




3. Data Collection and Model Design


The TRTS is located near Nenana, Alaska, and was first investigated as a test site in 2008 after a CEC deployment in Eagle, Alaska ended early due to debris-related issues [12]. Since then, it has become an established test site with modular deployment infrastructure that can be adapted for different CEC deployments [13,14]. The TRTS allows CECs to be tested in a harsh environment with cold temperatures, sediment, and heavy debris, representing the conditions of many remote Alaska river communities that could greatly benefit from ME [12]. The site is shown in Figure 2, with current flowing up from the bottom of the figure, the two transect locations at TRTS, and the barge used to block debris and deploy test turbines. The United States Geological Survey [15] has a nearby survey station (#15515500) downstream of the TRTS, which records discharge and water level. Data from USGS survey stations can be requested through the the MHKiT River module, as demonstrated in the river example [16].



Typically, researchers use a modeling tool such as Deflt3D which, relative to field deployments, can perform low-cost simulations where changes to the environment can be implemented and interpreted quickly. This allows researchers to narrow in on a limited design set for field investigation, thereby increasing the efficiency of field deployments. To initiate the numerical model, a 2010 bathymetry survey taken by Terrasond under contract to the University of Alaska Fairbanks (UAF) was used to represent the domain. This domain was discretized using the Delft3D built-in mesh generation tool, RGF grid, to roughly 5 m × 5 m unstructured squares from a bird’s eye view. Delft3D represents depth using shallow water equations with a sigma layer approach, which distributes the layers between the specified bottom of the river and the water level. A total initial 12 sigma layers were specified to compare to the filed data for this study. The domain was simulated in Delft3D at a constant discharge (volumetric flow rate) of 1789 m   3  /s and a 2.7 m water level, as recorded by the USGS survey station for 10 August 2010 [17]. The USGS discharge was confirmed with the ADCP transect data measured at 1790 m   3  /s using the deployment software Winriver from Teledyne RD Instruments (TRDI) [2]. This functionality is in the process of being added to MHKiT.



Figure 3 shows the bed level used in Delft3D for modeling, which was collected for UAF in 2010. As shown in Figure 2 previously the flow direction in our Delft3D model is from the bottom of the figure, up and to the left out of the figure. The inlet, at the bottom right of the figure, was set to a constant discharge of 1789 m   3  /s, and the outlet, at the top left of the figure, was set to a constant water level of 2.7 m. These values are used as a starting point to model the TRTS based on the USGS survey station downstream of the outlet in Figure 3 [15]. As the USGS site is downstream it is a good estimate but not a perfect representation. Collecting the ADCP transect and comparing it to the model provides the information needed to fine-tune the Delft3D model.



The boat track for the bow-mounted ADCP transects were taken at the locations shown in Figure 2 on 10 August 2010. In this study, the data collected from them will be used to improve and tune the Delft3D model. MHKiT will be particularly useful here because the USGS data and the Delft3D results can be processed using the river module, and the ADCP results can be processed using the DOLfYN module.




4. Application and Demonstration


To perform a comparison between the vessel transect and the corresponding slice of the Delft3D model results, an “ideal transect”—defined as a straight path perpendicular to the streamwise flow direction—was interpolated from the vessel’s ADCP and GPS data. This ideal transect determines a linear boat track from the forward and backward passes of the vessel’s path, shown in Figure 4.



The ADCP data creating this transect requires processing before comparing it to other data. Here, the MHKiT DOLfYN module’s analysis functionality was used to process and plot the ideal transect velocity from the field data shown in Figure 5. The analysis consisted of applying quality control by filtering the data for low acoustic correlation, setting the instrument depth below the surface, removing riverbed interference, correcting the coordinate directions for magnetic declination, and finally rotating the data into the earth coordinate system. The minimum correlation was set to 40 “counts” and the declination was set to 15.7 deg East for Nenana Alaska on 10 August 2010.



The MHKiT DOLfYN module has the functionality to find the river bottom based on the along-beam acoustic amplitude data or bottom track data recorded from the ADCP. However, if depth sounder data is available, it can be more reliable at representing the river bottom [18,19]. For this case, a depth sounder measured the depth of the river simultaneously with the ADCP data collection. From the processed data, we can plot the measured velocity along the ideal transect of the river and show the calculated river bottom, as in Figure 5. This velocity contour plot shows the maximum velocity of 3 m/s at the center of the river, as we would expect. The lowest velocities, 0 m/s, are primarily observed around the edges and bottom of the transect contour.



Numerical models such as Delft3D use discretized points to represent the domain. Environmental models tend to have a low number of points to represent large continuous areas. For instance, the bird’s eye view of Delft3D only calculated numerical effects at a roughly 5 m by 5 m square. Delft3D then discretizes the depth with an even percentage from the water level to the bed by 12 layers as specified for this initial case. As the collected ADCP data had far more resolution than the numerical model, down-sampling was applied using an average to match the locations at which the Delft3D model returned data. This roughly equated to 10 velocity measurements spanning the width of the river, as shown in Figure 6. The data displayed in Figure 6 can be seen as much coarser as compared to the full data set obtained in the field. For comparison, the river bottom is maintained constant as well as the bounds of the contour plot used in Figure 5.



With the ADCP data prepared, the next step of the numerical model validation was to use the MHKiT River module to read and analyze Delft3D results using the same points as the down-sampled ADCP data. The process of reading in Delft3D data is as simple as loading the MHKiT module and specifying the Delft3D data location. The process is covered in the MHKiT GitHub repository [6]. With the data ingested, a set of sample points from the down-sampled ADCP data was passed to interpolate the simulated velocity. The results of this call are shown in Figure 7. For comparison, the river bottom is maintained constant as well as the bounds of the contour plot used in Figure 5. It should be noted that in Delft3D, the bottom of the river is constant for a given cell, meaning the stair-step structure of the plotted data is equivalent to the modeled domain bottom.



Data from Delft3D and the ADCP were now on an equivalent set of points in our data processing environment. MHKiT can easily compare the data processed from these two different sources. For this comparison, the   L 1  ,   L 2  , and   L ∞   norms were calculated for the Delft3D transect, and the down-sampled ADCP using Equations (1)–(3) [20].
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(1)
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(2)






   L ∞  = m a x  (  L 1  )   



(3)







In Equation (1), the L1 norm is equal to the absolute value of the difference between modeled (D3D) and measured velocities (ADCP) over the measured velocity. This can be expressed as either a fractional or percent difference between measured and modeled velocities. The mean absolute error (MAE) is an average value of   L 1   (1), equal to 0.270. The error calculation process was repeated to calculate   L 2   Equation (2) which is commonly referred to as the mean squared error (MSE). MSE is similar to MAE, except the difference is squared, allowing more weight to be put on outliers in the contour plot of Figure 8 and Figure 9.   L 1  ,   L 2  , and   L ∞   are dimensionless.



Finally, the maximum error (  L ∞  ) Equation (3) was calculated for the domain and is presented in Table 1 below with the mean   L 1   and   L 2   values calculated.




5. Discussion


A model verification using Delft3D simulated data of TRTS was compared to field data collected in 2010 using MHKiT. This example showcased the functionality of the MHKiT River and DOLfYN modules using a real-world study, and the findings demonstrated how MHKiT modules may be combined to analyze simulated velocity data and collected velocity field data in a simple and quick manner with two different error metrics   L 1   and   L 2  . The analysis conducted here is intended to be used as a jumping off point for researchers to build upon, adding more error metrics and comparing not only velocity but also turbulent intensity, shear stress, discharge, etc. depending on the experimental needs. For reference to the research community this example is included in the MHKiT source code and therefore this analysis is limited in part due to file size constraints when sharing data on GitHub and to minimize the run time of the example code. At the TRTS test site turbines up to a diameter of 2 m or less are being considered. Currently the model discretization is at approximately 5 m. This means that data acquired at out current model spatial discretization can help us inference average velocities but is not detailed enough to show us the needed turbulence or shear stress metrics. All of the code and data used are accessible on GitHub with step by step instructions on how the data was loaded and processed [6].



Other transect plotting software (VMT, WinRiver, and MIDAS) [1,2,21] were run separately from the data analysis software. MHKiT’s ability to process data from multiple common marine energy sources can help developers reach unique and novel results quickly. MHKiT eliminates the need for analysts to write and maintain their own processing scripts and provides a sustainable and validated data analysis environment. Although this is a river example, the MHKiT framework can similarly process and analyze modeled and empirical data from wave or tidal field experiments. Additionally, with an open-source collaborative framework, new functionality can be easily added to and distributed through MHKiT to best meet the industry’s needs.



The high error values found between the model and field data were expected for a first attempt on a course numerical model domain [22,23]. The small size (10 megabytes) of the coarse model domain allows MHKiT to host the data on its repository for public use and replication of this study’s results. This example then allows users to swap in their own data and build off a working example. Using this template, the TRTS Delft3D model may now be tuned and easily compared to the error metrics such as   L 1   and   L 2  . Looking forward, a primary focus of model improvement would be increasing the resolution of the Delft3D model, especially on the TRTS section of the Tanana river. Improving the Delft3D model is of particular interest to the TRTS staff as it can be used to predict the impact of the wake of a CEC on the surrounding environment such as the river bottom before it is deployed long-term. This can save time and funding when implementing CECs onto an electrical grid, while also mitigating environmental impact. Future work for MHKiT includes creating additional functions to easily compare metrics not shown here and to introduce features from [1,2], such as discharge estimates and other plotting capabilities, as well as incorporate code for further analysis on topics such as turbulence.




6. Conclusions


MHKiT improves collaboration and the standardization of analysis approaches through an open-source toolbox that is adaptable to meet the users’ specific needs. The MHKiT toolbox can be used to ingest, analyze, and visualize the ADCP transect data and compare it to modeled Delft3D data. Containing these steps in a single toolbox allows for a continuous data flow and comparison process. MHKiT provides open-source software with standardized modules for data ingestion, processing, quality control, visualization, and management. It can reduce the need for repeated efforts and standardize results within the ME industry. In this example, results showed that the Delft3D model needed to be improved to represent the TRTS accurately. The model, when updated and improved, will help improve the prediction of the environmental impacts of adding a CEC or array of CECs at the site. With over 15K downloads, MHKiT has been broadly adopted by the ME sector and continues to expand its reach across the industry. With new modules and user submitted functionality released annually, it continues to expand the ability to produce consistent data processing techniques and results.
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Figure 1. MHKiT v0.5.1 partial file structure. Folders are shown as squares, and files and submodules are shown as pill boxes. All submodules in the River and DOLfYN folders are expanded to rectangular containers. MHKiT modules are shaded light blue. Submodules are shaded with other light colors. 
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Figure 2. TRTS aerial view overlaid with two vessel transects. The arrow shows the direction of the river flow. 
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Figure 3. Depth of the river bed from the surface in meters generated from the Delft3D model based off input measured bathymetry data. The river flow direction is from the bottom right of the figure to the top left. The inlet was set to a constant discharge of 1789 m   3  /s and the outlet was set to a constant water level of 2.7 m. 
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Figure 4. GPS coordinates of the boat tracks transects with the interpolated ideal linear transect. 
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Figure 5. Velocity magnitude collected by an ADCP linearly interpolated onto an ideal linear transect. The ideal linear transect is shown in Figure 4. 
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Figure 6. Down-sampled velocity magnitude from Figure 5. ADCP data was down-sampled to match the discretization of the Delft3D model. 
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Figure 7. Delft3D modeled velocity magnitude at the same ideal transect shown in Figure 4. 
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Figure 8.   L 1   error between ADCP velocity magnitude and Delft3D velocity magnitude using Equation (1). 
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Figure 9.   L 2   error between ADCP velocity magnitude and Delft3D velocity magnitude using Equation (2). 
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Table 1. Error calculating over the complete area of the transect.
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	Mean    L 1   
	Mean    L 2   
	    L ∞    





	0.270
	0.111
	0.814
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