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A gravo-aeroelastic scaling (GAS) method is developed to design wind turbine blades that represent
centrifugal, aerodynamic, and gravitational loads of extreme-scale turbines. To match these elements,
certain blade characteristics are given priority: non-dimensional 1st flap-wise frequency, non-
dimensional flapping tip deflection, and tip-speed-ratio. Using the GAS method, a 1% sub-scale blade
was designed to match the mass distributions and ground tested to match the non-dimensional flap-
wise dynamics and deflections of Sandia National Lab’s 13.2-MW blade. To the authors’ knowledge, this
is the first manufactured blade model to employ gravo-aeroelastic scaling using additive manufacturing
and bio-inspiration. A series of scale models were designed, built, and ground-tested using weights
consistent with scaled steady rated load conditions of an extreme-scale turbine. The models designed
were evolved to increase gravo-elastic scaling performance by employing lightweight bio-inspirational
morphology and carbon fiber reinforcements. The final version has non-dimensional gravo-elastic er-
rors as follows: 3% in total mass, 15.6% in deflection from ground-based loads representing full-scale
steady rated conditions, and 8.1% in the first flap-wise modal frequency (when normalized by the
scaled rpm for rated conditions). This model demonstrates the GAS concept can be applied to manu-
facture sub-scale models as small as 1% of an extreme-scale rotor blade.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

In 2013, wind energy accounted for 4.5% of US electricity de-
mand and is one of the fastest growing sources of new electricity
supply [1]. It is predicted renewable energy will increase from 13%
in 2013 to 18% in 2040 with wind being the largest source of
renewable energy generation within the United States energy
market [2]. The growth can be attributed to technology de-
velopments leading to an improvement of performance, an in-
crease of reliability, and a reduction in the cost of energy [1].
Technological advances aid the increase in rotor diameter (D) and
hub height (H) as seen in Fig. 1, with future turbines expected to
have diameters in excess of 200-m and thus blade lengths in excess
of 100-m.

Sandia National Labs has computationally shown this increase
in blade size is viable with the design of the SNL100-XX series
[3e6]. Each blade in the series is a 100-m blade designed for a
i).
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13.2MW turbine. The initial baseline design, the SNL100-00 blade
weighs 114 tons and is made primarily of fiberglass material with
the conventional sharp trailing edge airfoil design of the time. The
final design, the SNL100-03 blade, is the lightest version to satisfy
all the key performance characteristics. It weighs 53 tons and uses
carbon reinforcements and flatback airfoils to reduce the amount of
material needed, which therefore reduces the weight compared to
the initial design by over 50%. These turbines with blade lengths of
100-m and beyond have been termed “extreme-scale” systems [7].

Other turbine designs are also aiming for such extreme-scale
rotors [7,8] however, due to the lack of physical testing on blades
or rotors of this size, there are no experimentally confirmed designs
as of yet [8]. Such full-scale testing (ground testing or field testing)
is prohibitively expensive. As such, there is a need for scaled de-
signs which can allow the physical testing to alleviate the risk of
full-scale projects with new rotor technology [9]. In particular, scale
models allow for verification of key aspects of blade and rotor
design without the same commitment of resources [10].

Previous scaling techniques for structures under aerodynamic
loads aim to scale aerodynamically and/or aeroelastically in order
o-aeroelastically scaled additively-manufactured wind turbine blade
.1016/j.renene.2019.10.152
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Nomenclature

an constant
a speed of sound
BSSE blade structural scaling error
c chord length
ct distributed coefficient of thrust
D average rotor diameter
d diameter
EI stiffness
g gravitational constant
H average hub height
I sectional moment of inertia
L beam length
m blade mass
M moment
M a Mach Number
P tip load
Re Reynolds Number
s spanwise location
S total blade length
t material thickness
U wind speed

b coning angle
d tip deflection
h scaling factor
r density
U rotational speed
uflap flap-wise frequency

Subscripts
ðÞC centrifugal
ðÞcm center of mass
ðÞdesign version value
ðÞf full-scale
ðÞG gravitational
ðÞi sectional value
ðÞideal ideal value
ðÞrated rated value
ðÞrel relative value
ðÞs sub-scale
ðÞT thrust
ðÞwind wind value
ðÞ’ distributed value
ðÞ non-dimensional value

Fig. 1. The increasing trend of average production rotor sizes with the advancement of
time.
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to study deflection and dynamic responses suitable for validating
computational methods [9e15]. These techniques have been used
for testing helicopter blades [10], lightweight aircraft [11], and off-
shore wind turbines subjected to wave induced motions [9,12e15].
One such test, the DeepCwind test created a 1/50th-scaled model of
a 5-MW offshore floating wind turbine [12,15]. The test utilizes
Froude number scaling for the geometry and environmental con-
ditions, and attempts to offset the changes in aerodynamic forces
from the change in Reynolds number by increasing the windspeed.
The turbines for this test properly scaled the mass of the turbine
relative to themass of thewaves, however, the blades weremade to
be completely rigid in order to remove complications from stiffness
scaling. This approach was appropriate as the interest was in un-
derstanding different floating platform designs and their in-
teractions with an assortment of wind and wave loads and not on
aeroelastic dynamics. In another example, a 1/93rd scaled wind
turbine blade of the 44-m Vestas V90 blade was built to be aero-
elastically scaled in terms of the ratio of flap-wise frequency to
rotational frequency, but with the gravitational scaling ignored
[13]. This approach was appropriate, as the interest was on the
deflections caused by centrifugal and aerodynamic forces since
Please cite this article as: M. Kaminski et al., Ground testing of a 1% grav
with bio-inspired structural design, Renewable Energy, https://doi.org/10
gravitational loads are relatively small (in comparison) at rated
conditions. However, scaling applied to extreme-scale turbines
leads to additional complexity. In particular, gravitational loadings
scale at a faster rate than aerodynamic loadings [3]. With blade
lengths equal to or greater than 100-m, the gravitational loadings
become of high significance [7,16,17] and therefore must also be
taken into account. This indicates a need to apply a scaling which
incorporates both the gravitational, aerodynamic, and elastic
properties of wind turbine blades. While sub-scale designs have
been completed [18], no such designs have been manufactured to
the authors’ knowledge.

Design andmanufacturing difficulties arise if the scale reduction
factor is significant. These difficulties include but are not limited to
an extremely lightweight scaled mass, high stiffness, and the
inability to manufacture the sub-scale with the same materials as
the full-scale. These difficulties are further explained in the
Methods section.

The mass and stiffness of a blade are limited when using the
conventional skin and spar blade designs. To alleviate these limi-
tations when scaling, a bio-inspired structural design is explored. It
has been shown topologies resembling the internal structure of
bone [19] can minimize mass, while withstanding a specified
amount of load in a variety of directions. This structural efficiency
follows Wolff’s law, whereby human or animal bone structure
grows and adapts to the loads applied and expected. Over time, if
the bone’s loadings increase, so will its internal support, if the
loadings decrease, the support too will decrease [20]. The bone
shown in Fig. 2a, includes many truss-like elements with rounded
joining regions and with multiple directions of support. The con-
centration and size of these bone structures is specific to the
applied and expected loads. As an example, someone highly active
in a single-handed racquet sports can develop significant asym-
metries between the bones of their dominant and non-dominant
arms as compared to a control subject. This is a result of the
increased loading on the racquet holding arm [21]. Thus, expected
loads and evolutionary optimization allow for bone to have the
lowest possible mass to support the given (applied or expected)
loads. Inspired by such biological topologies, engineers use these
o-aeroelastically scaled additively-manufactured wind turbine blade
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Fig. 2. a) Internal structure of the spongy bone in the femur of a cow [24], b) the first additively manufactured motorcycle [23,25], and the topologically optimized airplane wing
[19].
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structural concepts for product designs which must withstand a
significant set of loads while retaining lowmass. It is predicted this
design technique will prove beneficial to the 1% model design.

Fabricating such bio-inspired designs with conventional
manufacturing can be an extreme challenge, fortunately, additive
manufacturing is an emerging technology allowing for separation
from current subtractive methods by creating the product layer by
layer. This allows for rapid innovative product design and testing
without the need of extra spare parts, new tooling, etc. [22] which
therefore reduces overall development cycles [23]. Additive
manufacturing encourages novel product designs many of which
resemble bio-inspired structural approaches to optimize the part’s
topology. Airbus’s subsidiary, APWorks, is one of the leading de-
signers in additively manufactured products. They have many
different designs incorporating both bio-inspiration and additive
manufacturing to reduce the weight and therefore the cost of the
product. Among the many products are designs for an aircraft
partition creating a 44% weight savings while also increasing the
stiffness, a cabin bracket with a 72% weight savings, and an armrest
with a 44% weight savings [23]. Their most unconventional part is
the Light Rider motorcycle, the world’s first prototype of a 3D
printed motorcycle shown in Fig. 2b. Researchers at the Technical
University of Denmark too are optimizing the internal structure of
aircraft wings in order to reduce the mass compared to conven-
tional as seen in Fig. 2c. These designs employ topologies similar to
the internal bone topology of Fig. 2a. However, this concept has not
been previously applied to a wind turbine blade structural design,
which tend to favor more conventional skin-and-spar designs
lacking the ability to further optimize the blade structural perfor-
mance topology.

The first objective of this study is to combine both gravitational
and aeroelastic effects for gravo-aeroelastically scaled models that
allow for high-fidelity non-dimensional representation of the dy-
namics and deflections in the operation of extreme-scale rotors
[16,17]. The second objective is to apply the GAS method to the
SNL100-03 [6] wind turbine blade for a 1/100th structurally scaled
model utilizing additive manufacturing and bio-inspired design.
This model is then static ground tested with loads mimicking the
full-scale steady rated conditions to show the viability of creating a
model to simulate full-scale models at a sub-scale size.

To the authors’ knowledge, this demonstration is the first study
to additively manufacture and gravo-elastically test a scaled
structural model of an extreme-scale wind turbine blade and the
first to use the gravo-aeroelastic scaling method for design.
Please cite this article as: M. Kaminski et al., Ground testing of a 1% grav
with bio-inspired structural design, Renewable Energy, https://doi.org/10
Additionally, this is the first to employ bioinspired structural design
to reduce weight for a given stiffness on scaled wind turbines.

Section 2 reviews the methods to obtain GAS models for
extreme-scale wind turbine blades and methods to develop an
additively manufactured blade displaying bio-inspired structural
design. Section 3 includes the ideal scaling of the 1% SNL 100-03
blade used as a structural design goal and the physical iterations of
the fabricated scaled blades seeking to replicate this ideal design
via gravo-elastic ground testing. Section 4 provides concluding
remarks and recommendations for future work.
2. Methods

2.1. Gravo-aeroelastic scaling

The following GAS method combines gravitational and aero-
elastic scaling for an extreme-scale blade in terms of flap-wise
structural performance to properly mimic the non-dimensional
centrifugal, gravitational, and aeroelastic loads acting on the
blade. To begin, it is important to determine a scaling factor of the
model (h). This is defined by the ratio of the total blade lengths (S)
shown in equation (1) and in Fig. 3a with the subscripts s and f
referring to the sub-scale and full-scale models respectively. This
factor also applies to all external dimensions and deflections of the
blade including the center of gravity and the blade chord (c).

h¼ Ss
Sf

(1)

When scaling a blade, it is important to keep the blade root
moments imparted at the rotor hub on the turbine scaled appro-
priately for the purpose of loads matching between full- and sub-
scale. The moments experienced by the scaled blade determine
the appropriate structural design and stiffness to preserve the non-
dimensional deflections and dynamics of the full-scale blade.
Because moments are influenced by forces with moment arms, this
scaling places more emphasis on the loading and properties near
the tip of the blade as compared to those inboard. The moments at
the hub are expressed as a summation of all the distributed mo-
ments, which are the moments per unit spanwise length at a given
point along the blade.

Fig. 3b depicts the blade in a vertical upward orientation with a
coning angle (b) in order to express the distributed moments in the
blade flap-wise directions for accurate tip deflections. The three
main flap-wise distributedmoments felt at the blade root are thrust
o-aeroelastically scaled additively-manufactured wind turbine blade
.1016/j.renene.2019.10.152



Fig. 3. An upwind three-bladed turbine with a) the front view showing: rotational speed (U), sectional distance along the blade length (s), and total blade length (S) and b) the side
view showing sectional bending moments (M’

Q ), coning angle (b), and wind speed (U) and again the sectional distance along the blade length (s) with a non-rotating coordinate
frame.
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(M’
T ), centrifugal (M

’
C), and gravitational (M’

G). These are expressed
analytically as follows:

M’
T ¼

1
2
rwindcU

2
relcts½cosðbÞ� (2)

M’
C ¼m’U2s2½cosðbÞsinðbÞ� (3)

M’
G¼m’gs½sinðbÞcosðjÞ� (4)

The values above include rwind as the air density, Urel as the
relative wind speed (which includes wind speed due to the rotation
of the blade and the incoming wind), U as the rotational speed, and
g as the gravitational constant. The values that vary as a function of
spanwise length, s, include ct as the sectional coefficient of thrust, c
as the chord length, and m’ as the distributed mass density of the
blade (with units of mass per unit spanwise length).

To find the total moments felt by the root of the blade, the
sectional moments due to a force Q can be integrated from the root
to the tip of the blade over a differential blade length (ds) as shown
below, where Q can be replaced by C, T, or G.

MQ ¼
ðS
0

M’
Qds (5)

There are twomain moment ratios to define before determining
the scaling parameters. The first is the ratio of sectional gravita-
tional to centrifugal moments, which is the moment equivalent to
the Froude number, and the second is the sectional centrifugal to
thrust moment, where these are written as follows:

M’
G
�
M’

C
¼ g

U2s½cosðbÞ�
(6)

M’
C
�
M’

T
¼2m’U2s½sinðbÞ�

rwindcU
2
relct

(7)

In terms of dynamics, aeroelasticity, and velocity angles, there
are three critical non-dimensional values that should be held
constant between the full- and sub-scale blades when designing
the sub-scale model: the non-dimensional 1st flap-wise frequency,
the non-dimensional maximum steady state tip deflections, and
the tip-speed-ratio (TSR). The non-dimensional flap-wise fre-
quency is defined in equation (8a). This is the ratio of the primary
blade natural frequency (uflap), defined in equation (8b), based
upon uniform beam deflections, to the primary input frequency (U,
rotational speed). In this equation, an is a constant that is a function
Please cite this article as: M. Kaminski et al., Ground testing of a 1% grav
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of boundary conditions, mass distribution, and stiffness distribu-
tions and is ideally the same between full- and sub-scale, EI is blade
stiffness,m is total blade mass, and S is the length of the blade. This
non-dimensional frequency drives the flap-wise dynamics of the
blade and preserving this value ensures the scaled mass and stiff-
ness values are proportional to each other. In addition, the flap-
wise frequency divided by omega in equation (8a) is held con-
stant from full-scale to sub-scale ensuring that the spacing of per-
rev frequencies are maintained at sub-scale; for example, a
design free of blade resonant conditions at the full-scale is also free
of resonance at the sub-scale. The non-dimensional maximum
steady state tip deflection defined in equation (9) is the ratio of the
maximum steady-state rated deflection of the blade (d) to the total
length of the blade (S). A consequence of matching both equations
(8a) and (9) is the scaled mass and stiffness will both be appro-
priately scaled. Lastly, by keeping the tip-speed-ratio (TSR) in
equation (10) constant, the approaching flow angles relative to the
rotor blade will be preserved. The various parameters within the
TSR are visually shown in Fig. 3 where UScosðbÞ is the tip-speed,
and U is the wind speed.

u¼uflap

U
(8a)

uflap ¼ a2n

ffiffiffiffiffiffiffiffiffi
EI
mS3

r
(8b)

d¼ d=S (9)

TSR¼ UScosðbÞ
U

(10)

Keeping equations (8a), (9) and (10) constant, the scaling of
appropriate blade parameters are determined using equations
(1)e(4). The factors are summarized in Table 1, and the steps used
to obtain them are as follows.

To begin, the rotational speed scaling (h�1/2) is found by keeping
the ratio of equation (6) constant between full- and sub-scale and
applying the scaling factor of equation (1). With this result and
keeping the tip-speed-ratio constant in equation (10), the wind
speed scaling (h1/2) is obtained. Applying the scaling factor to both
the chord and to the sectional blade length, as well as scaling the
wind and rotational scaling by equation (7), the distributed blade
mass scaling can be obtained. The result for the distributed blade
mass scaling is h2 if the air density does not vary, but if the full-scale
and sub-scale systems operate at substantially different altitudes,
then air density effects should be considered. From this, one can
o-aeroelastically scaled additively-manufactured wind turbine blade
.1016/j.renene.2019.10.152



Table 1
Various parameters for GAS scaling and their associated scaling factors.

Scaling Parameter Scale Factor

Length Scaling:
Ss
Sf

h

Rotational Scaling:
Us

Uf

1=
ffiffiffi
h

p

Wind Velocity Scaling:
Us

Uf

ffiffiffi
h

p

Total Blade Mass Scaling:
ms

mf

 
rwind;s

rwind;f

!
h3

Distributed Blade Mass Scaling:
m’

s

m’
f

 
rwind;s

rwind;f

!
h2

Flap-wise Frequency Scaling:
uflap; s

uflap; f

1=
ffiffiffi
h

p

Stiffness Scaling:
ðEIÞs
ðEIÞf

 
rwind;s

rwind;f

!
h5

Reynolds Number Ratio:
Res
Ref

 
rwind;s

rwind;f

! 
mwind;f

mwind;s

!
h3=2

Mach Number Ratio:
Mas
Maf

 
awind;f

awind;s

! ffiffiffi
h

p

For Fixed Materials and Structural Design:

Material Thickness Scaling:
ts
tf

 
rwind;s

rwind;f

!
h2

Fig. 4. The primary structure and materials of the full-scale SNL100-03 blade.
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integrate to obtain the total blade mass scaling (h3). With keeping
the non-dimensional flapping frequency constant in equation (8a)
and applying the rotational scaling previously determined, one
obtains the scaling for the flap-wise frequency (h�1/2). Applying the
scaling for frequency, mass, length, and the assumption that the an
term of equation (8b) remains constant between the full- and sub-
scale models, the bending stiffness (EI) scaling can be obtained (h5).
When developing a scaled model with the same materials, the wall
thickness scales by combining the stiffness scaling and the moment
of inertia of a section. For example, the sectional moment of inertia
for a hollow uniform circle of diameter, d, and wall thickness, t, is
given as follows:

I¼ const:
�
d3t
�

(11)

This same proportionality (with a different defined constant)
applies for a wind turbine blade given a reference diameter and
blade skin thickness. Assuming material similarity at full- and sub-
scale the sectional moment of inertia, equation (11), scales with h5

(assuming all material properties are unchanged), thus thematerial
thickness is to be scaled by h2, as opposed to the assumed scaling, h,
in order to preserve the scaled blade stiffness.

When scaling in the same fluid density, therewill be a difference
in Reynolds number and Mach numbers. The difference in Mach
number can be reasonably ignored if the Mach numbers are below
compressibility effects [11]. For the Reynolds number mismatch,
studies have shown the aerodynamics can be sensitive to such
changes so that fixing the aerodynamic shape and flow angles will
not preserve the thrust coefficient [26]. It should be noted that the
objective of scaling flap-wise loads is to achieve the same moment
ratios and overall aeroelastic loads. Thus, one may design the sub-
scale model at a different Cp and change the pitch to match the
thrust coefficient and flap-wise dynamics at a single operating
point. Additional options to better match the thrust include, but are
not limited to: tripping the boundary layer, redesigning the airfoil
geometry, and applying an appropriate resisting motor to the tur-
bine [16,27,28]. Note that matching the scaled flap-wise moments
with such changes will generally prevent simultaneous scaling of
the edgewise moments. However, the flap-wise deflections and
Please cite this article as: M. Kaminski et al., Ground testing of a 1% grav
with bio-inspired structural design, Renewable Energy, https://doi.org/10
dynamics are the focus herein as they are much greater than the
corresponding edgewise values for the full-scale turbine. As such,
the decision for adjustments is dependent on specific research
goals.

2.2. The SNL100-03 blade reference design

In the present study, the GAS method is applied to the 13.2MW
100-m SNL100-03 wind turbine blade [6] to determine a 1% model.
This full-scale blade model is chosen based upon its advanced
design as an extreme-scale wind turbine. The SNL100-03 is a fourth
generation concept design [3e5] that introduces flatback airfoils to
reduce the weight of the blades and includes the following blade
materials (by percent of the total blade mass): E-Glass/Epoxy (E-LT-
5500) - 15.5%, Saertex - 11.4%, Carbon Prepreg - 30.1%, Epoxy Resin
(EP-3) - 32.5%, Balsa - 2.5%, Polyethelene Teraphalate (PET) Foam -
6.5%, and a Gel coat - 1.3%. The primary materials are located in
Fig. 4 which also depicts the internal structure of the full-scale
SNL100-03 blade including the shear webs and the upper and
lower spar caps [6].

2.3. Scaled model ground-testing method

To assess whether the GAS method can be successfully applied
o-aeroelastically scaled additively-manufactured wind turbine blade
.1016/j.renene.2019.10.152
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to models as small as 1/100th scale, equations (8a)-(10) are verified
in terms of the gravo-elastic properties. In particular, ground
testing is used to compare the blade mass (sectional distribution as
well as total value), maximum steady state tip deflection, and first
flap-wise frequency of the blade. Other aspects are of secondary
influence on flap-wise deflections and thus are not scaled: the
chord wise mass density, edgewise stiffness, rotational stiffness,
and axial stiffness. These are secondary since the primary forces
which impact blade flap-wise deflections for the full-scale rotor in
operation are flap-wise gravitational, aerodynamic, and centrifugal
forces. The total mass of a manufactured blade is obtained through
weighing on a scale, accurate to ±0.1 g, while the mass density
(mass per unit span) is verified through SOLIDWORKS. The center of
mass is also compared between the full- and sub-scale models
through equation (12) and summing down the length of the blade.

scm¼
P

simi

m
(12)

Typical aeroelastic testing involves an interaction between the
aerodynamic, elastic and inertial forces on a structure in a flow.
Such operational testing for a study of this scale can be very difficult
since, the Reynolds number mismatch can significantly affect the
aerodynamics. Therefore, the blades are only static ground tested
for flap-wise tip deflections by applying weights to represent the
scaled operational root flap-wise bending moment at steady rated
conditions. Fig. 5 shows the setup for testing the tip-deflection and
the first flap-wise frequency of the blade. The root of the blade is
held in place creating a fixed root boundary condition. For testing of
the maximum steady state tip deflection, various loads stepping up
to the maximum scaled flap-wise moment of the full-scale blade
are applied to the tip and the amount the tip deflects is measured
from a static state shown in Fig. 5c. This is compared to non-
dimensional ANSYS deflections of the SNL100-03. Although the
stiffness along the length of the blade varies, the maximum tip
deflections (d) are similar to a uniform, constant stiffness (EI) beam
of length L, resulting from a tip load (P) as described in equation
(13).
Fig. 5. The experimental setup to test scaled blade deflections: a) unsteady deflections
resulting from a pluck test, b) time evolution of deflections to obtain natural frequency,
and c) steady state tip deflections based on a scaled load placed at the tip.

Please cite this article as: M. Kaminski et al., Ground testing of a 1% grav
with bio-inspired structural design, Renewable Energy, https://doi.org/10
d¼ PL3

3EI
(13)

This flap-wise deflection in a gravo-elastic ground test can be
used to quantify the steady-state scaling properties of the fabri-
cated blade. In particular, this deflection can be normalized by
blade length to compare with the non-dimensional deflection
values of the full-scale blade by using Table 1.

To consider the dynamic properties of this same blade, a step
relaxation, or “pluck test”, is applied to determine the first flap-
wise frequency shown in Fig. 5a. This is achieved by applying a
fixed load to the tip of the blade, and then removing it suddenly so
the blade responds in an unsteady manner with free vibrations
[29]. The flap-wise frequency of the blade is determined by the
inverse of the time for the blade to complete one cycle of de-
flections as described by Fig. 5b. These vibrations can be used to
determine flap-wise frequency and can be compared to the non-
dimensional values of the full-scale blade by using Table 1.
2.4. Scaled model materials, manufacturing and scaling accuracy
parameter

For manufacturing the 1/100th model, the material thickness-
scaling factor from Table 1 is referenced. When scaling the
familiar material of balsa at its maximum thickness of 39mm, the
1% scaled model operating in the same air density would be 3.9 mm.
This is an impractically small thickness (the thinnest available piece
of balsa readily available for production is 0.5mm) and one that
would lead to buckling problems. Therefore, alternate materials
and structural designs are needed to manufacture the scaled blade.
Additive manufacturing of the blade was determined to be a highly
effective solution for design since it allows for quick turnaround
time between the design phase and the manufacturing phase [30].
Another benefit of additive manufacturing is the additional degrees
of freedom of design topography as compared to subtractive
manufacturing methods [31] permitting innovative structural de-
signs and the ability to match the structural efficiency of the full-
scale at a sub-scale size.

For the 1/100th blade, the Stratasys PolyJet 3D printer was used
due to its ability to print multiple materials on a single part, high
tolerance, layer resolution, and accuracy [32]. The PolyJet 3D
printer allows for the combination of materials utilized for
manufacturing as outlined in Table 2. This range of material stiff-
ness allows alterations in the deflections similar to the beam
deflection equation (13) and can help to retain the main values
outlined in equations (8a), (9) and (10). Additional materials such as
a carbon fiber strip (for added blade stiffness) and the plastic wrap
(for external blade shell) are also included in Table 2.

Additive manufacturing presents limitations to the wall thick-
ness. With this limitation, and the mass constraints presented in
Table 1, the third shear web is removed through all iterations of the
blade. The goal is to keep the remaining internal structure of the
blade constant with the full-scale model; however, if needed, the
internal structure can be altered so long as the blade retains the
main values outline in equations (8a), (9) and (10). Even with the
removal of the third shear web, structural optimization is required
to satisfy these values at the subscale due to the lowmass and high
stiffness constraints of extreme-scale wind turbines.

Conventional manufacturing techniques at the sub-scale cannot
match the full-scale blade dynamics due to design limitations in
both the mass and stiffness constraints. Optimization of the
structure to match these constraint requirements (such as stress,
structural deflection, mass, etc.), is completed by reducing the mass
and material within a given outer shape [36,37]. The optimized
o-aeroelastically scaled additively-manufactured wind turbine blade
.1016/j.renene.2019.10.152



Table 2
Material properties of the elements for the 1% GAS SNL100-03 blade.

Material Vendor & Name Modulus of Elasticity (MPa) Density (g/cm3)

Rigid Resin Stratasys- VeroWhite 2100 1.17
Rigid þ Rubber Resin Stratasys- RGD8505 1900 1.17
Rigid þ Rubber Resin Stratasys- RGD8510 1700 1.17
Rigid þ Rubber Resin Stratasys- RGD8515 1500 1.17
Rigid þ Rubber Resin Stratasys- RGD8520 1300 1.17
Rigid þ Rubber Resin Stratasys- RGD8525 1000 1.17
Rigid þ Rubber Resin Stratasys- RGD8530 700 1.17
Rubber Resin Stratasys- Tango Black ~5.8 1.14
Carbon Fiber The Composites Store- High Modulus Carbon Fiber Strip [33] 240000 1.59
Polyethylene GLAD ClingWrap [34,35] ~113 1.68

Fig. 6. The technological advancement of blades (solid line) compared against GAS
method blades (dashed line).
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structures lead to designs with high stiffness, low mass, and de-
signs with material solely in locations where it is needed, and voids
wherematerial is not needed. This designmethodology is known as
a bio-inspired structural design [37]. To test the efficiency of the
design, a Blade Structural Scaling Error (BSSE) is defined for com-
parison with previous designs. For the case of the 1% blade, the
design performance is based upon the tip deflections and the mass
of the blade as defined in equation (14). If the BSSE is 0, then the
stiffness and mass is scaled appropriately, and therefore the blade
frequency (by Equation (8b)) is also scaled appropriately.

BSSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ddesign � dideal

dideal

�2

þ
�
mdesign �mideal

mideal

�2
s

(14)

To reduce the BSSE of the design, the structure must closely
match the mass and deflections of the full-scale model. To match
each of these, it is intelligent to refer to the way in which the in-
ternal structure of bone is developed, namely, the spongy bone.
This keeps the mass as low as possible, while also being able to
withstand the given loadings resulting in an internal structure
resembling Fig. 2a. By replicating and adapting this design, the 1%
model will ideally be able to match the difficult mass constraints of
a scale model of this size, but also be able to match the tip de-
flections prescribed ultimately reducing the BSSE of the blade.

3. Results and discussion

3.1. Gravo-aeroelastic scaling results

Applying the GAS methods of Table 1 to a 1/100th model of the
SNL100-03 blade results in the scaling summarized in Table 3. The
leftmost column contains the full-scale 100-m values, the middle
column contains the GAS scaled 1% values and, to compare
extreme-scale values to conventional values, the rightmost column
Table 3
The 1% Ideal GAS SNL100-03 blade and its full-scale counterpart compared to a convent

Full-Scale SNL-100-03

Design Innovation Extreme-Scale
Rotor Radius (R) 100m
Length Scaling Factor (h) 1
Blade Mass (m) 49,519 kg
Rated Wind Speed (Vrated) 11.3m/s
Tip-Speed Ratio (l) 9.5
Rated Rotor speed (U) 10.25 RPM
Flap-wise Frequency (uflapÞ 0.49 Hz
Ref. Reynolds Number (Re) 1.54� 107

Ref. Mach Number (Ma) 0.224

Please cite this article as: M. Kaminski et al., Ground testing of a 1% grav
with bio-inspired structural design, Renewable Energy, https://doi.org/10
contains a conventional 0.9-m length blade [38]. The conventional
rotor mass, even though it uses fiberglass and carbon fiber, is about
4.5 times heavier than the sub-scaled version of an extreme-scale
rotor of about the same length. This difference shows gravo-
aeroelastic sub-scaling dramatically reduces the blade mass rela-
tive to what would be expected from a technology used for similar
blade lengths. This is demonstrated in Fig. 6 which shows the
trends in mass scaling for gravo-aeroelastic scaled blades and
conventional blades. The solid black line shows typical blade mass
for rotors designed ideally for their respective size, and shows the
SNL100-03 blade is consistent with this trend. This trendline shows
mass changes with S2:1 due to differing technological evolutions
including manufacturing techniques and materials as blade rotor
sizes increase. This proportionality is well documented [39,40]. The
dashed blade line shows the mass of a blade scaled gravo-
aeroelastically, following an S3 line (Table 3). Using the SNL100-
ional blade.

1% Ideal GAS SNL100-03 Carbon Fiber
0.9-Meter Blade [38]

Extreme-Scale Conventional-Scale
1m 0.9m
0.01 e

49.52 g 220 g
1.13m/s 12.5m/s
9.5 11.6
102.5 RPM 649 RPM
4.9 Hz e

1.23� 104 4.14� 105

0.022 0.119

o-aeroelastically scaled additively-manufactured wind turbine blade
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03 blade as the reference, a 1-m gravo-aeroelastic blade is signifi-
cantly lighter than a blade using conventional technologies at the
same length. This highly reduced mass required for the gravo-
aeroelastically scaled blade demonstrates a challenge of creating
a very low mass design as compared to designs using conventional
methods.

The primary reasons for the reduced blade mass when GAS is
applied is illustrated in Fig. 7, which shows the ratio of the moment
due to gravitational loads to the moment due to centrifugal loads
Mg
�
Mc

. The solid black line again shows the conventional values for
this ratio based on an assumption of constant tip-speed, which
results in gravitational moments being much weaker at small
scales. The dashed black line shows the constant value of this
moment ratio needed to properly employ the GAS method
including changes in tip-speed (Table 1). This plot shows the sig-
nificance of gravitational loading for extreme-scale blades. In the
following, various structural designs are considered in order to
keep this moment ratio of Fig. 7 constant with the lowmass shown
in Fig. 6.

3.2. Iterations of 1% GAS SNL100-03 blade

The structural design iterations of the 1% GAS SNL100-03 blade
are rendered in Fig. 8 with mass and deflection summarized in
Table 4. The different iterations start with Version 0 and lead up to
the final blade design of Version 5CF. The Version 0 blade mimics
the full-scale conventional skin-and-spar structural design
excluding the third shear web (as mentioned in Section 2.4) and is
far too heavy even if fabricated with the minimum thickness ma-
terial allowed by additive manufacturing (it would weigh about
122 g, which is 2.46 times more than ideal weight). As such, the
blade was never fabricated and its high mass highlights the need to
explore structural optimization and non-conventional geometries.

To design the structure to minimize the mass and maximize the
stiffness, it is important to take into account both the aerodynamic
shape of the blade as well as the structural loadings on the blade
[41,42]. If only focusing on the aerodynamics, the resulting blade
would be a solid blade with an aerodynamic shell. If only focusing
on the structure of the blade, the resulting shape would be an I-
beamwith no external airfoil. Therefore, to fully optimize the blade
for mass and stiffness, material must remain where loads act upon
it and be removed where loads do not act upon it while simulta-
neously providing support for the outer shell to retain aerodynamic
shape. In terms of material that must remain, the leading edges and
trailing edges were unaltered due to their critical influence on
aerodynamics [44]. Each design version presented is based upon
Fig. 7. Ratio of gravitational to centrifugal moments using GAS methods as shown by the das
as-fabricated blade masses.

Please cite this article as: M. Kaminski et al., Ground testing of a 1% grav
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authors’ experience and the previous design results. In terms of
material that could be removed, oval holes were employed on the
upper and lower surfaces. The rounded corners reduce the stress
concentrations as compared to the sharp corners if squares were
removed [43] and the removed ovals are spaced evenly down the
length of the blade to provide support for the outer shell, poly-
ethylene wrap. This set of design decisions led to structural designs
and methodologies similar to the spongy bone of Fig. 2a, and
therefore a bio-inspired structure.

The Version 1 blade takes the same shear web internal structure
as Version 0, but removes material in the outer shell. This results in
a blade with reasonable stiffness, but still too high of a mass (nearly
50%). The following discusses the remaining structural designs that
attempt to match both the mass and stiffness with Table 4 sum-
marizing the ground testing results, design considerations, and
design successes. The remainder of the design versions are based
uponmanufacturing iteration and assessment with an emphasis on
bio-inspiration.

Since the structural design of Version 1 yields too large of a
mass, the Version 2 blade removes mass in the spar, also in the
shape of ovals, down the length of the blade. This blade is printed
with a stiffer material to offset the removal of this material. While
there was improvement in the mass of the blade, it is still too
massive, deflects too little, and has significantly lower edgewise
stiffness (though, edgewise stiffness is not a priority in the present
GAS approach) as summarized in Table 4.

Version 3 blade sought to improve upon Version 2 by further
invoking a bio-inspired internal structure. The shear webs are
widened and rounded and the sizes of the empty spaces are
increased in both the external and internal structure. This results in
a much-improved mass similar to the ideal blade. However, even
when printing with the stiffest material available, the blade is too
flexible in the flap-wise direction. In order to increase this stiffness,
a carbon fiber strip is superficially attached on the suction side of
the blade similar to previous blade designs [13]. This design is
denoted as Version 3CF, with the inclusion of carbon fiber indicated
by the ‘CF’. This addition of carbon fiber significantly increases the
stiffness with little mass increase. Succeeding iterations continue to
contain a carbon fiber strip. However, further iterations were
needed as this blade was too stiff (tip deflection was too small) and
too heavy.

Version 4CF employs the carbon fiber, as in Version 3CF, but uses
a structure similar to Version 2, except with a singular shear web
and a track for placement of the carbon fiber strip. This results in a
bladewith mass close to the ideal scaled mass, but a stiffness that is
too high. Version 5CF continues with the same design, however the
hed line, where the solid diagonal black line is based on a fixed tip speed (~107m/s) and

o-aeroelastically scaled additively-manufactured wind turbine blade
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Table 4
Results of the fabricated 1% GAS SNL blades, by version iteration.

1% GAS SNL
Version

Mass
(g)

Max. Flap-wise Steady State Tip
Deflection (cm)

Primary Material Design Changes Design Effect

Ideal 49.5 19.5 (�) (�) (�)
Version 1 69.2 17.9 Spar: RGD8530

Lead and Trailing
Edges: RGD8525

Material removed from outer surface, full-
scale internal structure

Reasonable flap-wise stiffness, too massive

Version 2 65.4 10.0 Spar: RGD8515
Lead and Trailing
Edges: RGD8520

Material removed from spar, stiffer material Too stiff flap-wise, too massive,
significantly low edge stiffness

Version 3 54.2 23.3 VeroWhite Widened spar, stiffest material Too flexible flap-wise, reasonable mass
Version 3CF 56.2 9.8 VeroWhite Superficial carbon-fiber spanwise strip Too stiff flap-wise, reasonable mass
Version 4CF 52.0 7.3 VeroWhite Single straight spar, carbon fiber on suction

side
Too stiff flap-wise, reasonable mass

Version 5CF 51.0 16.45 RGD8505 Less stiff material, single straight spar,
carbon fiber down center

Reasonable flap-wise stiffness, reasonable
mass

Fig. 9. Percent difference from scaled values of the SNL100-03 blade of the total mass
and maximum steady state tip deflection. Positive values are greater than the target,
negative values are less than the target.

Fig. 8. Design iterations of the 1% GAS SNL100-03 blade.
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carbon fiber placement has been shifted to the middle of the blade.
Although the carbon fiber is near the neutral axis (providing min-
imal changes to the blade inertia), the material stiffness is ~100
times greater than the Polyjet 3D printed materials causing a sig-
nificant increase in stiffness as compared to amodel with no carbon
fiber included. The final Version 5CF blade has a total mass error
ofþ3% and a gravo-elastic tip deflection error of�15.6%. The design
evolution errors for both the total mass and flapping tip deflection
are shown in Fig. 9 with positive values referring a high mass and
deflection.

To quantify the net improvement in structural design through
iteration, the BSSE values (equation (14)) are shown in Fig. 10. As a
reminder, the BSSE combines the mass and deflections errors of the
designed model, to the ideal model. The closer the BSSE is to zero,
the better the design. It can be seen that large changes in structural
Please cite this article as: M. Kaminski et al., Ground testing of a 1% gravo-aeroelastically scaled additively-manufactured wind turbine blade
with bio-inspired structural design, Renewable Energy, https://doi.org/10.1016/j.renene.2019.10.152



Fig. 10. The Blade Structural Scaling Error for the design iterations of the 1% GAS
SNL100-03 blade which all utilize Polyjet 3D print materials and polyethylene wrap
while the final three versions (denoted with the CF) also contain carbon fiber strips.
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design did not necessarily reduce the BSSE but allowed for im-
provements towards the final version, which subsequently had the
lowest BSSE. For example, the increase between Version 3 and
Version 3CF, is due to the addition of the carbon fiber and helped
drive the BSSE to its lowest value for Version 5CF. If the BSSE is zero,
then themass and stiffness of the blade natural flap-wise frequency
can be expected to have scaled appropriately. As such, frequency
was only measured for the final blade iteration, as discussed below.
3.3. Final version of 1% scaled blade

The top viewof the final version (5CF) of the scaledwind turbine
blade is shown in Fig. 11. The blade design has similar character-
istics as the bone structure in Fig. 2a. As noted above, this blade has
similar total mass and tip deflection properties, which would sug-
gest that flap-wise frequency and stiffness distributions would also
be reasonable. The idealized scaled natural flap-wise frequency is
4.9 Hz as shown in Table 3. The frequency of the 1% GAS SNL100-03
blade was measured with the technique shown in Fig. 5a and b,
which yielded 4.5 Hz, an 8.1% decrease from ideal.

Fig. 12a depicts both a portion of the physically printed 1% GAS
SNL100-03 blade, and Fig. 12b shows the blade linear mass density
(mass per unit span) over the length of the blade. Since the design
hasmany local variations in the organic structure, the linear density
(red squares) oscillates significantly. When these values are
smoothed out to get a representative linear density distribution
(the red dashed line), the result is similar to that of the ideal scaled
values shown as the black solid line. Using the smoothed mass
density and equation (12) for the radial center of mass of the blades,
the full-scale center of mass is at 31.5% span and Version 5CF
slightly more outboard at 40.7% span. This difference can be
attributed to the higher mass density near the tip of the blade as
seen in Fig. 12b.

Fig. 13 shows the deflection of the full-scale and sub-scale blade
when loaded in the static pull test (Fig. 5c) with an appliedmoment
using weights, which is consistent with steady-state rated opera-
tional conditions. The fabricated and full-scale shapes are similar
inboard; however, the scaled blade is too stiff outboard yielding a
smaller tip deflection. This is consistent with deflections at the tip
of the blade as shown in Fig. 14 for a range of loads up to the steady-
state conditions.

The model deflection being 15.6% too low, correlates to the
stiffness being 18.4% too high when following the trends of equa-
tion (13). This stiffness increase and the mass increase of 3.0%,
Fig. 11. The top view of the blade structure of the
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applied to equation (8b), results in an increased predicted fre-
quency error of 7.2%. However, the measured frequency is 8.1% too
low. This can be attributed to the center of gravity being 9.0%
farther out on the span. To improve upon the model, future itera-
tions can remove additional material from outboard on the blade to
reduce total mass, reduce outboard mass density, move the center
of gravity inboard, and reduce outboard blade stiffness. These
consequences may additionally increase the blade natural fre-
quency closer to the target.

4. Conclusions and recommendations

The current study presents a unique approach to structurally
scaling wind turbine blades using the gravo-aeroelastic scaling
(GAS) method applied to a blade from an extreme-scale turbine
(rated at 13.2MW) to design a 1/100th scale model. The method
allows for a low-cost fabricated model that can reflect the proper
non-dimensional flap-wise dynamics and elastic deflections of the
full-scale blade. The scaling was achieved by reasonably repro-
ducing the non-dimensional flap-wise frequency, tip-deflection,
deflection shapes and linear mass density distributions of the
full-scale model. Notably, the scaled model requires extremely light
mass while maintaining proper stiffness. This was achieved via
additive manufacturing, structural designs inspired by bone
growth, and the stiffness reinforcement of a carbon fiber spar. The
scaling performance of the various blade structural designs were
evaluated through gravo-elastic ground tests and quantified by the
Blade Structural Scaling Error which considers the differences in
total blade mass and blade deflections. The final blade had the
lowest BSSE of 0.16 which is based on a 3% mass error and a steady
flap-wise tip deflection error of 15.6%. This design also had an 8.1%
error in flap-wise frequency and reasonable representation of
linear mass density. However, themodel was higher than ideal near
the tip causing the center of mass of the blade to be more outboard
(at 40.7% span as opposed to ideal at 31.5% span).

Recommendations for futurework include the application of the
GAS method to field-tested sub-scale rotors to investigate their
ability to describe full-scale gravo-aeroelastic dynamics. It is sug-
gested these field scaled tests use a rotor at a larger scale in order to
alleviate the Reynolds number effects that would be highly exag-
gerated in a 1% model. Such work is underway in the form of a 20%
scale Segmented Ultralight Morphing Rotor-Demonstrator for
ground, parked, and operational testing [45e47]. Additionally, the
success in using additive manufacturing with a structurally opti-
mized bio-inspired design is suggested to be further explored for
full-scale blades as an option to reduce blade mass while main-
taining structural stiffness. Finally, while this study investigates the
flap-wise blade performance in terms of structural response,
alternate scaling models are proposed to explore the edgewise fa-
tigue or design failures such as panels cracking or leading edge
erosion as these are often the design drivers in extreme-scale
turbines.
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Fig. 12. Version 5CF blade showing: a) the organic structure and b) discrete and smoothed linear mass density along the span as compared to the ideal 1% GAS SNL100-03 blade.

Fig. 13. Blade deflection under a steady-state flap-wise load equivalent to average load for rated conditions: a) ANSYS predictions of the full-scale SNL100e03, b) fabricated 1% GAS
SNL100-03 blade, and c) a quantitative comparison of non-dimensional deflections.

Fig. 14. The flap-wise tip deflections of the 1% GAS SNL100-03 Version 5CF blade (red
squares) compared to ideal scaled model (black line). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)
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