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APPENDIX B 

P12611- Addendum to Verdant Power RITE Draft License Application (August 2018) 
 

 

 

Section 4.3.1 - Geology and Soils 

The information presented in 4.3.1 (FLA Vol 2, p. E-31 to E-37) remains accurate.   

Bathymetry:  In November 2015 Verdant contracted Ocean Surveys, Inc. (OSI) to conduct additional 
high-resolution bathymetric surveys in the East Channel of the East River, north of the Roosevelt Island 
Bridge.  The results, presented in Figure 1a and 1b, agree with previous studies and increases the 
coverage and quality of the bathymetry data within the RITE Project Boundary.  The 2015 bathymetric 
survey is IHO Order 1a compliant; 100% of the sounding points have a Total Horizontal Uncertainty 
(THU) value of 0.26 m or less and a Total Vertical Uncertainty (TVU) value of 0.32 m or less. 

 

 
Figure 1a.   RITE Bathy (TriFrame Positions #1 - #6) 
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Figure 1b.   RITE Bathy (TriFrame Positions #7 - #10) 

 

Geotechnical:  Since the 2012 license application, Verdant contracted e4sciences|Earthworks LLC to 
conduct an additional detailed geotechnical investigation in the fall, 2017.  This survey included 
orthosonography, side-scan sonar, seismic and diver-based sample collection and video.  Summary 
results were included in the CEII filing of the SDR in February 2018 and suggest that the conditions at 
TriFrame #2 for Install B-1 are as characterized in the 2005 and 2007 surveys and can be summarized as:  

1) Confirming the absence of fine-grain sediment; 
2) Confirming the presence of a field of boulders and cobble.   

Therefore, the data as filed in 4.3.1 (FLA Vol. 2) is reconfirmed.  
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Section 4.3.2 - Water Resources   

Water Quality:  Verdant sampled the near surface water from the East Channel, East River in June and 
December 2011 in conjunction with Sandia National Laboratories (SNL) and measured the salinity values 
between 19.6 and 20.2 PPT, nearly identical to the results as reported in the FLA.  To Verdant’s 
knowledge, all water quality reporting remains accurate as filed in 4.3.2.3 (FLA Vol. 2).  

Hydrodynamics:  Since the FLA filing, Verdant has continued to advance the state-of-the-art in 
Computational Fluid Dynamics (CFD) to understand and confirm the micro-, meso-, and macro-scale 
hydrodynamics of the installed project.  The conclusions presented in Exhibit E Volume 2, beginning on 
p. E-74, are summarized below at the three scales. Work with Oak Ridge National Laboratory (ORNL) and 
the University of Minnesota Saint Anthony Falls Laboratory (SAFL), and ongoing work with Stony Brook 
University (SBU), confirms the results as filed in 4.3.2.2 (FLA Vol. 2).  Specific advancements at each scale 
can be summarized as follows; and the papers referenced are included in this addendum.  

1) Micro-scale: 

a. Understanding at 2010 FLA: 

i. “Non-Rotating units create small wake regions, especially behind the pylon, pile, blades, 
and tail cone. Very little flow acceleration is visible and what can be seen is generally 
well above the river bottom. Pressure differences across the stationary and rotating 
structures do lead to wake regions, however pressures below the vapor pressure are 
not seen and cavitation is not a concern. 

The turbulent wake, both bluff-body and tip-vortex, led to increased mixing and flow 
disturbance. However, these regions of increased mixing/scouring/sediment transport 
are expected to be generally well above the river bottom. The impact of the pile wake, 
which is near the river bottom, is reduced by the natural presence of a strong turbulent 
boundary layer. 

Computational limitations due to blade/rotor resolution requirements prevent the 
accurate modeling of the far-field (meso-scale) wake behavior.” 

b. Advancements 2012-2018: 

i. Detailed quantification of the hub-height turbulence in May 2011 with two Acoustic 
Doppler Velocimeters (ADVs) provided by ORNL.  Undisturbed values for Turbulence 
Intensity and Spectral Energy Density, among others, were characterized and utilized in 
internal load prediction software to predict the loads on the TF+3T with additional 
accuracy.  Journal publications include: 

• “Tidal Energy Site Resource Assessment in the East River tidal strait, near 
Roosevelt Island, New York, New York”, Gunawan, B., Neary, V.S., Colby J., 
Renewable Energy, no. 71, p 509-517, 2014. 

ii. Updated computational fluid dynamics (CFD) work at the University of Minnesota St. 
Anthony Falls Laboratory (SAFL) on the micro-scale hydrodynamics of an individual KHPS 
was conducted.  Utilizing in-house numerical methods for solving the complex turbine 
geometry, including the rotor and all stationary components, SBU completed large-eddy 
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simulations (LES) of the Verdant Gen4 KHPS in 2011 and the Gen5 KHPS in 2017 as 
discussed below.  Peer-reviewed journal publications include: 

• “Numerical simulation of 3D flow past a real-life marine hydrokinetic turbine”, 
Kang, S., Borazjani, I., Colby, J. A., Sotiropoulos, F., Advances in Water 
Resources, vol. 39, p. 33-43, 2012. 

c. Observations at Relicensing- 2018: 

i. From the published 2012 paper, “The computed results illustrate the complexity of the 
flow and show that the power output of the complete turbine is primarily dependent on 
the rotor geometry and tip speed ratio and is not affected by the stationary components 
of the turbine and the presence of the channel bed. The complete turbine simulation 
also reveals that the downstream wake of the turbine consists of three main regions: (1) 
the outer layer with the spiral blade tip vortices rotating in the same direction as the 
blades; (2) the counter-rotating inner layer surrounded by the spiral tip vortices; and (3) 
the core layer co-rotating with respect to the tip vortices.  This study is the first to 
report the three-dimensional wake structure of MHK turbines.” 

ii. In general, these updated results for the micro-scale hydrodynamics of the Gen4 turbine 
agree with the conclusions drawn in the FLA.  The Gen5 KHPS has a nearly identical 
rotor geometry and rotates at a lower rpm than the Gen4 KHPS.  As such, the 
understanding of the micro-scale hydrodynamics around an operating KHPS has been 
advanced, confirming the previous conclusions and re-affirming the complex physics 
associated with the fluid-structure interaction at the micro-scale. 

2) Meso-scale: 

a. Understanding at 2010 FLA: 

i. “The in-water data was confirmation of the influence of KHPS units on a mesoscale and 
is reflected in the quality of energy production during the timeframe and largely informs 
Verdant Power of the correct lateral and longitudinal spacing of KHPS units.   

Velocity magnitudes are greatly reduced directly downstream of a generating unit, while 
velocity directions are shown up to 90o out of phase with the natural channel direction. 
These 3-d, rotating, vortex structures convect downstream, centered on the shaft 
centerline. Their general influence is maintained in a slowly expanding cone 
downstream from the rotor and is thought unlikely to affect the river bottom. 

With regard to localized effects, the presence of the pylon and the areas of lower 
velocity (reductions up to 50%) behind the stationary KHPS unit pylon during ebb and 
flood flows do present a potential area of protection and/or habitation. However, as 
discussed in the Aquatic Resources sections, the fish abundance and population 
observations generally tend to indicate that fish (both large and small) are not present 
in the high current zones of the KHPS. Nor are they present in general, during the ebb 
and flood cycles, and so the decrease in localized velocities would not be likely to effect 
the predator-prey relationship within the field.” 
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b. Advancements 2012-2018: 

i. Updated CFD work at SAFL, the University of Washington (UW) and Stony Brook 
University (SBU) on the meso-scale hydrodynamics of a TriFrame + 3 Turbines (TF+3T) 
was completed.  Using similar tools, large-eddy simulations (LES) of the wake structure 
of a TriFrame of three turbines is investigated using both numerical simulations and 
scale-model experiments. Peer-reviewed journal publications include: 

• “Wake characteristics of a TriFrame of axial-flow hydrokinetic turbines”, 
Chawdhary, S., Hill, C., Yang, X., Guala, M., Corren, D., Colby, J., Sotiropoulos, F., 
Renewable Energy, Vol. 109, p 332-345, 2017. 

c. Observations at Relicensing 2018: 

i. From the published 2017 paper, “We found that the wake of the upstream TriFrame 
turbine exhibits unique characteristics indicating presence of the Venturi effect as the 
wake encounters the two downstream turbines. We finally compare the wakes of the 
TriFrame turbines with that of an isolated single turbine wake to further illustrate how 
the TriFrame configuration affects the wake characteristics and power production in an 
array of TriFrames.” 

ii. In general, these updated results for the meso-scale hydrodynamics of the Gen4 turbine 
agree with the conclusions drawn in the FLA.  Verdant was able to significantly increase 
our understanding of the meso-scale hydrodynamics associated with the TF+3T 
configuration.  Further, research suggests that turbine performance on a TriFrame can 
be improved relative to the performance of 3 individual turbines.  Specifically, “The 
faster momentum deficit recovery and lower turbulent kinetic energy (TKE) in the wake 
of the upstream turbine of the TriFrame are advantageous when using the TriFrame 
assembly to build a large turbine array.” 

3) Macro-scale: 

a. Understandings at 2010 FLA: 

i. “A 1-d model for the extraction of kinetic energy, as an additional source of frictional 
losses, from an open channel can accurately predict the depth and velocity in the East 
Channel of the East River. The influence of energy extraction is to slightly increase 
(12 mm) the overall water depth from the inlet of the channel to the extraction planes. 
As a result, the water velocity is decreased slightly (-0.07 m/s) throughout the channel. 

These modifications to the channel properties are minimal and below the precision 
available for most measurement devices. As such, the generation of 1 MW from the East 
Channel of the East River is unlikely to modify the natural channel properties in any way. 
As part of the operational monitoring, Verdant Power will also continue to install and 
record water velocity and level data with the use of Acoustic Doppler Current Devices 
(ADCPs) that will inform the hydrodynamics of the machines and array, as the staged 
installation progresses. This data, coupled with the RMEE Plans, will continue to build 
and support the body of science of hydrodynamic effects of operating KHPS units in 
different configurations.” 
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b. Advancements 2012-2018: 

i. Updated CFD work at SAFL, SBU, the University of Chicago and Argonne National 
Laboratories during 2015-2017 on the macro-scale hydrodynamics of an array of TF+3Ts 
has been conducted.  Specifically, a new generation unstructured Cartesian flow solver 
coupled with a sharp interface immersed boundary method for 3D incompressible flows 
is used to numerically investigate New York City's East River, including the high-
resolution bathymetry acquired as mentioned above, and the array of thirty KHPS 
turbines.  Peer-reviewed journal publications include: 

• “Multi-resolution simulations of an array of hydrokinetic turbines: Site-specific 
field scale large eddy simulations of the East River in New York City”, 
Chawdhary, S., Angelidis, D., Sotiropoulos, F., Corren, D., Colby, J., Water 
Resources Research, PENDING. 

c. Observations at Relicensing- 2018:  

i. From the pending journal paper, “Simulations indicated that a marginal acceleration in 
the river flow in the spanwise region where turbines were not placed. Comparison with 
the baseline flow in terms of mean streamwise velocity as well as vorticity magnitude 
indicates that there is a very small signature of the turbine wake at the free surface of 
the channel. This effect could be negligible compared to the free surface disturbances 
present in the tidal channel otherwise.” 

ii. Verdant was able to advance the state-of-the art modelling of the meso-scale 
hydrodynamics from 1-D to 3-D, a significant improvement in understanding and a 
fundamental advancement in computational modeling, and confirm the previous 
conclusions regarding de minimus effects of 10 TriFrames in an array.  

 

Section 4.3.3 - Aquatic Resources 

As required by Article 401 of the issued Pilot license, in advance of Install B-1, to advance knowledge 
regarding fish and aquatic resources, Verdant voluntarily conducted RMEE data collection efforts as 
outlined in the FLA Volume 4 (2010): 

1) RMEE-2 – Seasonal DIDSON Observation Monitoring  

a. Objective (2010 FLA and Approved in Pilot License):  

From the FERC FLA, “The objective of the seasonal DIDSON observation is to:  

(i) Provide real-time observation of fish behavior near operating KHPS during a seasonal 
period of known fish abundance.  Specifically, the goal is to provide imaging of any 
fish/KHPS interaction, both spatial and temporal, at the micro scale around a rotating 
turbine.  Parameters that can be observed from the DIDSON will include: 

• fish swimming location and direction relative to the turbine blades 
• fish passage through or around the turbine 
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• for fish passing through the turbine, it will be possible in most cases, especially 
for larger fish, to determine if the fish avoided the blades or was struck 

• fish size and shape with potentially some species identification, especially for 
larger individuals (e.g., Atlantic sturgeon, turtles, marine mammals) 

2. Add value to the body of collected data on fish presence, abundance, movement pattern 
and species in and around the operating KHPS machine by providing micro-scale details 
of the fish seen at the meso-scale by the SBTs.” 

b. Advancements Since 2012:  

(i) Methodology:  Verdant, during the 2012 In-water Test (IWT) of the Gen5b rotor, 
installed and operated a remotely aim-able DIDSON unit in close proximity to the 
operating dynamometer turbine.  A significant data set was collected over 2+ weeks 
with and without turbine operation.     

(ii) Analysis:  In conjunction with Oak Ridge National Laboratory (ORNL), under US DOE 
funding, Verdant and ORNL re-evaluated the 2012 DIDSON data using automated data 
processing techniques to evaluate 5 projects objective: 

“1. Quantify near-field (i.e., within 12 m) behavioral response and swimming 
trajectories of fish encountering an operating HK turbine using 373 hours of video 
from a deployed DIDSON multibeam hydroacoustics system. 

2. Quantify the far-field normal swimming trajectories and distribution of fish in the 
vicinity of the deployment site using previously collected data from a splitbeam 
hydroacoustics system during the same seasonal period. 

3. Characterize the relationship between flow dynamics and changes in behavior 
and distribution (near- and far-field) with correlation of concurrently collected 
acoustic Doppler current profiler (ADCP) data.  

a. Near-turbine fish trajectories, avoidance behavior, and general distribution 
relative to near-field hydraulics (i.e., water velocity and tide direction) with 
and without the influence of a turbine. 

b. Far-field vertical and horizontal distributions and trajectories of fish relative 
to water velocity and tide stage (ebb, flood and slack tide) with and without 
the influence of a turbine. 

4. Update parameterization of existing fish interaction model developed for the East 
River and the RITE Project.  

5. Use study results to assess which approaches (e.g., field observation, 
experimentation, models) will be most effective for predicting or monitoring the 
effects of turbine arrays.” 

(iii) Data and Results:  The summary of this analysis is provided in the final ORNL report and 
includes conclusions (Clause 6.2) that impact the KHPS-Fish Interaction Model (KFIM), 
among others (“Informing a Tidal Turbine Strike Probability Model through 
Characterization of Fish Behavioral Response using Multibeam Sonar Output”, 
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Bevelhimer, M., Colby, J., Adonizio M.A., Tomichek, C., Scheleris, C., ORNL/TM-2016-
219, July 2016).1  These results have also been published in a number of journal articles 
and conference proceedings, including: 

(iv) “Hydroacoustic Assessment of Behavioral Responses by Fish Passing Near an Operating 
Tidal Turbine in the East River, New York”, Bevelhimer, M., Scheleris, C., Colby, J., 
Adonizio M.A., Transactions of the American Fisheries Society, Vol. 146, Issue 5, 2017. 

(v) “Parameter Updates to Probabilistic Tidal Turbine – Fish Interaction Model”, Tomichek, 
C., Colby, J., Bevelhimer, M., Adonizio, M.A., Proceedings of the 4th Marine Energy 
Technology Symposium, April 2016. 

(vi) “Fish Behavioral Response During Hydrokinetic Turbine Encounters: Applying Multi-
beam Hydroacoustics Results to a Fish-Turbine Interaction Model”, Bevelhimer, M., 
Scherelis, C., Colby, J., Tomichek, C., Adonizio, M.A., Proceedings of the 3rd Marine 
Energy Technology Symposium, April 2015. 

c. Observations at Relicensing 2018:  

Observations Regarding Fish Impacts:  Based on the analysis conducted, it is clear that the 
DIDSON was a useful tool in imaging the micro-scale impact (or lack thereof) and confirmed 
the micro scale absence (and likely avoidance) of fish around an operating turbine.   

In Verdant’s opinion, further DIDSON data collection and analysis is unlikely to be useful 
during B-1 as the micro-scale interaction and fish impact has been shown to be de minimis.  
This is particularly true in light of the level of micro-scale impacts associated with the 
incidental take permit of the Ravenswood Generating Station, located in close proximity to 
the RITE Project Area. Evaluation of the RMEE-2 protocol for the Pilot license will be 
reviewed prior to the mid 2020 planned Install B-1, and its effectiveness in a relicensing 
effort.   

2) RMEE-3 – Seasonal Species Characterization Netting 

a. Objective (2010 FLA and approved in Pilot license):  

RMEE-3  “The objective of netting is to provide a set of net capture data, during May through 
December with more effort during the seasonal period (mid-September through mid-
December) of elevated fish abundance in the project vicinity to provide:  

1. Species characterization information, that combined with the 2006 RITE trawling, 
and the Ravenswood and other historical impingement data will provide additional 
understanding of the fish population in the East Channel, 

2. Provide species characterization in the immediate vicinity of the turbines that can be 
used to support the interpretation of the past and future DIDSON monitoring and 
hydroacoustic evaluations, and 

                                                           
1  Available on PNNL Tethys database: (https://tethys.pnnl.gov/publications/informing-tidal-turbine-strike-probability-model-

through-characterization-fish)  
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3. Potentially provide some observation and/or data for interpretation on potential fish 
injury due to turbine blade contact in a field of operating KHPS turbines.”  

b.  Advancements Since 2012:  

(i) Methodology:  The RMEE-3 netting methodology was reviewed by the agencies and 
filed in the FERC Docket (2013 filings in 2014 –  1/15/2014).  It should be noted that no 
comments on the methodology were received. 

(ii) Data and Results:  The netting results were reviewed by the agencies and filed in the 
FERC Docket (2013 filings in 2014 –  1/15/2014) Verdant contracted Kleinschmidt 
Associates and Normandeau Associates to conduct a netting effort in May 2013 in the 
East Channel of the East River.  During that effort, 3 total tows, only 2 aquatic organisms 
were caught:  

• Tow 2: Callinectes sapidus, blue crab; 44 mm; alive; returned unharmed   

• Tow 3: Peprilus triacanthus, butterfish; 37 mm; alive; returned unharmed 

 It should be noted that no comments on the results were received. 

c. Observations at Relicensing 2018:  

In Verdant’s opinion, based on this 2013 effort, in general, species characterization netting 
near the RITE Project Area is unlikely to yield meaningful results given the difficulty of 
netting in strong tidal currents and the general absence of fish in the mid-river. However, 
extensive fish assemblage data is available from aquatic organism samples collected at 
Ravenswood Generating Station which is in close proximity to the Project site, and was 
used in the pilot license application and is available for the relicense review. Evaluation of 
the RMEE-3 protocol for the Pilot license will be reviewed prior to the mid 2020 planned 
Install B-1, and its effectiveness in a relicensing effort.   

3) RMEE-4 – Tagged Species Detection  

a.  Objective (2010 FLA and Approved in Pilot License):  

From the FERC FLA, “The objective of this plan is to provide new and unique detections on 
the potential presence of the proposed ESA listed Atlantic sturgeon, ESA listed shortnose 
sturgeon, along with striped bass, bluefish, winter flounder and other species that have 
been acoustically tagged.  Detection would occur in both the east and west channels of the 
East River, proximate to the RITE Pilot project boundary.  Once that is achieved, based on 
collected data, revision and updated evaluation of species with respect to Installs B-1, B-2 
and C will occur.”  

b.  Advancements Since 2012:  

(i) Methodology:  The details of the methodology for tagged species detection using 
VEMCO VR2W receivers in both the East and West Channel of the East River are 
provided in the FERC fillings from 2012-2017.    
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(ii) Data and Results:  Verdant submitted annual reports on the monitoring of tagged 
species detections in 2012, 2013, 2014, 2015, 2016 and 2017.  In summary, as shown in 
the 2017 FERC filing (7/31/2018), 334 total fish were detected, 264 in the West Channel 
and 70 in the East Channel.  Normalized over the 70+ months of data collection, 40 fish 
were detected per year in the West Channel vs. 12 fish detected per year in the East 
Channel.  Of the 334 total detections: 252 were striped bass, 29 were Atlantic sturgeon, 
3 were other species (Alewife and American shad) and 50 are unidentified.  These 
results have been published in a number of conference proceedings, including: 

• “Parameter Updates to Probabilistic Tidal Turbine – Fish Interaction Model”, 
Tomichek, C., Colby, J., Bevelhimer, M., Adonizio, M.A., Proceedings of the 4th 
Marine Energy Technology Symposium, April 2016 [Included in 2017 FERC filing 
(7/31/18)]. 

• “Improvements to Probabilistic Tidal Turbine-Fish Interaction Model 
Parameters”, Tomichek, C., Colby, J., Adonizio, M.A., Proceedings of the 3rd 
Marine Energy Technology Symposium, April 2015. 

• “Tagged Species Detection: Approach to Monitoring Marine Species at Marine 
Hydrokinetic Projects”, Tomichek, C., Colby, J., Adonizio, M.A., Frisk, M., Dunton, 
K., Fox, D., Jordaan, A., Proceedings of the 2nd Marine Energy Technology 
Symposium, April 2014. 

c.  Observations at Relicensing 2018:  

The multi-year tag detection effort has proven an effective method to detect previously 
tagged species and to provide input to parameters in the assessment of the risk of fish-
turbine interaction at the RITE Project.  This effort requires cooperation for continued 
tagging by researchers and data sharing with many organizations, a potential hurdle to the 
success of the protocol for both striped bass recovery efforts and the tagging and 
identification of the ESA species- Atlantic Sturgeon. A further limitation with the current 
protocol is that the configuration of the receivers does not allow for any location specific 
information regarding the fish within the river.   

However, an alternative approach that utilizes multiple VEMCO (3+) in a “grid” and tags with 
depth sensors would allow for the spatial triangulation of tags, and ultimately, fish tracks 
through the river.  This approach may be the most effective way to track fish (previously 
tagged) as they move through the RITE Project Area. Evaluation of the RMEE-4 protocol for 
the Pilot license will be reviewed prior to the mid 2020 planned Install B-1, and its 
effectiveness in a relicensing effort.   

4) KHPS-Fish Interaction Model (KFIM)  

a.  Objective (2010 FLA and Approved in Pilot License):  

As described in Vol 4 of the 2010 FLA, a 2-Dimensional (2D) probabilistic KHPS–Fish 
Interaction Model (KFIM) was developed to determine the overall risk of strike by using a 
product of independent sub-probabilities. 
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The model considered a 2D lateral cross-section of the channel at the location of the turbine 
and comprised seven major parameters: Probability of Blade Rotation (P1), Distribution of 
Water Velocity over the Tidal Cycle (P2), Fish Distribution (East vs. West Channel) (P3), 
Turbine Rotor Area (P4), Blade Interaction with Fish (P5), Fish Distribution Fish Distribution 
(At Different Velocities) (P6) and Avoidance Behavior (P7). These parameters were 
combined to provide the total probability of strike for fish of various lengths that correlate 
so species of interest in the RITE Project area. The results of the KFIM were accepted by 
agencies as included in the 2012 order issuing the FERC license.  

b.  Advancements Since 2012:  

The above pre-install B-1 fish study efforts (2012-2018) indicate an update and potential 
reduction to the risk.  

The most recent updates and proposed changes to the KFIM parameters are provided in the 
July 2018 RMEE-4 filing as Attachments C and D.  As stated in Attachment D, Table 3 and 
Table 4, the probability of strike for both Atlantic sturgeon and black sea bass are reduced 
for all number of deployed turbines.  For Install B-1, the updated probability of blade strike 
was reduced from 0.26% to 0.02% for Atlantic Sturgeon (L = 104 cm).  Similarly, for black sea 
bass (L = 25 cm), the updated probability of blade strike was reduced from 0.10% to 0.005%.  

Similar reductions are postulated for the entire field of 30 Turbines.  

c.   Observations at Relicensing 2018:  

The above efforts to verify the parameterization of the KFIM at RITE continue to advance 
the understanding of fish interaction in the presence of operating Verdant Power Gen5 
turbines and overall indicate an update and potential reduction of the risk as summarized in 
2012. Evaluation of the KFIM parameters and update for the Pilot license will be reviewed 
prior to the mid 2020 planned Install B-1, and its effectiveness in a relicensing effort. 

 

Section 4.3.5- Rare, Threatened, and Endangered Species 

A.  Objective (2010 FLA and Approved in Pilot License):  

As required by Article 401 of the Pilot License, Verdant is required to submit annual reports on 
the monitoring of Rare, threatened and endangered (RTE) species.  

B.  Advancements Since 2012:  

(i) Methodology:  Verdant conducts the RMEE-4 plan for RTE tagged species (Atlantic sturgeon) 
and records anecdotal observations at the RITE site and environs.  

(ii) Data and Reporting:  Verdant submitted reports in 2012, 2013, 2014, 2015, 2016 and 2017. 
These reports were provided to the relevant agencies in advance of filing with FERC and 
comments received were addressed and included, as possible, in the final FERC filings. 
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C.   Observations at Relicensing 2018:  

(i) Summary of RTE Detection at RITE: 

a. The outcome of RMEE-4 (2011-2017) as described in detail above.  In summary, 334 
total fish were detected in the East and West Channel.  Of those, 29 detections (8.7%) 
are Atlantic sturgeon (i.e. RTE species).  Of those 29 RTE Species detections, 24 occurred 
in the West Channel and 5 occurred in the East Channel where the RITE project is 
located.  In order to compare data in the East and West Channel over 70+ months of 
data, normalized detection rates are provided: 0.86 Atlantic sturgeon per year in the 
East Channel, 3.61 Atlantic sturgeon per year in the West Channel.  

b. These observations are consistent with the NMFS Biological Opinion issued May 10, 
2011. 

(ii) Summary of Marine Mammal Observation at RITE 

a. Opportunistic visual observations and anecdotal news stories from 2011 – 2017 
identified NO marine mammals in the vicinity of the RITE Project Area.  Additional 
sightings in the greater New York Harbor were included for completeness.    

 

Section 4.3.6 – Recreational Resources  

A. Objective (2010 FLA and approved in Pilot license):  

As described in Vol 2 Page E-131 et seq. of the 2010 FLA recreation in the area is defined as on-
water vessels and limited passive recreation from the shoreline.  The issued Pilot License Article 
401, ordered the addition of a RMEE 7 Recreational Monitoring 

The purpose of this plan was to conform to New York DEC condition 17, “Recreation 
Monitoring”.  Specifically, the following DEC condition 17 is noted: 

“Monitoring studies, at a minimum, shall include the collection of annual recreation use data.  As 
part of the plan, the licensee shall submit annual reports by February 15 of each year that 
monitoring occurs (years 1, 2, 4, and 5). This report shall include: 

(1) annual recreation use figures; 

(2) a description of the methodology used to collect all study data; 

(3) a discussion of whether the project’s exclusion zone and the installed turbines are 
affecting recreation use in the project area, specifically at Hallet’s Cove and the north end of 
Roosevelt Island; 

(4) documentation of agency consultation and agency comments on the report after it has 
been prepared and provided to the agencies; and 

(5) specific descriptions of how the agencies’ comments are accommodated by the report.” 
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B. Advancements Since 2012:  

To implement this RMEE-7 plan, Verdant has instituted:  

(i) Methodology:  As a voluntary effort, pre-Install B-1, Verdant conducted voluntary 
Recreational Monitoring efforts as outlined in Verdant collected recreational use data in 
2012, 2014 and 2015 from the 3 locations described above.  

(ii) Data:  A summary of results is presented in Table RMEE-7 below. This data was not filed with 
the commission, since no turbines have been in operation. During these observations, no 
shoreline recreation (fishing from banks) was observed.   

 
C. Observations at Relicensing 2018:  

The impact of the licensed project on shoreline recreation is unlikely. However, the on-water 
activity is likely to continue to be an observation through the navigation and safety plan (see 
below).   

Table RMEE-7.   Summary of RITE Recreational Monitoring Data 

Year Date Day 
Total 
Time 

Project Area 
Sightings Hallet’s Cove Sightings RI North End Sightings 

2012 May 26 Sat. 
(MD) 

2.0 hrs. 5 vessels 0 vessels 1 vessel, 1 kayak 
(All East Channel) 

2012 July 7 Sat. 
(J4) 

1.5 hrs. 2 vessels 0 vessels 2 vessels 

2012 Sept. 3 Mon. 
(LD) 

4 hrs. 4 vessels, 
9 kayaks 

No observation 18 kayaks 

2014 May 26 Mon. 
(MD) 

1.8 hrs. 5 vessels, 
2 kayaks 

26 vessels (22 West 
Channel, 4 East Channel) 

5 vessels, 2 jet skis 
(All West Channel) 

2015 Nov. 25 Wed. 4.5 hrs. 2 vessels No observation 14 vessels (12 West 
Channel, 2 East Channel) 

 

Section 4.3.7 Navigation and Land Use  

A. Objective (2010 FLA and Approved in Pilot License):  

The Navigation and Safety Plan (NSP) as proposed in FLA Vol 3, Safeguard Plans, and approved in 
the Pilot License Article 404, has been partially implemented pre-Install B-1.and reported in the 
annual FERC reconnaissance CEII filings 2013-2017.  

B. Advancements Since 2012:  

In anticipation of Install B-1, Verdant executed the following RITE Navigation Safety Plan: 

(i) Establish “A Navigation or Underwater Activity Exclusion Zone Boundary around the 
Project’s KHPS Generation Equipment, and Underwater Cabling” 

a. Verdant Power has maintained correspondence with the USCG and NOAA to establish 
an Exclusion Zone for the FERC Project Boundary. This zone is as noted on NOAA chart 
12339  
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(ii) Implement “Marking the Extreme Corners of Any Exclusion Zone with Lighted Buoys, and 
Danger Signs Sufficient to Warn Vessels of the Underwater Project Facilities and Associated 
Exclusion Zone during Both the Day and Nighttime” 

a. Verdant Power maintained lighted buoys and danger signs during both day and night 
hours until 2016.  Based on discussions with, and approval of the US Coast Guard, the 
buoys were removed in October 2016 given the absence of generation equipment and 
underwater cabling.   The lighted buoys and danger signs will be reinstalled at the 
extreme corners of the exclusion zone before Install B-1. In accordance with Article 404.  

(iii) Implement “Maintenance of a Level of Video Surveillance of the Field during Operation” 

a. Purpose and Method:  The intent of the video surveillance was primarily for security at 
the Control Room and to monitor the PATON buoy status. An added benefit was the 
ability, after- the-fact to monitor exclusion zone encroachments.  The NSP requires:  

• Verdant to maintain daytime, 7-day, motion- activated surveillance video of at 
least 100% of the field during operation for day light observations of any vessel 
encroachments to the exclusion zone and to monitor buoy status. 

• The video surveillance recordings be kept for about two weeks and will be 
reviewed for after-the-fact conditions.  

(iv) Data:  Verdant Power maintained voluntary video surveillance from 2010 to 2014.  The 
video was reviewed after-the-fact on key dates and holidays. A summary of Video 
Surveillance data (2009 – 2014) is provided in Table RITE NSP– Video. 

 

Table RITE NSP - Video Summary of Video Surveillance Data 

Vessels Observed 

Year Days Hours Marina Commercial Put-ins TOTAL 
Total per Hour 

[Weekends] 
Total per Hour 

[Holidays] 
2009 3 39 43 2 23 68 1.7 No data 
2010 8 107 472 36 122 630 5.0 4.0 
2011 13 178 6162 28 2433 887 4.4 4.4 
2012 11 153 375 10 1834 568 4.0 3.1 
2013 8 111 237 2 595 298 2.5 3.2 
2014 5 78 219 2 38 259 2.9 3.9 

 
Notes: 
˗ Marina vessels included small, medium and large vessels, including Government vessels, and sailboats 
˗ Commercial vessels included water taxis, the circle line and tugs/barges 
˗ Put-in vessels included jet skis, kayaks, paddle boards and canoes 

 

                                                           
2Intrusion of 2 chartered fishing vessel (2011) 
3Intrusion of 42 kayaks (2011) 
4Intrusion of 20 kayaks (2012) 
5Intrusion of 4 kayaks (2013) 
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C. Observations at Relicensing 2018:  

The maintenance of an exclusion zone around the operating Turbines remains an important 
aspect of continuing operation, consisting of chart markings, buoy and danger signs and after 
the fact video observation and communication with the US Coast Guard who has jurisdiction on 
enforcement.  

The number of observed intrusions during the 2009-2014 period of Marina and Commercial 
vessels is low suggesting the NSP is effective for these class of vessels.  However, for put-in 
vessels, principally kayaks, it is clear that further outreach with the local kayaking community is 
required to ensure their compliance with USCG navigational safety exclusion zone.    

Since no turbines have been in operation since 2012, these intrusions had no risk; however, it is 
a disregard of NOAA charts and navigational markings.  

Implementation of the full NSF—Buoys, danger signs and video surveillance will resume in late 
2019 in anticipation of Install B-1 – the installation of a TriFrame and 3 turbines in mid-2020 
under the FERC Pilot license.  Evaluation of the effectiveness of the NSF during Install B-1 will 
inform the requirements for the relicensing effort. 

 

 

ATTACHMENTS:  

(1)  FERC Docket Filings:  

i. RMEE-4  2017 FERC Filing (July 31, 2018) 
ii. RTE 2017 FERC Filing (July 31, 2018)  
iii. 2014 RITE Annual report (RMEE-3,4) FERC Filing (March 15, 2014)  

(2)  Technical Papers:  

Fisheries:  
i. METS Conference Proceedings; 2014, 2015, 2016  

ii. AFS Journal Paper, 2017 
iii. ORNL Report, 2016    

Hydrodynamics:  
i. AWR, 2012 

ii. REJ Journal, 2017  
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Figure 4-3. RITE project KFIM model output comparisons. 
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5. MONITORING TOOLS FOR TURBINE ARRAYS  

The last objective of this task was to 

Use study results to assess which approaches (i.e., field observation, experimentation, 

models, etc.) will be most effective for predicting or monitoring the effects of a turbine 

array. 

This section discusses the scale of monitoring and our perspective on scaled-up monitoring for arrays. 

Additionally, a review of opportunities for field observation, experimentation and modeling is provided.  

5.1 MICRO-MESO-MACRO SCALE  

A key aspect of the 2006–2008 RITE demonstration (six turbines, 2006–08) was to assess the interactions 

of Verdant Power’s KHPS with the environment. Verdant worked with regulatory agencies and other key 

local stakeholders to develop and execute a number of study plans that have served as the basis for 

understanding the interactions and importance of moving forward with pilot and commercial-scale 

projects. During the demonstration, Verdant conducted a number of first-time fish interaction studies to 

examine biological issues regarding the operation of the KHPS in fast waters.  

Verdant Power’s experience is that it is useful to consider the following terminology in developing 

relevant monitoring methods and protocols for its KHPS projects. This process includes examining key 

biological parameters (e.g. fish movement, migration) and matching monitoring protocols at three 

different scales:  

 Micro scale: In and around an individual turbine (1 diameter (1D) = 5m at RITE), rotating at <40 rpm 

and only during high-velocity periods over 1 m/s. At this scale, resident and migratory fish 

interactions, as well as micro hydrodynamics are being studied. The DIDSON data discussed in this 

report were collected at this scale. 

 Meso scale: In front/back of the turbine TriFrame

 6
. Here the reaction around a TriFrame of three turbines is being studied, as well as the 

interdependencies and recovery distance to the next TriFrame in the array—generally 12D (at RITE) 

to 20D (other sites) in distance. The splitbeam data discussed in this report were collected at this 

scale. 

 Macro scale: Well beyond the TriFrame (and the fully developed array) extending to points where 

organisms first sense/encounter the minor hydrodynamic presence of the KHPS array. This is a 

broader-scale study conducted for longer-term deployments.  

In developing the RITE RMEE plans for the licensed pilot project array of up to 30 KHPS turbines, this 

perspective was particularly challenging. Therefore, as the work conducted under this grant agreement is 

focused on observing the micro- and mesoscale impacts around a single turbine (or closely spaced 

operating turbines), how does one examine an array of up to 30 or more turbines in a commercial setting 

at the macro scale?  

                                                      
6 The TriFrame is a riverbed foundation structure that will mount three turbines in a triangular configuration. When installed on 

the frame, the 5 m Gen5 turbines will each be spaced approximately 2 diameters apart. 
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5.2 ARRAY AND FULL FIELD EFFECTS 

In licensing the RITE site, Verdant had to address the issue of potential full-field effects of a multiple-

turbine array. Despite a lack of clear empirical data or robust monitoring techniques, it was necessary to 

provide an adaptive management monitoring plan for observing a full array of operating KHPS turbines, 

within the context of possible fish interactions. The approach taken was twofold:  

1. Extending the KFIM to conservatively account for increasing the number of installed turbines to 

increase the probability of strike and evaluating the probability of strike under this macro 

circumstance. 

2. Providing a longer-term macro observational monitoring plan, the RMEE-1 Seasonal Fixed 

Hydroacoustics, to attempt to observe these effects when multiple turbines are operating. 

These efforts, in conjunction with the other RMEE plans through the adaptive management process, 

provide for opportunity to continue to refine at the micro, meso, and macro scale the understanding of fish 

interaction and risk within an array setting.  

5.2.1 KFIM Model to Array  

The most conservative estimate for the impact of the full field of 30 KHPS turbines is to multiply the 

single unit probability by the number of installed units. 

However, this assumption does not take into account the physical location of the KHPS turbines. This is a 

worst-case assumption that may be overly conservative. As the KHPS turbines will be clustered in a 

single location, any fish entering the full array would likely try to leave the area once passing close to or 

through a small number of units. Nevertheless, there is little validated or published data to support this 

assumption; as a result, this model assumes no inherent avoidance of the array. 

Using this conservative parameter that assumes that once a fish encounters the array it never leaves, 

results for the strike probabilities are as shown in Table 5-1. For comparison, the model was run for an 

essential fish habitat (EFH) species of smaller length as well. As a result of the 2015 work, the fish strike 

probability in an array was reduced and was further reduced when parameters P3 and P6 are incorporated.  

Table 5-1. Overall KHPS-fish strike probabilities for proposed RITE project 

Species Single KHPS turbine 
Array 

(30 turbines) 2010 

Array—2015 ORNL 

case 

Atlantic sturgeon 0.09% 2.59% 0.34% 

EFH–25 0.03% 0.98% 0.09% 

 

RMEE-1 Seasonal Fixed Hydroacoustic Plan  

As part of the RITE FERC licensing, and to gain insight into the meso and macro behavior of fish in an 

array condition, Verdant proposed a seasonal deployment of two bottom-mounted SBTs within the array, 

with attendant software improvements to attempt to gain insight on presence, abundance, and trajectory 

behavior of fish encountering multiple KHPS turbines. Optimistically, this system was geared to actually 

follow a fish as it approached the array and, using proprietary BioSonics software, link its track potential 

through multiple KHPS turbines. This is a costly system, however, and at the time of the license 

application, it was considered a ‘potential’ technique for addressing the array-scale effects of fish 
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behavior in the presence of an operating KHPS and was included in the requirements of the FERC license 

for the RITE Project.  Under the adaptive management process for environmental monitoring to be 

implemented during the phased build-out at the RITE Project, the details of RMEE-1 and the deployment 

of SBTs will be re-evaluated to ensure effective data collection to increase the understanding of fish 

interaction and risk within an array.  

5.3 OPPORTUNITIES FOR FIELD OBSERVATION 

5.3.1 Methods and Limitations 

Conducting a real-time field observation of an operating KHPS—or any HK device—involves a 

significant commitment of time and effort. The available equipment, be it a DIDSON, SBT, or other 

sensitive fish detection device, involves not only the equipment but also the mount, cabling or battery data 

recording system, and the considerations of in-water time and replacement. Almost as important is the 

cost and time associated with post-processing. Therefore, it is relevant to consider these costs and risks in 

proportion to the data and the biological questions that can be answered.  

Verdant has had significant experience with monitoring device deployments and efficacy since 2006, as 

discussed in the licensing documents and other reports (NYSERDA 2012). For example, the 24-SBT 

array first deployed at RITE cost over $1.4 million. The most recent 2012 DIDSON video, the subject of 

this study, represented nearly $250,000 of effort plus this DOE-funded post processing. To put this in 

context, the power production of a 1MW array (30-turbine KHPS) is expected to generate revenues of 

approximately $350,000 per year.  

5.3.2 Opportunities 

Even given the high costs, field observation does have substantial merit. At the RITE project, both the 

RMEE-2 DIDSON program and some modification of the RMEE-1 protocol for arrays will be undertaken 

as the project progresses.  

In conducting field observation of individual devices or field arrays, lessons learned include:  

 Deploy monitoring in periods of seasonal abundance of fish. This was the case in the 2012 DIDSON 

deployment; however, as indicated by our analysis, a low number of large fish resulted despite best 

efforts.  

 Simplify the in-water recording to facilitate post-processing. This became apparent in the most recent 

case with multiple DIDSON aims and several repositioning movements complicating the analysis.  

 Limit in-water duration to match the functionality of the equipment. Practically, for a DIDSON, 3–4 

weeks is the maximum for uninterrupted service due to bio-fouling.  

5.4 OPPORTUNITIES FOR EXPERIMENTATION  

5.4.1 Methods and Limitations  

Direct experimentation—as conducted by EPRI/Alden (Amaral et al. 2015) on fish behavior and 

encounters—is useful to the industry and contributes to the microscale body of knowledge as the industry 

progresses, in conjunction with other methods discussed. It is recognized that these efforts are generally 

device-specific and controlled, to the extent that proxy size fish are directly controlled into the device 

strike without accounting for avoidance behavior, which is a key parameter. In addition, laboratory cost 
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can be a significant factor in these controlled efforts. For arrays, laboratory experimentation is probably 

not a viable option.  

5.4.2 Opportunities  

In moving toward array monitoring and prediction, two experimental possibilities that might provide 

insight into fish behavior in the presence of multiple KHPS at RITE are:  

1) Use a triangulated network of passive acoustic transmitters and receivers to create 3-D tracks of 

fish movement through the array of previously tagged species. 

2) Release of fish tagged with a combination of an acoustic transmitter and a balloon-tag in front of a 

turbine array during full operation followed by retrieval downstream of the array. 

Tagged Species Detection—triangulation in arrays 

As discussed in Sections 3 and 4, Verdant has established a VEMCO tagged species detection platform to 

gain information on fish passing near the KHPS at RITE which is effective only if researchers tagging 

fish participate in mutual data exchange. A further limitation of this approach is that the current 

technology as deployed detects presence but not specific location in relationship to the KHPS. An 

improvement to this protocol, in the presence of multiple operating KHPS turbines, would be to deploy 

additional VEMCO receivers and conduct triangulation analyses of detected tags to XYZ locate a tagged 

fish and its track as it passes by multiple KHPS turbines. Verdant has unsuccessfully attempted to gain 

funding for this research but considers this a significant opportunity to begin to determine fish behavior 

within an array.  

Tagged Species Controlled Release—arrays  

Similarly, at RITE, because of the narrow channel configuration, an opportunity for a controlled release 

of balloon-tagged fish in open water upstream of the operating KHPS turbines could be accomplished, 

with immediate recovery and tracking downstream. Again, a coordinated field effort could be 

accomplished, which might provide significant new information on multiple turbine encounter behavior, 

albeit with the limitations of size, species, and recovery of tagged fish. As detection technology improves 

for passive integrated transponder tags, this technology also holds promise for detecting fine-scaled 

behavioral responses during turbine encounters. 

5.5 OPPORTUNITIES FOR MODELING  

5.5.1 Methods and Limitations 

The KFIM proved to be a useful tool for evaluating conditions at RITE for a single turbine, as well as 

extending to arrays. The 2010 model, in the absence of data, used conservative assumptions to arrive at a 

fish-strike probability acceptable for obtaining a license. The 2015 work described in this report better 

defined certain parameters to refine the application of the model. Clearly, we believe this is a useful tool 

not only for the Verdant Gen5 KHPS but also for other HK device applications.  

It is interesting to note that the United Kingdom’s Marine Mammal Scientific Support Research 

Programme (2015) uses a similar type of model to predict marine mammal encounters; therefore, this 

method of array modeling will likely be useful to the industry.  
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Although the actual development and running of models is probably a cost-effective solution, acquiring 

and adapting useful field and experimental data to support the model remains the costly limitation. 

However, as demonstrated in this DOE-funded project, the effort and results significantly enhance the 

understanding of the biological impact of HK devices in the environment.  

5.5.2 Opportunities  

Given the effort and results reported here, the following opportunities for array modeling can be 

recommended:  

 Continued population of existing models with new data: As was done with the RITE KFIM in this 

project, the updating of parameters with monitoring data improves the understanding of fish strike 

risk. For arrays, implementing monitoring protocols that would support array extension would 

additionally improve the efficacy. 

 Adaptation and development of models for different device types and array sites: Since the 

parameters in a model are very specific to a device and site conditions, efforts should be made to 

continue to apply models at different sites to improve quality, transferability, and acceptance. 

 Ongoing collaborative research to incorporate model similarities with marine mammal models: For 

arrays in open water, this issue will continue to be a significant effort, and ongoing research to 

develop tools and models for marine mammal risk should benefit predictions of fish risk.  

The different options for monitoring turbine arrays as described above are summarized in Table 5-2. 

Table 5-2. Summary matrix of monitoring tools useful for monitoring turbine arrays. 

Technique 
Monitoring 

scale 

Efficacy 

+ to +++ 

Limitations & 

relative cost $-$$$ 
Opportunities 

Field Observation 

RMEE-2* 

RAD- DIDSON at RITE, 

New York 

Micro/meso +++ 

Short duration  

Post-processing costs 

$$$ 

Detect near-field 

responses during 

turbine encounters 

RMEE-1* 

SBT deployment 
Meso/macro  Unknown  

Short duration 

Algorithms unproven 

$$$ 

Detect far-field 

responses during 

turbine encounters  

Experimentation 

Tagged species detection—

triangulation** 
Macro  Likely +++ $  

Improves 

understanding of 

fish tracks in 

relation to KHPS 

Controlled release of 

tagged species** 
Macro  

Likely ++ to +++ 

for fish behavior  
$$ 

Observes fish 

tracks in presence 

of multiple turbines 

Modeling 

Verdant KFIM Micro/macro  
+++ conservative 

values  

Device- and site- 

specific  

Limited data 

$  

Continue to refine 

parameters with 

other techniques 

and data 

*required by FERC Pilot License                                          **possible enhancements at RITE
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6. CONCLUSIONS AND OPPORTUNITIES FOR FUTURE RESEARCH  

6.1 HYDROACOUSTICS ANALYSIS  

The automated analysis of nearly three weeks of multibeam hydroacoustics data identified nearly 35,000 

fish tracks for further analysis. These tracks included both individual fish and schools during periods with 

the KHPS turbine absent and present, operating and not operating, and during all phases of the tidal cycle, 

ebb, flood, and slack.  

Various metrics of location, and swimming direction and velocity were evaluated for indication of 

behavioral responses to the operating turbine (i.e., attraction or avoidance). These metrics were grouped 

into classes based on tidal cycle, current velocity, and swimming direction and evaluated with respect to 

turbine presence and operation and with respect to distance from the turbine. Significant findings from the 

automated analysis included: 

 The density of fish in the DIDSON sample area when the turbine was absent was roughly twice what 

it was when the turbine was in place, both when rotating and when not rotating. This suggests that 

some avoidance may be occurring before fish are close enough to the turbine to be observed by the 

DIDSON.  

 In the near-field within the 10 m window viewed by the DIDSON, the number of tracks observed 

decreased sharply from a maximum near the DIDSON (away from the turbine) to near the turbine 

location (away from the DISON) regardless of whether the turbine was in place and rotating or not.  

 For fish swimming past the turbine, there were no significant changes in vertical, horizontal, or lateral 

trajectories of fish when the turbine was present or operating but some differences were noted that 

suggested hints of avoidance.  

 Turbine presence, however, whether operating or not, resulted in more crooked tracks for fish near 

the turbine than for fish in the same location when the turbine was absent, suggesting that normal 

swimming behavior was affected. 

 The last metric evaluated for change in behavior was swimming velocity which we found to be 

slower in the presence of the operating turbine versus an absent turbine condition. 

From our direct observations of small subsets of the DIDSON videos, we found that individual fish and 

schools that were headed toward rotating blades usually avoided the blades by adjusting their horizontal 

swimming direction slightly and angling away. Others disappeared just before encountering the rotor (i.e., 

within 1 m), which we assume to have happened because the fish changed vertical direction, swimming 

either above or below the turbine and therefore out of view of the DIDSON beam. Close encounters that 

might result in blade contact were practically non-existent.    

In summary, our analysis suggests that fish might be making small adjustments to swimming direction 

and velocity as they pass near an operating turbine. However, large adjustments in swimming direction or 

velocity were not observed, and we do not believe that the presence of the turbine interrupts in any 

significant way the normal movements of fish through the area. We also believe based on our analysis 

that the risk of actual contact with the rotor is extremely small. 
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6.2 CONCLUSIONS AT RITE  

As required in the RITE Pilot License (P-12611) RMEE-2 Plan (V3.2 December 2010) and Article 401 of 

the WQC11 Water Quality Certification (WQC) Permit, Verdant is required to address specific questions 

relative to the RMEE-2 DIDSON observations. As a result of the analyses presented in this report, we can 

add the following responses to these questions and to the evolving body of knowledge.  

1. How do fish behave around operating KHPS turbines, and are they injured through direct contact with 

the blades?  

 The review of 239 hours of DIDSON video (September 2012) in the presence of an operating 

Gen5 KHPS turbine revealed no drastic changes in swimming behavior as a result of exposure to 

the turbine.   

 Fish tend to behave as generally is assumed in the KFIM model, confirming the 80% movement 

with current; but movement is now shown to be ~84% favoring the current  

 The angle of incidence to the blades was the most significant fish observation, narrowing the 

angle at which a fish approaches the blade to approximately 15 from the original 180. This has 

the effect of increasing the likelihood of strike for a fish approaching the KHPS.  

 A few occasional instances were recorded of avoidance behavior by large fish (>80 cm) as 

discussed in KFIM Parameter 7, but it is not possible to put a precise estimate on the probability 

that a fish will avoid the turbine. 

 From our direct observations of small subsets of the DIDSON videos, we found that individual 

fish and schools that were headed toward rotating blades usually avoided the blades by adjusting 

their horizontal swimming direction slightly and angling away. 

2. Can fish behavior be inferred by tracking a fish’s swimming location and direction in the 

visualization and fish reaction in relation to the rotating blades?  

 The techniques for review of 239 hours of DIDSON video (September 2012) in the presence of 

an operating Gen5 KHPS have been significantly advanced through the methods developed in 

this study. However, this post-processing (as described in Section 2) requires significant skill and 

effort to reveal the conclusions noted.  

 Generally, if a fish track can be isolated (a process that includes both filtering operating turbine 

blade signature and time-stamp tracking of water velocity and location), a visualization of the 

fish track in XYZ plane can be observed relative to the operating KHPS (videos to be posted and 

referenced later).  

 The DIDSON observational technique is useful, recognizing the limited observations in real time 

at RITE (e.g., due to low densities of fish in proximity to an operating turbine or low densities in 

general, even though September was considered to be a peak density season from prior baseline 

monitoring). 

 However, as was determined during the preliminary RMEE-2 on-water testing in September, 

2012, the deployment of this remotely aimed DIDSON (RAD) system requires expertise and 

expense associated with accurate placement near an operating KHPS.  Also, based on 
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manufacturing recommendations and in-water experience, the RAD can be in-water only for 3–4 

weeks without loss of acuity. 

 In conjunction with the expense of post-processing video, the use of RAD monitoring of fish 

tracks should be considered a short-term, micro-observation technique likely used within an 

adaptive management framework for confirmation of expected KHPS fish interaction. 

3. Do the DIDSON observations provide some added meaning and value (correlation) to the body of 

collected data on fish presence, abundance, movement pattern and species in and around the operating 

KHPS turbine? 

 Yes, as discussed in Sections 3 and 4 the body of work accomplished under the ORNL effort 

supports, confirms, and expands the understanding of fish presence, abundance, movement, and 

(to a limited extent) species identification in the presence of the operating turbine.  

 As discussed in Section 4, the 2015 analysis allows us to modify the KFIM with additional 

information on parameters that were previously conservatively set because of lack of knowledge. 

This is a significant advancement as the result of this work.  

 From a biological point of view, the 2015 DIDSON analysis work supports, confirms, and 

expands the understanding outlined in the December 2010 Final License Application and the 

2011 Biological Assessment /Opinion. This study confirms the following: 

– Most fish swim with the tide, especially at times of high current. 

– Fish are most abundant at slack tide when the turbines are not operating. 

– Large fish species such as sturgeon do not occur in high numbers in the East River. 

– Fish are transiting through the project area rather than residing there. 

– The overall probability of a fish–turbine interaction is low. 

4. What, if anything should be changed in the DIDSON operating protocol to improve evaluation of the 

effects of operating a KHPS?  

 Based on the 2012 DIDSON effort at RITE and the ORNL analysis, we remain confident that a 

single seasonal deployment for 3–4 weeks maximum is possible to observe KHPS–fish 

interactions at the micro scale. This field effort (~$75,000 using existing equipment) and the 

required post-processing (on the order of $100,000) should serve to confirm these findings in the 

operation of a single KHPS.  

 Some improvements stemming from the DIDSON analysis could include the following.  

– Position the RAD so that the DIDSON field maximizes the amount of sampled area upstream 

of the rotors; that is, so that the rotors are at the very edge of the field. 

– Limit the number of DIDSON aims to two, one each for ebb and flood tides.  

– Collect data with the turbine removed (as in this study) or in a nearby control location.  

Beyond this RMEE-2 effort, it is doubtful that further RAD deployments to observe multiple operating 

turbines is a useful technique at RITE or that it would yield further data. Verdant will probably pursue an 

adaptive management conclusion of the RMEE-2 effort, if appropriate.  
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6.3 RECOMMENDATIONS  

From a biological and research study aspect:  

 Whereas multibeam hydroacoustics provides the best opportunity to ‘visually’ assess fish interactions 

with turbines in low visibility systems, the limited range of this technique and the post-processing 

requirements make this technique less than ideal. For example, the diameter of the KHPS rotor is 

about twice the vertical range of the DIDSON field so that we were not able to capture the entire 

swept area. 

 Precise positioning and strategic aiming of the RAD are crucial to capturing fish interactions with the 

turbine. Given the current range and width of field of the DIDSON unit, it would be beneficial to 

position two DIDSON units in tandem to fully capture fish entering and leaving the blade swept zone, 

although this option is quite likely cost prohibitive. 

 Automated data analysis was a challenge because of the rotating turbine, however, analytical software 

and techniques continue to improve and this obstacle can likely be overcome in the near future.  

 In the case of the RITE project, the ability to couple the multibeam results with those from a 

splitbeam hydroacoustics analysis and from netting studies provides valuable insight into fish 

behavior at the RITE project.  

From the perspective of an HK developer:  

 Although we were confident that the 2012 data confirmed the conservative assumptions regarding 

fish interaction, the added analysis and scientific third-party effort by ORNL to quantify these 

parameters with the significant video post-processing significantly enhances and advances the 

understanding of KHPS interaction. 

 Pending the deployment of more Verdant Power Gen5 KHPS turbines at RITE, the post-processing 

expertise will be valuable to streamline the RMEE-2 study effort. Funding for this deployment and 

analysis should benefit the HK industry at large and RITE in particular.  

 This monitoring protocol is focused as discussed on the observation of a single (or few) operating 

KHPS turbines at the micro scale. It is likely not applicable for multiple turbines in an array 

condition. Moving toward such studies, it is recommended that research and development funding for 

alternative techniques or algorithms be undertaken to address the array condition.  

 Another supportive recommendation would be to fund a field tagging experiment when multiple 

KHPS turbines are operating at RITE (as discussed in Section 5).  

 Ongoing research and development at various sites and for other HK developers along these lines is 

warranted. The model development and parameterization may be useful for others in the HK industry.  
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past a marine current turbine using the vortex particle method.
Colby and Adonizio [7] employed a one-dimensional model to
examine the influence of hydrokinetic energy extraction on the
flow depth and velocity in the East Channel of the East River in
New York City. James et al. [8] simulated flow past an array of
MHK devices by solving the two-dimensional depth-averaged
equations with turbines modeled as the point momentum sinks.
They estimated the power extracted from the turbines and investi-
gated the downstream flowfields. Miller and Schaefer [9], on the
other hand, simulated flow around a hydrokinetic turbine by solv-
ing the two-dimensional (2D) Reynolds-averaged Navier–Stokes
(RANS) equations using a commercial computational fluid dynam-
ics (CFD) code (Fluent™). None of these studies, however, at-
tempted to simulate 3D turbulent flows around MHK turbines.

Numerical models, on the other hand, have been widely em-
ployed in the simulation of 3D turbulent flow past wind turbines.
Two categories of numerical approaches have been employed in
the wind turbine simulations: one is to parameterize the effect of
wind turbines as the momentum sink – a parameterization ap-
proach, and the other is to directly resolve flow-blade interactions
– a turbine-resolving approach. In the parameterization approach
[10–12]), the effect of a wind turbine is modeled as the momentum
sink in the Navier–Stokes equations. In the turbine-resolving ap-
proach [13–16], flow around wind turbine blades are directly re-
solved in numerical simulation by employing the grid that is
sufficiently fine enough to resolve them. Sørensen et al. [13], for in-
stance, simulated flow past an isolated rotor by solving 3D RANS
equations in a non-inertial reference frame attached to the rotating
blades. Sezer-Uzol and Long [15] carried out large-eddy simulation
(LES) of flow past an isolated wind turbine rotor using unstruc-
tured grids rotating with the turbine blades. Zahle et al. [16] sim-
ulated flow past a wind turbine rotor and tower mounted on the
ground in the inertial frame. They solved the 3D RANS equations
in an inertial frame with the overset grid method, which employs
multi-block body-fitted grids near the rotor, nacelle and tower.

While the turbine-parameterization approach is appropriate for
modeling a number of turbine arrays due to its low computational
cost, the turbine-resolving approach would be more appropriate for
studying the detailed flow physics around individual turbines as it
introduces less modeling and parameterization. Extension of the
turbine-resolving approach to the simulation of MHK turbines,
however, is not straightforward. Simulating flow past real-life
MHK turbines consisting of the moving rotor and stationary nacelle,
pylon and foundation, using unstructured or overset grid methods
in an inertial frame of reference is challenging because generating
good quality boundary conforming meshes, whether structured or
unstructured, for such complex geometry can be cumbersome
and very costly. For instance, Zahle et al. [16], who employed over-
set grids, had to neglect the nacelle and simplify the tower geome-
try in their simulation of the flow past a ground-mounted wind
turbine. Furthermore, flows past MHK turbines in natural or man-
made waterways occur at high Reynolds numbers (106 to 107 based
on the mean flow depth and velocity) and are dominated by ener-
getic coherent structures induced by the interaction of moving
and stationary turbine components with the complex waterway
bathymetry and the approaching turbulent flow. Therefore, turbu-
lence closure models that are able to capture such highly 3D and
dynamic flow environment and resolve turbulent flows dominated
by energetic coherent structures need to be employed.

In this study we propose a new computational framework for
simulating 3D flow past arbitrarily complex MHK devices. We
demonstrate that the method is capable of carrying out LES of flow
past a complete, real-life MHK turbine at field-scale Reynolds num-
bers. We also show that method yields grid converged values for
the power captured by the device, which is in good agreement with
field measurements.
We solve the governing equations, the 3D, unsteady, incom-
pressible Navier–Stokes equations, in the inertial frame of refer-
ence using the sharp-interface curvilinear immersed boundary
(CURVIB) method [1,2,17,18]. The CURVIB method is ideally suited
for simulating flows in domains with arbitrarily complex moving
and/or stationary immersed boundaries. For instance, the complete
MHK turbine geometry, including the rotor and all stationary parts,
is treated as a sharp interface immersed boundary and embedded
in a background curvilinear grid discretizing the channel or natural
waterway. As such, the need for expensive and potentially tedious
re-meshing strategies is eliminated. Moreover, solving the equa-
tions in the inertial frame of reference enables the straightforward
handling of the stationary turbine parts, the free surface and the
riverbed.

To model turbulence, we employ the LES approach with the dy-
namic Smagorinsky subgrid-scale model and the CURVIB recon-
struction wall modeling approach developed by Kang et al. [2].
The governing equations are discretized in space using three-point
central finite differences on a hybrid staggered/non-staggered grid
[2,1,17] and integrated in time using an efficient fractional step
method. To enable simulations on fine computational grids with
hundreds of millions of grid nodes we employ efficient iterative
solvers with convergence acceleration techniques, such as the alge-
braic multigrid method and the matrix-free Newton–Krylov meth-
od [2]. The computer code is also parallelized using the message
passing interface (MPI) to take full advantage of massively-parallel
computational platforms.

This paper is organized as follows. In Section 2 we present the
governing equations of the computational model and describe
the CURVIB method. Subsequently in Section 3 we demonstrate
the ability of the computational model to yield grid converged
solutions for the turbine torque by carrying out a systematic grid
sensitivity study for the turbine rotor. We also demonstrate the
ability of the method to carry out LES of flow past a complete
MHK turbine on fine grids by reporting results from a simulation
on a mesh with 185 million nodes. The computed torque and
power are compared with the measurements and the resulting
3D flow patterns are presented and discussed. In all simulations,
we only consider uniform inflow without incoming turbulence.
In Section 4 we present the conclusions of this study and discuss
areas for future research.

2. Governing equations and numerical methods

2.1. The LES governing equations

The equations governing the instantaneous flowfield for LES of
incompressible, turbulent flow are the 3D, spatially-averaged con-
tinuity and Navier–Stokes equations. In the hybrid staggered/non-
staggered curvilinear grid formulation along with the CURVIB
method [1], the governing equations are first written in Cartesian
coordinates {xi} and then fully transformed (both the velocity vec-
tor and spatial coordinates are expressed in curvilinear coordi-
nates) in non-orthogonal, generalized, curvilinear coordinates
{ni}. The transformed equations read in compact tensor notation
(repeated indices imply summation) as follows (i, j = 1,2,3):
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where J = j@(n1,n2,n3)/@(x1,x2,x3)j is the Jacobian of the geometric
transformation, ni

j ¼ @n
i=@xj are the transformation metrics, ui is

the filtered ith Cartesian velocity component, Ui ¼ ðni
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A B S T R A C T

An effective way to develop arrays of hydrokinetic turbines in river and tidal channels is to arrange them in TriFrame™ 1

configurations where three turbines are mounted together at the apexes of a triangular frame. This TriFrame can serve as
the building block for rapidly deploying multi-turbine arrays. The wake structure of a TriFrame of three model turbines
is investigated using both numerical simulations and experiments. In the numerical part, we employ large-eddy simula-
tion (LES) with the curvilinear immersed boundary method (CURVIB) for fully resolving the turbine geometry details
to simulate intra-turbine wake interactions in the TriFrame configuration. First, the computed results are compared with
experiments in terms of mean flow and turbulence characteristics with overall good agreement. The flow-fields are then
analyzed to elucidate the mechanisms of turbine interactions and wake evolution in the TriFrame configuration. We found
that the wake of the upstream TriFrame turbine exhibits unique characteristics indicating presence of the Venturi effect
as the wake encounters the two downstream turbines. We finally compare the wakes of the TriFrame turbines with that of
an isolated single turbine wake to further illustrate how the TriFrame configuration affects the wake characteristics and
power production in an array of TriFrames.

© 2016 Published by Elsevier Ltd.

1. Introduction

Marine and hydrokinetic (MHK) resources are gaining much inter-
est as an emerging source of renewable energy in recent years. One
way to harness MHK energy from rivers and tidal streams is using
current driven hydrokinetic turbines, which are modular and scalable
in nature. A turbine array is usually employed to maximize the power
extraction from any MHK site. To reduce the installation and mainte-
nance efforts of the turbines underwater, an effective way to develop
arrays of hydrokinetic turbines in river and tidal channels is to arrange
them in conjunction. To optimize the performance of turbine arrays,
a better understanding of turbine wake characteristics and turbine-tur-
bine wake interaction is needed. In this work, we will employ both nu-
merical and experimental methods to investigate the wakes character-
istics of three turbines mounted in a triangular frame (TriFrame) con-
figuration (as shown in Fig. 1).

Many published works studied the nature of the turbulent wake
downstream of a hydrokinetic turbine [1–10], as well as arrays of wind
turbines and effects of intra-turbine spacing within arrays [11–15] us-
ing theoretical, experimental and/or computational tools. However,
there have been relatively fewer studies on arrays of hydrokinetic
turbines. A brief review of experimental and numerical efforts of
turbine array studies are presented first. Myers et al. [16] per

∗ Corresponding author.
Email address: fotis.sotiropoulos@stonybrook.edu (F. Sotiropoulos)
1 TriFrame is a trademark of Verdant Power Inc.

formed a set of scaled experiments to mimic an array of marine tur-
bines in a laboratory setting. A porous disc was used to model the tur-
bines in the experiments. They investigated several intra-turbine spac-
ings in the array and concluded that wake interaction can result in un-
desirable effects of reduced power and increased fatigue loading for
downstream turbines in the array. Using similar tools, Daly et al. [17]
investigated effects of marine turbines in a split tidal channel. Stal-
lard et al. [18] studied the wake structure and recovery of multiple
axial-flow hydrokinetic turbines in several configurations. Their ex-
periments indicated that the wake recovers 80% at 10 rotor diameters
downstream of the turbine. The effect of lateral spacing on the shape
of the wake was also discussed.

Early computational efforts modeled MHK turbines in an array as
single energy extraction points in a 2D domain. James et al. [19] used
a modification of the Environmental Fluid Dynamics Code (EFDC)
developed at Sandia National Laboratories (SNL) to simulate the
changes to marine environments caused by an array of MHK turbines.
Harrison et al. [20] and Malki et al. [21] employed the Reynolds-Aver-
aged Navier-Stokes (RANS) equations and the Blade Element Method
(BEM) to simulate an array of tidal turbines, respectively. Harrison
et al. [20] observed faster wake recovery when compared to the ac-
tuator disc parametrization of turbine. No comparison with experi-
mental data was made in both papers [20,21]. Colby and Adonizio
[22] at Verdant Power studied turbine-turbine interaction and its ef-
fect on marine ecology using ANSYS CFX. However, the simula-
tions didn't resolve the full turbine wake and hence under-predicted
the strength of wake. Bai et al. [23] also studied multi-row arrays
of turbine wakes using Fluent with an actuator disc model but no

http://dx.doi.org/10.1016/j.renene.2017.03.029
0960-1481/© 2016 Published by Elsevier Ltd.
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Fig. 1. (a) Sketch of TriFrame geometry used in the experiments and computations (D = turbine diameter = ); (b) TriFrame of small scale model turbines placed in the labora-
tory flume at Saint Anthony Falls Laboratory (SAFL).

validation of the model was provided. Olczak et al. [24] assessed the
accuracy of blade element method and RANS in predicting the thrust
coefficient and wake velocities using commercial CFD package Star-
CCM+. It was found that the predictions worsens with the increasing
number of turbines in the array with worst prediction for turbines in
downstream rows of the array. The National Renewable Energy Lab-
oratory (NREL) created a framework for simulating MHK turbine ar-
rays in natural waterways [25]. The effect of incoming turbulence on
the wake characteristics was studied in an artificial straight channel.
Ten different configurations including counter-rotating and co-rotat-
ing turbines modeled as actuator discs were investigated. It was found
that for non-staggered co-rotating case, increasing streamwise spac-
ing between rows improved array performance. Staggering turbines
downstream in the row also resulted in improved performance. How-
ever, the published numerical data were not verified with any exper-
imental measurements. Yang et al. [26] developed a computational
framework to perform large eddy simulation (LES) of MHK turbine
arrays in natural waterways. The turbine blades were parameterized
using actuator lines. This framework was employed to analyze the
wake of aligned arrays of MHK turbines with various intra-turbine
spacing in a straight channel flow. More recently, Stansby and Stal-
lard [27] exploited the self-similarity of the wake in order to obtain
optimized inter-turbine spacing in an array. The depth-averaged wake
model of turbines in an array was obtained by superposition of veloc-
ity-deficit for a single turbine wake obtained from measurements (and
applying self-similarity [10]).

In the above mentioned computational works turbine parametriza-
tion was used to save computational cost involved in resolving the de-
tailed geometry of a turbine. However, it was shown by Kang et al. [8]
that the classic actuator disc and actuator line models without a model
for the nacelle cannot accurately predict the velocity deficit in the near
wake, wake meandering and turbulence intensity in the far wake. The
geometry-resolving model using the curvilinear immersed boundary
(CURVIB) method, on the other hand, captures the turbine wake dy-
namics for both near- and far-wake regions, and the computed results
agree well with the measurements.

In this work, we employ the same numerical method, i.e. LES
with the CURVIB method resolving every geometrical details of the
turbine, as in Kang et al. [8], together with experiments to study a
TriFrame of turbines, or simply TriFrame, which is defined as a layout
where three turbines are mounted together at the apexes of a triangu-
lar frame (Fig. 1 (a)). The resulting arrangement is equivalent to two
rows in a staggered fashion. The objective of this work is to study the
wake characteristics of the three turbines in a TriFrame configuration
and evaluate the feasibility of using such system as a building unit for
turbine arrays.

This paper is organized in the following fashion. Section 2 de-
scribes numerical methods used to perform the computational portion
of this work. In Section 3, the experimental and computational setup

is described. This is followed in Section 4 by discussion of the results
obtained. Finally, Section 5 concludes the findings of this work.

2. Numerical methods

The CURVIB method [28,29] is employed to simulate the turbu-
lent flow past the TriFrame of axial flow turbines. The governing
equations are the spatially filtered continuity equation (Eq. (2.1)) and
Navier-Stokes equation (Eq. (2.2)) in generalized curviliear coordi-
nates, which read as follows:

where is the jth curvilinear coordinate, J is the Jacobian of the geo-
metric transformation, are the transformation metrics, is the con-
travariant metric tensor, are the contravariant volume fluxes, are
the cartesian velocity components, p is the pressure, μ is the dynamic
viscosity, ρ is the density and is the subgrid-scale (SGS) stress ten-
sor of the LES method. , and P are filtered quantities. Time av-
erages of cartesian velocity components in the X, Y and Z directions
are denoted as U, V and W later in the discussion. Equations are ex-
pressed using Einstein's notation for tensors where repeated indices
imply summation. The SGS stress ( ) which appears after applying
the spatial filter to the curvilinear Navier-Stokes equations is modeled
using the Smagorinsky model [30].

where the eddy viscosity ( ) was further modeled by Smagorinsky as

In Equations (2.3) and (2.4), the over-bar denotes a spatial filter-
ing operation, is the filtered strain-rate tensor, is Kronecker

(2.1)

(2.2)

(2.3)

(2.4)
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delta, is the Smagorinsky constant, is the filter size (cube root
of the grid cell volume in the present method) and .

Smagorinsky constant is dynamically calculated using the method
of Germano et al. [31]. More details of the calculation can be found
in Kang et al. [29]. In the CURVIB method, the flow field is solved
on a non-body-conforming grid (as shown in Fig. 3 (a)) while the im-
mersed boundary is represented as an independent unstructured sur-
face mesh (Fig. 3 (b)). The background grid nodes are classified as ei-
ther fluid nodes, solid nodes or Immersed Boundary (IB) nodes. The
boundary conditions for the flow field simulations are specified by re-
constructing the velocities on the IB nodes using the values on the
neighboring fluid nodes and immersed boundary surface [29,32]. Lin-
ear or quadratic interpolation can be employed for grids sufficiently
fine to resolve the viscous sublayer. If the first grid node off the
boundary does not lie in the viscous region of the wall boundary layer
near the immersed boundary, a power law wall model of Werner &
Wengle [33] (as implemented in Choi et al. [34]) is employed to re-
construct the velocities on the IB nodes. The equation for power law
wall model is defined as:

where is the shear velocity, ν is kinematic viscosity of water and u
is the wall-parallel velocity at z distance from the wall and
.

The governing equations are discretized in space using a sec-
ond-order central finite difference scheme and advanced in time using
a second-order fractional step method [28,29]. Iterative solvers imple-
mented in PETSc (Portable, Extensible Toolkit for Scientific Compu-
tation) library are used for solving the discretized equations. Gener-
alized Minimal Residual (GMRES) method [35] is used to solve the
linear system for the pressure correction Poisson equation. Algebraic
multigrid (AMG) is used as a preconditioner [29] for the GMRES
method to accelerate the convergence. The non-linear discrete mo-
mentum equation is solved using matrix-free Newton-Krylov method.
The inner iterations of the Newton-Krylov solvers also use GMRES
method but without preconditioning. The code is efficiently paral-
lelized using PETSc library and MPI (Message Passing Interface) to
exploit massively parallel computer clusters. For more details on im-
plementation of the numerical solvers, reader is referred to [28,29].

Both near- and far-wake characteristics of a TriFrame of turbines
are important for developing TriFrame based turbine arrays. How-
ever, it is very expensive to simulate both the near- and far-wake loca-
tions in a single simulation using a sharp interface immersed boundary
method because of the additional computational cost from identifying
fluid, IB and solid nodes at every time step in the IB method, and re-
constructing the left-hand-side matrix in the Poisson solver. In order
to reduce this computational cost, in this work we employ a domain
splitting technique to simulate the near-wake and far-wake separately.
In this technique, the velocities on a plane normal to the streamwise
direction near the outlet of the near-wake simulation are saved at every
time step. The saved velocity fields are then fed into the far-wake sim-
ulation as inflow conditions. The computational setup for the current
simulations using this domain splitting technique will be presented in
Section 3.2. Validation of this technique will be shown in Section 4.1.

3. Test case: TriFrame in laboratory flume

3.1. Experimental setup

To study the wake of a TriFrame of axial-flow turbines, three
model turbines were placed in a laboratory flume at Saint Anthony
Falls Laboratory (SAFL). The channel was wide, long,
and utilized a three axis automated traversing carriage to position
different instruments to monitor water surface elevation and 3D in-
stantaneous velocity. The miniature three-bladed axial-flow hydro-
kinetic turbines (Fig. 1 (b)) with rotor diameter, , were
installed in the channel. Additional details of the turbines used, in-
cluding geometry, data acquisition techniques, and methods for de-
termining tip-speed ratio can be found in Hill et al. [36–38]. Aver-
age flow depth was and average volumetric flow rate

resulting in a bulk approaching velocity of approx-
imately and a mean hub height velocity of

. Reynolds number based on the bulk mean inflow
velocity and turbine diameter D is . Using the same
parameters, Froude number for the prescribed hydraulic condition was

. The hub height of all three turbines was at
above the channel bottom. The upstream turbine (T1) in the first row
was placed approximately downstream of the channel inlet and
was rotating with an averaged angular speed of while
the two downstream turbines (T2, T3) in the second row were tan-
gential slightly faster with . Because the turbines did
not have precise and constant angular velocity control, their angular
velocity varied slightly in time due to unsteadiness in the approach
flow; however, the mean tip speed ratio was for the first row
turbine (T1) and for the second row of turbines (T2, T3).
Here, tip speed ratio is defined as the ratio of the rotating speed at
the blade outer tip and the incoming hub height velocity ( ) in the
experiment (i.e. , where r is the radius of the turbine ro-
tor.). The blockage induced by the upstream turbine ( 7%) created a
slight acceleration on the lateral sides, thus resulting in an increased
angular velocity for the downstream turbines. All three turbines ro-
tated counter-clockwise looking downstream. An acoustic Doppler ve-
locimeter (ADV) sampling at was used to measure the three
velocity components at several points at hub height, , in a plane
parallel to the channel bottom. A second experiment using a single tur-
bine but with the same hydraulic condition was also completed. These
data are compared to the wakes of a TriFrame turbine configuration.

3.2. Computational setup

Simulations were performed for both a TriFrame of turbines and a
single isolated turbine for comparison. In order to save computational
time, near-wake and far-wake simulations were carried out separately.
The near-wake domain contains the turbines while the far-wake do-
main starts at the outflow of the near-wake domain as seen in Fig.
2. The streamwise length of the near-wake and far-wake domains is
9D and 12D, respectively. The velocity time-series from near-wake
simulation is sampled at from the near-wake simulation and
fed to the far-wake simulation. This amounts to a one-way coupling
between the two computational domains. This one-way coupling is
acceptable because convection of wakes to further downstream loca-
tions dominates the flows around 7D downstream from the TriFrame.
Further validation is provided in Section 4.1 by comparing flow-field
in the overlapping region. The TriFrame of turbines is placed in the
center of the flume such that the rotating center of the upstream T1

(2.5)
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Fig. 2. Simulation was performed in two parts - near-wake and far-wake. Section AA′
is position where velocity was extracted in near-wake and fed to far-wake simulation.
Comparison of velocity is made at section BB′ for validation (see Fig. 4).

turbine (or the only turbine for single turbine case) is located at (2D,
0, 0.9D), 2D downstream from the inlet plane. The second row tur-
bines (T2, T3) are located as per Fig. 1(a). For the near-wake simula-
tion, fully developed turbulent flow condition is prescribed at the in-
let boundary. To achieve this, a separate precursor channel flow sim-
ulation is run with periodic boundary conditions in the streamwise di-
rection to obtain a fully developed turbulent inflow. The cross section
of this channel is the same as the flume. Time-series of the velocity

on a cross section from this simulation are saved and introduced as the
inlet velocity boundary condition for the near-wake simulations. The
inflow for the far-wake simulation, on the other hand, is provided by
the outflow of the near-wake simulation using time series of velocity
vector extracted at each point on the plane (marked as section
AA′ in Fig. 2) saved in the near-wake simulation. The bottom and side
walls of the flume had a small roughness height corresponding to the
transition roughness regime. Since no roughness model is available
to model this regime, the walls were assumed to be smooth. This as-
sumption is not expected to significantly affect the velocity field near
the turbines far away from the wall region. The top free surface of
the channel, in both near- and far-wakes simulations, was modeled as
rigid lid. Since the free surface level in the experiments did not change
more than 3.5% of the flow depth, the rigid lid assumption will be an
acceptable modeling approach. At the exit of both near- and far-wake
domains, Neumann boundary conditions are imposed. On the bottom
bed and side walls, the first off-wall grid node was approximately 32
and 58 wall units away from the wall, respectively, in all cases. Since
these points lie outside of the laminar region of the boundary layer, a
wall-modeling approach was used (as described earlier in Section 2).

Fig. 3. (a) Background grid for newar-wake simulation with TriFrame. Every fifth grid line is shown in all three direction. (b) Turbine geometry represented by unstructured trian-
gular meshes.

Fig. 4. Comparison of flow field in section BB′ of Fig. 2. (a) Normalized mean streamwise velocity ; (b) Spanwise profile of streamwise velocity at hub height; (c) Spanwise
profile of TKE at hub height; (d) Spanwise profile of mean vertical velocity at hub height.
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The size of computational domain for each simulation is presented
in Table 1. The table also lists number of grid points , and

in the X, Y and Z directions, respectively. The grid was stretched
such that points were clustered in the region of the turbines as well
as immediately downstream of the turbines. Fig. 3 shows background
grid for near-field simulation with TriFrame. Same figure also shows
turbine represented by unstructured triangular mesh. In the near- and
far-wake domains, the grid is stretched in the spanwise (Y) and verti-
cal (Z) directions so that more points are clustered in the region near
the turbines. The Y spacing ranges between D/100 and D/40 whereas
Z spacing range between D/100 and D/75 where minimum spacings
occur close to turbine and maximum spacings occur away from the
turbine. These values do not change in the streamwise direction for
both near-wake and far-wake simulations. For streamwise (X) grid
spacing in the near-wake simulation, the grid is stretched such that
near the turbine, the X-spacing is D/400 so that the blade thickness
is resolved by the background grid cells. Very far away downstream
from the turbine location, this spacing grows to D/25. In the far-wake
simulation, the X-spacing has uniform value of D/50. For grid sensi-
tivity studies, we rely on the earlier published works ([4,8]) using the
same code. They showed that, using immersed boundary method, the
spatial resolution employed in the present work can give a reasonable
agreement with the measurements of torque generation [4] and wake
of the turbine [8]. The size of the time step was
for all simulations. Simulations were run until the total kinetic energy
of the whole computational domain converged to an asymptotic value
which took approximately flow-through times or ro-
tor revolutions of the first (T1) turbine in TriFrame (or single turbine).
Subsequently, the results were time averaged for another 180 rotor
revolutions for the TriFrame near-wake simulation and 75 revolutions
for the single turbine near-wake simulation. For the far-wake simula-
tions, averaging period was 180 rotor revolutions of T1 turbine in the
TriFrame case and 63 rotor revolutions for single turbine case.

4. Results and discussion

In the following section we discuss the results of the experiments
performed at SAFL with a TriFrame of turbines and the subsequent
LES. Both mean flow and turbulence statistics are presented below.

4.1. Validation of domain splitting method

The simulations were performed separately for near- and far-wake
regions. The section between and is common between both
simulations allowing for validation of the two-domain approach. Time
averaged flow-field from both near- and far-wake simulations is ex-
tracted at section BB′ at (shown with blue dashed line in Fig.
2) and compared in Fig. 4. The contours of mean streamwise veloc-
ity from the two simulations match with each other well such that
they differ by only 2% on average and 10% at most. Plots of mean
velocity components and turbulence kinetic energy (TKE) in span

Table 1
Details of simulation grids used for TriFrame case and isolated single turbine (1 turbine)
case. “Near” and “Far” denote near-wake and far-wake simulations, respectively.

Simulation X/D range Y/D range Z/D range

TriFrame: Near [0,9] [-3,3] [0,1.87] 592 521 184
TriFrame: Far [8,20] [-3,3] [0,1.87] 601 521 184
1 Turbine: Near [0,9] [-3,3] [0,1.87] 592 521 184
1 Turbine: Far [8,20] [-3,3] [0,1.87] 601 521 184

wise direction at the hub height approach each other, confirming the
validity of the two domain technique.

4.2. Time-averaged flow field

In Fig. 5, time-averaged streamwise velocity profiles are plotted
from both the experimental measurements and LES prediction along
the span of the domain in the hub height plane at different down-
stream locations. Velocity deficit is created downstream of all three
turbines. Simulation predictions show good agreement in the region
downstream of the turbines. The peak in velocity deficit is captured
accurately for both rows of turbines. Further downstream, the veloc-
ity is under-predicted by the LES. Velocity at the center line of the
turbine wakes is within 7% of experimental value. Closer to the wall,
towards the outer boundary of the wakes, the discrepancy is close to
10% which can be attributed to the discrepancy in the inlet profiles
near walls.

The turbulence kinetic energy (TKE) in Fig. 6 shows a similar
trend. Most of the TKE in the flow is generated due to the presence of
the turbines. Similar to what is obtained in the measurement as well as
observed by Kang et al. [8], the LES prediction shows multiple peaks
in TKE created by each turbine. The peaks in TKE are well predicted
in the near wake but under-predicted (by up to 25%) in the far wake
downstream region.

The vertical velocity component (due to the wake rotation) profiles
in the same plane are plotted in Fig. 7. The incoming flow has little to
no vertical velocity component at hub height. The flow past the first
turbine near the blades has a significant vertical velocity component
which is accurately predicted by LES. Further downstream, the verti-
cal component weakens and the LES prediction is not as accurate as
in the near wake. Unlike LES, the incoming flow in the experiment
has slight non-zero vertical velocity at hub height. This difference is
propagated and seen downstream (until ). This difference aside,
vertical velocity from LES compares well with the experiments.

Next, contours predicted by the simulations are plotted in a stream-
wise-vertical plane normal to the channel bed and passing through the
center of the turbines. In Fig. 8 the contours of time averaged stream-
wise velocity are shown for the three turbines of the TriFrame. Tur-
bine numbers correspond to those indicated in Fig. 2. The contour
plots show the shape of the wake and its recovery. There is a strong
deceleration of the flow downstream of the turbine rotor and the hub.
The wake is different for the first row and second row turbines with
the latter showing lower recovery rate. The white lines on the plot
mark zero streamwise velocity contour indicating presence of reverse
flow in the vicinity of the hub. The transverse velocity contours in Fig.
9 show the compound wakes with an inner wake associated with the
hub and an outer wake associated with the rotor. At approximately

to downstream of turbine the two wake structures merge into
one. The TKE (Fig. 10) shows contours similar to what was seen in
Kang et al. [8]. Two regions of TKE generation exist - the tip of the
rotor blades and the hub. These regions of TKE extend downstream,
interacting close to the outer rotor shear layer. It is interesting to note
that the wake of the upstream turbine shows significantly lower levels
of TKE than the downstream ones.

To further analyze the differences between the wakes of different
turbines in the TriFrame, contours of streamwise velocity and TKE are
plotted on the wall parallel plane at hub height in Fig. 11. It is evi-
dent from this figure that the spanwise extent of the wake of the first
turbine (T1) narrows starting at downstream from the turbine and
recovers at a much higher rate than the wakes of the other two tur-
bines. In this region of wake constriction, the streamwise velocity is
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Fig. 5. Comparison of streamwise velocity past the TriFrame of turbines at distances (a) upstream and (b) , (c) , (d) , (e) , (f) downstream of the first
turbine (T1) in a horizontal plane at the turbine hub height.

Fig. 6. Comparison of turbulence kinetic energy (TKE) past the TriFrame of turbines at distances (a) upstream and (b) , (c) , (d) , (e) , (f) downstream of
the first turbine (T1) in a horizontal plane at the turbine hub height.

higher and the TKE levels are lower than the two downstream tur-
bine wakes. These findings, attributed to the Venturi effect induced
by turbines T2 and T3, have also been reported in experiments of

Chamorro et al. [13] on a laboratory scale staggered wind farm. Simu-
lations of Ammara et al. [11] also observed flow acceleration between
two turbines in staggered configuration in their simulations.
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Fig. 7. Comparison of vertical velocity past the TriFrame of turbines at distances (a) upstream and (b) , (c) , (d) , (e) , (f) downstream of the first turbine
(T1) in a horizontal plane at the turbine hub height.

Fig. 8. Contours of time averaged streamwise velocity, U, normalized by bulk mean in-
flow velocity, , in the vertical plane passing through the center of the rotor for the tur-
bines T1, T2 and T3. White line marks the contour of . Dash-dot line shows
the start of far-wake simulation.

Fig. 9. Contours of time averaged transverse velocity, V, normalized by bulk mean in-
flow velocity, , in the vertical plane passing through the center of the rotor for the
turbines T1, T2 and T3. Dash-dot line shows the start of far-wake simulation.

The spanwise variation of streamwise velocity and TKE for the
far-wake simulations are shown in Fig. 12. In the previously dis-
cussed Fig. 5, large momentum deficits were observed in the near

Fig. 10. Contours of TKE normalized by the square of bulk mean inflow velocity in
the vertical plane passing through the center of the rotor for the turbines T1, T2 and T3.
Dash-dot line shows the start of far-wake simulation.

wake, specially within of the turbines where the streamwise ve-
locity is negative. In the far wake, after downstream, most of the
momentum has recovered and the velocity profile of the superwake of
the TriFrame of turbines changes very little. Fig. 12(b) shows that the
TKE generated by turbines in the near wake (see Fig. 6) decays in the
wake slowly. Beyond , the TKE profiles of the superwake change
very slowly.

4.3. Comparison with single turbine wake

To compare the wake of a TriFrame of turbines with that of a sin-
gle turbine, a separate experiment and a separate LES were performed
with an isolated single turbine in the same flume under the same con-
ditions. The velocities from this experiment were also measured at hub
height at different downstream locations in the near wake.

Figs. 13 and 14 illustrate the streamwise velocity and TKE, re-
spectively, at certain distances downstream from the position of each
of the three turbines in TriFrame and the isolated single turbine. For
T2 and T3 TriFrame turbines in plots of Figs. 13 and 14, positive Y
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Fig. 11. Contours of time averaged normalized (a) streamwise velocity and (b) TKE in
hub height plane for the three turbines. Dash-dot line shows the start of far-wake simu-
lation.

Fig. 12. Profiles of (a) time averaged streamwise velocity and (b) TKE in far wake of
TriFrame of turbine at several downstream distances (as labeled on plot) measured from
the location of first row turbine (T1).

represents the locations near the channel center and negative Y rep-
resents locations near the channel wall. This is not applicable to the
other two turbines since they have symmetric wall conditions on both
sides in the spanwise direction. As can be seen from Fig. 13, the
streamwise velocity profile for all turbines look very similar at
where the wake from the upstream turbine in the TriFrame is not yet
influenced by the two downstream turbines. Further downstream (
to ), the wake of the upstream turbine T1 of the TriFrame re-
covers much faster than the isolated turbine and the two downstream
TriFrame turbines because of the Venturi effect. Beyond down-
stream, the wake recovery of the first turbine (T1) occurs at nearly
the same rate as the other turbines. On the other hand, the spanwise
profiles of velocity of the two downstream turbines of the TriFrame
and the isolated single turbine still look very similar to each other.
The difference between the T1 turbine wake and the other turbines
diminishes as we move downstream. At and beyond, this dif-
ference is very small and the mean wake for all turbines has mostly
recovered. At , the T1 turbine wake has completely recovered.
For the two downstream TriFrame turbines, the streamwise velocity is
nearly symmetric within the wake, yet the streamwise velocity out of

the wake is larger near the channel center than near the channel walls.
The T2 and T3 turbines recover at a rate similar to that of the isolated
turbine for the region within the wake i.e. within spanwise distance of
approximately centered at turbine rotor. In regions far from the
center the recovery is faster for T2 and T3 turbines.

Lower TKE levels in the wake will result in less fatigue loading on
the downstream turbines in the array. Therefore, it is important to dis-
cuss the spatial evolution of TKE in the wake. Fig. 14 highlights the
spanwise profiles of TKE at different downstream locations, illustrat-
ing the effect of turbine-turbine interactions on TKE levels. After 2D,
the TKE of the T1 turbine wake is significantly lower than both T2
and T3 turbines (between 17 and 23% lower) and the isolated turbine
(23% lower) in regions near the rotor tip (marked with dashed grey
lines in the plots). In the inner wake region, the TKE levels for each of
the turbines are comparable to each other for much of the wake except
between and when T1 turbine inner wake also shows lower
TKE (by 16–40%) than the other turbines. The difference in TKE lev-
els continues to diminish and profiles of all wakes look similar at

and beyond where values are within 4% of each other. In Fig. 15
we plot the time-averaged TKE contours on Y-Z planes (wall-normal,
perpendicular to flow) located at 2D, 3D and 4D downstream of the re-
spective turbines First, the TKE from the first turbine in the TriFrame
is lower than the other three turbines at all three downstream locations.
At 2D and 3D, the intensity of the maximum TKE from the two down-
stream turbines in the TriFrame are very similar to that of the single
turbine. At 4D, on the other hand, the TKE in the wake of the two
downstream turbines in the TriFrame are higher and distributed in a
wider region, which is significantly different from that of the single
turbine.

To understand the Venturi effects in the superwake, we define a
special wake function using the following relationship:

where is the time-averaged streamwise velocity any point
in space, is the location of the center of turbine rotor and

is the incoming hub height velocity intercepted by the turbine.
In Fig. 16 we plot at different distances downstream from the tur-
bine rotor for the single turbine and T1 turbine of TriFrame. Plots
of for T2 and T3 turbines are not shown for succinctness.
The maxima near the rotor tip region defines the spanwise extent of
the mean wake of the turbine. The locus of these maxima in is
also shown in the plot. This locus represents the shape of the mean
wake. In Fig. 16 (c), the locus of maxima for the single turbine and
the TriFrame turbines are collectively shown in the XY plane at hub
height. It shows that the wake of all turbine in the TriFrame follow
that of the single turbine until downstream distance. After this dis-
tance, the turbines T2 and T3 are encountered and the Venturi effect
causes the T1 wake to constrict. This is shown by the kink in the locus
of T1 turbine. The locus for T2 and T3 turbines also depart from the
single turbine case, although the T2 wake is most similar. The wakes
of T2 and T3 turbines also differ from each other in spite of the ap-
parent symmetry of the setup. This asymmetry originates from the fact
that all three turbines rotate in the same (-X) direction introducing an
inherent asymmetry. Also note that the side-wall is present on differ-
ent side of turbine for T2 and T3 with respect to rotation direction.

Recovery in the superwake near the hub region of the TriFrame
and its comparison with single turbine is shown in Fig. 17. The aver-
age over a disc of diameter ( for streamwise veloc

(4.1)
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Fig. 13. Comparing wakes past turbines in TriFrame with the wake past isolated single turbine. Streamwise velocity comparison downstream from the position of turbine in a hori-
zontal plane at the turbine hub height (a) through (h). 1 turbine is from isolated single turbine simulation and Expt. 1 turb. is from corresponding experiment. ( denotes Y coordinate
of the center of the turbine.)

Fig. 14. Comparing wakes past turbines in TriFrame with the wake past isolated single turbine. TKE comparison downstream from the position of turbine in a horizontal plane at the
turbine hub height (a) through (h). ( denotes Y coordinate of the center of the turbine.)

ity and for TKE) and along the axis of the turbine was
obtained for the quantities (see Fig. 17 (a)). Averaging diameter was
chosen based on the gradients of quantities in the radial directions.
Discontinuity in averaged quantities in the streamwise direction, es-
pecially for (c) the streamwise derivative, is found at the joint loca-
tion of the near-wake and far-wake simulations. To avoid possible
misconceptions, the corresponding parts are removed in the plots. In
(b), the spatial average of streamwise velocity over the disc is nor-
malized using the corresponding value at 1D upstream of the con-
cerned turbine. Among the three TriFrame turbines, the upstream T1

turbine recovers much earlier than the T2 and T3 turbines. The two
downstream turbines are, however, similar in recovery (within 2%) to
that of the single turbine case. As evident in the plot of recovery rate
(c) (obtained by taking the streamwise derivative of the values in ve-
locity recovery plot (b)), the most significant difference in recovery
rate is between 1D and 4D downstream of the turbines, i.e., just af-
ter the second row of turbines in the TriFrame are encountered by T1
turbine. Beyond 10D, the rate of recovery for all turbines is slow and
comparable to each other (9–12% of maximum recovery rate of T1
turbine). The disc-averaged TKE plot (d) in the wakes of the turbines
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Fig. 15. TKE contours on wall-normal (Y–Z) planes perpendicular to flow at , and downstream of turbines. Arrow shows direction of rotation for all turbines and dashed
circle marks projection of area swept by turbine rotor. TriFrame turbines T1, T2 and T3 are as defined in Fig. 2. Channel side-walls are indicated by black lines on contour figures for
T2 and T3.

reveals a similar trend. The two downstream turbines of TriFrame, T2
and T3, and the single turbine have TKE levels within 2% of each
other throughout the wake but T1 turbine wake has dampened TKE
levels in the near wake. However, in the far wake (beyond 10D down-
stream), the TKE levels for all turbines are similar (within 3%).

4.4. TriFrame deployment in an array

A large scale power producing array of turbines can be constructed
by deploying multiple TriFrames of turbines at a site. This means suc-
cessive TriFrames are in the wake of preceding ones. Since the power
production by axial hydrokinetic turbines is proportional to the cube
of incoming velocity, a speedier recovery of the wake means better
performance for the downstream TriFrames. From the above results of
the simulations, it is clear that each of the turbines in the TriFrame has
different wake characteristics. Fig. 16 describes the averaged spatial
evolution of their wake and differences with single turbine. The flow
accelerates between the two downstream turbines resulting in an early
recovery of the upstream T1 turbine compared to the single turbine
wake. Table 2 compares the percentage of upstream velocity, aver-
aged over a disc (see Fig. 17(a)), recovered for each of the turbines at
distances 5D, 8D, 10D and 15D downstream of turbine. At 5D down-
stream of the turbine, T1 turbine has recovered 81% of the incoming
flow whereas the isolated turbine wake has recovered only 70% by
this distance. Due to the slowing recovery rate (Fig. 17(c)) it takes an-
other 5D (total of 10D downstream) for the single turbine to recover
up to 81%, at which point T1 turbine has recovered approximately
90% of the upstream value.

Consider two TriFrames placed in an array in an aligned manner
as shown in Fig. 18. For the second TriFrame , the incoming ve-
locities for T4 is lower than T1 (of first TriFrame ) by fractions

listed (as percent) in column 3 of Table 2. Similar fraction for T5 over
T2 and T6 over T3 is in the next column. The fifth column in the table

represents the amount of additional power that T4
turbine of TriFrame generates as compared to ST2 turbine a of sin-
gle turbine array instead of TriFrames ( denotes the power produced
by turbine/TriFrame index as shown in Fig. 18). If the distance be-
tween the successive units (x) is 5D, the upstream turbine (T4) of sec-
ond TriFrame ( ) can generate up to 37.9% more power. Owing to
different velocity recovery, the power production of a single turbine in
the wake (ST2 in Fig. 18(b)) will be different from that of the turbines
in array of TriFrames (T4 - T6 in Fig. 18(a)). The last column in Table
2 gives the error in TriFrame power production estimate (of ) if the
individual turbine wakes of the TriFrame were simply modeled as
single turbine wakes. If the spacing between successive TriFrames is
5D, this error could be up to 17%. However, if the spacing is large
(15D), less than 5% error in power production results.

The fluctuating components of velocities in the incoming flow are
responsible for fatigue loading on the turbine blades. Long term ex-
posure to fatigue loading compromises the structural integrity of the
turbine with severely damaging effect on its performance and safety.
Therefore, it is important to analyze the turbulence in the incoming
flow for the turbines in an array. Even if the incident flow on first tur-
bine (or first TriFrame) of the array has little to no incoming turbu-
lence, the rotating turbine produces significant levels of turbulence for
the downstream turbines of the array. In case of a TriFrame of tur-
bines, lower levels of TKE in the wake of T1 turbine were observed
as compared to the single turbine (ST1) wake (see Fig. 17(d)). The
disc averaged TKE at 5D for T1 wake is 10% lower than that of the
isolated turbine. At 10D, the averaged TKE for all turbines (T1, T2
and T3) are 4% lower than the ST1 wake whereas at 15D they are
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Fig. 16. Special wake function plots for (a) Isolated turbine; (b) T1 turbine in TriFrame; (c) Boundaries of the turbine wakes computed using the locus of maxima of special wake
function for all turbines. For turbines T2 and T3, negative ordinate values represent locations close to the wall and positive values are locations close to channel center.

within 2.5% of the corresponding ST1 value. We therefore demon-
strate that for an array deployment of MHK turbines, the interaction
between wakes has to be properly resolved in a TriFrame simulation
to provide a better prediction of generated power. As seen in afore-
mentioned calculations of the power generation estimates (values in
Table 2), the power produced by TriFrame of turbines could be under-
estimated if wake-interaction effects are unaccounted.

5. Conclusion

In this paper, the flow past a TriFrame of hydrokinetic turbines in
an open-channel was studied using both experiments and numerical
simulations. Geometry resolving LES is of special relevance to hy-
drokinetic turbines because reduced order modeling techniques, such
as actuator line/disc methods, cannot predict the wake accurately [8]
since they do not model the nacelle and cannot capture the rich dy-
namics of the hub vortex. To the best of our knowledge, our work
is the first time a geometry resolving simulation was performed for a
turbulent flow past multiple hydrokinetic turbines. The computed re-
sults were compared with the measurements from the laboratory ex-
periments. The mean velocity and the turbulent statistics were ac-
curately predicted in the wake of the TriFrame. Further analysis of
the computed results revealed characteristic features of the TriFrame
wake that could not be identified in a single turbine wake. In partic-
ular, the two rows of turbines in the TriFrame give rise to different
wakes. For the upstream turbine in the TriFrame, the shear layer gets
constricted after reaching the second row at 2D downstream distance.

This is attributed to the Venturi effect which has been observed earlier
in the experiments with wind turbines [13]. Consequently, flow accel-
eration is obtained in the region between the outer shear layers of the
adjacent turbine wakes. The TKE levels are also lower in this region
and the momentum deficit recovers faster for the upstream turbine. On
comparison with a separate single turbine simulation, it was observed
that the wake of the upstream turbine has higher velocity and lower
TKE than the single turbine. The two second row turbines, however,
produced higher TKE levels in the wake around the tip region in the
near wake. In the farther wake after 5D, the TKE levels were similar.
The general shape of the three wakes of turbines compared in Fig. 16
showed different characteristics. Since all three turbines rotate in same
direction, the two downstream turbines (T2 and T3) are effected dif-
ferently, resulting in the spanwise asymmetry of the superwake of the
TriFrame (see Fig. 16).

The faster momentum deficit recovery and lower TKE in the wake
of the upstream turbine of the TriFrame are advantageous when us-
ing the TriFrame assembly to build a large turbine array. Higher TKE
levels in some near-wake regions in the wake of the second row tur-
bines will produce undesirable effect of higher fatigue loads on the
downstream turbines in the array. If the TriFrames are used to build
the array, the power produced by TriFrame is higher than three single
turbines operating independently. The amount of excess power gener-
ated depends on the inter-TriFrame spacing in the array and increases
with decreasing spacing. Therefore, estimating the power production
of downstream TriFrame with three single turbines will underesti-
mate the power by amount listed in last column of Table 2. In future
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Fig. 17. Characteristics of the TriFrame turbine wakes in comparison with the single turbine wake using the disc-averaged quantities. (a) A schematic showing computation of the
disc-averaged quantities at spanwise-vertical discs with diameter along the rotor axial direction at different streamwise locations, and (b) disc-averaged streamwise velocity
( ), (c) wake recovery rate computed using the disc-averaged streamwise velocity, and (d) disc-averaged TKE ( ) at different streamwise locations.

Fig. 18. Array of MHK turbines consisting of (a) TriFrame configuration with
TriFrames and and (b) single turbines ST1 and ST2 separated by x distance.

Table 2
Recovery of velocity in the wakes of different turbines at downstream distances 5D,
8D, 10D and 15D from the turbine. and denote power produced by T4 tur-
bine and total TriFrame power of , respectively, for a second downstream TriFrame
in the wake. denotes the power produced by turbine/TriFrame as in Fig. 18 (See
Appendix A for evaluation of and ).

x
Single
Turbine TriFrame T1

TriFrame T2,
T3

5D 69.1% 81.0% 69.7% 37.9% 17.0%
8D 79.1% 86.8% 80.7% 24.7% 11.2%
10D 83.1% 89.7% 84.4% 20.5% 8.7%
15D 85.5% 93.8% 88.8% 16.0% 4.7%

work, the 3D resolved flow computations obtained here will be used
to construct reduced-order models helpful in finding the optimal
Triframe layouts using such techniques as used earlier [27]. Our fu-
ture work will also focus on performing array level computations with
TriFrame configurations in a real-life marine environment.
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Appendix A. Calculation of and in Table 2

Power produced by a turbine P is given as:

where is the power coefficient of the turbine, ρ is density of
fluid, is area intercepted by turbine and U is the in-
coming fluid velocity. Assuming all turbines have the same diame-
ter, constant fluid density and are operating at the same power coeffi-
cient, for two different incoming velocities and the power pro

(A.1)
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duction ratio is given as

Consider two units in an array of single turbines such that one tur-
bine is placed in wake of another. The incoming velocity for
preceding turbine and for the next downstream turbine in ar-
ray are related by where R and are
recovery fraction (shown as % in Table 2 or in Fig. 17(b)) and in-
coming velocity for the preceding turbine (ST1) in the upstream unit.
Same relationship holds true for similarly positioned turbines in two
TriFrame units for an array of TriFrames. for different up-
stream turbines are listed in Table A.3. Using the above relation (in
Eq. (A.2)) for T4 as 1 and ST2 as 2 we can write,

and

Columns four and five in Table 2 are populated using the above
relations A.3 and A.4, respectively, and the values of recovery (R) at
respective downstream distances in the same table.
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