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The SNL100-03 wind turbine blade is an ultra-light blade that represents a state-of-theart design for a 13.2 MW extreme-scale wind turbine. Testing this 100-meter long blade
design by Sandia National Labs can be prohibitively expensive at full-scale. Therefore, a 1%
sub-scale model of the SNL100-03 wind turbine blade was herein defined, fabricated and
statically tested based on a new gravo-aeroelastic scaling method. This method allows for the
stiffness as well as the mass to be scaled representing the non-dimensional blade deflections
and dynamics that would be expected in the full-scale blade under commensurate loads and
operations. The scaled models were designed and fabricated based on a 1% geometric
scaling of the full-scale 100-meter blade. Five different blade structural design iterations
were considered with the final version showing the best overall fidelity of matching the key
scaling parameters: blade mass, flapwise stiffness and edgewise stiffness. This final version
was 3D printed on a PolyJet 3D printer using the VeroWhite material, has a carbon fiber
spar cap, and is covered in cling wrap for aerodynamic surface definition. The final design
version was within 1.5% of the ideal mass, and has reasonable stiffness (though high in the
flapwise direction and low in the edgewise direction). The results show that the scaling
method is both conceptually and practically realizable for scales as small as 1%. Future
work is recommended to further optimize the blade design and employ the blades in an
operational wind turbine to investigate blade deflection and dynamics.
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I. Introduction
N order to continue to decrease the levelized cost of wind energy, it is important to increase the hub height and
turbine capture area by increasing the blade length. The increase in hub height and capture area allows for
turbines to extract more power from the wind1. As designs begin to precede modern manufacturing capability, and a
full-scale model becomes increasingly expensive, it is crucial to develop scale models that can fully capture the
dynamics of the full-scale blade, at a fraction of the size, cost, and time2. When looking at technological evolution
vs. gravo-aeroelstic scaling (GAS) models in Figure 12, it is key to note differences in how mass scales. For forward
technological evolution, as the blade length increases in size, the mass scales with ~𝑅2.1 due to the increased
efficiency in manufacturing abilities and improvement in materials. If a properly scaled model is to be built using
gravo-aeroelastic scaling2, such that the non-dimensional deflections and dynamics are approximately preserved, the
mass of the blade scales with 𝑅3 . With this, two blades of similar length have two differing masses with the subscale blade being a significantly lighter representation of the full-scale blade. For example, in Figure 1, the GAS
model that is scaled from the SNL100-03 blade becomes lighter than the CART3 model, which has a similar blade
length.
For scaling efforts in previous studies, the focus of scaling was mostly the stiffness of the blades, and the mass
distribution of the blades was non-necessary when creating a simpler scale model3,4. However, as blades get to
extreme-scale lengths, the mass of the scaled blades cannot be ignored, and stiffness as well as mass constraints are
of high priority. This introduces the concept of gravo-aeroelastic scaling (GAS). This method ensures the dynamics
of the full-scale model are correctly matched by the scale model by taking into account both the stiffness and mass
of the blade2. As a study of the first sub-scaled model employing the GAS method, this paper presents the process to
develop a 1% GAS model (100:1 scaling) of Sandia National Lab’s SNL100-035 wind turbine blade and its
iterations to the current model.
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Figure 1. Forward Technology Evolution Compared to GAS Scaling. As blade length increases, the blade mass
increases with ~𝑅2.1 . For GAS, technology level is maintained while the size is reduced such that deflections and
dynamics are preserved, the resulting mass scales with 𝑅3 .
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II. Motivation
The example GAS model is a 1% model of Sandia National Lab’s design for the 13.2 MW SNL100-03 wind
turbine blade. This blade is the fourth generation of Sandia’s 100-meter blade series and incorporates flatback
airfoils and carbon fiber materials in order to reduce the mass of the blade5–8. At this length and mass, this blade is
considered an ultra-light extreme-scale blade and blades of this nature have yet to be manufactured. In order to
understand the dynamics of the blade without full-scale manufacturing, it is important to create a sub-scale model
reflecting the extreme-scale length and the ultra-light characteristics for field-testing purposes. Typically, previous
scale models focus on matching solely the stiffness of the blades; however, the mass scaling is left out due to
difficulty of fabrication and lack of need for mass scaling3,4. For this 1% scale model, the effects of mass scaling is
non-negligible when requesting to match the blade dynamics and mass scaling must be taken into account carefully.
Figure 2 depicts the ratio of the total gravitational moment to the centrifugal moment at the blade root2. If the
reduction of mass is ignored while scaling the blades, then the gravitational moment to centrifugal moment will
travel along the black line in Figure 2. However, when mass scaling is taken into account, the ratio will remain
constant and will be significantly larger than the non-mass scaled blade. This difference in the ratio can greatly
affect the dynamics of the blade, demanding both the mass and stiffness to be scaled properly. When constructing a
1/100th scale model, the difficulty becomes fabricating such a lightweight blade that exemplifies the correct blade
dynamics while also withstanding the appropriate blade forces. The following sections outlines the process to scale a
blade as well as develop a physical model.
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Figure 2. Ratio Between Gravitational and Centrifugal Moments in a GAS Model. The moment ratio
remains constant between the full-scale SNL100-03 blade and the 1% GAS model. If mass scaling were ignored,
the ratio would be similar to the conventional 0.9-meter length blade.9 This ratio is significantly smaller
reflecting altered dynamics to its full-scale counterpart.

III. Methods
The following section briefly outlines GAS scaling and the methods for fabricating the 1% GAS model of the
SNL100-03 wind turbine blade. Before laying out the methods for achieving GAS parameters, it should be noted
that while a perfectly scaled blade is ideal, many complications arise causing the need to outline a hierarchy of
parameters to match. Of highest importance for this model is the total mass of the blades. By scaling the total mass
while also maintaining similar blade mass densities, the gravitational and centrifugal moments will be scaled
properly. Figure 3 depicts the three root moment contributions the blade experiences while in operation, the thrust,
centrifugal, and gravitational moments. When scaled properly, the ratio of these moments experienced by the blade
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should remain the same as the full-scale blade. These similar ratios between the full-sized and scale model of the
total bending moments felt at the root effects the fatigue and dynamics of the blade equivalently.
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Figure 3. Thrust, Centrifugal, and Gravitational Moments Felt at the Root of the Blade
Aside from scaling the mass correctly, it is important to match the flapwise and edgewise tip deflections of the
blade. Most importantly the flapping tip deflection, followed by the edgewise tip deflection. Once the mass of the
blade has been properly scaled, the tip deflection is scaled carefully by adjusting the stiffness of the blade and the
mass distribution. With a well-scaled mass and stiffness, the natural frequency and blade dynamics should behave
similarly to its full-scale counterpart. To measure the tip deflections of the sub-scaled blades, a maximum-scaled
load is applied to the tip of the blade to simulate the maximum moment the blade will experience during operation
of the full-sized blade.
A. GAS Scaling Parameters
In order to keep the mass, and tip deflections constant, it is important to use GAS2 scaling to outline the model
parameters. To start, a geometric scaling factor (𝜂) must be defined. This geometric scaling factor can be applied to
all external features of the blade (ex. chord, radius, root, tip-deflections, etc.). Here, R represents the blade radius,
the subscript s refers to the scaled model, and the subscript f refers to the full-scale model. Application of the scaling
factor to the 1% scale model results in 𝜂 = 0.01.
𝜂=

𝑅𝑠
𝑅𝑓

(1)

𝑅𝜴2 𝑐𝑜𝑠 (𝜃)
𝑀𝑐
)
⁄𝑀 =
𝑔
𝐺
𝛺𝑅
remaining constant as shown in Figure 2, and a constant Tip-Speed-Ratio (𝑇𝑆𝑅 =
), it is possible to get
𝑉
rotational (𝛺) and fluid velocity (𝑉𝑓𝑙𝑢𝑖𝑑 ) scaling. In these, g is the gravitational acceleration, and 𝜃 is the coning
angle of the blade from vertical.

With the geometric scaling factor, the ratio of centrifugal to gravitational moments (

𝜴𝒔 =

𝜴𝒇
√𝜼

𝑽𝒇𝒍𝒖𝒊𝒅,𝒔 = 𝑽𝒇𝒍𝒖𝒊𝒅,𝒇 √𝜼

(2)
(3)

To properly scale the mass, the defined geometric scaling factor, rotational scaling and velocity scaling, are
𝑚𝜔2 𝑅𝑠𝑖𝑛(𝜃)
𝑀𝑐
⁄𝑀 = 1
). Where, m is the
2
𝜌𝑐 𝐴(𝑣𝑟𝑎𝑡𝑒𝑑
+(𝜔𝑅𝑐𝑜𝑠 (𝜃))2 )
𝑇
2 𝑡
mass of the blade and 𝜌𝑓𝑙𝑢𝑖𝑑 is the density of the fluid to which the blades are subjected.
applied to the constant ratio of centrifugal to thrust moments (

𝒎𝒔 =

𝝆𝒇𝒍𝒖𝒊𝒅,𝒔 𝟑
𝜼 𝒎𝒇
𝝆𝒇𝒍𝒖𝒊𝒅,𝒇
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(4)

The following table outlines the parameters of the 1% GAS model using the above methods.
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Table 1. Associated Properties of the 1% GAS SNL Blade and Its Full-Scale Counterpart
Full-Scale
1% GAS SNL
SNL-100-03 Rotor
Design Innovation

Extreme-Scale

Extreme-Scale

Rotor Radius (R)

100 m

1m

Length Scaling Factor (η)

1

0.01

Blade Mass (m)

49,519 kg

49.52 g

Rated Wind Speed (𝑉𝑟𝑎𝑡𝑒𝑑 )

11.3 m/s

1.13 m/s

Tip-Speed Ratio (λ)

9.5

9.5

Rated Rotor speed (Ω)

10.25 RPM

102.5 RPM

B. Material Selection
Typically, it is ideal to produce a blade using the same material and the same internal layup. However, at 1/100th
scale, the thickness of the materials would be of such thickness that they would be too thin to produce. Therefore,
alternate blade materials must be chosen.

E-LT- 5500/EP-3
TE Reinforcement

SNL Triax/EP-3
Root Buildup/ Surfaces

Carbon PrePreg
Spar Cap

Saertex/EP-3
Shear Webs

Figure 4. The SNL100-03 Internal Blade Design and Material Layup at 19.5 Meters5.
Figure 4 portrays the internal structure and main manufacturing materials of the SNL100-03 blade at 19.5
meters, the location of the maximum chord. Materials do not exist that preserve the scaled elasticity of the blade
while also maintaining the wall thickness and material density. Therefore, complete alternate means of
manufacturing were looked into for the 1% model. Figure 5 depicts the elastic modulus and density of the main
materials used for the full-scale blade (green) and compares it to the materials available for 3D printing (blue). It is
found that a single material cannot satisfy the matching, and thus hybrid or mixed 3D printing materials are
considered. Firstly, because of simple access to a PolyJet 3D printer, the VeroWhite material was chosen as the
baseline material. Secondly, in order to improve upon this material selection, a material with a higher elastic
5
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modulus to density ratio must be chosen (above the black line). It is clear there are many options, however due to
limitations of 3D printing, there are certain constraints on the minimum wall thickness of materials creating too
thick of walls for the target mass. As a result, materials from the Stratasys PolyJet 3D printer were determined to be
used for production because of these thin wall thickness constraints10. The benefit of this printer is it allows for a
wide range of materials to be chosen within one printer, which can print with multiple materials on a singular part.
The two main materials are VeroWhite (stiff) and Tango Black (flexible). These two materials can be combined in
different ratios to make several materials RGD85XX, where XX ranges from 20 (stiff) to 60 (flexible).

Longitudinal Elastic Modulus (GPa)
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Elastic Modulus vs. Density
E-LT-5500/EP-3

1000

Saertex/EP-3
Carbon Prepreg
100

SNL Triax/EP-3
VeroWhite
PLA

10

Carbon CFF
Kevlar CFF
1

Fiberglass CFF

700

3000
Density (kg/m^3)

Nylon CFF

Figure 5. Longitudinal Elastic Modulus as a Function of Density. Material properties for the SNL100-03 blade
materials (green) and alternate 3D printing materials (blue). The solid line indicates a constant specific modulus
(i.e. constant ratio of modulus to density) whereby material which are more structurally efficient (stiffer per unit
mass) than VeroWhite are above this line.
Initially, it was thought to develop the entirety of the blade with VeroWhite 3D printing material. However, due
to the limitations of the 3D printer on wall thickness, the mass of the blade would be above the scaled mass.
Therefore, material is removed through the length of the blade. Examples of this can be seen in Table 2. Iterations of
the 1% GAS SNL100-03 Wind Turbine Blade . Initially, to maintain the outer shell of the blade, the blade was to be
covered in Econokote. This material is similar to MonoKote, the material typically used for covering model
airplanes, but can be applied using less heat11. The application of EconoKote still requires too much heat, and
deformation of the blade occurs. In addition, the EconoKote was unable to be applied to the concave portions of the
airfoils. The next material considered was a 100-gauge shrink film. This material is typically used when carrying
items on a pallet. This film can be applied with glue as opposed to heat, is durable, and is flexible. However, when
the film is heat shrunk, the film ‘sags’ in the empty spaces where it is unsupported. This results in large dimple like
features through the length of the blade. The chosen covering, which attaches to the concave features, can be applied
with glue, and does not cave in when shrunk, is the 40-gauge common household cling wrap. The biggest potential
problem with this material is the thickness of the material, allowing for a greater chance of ripping during future
testing of the blade.
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IV. Results
Many iterations of the blade were developed before the current state of the model. Table 2 summarizes the
various iterations of the 3D model, alongside the 2D internal structure located at the maximum chord length.
Table 2. Iterations of the 1% GAS SNL100-03 Wind Turbine Blade
SOLIDWORKS Rendition of the Root
Maximum Chord Internal Structure
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Version 1

Version 2

Version 3

Version 4

Version 5
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The main difference through all versions of the 1% GAS SNL blades compared to the full-scale model is the
removal of the trailing edge spar. When it comes to 3D printing, this spar is structurally insignificant and adds extra
mass to the blade. For the initial two versions of the blade, a box spar similar to the full-scale model is utilized.
However, several spars were studied throughout the process. Results for the various iterations of the blade are
summarized in Table 3 below.
Version 1 of the blade is the initial test of removal of material down the length of the blade. Initially, the holes
were of a square shape. This helped to reduce the mass of the blade significantly; however, there was a concern of
stress concentrations at the corners of the squares. The result is the transformation from squares to circles with a
constant width as means of mass removal from the blade as shown by Version 1. With this design change, the blade
takes on a bio-inspired design at the tissue level of bone12–15. The trabecular bone (non-compact portion of the bone)
is designed to be as lightweight as possible while still being able to bear weights. The goal of optimizing a type of
structure that resembles bone will allow the blade to achieve the proper mass and stiffness constraints. This version
of the blade utilizes two different materials for the 3D printing. The RGD8525 for the leading and trailing edges and
the RGD8530 for the spar. This iteration of the blade is 47% too massive, has a flapping tip deflection error of 7.9%, and an edgewise tip deflection error of 1316%. To improve upon this, mass must be further removed all while
not effecting the flapping stiffness and increasing the edgewise stiffness.
To address the issues presented in Version 1, holes were removed from the sides of the spar and the blade was
printed with stiffer materials. Beyond the removal of the holes from the spar, the overall internal structure of the
blade remains the same as Version 1. The Version 2 mass was reduced to an error of 32%, a 15% reduction from
Version 1. Due to the blade being printed with a stiffer material, the flapping tip deflection no longer matches as
well as Version 1b, but is in fact too stiff. The good news is it is always easier to remove mass from something that
is too stiff, than something is not stiff enough! The edgewise direction is a different story, and the increased stiffness
of the materials was not enough to overcome the removal of the holes from the spar.
In order to reduce further the mass, increase the stiffness in the flapping direction, and increase the stiffness in
the edgewise direction, a design change was implemented to the spar of the blade in Version 3. As mentioned
previously, it is ideal to match the internal structure of the blade but it has become too difficult to do so with these
constraints. Widening of the spar was put in place to increase the edgewise stiffness while allowing for more mass to
be removed from the blade. Another design change was the increase in width of the circles removed from the blade.
These circles now have a constant aspect ratio and as the chord decreases down the length, the width of the circles
decreases. The Version 3 blade was manufactured using VeroWhite, the stiffest material available on the PolyJet 3D
printer and has a 10% mass error, a 22% reduction! Problem with this current design however is the significant
decrease in stiffness in the flapping direction.
To alleviate the stiffness problem, additional carbon fiber material was studied due to its low mass and high
stiffness. Different options were explored for increasing the stiffness including adding a box beam spar and a high
stiffness carbon fiber strip16. The box beam spar was excessively stiff for this application, and the high stiffness
carbon fiber strip was externally attached to Version 3 for tip deflection testing. While this did further increase the
mass of the blade by 2 grams, there is a promising increase in the stiffness of the blade.
With the addition of carbon fiber to the list of materials available, the blade went through further iterations of
structural design. Unlike Version 3, where the spar was widened, the spar for Version 4 is reduced to a singular
beam, similar to an I-beam. Mass is removed from the internal spar leaving one horizontal strip of spar and many
vertical strips of spar. Another feature of this Version 4 blade is the additional ‘tracks’ on the blade. These are
recessed areas allowing two carbon fiber strips to be glued into place while not protruding from the outer surface.
After brief observations, only one carbon fiber strip is needed for the stiffness of the blade, and is placed on the
suction side of the blade. As a result, the mass error for Version 4 is 5%, the tip deflection error is 62.5% in the
flapwise direction, and 284% in the edgewise direction. The mass of the blade has been even further reduced! The
blades remain to be too stiff in the flapwise direction, and not stiff enough in the edgewise direction. Another
problem with this design is the thickness of the vertical sections of the spar; they were not thick enough to withstand
the forces and buckled. The horizontal spar too did not do much to effect the stiffness or structure of the blade.
After the many iteration development, Version 5 of the blade has a mass error of 1.5%! The internal structure of
the airfoil sections remains the same as Version 4; however, there are slight differences in the structure of the blade.
To start, a track for the second carbon fiber strip was removed from the pressure side of the blade, helping to reduce
the mass. In addition, the horizontal spar down the length of the blade was removed. The final portion of the blade to
be changed between Versions 4 and 5 is the widening of the vertical spars. These vertical spars do not buckle under
the applied forces and help to keep the blade airfoil shape when loaded. While the mass of this blade is within 1.5%,
the tip deflection of the blade has a 37.9% error in flapwise direction and a 44% error in the edgewise direction.
8
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%
Difference

Ideal

49.5

-

19.5

-

0.42

-

Version 1

69.2

47%

17.9

-7.9%

3.2

1316%

Version 2

65.4

32%

10.0

-48.7%

1.45

488%

54.2

10%

23.3

19.5%

0.70

67.9%

56.2

14%

9.8

-49.7%

0.85

104%

Version 4

52.0

5%

7.3

-62.5%

1.60

284%

Version 5

50.3

1.5%

12.1

-37.9%

0.60

44%

Version 3
(No CF)
Version 3
(CF)

Versions 1, 3 (No CF), and 5 tip deflections are shown in Figure 6. Each of these iterations utilizes a different
internal structure of the blade. Although Version 1 appears to be the ideal blade design when looking at tip
deflection, it is important to remember mass scaling was deemed of highest priority and this design has a 47% error
in blade mass. When the spar was widened in Version 3, the blade became less stiff in the flapping direction, which
is a concern for blade-tower clearance. However, the addition of the carbon fiber spar cap over compensates and
causes the blade to become overly stiff.

Flapping Tip Deflection

Edgewise Tip Deflection

25

Tip Deflection (cm)
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Table 3. 1% GAS SNL Version Results in Comparison the Ideal GAS Model
Max. Flapping
Max. Edgewise
1% GAS
Mass
%
%Difference Tip Deflection
Tip Deflection
SNL Version
(g)
Difference
(cm)
(cm)

3.5
1% GAS SNL
Version 1
Version 3 (No CF)
Version 5

20
15

3
2.5
2
1.5

10

1
5

0.5
0

0
0

10

20

30

0

5

Mass (g)

10

15

20

Mass (g)

Figure 6. Tip Deflections Ender Loading of Versions 1, 3 (No CF), and 5.

While the 1% GAS SNL blade design went through many iterations, results explained in depth are for Version 5.
Figure 7 shows the fully assembled 3D printed blade printed with the VeroWhite material. The horizontal black strip
is the carbon fiber spar cap and continues from the root to the tip of the blade. It is also possible to see the cling
wrap shrink wrapped to the blade. The shrink-wrap holds tightly to the concave features of the blade and forms
nicely where there is limited support structure for the blade.
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Beyond ensuring the outer structure of the blade is consistent with the full-scale model, it is important to match
the mass density down the length of the blade, most importantly near the tip of the blade. Figure 8 displays the mass
density of the ideal 1% scaled SNL model compared to the mass density of the 3D printed model. While the overall
mass of the blade is within 1.5%, there are discrepancies in mass density down the length of the blade.

Mass Density
0.3
0.25

Mass Density (kg/m)
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Figure 7. The Physical 1% GAS SNL Version 5 Blade.

1% GAS SNL
0.2

Version 5

0.15
0.1
0.05
0
0

0.2

0.4

0.6

0.8

1

Blade Length (m)
Figure 8. Blade mass density of the 1% GAS SNL Version 5 blade.

These differences in mass density in Figure 8 may seem insignificant, and they are near the root, but when
looking at Figure 9, it is possible to see the difference in sectional moments they create closer to the tip of the blade.
These differences greatly affect the overall bending moment and fatigue the blade experiences at the root. Bringing
down these differences will allow for the fluctuations of the moments to be further reduced to the ideal 1% GAS
SNL.
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Sectional Moment (Nm/m)

Sectional Centrifugal Moment
-0.02 0

0.2

0.4

0.6

0

0.2

0.4

0.6

0.8

1

-0.006

-0.08
-0.12

1

-0.004

-0.06
-0.1

0.8

0
-0.002

-0.04

-0.008

1% GAS SNL

-0.01

Version 5

-0.012

-0.14
-0.16

Downloaded by UNIVERSITY OF ILLINOIS on August 19, 2018 | http://arc.aiaa.org | DOI: 10.2514/6.2018-1731

Sectional Gravitational Moment

0

Blade Length (m)

-0.014

Blade Length (m)

Figure 9. Sectional Moment Comparisons of the 1% SNL100-03 and 1% GAS SNL Version 5 models.

V. Conclusion
A 1% sub-scaled model of Sandia National Lab’s 13.2 MW, 100-meter long, SNL100-03 wind turbine blade was
defined as well as structurally fabricated and statically tested using a gravo-aeroelastic scaling method. This method
allows for the stiffness as well as the mass to be scaled properly resulting in appropriate resultant blade dynamics.
Five different structural design blade iterations were considered with the final version showing the best overall
fidelity of matching the key scaling parameters: blade mass, flapwise stiffness and edgewise stiffness. The final
iteration, Version 5, is a 1-meter version of the full-scale SNL100-03 blade with removal of the trailing edge spar
and reduction of the main spar to an I-beam. The blade has a total mass percent difference of 1.5% and has
reasonable stiffness (though too stiff in the flapping direction, and not stiff enough in the edgewise direction).
For the future, it is recommended to improve the mass distribution of the blades especially near the tip of the
blade. Placing more mass near the root of the blade and removing mass from near the tip of the blade will help to
match the sectional moments to the full-scale SNL100-03 blade. It is also possible to improve the stiffness of the
blades by either moving the carbon fiber strip closer to the center of the blade or by utilizing a thinner carbon fiber
strip. It is recommended that future blade design be investigated further in-depth with static and dynamic structural
testing using a fixed end condition, to determine deflections and natural response frequencies. Furthermore, fieldtesting is advised to investigate the deflections and dynamics of the blades while in motion in order to assess the
response expected for the full-scale turbine.
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