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Abstract

The effects of turbulence on power generation from a Current Energy Converter (CEC) are not 

fully understood. This thesis investigates the correlation between a vertical axis CEC's power 

output and the water velocity in the frequency and time domains. Chapter 2 shows the correlation 

between velocity and electrical power in frequency space. This correlation gives insight into the 

size of eddies that influence the CEC's power output. The results of this correlation analysis 

show that eddies of diameter around 0.8m have a noticeable impact on the power generation. 

Calculating the observed average integral length scale, the range of eddy diameters around the 

CEC are 0.52m-5.8m. Since 0.8m is in this observed range it suggests that the turbulence may 

influence the CEC's power output. Chapter 3 analyzes the relationship between the turbulence 

velocity cubed and electrical power through the correlation of the two data sets. The correlation 

was carried out by first separating out the four velocity components derived from cubing the sum 

of the turbulence and average velocities. The commonly used ratio of the turbulence kinetic 

energy to total kinetic energy does not include these cross terms nor are these cross terms 

typically included in the calculation of power derived from the turbulence velocity. The 

turbulence velocity cubed has a correlation of -0.007 with the CEC power output indicating that 

the turbulence has a small, negative impact on the CEC power output.
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Chapter 1: Introduction

Current energy converters (CECs) are a relatively new form of renewable energy that are 

of interest due to their potential for low environmental impact [1], greenhouse gas reduction [2], 

and predictability [3]. The concept of harvesting energy from river currents dates back centuries 

to the first use of the water wheel to irrigate crops [4][5]. The concept was then adapted to dams, 

which block the flow of a river in order to raise the potential energy behind the dam and route 

the flow through a turbine. Although conventional hydropower provides a reliable source of 

energy, the damage it causes to the surrounding environment makes it questionable if the source 

is truly renewable [6]. CECs, unlike dams, do not block the flow of the river and once mounted 

in the water column, water is free to flow through or around the CEC.

Alaska has the largest hydrokinetic resource in the United States [7][8] and also a high 

need with some of the highest energy prices in the United States [9]. Thus, Alaskan communities 

have consistently been identified as candidates for potential early adoption of CEC 

implementation. The wilderness of Alaska poses many challenges that can wreak havoc on 

CECs, including sediment and debris filled rivers, freezing temperatures, fish migration, and 

turbulent flow. This thesis further explores some of the challenges to implementing CECs in 

turbulent flows along with ways to identify where they might be most successful.

1.1 Current Energy Converter Designs
There are three main types of CECs: axial-flow, cross-flow, and oscillatory [5] [10] [11]. 

Potential deployment locations for CECs are often in challenging, high energy locations. 

Challenges include debris, the presence of subsistence fish populations, turbulent currents, and 

ice. Axial flow designs are typically the most efficient of the three [3]; however in arrays, 
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crossflow designs can be more efficient [12]. Oscillatory systems are ideal for areas with a high 

turbulent percentage of flow and low flow rates, but the power produced by these often requires 

smoothing before it can be integrated into an electrical grid [12][13]. There are many design 

changes to the CECs that can be made in order to optimize them for a specific environment, such 

as the blade material or angle [14][15][16]. Overall, the most suitable CEC is site-specific and 

best chosen after a preliminary site investigation [17].

1.2 Microgrids
Microgrids are of increasing interest worldwide as a means of improving grid resilience 

to power outages through increasing energy diversity [18]. Microgrids connected to a main grid 

can redistribute energy based on the demand. However, remote communities in Alaska have very 

small islanded microgrids, making it difficult to include variable energy sources such as solar or 

wind [19][20][21]. However, efforts have still been made to add renewable sources such as solar 

and wind due to the high cost of fuel and to reduce dependency on costly imported fuel. The cost 

of energy for these remote communities is also 2 to 3 times the average from their remote 

location [22]. In many cases diesel fuels must be shipped in via barge or plane [23]. Alaska 

contains 40% of the total U.S. river energy resource [11][20]. Nearly 200 of these remote Alaska 

communities are in close proximity to a river [23], making many of them excellent candidates to 

implement CECs.

When incorporating a new energy source into an electrical grid, the grid must be able to 

meet the consumer's energy needs on demand [19][21]. Other forms of renewable energy, e.g., 

solar and wind, are highly variable and usually require energy storage to meet base requirements 

[3][19]. The base requirement means being able to consistently power devices such as 

refrigerators that require constant power. Several Alaska communities have successfully 
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incorporated large amounts of solar with the addition of hydro and battery energy storage system 

[24]. With proper deployment and maintenance, CECs are projected to be able to provide 

dependable power with predictable variations based on seasonal variations in flow and other 

environmental factors specific to the resource such as rain fall and glacier melt [10][11]. This 

predictability makes CEC's a potential means to replace diesel fuel without requiring large 

amounts of energy storage.

1.3 Alaska Rivers
Beginning over a decade ago, CECs were actively investigated as a means to meet the 

energy needs of Alaska communities. A resource assessment was conducted in 2009, which 

determined many potential CEC deployment sites [8]; it was followed by another assessment 

[25]. There was also the deployment of a 5-kW turbine in the community of Ruby on the Yukon 

River in 2008. This was followed by the 2010 deployment of a 25-kW turbine in Eagle and 

another 25-kW turbine deployment in Fort Simpson on the Mackenzie River in Canada. All three 

of these locations were identified as promising sites for CECs due to their high energy costs and 

proximity to large hydrokinetic resources. However, these pilot projects all ended early due to 

hazardous conditions created by debris. The problems seen with debris motivated researchers at 

the University of Alaska Fairbanks (UAF) efforts to find a suitable test location with road access.

In addition to the high frequency of river borne debris (trees, branches, root balls, etc.), 

other environmental challenges to deploying CECs in Alaska include high sediment 

concentrations that may lead to premature wear, cold temperatures which can cause icing, 

seasonal variations in water levels, and variable current speeds. Many communities also depend 

on the fish in the river systems as a food source. The remote locations of each of these 
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communities present numerous added costs to installing CECs. This means to implement a CEC 

it must be dependable, be easily maintained, and have little impact on fish.

The Tanana River Test Site (TRTS) has many of the same characteristics of remote

Alaska communities. However, it is on the road system, making the site more accessible and thus 

less costly as a pilot site. It also allows for quicker turnaround when trouble shooting solutions to 

any challenges. In 2009, a three-year study was begun to investigate the suitability of the TRTS 

as a testing ground for CECs. Since, the TRTS has proven to be well-suited to testing different 

types of CECs in a cost-effective way in a real Alaska environment.

Figure 1. 1 Map of CECs in Alaska (Bradley et al 2015)
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1.4 Tanana River Test Site
The initial survey of the TRTS in 2009 included a bathymetric survey and velocity 

measurements along 6 river transects. The bathymetry data is useful for hydrodynamic modeling 

as well for quantifying the stability of the flow path [26] [27]. The deepest path in the river, the 

thalweg, is a key component to identifying if the flow field is stable [28]. Velocity transect data 

was collected using an acoustic doppler current profiler (ADCP) attached to the front of a boat 

looking downward. The boat collected data on the six transects shown in figure 1.2. The figure 

shows the thalweg, along with the maximum velocity for each transect. The stability of the 

thalweg and maximum path is indicated by the percentage of turbulence velocity, specific 

discharge, and maximum velocity [28]. The specific discharge and maximum velocity can be 

found in the transect data (Figure 1.1).

Measuring the turbulence required additional ADCP deployments; at each transect 

maximum velocity and thalweg point, a total of 12 locations for the six transects, an ADCP was 

moored on the river bottom looking upward, and data was collected for 15 minutes. The average 

velocity was found over the 15 minutes and subtracted from the instantaneous ADCP velocity 

measurement to find the turbulent component [28]. Based on these measurements, the thalweg is 

stable [23] for transects 000 through 800, with the maximum velocity between transect 440 and 

800.
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Figure 1. 2: Visualization of transect data

Toniolo and Duvoy [26] input the bathymetry and velocity data into a custom software 

package, CCHE2D, to obtain the power density, the cross section with the maximum velocity, 

and the cross section with the maximum discharge [26]. CCHE2D allows for examination of 

power densities between the transects, to aid in identifying promising locations with high kinetic 

energy and low turbulence kinetic energy, for CEC placement. It is hypothesized that high power 

densities with low turbulence levels are optimal locations for deploying CECs. These locations 

are indicated by red regions in figure 1.3.
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Figure 1. 3:Power density contour plat of the TRTS[27].

1.5 Debris
River borne debris in Alaska often is a result of riverbank erosion that leads to trees 

falling into the large and swift-moving rivers. Total debris load fluctuates with the season and 

water levels, and it is often difficult to predict because of the large watersheds that feed Alaska's 

major rivers [29]. Debris ranges in size from sticks and leaves to whole trees [30][31]. It is 

especially important to mitigate impacts to CECs as well as to prevent the buildup of large debris 

piles [29][32]. Problems with debris in the early CEC deployments in Eagle and Ruby included 

the accumulation of debris on CEC infrastructure (e.g. the mooring lines and barge), leading to 

hazardous conditions and a risk of loss of the systems as well as debris colliding with CECs.

Methods to protect CECs from debris include active measures such as debris diversion, or 

designing CECs to be debris tolerant or resistant as well as passive measures such as placing 

CECs in a location where there is a lower probability of debris impacts [33]. Due to the size and 
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frequency of debris common to Alaska, for surface mounted CECs, debris diversion is a viable 

option [27].

UAF's Research Debris Diversion Platform (RDDP), a wedge-shape device with a 

rotating drum at the apex, is one example of an effective design. UAF examined variables such 

as the velocity and size of debris and wedge angle contributed to the effectiveness of the RDDP 

[34]. The addition of the debris diverter does increase the turbulence velocity downriver [35].

Figure 1. 4: Plane view of River Debris Diverter Platform

1.6 Fisheries
Many remote communities in Alaska live by running water and depend on the fish in the 

river for their way of life. Since fish are such an important part of the culture, it is crucial to 

understand any negative effects CECs may have. Flume studies have shown that fish mortality 

rates are less than 1% for fish larger than 120 mm but high for fish less than 25 mm [36]. 

However natural river environments can impose more challenges for fish with reduced visibility 
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and increased turbulence [37]. This topic is extremely important and could be a determining 

factor for permanent CEC installations; however it is not a focus of this thesis and is thus not 

discussed further.

1.7 Effects of Ice on CECs
Temperatures in Alaska during October typically drop below freezing, leading to ice on 

the surface of the river, icing on structures, dropping water levels (due to storage of the water in 

the form of ice and snow) and decreased river discharge [27]. In addition to surface and anchor 

ice, during winter, supercooling of water can lead to frazil ice forming in the water column [27]. 

Buoyant frazil ice poses a profound threat to CECs as it can adhere to objects in the water, such 

as a CEC, and grow to cover surfaces. Frazil ice has been documented to float communications 

cables, boulders and other large objects in rivers in Alaska and other cold regions. Johnson et al., 

collected data at the TRTS in 2010 to document frazil ice formation and determine power 

densities in the river at the time [27]. In 2010, frazil ice formed in mid-October. Three rods of 

different material placed in the flow field all supported significant growth that year [27].

More recently, UAF documented frazil ice in the Kvichak River in winter 2016-2017 

[38]. Subsequently during the year-round deployment of the ORPC RivGen CEC in 2019-2020 

in the Kvichak River at Igiugig, Alaska frazil ice posed a significant hazard. During 2019 frazil 

ice formed on the RivGen structure and caused part of it to float to the surface, leading to 

damage [39]. The device was still operational after the event and was able to be serviced [40]. 

While ice poses a threat to CECs, it is not the focus of this thesis and thus will not be discussed 

further.
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1.8 Seasonal River Flow Changes
In addition to the hazards posed by ice, seasonal changes in river velocity may lead to 

unacceptably low energy production during winter. River discharge data for the USGS station 

illustrates yearly trends at the site (Figure 1.6). Figure 1.6 shows that during winter months (Oct

April), river discharge is nearly zero. Reduced river discharge means low velocities (Figure 1.7). 

For example, velocity measurements by UAF taken during a frazil ice investigation were on the 

order of 0.1m/s [27]. Toniolo et al., 2012 used HYDROKAL and the average monthly discharge 

between the years of 1962- 2010 to calculate the expected power density at the TRTS [26]. 

Results from three different locations at the TRTS are shown in figure 1.4 with power density 

results shown in figure 1.5. These simulations show that the power density of the river in the 

winter months is low compared to summer and that location P2, has the highest power density 

during much of the year. These model results were confirmed using transect data in January 

2010. Figure 1.7 shows that the highest velocity under the ice is 0.6m/s much lower than the 

1.5m/s cut in velocity of the New Energy Turbine.
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Figure 1. 5: Three test location in the TRTS near Nenana used in the CCHE2D simulation with the HYROKAL tool
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Figure 1. 6: Power density plot of the three-location shown in figure 1.5 over a 12-month time period based off of the 
average discharge data from the USGS station from 1962-2010 [27]

This simulation confirmed that the power density of the river in the winter months is 

expected to be low compared to summer and that location P2, close to the ideal CEC deployment 

sit, has the highest power density during much of the year. To confirm these results, transect data 

was taken in January in 2010. Figure 1.7 shows that the highest velocity under the ice is 0.6m/s 

and much lower than the 1.5m/s recommended for the cut in velocity of the New Energy 

Turbine.
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Figure 1. 7: Transect of the Tanana River near Nenana during the winter [27]

1.9 Summary
While there are many factors to consider when selecting a deployment location for a CEC 

beyond the magnitude of the flow velocity, turbulence is a common concern for all locations. 

This thesis focuses on the turbulence kinetic energy, TKE, at the selected site behind a RDDP 

while a CEC is generating electricity. This data sheds light on the effects of TKE on the power 

produced by a CEC and the importance of TKE when selecting a deployment site. Chapter 2 

compares the average river velocity to the electrical output along with an investigation of 

turbulence length scales, turbulence intensity, spectral responses and correlations between these 

variables. Chapter 3 is an investigation of correlations between the turbulence velocity and the 

power generated by the CEC. The results shown here are likely not universally applicable to all 

CEC designs, however the methodology for finding correlations can be used with other CEC 

designs.
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Chapter 2: Efficiency Analysis of a New Energy 5 kw CEC in an Alaska Environment

Abstract—1 This study investigates the relationship between the velocity in the swept area of a 

New Energy® 5 kW Current Energy Converter (CEC) and the power generated by this CEC. 

CECs face many challenges in a natural environment that cannot be fully simulated in a flume or 

model including debris, sediment, as well as other naturally occurring conditions that may 

impact the performance of CECs. The Reynolds numbers in natural environments can be well 

over 106. Understanding the correlations between the velocity fluctuations of the river, and the 

power generated by CECs in real-world conditions is essential in planning permanent CEC 

installations. The results show that eddies around 0.8m in diameter are corelated with the CEC's 

power output

1 E. A. B is with the Department of Mechanical Engineering and Alaska Center for Energy and Power (ACEP), 
University of Alaska Fairbanks, Fairbanks, AK 99775 (e-mail: eabrowning@alaska.edu)

2.1 Introduction
With an increasing number of states setting binding goals [1] to reduce emissions and 

become carbon neutral, the demand for renewable energy is on the rise [2]. To reach these goals, 

multiple sources of renewable energy will have to be utilized [3][1]. The choice typically 

depends on the environmental surroundings and availability of Distributed Energy Resources 

(DER) in a region. With many communities located next to running water, and the high energy 

densities of moving water (1000x that of wind), current energy converters (CECs) are a logical 

energy source to harness. CECs, relative to dams, are minimally environmentally invasive while 

still providing a reliable source of energy [4]. Alaska has nearly 200 remote communities located 

near moving water [5]. Due to their remote locations, energy prices are 2 to 4 times the US 

average of 14.2 cents [6][7], with many communities relying on diesel fuel shipments via barge 
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or plane for survival [7]. The resource availability and high energy costs make remote Alaska 

communities excellent candidate sites to implement CECs on a small scale [1].

Before widespread adaptation of CECs can occur in Alaska, a general set of best 

practices should be developed to ensure successful projects. Foremost, before connecting any 

unproven, emerging energy technologies to remote islanded electrical microgrids, technologies 

should be required to have demonstrated deployment, operation, and maintenance of systems in 

similar environments to the final installation location. For CECs, this includes having a means 

of effectively dealing with river debris. Further, the CECs themselves must be capable of 

operating in rivers with high sediment concentrations [8][9]. Moreover, any CEC must have 

minimal impacts to fish, an essential part of life in many remote Alaska communities [10]. CECs 

must also be capable of efficient operation in high Reynolds number flows: Reynolds numbers of 

order 106 are common in Alaska's numerous, natural, and uncontrolled river systems [11].

With these requirements in mind, UAF established the Tanana River Test Site (TRTS) in 

Nenana, Alaska. The TRTS was initially investigated in 2009 as a proving grounds for CECs and 

associated technologies [12]. Like many rivers in Alaska, the Tanana River has a high 

concentration of sediment and is subject to large amounts and high frequency of debris. On June 

21, 2016, measurements from the site show Reynolds Number at the site on the order of 106 . The 

location at latitude 64.5617° N and longitude -149.0659° E was selected for its high energy 

density and low turbulence percentage [13]. The Tanana River is also a migration pathway for 

several important subsistence fish species. These three concerns around CEC performance and 

effects of environmental hazards, fish migration, and turbulent flows are also concerns for CEC 

implementation in other locations in Alaska as well, making the TRTS an excellent 

representative for other Alaska communities [12].
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2.2 Methods
In 2016 the New Energy 5-kW ENC-005-F4 CEC, was deployed at the TRTS at the 

specified coordinates: latitude 64.5617° N and longitude -149.0659° E. The CEC was deployed 

from a separate barge downstream of the RDDP and the main barge, with an ADCP mounted at 

the surface of the river facing downward (Figure 2. 1). The RDDP is a wedge shape pointed into 

the direction of the flow and extends about a meter below the surface of the river to physically 

divert debris from the streamline of the CEC. For this deployment, the vertex of the RDDP was 

44.35m upstream of the CEC. The ADCP was 3.75m (2.5 CEC diameters) upstream of the CEC 

(Figure 2.1). The New Energy CEC was modified from its original factory set-up to have blades 

1.5 meters in length. The resulting swept area of the CEC is a 1.5m x 1.5m square. The top of the 

CEC's blades was submerged 0.58m below the river surface (Figure 2. 2).
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Figure 2. 1: Areal schematic of test site



Figure 2. 2: Dimensional schematic of ADCP in relation to New Energy CEC

A Teledyne RD Instruments 1200 kHz Workhorse Sentinel Acoustic Doppler Current 

Profiler (ADCP) was used during the deployment. The ADCP sends out 4 simultaneous sound 

pulses (1 pulse from each of its four transducers) to capture the 3 velocity vectors (East, North, 

and Vertical) along with error associated with each measurement. These sound pulses bounce off 

any particles in the water and the ADCP measures the Doppler shift of the returns to determine 

particle velocities [14]. As illustrated in Figure 2. 3, the ADCP measures water velocity in a 

given depth cell (depth is determined by return time) by averaging all the velocity measurements 

within a depth cell to obtain a velocity measurement for a given depth cell. The depth cells were 

0.25 m for this study (Figure 2. 3). Velocity measurements within a depth cell are averaged to 

one value each for the North, East, and Up directions per ping (pulse). The ADCP's maximum 

sampling rate is determined by the depth of the river. In our case, we were able to sample at 2.5 

Hz [15]. The ADCP was configured to use a GNSS antenna for position and heading reference 

(GGA) rather than relying on the ADCP's ability to resolve the velocity of the instrument 
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relative to the bottom (bottom tracking). Since the riverbed is comprised of silt and other organic 

matter it is likely to move and create an inaccurate bottom track [6].

Figure 2. 3: Diagram of ADCP depth cells with dimensions.

The turbine produces wild AC that varies in frequency. Power electronics are used to 

convert this wild AC to DC (see Appendix A for the full electrical diagram), and turbine 

electrical data was collected using an Automation Direct DCT-100-10B-24-S current transducer 

and a Magnelab DVT-1000 DC voltage transducer after the signal from the turbine is rectified 

from AC to DC (Figure 2. 4). The outputs from the current and voltage transducers were logged 

using a Campbell CR1000 data logger at 16 Hz. For this analysis, the electrical data was down 

sampled to the same 2.5Hz sampling rate of the ADCP. This has the effect of decreasing the 

temporal resolution, however, for eddies on the order of 0.6 m and larger their effects can still be 

effectively resolved.
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Figure 2. 4: Partial electrical schematic including CEC, rectifier, and Campbell logger.

The New Energy CEC was deployed at the TRTS between June 6th and June 22nd, 2016. 

Overlapping ADCP and CEC performance data was logged for 9 of the 11 days. Here, we 

consider data from the days when there is overlapping electrical and velocity data (intermittent 

days between June 9-22, totaling 11 sets of data).

Before analysis, the ADCP velocity data was rotated -17° from its original North, East 

(Figure 2.5) and Vertical Velocities to line up with the primary and secondary flow directions at 

the deployment site [11]. Then the turbulence components are derived from the rotated velocity. 

The data is rotated based on depth in the water column. The calculated angle of rotation is based 

on all 11 days of data.
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Figure 2. 5: The rotation angle for the horizontal velocity to be in the main flow direction.

The individual velocity components u and v are used to calculate the rotated velocity component 

in the streamwise direction, U. This velocity along with the vertical velocity (w) is then used to calculate 

the rotation (⅛;) from the horizontal North-East plane to the vertical plane.

φ is found to be 0.4° upward for the first 3 depth cells. These two angles of rotation are then used to 

calculate the rotated velocity components of horizontal flow, v1, vertical flow, w1, and streamwise u1.
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The turbulence portion (v') of these new velocity components is found by subtracting the moving average

(v) from the instantaneous velocity, v [11]. Following the recommendations of International

Electrotechnical Commission (IEC), a 10-minute moving average was used [16].

The potential power from the river, Pr, is calculated using the velocity, v, the density of

the water, ρ, and the swept area of the CEC following eq. 9.

The coefficient of performance, Cp, is a ratio of the power generated by the CEC to the 

energy available in the environment of the swept area, A, of the CEC [17]. The swept area is the 

area covered by the blades of a CEC as it rotates. For cross flow CECs like the 5kW, the cross

sectional area is rectangular.

From the turbulence and average velocity, the integral length scale, Λx , can be calculated 

following equation (11) [18]. The integral length scale characterizes the scale of eddies that 

comprise the turbulence. The discrete energy density spectrum, E(f), is found using equation (10) 

with velocity, v, and lengthen (v) number of velocity data points. The integral length scale is then 
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calculated following equation (11) using equation (10) to calculate energy density spectrum,

where fft(v) is the Fast Fourier Transform of the velocity,

v.

The spectral response can shed light on any correlations not apparent in the time domain. 

Where the slope of the water velocity spectra is -5/3 indicates the frequency range where we 

expect energy to be dissipated through turbulence The degrees of freedom are calculated to 

illuminate frequency peaks on significance (13). For an autoregressive time series, [19] the 

Degrees of Freedom, or DoF, is a measure of the number of independent samples in the time 

series equation (13). The DoF is found using the Nyquist Frequency, fN.

Using Taylor's frozen turbulence hypothesis, the wavenumber can be calculated from the 

turbulence frequency [19]. Wavenumber, the inverse of the turbulence wavelength, is of interest 

because it is hypothesized that the ratio of turbulence length scale to turbine size is predictive of 

the effect turbulence has on a CEC's power output. The wavenumber can be calculated following 

equation 13 [20].
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The wave number is then used to relate to the estimated diameter of the eddy [21].

Through unit analysis the frequency the eddies size, L, is equivalent to the frequency divided by

the average velocity.
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This can then be compared to the integral length scale to see if the frequency is correlated 

to a common occurring eddy size.

2.3 Results
For Jun 21, 2016, the raw rotated streamwise velocity is shown in figure 2.7. The data 

was collected from the barge, which moves with varying water levels as well as with, horizontal 

variations in the flow (Figure. 2.6). The river bottom is covered in silt and debris, which modifies 

the ADCP's perceived location of the riverbed [6] which contributes to the perceived variations 

in water depth. Other variations are attributed to variations in the water level: the water level 

varies with the passage of eddies and with changes in vertical velocity On June 21 the average 

velocity was 1.79 m/s. For the other data segments the average velocity ranges from 1.45 m/s to 

1.79m/s (Table 2. 1).



Figure 2. 6: Location of ADCP and Barge at different times during the testing period on June 21, 2016. Reference 
barge picture was taken in 2021 thus the 2016 sampling locations are shifted slightly.

Table 2. 1: Average velocity for each period of sampling

Day in 2016 Average Velocity (m/s)
June 6 1.45
June 7 1.40
June 8 1.52
June 9 1.52
June 9 1.49

June 15 1.71
June 15 1.68
June 17 1.57
June 20 1.79
June 21 1.75
June 22 1.45
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Figure 2. 7: Velocity in Main Flow Direction for June 21 2016. The y axis denotes river depth(m); the x axis is time in 
local Alaska time and the color bar displays the velocity magnitude.

The average velocity found from equation (7) for June 21 is displayed in figure 2.8. On 

this day, average velocities tended to increase throughout the day.

Figure 2. 8: Moving Average Velocity in the Main Flow Direction. The y axis denotes river depth(m); the x axis is time 
in local Alaska time and the color bar displays the moving average velocity magnitude.

As expected, the turbulence velocity magnitudes average to zero and thus the turbulence

component in figure 2.9 is centered around 0. Maximum turbulence velocities reach up to 0.25 

m
/s
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m/s in the main flow direction. These fluctuations show the passing of eddies. Here there is a 

noticeable increase in turbulence closer to the riverbed. This is in part due to the bottom 

boundary layer [22]. Horizontal and vertical flow plots are listed in appendix B.

Figure 2. 9: Turbulent Velocities in the Main Flow Direction The y axis denotes river depth(m); the x axis is time in 
local Alaska time and the color bar displays the turbulence velocity magnitude.

m
/s

The average water velocity at the depth of the CEC is used to calculate the efficiency of 

the CEC. In figure 2.10, the power calculated from the 10 min moving mean velocity in the main 

flow direction is shown in yellow and the power calculated from the combined vertical, 

horizontal, and main flow velocity in orange. Comparing the yellow and orange lines in figure 

2.10 is a good visual to see that the majority (~80%) of the flow is in the main flow direction. 

The blue line in figure 2.10 shows the electrical output (watts) of the vertical axis CEC. The 

CEC is producing less than a kilowatt while the power available in the flow is over 6 kilowatts.
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Figure 2. 10: Power available from the swept area of the CEC and the power produced by the CEC on June 21st 2021

Following IEC [17], the power curve is calculated by binning the velocity data into 0.1 

m/s increments and finding the average velocity and the average power output for each bin. 

Typically, the river velocity varies seasonally with smaller variations due to rain fall and glacier 

melt with the occasional flood or drought [23][24]. Within the 11-day data collection from June 

6 to June 22, 2016, the average velocity varied between 1.45 m/s and 1.75 m/s.
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Figure 2. 11: Measured power curve with curve of best fit

The expected power curve from the New Energy specifications [25][26] predicts that 

with an average flow velocity of 3 m/s, the CEC should produce 5 kW. Using equation (9), the 

expected coefficient of power is 0.165 or 16.5%. Figure 1.12 shows the results of the comparison 

between the expected and measured power output. The full velocity range shown in figure 2.13. 

The small range of velocities during the test period of 1.45 to 1.74 m/s, means the efficiency 

curve only covers a very limited range.
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Figure 2. 13: Full range of expected power curve with the measured power curve

The coefficients of power calculated for each measured data point on the power curve are 

shown in

Table 2. 2. The difference between the calculated coefficient of power, 0.1653, and the 

expected power coefficient are from the difference between the expected power curve and the 

measured power curve. Potential reasons for this difference are discussed in Section 2.5.
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Table 2. 2: Coefficient of Power

Velocity Coefficient of Power
1.4650 0.0266
1.5382 0.0230
1.6727 0.0481
1.7446 0.0783

Next we describe the length scales of the turbulence as characterized by the ILS. The

integral length scale for each day of data collection are shown in table 2.3. The average ILS is

1.971m. This average is calculated by evenly weighting each day of data.

Table 2. 3: Integral Length scale and dissipation length scale for each day of testing

Day in 2016 Integral Length Scale 
(meters)

Wave Number

June 6 1.3267 8.335902
June 7 1.1583 7.277814
June 8 5.8521 36.76983
June 9 1.1227 7.054132
June 9 1.8361 11.53656

June 15 0.8125 5.105088
June 15 1.1858 7.450601
June 17 0.5282 3.318778
June 20 2.5866 16.25209
June 21 1.8676 11.73448
June 22 2.7570 17.32274

To gain further insight into variations in the turbine power output and the predictability of 

the power produced by the turbine, the DOF are calculated. A large number of degrees of 

freedom means that the next sample can be much larger or smaller than the previous and not 

strongly related. After splitting the velocity components into total, turbulence and average using 

equation ( 7). The DOF are calculated using equation (13).
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Table 2. 4: Velocity data's degrees of freedom

Velocity Degrees of freedom
Day in 2016 V v, V

June 8 187.625 740.1813 4.6353
June 9 681.2952 877.106 5.7579
June 9 554.6991 2.10E+03 8.45

June 15 994.6798 1.10E+03 5.3664
June 15 658.6459 1.15E+03 4.8284
June 17 271.9398 237.976 5.6084
June 21 304.9229 6.05E+03 4.4707
June 22 196.051 3.11E+03 4.831
Average 481.2323 1.92E+03 5.493513

A similar process is used to calculate the power anomalies, P', using equation 7. The

respective degrees of freedom are calculated and listed in table 2.5.

Table 2. 5: CEC power output degrees of freedom

CEC Power Degrees of freedom
Day in 2016 P P' P

June 8 17.5389 392.4247 3.3812
June 9 11.4762 196.567 3.7259
June 9 65.92 1.21E+03 8.8722

June 15 50.3915 208.1114 5.7895
June 15 26.2016 67.887 4.9433
June 17 773.8965 780.4577 2.9983
June 21 48.9734 1.38E+03 9.1133
June 22 30.1024 99.3309 22.6483
Average 128.0626 4.33E+03 61.472

The analysis of the signals in frequency space can give further insight into correlation 

between the two. Since the CEC data has been down sampled and retimed to match the velocity 

data, the Nyquist frequency, (12), is the same for both plots, 1.25 Hz.
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Next, we examine the correlation between the velocity and CEC power data. To validate 

the statistical significance of the correlation between the velocity and the CEC power, the 

Pearson coefficient, or P-value, was calculated for the correlation. The p-value for June 21st, 

2016 is 0.0442, anything under 0.05 is significant at the 95% confidence level.

The spectrum, S, of the velocity data is calculated by taking the Fast Fourier transform of 

the squared absolute value of the velocity data (16). Based on the Kolmagorov principal, if the 

spectrum data has a -5/3 slope then energy is being dissipated through turbulence decay [27]. 

For comparison, a line with a -5/3 slope is plotted. With the limitation of the sampling 

frequency there is no region of extended correlation with the -5/3 sloped line.

Figure 2. 14: Spectrum of Velocity with -5/3 reference line

The spectrum of the power produced by the CEC is calculated via the same method as for 

velocity; using a Fast Fourier transform of the squared absolute values of the power data,

following equation (16). The frequency spectrum of the velocity data (Figure 2.14) was then 
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compared to the frequency spectrum of the CEC power output (Figure 2.15). Frequencies with a

correlation of at least 0.6 are highlighted in figure 2.14 and 2.15 and tabulated in table 2.6.

Figure 2. 15: Spectrum of Power generated form CEC

Using equation (15), the length scale of the turbulence corresponding to each frequency 

where the correlation is significant are tabulated in table 2.6. The ratio of the eddy diameter to 

the CEC blade length is then calculated in table 2.6 as well.

Table 2. 6: Frequency with a correlation a correlation between CEC power and velocity of 0.6 or higher and their 
corresponding Eddy size and Eddy size to turbine height ratio.

Significant 
Frequencies

Eddy size (m) Eddy Size 
CEC Height

2.0263 0.8838 0.589
2.0426 0.8768 0.584
2.1220 0.8440 0.562

2.4 Discussion
One of the benefits of CECs compared to other forms of renewable energy such as solar 

or wind, is the slowly varying resource of river velocity compared to these other resources.

However, in figure 2.8 and figure 2.10 the average flow does vary 0.1m/s thought the 6-hour 
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time window. These changes in the average flow can be explained through natural causes of 

glacier melt and rain fall [23]. It is hypothesized that the CEC harvests most of its energy from 

the average flow. In figures 2.7 and 2.8 the average velocity comprises around 80% of the 

velocity magnitude, the supports the hypothesis that most of the energy harvested from the CEC 

is from the average flow. Given that the velocity only varied 0.1 m/s is a promising sign that 

river energy in Alaska could be a viable source of renewable energy despite the endemic 

turbulence.

The maximum power extractable from the river is limited by the Betz limit, 59.3% [28]. 

The initial investigation of power generated from the CEC versus the available power in the flow 

column showed lower efficiencies of 2%-7% than the expected 16.5% (see Figures 2.11-2.13). 

While the unexpectedly low efficiencies could result from high turbulence, it could also be due 

to the power electronics. If the load on turbine was low (e.g. fully charged batteries) the turbine 

would only produce what is needed and not its full potential. It could also be that the clipper is 

being triggered and cutting the CEC off from generating power as the CEC produces too much or 

too little power. There could also be unexpected mechanical losses in the CEC design when 

placed in a high concentration of sediment. Further testing will be done to clarify this problem. 

However, this data gives a good starting point to see what can be expected in a river environment 

along with correlations between anomalies in river velocity and CEC power output.

The integral length scales provide further insight into the size of eddies in the flow field. 

The average integral length scale is 1.9m with a standard deviation of 1.4m. This translates to 

eddies that range in size from 0.5m to 3.3m. The eddy sizes listed in table 2.5 and that are 

correlated to the anomalies in the CEC power output, are all larger than 0.8 m. Since an integral 
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length scale of 0.8m is within the range of common eddy size it's possible that the turbulence has 

a negative effect on the efficiencies of the CEC as the eddies interact with the CEC.

Another potential source of efficiency loss in CECs is in turbulence decay. This would be 

shown in figure 2.14 if the velocity spectrum followed the general shape of the Kolmagorov's - 

5/3 line. Within the limits of the sampling frequency no obvious trends were seen; however, it 

cannot be completely ruled out. This phenomenon happens at high frequency [27] so it is likely 

if we were to increase our sampling frequency that this effect would be observable.

There were several sources of error found in the sensor set up during testing this New

Energy CEC that could be contributing to the reduced efficiency. Ideally the velocity data would 

be sampled at the same higher frequency as the CEC power data. This would allow us to see the 

smaller turbulence and power fluctuations. The ADCP should also ideally be placed on the same 

barge as the CEC. Although the ADCP is within the recommended distance from the CEC [17], 

the ADCP is able to move relative to the swept area of the CEC. We were able to eliminate this 

error by taking a velocity sample point in the middle of the swept area but ideally several data 

points within the water column would be able to be averaged to estimate the power in the swept 

area of the CEC.

Looking at the ratio of eddy size to CEC height it appears that eddies about 50% of the 

CEC's diameter were potentially able to cause disturbances in the CEC's power output. This 

however is only a preliminary result. As the experimental research on CECs is expanded to a 

larger velocity range, different designs of CECs, a variety of turbulence characteristics, etc. the 

correlation between eddy size versus CEC height may become more apparent as well as any 

changes to the overall estimated efficiency of the CEC.
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2.5 Conclusion
The CEC had a lower efficiency than expected from the manufacture provided 

documentation [25]. As detailed above, this could be due to a number of factors. The turbulence 

in the swept area of the CEC is likely to have some contribution to the power output based on the 

correlation between the power and the average ILS. Since the magnitude of average velocity is 

80% of the total velocity, this means that any variation to the signal should be no larger than 

20% of the average velocity. This supports the hypothesis that CECs can harness most of their 

energy from the average flow for this vertical axis CEC. The CEC power generation for this data 

set was likely collected with a nonoptimal electrical set up effecting the overall efficiencies. 

Therefore, while this data is useful for future studies it should not be considered as definitive and 

further analysis is needed to be able to predict CEC power output based on the percentage of 

turbulence.
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Chapter 3: A Time Series and Spectral Analysis of Turbulence Effects on Current
Energy Converter Power Generation

Abstract—2 This study investigates methods to quantify the effects of turbulence on 

power generation from hydrokinetic current energy converters (CECs) in natural settings with 

high Reynolds numbers on the order of 106. In Alaska and other similar riverside locales, 

deployments are complicated by debris, such as trees, root balls, and other large objects. The 

presence of debris requires a means of mitigating the impacts of such debris on any installed 

CECs. One method to protect infrastructure is to employ a debris diverter to physically impede 

and divert trees from impacting CECs installed downstream. UAF researchers designed and 

demonstrated such a system on the Tanana River over multiple open water seasons beginning in 

2009 to present. While effective at diverting debris, this Research Debris Diversion Platform 

(RDDP), leads to a reduction of average velocity immediately downstream of the platform, 

which translates to a proportional reduction in CEC power output. The RDDP also increases the 

percentage of turbulent kinetic energy, which may significantly impact power generation. In this 

paper, we investigate the relationship between mean and turbulence velocity components and 

electrical power generation by a CEC deployed downstream of the RDDP during the summer of 

2016. Our results show several trends between velocity components and the CEC power output.
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This is the first step in understanding how different scales of turbulence may affect the power 

output of CECs. An improved understanding of the relationship between the scale of turbulent 

eddies and CEC power output will improve predictions of available power. This understanding 

will aid finding the optimal location for CEC deployment placement in rivers, and potentially 

lead to improving the efficiency of CECs. In remote regions with permanently islanded 

microgrids, such as communities in Alaska, such improvements could help reduce the 

dependence on costly imported fuel oil, improve energy security, and improve the economics of 

hydrokinetic energy generation.

3.1 Introduction
Negative impacts of climate change, such as increasing temperature extremes, rising sea levels, 

and shrinking sea ice, have been observed throughout the world [1]. This has led to an interest in 

reducing greenhouse gas emissions, which is the main cause of accelerated climate change [2]. 

One method to lower greenhouse gas emissions is to implement renewable energy sources to 

replace fossil fuels. Renewable energy has other added benefits, including reduced dependence 

on imported fuel, diversified energy production methods, and an overall increase in energy 

security and system resilience [3]. This is especially beneficial for permanently islanded 

microgrids in remote regions such as Alaska. Many Alaskan communities are not connected to 

the road system thus they are dependent on fuel deliveries via barge or plane [4]. Depending on 

the length of supply lines and other challenges in reaching a given location, this can lead to 

electrical prices exceeding $1/kWh [5]. Current energy converters (CECs) produce predictable 

power generation with the potential for minimal impacts to the environment. With over 300 

remote communities adjacent to moving water [6], CECs are a promising potential supplemental 

energy source for Alaska. Increasing the diversity of Distributed Energy Resources (DER) can 

decrease the risk of power failures. Widespread adaptation of CECs is not without challenges: 
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Alaska rivers are subject to large amounts of sizable debris, such as floating dead trees and 

tangles of roots and shrubs that can make installing CECs challenging. The risk of damage due to 

debris can be mitigated through use of a debris diverter to physically impede and divert the 

debris out of the streamline of the CEC. The use of a debris diverter reduces the average velocity 

of the CEC's flow field while increasing the turbulent components of the velocity [7], leading to 

reduced energy production from downstream CECs. Here we present a methodology for 

estimating this impact of the turbulence on the CEC energy production.

The University of Alaska Fairbanks established the Tanana River Test Site (TRTS) in 2009 for 

demonstrating CECs and ancillary infrastructure. The high frequency of debris and suspended 

sediment loads are representative of numerous Alaska rivers. Beginning in 2011, average and 

turbulence velocities, sediment transport, and bathymetry were assessed at the site to determine a 

suitable location for deploying CECs. The coordinates 64.56 N and 149.06 W (Figure. 3.1) were 

selected based on the low ratio (2%) of turbulent kinetic energy (TKE) to kinetic energy (KE) 

[8][9] and high-power density, with a peak of 13,500 W/m2 at this location [6]. This study 

presents results and analysis of field data collected on June 21, 2016, to characterize velocity and 

turbulence at the TRTS.

3.2 Methods
In the summer of 2016, a 5-kW New Energy vertical axis CEC was deployed downstream of a 

debris diverter at the TRTS near Nenana Alaska (Fig. 1). An acoustic Doppler current profiler 

(ADCP) collected velocity data and characterized turbulence upstream of the CEC; voltage and 

current output from the CEC were logged simultaneously. It is predicted that the majority of 

power generated by CECs is harvested from the average velocity component [9]. Choice of the 

deployment location was guided by results from Walsh at. el [9] in 2009, who determined that 
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this site had the highest energy density and lowest ratio of TKE to KE (TKE/KE) within this 

river reach.

During the initial investigation of the test site in 2009, the TKE was sampled along 6 transects 

where each transect would intersect the maximum flow path and the thalweg, shown as in figure 

3.1. The TKE/KE was found to be 2% along the main transect [9]. In 2010 the maximum power 

density along the maximum flow path was observed between transect 440 and 800 [6]. The 

optimal CEC location was taken as the intersection of the main transect and the maximum flow 

path where there is high energy density and low TKE (Figure. 3.1).

Figure 3. 1: Plan view of Tanana River Test Site with transect locations from data collected in 2009 [6] and [9], and 
CEC location at 64.5 N and 149.06 W for this study.

The layout of the test setup from 2016 is shown in figure 2.2. The mooring buoy (Figure 3.2) 

was deployed near the main transect at coordinates 64.56 N and 149.06 W (Figure 3.1). 

Downstream from the buoy and attached by a mooring line was the Research Debris Diversion 

Platform (RDDP), a main barge for data collection sensors, and a separate barge for the CEC. An 

ADCP was mounted on the main barge, downstream of the RDDP and deployed at the surface of 
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the river, looking downward. The voltage and current output by the CEC were simultaneously 

logged using a Campbell CR1000 logger. Data was collected over a 16-day period from June 6

22, 2016. During this period, average streamwise velocities ranged from 1.49 to 1.79 m/s. The 

CEC cut-in velocity is 1.5 m/s [10]. To exclude periods when the CEC was not operating due to 

insufficient velocity or other reasons [11], this study focuses on a continuous 4-hour data set 

from June 21, when the streamwise velocity averaged 1.79 m/s.

Figure 3. 2: Plan view of the test setup (not drawn to scale).

The ENC-005-F4 New Energy CEC is a cross flow CEC nominally rated at 5 kW in 3 m/s 

water velocity [10]; this model is no longer in production (Figure 3.3). The ENC-005-F4 is a 

variant of the EVG-005H model. The ENC-005-F4 includes longer blades to optimize the CEC 

for low-speed operation. The ENC-005-F4 includes a permanent magnet generator configured 

for grid connected operation. In the tests described herein, the CEC was configured to charge a 

battery bank. The wild AC produced by the CEC is nominally clipped when voltages exceed 600 

V, however these voltage levels were never achieved during these tests. After clipping, the wild 

AC is rectified to DC. Voltage and current were measured after the rectification from 3-phase 

AC to DC.
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Figure 3. 3: The New Energy CEC with dimensions [10]. A.Blade height is 1.5m and B. CEC diameter is 1.5m.

A Teledyne RD Instruments 1200 kHz Workhorse Sentinel ADCP measured velocity 3.75 m 

upstream of the CEC (2.5 CEC diameters) and within the 2-5 diameters recommended by the 

International Electrotechnical Commission (IEC) [13]. The ADCP was configured to sample at 

2.5 Hz with 0.25 m vertical bins, a blanking distance of 0.61 m. As a result of these settings, the 

first velocity bin is located 1.23 m below the surface (Figure 3.4). When the CEC was 

submerged, the tops of the blades were approximately 0.58 m below the water's surface. 

Velocities from a single ADCP bin, from June 21, 2016 (bin 2) that overlapped with the CEC 

swept area were used in this analysis (Figure 3.4). Since the ADCP and CEC were on separate 

barges, the deployment and measurement platforms moved independently of one another. As a 

result, bins 3 and 4 did not always overlap with the CEC swept area.
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Figure 3. 4: Visual representation of CEC swept area and overlapping range of the downward-looking ADCP, showing 
the location of bin 2.

The ADCP data was collected in geographic North, East and vertical coordinates and filtered 

based on the minimum output of 30 counts of correlation [12], 25% percent good data and 

maximum 10% missing data. The data was rotated into the streamwise direction, by an angle 

of θ, and a vertical rotation by angle φ based on the method by Walsh et al. [9]. These angles 

were determined using the weighted average of 11 sets of data for each depth cell. Using the 

average North (H) and East (r) components and the geographic convention of 0° for North, eqn. 

(1) was used to calculate the angle of rotation to the streamwise direction [9]. The result was a 

17.0° rotation to the west.
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The measured individual velocity components u and v were used to calculate the rotated 

velocity component in the streamwise direction, U from (2). The vertical rotation (a) from the 

horizontal North-East plane to the vertical plane was calculated from U and the vertical velocity 

(w) using (3) 

φ is 0.4° upward. These two angles of rotation (θ and φ) were then used to calculate the rotated 

velocity components of horizontal flow v1, vertical flow w1, and streamwise u1 using equations 

(4-6).

The turbulent portion (v') of these new velocity components was found by subtracting the 

moving average (r) from the instantaneous velocity, v. Following the IEC standards (7) was 

used with a 10-minute moving average (v) to find the turbulence velocities [13].
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energy converter power performance standards [12], interpolated values did not exceed 10% of 

the record.

Voltage and electrical current data for the CEC were collected at 0.06 second intervals. These 

data was subsequently down sampled to match the timing of the velocity data. Electrical power 

was calculated as the product of the voltage and electrical current timeseries.

Equation (8) shows the power (P) available from the river velocity is proportional to the 

velocity cubed. Equation (9) is then derived by substituting (7) into (8); by separating the 

turbulence from the 10-minute moving average velocity, the cross terms v3, 3v2v', 3vv'2and 

v'3 are then introduced.

The velocity and electrical power signals were further compared based on the correlation 

values between the two signals. The measured frequency of the signals at a correlation peak was 

used to estimate the size of eddies that could potentially influence the power output of the CEC. 

In order to characterize the size of turbulent eddies, frequency (f) in units of 1/s was converted to 

wavenumber (k), defined as k=2π/L and with units of 1/m [16]. Following [17], and using an 

average velocity (v) of 1.79 m/s, (11)
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was used to calculate the wavenumber, the ratio of frequency to average velocity.
3.3 Results

The Reynolds number [18], Re, was calculated for the test site on June 21, 2016, using transect 

data collected near the CEC test set up. Substituting the average velocity (H) of 1.46 m/s, 

calculated from the average velocity over the transect, a hydraulic radius (Rh) of 4.31 m and 

kinematic viscosity (v) of 1.1537 E-6 m2/s into (12), a Reynolds number of 5.45 E6 was 

calculated. The hydraulic radius was found by dividing the cross-sectional river area by the 

perimeter found during the transect measurements. The viscosity value was adjusted for the 

approximate temperature (16 °C) of the water during data collection.

After deployment of the CEC test setup, the ratio of TKE/KE for the entire water column was 

measured at 4.43%, 2.43% greater than the 2% estimated for the site in 2010 [9]. TKE/KE for a 

single bin in 2016 was 2.15%.

The four cross terms in (9) were evaluated for correlation and significance of fit with the 5-kW

CEC's electrical power output. The MATLAB® function ”xcorr” was used to calculate the 

correlation between the velocity components and the CEC power output; the significance of the 

correlation was found using the MATLAB® function “corrcoef”. For this function, the closer the 

output p-value is to 0, the greater the significance of the fit [14]. Turbulence velocity fluctuations 

for this period reach up to 1.42 m/s with an average flow velocity of 1.79 m/s.

To limit the lag times included in the analysis, we calculated an average advective time scale, 

r, by dividing the distance (D) of 3.75 m between the CEC and the ADCP by the average 

streamwise velocity (equation 13). The average advective timescale was found to be 2.09
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seconds. Reasonable upper (5.21 seconds) and lower (1.10) limits for the lag times centred 

around 2.09 seconds were then estimated using the range of velocities encountered during the 

testing. Within this narrower time interval between 1.10 and 5.21 seconds, there were 22 lags 

where the significance exceeded 95%. These lags along with the corresponding normalized 

correlation values are shown in Table 3.1. Table 3.2 displays the corresponding Pearson 

coefficient or P-value.

Table 3. 1 : Significant Lag times for total velocity and corresponding correlation values (R-value)

Lag Time 
(Seconds)

(v+v')3 V3 3υ2v' 3w'2 v'3

1.140 0.629 0.663 -0.004 0.347 0.000
1.260 0.628 0.663 -0.006 0.349 -0.002
1.560 0.630 0.663 -0.002 0.346 0.002
1.860 0.628 0.663 -0.008 0.345 -0.007
2.100 0.629 0.663 -0.003 0.345 0.000
2.340 0.628 0.662 -0.003 0.341 -0.001
2.580 0.628 0.662 -0.003 0.345 -0.003
2.820 0.628 0.662 -0.001 0.345 -0.005
2.940 0.628 0.661 -0.002 0.346 -0.006
3.060 0.627 0.661 -0.007 0.349 -0.006
3.180 0.627 0.661 -0.004 0.342 -0.001
3.300 0.627 0.661 -0.003 0.345 -0.004
3.420 0.627 0.661 -0.004 0.345 -0.004
3.660 0.626 0.660 -0.005 0.343 -0.006
3.840 0.627 0.660 -0.002 0.347 -0.005
4.020 0.625 0.660 -0.005 0.344 -0.004
4.140 0.626 0.660 -0.003 0.345 -0.001
4.440 0.625 0.659 -0.003 0.343 -0.004
4.620 0.626 0.659 0.000 0.342 -0.005
4.800 0.625 0.659 -0.002 0.345 -0.001
4.920 0.625 0.658 -0.003 0.352 0.002
5.100 0.625 0.658 -0.002 0.346 0.000

The lowest average P-values were observed at t=1.860 seconds (Table 3.2). v3 explains 

66.1% of the signal/ variance and r'3 explains -0.3% percent of the signal. v'3 is negatively 

related to the power. Since the first and last velocity components (v3) and (v'3), respectively, are 

independent of each other [15], and the two cross terms are not independent of each other, the 
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minimum P-values were prioritized for the two independent velocity components (Table 3.2) 

over the cross terms.

Table 3. 2: Significant Lag times and corresponding Significance (P-values) *significant P-value under 0.05

Lag Time 
(Seconds) v3 3v2υ' 3vv2 v'3

1.140 0.000* 0.319 0.567 0.721
1.260 0.000* 0.099 0.862 0.874
1.560 0.000* 0.666 0.440 0.431
1.860 0.000* 0.041* 0.213 0.155
2.100 0.000* 0.476 0.213 0.700
2.340 0.000* 0.408 0.023 0.911
2.580 0.000* 0.427 0.290 0.612
2.820 0.000* 0.774 0.268 0.331
2.940 0.000* 0.749 0.565 0.220
3.060 0.000* 0.095 0.831 0.268
3.180 0.000* 0.281 0.060 0.987
3.300 0.000* 0.456 0.402 0.550
3.420 0.000* 0.394 0.406 0.566
3.660 0.000* 0.243 0.138 0.214
3.840 0.000* 0.653 0.966 0.462
4.020 0.000* 0.216 0.418 0.596
4.140 0.000* 0.567 0.602 0.936
4.440 0.000* 0.483 0.235 0.580
4.620 0.000* 0.985 0.154 0.396
4.800 0.000* 0.654 0.701 0.964
4.920 0.000* 0.548 0.049 0.298
5.100 0.000* 0.696 0.904 0.611

The lag time of 1.860 seconds shows the greatest significance in (v3) and (v'3), found in Table 

3.2. Therefore, the correlation of each respective velocity component (Table 3.1) for this lag time 

of 1.860 s is highlighted with a graphical representation in figure. 3.5. Note that the scale on the 

y axis has been customized to each velocity component. The standard deviation for each 

correlation data set was less than 0.003 in Table 3.1
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Figure 3. 5: Correlation between the respective velocity components and the CECs power output throughout the range 
of possible lag times.

A similar process was used to compare the total velocity (U) cubed and the CEC power output. P- 

values were determined in frequency space using the MATLAB® function, “corrcoef.” All velocity 

components were significant (p<0.05) with the exception of v'3.

Table 3. 3: P-value of frequency Correlation

The frequencies with peak correlation were identified using the MATLAB® function “mscohere”. The 

frequencies of correlation peaks > 0.6 are listed in Table 3.4; the threshold of 0.6 was selected based on 

the largest round decimal correlation value (shown in Table 3.5) with multiple peaks for each velocity 

component.
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0.000 0.000 0.005 0.000 0.738



Table 3. 4: Frequency in hertz with a minimum 0.6 correlation

Table 3. 5: Correlation values corresponding to frequencies in table 3.4

The wavenumber was calculated from the frequency values in Table 3.4 using (11). The results are 

shown in Table 3.6.

Table 3. 6: Wavenumbers with a minimum 0.6 correlation
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(v+v')3 v3 3v2v' 3vv'2 v'3

1.947 0.326 1.947 3.180 3.465
2.246 2.873 4.374 3.552 4.374
3.837 4.681 5.522 3.729 5.432
4.374 4.710 5.843 4.956 6.750
5.522 5.147 6.272 6.451 7.100
5.843 6.327 7.170 7.021 7.245
6.118 7.471 7.873
6.272 7.481
6.919 7.676
7.170
7.471
7.481
7.676

(v+v')3 v3 3v2v' 3vvf2 v'3

0.7363 0.6903 0.7026 0.6565 0.6118
0.6666 0.608 0.6646 0.6764 0.6648
0.6441 0.6325 0.6405 0.6046 0.6287
0.6428 0.619 0.6669 0.6952 0.6073
0.6454 0.6686 0.703 0.6553 0.6598
0.6006 0.6336 0.6402 0.6102 0.6223
0.6943 0.65 0.6513
0.6786 0.6174
0.6303 0.6942
0.6534
0.6783
0.6909
0.6983

(v+v')3 v3 3v2v' 3vv'2 v'3

6.831 1.142 6.831 11.156 12.156
7.880 10.079 15.346 12.463 15.346
13.462 16.424 19.372 13.084 19.058
15.346 16.524 20.500 17.388 23.683
19.372 18.059 22.006 22.634 24.911
20.500 22.198 25.153 24.632 25.418
21.463 26.210 27.623
22.006 26.245
24.275 26.931
25.153
26.210
26.245
26.931



3.4 Discussion
Turbulence and debris are unavoidable in natural environments. For river environments where the flow 

field is classified as an open channel, the flow field is considered turbulent once the Reynolds number 

exceeds 12,500 [19]. Our calculated Reynolds number of 5.45 E6 is well over this limit. The flow field is 

turbulent at the TRTS location and will remain so with natural variations in discharge, temperature, and 

velocity.

The RDDP introduces changes to the flow field upstream of the CEC (Figure 3.6). This is supported by 

the 2% increase of TKE/KE with the debris diverter. These are further discussed in [7]. Despite these 

changes, it is essential to avert damage to CECs due to large surface debris (Figure 3.7) since the main 

challenge faced by prior CEC deployments in Alaska has been from damage caused by debris [8]. This is 

why the RDDP was designed to divert large surface debris from the flow path of CECs. Since the 

development of the RDDP in 2013, there have been multiple successful CEC deployments at the TRTS 

including this one [29].

Since the RDDP only protects against surface debris, it is suitable for protecting CECs mounted at the 

surface, on a barge. A means to divert debris around sub surface CECs has not been developed, and it is 

not clear at this time what types of debris sub-surface CECs will be subject to [28]. The downside of this 

diversion strategy is that changes to the flow field by the RDDP were observed and found to negatively 

affect CEC output [7] (Figure 3.6). The RDDP effectively protects from surface debris, no test was 

conducted in the absence of the RDDP in 2016. Although [7] found that turbulence generated by water 

displaced by the RDDP resulted in a reduction in power output by approximately 8%, 14.5 m downstream 

from the RDDP and 0.3% at 50 meters downstream [7]. Natural river turbulence produced a 2σ power 

output variation of about 7% both at 14.5 and 50 meters [7]. Note that during summer of 2016 the 

distance between the main barge and the RDDP was 12 m.

One metric that is commonly used to quantify the amount of turbulence in a flow field is the ratio of 

TKE/KE [9][30][31][32]. This ratio allows us to compare the turbulence values regardless of the average 

velocity. The apparent 2.43% increase in the ratio of TKE/KE noted when comparing data from 2009 [9] 
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to data herein 2016 may be attributable to the presence of the RDDP. Changes to the river bathymetry 

over time could contribute to differences. Moreover, the mean velocity was lower in 2009 (1.39 m/s) than 

in 2016 (1.79 m/s). Further research is required to fully quantify the effects of the RDDP on velocities and 

turbulence.

Figure 3. 6: Plan view of the RDDP as the flow is directed around the device
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Figure 3. 7: Debris caught in CEC at the TRTS after going under diverter.

The effect of turbulence on the life span on a CEC is recognized as being a potential issue [19], as is the 

effect on power generation. However, the IEC standards have yet to quantify recommendations for 

estimating a CEC's power generation in the presence of turbulence [13]. As there are many parallels 

between flow fields in air and water, there are similar research gaps for the effects of turbulence on wind 

CEC's [22]. The correlation values listed in Table 3.1 can be used to estimate the magnitude of the effects 

on CEC power generation. Table 3.1 can be summarized by averaging the correlation values for each 

velocity component over all the significant lag times; these

Table 3. 7: Averaged correlation values
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v3 3v2v' 3vv'2 v'3

0.661 -0.003 0.345 -0.003

results (Table 3.7) have been normalized, so the sum of the four components equals one. From Table 3.7, 

we can infer that the average velocity cubed explains 66.1% of the power signal, while the v'3 component 

cubed only accounts for 0.3% (and is negatively correlated with the power). This negative correlation 

means that with an increase in turbulence there is a decrease in power. This result supports the hypothesis,



that turbulence velocities influence CEC power output. The cross term, 3vv'2 explains remaining 34.5% 

of the power signal. For this CEC architecture, the cross terms 3v2v' and 3vv'2 ‘components contribute to 

the overall electrical output. The values in Table 3.6 were used to calculate the TKE/KE, as in (10). This 

was done to determine whether the ratio of TKE/KE was related to correlation values between the 

velocity and the CEC power measurements. This calculation was done by taking the ratio the correlation 

of v'3 to the total correlation, which had been normalized to be 1. To convert this ratio of power to a ratio 

of energy, the correlation value of v'3 was raised to the 2/3 power. The resulting TKE/KE was 2.08%. 

Since this result shows less than 1% difference from the TKE/KE of 2.15%, this suggests that TKE/KE is 

a useful measurement. Although the v'3 and v3 ‘components were assumed to be independent in this 

analysis following classical turbulence theory [23], more recent research indicates there may be some 

degree of dependence between these terms [24]. The proportionality of this dependence and its effects on 

the analysis requires further investigation. However, the correlation seen between the v3 and v'3 

components is less evident than the correlations of the cross terms and the other velocity components, 

validating the methodology to prioritize the average velocity term cubed and the turbulence velocity term 

cubed significance over the cross terms.

Another method to quantify the effects of turbulence on CEC power generation is to investigate the 

correlation in frequencies between the two signals, thereby quantifying the length scales of the turbulence 

eddies that effect CEC power generation, which to these authors knowledge has not been done before. In 

this study, the maximum correlation value of 0.7363 (Table 3.5) occurred at a frequency of 1.947 Hz for 

the (v+v')3(Table 3.4). This frequency corresponds to a wavenumber of k=6.831 m-1. Although no trend 

was identified between correlation and frequency, future work with higher frequencies sampling may 

address this shortcoming. The full range of peak correlation frequencies was 0.326 to 7.873 Hz, 

corresponding to wavenumbers between 1.142 and 27.623 m-1. The average frequency in this range was 

5.288 Hz, corresponding to a wavenumber of 18.551 m-1. These numbers are only altered slightly if only 

the statistically significant columns are considered, determined by the P-values listed in Table 3.3. The 

wavenumber can be used to estimate the size of eddies that effect the CEC power generation and their 
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dissipation rate [16], using the dimensional reasoning in (11) and the fact that one can learn about a 

physical relationship based on its units [25]. The significance of the v'3 component is low, this could be 

explained from the limitations set by the sampling rate. At a sampling rate of 2.5 Hz, the highest 

frequency turbulence is not being captured. Velocity components that include average velocity are likely 

to be more influenced by larger eddies. This low frequency range is well-represented in the available data.

Although this analysis is based on a dataset of merely 4 hours, this method represents a proof of 

concept to quantify the correlation between the river velocity turbulence and flow components, and the 

CEC power output. As such, this finding is exciting for potential river deployments of CECs in locations 

with low velocities and high debris loads [33]. Two deployments have already begun in similar river 

environments with different CEC designs, although limited analysis has been published so far [26][27].

3.5 Conclusion
More data are needed to finalize the impact of each velocity component on a CEC's power output. This 

includes data at a wider velocity range along with different CEC designs. This study concludes that the 

cross terms, which are not captured by the simple TKE/KE ratio calculation, have a significant impact on 

the power output. This may be CEC specific, so further work is needed on other CEC architectures to 

make more general conclusions. This information is critical to improve estimates of expected power 

output from CECs. The electrical demand of a community microgrid is relatively low, so being able to 

accurately predict energy generation is critical for the stability of the microgrids as well as larger grids. 

With proper modelling, the addition of hydrokinetic CECs will improve overall energy security and 

reduce the dependence on costly imported fuel.
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Chapter 4: General Conclusions

This thesis analyzes the interactions between the river velocity and a vertical axis of 

rotation current energy converter (CEC). This comparison dives into the eddy characteristics 

that influence the CEC's power output as well as the velocity components that have the greatest 

correlation with the CEC's power output. Allowing us to better predict the performance of a 

CEC based on the flow characteristics. Islanded communities in Alaska require dependable 

electricity in their harsh environment to even consider implementing it into their grid as they 

depend on generators for life saving heat in the winter. Being able to accurately predict the 

power output and any hazards to the CEC will be critical when implementing CECs onto grids 

in remote Alaska.

4.1 Eddy Size
This analysis gives further insight to how unavoidable turbulence velocities affect a 

CEC's power output. An initial assumption for siting a CEC has been that a low ratio of 

turbulence kinetic energy (TKE) to kinetic energy (KE) is optimal. Although we did see much 

lower than expected efficiencies in chapter 2, that cause is unclear. This first investigation in 

Chapter 2 finds that the most frequent eddy size is around 1-2 m and eddies of about 0.8m show 

sighs of influencing the power output. This means that eddies of 0.8m diameter have enough 

energy to disturb the motion of this vertical axis CEC and these eddies are within the range of 

common eddy sizes. However, it is unclear if the turbulence is the sole cause for reduced 

efficiencies as it is at most 20% of the magnitude of the average flow. It is likely that the CEC 

might have had only a small electrical load on it meaning it only produced the power necessary 
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and did not perform to its full potential. It is also possible that the clipper in the electrical set up 

cut off the CEC from producing power if it was out of range.

4.2 Cross terms
The third chapter dives deeper into the correlation of the cross term derived from cubing 

the turbulence and average velocity components to calculate power. These correlation results 

show that out of the two cross terms, one of them shows a higher correlation to the CEC power 

output than the turbulent component cubed. This suggests that the ratio of TKE to KE is not 

totally representative of the impacts of turbulence on the CEC's power output. However, the 

cross terms are not independent from the average and turbulence velocity, so it is not clear if 

this correlation is from the average or turbulence components of the velocity. It is clear, though, 

that a significant part of the correlation information is being left out and should be further 

investigated. Since the turbulence is negatively correlated with the power output it suggests that 

as the turbulence increases in magnitude, the CEC's power output decreases, resulting in the 

turbulence having a negative impact on the efficiency. Although, the small correlation value of 

the turbulence component makes up less than a percent of the total correlation. This suggests 

that the turbulence is not the only cause for the CEC's reduced efficiencies.

4.3 Future Work
While these results give further insight into the interactions of the mean and turbulence 

components of the flow with CECs, the results may vary as the velocity range is expanded or 

the CEC design is altered. This study provides a basic framework for analyzing the effects of 

turbulence on multiple CEC architectures and varying flow conditions. Overall, understanding 

all the environmental hazards and impacts, including those of the flow conditions and how these 

flow conditions interact with electromechanical CEC systems is required before implementing 
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any hydrokinetic power source to a grid. Studies, including this one, are continuing to address 

these complex issues.

4.4 Conclusion
Building this understanding is a useful step in the process of CECs becoming grid ready. 

Being able to harness reliable energy from a moving water source has large benefits to not only 

Alaska communities that suffer from high energy prices but also to other communities located 

near moving water. Overall, being able to add CECs can help to protect against power outages 

and becoming dependent on imported fuel while reducing our carbon footprint.
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Appendices

Appendix A.1 Electrical Diagram
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Appendix A.2 Rectifier, Clipper and, Resistor bank diagram

Clipper Major Components

Campbell Scientific, “Campbell Scientific CR1000 data logger datasheet,” no. 435, p. 84321, 
2017, [Online]. Available: https://s.campbellsci.com/documents/us/product-brochures/s cr1000.pdf.

Appendix A.3 Midnight Solar Classic 150 Specifications
C. Lite, “Classic owner's manual Rev I 2193 Addressing.”

MIDMTE SOLAR CLASSIC MPPT CHARGE CONTROLLER-150
Nominal Battery Voltage: 12V Through 72V Maximum Output Current: 96A on 12V, 94A on 24V and 86A on 48V Battery

Maximum Stand-By Self-Consumption (12V): 2.8W-4W Power Conversion Efficiency: 98% (Typical system)

Size: 14.9 X 6 X 4 In Box Size: 19 X 8.5 X 6 In

Weight: 12Lbs.
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Appendix A.4 700w Pure sine wave inverter Specifications

P. Sine and W. Inverter, “SP Series User ' s Manual,” 2000.

70



Appendix A.5 TriStar solar contolar TS-60 Specifications

K. E. Y. Features, “TriStar MPPTTM,” pp. 1-2.
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Appendix A.6 CR 1000 Data logger
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Campbell Scientific, “Campbell Scientific CR1000 data logger datasheet,” no. 435, p. 84321,
2017, [Online]. Available: https://s.campbellsci.com/documents/us/product-brochures/s_cr1000.pdf.
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Appendix B.1 Horizontal side flow

Appendix B.2 Vertical flow
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