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1 Introduction

1.1 Riverine Hydrokinetic Energy and Alaska. Alaska is

Field Investigation of Bluff
Body, Spring, Damping, and
Mechanical Rectification
Performance Impacts on a
Galloping Current Energy
Converter

The Water Horse is a galloping current energy converter, originally developed by Renerge
Inc., which uses flow-induced oscillation to harness riverine hydrokinetic energy and
convert it to electricity through a novel power takeoff (PTO) system. This article presents
the correlational analysis of data collected during field testing of a Water Horse prototype
at the University of Alaska Fairbanks (UAF) Tanana River Test Site in the summer of 2020.
Testing focused on investigating the impacts of various system parameters on system level
performance. Specifically, variations in bluff body sizing, spring stiffness, generator
damping, and mechanical rectification of shaft rotation were correlated with oscillation fre-
quency, oscillation amplitude, electrical output power, and water-to-wire efficiency. Com-
pleted at Reynolds numbers of 700,000 to 1,100,000, these data provide insight into
galloping energy harvesting at the kW scale in a typical Alaska riverine environment.
The bluff body with a smaller diameter and length delivered higher electrical power
output than the larger bluff body; however, energy transfer into the floating platform was
qualitatively higher with the larger bluff body. Removal of mechanical rectification led to
increases in power production and system efficiency while decreasing peak-to-average
power levels at the generator. The data show that optimal damping was not reached due
to force limitations in the PTO design. Overall, total conversion efficiency was low, reach-
ing a maximum total efficiency of 1.8% for the design swept area and a maximum specific
efficiency of 2.6% for the actual swept area. [DOI: 10.1115/1.4069998]

Keywords: fluid—structure interaction, ocean energy technology, vortex-induced vibration,
hydrokinetics

[3-6]. For this reason, hydrokinetic current energy converters
(CECs) have long been of interest to remote riverine communities

home to over 90 geographically and electrically isolated communi-
ties that abut rivers and consume a collective 175,000 MWh per
year, predominantly from diesel generators [1]. These riverine
microgrids range in average load from 10 kW to 5 MW, far below
what might justify investments in civil engineering infrastructure
such as dams or diverters. Furthermore, dams and diverters are
likely to significantly impact habitat for species core to subsistence
lifestyles [2]. In contrast, there is a reason to believe that the environ-
mental impacts of discrete hydrokinetic devices may be acceptable
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seeking to generate electricity from local river energy resources.

A 2014 assessment of riverine energy resources in 22 Alaska
communities on the Yukon, Kuskokwim, and Copper rivers pre-
dicted riverine energy resources at average discharge ranging
from 800 kW to 8.6 MW [7]. A further study has investigated inter-
connection distances and costs based on these data [8]. Despite
these efforts to measure resources and quantify interconnection fea-
sibility, economically viable CEC have not yet seen widespread
adoption in Alaska riverine communities. Two major impediments
to hydrokinetic power generation in Alaska have been (1) CEC
device susceptibility to damage from woody debris in the river
and (2) the high cost and complexity of hydrofoil turbines and sub-
merged rotating and electrical components [9,10]. Attempts at
deploying grid-connected CEC were undertaken in the Yukon
River at the communities of Eagle and Ruby between 2008 and
2010. In both cases, woody debris common to the river caused
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frequent stoppage of the turbines and both projects were ultimately
discontinued [9]. A long-running project in the Kvichak River at
Igiugig has achieved several milestones [11]; however, the
Kvichak River does not expose the CEC to debris and sediment
at the levels seen on the Yukon or Kuskokwim River.

1.2 Tanana River Test Site. The experiences at Ruby and
Eagle were the motivation for the establishment of the Tanana
River Test Site (TRTS) by the Alaska Center for Energy and
Power (ACEP) at the University of Alaska Fairbanks (UAF).
TRTS is situated on the Tanana River, a tributary of the Yukon,
in the town of Nenana, AK, and is road accessible 55 miles from
Fairbanks. TRTS provides a fully permitted and accessible testing
ground in a representative Alaska riverine environment. With a
typical depth of 8-9 m and a summer flow velocity ranging from
1.5 to 2.5 m/s, the test site is well suited for testing kW-scale
CEC. A variety of published research has resulted from research
and testing activities at TRTS [12-17]. A map of the permitted
stretch of river and representative acoustic Doppler current profiler
(ADCP) transects plots is shown in Fig. 1. The thalweg path is the
line of maximum depth of the river channel. The maximum path is
the line of maximum velocity.

1.3 Introduction to Flow-Induced Oscillation. Both vertical
and horizontal axis cross-flow, as well as axial-flow, turbines have
demonstrated susceptibility to negative consequences of debris
impacts and accumulation. All technologies evaluated prior to this
work are not compatible with naturally occurring debris and will
likely require a debris mitigation system in uncontrolled rivers,
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adding to the cost and complexity of the installation. This work
evaluates an alternative approach in which flow-induced oscillation
(FIO) is harnessed to convert kinetic energy in the flowing river into
mechanical oscillations, which are in turn converted into electricity
through a purpose-built power takeoff (PTO).

The term “gallop” refers to aeroelastic instability of structures
that result in self-excited oscillations under the incident fluid flow
(commonly air or water). When an elastically constrained structure
is immersed in a flowing fluid, “negative damping” can occur in
which fluid forces on the structure induce motions that generate
larger fluid—body forces. Early studies of gallop focused on under-
standing the phenomenon for the purposes of mitigation, as such
oscillations can be damaging to the infrastructure [18-20]. It
should be noted that these oscillations are produced by forces gen-
erated by fluid—body interactions resulting from the motion of the
structure relative to the fluid. Gallop is distinct from resonance
and can occur at frequencies significantly different than the resonant
frequency of the mass—spring—damper. A rigorous assessment of
the noteworthy Tacoma Narrows Bridge collapse makes this dis-
tinction clear and attributes the bridge failure to “self-excitation”
in the torsional degree-of-freedom [21]. More recently, substantial
efforts have been made to harness FIO, including both gallop
and vortex-induced vibration, for the capture of hydrokinetic
energy [22]. The Marine Renewable Energy Lab at University of
Michigan has published extensively on flume testing data and
advanced development of associated PTO and controls of the
VIVACE Converter [23-31]. In particular, hydrodynamic efficien-
cies of up to 88.6% of the Betz limit have been demonstrated in
multiple cylinder systems [32].
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Fig. 1 Satellite view of Tanana River Test Site with ADCP transects. Deployment location is approximately at
the MAIN transect in the region between the thalweg and maximum paths.
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Fig. 2 Schematic of bluff body motion and relative velocity

The Water Horse is a vertically oscillating CEC technology ini-
tially developed by Renerge, Inc. [33,34] and further developed
and field tested by ACEP. The Water Horse generates FIO by sub-
merging a horizontal bluff body transverse to the water flow, sus-
pended from a floating structure that houses the spring and PTO.
As shown in Fig. 2, the bluff body is constrained by the suspension
to move along a vertical arc. The relative velocity of the water inci-
dent on the bluff body, vy, is the vector sum of the velocity of the
bluff body, vewst, and the river velocity, viiy. When the bluff body is
in motion due to the angular velocity of the suspension, w, the rel-
ative velocity has an angle-of-attack, aoa, relative to the bluff body
axis of symmetry and produces lift and drag forces on the bluff body
that drive oscillations as constrained by the spring system and dis-
sipated by the PTO.

The prototype Water Horse removes all sensitive electrical and
mechanical components above the water line, reducing costs and
risk of damage. Furthermore, by incorporating a simple break-away
hinge in the bluff body support structure, the new design prevents
structural damage from debris interaction and simplifies the recov-
ery from such events. The hypothesis of this approach is that the
Water Horse design permits a more robust and lower cost
machine compared to hydrofoil turbines, while sacrificing hydrody-
namic conversion efficiency (relative to lift-based turbines and the
more sophisticated VIVACE) and producing a pulsed power
output. If the capital cost (Capex) and operations and maintenance
cost (O&M) reductions relative to conventional turbines outweigh
any efficiency shortfalls, then lower levelized cost of energy
(LCOE) is possible. This effort designed and built a kW-scale pro-
totype and tested it at the Tanana River Test Site in the summer of
2020.

2 Methods

2.1 Opverview of Prototype and Key Design Features. Key
design criteria for the prototype development were to produce a
rugged and readily field serviceable system utilizing commercial
off-the-shelf (COTS) components and minimal custom-fabricated
parts. Many components are cut-and-weld assemblies that could
be readily mass produced. The prototype was designed to deploy
from the aft end of the existing Tanana River Test Site research
barge; however, for real-world applications, deployment could be
from either the existing fixed infrastructure or a purpose-built or
repurposed floating platform. An overview of the design of each
subsystem is presented in Sec. 2.2.

2.2 Design Sizing Tool. While not the focus of this article, the
prototype system design was informed by a numerical quasi-static
model implementing lift and drag coefficients for the D-shaped
bluff body from the literature [35] and Newtonian incremental equa-
tions of motion in polar coordinates with nonequilibrium initial
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conditions. This numerical model successfully predicted the limit
cycle behavior of the oscillator under steady flow conditions and
enabled consideration of the potential effects of various design
parameters. No design optimization was performed; however, the
model was used to aid in system and component sizing and selec-
tion. The prototype design prioritized the ease of manufacture,
use of COTS components, and structural ruggedness for deploy-
ment in a harsh field environment. Schematics of the system
design are presented in Figs. 3 and 4. The bluff body is interchange-
able, and a smaller bluff body was used to reduce forces on the
system during initial deployments. Key geometric design values
for the prototype are reported in Table 1. Here, the oscillating
mass is calculated from the measured weights and center of mass
of the individual as-built bluff body, support, and suspension com-
ponents. It does not include any “added mass” in the water or the
mechanically coupled inertia of the spring and PTO systems. This
sprung mass is used to predict the equilibrium position of the oscil-
lator in the water.

2.2.1 Oscillator and Suspension. The D-shaped bluff body is
supported by a vertical rectangular steel tube beam, which is in
turn supported by upper and lower a-arms with greased sleeve bear-
ings in the pivot ends to constrain motion to a vertical arc. The con-
siderable cantilevered drag load on the bluff body results in the
lower arms in tension and the upper arms in compression. At mid-
stroke, the bluff body is approximately 1.34 m (54 in.) below the
water surface. The arms are 1.53 m (60 in.) long and constrained
by mechanical bump stops to a range of +30 deg, for a total possible
stroke of 1.53 m (60 in.). The a-arms connect to the structural
frame, which houses the spring and generator subsystems. The
structural frame is hinged to the barge deck at the forward end,
with latches at the aft end to hold the frame in the down/deployed
position. The system is shown in retrieved and deployed positions,
respectively, in Figs. 5 and 6. The research barge hydraulic drum
winches and lines are used to tilt the assembly into and out of the
water for deployment and retrieval, while the barge is moored in
the current study as described in Sec. 2.3.

The interchangeable bluff bodies were fabricated of rolled and
welded aluminum sheet, with the large bluff body 2.43 m (96 in.)
in length and 0.61 m (24 in.) in diameter and the small bluff body
1.82m (72 in.) in length and 0.41 m (16in.) in diameter. The
total weight of the oscillating structure divided by the mass of dis-
placed water at midstroke yields a specific gravity, or a mass ratio
(MR) of 0.66 with the large bluff body and 1.64 with the small
bluff body. Thus, the equilibrium deployed position for the large
bluff body is above midstroke and that for the small bluff body is
below midstroke. A mass ratio of 1.0 may help ensure symmetric
utilization of the available stroke and thus should be considered
for future design iterations. A photo of the two bluff bodies is
shown in Fig. 7.

2.2.2 Spring System. The physical embodiment of the spring
proved to be the most challenging aspect of the mechanical
design of the prototype. The spring mechanism must be sufficiently
stiff, act bidirectionally with smooth transitions, and allow large
oscillator displacements. In this prototype, a tether (type 8OH
heavy duty roller chain) passing through opposing idler pulleys
inside the oscillator arc was used to connect the spring lever arm
to the oscillator support as shown in Fig. 4. The design is such
that the springs are at minimum compression at mid oscillation
and that oscillation up or down is resisted by compression of the
springs via displacement of the tether.

The spring pack is assembled from commercially available coil
springs, arranged in series and parallel with end plates and guide
rods. A lever with an adjustable leverage ratio between the tether
and spring pack is used to provide adjustment of the effective
spring rate and travel at the tether connection. The spring lever con-
tained five evenly spaced tether connection points, and the tether
preload was adjusted via an inline turnbuckle, combining to allow
for testing at different spring stiffnesses. The preload is necessary
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Fig. 3 Isometric view of Water Horse prototype design with key components and geometries notated

to ensure the springs are not unloaded at midstroke for a smooth
transition of the bidirectional spring force. This arrangement pro-
duced a nonlinear spring force on the oscillator with lower effective
spring rates near midstroke. To show the qualitative nonlinearity, an
example plot of tether force as a function of oscillator angle is
shown in Fig. 8. Through the geometric relationships of the

ltether

-

prototype, this is converted to calculated torque on the oscillator,
shown in Fig. 9.

2.2.3  Power Takeoff. The chain tether connecting the oscillator
and spring lever was the connection point for the prototype
PTO. The roller chain turned a toothed sprocket while traveling

-/

lpivar f~.

al

Ptether —

N sprocket —|

~ larm - loffset =

Fig. 4 Side view of Water Horse prototype with key geometries notated
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Table 1 Water Horse prototype key geometric parameters.

Symbol Description Value Units
D Bluff body diameter Large: 0.61 (24.0) m (in.)
Small: 0.41 (16.0)
L Bluff body length Large: 2.43 (96) m (in.)
Small: 1.83 (72)
Mosc Oscillating mass Large: 235 (517) kg (Ib)
Small: 195 (429)
MR Mass ratio (oscillating mass divided Large: 0.66 n/a
by displaced water mass at midstroke) Small: 1.64
Larm Linkage length 1.53 (60.0) m (in.)
Omax Max linkage angle 30 deg
Kspring Individual spring constant 76 (675) N/m (Ib/in.)
Ny No. springs in parallel 7 n/a
Nig No. spring levels in series 2 n/a
Lpivot Spring lever length 20.3 (8.0) cm (in.)
Liether Tether lever length Pos 1: 81.3 (32.0) cm (in.)
Pos 3: 91.4 (36.0)
Pos 5: 102 (40.0)
didier Tether idler diameter 12.7 (5.0) cm (in.)
Lofeset Idler offset from oscillator 42.6 (16.75) cm (in.)
Prether Tether chain pitch 2.54 (1.0) cm/tooth (in./tooth)
Niprocket Sprocket tooth count 12 n/a
d; Primary pulley diameter 33.0 (13.0) cm (in.)
dy Secondary pulley diameter 7.62 (3.0) cm (in.)
Fbelt 4.3 n/a

Belt speed ratio, o
dy

between the spring lever and the idler pulleys, which engaged the
permanent magnet generator (PMG) shaft via a belt and pulleys.
The pulley system increased the rotation rate by a factor of
4.3. As the chain moves bidirectionally during each oscillation
cycle, the reversing shaft motion was mechanically rectified by a
one-way bearing or “sprag clutch” (FZ 6206 trade number) such
that mechanical torque transferred to the generator only during
the oscillations away from the neutral position, and the generator
shaft freewheeled during the return motion. This sprag clutch was
removed for a period of testing with the small bluff body and a com-
parison of performance with and without mechanical rectification is
included in this analysis. The mechanical to electrical conversion
occurred via a permanent magnet synchronous generator with
built-in rectifier (Huber DSG P 112.14-10) rated at 7800 W at
500 VDC and 2000 rpm.

2.2.4 Power Dissipation. No active controls were imple-
mented in this prototype testing. The direct current (DC) electrical
power output from the generator was dissipated into a programma-
ble DC load bank (NH Research 4760-6) operated in a constant
resistance mode. By adjusting the resistance setting on the
load bank, the PTO damping on the oscillator could be adjusted.
While not included in this field testing, a power converter
system was designed to accommodate the pulsed power output
of the Water Horse PTO and provide regulated battery charging
[36,37].

2.3 Field Test Conditions and Instrumentation. The deploy-
ment location at TRTS is located approximately at 64.561 deg N,
149.066 deg W. An overhead view of testing is shown in Fig. 10.
The TRTS main buoy (right side of image) is chained to a

Fig. 5 Water Horse prototype in the “retrieved” position on
TRTS research barge

Journal of Offshore Mechanics and Arctic Engineering

Fig. 6 Water Horse prototype in operation off the aft end of the

TRTS research barge
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S

Fig.7 Small (left) and Large (right) bluff bodies on deck of TRTS
research barge between test deployments
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Fig. 8 Spring tether tension as a function of oscillator angle,
showing a preload of approximately 1500N
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Fig. 9 Calculated torque of spring tether on the oscillator as a
function of oscillator angle
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permanent drag embedment anchor. A surface debris diverter
[13,15] was positioned downstream of the buoy and upstream of
the research barge to reduce the incidence of floating woody
debris during testing. The research barge includes an instrumenta-
tion tent where the load bank and data acquisition hardware were
housed and monitored. Downstream of the research barge was the
inclined-plane fish trap [38], which was used to sample for fish
during testing.

Prototype testing occurred between July 6 and 10, 2020. During
this period, the United States Geological Survey (USGS) gauge at
Nenana reported an average discharge climbing from 1700 m%/s
(60,000 cfs) to 2000 m*/s (70,000 cfs) over the duration of
testing, which is approximately 10% higher than the median daily
discharge for those dates [39]. The water temperature averaged
approximately 16 °C (61 °F), water density is assumed to be
999 kg/m®, and dynamic viscosity is assumed to be 1.10x
10% N-s/m>.

The river depth at the deployment location was approximately
8 m, and the total river width is approximately 200 m. For this
deployment, the blockage ratio of the river is well below 1% and
assumed negligible.

Mechanical and electrical parameters were measured during field
testing to enable investigation of performance and efficiency. A
summary of the sensors is presented in Table 2. An inline load
cell at the connection to the spring lever measured the tension in
the spring tether. A rotary potentiometer and 3-bar linkage mea-
sured the angular position of the a-arm suspension and was used
to calculate oscillator position and velocity. A strain gauge installed
on a single suspension arm enabled validation of design calcula-
tions, but it is not used in this analysis. Three-axis accelerometers
were installed on the Water Horse frame and the oscillator
support to enable comparison of frame and oscillator accelerations.
The DC electrical output voltage and current from the generator rec-
tifier were measured to quantify electrical output power. The
three-axis accelerometers were sampled at 100 Hz by a Campbell
Scientific CR6 data logger. All other instruments were sampled at
50 Hz using a Campbell Scientific CR1000 data logger. All
loggers were time-synced to GPS.

This work incorporated IEC TC114 62600-300 methodologies
where possible, but does not implement the standard completely.
Three-dimensional water velocity was measured using both ADCP
and acoustic Doppler velocimeter (ADV). An RDI 600 kHz Work-
horse ADCP was positioned approximately 12.7 m (500 in.)
upstream of the bluff body in a downward orientation. This position-
ing of approximately 5.2 equivalent diameters, Dg, for the large bluff
body slightly exceeds IEC 62600-300 recommendations but was
necessitated by the layout of the research barge. Three-dimensional
velocity measurements were rotated and resolved into streamwise,
vertical, and horizontal components following established methods
[40]. When ADCP data are available, the power-weighted average
of the streamwise velocity in the depth bin centered at 1.45 m
depth is used for calculations in this article.

With velocities in the range of 2.0 m/s, the water velocity inci-
dent on the ADCP is expected to reach the oscillator with a delay
between 5 and 7 s. The analysis in this article utilizes data averaged
over several minutes and does not account for this delay. With a
depth of 8 m, the deployment location had a local Froude number
of approximately 0.23. In this flow, the large bluff body has a Rey-
nolds number on the order of 1,100,000 and the small bluff body
has a Reynolds number on the order of 700,000.

Where acoustic doppler current profiler (ADCP) data are unavail-
able, acoustic doppler velocimeter (ADV) measurements at a depth
of approximately 0.85 m are used for water velocity calculations.
Where neither ACDP nor ADV measurements are available, a cor-
relation [41] of measured velocity to USGS stream gage discharge
is used to fill in gaps on a 15 min basis.

2.4 Testing Matrix. Field testing presents the inherent chal-
lenge that many variables cannot be controlled. A primary
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Fig. 10 Overhead view of TRTS testing infrastructure. Water flow is from right to left. Visible from right to left
are buoy, mooring line, V-shaped debris diverter, research barge, and inclined-plane fish trap for fish
monitoring.

example of an uncontrolled variable in open water testing is that the
water velocity and turbulence are both in constant fluctuation, yet
over the course of a given testing week may cover only a narrow
range of possible values in the hydrokinetic system operating enve-
lope. IEC 62600-300 addresses this reality by using temporal aver-
aging and methods of bins. The analysis presented here largely uses
averaging over approximately 10 min periods of operation at each
system configuration to present data over a relatively narrow
range of velocities encountered during testing. On a few occasions,
testing was interrupted by mechanical issues or debris impacts and
the data have been windowed to exclude these events. The indepen-
dent variables explored in this study are (1) bluff body size, (2)
spring stiffness (lever position), (3) generator damping (load bank
setting), and (4) presence of mechanical rectification in the PTO.
The total minutes of operation conducted at combinations of
spring setting and load bank setting for the two bluff body sizes
are presented in Tables 3 and 4.

The PTO and spring systems introduce inherent nonlinearities in
the spring and damping constants as the oscillator moves through its
range of motion. For this reason, correlational analysis in this report
is conducted using spring connection points and load bank resis-
tance settings, rather than measured spring and damping constant
(k and c) values. The results section of this article examines data
binned by combination of spring and load setting to explore

correlations with dependent variables of oscillation amplitude,
oscillation frequency, power output, and efficiency. In total, data
were collected for over 12h of operation at a range of
configurations.

3 Results and Analysis

For each combination of bluff body, spring setting, and damping
setting, the mechanical and electrical data were averaged across
the duration of the test, and the power-weighted average of the
streamwise velocity was calculated. A key aspect of field testing of
hydrokinetic devices is exposure to uncontrolled turbulent condi-
tions. Turbulence is not explicitly considered in this analysis;
however, for the duration of the field testing data utilized in this
article, the average streamwise turbulence intensity, defined as the
ratio of the streamwise root-mean-square velocity to the streamwise
mean velocity, at the mean bluff body depth was calculated to be 11%
and ranged from 10% to 12% for any particular testing window.

A unique challenge of analyzing FIO performance is that the
swept area of the device is variable over time and is not provided
for in IEC 62600-300. For this reason, the analysis considers both
the maximum design swept area, Agwept,design» Which would be real-
ized at Oy, and the per-oscillation actual swept area, Agyept.

Table 2 Summary of instrumentation and data acquisition systems

Channel Sampling
Data logger name Description Sensor make and model rate Measurement range Rated accuracy
Campbell Volt Generator terminal voltage Magnelab 50 Hz 10-1000 VDC 0.5% FS
Scientific DVT-1000-V05
CR1000 Amp Load bank current Magnelab 50 Hz 0-100 ADC 1% FS
DCT100-10-B-24-S
Angle A-arm angle AMCI 50 Hz 0-90 deg 12 bit resolution
DC25F-B1VIMS (<0.01 deg)
Load Chain inline load cell LCC-HRS-10K 50 Hz 044 kN 0.01% FS
(0-10,000 1b)
Strain Lower A-arm strain gage BDI ST350 50 Hz +4000 pe 1% FS
Campbell Accel 1 Bluff body three-axis acceleration BDI TA2512-0101 100 Hz +10g 18 ug/ \/ Hz
Scientific CR6 Accel 2 Support and Frame three-axis BDI TA2512-0101 100 Hz +10g 18 ug/ \/ Hz
acceleration
WINRIVER PC ADCP Deployed down-looking from bow  RDI 600kHz 2.2 Hz +5 m/s (default) up  +0.3% of measured
software of barge, 13 depth bins (0.5 m) Workhorse to +20 m/s velocity + 0.3 cm/s
NORTEK VECTOR ADV Deployed on lead fish from bow of Nortek Vector 16 Hz +4 m/s +0.5% of measured
pC software barge, approximate depth of value +1 mm/s

0.85m

FS, full scale.
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Table 3 Testing matrix of load bank setting and spring setting
for small bluff body testing

Small bluff body—testing duration (min)

Spring lever position
Load bank resistance

setting (ohm) 1 3 5 Grand total
20 10 11 11 32
30 10 25 10 45
40 12 52 10 74
50 8 38 10 57
60 10 42 10 62
70 - 10 - 10
6000 10 27 11 48
Open circuit - 10 - 10
Grand total 61 216 61 338

Note: Total minutes of instrumented operation in each combination are
reported.

Table 4 Testing matrix of load bank setting and spring setting
for large bluff body testing

Large bluff body—testing duration (min)

Spring lever

position
Load bank resistance setting (ohm) 1 3 5 Grand total
5 - - 6 6
12 - 10 - 10
14 - 2 - 2
16 - 55 - 55
18 - 3 - 3
20 10 100 10 120
22 - 5 - 5
24 - 5 - 5
25 - 58 - 58
26 - 5 - 5
28 - 5 - 5
30 11 13 11 35
40 10 - 10 20
50 11 - 12 23
60 16 13 10 39
6000 11 11 10 32
Grand total 69 285 69 423

Note: Total minutes of instrumented operation in each combination are
reported.

Within each dataset, a peak-finding function was used to identify
local peaks in the oscillator angle, 6, and measurement time-series,
and mark the beginning and end of sequential oscillation cycles, #,.
The oscillation frequency, f,, of each cycle was determined by
taking the inverse of the time elapsed between peaks, per Eq. (1).

1
fo=—""— ey

Iy — 1

For each cycle identified, the maximum and minimum oscillator
angles, 6, measurement for the oscillation cycle, were used to calcu-
late the maximum and minimum vertical oscillator positions, Zosc,
respectively, per Eq. (2). The stroke, S, of the individual oscillation
cycle is the difference between the maximum and minimum oscil-
lator position during that cycle, per Eq. (3). The swept area for
each cycle is calculated using this stroke, as shown in Eq. (4).

Zose = Zy + lym Sin 0 2)

022001-8 / Vol. 148, APRIL 2026

S= Zosc,max - Zosc, min (3)

Aswept = (S + Dotutr) X Louft “4)

The design swept area is calculated as follows in Egs. (5) and (6)
using the design stroke, Sgesign-

Sdesign = 2larm 8in 30 deg = lym 5)

Aswepl,design = (larm + Dylufr) X Lotuft (6)

The output power of the system is simply the product of the DC
voltage and DC current measured at the interface between the gen-
erator output and the load bank input, Eq. (7). Thus, losses in the
electrical rectification are lumped into the generator conversion effi-
ciency.

Petec = Vpe X Ipc @)

The water-to-wire efficiency of the system is calculated on two
bases. In both cases, the electrical output power is divided by the
hydrokinetic power in the swept area of flow. The hydrokinetic
power in the swept area, Pgyep, is calculated per Eq. (8).
However, due to the variable and asymmetric bluff body motions
under different conditions, the swept area, Agyep, 1S nOt constant
as it is with rotating systems. The specific efficiency, 7, is calcu-
lated per Eq. (9) using the actual swept area of the oscillation
based on the average measured stroke within an analysis window.
The total efficiency, #,, is calculated per Eq. (10) using the design
swept area, Agyeptdesign, assuming full +30 deg motion of the sus-
pension arms. The design swept area is 5.20 m? for the large bluff
body and 3.53 m? for the small bluff body.

A V3
P, swept — ps%pt ®)
P elec
=2t ©)
s P, swept
Peec
n= elec (10)

Pswept,design

As this is a full-scale prototype, all data are presented in the
dimensional form. At the end of Sec. 3, summary nondimensional
results are presented to facilitate comparison to work at other scales.

3.1 Error and Uncertainty. The pulsed, rather than continu-
ous, power output of the oscillatory system complicates data pro-
cessing and analysis. Furthermore, all tests were conducted under
uncontrolled and time-varying flow conditions, with no ability to
maintain precise conditions from one system configuration to
another. Due to the nonlinearity of damping and spring forces,
introduced by the geometry of the tether coupling to the oscillator,
and hysteresis, introduced by friction throughout the system, inher-
ent in both the spring and PTO systems, the spring connection posi-
tion setting and load bank resistance setting are used as the
independent variables. Thus, analysis here is tailored to provide cor-
relational insights into the effects of relative changes in spring stiff-
ness and damping on the dependent variables of oscillation
frequency and amplitude, and on electrical power output and
water-to-wire efficiency.

Neither oscillation frequency nor stroke is affected by instrument
offset error and thus are plotted with bars showing the standard
deviation of calculated values across data for each configuration.
Calculated average electrical power propagates instrument uncer-
tainty. Efficiency calculations propagate uncertainty in streamwise
velocity measurements and electrical power and are based on the
designed swept area without uncertainty. The power-weighted
average and standard deviation, where appropriate, for streamwise
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Large Bluff Body, With Sprag Clutch
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Correlational plots for large bluff body and sprag clutch configuration. Standard deviations are shown for frequency and

stroke. Propagated measurement uncertainty is shown for calculated electrical power. Uncertainty omitted for total efficiency due

to use of modeled velocity.

velocity during each deployment interval are noted in the legends in
Figs. 11-14. While streamwise velocity cannot be controlled in field
testing, the reported mean velocities for tests within each set of plots
are within 1% and deemed appropriate for comparison of data in
absolute terms. Nondimensional analysis is provided at the end of
Sec. 3 to facilitate comparison to other works in the literature.

3.2 Large Bluff Body Performance Correlations. With the
spring tether connected to the spring lever at position 1 (stiffest
setting), the system was deployed into the river for a total of
58 min, with approximately 10 min of operation at each of five
load bank settings, as shown in Table 4. The system was then
removed from the water, the tether connection was changed, and
then the system was re-deployed and again stepped through a
range of load bank settings. The data were binned for each load
bank setting and are plotted in Fig. 11 with bars for standard devia-
tion or uncertainty as described earlier. During these tests, neither
the ADCP nor ADV data are available; however, USGS stream dis-
charge data have been correlated to ADCP measurements to provide

Journal of Offshore Mechanics and Arctic Engineering

modeled velocity, with no reported standard deviation or uncer-
tainty. Note that load bank settings below 20 ohms resulted in sig-
nificant belt slippage in the PTO and were not explored further. In
general, softer spring settings (higher digit spring position) resulted
in a larger stroke of oscillation.

3.3 Small Bluff Body Performance Correlations. The same
methodology was used for a similar set of deployments with the
small bluff body installed. During these tests, ADCP data are avail-
able and are presented with the associated uncertainty (Fig. 12).

3.4 Comparison of Small and Large Bluff Body
Performance. To compare the performance of the two bluff
body sizes, data for both bluff bodies with spring setting 3 are
plotted in Fig. 13. The large bluff body produced larger amplitude
oscillations at a lower frequency while producing similar electrical
output, resulting in a lower #, efficiency based on the maximum
design swept area, Agwept,design» fOr €ach oscillator.
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Small Bluff Body, With Sprag Clutch
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Fig. 12 Performance correlations for Water Horse prototype with small bluff body and sprag clutch installed. Standard deviations
are shown for frequency and stroke. Propagated measurement uncertainty is shown for calculated electrical power and

water-to-wire efficiency.

3.5 Mechanical Rectification Performance Assessment. On
the final day of testing, the mechanical rectifier (sprag clutch) was
removed, and the system was allowed to rotate the PMG bidirec-
tionally. As shown in Fig. 14, this resulted in similar oscillation
amplitude and frequency with a significant increase in power
output and efficiency. It should be noted that average velocity
was approximately 6% higher (19% greater hydrokinetic power)
during testing without mechanical rectification.

3.6 Nondimensional Analysis

3.6.1 Specific Efficiency Versus Reynolds. For consistency, all
results mentioned earlier used the maximum design swept area as
the basis for efficiency calculations. Figure 15 presents the specific
efficiency, 7, for each testing configuration, which reflects the effi-
ciency based on the swept area as measured by the amplitude of the
oscillations. The configurations are a large bluff body with mechan-
ical rectification (as described in Sec. 2.2.3), a small bluff body with
mechanical rectification, and small bluff body without mechanical
rectification (“w/o Sprag”). Data are presented on the basis of Rey-
nolds number to account for differences in bluff body size and flow

022001-10 / Vol. 148, APRIL 2026

velocity. One possible explanation for the lower efficiency of the
large bluff body is that significant energy generated by the bluff
body was observed to transfer into the barge. One possible explana-
tion for the higher efficiency of the small bluff body without the
sprag clutch is that the generator was coupled to the oscillator for
both the outward and inward portions of bluff body oscillations,
reducing the peak-to-average power output. Both of these possibil-
ities are explored further in Sec. 4. Table 5 summarizes the highest
efficiency data point for each of the three configurations.

3.6.2  Amplitude Versus Reynolds. To provide a comparison to
other published FIO results, the data presented earlier are plotted
with nondimensional amplitude, A*=A/D versus Reynolds
number in Fig. 16. Due to the asymmetry of oscillations, the ampli-
tude, A, is taken as half of the full oscillation stroke, S.

3.6.3 Strouhal Versus Reynolds. The Water Horse prototype
exhibited evidence of hard galloping, as it was possible to deploy
the system slowly and not observe oscillations to initiate until a dis-
placement was externally imposed on the oscillator. This supports
the hypothesis that the FIO is driven by lift generated by the relative
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Spring Position 3, With Sprag Clutch
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Fig. 13 Performance comparison of Water Horse prototype with small and large bluff bodies. Both with spring position 3
and sprag clutch installed. Standard deviations are shown for frequency and stroke. Propagated measurement uncertainty
is shown for calculated electrical power and water-to-wire efficiency.

angle of attack of the flow over the D-shaped bluff body rather than
vortex shedding. For completeness, the Strouhal number is pre-
sented as a function of the Reynolds number, including standard
deviation within each testing window. The Strouhal number is cal-
culated per Eq. (11).

St= fD‘ljluﬂ' (1 ])

Here, the characteristic length is taken as the bluff body diameter,
and the frequency is the average oscillation frequency observed
during the testing window. The results are plotted in Fig. 17 and
are lower that the Strouhal value of approximately 0.16 for Rey-
nolds in the range of 2000-20,000 reported in the literature for
D-shaped bluff bodies oriented into the flow [20].

4 Discussion

Field testing results are inherently impacted by the lack of
control over flow conditions. Furthermore, nonlinearities inherent
to the design and unknown nonconservative forces prevent the

Journal of Offshore Mechanics and Arctic Engineering

accurate assessment of average or instantaneous spring and
damping coefficients. The net force on the bluff body cannot be
resolved from the spring and PTO measurements due to the
unknown frictional losses in the suspension pivots, idler pulleys,
or spring lever pivots, among other sources of friction and loss.
For these reasons, this analysis is limited to correlational analysis
of system-level performance parameters based on system configu-
rations and settings.

While IEC 62600-300 prescribes a power performance assess-
ment methodology, it was developed for evaluating the perfor-
mance of commercially ready systems, which include power
converters and controls, during long-duration deployments. In a
research and development setting, where the focus is on under-
standing the impact of system parameters on performance, the
IEC standards are not well suited for research and development
applications. For this reason, the IEC standard is used to
inform instrumentation and data analysis methodologies but is
not followed explicitly. Given the nascent nature of riverine
hydrokinetic technologies, IEC could consider prescribing meth-
odologies for research and development-focused data analysis.
In this analysis, 10 min averages at each system configuration

APRIL 2026, Vol. 148 / 022001-11
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Fig. 14 Performance comparison of Water Horse prototype with and without mechanical rectification. Standard deviations are shown for frequency and stroke. Propagated measurement
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Fig. 15 Specific efficiency versus Reynolds number for three
primary configurations across range of reported load bank set-
tings. Reynolds numbers for large bluff body conditions are pre-
sented without standard deviation as it uses a modeled velocity
estimate.

are used to assess the performance of the system under those
settings.

4.1 Correlations Summary. Across all testing configura-
tions, oscillation frequency was observed to vary significantly
between the two bluff body diameters tested. Frequency trends
with respect to damping and spring stiffness are within the uncer-
tainty of the data and are not evaluated. Relative spring stiffness
was highest for spring position 1 and lowest for spring position
5. Oscillation amplitude was generally higher for lower spring
and lower damping (higher load bank resistance), as would be
expected. Electrical power rose with increased damping;
however, belt slippage limitations of the PTO prevented reaching
peak power output for any configuration. The specific efficiency,
which accounts for the actual swept area, is more representative
of the potential efficiency for an optimized system that utilizes
its full design stroke.

4.2 Rectification Findings. The relative performance of the
system with and without mechanical rectification via sprag clutch
was distinctly different. Without any additional rotational inertia,
the generator slowed to a stop within each oscillation for all
damping values. While adding a flywheel would theoretically
enable the generator to provide more steady voltage output, the
duration of engagement of the sprag clutch would be reduced,
and the inertia coupled to the oscillator during engagement would
be increased. Removing the sprag clutch and allowing the PMG
to rotate bidirectionally doubled the number of electrical power

pulses within each oscillation by coupling the generator to the
PTO during the return motions of the oscillator. Evaluation of time-
series data, a subset of which is shown in Fig. 18, demonstrates a
reduction in peak-to-average electrical power from 7.8 to 4.7 with
the removal of mechanical rectification.

Peak-to-average power output has significant impacts on system
costs. Generator cost is proportional to generator power rating, and
the generator rating must be sufficient to accommodate the peak
power levels of the PTO. However, the value of the energy pro-
duced by the system is proportional to the average power output.
Thus, low peak-to-average ratios indicate higher utilization of the
generator with positive implications for LCOE.

4.3 Floating Platform Observations. During operation, sig-
nificant motion transfer into the floating barge was observed, indi-
cating a reduction in relative motion between the bluff body and the
PTO and an associated transfer of force from the bluff body into the
barge rather than into the PTO system. Barge heave was notably
more severe during large bluff body operation than small bluff
body operation. A cursory investigation of accelerometer data
shows the difference in magnitude and phase shift between the
two test conditions. While data collected on barge heave are not
sufficiently rigorous for detailed analysis, these data show the
importance of deliberate floating platform design for vertically
oscillating hydrokinetic systems. In Fig. 19, the vertical accelera-
tion of the oscillator and barge are overlayed for representative
data for the small and large bluff bodies. In the small bluff body
data, the zero crossings between the two signals are less synchro-
nized than for the large bluff body data. Furthermore, the peak
barge accelerations are lower for the small than the large bluff
body.

4.4 Debris Interactions. Field testing provided for a qualita-
tive assessment of the system’s performance under exposure to
woody debris. The system was observed to survive small to
medium impacts without damage or entanglement, while two
large debris impacts resulted in breakage of the shear bolts in the
breakaway mechanism as designed. Repair of the breakaway mech-
anism was rapid and entailed tipping the system out of the water,
allowing the lower bluff body support to hinge back into place,
and installing and torquing two replacement shear bolts.

4.5 Design Shortcomings. The field testing campaign
revealed several shortcomings of the prototype design. A primary
observation is that the design of the PTO coupling via the spring
tether chain, while providing minimal damping at the midstroke,
decoupled the generator from the oscillator just as the oscillator
was at maximum relative velocity and generating maximum lift
force. Another observation was that the belt connection between
the primary and secondary PTO shafts, while providing a valuable
increase in shaft speed, was observed to slip under low resistance
settings, and precluded operation at high damping. Finally, the
chain tether for the spring system, while rugged, was noisy

Table 5 Values relevant to efficiency and Reynolds calculations for the highest efficiency damping setting tested with each of three

configurations of bluff body and mechanical rectification tested

Parameter Units Large bluff body Small bluff body Small bluff body without sprag clutch
Bluff body diameter, Dy m 0.61 0.41 0.41

Average streamwise velocity, v m/s 1.92 1.91 2.01

Average swept area, Agyept m? 431 2.36 2.49

Average swept kinetic power, Pgyept W 15,200 8,170 10,100

Average electrical output power, Pejec W 165 152 264

Reynolds number, Re n/a 1,063,000 703,600 740,800

Specific efficiency, #, % 1.09 1.86 2.62

Journal of Offshore Mechanics and Arctic Engineering
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(inefficient) and would be a high maintenance item due to exposed
lubricated surfaces.

The design process revealed the challenge of designing a simul-
taneously high-stiffness and high-displacement spring system, and
the prototype spring system showed significant wear at the friction
surfaces that were under high force, up to 35 kN (8000 1bf) at the
spring pack pushrod. Again, this is a source of energy loss and
increased maintenance requirements.

Investigations into the accelerometer data did not show signifi-
cant off-axis loading or vibration, reducing the associated design
requirements for suspension arms in future prototypes. Similarly,
strain gauge measurements on the lower suspension arm showed
large margins of safety, indicating a potential for reduced material
cost in future suspension designs.

Finally, future prototypes should attempt to minimize the motion
transfer into the barge by operating at higher oscillation frequency
and with more uniform PTO engagement to reduce energy loss into
barge heave. An ongoing challenge for all FIO systems will be the
pulsed power signal and improving peak-to-average utilization of
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Fig. 19 Small bluff body acceleration signals (left) and large bluff body acceleration signals (right). Filtered zero crossings

notated to show phase shift.
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generator components to increase capacity factor and decrease
LCOE.

5 Conclusions and Future Work

A future publication will disseminate the design improvements of
a second Water Horse prototype informed by the testing described
in this paper. This second prototype incorporates design changes to
the bluff body, suspension, PTO, and spring systems. Bluff body
diameter is reduced to increase oscillation frequency, the suspen-
sion is redesigned for simplicity and to reduce frictional losses,
the PTO is redesigned to maximize coupling to the oscillator at mid-
stroke, and the spring system is reconfigured to reduce friction and
improve packaging. In addition, push-testing is completed to
explore the power curve of the system across a broader range of
inflow velocities. The future prototype also incorporates two oscil-
lators, arranged upstream—downstream to investigate the impact of
flow disruptions on downstream systems.
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Nomenclature

damping coefficient (N-m-s/rad)
spring stiffness
streamwise water velocity
amplitude defined as half-stroke, S/2
bluff body diameter
bluff body length
stroke, Zosc, max — Zose, min
d; = primary PTO pulley diameter
d, = secondary PTO pulley diameter
diqier = tether idler pulley diameter
f» = oscillation frequency of cycle, n (Hz)
kspring = individual spring constant
lym = linkage length
Loitser = 1dler offset from oscillator

AT < =0
1]
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Lyiver = spring lever length
lLether = tether lever length
Mmese = oscillating mass
roerr = PTO belt speed ratio, d;/d>
t, = start time of cycle, n (s)
Agwept = actual swept area of oscillation stroke

Asweptdesign = design swept area at full stroke

Ipc = DC current Ny, = number of springs in parallel
Nyxs = number of spring levels in series
Nprocket = PTO sprocket tooth count
P = electric output power
Pgyept = kinetic power of swept area
Prether = tether chain pitch (cm/tooth)
Vpe = DC output voltage
Zosc = vertical position of oscillator from midstroke
Ax = nondimensional amplitude, A/D
rpm = shaft revolutions per minute
ACEP = Alaska Center for Energy and Power
ADCP = acoustic Doppler current profiler
ADV = acoustic Doppler velocimeter
CEC = current energy converter
COTS = commercial off-the-shelf
DC = direct current
FIO = flow-induced oscillation
IEC = International Electrotechnical Commission
LCOE = levelized cost of energy
MR = mass ratio (oscillating mass divided by displaced
water mass at midstroke)
O&M = operations and maintenance
PMG = permanent magnet generator
PTO = power takeoff
Re = Reynolds number
St = Strouhal number
TRTS = Tanana River Test Site
UAF = University of Alaska Fairbanks
USGS = United States Geological Survey
n, = specific conversion efficiency (actual swept area)
n, = total conversion efficiency (design swept area)
0 = angular position of suspension
fmax = max linkage angle
p = density of water
@ = angular velocity of suspension (rad/s)
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