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Non-dimensional scaling of passive adaptive
blades for a marine current turbine

K. Van Ness, A. Aliseda, and B. Polagye

Abstract—Current turbine blades that passively deform
in operation (i.e., passive adaptive blades) are attractive
for their load reduction potential in flow conditions that
exceed the rated condition, or under unsteady loads. By
tailoring the ply angle in a unidirectional carbon fiber
blade, a desired twist can can be induced in response
to bending of the blade under load. In developing this
form of passive adaptive control, a fundamental question
is how to non-dimensionalize the fluid-structure interaction
to make laboratory-scale experiments relevant to full-scale
applications. To address this, we perform a set of Cauchy-
scaled experiments using blades with identical bend-twist
coupling but different bending stiffness. Blades were
tested in a recirculating flume with chord-based Reynolds
numbers ranging from 6.9-10" to 2.7-10° while measuring
force and torque on the rotor and blade, which were used
to characterize power and thrust and to calculate the span-
wise and chord-wise center of pressure on the blade. Simul-
taneously, a high-speed camera observed in-situ deflection
and twist at the blade tip. Results demonstrate that the
Cauchy number is a meaningful parameter for scaling
passive adaptive current turbine blades under hydrody-
namic loads, and to model steady-state hydrodynamic and
hydroelastic behavior.

Index Terms—axial-flow current turbine, bend-twist cou-
pling, blade deformation, non-dimensional scaling, passive
adaptive blade

I. INTRODUCTION

ATER currents, driven by gravity, tides, wind,

and density differences, carry kinetic power that
can be converted by current turbines into electricity. In
strong currents, it is sometimes necessary to employ
a control strategy to regulate power output at the
turbine’s “rated power” to avoid blade or generator
failure. To hold power constant, efficiency must be
precisely decreased as inflow increases, which can
be achieved through changes in rotation rate, w, or
blade pitch, 3. Adjustments in blade pitch could be
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Fig. 1. The self-twisting in a passive adaptive blade can be
achieved by using (a) unidirectional, off-axis fibers, which results
in anisotropic blade properties and (b) a coupling between flapwise
deflection and span-wise twisting.

accomplished through an active strategy, using motor-
ized blades, or a passive strategy, using flexible, self-
twisting blades, also known as passive adaptive blades.

A. Passive adaptive blades

Numerical [1]-[4], experimental [5]-[12], and theo-
retical [13] studies demonstrate the potential advan-
tages of using flexible, passive adaptive blades for load
mitigation in above-rated or unsteady flow conditions.
By tailoring the off-axis orientation of the composite
fibers of the blade, a passive adaptive blade can be
designed with a “bend-twist coupling”, such that de-
flection in the flapwise direction is coupled to twist-
ing in the span-wise direction (Fig. 1). When given
a positive fiber orientation, the bend-twist coupling
allows for passive twisting of the blade towards the
feathered position (i.e., decreased angles of attack) to
shed power and thrust [1], [4], [5], [7], similar to an
active pitch mechanism. Bend-twist coupled blades,
or passive adaptive blades, have been researched in
wind and propulsion for decades as a means to re-
duce structural loads [2], [14]-[30]. Conversely, despite
the economic benefits of maintenance cost reduction
and reliability improvement, passive adaptive blade
research for current turbines is more limited.

B. Cauchy scaling

While dimensionless scaling relations have been ex-
tensively studied for current turbines with rigid blades
[31], [32], relatively few studies discuss appropriate
hydroelastic scaling for flexible blades with tailored off-
axis fiber orientations. Extending laboratory results to
full-scale, open-water applications requires an under-
standing of hydrodynamic and hydroelastic scaling to
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use the existing data correctly in the design of large
systems.

While the body of knowledge for aeroelastic scal-
ing in aircraft applications is vast [33]-[35], this does
not translate directly to current turbines because of
large differences in the solid-to-fluid density ratio
and Reynolds numbers. A relatively small number of
prior studies investigate hydroelastic scaling for ma-
rine propulsion and lifting bodies [36]-[41] and wind
turbine applications [28], [29], [42].

Cauchy similarity is important when modeling a
structure with significant elastic forces [36]. We define
the Cauchy number, Ca, as:

pf[]oo2
st M)
where py is the density of the fluid, Uy is the free-
stream velocity, and E is the transverse flexural mod-
ulus of the blade (i.e., corresponding to bending pri-
marily in the streamwise direction).

The relevant non-dimensional parameters identified
by Young [40] that govern elastic marine propul-
sor performance are: elasticity ratio (equivalent to
the Cauchy number), advance coefficient (equivalent
to the tip-speed ratio in turbine literature), Froude
number, Reynolds number, Mach number, cavitation
number, bend-twist coupling, density ratio between
the solid and fluid, and ratio of effective bending
stiffness to torsional stiffness. While matching Froude,
Reynolds, and Mach number cannot be achieved si-
multaneously, Motley and Young [38] and Young [40]
recommend prioritizing Mach scaling in cases where
gravitational effects are negligible and the boundary
layer is fully turbulent (i.e., where performance is
Reynolds-independent). However, this requires match-
ing the free-stream velocity and material properties
between the model and full-scale prototypes, which
can be difficult or impossible to achieve in many small-
scale facilities.

A recent study by Ng et al. [41] demonstrates,
through a numerical model, that when Cauchy similar-
ity is achieved between model and full-scale, the same
steady-state dimensionless loads and deformations are
observed across scales, even when the density ratio is
not maintained. It is precisely this numerical result that
we aim to experimentally demonstrate in this study
for a marine current turbine, thereby confirming that
scaling with Cauchy number yields similar steady-state
blade loading and blade deformations for different
flow conditions and blade mechanical properties.

Ca

II. METHODS
A. Blade fabrication

The blade design and fabrication process used in
this work is similar to that described in [5]. A thicker
root was used to manage an undesirable stress con-
centration identified by Barber et al., and adjustments
to the blade fabrication process were implemented to
minimize blade-to-blade variability. The exact blade
geometry, based on the NACA-44 airfoil series, is
provided in Appendix A.
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Fig. 2. Flexible, composite blades composed of a carbon fiber spar
(black), to provide the desired bend-twist coupling, and a semi-rigid
polyurethane outer (translucent white-grey) to provide the desired
blade geometry and hydrodynamic behavior.

Since small-scale composite blades can be difficult
to fabricate using conventional methods without ex-
cessive stiffness and inaccuracies in fiber orientation
[5], [43], a nonconventional layup technique was used
for these blades. Figure 2 shows the fully fabricated,
17 ¢m composite blade, consisting of a 5- or 7-ply
carbon fiber spar (Hexcel AS4, 12K filament count)
which provides the desired bend-twist coupling, cast
in a semi-rigid polyurethane (Smooth-cast 45D) which
provides the desired hydrofoil cross-section and hy-
drodynamic behavior. This semi-rigid body allows the
material properties of the carbon fiber to dominate the
overall mechanical properties of the blade. Two sets
of composite, passive adaptive blades with a 10° fiber
angle orientation were fabricated: one using a 5-ply (1.0
mm thick) spar and one using a 7-ply (1.4 mm thick)
spar. A fiber angle orientation of 10° was chosen so
that the differences in stiffness would be significant
while a fiber orientation greater than 10° is impractical
in most current turbine applications, as the bending
stiffness decreases drastically for larger ply angles and
blades with large bend-twist couplings may not have
favorable performance below rated flow conditions.

To provide a rigid blade reference, a set of aluminum
blades matching the unloaded blade geometry of the
composite blades were machined. Since 3-4% shrinkage
in chord length relative to the mold dimensions was
observed during the curing of the polyurethane, the
aluminum blade profile was extracted from computer-
ized tomography (CT) scans of the composite blades.

B. Turbine instrumentation

A 0.45-diameter current turbine, shown in Fig. 3, was
used for performance testing. Due to the blade-to-blade
variability observed in the in-air static mechanical test-
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ing of full blade sets and the need for precise values of
bending stiffness and bend-twist coupling to maintain
Cauchy number similarity, we used single-bladed tests
for this scaling investigation. This allowed us to select
one blade from each set that had the closest agreement
in bend-twist behavior. Instrumented with six-axis load
cells on both the driveshaft (Mini45, ATI Industrial Au-
tomation) and blade root (Nano25, ATI Industrial Au-
tomation), the blade load cell measurements, sampled
at ~ 100 Hz, were used since the loads from a single
blade were too small to measure accurately with the
driveshaft load cell (Fig. 4). However, we note that due
to the positioning of a shaft seal between the blade load
cell and the blade root, these load cell measurements
underpredict blade loading, as approximately 7% of
the blade loads are absorbed by the seal. The turbine
rotor is connected to a 5:1 gearbox (PV23, Parker Han-
nefin) and doubleshaft stepper motor (LV233, Parker
Hannifin), with an optical encoder mounted on the
shaft. The stepper motor allows for precise control
of the rotational speed. Additional details related to
data acquisition and temperature management in the
nacelle are described in [44].

C. Experimental facility

Experiments were conducted in the Alice C. Tyler
Flume at the University of Washington, a recirculating
open-channel flume with a test section 0.6 meter in
depth and 0.76 meter in width. This resulted in a block-
age ratio (rotor swept area relative to the channel cross-
section) of 35%. A constant freestream velocity was
achieved using two pumps controlled by a variable
frequency drive. Turbulence intensities were relatively
low (2.0 and 4.4%) for the two inflow velocities of
0.55 m/s and 0.80 m/s used in this study [44]. The
freestream velocity, U, was measured 3 diameters
upstream of the rotor plane using an acoustic Doppler
velocimeter (ADV, Nortek Vector) sampling at 64 Hz.
We define the chord-based Reynolds number using the
local chord length, ¢, at the 3/4 blade-span point (23.0
mm) as the characteristic length and the approximate
relative velocity incident on the blade, neglecting in-
duction, as the characteristic velocity:

cy/Uso? + (wr)? / 2
Re, — _ cUoV1+ A o)

’
v v

where 7 is the the local turbine radius at the 3/4 blade-
span point (182.5 mm), v is the kinematic viscosity,
and A is the tip-speed ratio, A\ = wr/U. Re. ranged
from 6.9 - 10* — 2.7 - 10°. Reynolds-independence for
this turbine and blade geometry has been previously
confirmed for Re. > 5 - 10" [44]. Water tempera-
ture was maintained at 33°C to preserve Reynolds-
independence at lower inflow speeds.

D. Performance Characterization

Turbine performance of each blade type (5- and
7-ply) was characterized as a function of tip-speed
ratio, A\, which was varied by adjusting rotation rate
while inflow velocity remained constant. Mechanical
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power output was calculated from the rotational speed,
w, given by the stepper motor and the torque, @y,
measured by the six-axis load cell at the blade root,
adjusted to account for the distance between the blade
load cell and the driveshaft axis of rotation. The re-
sultant power was used to compute the coefficient of
performance:

O — (Qyp + FrpR)w)
P = 3
0.505 A(Uss")

where @, 1 is the torque on the blade in the streamwise
direction, F} ; is the force on the blade in the direction
of rotation, R is the distance from the sensor head
to the rotor’s driveshaft (3.57 cm) (Fig. 4), A is the
rotor swept area (undeformed), and p; is the water
density. The averages for the mechanical power and
kinetic energy flux are calculated separately due to
asynchronous clocks. This approximation is acceptable
given the low turbulence intensity in the flume. Thrust
measured by the blade load cell, Fy;, was used to
calculate the coefficient of thrust:

= <Fy,b>
0.5p5 A(Uss”)

Torque and thrust measurements were adjusted by
an average of the azimuthally-dependent tare values
recorded under zero inflow. At each tip-speed ratio,
Cp and C7 were averaged over 9000 samples, or 90-380
revolutions depending on the rotational speed. Averag-
ing over a whole number of rotations was confirmed
to be inconsequential when averaging over such a high
number of turbine rotations. We considered adapting
the calculation of swept area in Eqns. 3 and 4 to account
for deflection, but the effect was small compared to
other sources of experimental uncertainty. For example,
the maximum measured deflection corresponds to a
reduction in swept area of 1.4%.

®)

4)

E. Blade deformation

To improve our understanding of passive adaptive
blade deformation during turbine operation, a test
was devised to remotely measure the turbine blade’s
structural response to hydrodynamic loads. A high
speed camera (Vision Research, Phantom c641) was
positioned below the glass test section of the flume to
capture the location and orientation of each passing
blade tip (Fig. 5) at a frame rate of at least 700 fps and
a resolution of 1024x1024 pixels. Blade tips were coated
with a reflective chrome paint to increase contrast.
Video of at least 15 blade passages was recorded at
each tip-speed ratio. During image processing, the
frame that most closely aligns the blade in the center
of the camera view was compared to an image of the
unloaded blade to calculate deflection and twist at the
blade tip. More specifically, each frame was binarized,
converting each pixel above or below a given light
intensity threshold to white or black, and the centroid
and major axis orientation of the white region, iden-
tified as the blade tip, were calculated (Fig. 5). The
pixel scale was determined by the ratio of the pixel
length of the major axis in the reference (i.e., stationary)
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Fig. 3. CAD model of turbine and instrumentation.

Fig. 4. Blade and driveshaft load cell coordinate systems. Note, the
subscripts “b” refer to force/torque components measured by the
load cell installed at the blade root while the subscripts “h” refer to
force/torque components measured by the load cell installed at the
back of the rotor hub on the end of the driveshaft.

frame to the measured chord length of the physical
blade tip. The tip deflection, J, was determined from
the displacement of the centroid, while the tip twist,
ApB, was determined from the change in orientation
of the major axis, thus fully capturing the coupled
deformation shown in Fig. 1.

F. Cauchy scaling

To understand the effectiveness of Cauchy-scaling in
producing similar steady-state performance and blade
deformation, we designed two experimental setups
with different £ and U, that maintained a constant
Cauchy number as
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Fig. 5. High-speed video of the rotor plane during flume testing was
used to calculate tip deflection and twist by (a) identifying a high-
contrast object as the blade and (b) binarizing the frame to segment
the blade tip from the background, then measuring the position of
the centroid and orientation of the major axis in order to calculate
tip deflection and twist relative to the unloaded blade.

_ prUa® _ psUs”
E4 Ep

The first blade used a 7-ply carbon fiber spar and
the second blade used a 5-ply carbon fiber spar, both
fabricated with a 10° fiber orientation and cast in the
same mold to produce identical foil cross-sections. This
resulted in two blades with similar bend-twist coupling
(Fig. 7(c)), but with differing effective elastic moduli, E.
While the 7-ply design was an extension of previous
work [5], the 5-ply design was selected based on an
estimate of bending stiffness matrices for layups of
various ply counts using the material properties (E;,
FE5, G2, and v13) of the carbon fiber listed in Table 1.

The choice of inflow velocities for the experiment in-
volved balancing the higher signal-to-noise ratio from

Cay = Cag. (5)
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higher inflow speeds against higher rotation rates (to
maintain \) that increased vibration in the turbine and
support structure. We selected 0.8 m/s for the 7-ply
blades, which, as described later in this section, re-
quired an inflow speed of 0.55 m/s for the 5-ply blades
to maintain Cauchy similarity. To ensure that both tests
were conducted in a Reynolds-number independent
operational regime, water temperature was increased
to 33° C, decreasing viscosity.

Because the material properties of the carbon fiber
and urethane are sensitive to temperature, E for both
blades was estimated through an in-water zero-inflow
load test at 33° C, the same water temperature used
for the hydrodynamic tests. With the blade mounted
on the turbine and positioned horizontally, calibration
weights of 50-100 grams were incrementally added to
the blade tip. With the addition of each weight, 3500
samples from the blade load cell recorded the applied
force and a photograph was taken to determine the tip
deflection and twist relative to the unloaded position
(Fig. 6). The force and deflection measurements were
then used to determine the bending stiffness, treating
the blade as a cantilevered beam:

FL?
T (6)

where I is the second moment of inertia, F' is the
applied load, L is the length of the cantilevered blade,
and J is the deflection at the blade tip. Fig 7(ab)
shows twist and deflection as a function of applied
load. Because I is a function of blade cross-section
and constant for the two blades, a linear regression
of the load-deflection response (Fig. 7(a)) can be used
to estimate the ratio of the elastic moduli for the two
blades as:

El =

E5ply _ (EI)5ply _ (F/(S)Sply
E7ply (EI)7ply (F/(S)?ply

Consequently, to maintain Ca similarity,

=0.47 7)

| E;,
Uspiy = Urpiy Eipiy = (0.8m/s)v/0.47 = 0.55m/s. (8)
pty

The comparison of these experiments is carried out
under the framework of the non-dimensional parame-
ters for simultaneous hydrodynamic and hydroelastic
scaling identified by Young [40]:

o Tip-speed ratio ()): the same tip-speed ratio range,

2.5-8, is evaluated for the 5-ply and 7-ply blades
o Ratio of bending stiffness to torsional stiffness
(EI/GJ) and bend-twist coupling ratio (K,/EI):
Having used the same material at the same fiber
orientation for the 5-ply and 7-ply blades, we keep
the ratio of effective bending to torsional stiffness
and the bend-twist coupling equivalent, with only
small variations expected from the use of semi-
rigid polyurethane cast. Similarity in the bend-
twist coupling is confirmed in Fig. 7(c).

o Froude number and Reynolds number: Froude
number could not be matched between tests due
to limitations on water height at our facility,

(b)

Fig. 6. For the in-water static test, deflection and twist are deter-
mined from photographs taken in the (a) unloaded and (b) loaded
states.

and Reynolds number could not be matched
due to sensitivity of the blade’s material prop-
erties to temperature. To stay above Reynolds-
independence at both flow speeds, water tem-
perature was increased to the highest possible,
33°C. Changes in Froude and Reynolds number
were not expected to have a significant effect on
performance given that good agreement in Cp
and Cr has been observed in prior experiments
over similar flow conditions [44]. To verify low
sensitivity to changes in F'r and Re, we test a rigid
blade with the same unloaded geometry at both
flow conditions used for the 5-ply and 7-ply tests.
The results are discussed in Sec. III.

o Density ratio (ps/ps): The density ratio between
the solid composite blade and fluid varies be-
tween tests due to more polyurethane used in
the 5-ply design, but since we are only concerned
with scaling the steady-state hydrodynamic and
hydroelastic behavior, we neglect density ratio
for this study. Practically, up to 20% variation in
material density would likely be sufficient even for
modeling dynamic behavior [41].

» Cavitation number: Cavitation was not observed
in either test case for the 5-ply and 7-ply blades
and, thus, cavitation number was considered ir-
relevant to this experiment.

o Mach number: The turbine was operated in incom-
pressible flow conditions and, thus, Mach number
was also considered irrelevant in the context of
hydrodynamics.

In summary, physical limitations and assumptions
lead us to hold constant four of the nine non-
dimensional parameters governing rotor performance
in this context: tip-speed ratio, bend-twist coupling ra-
tio, bending to torsional stiffness, and Cauchy number.
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TABLE I
MATERIAL PROPERTIES FOR HEXCEL AS4 CARBON FIBER.

Material Property Value
Longitudinal Young’s modulus (parallel to fibers), E 115.56 GPa
Transverse Young’s modulus (perpendicular to fibers), Eo 9.86 GPa
Shear modulus, G12 4.826 GPa
Poisson’s Ratio, v12 0.335
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Fig. 7. (a) Deflection and (b) twist as a function of applied load
for a 7-ply and 5-ply passive adaptive blade with the same 10°
fiber orientation. Similarity in (c), twist as a function of deflection, is
representative of the matching bend-twist coupling between blades.

Since our experiments are conducted in a relatively
small channel, we note that blockage ratio is a relevant
non-dimensional parameter, and was kept constant
between both tests at 35%.

G. Blade center of pressure

To support a comprehensive understanding of hy-
drodynamic and hydroelastic behavior of passive
adaptive turbine blades, we approximate the span-
wise and chord-wise center of pressure on the blade

center of pressure

I} . = - \

| "

| Rpp 4@ | load
1 - - — ] cell

pitching axis

—

sensor head to blade
root: 20.2 mm

Fig. 8. Force and torque measured from the blade load cell are
used to calculate the pitching moment arm, Rpjs, and the flapwise
bending moment arm, Rppn. We further define Rpjs as the
distance between the pitching axis and the chord-wise center of
pressure, while Ry is the distance between the sensor head of
the blade load cell and the span-wise center of pressure.

using force and torque measurements from the six-axis
load cell installed at the blade root. Referring to the
coordinate system of the blade load cell defined in Fig.
4, we relate the pitching moment, Q. p, to the thrust
force on the blade, F,, ;:

<Qz,b> = <Fy7b>RPM7 (9)

where Rpyy is the pitching moment arm, i.e., the chord-
wise distance between the pitching axis (located at the
quarter-chord) and the center of pressure on the blade
(Fig. 8). (Q.) and (F), 1) are direct measurements from
the blade load cell, averaged over the entire time series
at each tip-speed ratio. We similarly relate the flapwise
bending moment, (), 5, to the thrust force on the blade:

(Qup) = (Fyp)RrBM, (10)

where Rppy is the flapwise bending moment arm,
i.e., the span-wise distance between the sensor head of
the load cell and the center of pressure on the blade.
Error in the center of pressure calculation is introduced
through the span-wise variation in twist inherent to
the blade geometry and the passive twist behavior
observed during a test; Eqns 9 and 10 assume F, ; is
perpendicular to the chord, which is an appropriate
assumption for small changes in twist.

III. RESULTS & DISCUSSION

Figures 9(a,b) show coefficients of performance and
thrust for the 5-ply and 7-ply blade in inflow con-
ditions corresponding to Cauchy similarity (Eqn. 5).
Also shown is the performance of the 7-ply blade
at the same inflow velocity as the 5-ply test, which
demonstrates the sensitivity of blade performance to
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a 50% change in Cauchy number. Figures 9(c,d) show
deflection and twist at the blade tip as a function of
tip-speed ratio. As hypothesized, we observe agree-
ment between Cr, J, and AS when Cauchy simi-
larity was maintained, particularly when flow is at-
tached over the entire blade span (A > 4), despite
dissimilarity in Mach, Froude and density ratio, and
for Reynolds numbers that are dissimilar but both
within the asymptotic Reynolds-independent regime.
More specifically, differences of 0-7% were observed
in Cr, 6, and AB compared to 50-65% for the 7-ply
blade tested at 0.55 m/s and 0.8 m/s. In agreement
with [41], our result demonstrates the effectiveness
of using Cauchy number to scale passive adaptive
marine current turbine blades and model their steady-
state hydrodynamics and hydroelastics behaviors in
a consistent, non-dimensional manner. Confidence in
experimental application of scaling laws for passive
adaptive blades broadens the impact of past and future
lab-scale studies and encourages future work at similar
scales, which is often financially accessible to a broader
set of research groups.

Unexpectedly, we did not observe a collapse of
Cp between the 5-ply and 7-ply blades 9(a). Likely
reasons for the disagreement include (1) differences
in Reynolds and/or Froude number and (2) a surface
defect in the 5-ply blade.

To understand the consequence of changing
Reynolds and Froude numbers between 0.55 m/s and
0.80 m/s, we tested a rigid, aluminum blade with
the same unloaded geometry at both flow conditions
(Fig. 10). Over most tip-speed ratios, we observed
minimal differences in Cp of 3-8% and differences
in Cr of 3-5%. Disagreement over 3.5 < A < 4.5
is due to partial stall, where flow remains attached
over part of the foil and bladespan, while agreement
resumes over A < 3.5 when the blade is in full stall.
But for A > 4.5, Cp and Cr are generally insensitive
to changes in the Reynolds and Froude numbers.
Because the differences in Cp are small in comparison
to the disagreement between the composite blades,
we do not believe that the Cp differences in the
Cauchy similitude experiment can be attributed to
variation in the Reynolds and/or Froude numbers.
We hypothesize that the source of the disagreement in
Cp is a small (7 mm) surface defect in the urethane
on the 5-ply blade near the mid-span and mid-chord
of the blade. The defect, which created an uneven
surface, may have caused early flow separation and,
consequently, decreased power production, while
having little effect on thrust. Future work will include
repeating the experiments in this study to confirm this
hypothesis.

Helpful to understanding the hydrodynamic and
hydroelastic behavior shown in Fig. 9(a-d) are the cen-
ter of pressure calculations summarized in Fig. 9(e,f).
While the chord-wise center of pressure for symmetric
foils is approximately at the quarter-chord (z/c = 1/4),
Fig. 9(e) suggests continual variation for a deforming
blade. We observe for A > 4, the chord-wise center of
pressure moves closer to the trailing edge as the tip-
speed ratio increases. This same observation was made
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in a computational study of passive adaptive blade
deformation by Zilic de Arcos, et al. [45]. Further, even
for a rigid blade, we observe that the center of pressure
moves closer to the trailing edge for the same tip-speed
ratios (Fig. 9(e)). For a passive adaptive blade, this is
likely the phenomenon that produces increased twist
at high tip-speed ratios despite the observed decreases
in deflection. Widely seen in studies of bend-twist
coupled blades, an increase (or decrease) in deflection
typically corresponds to an increase (or decrease) in
twist [5] as loads are applied at a specified point on
the blade. The result shown in Fig. 9 demonstrates
that, in practice, the change in the center of pressure
on the blade during turbine operation plays a large
role in the observed hydrodynamic and hydroelastic
behavior. Furthermore, Fig. 9(f) shows the span-wise
center of pressure moving inward towards the blade
root at increased tip-speed ratios. This aligns with our
previous observations in that larger tip-speed ratios
correspond to larger twist deformation and less power
production and thrust. Given that the largest amount
of twist (and load shedding) happens in the outer
blade span, we would reasonably expect the center
of pressure to move inward in cases with increased
twist deformation. Conversely, we see that for the rigid
blade with no blade deformation and higher power
production and thrust, the span-wise center of pressure
remains closer to the blade tip at high tip-speed ratios

(Fig. 9(f)).

IV. CONCLUSION

In this study, we conducted flume testing of a single-
bladed turbine to explore the effectiveness of Cauchy-
scaled passive adaptive blade experiments for model-
ing a blade’s steady-state hydrodynamic and hydroe-
lastic response. The main outcomes are as follows:

o When Cauchy similarity was met, some of the
steady-state hydrodynamic and hydroelastic be-
havior (thrust coefficient, blade deflection, blade
twist) was accurately modeled between scales.
This outcome broadens the impact of previous lab-
scale studies of passive adaptive blades and en-
courages future work at similar scales by increas-
ing confidence in the experimental application of
scaling laws.

o Moderate disagreement in the power coefficient
was observed between tests, likely caused by a
surface defect on the 5-ply blade.

o The chord-wise and span-wise centers of pressure
varied across rotation rate and inflow velocity,
significantly impacting blade deformation and cor-
responding hydrodynamic behavior.

o Rare for experimental turbine testing, we de-
scribed methods for capturing blade deformation
and the center of pressure on the blade during
turbine operation which supports a broader un-
derstanding of passive adaptive blade behavior
and their application in marine energy technology.
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Fig. 9. Coefficients of (a) performance and (b) thrust as a function of tip speed ratio for a 7-ply and 5-ply composite blade in Cauchy-scaled
flow conditions. The 7-ply blade is shown at both flow conditions to provide a reference. High-speed video of the passing blades provided
measurements of (c) deflection and (d) blade twist at the tip as a function of tip-speed ratio. Shaded regions in (a,b) represent the interquartile
range of measurements while the light orange and blue markers in (c,d) represent measurements from individual blade passages. The (e)
chord-wise and (f) span-wise center of pressure are reported relative to the pitching axis and blade root, respectively. Positive values in (e)
indicate a center of pressure closer towards the trailing edge of the blade. Position in (f) is normalized by the blade length, L = 170 mm,
where z/L = 0 would indicate a center of pressure at the blade root and z/L = 1 would indicate a center of pressure located at the blade

tip.
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Fig. 10. Coefficients of (a) performance and (b) thrust as a function of tip-speed ratio for a rigid blade with the same unloaded geometry as
the 5- and 7-ply composite blades. Shaded regions represent the interquartile range, which is smaller than the size of the markers in (b).

APPENDIX

Blade geometry, where r is the local radius, R is the
turbine radius, ¢ is the local chord, and ¢ is the local
thickness:

r/R c/r t/c Pre-Twist(°)
0.244 0.318 1.000 14.60
0.262 0.303 1.000 14.60
0.300 0.271 0.963 14.60
0.330 0.484 0.350 14.56
0.355 0.554 0.223 14.02
0.381 0.499 0.208 13.01
0.410 0.438 0.201 11.46
0.441 0.385 0.193 10.03
0.474 0.334 0.185 9.32
0.510 0.288 0.177 8.48
0.548 0.247 0.167 7.81
0.590 0.212 0.167 7.05
0.635 0.183 0.159 6.25
0.684 0.159 0.147 5.69
0.736 0.140 0.147 521
0.790 0.126 0.148 4.66
0.902 0.106 0.149 3.66
0.959 0.100 0.150 3.17
1.000 0.096 0.154 3.31
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