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ABSTRACT

Reduced scale wind turbines can be extremely cost-effective to test new rotor concepts since prototype costs are heavily dependent on the
rotor diameter. Ideally, the scaled model would have the same non-dimensional deflections, dynamics, and control behavior as the full-scale
model. This would provide a high-fidelity demonstration of the full-scale performance, which is ideal if the full-scale turbine has significant
aeroelastic interactions. To this end, servo-aero-gravo-elastic (SAGE) scaling is developed and applied to a 13-MW turbine that is scaled to a
20% scale model. The scaling preserves the tip-speed ratio, the rotor speed normalized by the flapping frequency, and the tip deflections nor-
malized by the blade length. In addition, the controller employs the same control structure (gain-scheduled pitch control and variable speed
torque control) and is scaled dynamically (e.g., matching non-dimensional time constant of the pitch angle, etc.). Furthermore, the thrust,
gravity, and centrifugal moments are scaled such that the load angles are preserved as a function of a non-dimensional wind speed. However,
the environmental scaling must consider differences in Reynolds number (since this parameter cannot be held constant) and subsequent
changes in the axial induction factor. While the presented results showcase these differences during operational conditions, the non-
dimensional tip deflections remain comparable through all wind speed ranges, indicating the viability of the SAGE scaling method in match-
ing full-scale aeroelastic responses.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021171

NOMENCLATURE

a Axial induction factor
b Speed of sound in air
c Chord length
cd Airfoil coefficient of drag
cl Airfoil coefficient of lift
Cp Turbine coefficient of power
Ct Turbine coefficient of thrust
EI Blade stiffness
F Blade forces

Frmoment Moment-based Froude number
g Gravitational constant

GK Gain scheduling
kI Integral gain
kP Proportional gain

Lo Lock number
m Blade mass
M Moment
Ma Mach number

Ngear Gearbox ratio
r Distance

Re Reynolds number
s Spanwise location
S Total blade length
U Wind speed
x Airfoil chordwise distance
y Distance perpendicular to chord
a Angle of attack
b Pre-cone angle
d Deflection
g Scaling factor
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k Tip-speed ratio
h Pitch

hk Gain-scheduling parameter
q Density
s Shaft tilt
l Dynamic viscosity
w Azimuthal angle
_u Rotor speed error
X Angular speed of the rotor
x Blade Frequency
f Regulator mode damping ratio

Subscripts

ðÞ1;2;3 Coordinate frames
ðÞc Centrifugal
ðÞcmd Commanded
ðÞconst Constant
ðÞf Full-scale value
ðÞflap Blade structural flapwise
ðÞfine Lower limit value
ðÞgear Gearbox value
ðÞgen Generator value
ðÞhub Hub value
ðÞinfinity Free stream

ðÞlocal Local
ðÞmax Maximum
ðÞn Regulator mode, natural

ðÞrated Rated value
ðÞrms Root-mean-square about mean
ðÞrot Rotating
ðÞs Sub-scale value

ðÞtower Tower
ðÞtip Tip value
ðÞwind Wind value
ðÞX Value at specific rotational speed

ðÞ0 Spanwise distributed value
ðÞ Non-dimensional value

I. INTRODUCTION

Wind energy continues to grow and be a dominant force in the
renewable energy sector with wind power having dramatic additions
to the United States energy market.1 Much of this growth is associated
with an increase in turbine size (to capture the higher wind conditions
at higher altitudes). The subsequent increase in blade length has led to
increased flexibility and aeroelastic characteristics.2 Examples of recent
extreme-scale rotor designs [>10 MW (Refs. 3–6)] with such flexibil-
ity include the 13.2-MW SNL100 series7–10 and the 13.2-MW seg-
mented ultralight morphing rotor, denoted as the SUMR-13
turbine.3,4,11–13 These designs employ blades more than 100 m in
length providing dynamic responses, complex aerodynamics, and
aeroelastics not typically seen in conventionally designed rotors. Since
these designs have never been built, it is not clear to what degree cur-
rent computational tools can adequately describe their behavior.
Therefore, experimental results are critical for both testing and valida-
tion. To cost-effectively understand these dynamics under actual field

conditions, scaled model prototypes can be designed, built, and tested
prior to committing to the high cost of building the full-scale model.

A typical scaling method for the aeroelasticity and gravity
effects on wind turbine blades is to use Froude scaling when going
from the full-scale design to the sub-scale design.14 However, such
scaling does not take into account control characteristics nor the
reduction in Reynolds number, resulting in models that do not
permit the sub-scale model to replicate the aerodynamics of the
full-scale model.15,16

In terms of controller scaling, it is well known that the controller
architecture and parameters can substantially change the root bending
moments and thus blade dynamics and deflections.17 However, to the
authors’ knowledge, there are no previous studies addressing control-
ler scaling performance for extreme-scale wind turbines using a full
aeroelastic deflection case.

In terms of the Reynolds number issue, McTavis et al.18 investi-
gated the wake and coefficient of thrust effects on turbines for a
Reynolds number range of 104–105. They experimentally compared a
turbine with a 1.2 m diameter rotor (operating at a Reynolds number
of 175 000) with a smaller sub-scale turbine with a 25 cm diameter
rotor operating at Reynolds numbers of 29 100 and 12 800. The results
showed that the smallest Reynolds number sub-scale model has a coef-
ficient of thrust that is 60% less than that of the full-scale rotor, while
the moderate Reynolds number sub-scale model has a 25% deficit.
Similarly, Make and Vaz19 used simulations to investigate various sub-
scale rotors with matching tip-speed ratios. The first sub-scale model
was geometrically scaled while the second model was scaled to match
the full-scale performance by altering the chord length, twist distribu-
tion, and distributed airfoils. The geometrically scaled turbine yielded
a 50% thrust deficit with five times less power due to the differences in
Reynolds number and its effect on the blade lift and drag. However,
these differences are lessened when employing the performance-based
model. These studies show that the effects of Reynolds number when
applying aeroelastic sub-scaling to a wind turbine can be important.

Another such test which applies a gravo-aeroelastic scaling
approach is a 20% demonstrator of the 13.2-MW segmented ultralight
morphing rotor (SUMR-13) suitable for testing at the National Wind
Technology Center (NWTC).20,21 The test presents differences in
manufacturing and site-specific constraints such that while the full-
scale turbine is optimized for class IIB wind speeds, the scale model is
designed to withstand class IA wind speeds, which contain both higher
scaled wind speeds and turbulence intensity. These conditions cause
the scale model to be designed with above ideal mass and stiffness dis-
tributions that therefore affect the aerostructural interactions.

The following investigation documented in this article develops a
physically scaled computational 20% model of the SUMR-13 system
by placing it in an ideal environment (wind speeds and turbulence
intensity) and matching the following full-scale non-dimensionalized
parameters: tip-speed ratio, tip deflection relative to blade length, and
rotor frequency relative to the flapping frequency. Furthermore, a total
rotational Froude number and sectional rotational Loch number are
defined and held constant between sub- and full-scale systems. In
addition, the non-dimensional controller performance is ideally repli-
cated in the sub-scale system. The sub-scale demonstrator used for
this study is termed herein as segmented ultralight morphing rotor-
physically scaled (SUMR-PS). A consequence of the gravo-aeroelastic
scaling is the mismatch of Reynolds numbers between full- and sub-
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scales, resulting in differences in aerodynamic performance whose
effects on operation will be explored.

Thus, the goal of this study is to develop a scaling approach that
can have the same non-dimensional deflections, dynamics, and con-
trol behavior to provide a high-fidelity demonstration of a full-scale
turbine with significant aeroelastic behaviors. To this end, a servo-
aero-gravo-elastic (SAGE) scaling approach is developed and applied
to a 13-MW turbine scaled down to 20% of the full-scale dimensions.
All the critical servo-gravo-aeroelastic non-dimensional parameters
are held constant during this scaling. For such scaling, the Reynolds
number cannot be held constant and the magnitude of the Reynolds
number effect is investigated by running the SUMR-PS turbine with
airfoil coefficients of the SUMR-13 rotor. This model will be denoted
the SUMR-aerodynamically scaled (SUMR-AS) model.

While force-based Froude scaling has been previously employed
in many engineering systems, this is the first (to the authors’ knowl-
edge) Froude scaling developed and employed for the rotor moments
for an extreme-scale turbine. It is also the first investigation of Froude
scaling developed and employed for the rotor moments for an
extreme-scale turbine. It is also the first investigation of Froude scaling
combined with aeroelastic scaling or with control-based scaling for a
wind turbine rotor blade and the first to do such simulations under
operational turbulent field conditions. It is also the first study to
employ a servo-aero-gravo-elastic scaling method to an extreme-scale
wind turbine and the first to examine the effects of the Reynolds num-
ber mismatch. Furthermore, this is the first study which explores a
computationally scaled rotor which applies to each of the structural
components, aerodynamics, and control systems on the wind turbine.
The comparison between a full-scale model and a sub-scale model is
herein accomplished computationally as an experimental comparison
with a full-scale 13.2-MW turbine would be extremely expensive (as
will be discussed), but the results can be used to develop an experi-
mentally scaled campaign and understand the expected effects due to
Reynolds number.

This article is organized as follows. Section II explains the gener-
alized SAGE method. Section III applies the SAGE method to the
SUMR-13 turbine to define scaled geometry with influence on sec-
tional aerodynamics as well as to scale blade mass, blade stiffness,
incoming wind speeds, and controller parameters. Section IV evaluates
the performance of the scaling in terms of operational rotor perfor-
mance and blade deflections. Finally, Sec. V provides concluding
remarks and recommendations for future studies.

II. GENERAL SERVO-AERO-GRAVO-ELASTIC SCALING
METHODS

To create a servo-aero-gravo-elastic model, one must appropri-
ately scale the structural, wind, and controller parameters individually.
A geometric scaling factor (g) is first defined as the ratio of the full-
scale blade length (Sf) to the sub-scale blade length (Ss),

g ¼ Ss
Sf
: (1)

The aforementioned scaling factor is applied to all geometric external
dimensions: hub radius (rhub), spanwise location along the blade
length (s), chord (c), etc. To further ensure geometric similitude, any
angle associated with the wind turbine must remain constant such
as: coning angle (b), shaft tilt (s), azimuthal angle (w), etc., as shown

in Fig. 1 with three reference coordinate frames denoted with the
subscripts 1, 2, and 3. Coordinate frame 1 is fixed to the nacelle of
the turbine in which the gravitational force is aligned in the negative
z1-direction. Coordinate frame 2 is a rotating coordinate system
attached to the hub of the rotor in which the blade centrifugal force is
aligned with the z2-direction. Coordinate frame 3 is attached to the
root of the blade which differs from frame 2 through a blade coning
angle. A summarization of the three coordinate frames pictured can be
found in Kaminski et al.22

Next, we consider the contributions to the root flapwise bending
moment (M), which are dependent on the sectional distributed forces
(F). Retaining the ratio of the centrifugal component (Mc) to the gravi-
tational component (Mg) between full- and sub-scale allows for match-
ing structural load angles along the blade. The ratio of centrifugal to
gravitational moments is expressed herein based on the acceleration
due to gravity (g) acting on the blade pointed upwards (w ¼ 0) as
shown in Fig. 1,

Mc

Mg
¼ X2 rhub þ S cos bð Þsinb

g cos b sin s� sinb cos sð Þ : (2)

The right-hand-side of this equation is derived in terms of coning and
shaft tilt angles and integrated along the span. Holding this moment
ratio fixed ensures that the load angles associated with the combina-
tion of the gravity and centrifugal effects on the blades will be pre-
served as a function of the azimuth angular position w. While Eq. (2)
has been defined for w ¼ 0, similar arguments can be used for other
azimuthal locations and lead to the same scaling ratios. If the shaft tilt
and coning angle are preserved, then keeping the moment ratio fixed
requires that X2S=g is preserved, which can be defined as a rotational
Froude number (Frrot) as

Frrot ¼
X2S
g
¼ Mc

Mg
: (3)

If the geometric angles as well as the ratio of hub radius to blade radius
are preserved, it can be seen that preserving this rotational Froude
number of Eq. (3) is equivalent to preserving the moment ratio of

FIG. 1. Turbine depicted from (a) the side view and (b) the front view facing down-
wind with parameters and sectional moments shown: blade pre-cone angle (b),
shaft tilt (s), azimuth position (w), incoming wind speed (U), sectional centrifugal
force (F

0
c), sectional thrust force (F

0

t ), and sectional gravitational force (F
0
g).
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Eq. (2). Note that this differs from a Froude number (ratio of inertial
and gravitational forces) due to the rotational Froude number being a
ratio of centrifugal and gravitational moments. The relationship
between centrifugal and gravitational moments dictates the rotational
speed scaling which is shown as follows:

Xs

Xf
¼ 1ffiffiffi

g
p : (4)

Fixing the tip-speed ratio preserves the flow angles and dynamics.
Applying appropriate length and rotational speed scaling to the fixed
tip-speed ratio, the upstream wind speed (U) scaling can be found. The
following defines the tip-speed ratio (k) and the wind speed scaling:

k ¼ X rhub þ S cosbð Þ
U

; (5)

Us

Uf
¼ ffiffiffi

g
p

: (6)

Given that time scales (t) will be proportional to the ratio of the
length to the velocity scales, this indicates that the dynamics in the
sub-scale time variation must be scaled as seen as follows:

ts
tf
¼ ffiffiffi

g
p

: (7)

Next, one should consider the influence of the thrust compo-
nent, by taking the ratio of the sectional centrifugal component
(Mc

0) of the flapwise bending moment relative to the thrust com-
ponent (Mt

0) of the flapwise bending moment. The centrifugal
component occurs in the opposite of the thrust component when
the azimuthal angle is zero (W ¼ 0) and is a function of the rotor
speed, distance from the center of rotation, and the blade coning
angle. The thrust component in the denominator is a function of
the sectional thrust component (ct), the sectional chord length (c),
and the relative wind velocity as a combination of the incoming
windspeed and the turbine rotational speed. Additionally, the
turbine thrust is defined to be aligned with the nacelle-fixed coor-
dinate system. To align the thrust component with a rotating
blade fixed system which aligns with the centrifugal component,
the thrust force is rotated through the shaft tilt, blade azimuth
position, and the blade coning angle. Further explanation of the
transformation can be found in Kaminski et al.,22

M0c
M0t
¼ �m0X2 rhub þ s cosbð Þsin b

1
2
qwindCtc U2

rated þ ½X rhub þ scos b� sð Þ
� �

�2
� �

� cos s cos b� sin s coswsinbð Þ
: (8)

Equation (8) is simplified by retaining the structural angles, applying
the geometric scaling of Eq. (1), and keeping the tip-speed ratio
constant between full- and sub-scale systems. Based on the above
result, one may define a sectional rotational Lock number as

Lorot
0 ¼ m0X2

qwindctU
2
rated

: (9)

Note that this differs from a Lock number (ratio of aerodynamic
and inertial loads of a full blade) as it is a ratio of centrifugal and
aerodynamic loads for a section of the blade. If the geometric
angles as well as the ratio of hub radius to blade radius are pre-
served, it can be seen that preserving this rotational Lock number
of Eq. (9) at each spanwise station is equivalent to preserving the
sectional moment ratio of Eq. (8). Note that Eq. (9) is proportional
to the square of the tip-speed ratio but varies as a function of non-
dimensional span.

Retaining Eq. (9) and applying an assumption of constant coeffi-
cient of thrust between full- and sub-scale systems, the sectional blade
mass density is found to scale with the ratio of the air densities and g2.
Integrating these sectional values along the span of the blade leads to the
total blade mass scaling. The sectional and total blade mass scale as
follows:

m0s
m0f
¼

qwind;s

qwind;f

� �
g2; (10)

ms

mf
¼

qwind;s

qwind;f

� �
g3: (11)

The significance of the presence of the changes in density of the
wind is a direct response to Eq. (9) and its attempts to match a ratio of
a mass specific quantity and an aerodynamic quantity. Therefore, if
the sub-scale system is operating in an environment with a lower air
density, it should follow that the mass of the system should also have a
lower than ideal sub-scale mass.

Based on the above, the scaling for the key base units is summa-
rized in Table I and the application to several key parameter ratios is
listed in Table II, based on the above analysis and assuming all varia-
bles can scale perfectly, as would be ideal. The Reynolds and Mach
numbers at a given spanwise location are conventionally defined based
on the local chord and local freestream velocity. However, this is gen-
erally not possible for Reynolds and Mach numbers as field testing
does not allow adjustment of the viscosity nor the speed of sound of
the surrounding air. This can cause a difference in both the Reynolds
number and the Mach number, which effects the turbine aerodynamic
performance. It is hypothesized that these effects are weak, even for

TABLE I. Base unit scaling in terms of the length scaling parameters, g.

Base units, SI units Scale factor

Length g
Time

ffiffiffi
g
p

Mass
qwind;s

qwind;f

� �
g3
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advanced-design extreme-scale wind turbines. The present study seeks
to evaluate that hypothesis.

Beyond the structural and aerodynamic parameters, the control-
ler must also scale appropriately. The structure of the control system is
consistent from full- to sub-scales, i.e., the full-scale and scale systems
both contain a gain-scheduled proportional–integral (PI) pitch control
and a variable-speed torque controller similar to that of the NREL-
5MW reference controller.23 As mentioned, it is important to maintain
the tip-speed ratio (k) defined in Eq. (5) and the non-dimensional
rotational rate frequency (Xflap ) in order to retain consistent flow
angles over the blade as well as maintain the input to output frequen-
cies of the rotor (blade natural frequency to the rotational frequency)

Xflap ¼
X

xflap;X
: (12)

The pitch control dynamics directly affect flapwise loading,24–27

so the pitch response of the rotor (to an incoming wind gust) must be
consistent between the full- and sub-scale rotor models. The pitch
angle (h) control is a commonly used gain-scheduled, proportiona-
l–integral control law,23,28 defined by

hcmd;X ¼ GK hð Þ kPNgear X� X ratedð Þ þ kINgear

ð
X� Xratedð Þdt

	 

;

(13)
where kP and kI are the proportional and integral gains (which are
functions of both the pitch control natural frequency, xn, and the
damping ratio, f), X is the rotor speed, Ngear is the gearbox ratio, and
Xrated is the rated speed. The gain-scheduling term

GK hð Þ ¼ 1

1þ h
hk

; (14)

accounts for aerodynamic non-linearities and depends on the blade
pitch h and the gain scheduling parameter hk. The blade pitch com-
mand in Eq. (13) is saturated at a lower limit of hfine, the aerodynami-
cally optimal pitch angle. When a rigid body rotor model is combined
with the PI control in (13), the dynamics of the generator speed error
can be represented by a second order system23

€uX þ 2fxn _uX þ x2
nuX ¼ 0; (15)

which is similar to the dynamics of the pitch response because _uX ¼
X� Xrated and the pitch command in Eq. (13) is a linear combination
of uX and its derivatives.

The pitch response is made consistent by matching the non-
dimensional time constant of the pitch angle or the time it takes the
pitch to transition 63% of the difference between the initial and final
values during a step increase in wind speed. The time constants are a
result of scaling the regulator mode natural frequency (xn) as defined
in Table III. Using the base unit scaling of Table I, the expected time
constants should scale with

ffiffiffi
g
p

. By matching the time constants due
to a deterministic step increase in wind speed, it is expected that the
dynamics of the sub-scale system will match the full-scale system dur-
ing turbulent conditions as well.

The turbine is tested using FAST, an aeroelastic simulation tool
that uses blade element momentum theory.19,29 The two-dimensional
aerodynamic parameter files will be presented herein, which show the
coefficient of lift (cl) and coefficient of drag (cd) vs the airfoil angle of
attack (AOA) (a) at 66% span for the full-scale and sub-scale Reynolds
numbers. The 66% span location is used for the aerodynamic proper-
ties as this is near where the effective radius for the thrust root bending
moment is typically located.

The appropriate structural, wind speed, controller, and two-
dimensional aerodynamic parameter files will be used to return the
three-dimensional results via simulation. These results will display the
differences due to Reynolds number under both steady and turbulent
conditions.

III. SCALING APPLIED TO AN EXTREME-SCALE
TURBINE
A. Scaling summary

The overall scaling is summarized in Table IV, where the turbine
utilized for the full-scale model is the SUMR-13 rotor with 104.36 m
blades and a tower height of 142.4 m. When a scaling factor of 0.2
(g ¼ 0:2) is applied to the full-scale model, the sub-scale rotor has
blade lengths of 20.87 m and a tower height of 28.48 m. This scaling
leads to a sub-scale blade mass which is 1/150th the mass of the full-
scale blade. This physically scale sub-scale model is deemed the

TABLE II. Summary of key structural and aerodynamic scaling parameters in terms
of the length scaling parameter, g.

Scaling parameter Scale factor

Length scaling: Ss=Sf g
Rotational scaling: Xs=Xf 1=

ffiffiffi
g
p

Wind velocity scaling: Us=Uf
ffiffiffi
g
p

Sectional blade mass scaling:ms=mf
qwind;s

qwind;f

� �
g2

Flapwise frequency scaling: xflap; s=xflap; f 1=
ffiffiffi
g
p

Stiffness scaling: ðEI 0 Þs=ðEI
0 Þf

qwind;s

qwind;f

� �
g5

Bending moment scaling: Mð Þs= Mð Þf
qwind;s

qwind;f

� �
g4

Power scaling: ðPÞs=ðPÞf
qwind;s

qwind;f

� �
g7=2

Reynolds number ratio: Res=Ref
qwind;s

qwind;f

� � lwind;f

lwind;s

� �
g3=2

Mach number ratio:Mas=Maf
bwind;f
bwind;s

� � ffiffiffi
g
p

TABLE III. Dimensional controller scaling parameters for a servo-aero-gravo-elastic
model.

Scaling parameter Scale factor

Time constant, tconst
ffiffiffi
g
p

Pitch control natural frequency, xn 1=
ffiffiffi
g
p

Gain scheduling parameter, hk 1
Damping ratio, f 1

Journal of Renewable
and Sustainable Energy ARTICLE scitation.org/journal/rse

J. Renewable Sustainable Energy 12, 063301 (2020); doi: 10.1063/5.0021171 12, 063301-5

Published under license by AIP Publishing

https://scitation.org/journal/rse


segmented ultralight morphing rotor-physically scaled and includes a
physically scaled blade model and a physically scaled environment.

A caveat to testing a scaled model within a scaled environment is the
presented differences in both the Reynolds numbers and Mach numbers.
TheMach numbers are expected to haveminimal effect on turbine perfor-
mance, given that the turbineMach numbers are below that of when com-
pressibility comes into effect and therefore the resulting differences are
weak. However, while testing in the same medium, the Reynolds numbers
will be mismatched, which ultimately results in differing aerodynamic per-
formances between full- and sub-scale systems. To ensure that the opera-
tional differences in the SUMR-PS model are reliant on differences in
Reynolds number, an aerodynamically scaled turbine will also be com-
pared against the full-scale model. This aerodynamically scaled model uti-
lizes the SUMR-PS blade model; however, it employs airfoil coefficients of
the full-scale model so as to eliminate the differences in Reynolds num-
bers. Each of the blade model and aerodynamic characters of the SUMR-
13, SUMR-PS, and SUMR-IS turbines are summarized in Table IV.

B. Rotor airfoil shapes and sectional aerodynamics

The full-scale rotor used for the current SAGE model is the 13.2-
MW segmented ultralight morphing rotor (SUMR-13).3,4,11–13 The
SUMR-13 rotor is a two-bladed downwind morphing rotor with blade
lengths reaching to 104.4 m. Select airfoils distributed down the length
of the blades are shown in Fig. 2. Adjacent airfoils are used to define
additional airfoils at intermediate locations. The SUMR-13 turbine
represents a class of turbine blades denoted as extreme-scale wind tur-
bine blades which, along with having excessive length, are highly flexi-
ble causing additional dynamics not represented in conventional wind
turbine blades. The SUMR-PS and SUMR-AS turbines employ similar
geometric properties as the SUMR-13 turbine including the airfoil dis-
tribution shown in Fig. 2, the non-dimensional chord distribution,
and the twist distribution. However, the SUMR-PS has an aerody-
namic performance based on the reduced Reynolds numbers where
the SUMR-AS has an aerodynamic performance based on the full-
scale Reynolds number. Each of the physical aerodynamic properties
of the full-scale SUMR-13 system are summarized in Ananda et al.4

While the SUMR-PS employs geometric similitude (as shown) as
well as properly scale frequencies, controllers, stiffness, and mass dis-
tribution (as discussed below), the aerodynamic performance will not
scale properly. In particular, differences in Reynolds numbers will
cause the airfoil lift and drag (as a function of angle of attack) to be
modified. These difference are used by FAST and are based on data
synthesized between experiments and XFOIL.30 Shown in Fig. 3 are
the coefficients of lift and drag as a function of angle of attack for an
airfoil at 66% span. The airfoil utilized is a blend between the 56% and
77% span airfoils found in Fig. 2. The SUMR-13 rotor operates at a
higher Reynolds number than that of the SUMR-PS turbine causing a
decrease in lift as well as an increase in drag which holds true for all
airfoils along the blade span. Therefore, in operation, the entire blade
will experience a decrease in lift and an increase in drag if the two
blades are operating at the same angle of attack (AOA).

C. Blade mass and stiffness distributions

Based on Table II, the flapwise sectional properties of stiffness
(EI0) and mass density (m0) are non-dimensionally matched in Eqs.
(16)–(18) where the overbar (�) represents non-dimensional values.
Their values are presented in Fig. 4 as a function of the non-
dimensional spanwise location

s ¼ s
S
; (16)

EI0 ¼ EI0

qwindgS5
; (17)

m0 ¼ m0

qwindS2
: (18)

D. Empirically scaled controller and scaled wind
flowfield

To verify the controller scaling, a non-dimensional step input of
wind speeds is applied to each turbine in order to check the non-
dimensional time constant of the pitch angle in response to a step

TABLE IV. Summarizing parameters of the SUMR-13 rotor, the servo-aero-gravo-elastically scaled SUMR-PS turbine, and the aerodynamically scale SUMR-PS turbine.

SUMR-13 SUMR-PS SUMR-AS

Length scaling factor (g) 1 0.2 0.2
Blade length (S) 104.36 m 20.87 m 20.87 m
Hub radius (lhub) 2.5 m 0.5 m 0.5 m
Tower height (ltower) 142.4 m 28.48 m 28.48 m
Coning angle (b) Variable 12.5� 12.5�

Tip-speed ratio (k) 9.5 9.5 9.5
Rated turbine power (Prated) 13.2MW 47 kW 47 kW
Rated wind speed (Urated) 11.3 m/s 5.05 m/s 5.05 m/s
Rated rotor speed (Xrated) 9.82 rpm 21.96 rpm 21.96 rpm
Pitch saturation (h) 0.48� 0.48� 0.48�

Blade mass (m) 54 787.4 kg 350.64 kg 350.64 kg
Flapping frequency (xflapÞ at Xrat 0.69Hz 1.53Hz 1.53Hz
Reynolds number at 66% span (Re) 1.63 � 107 1.16 � 106 1.63 � 107

Ref. Mach number at 66% span (Ma) 0.227 0.101 0.227
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change in wind speed. A non-dimensional wind input step size of
0.265 will be applied to starting non-dimensional wind speeds of
1.327 and 1.77, i.e., 33% and 77% above rated. The non-
dimensional wind speed values utilize Eq. (19) and are plotted
against non-dimensional time of equation (20) shown in Fig. 5.
These values are chosen in order to provide a full-range of above-
rated operating conditions

U ¼ U
Urated

; (19)

t ¼ t � g
Urated

: (20)

The controller variables are then scaled as stated in Table III with
the resulting parameters summarized in Table V. Table V additionally

FIG. 2. Airfoil distribution of the SUMR-13, SUMR-PS, and SUMR-AS rotors shown non-dimensionally by the chord length c, the distance along the chord x, and the distance
perpendicular to the chord y. Each blade employs the same non-dimensional chord and twist distributions.

FIG. 3. The (a) coefficients of lift (cl) and (b) coefficients of drag (cd) vs airfoil angle of attack (a) for the full-scale SUMR-13 turbine, the physically scaled SUMR-PS turbine,
and the aerodynamically scaled SUMR-AS turbine for an airfoil at 66% span with Reynolds numbers shown in Table IV, where the airfoil properties are linearly interpolated
between the F1-2655-0262 and the F1-2040-0087 airfoils.
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contains the non-dimensional time constant of the pitch angle (time
for pitch to reach 63% of its final pitch) for the SUMR-13, the SUMR-
PS, and the SUMR-AS controllers. The pitch angle as a result of the
step changes in wind speed can also be seen in Fig. 6 where there is a
�5.5% error in the non-dimensional time constant. The error in time
constant can be attributed to the assumption of a rigid body rotor
model used for Eq. (15). The results shown in Fig. 6 indicate that there
can be small controller differences which can be related to the effects
of aeroelasticity and Reynolds numbers. A future recommendation is
to provide additional adjustments to reduce, or even eliminate, these
pitch response differences and more generally the rotor speed

dynamics relative to natural frequency and damping. However, an
important conclusion is that the servo-response can be reasonably
scaled using the non-iterative method described herein. In general, the
controller for the SUMR-PS and SUMR-AS models in terms of pitch
response to this discontinuous velocity shift is about 5%–10% less
responsive that that of the SUMR-13 in terms of non-dimensional
time response.

For a final scaling check, we consider the wind speeds. Since the
turbines are tested under turbulent conditions, it is important to
ensure that the scaled mean and fluctuation inflow parameters are pre-
served as well as match the coherence method of the full- and sub-
scale inputs. If one considers a fixed wind site with given atmospheric
boundary layer properties (including characteristic variations in shear
with altitude), there will be some differences in the unsteady inflow
velocity field seen by the sub-scale and full-scale turbines due to
changes in the hub-height relative to this flow. However, one may
sample data which have the same non-dimensional mean and RMS
hub-height velocities to evaluate the fidelity of field-test operational
scaling.

Using a mean velocity profile for the Virginia Offshore Lease
Zone (for which the SUMR-13 was designed), the scaled hub-height
wind velocities for the sub-scale and full-scale rotor are shown as a

FIG. 4. Select non-dimensional distributed blade structural parameters for (a) mass density ( �m0 ) and (b) stiffness ( �EI0 ) for the SUMR-13 blade, the physically scaled SUMR-
PS blade, and the aerodynamically scaled SUMR-AS blade.

FIG. 5. Two non-dimensional input wind speeds spanning the region 3 operating
regime for verifying the controller scaling performance.

TABLE V. Summarizing parameters of the SUMR-13, SUMR-PS, and SUMR-AS
(with adjusted controllers) with their respective non-dimensional time constants due
to a non-dimensional step steady-state wind speed input.

Non-dimensional Windspeed range

1.38–1.59 1.77–2.04
Xn (rad/s) n (–) �t const

SUMR-13 0.1415 1.35 5.31 7.10
SUMR-PS 0.316 1.35 5.60 7.47
SUMR-AS 0.316 1.35 5.60 7.47

FIG. 6. Comparison of the physically scaled controller pitch (h) over a non-
dimensional time subjected to two separate step input wind speeds as specified in
Fig. 5 which span the region 3 operating regime.
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function of the non-dimensional time in Fig. 7. In both cases,
TurbSim31 is employed to provide a full three-dimensional coherent
unsteady wind field inputs for FAST.29 While instantaneous values are
different, the mean and standard deviations are nearly identical and
thus deemed suitable for direct comparison. However, it should be
noted that choosing a specific site for both the sub-scale and the full-
scale rotors will lead to differences in the local shear and turbulence
scales once these are normalized by hub-height or rotor diameter. It is
hypothesized that these effects, along with those seen in Fig. 6, are
weak with respect to the non-dimensional flapwise deflections and
dynamics of the rotor blades.

IV. OPERATIONAL RESULTS OF A SCALED TURBINE
A. Rotor aerodynamic performance

The reduction in Reynolds number on the appropriately scaled
two-dimensional airfoils leads to a slight decrease in lift and a
large increase in drag for the same operating angle of attack as shown
in Fig. 3. As summarized in Sec. III, the turbine saturates the blade
pitch at its lower limit under below-rated conditions to maximize
power capture and regulates power production under above-rated

conditions by regulating the rotor speed. The relationship between the
turbine coefficient of power and the coefficients of lift and drag are
shown in Eq. (21) and the subsequent relationship between the coeffi-
cient of power and axial induction factor are shown in Eq. (22),32

Cp ¼ Cl

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2

p
k� Cd

Cl
k2

� �
; (21)

Cp ¼ 4a 1� að Þ2: (22)

The relationship shown in Eq. (21) includes the turbine tip-speed ratio
k. The tip-speed ratio is maintained through scaling shown in Fig. 8(a)
despite the slight reduction in coefficient of lift and a significant increase
in coefficient of drag due to Reynolds numbers differences. These differ-
ences cause the axial induction factor to substantially decrease for the
outboard regions as seen in Fig. 8(b) for region 2 operations with steady
flow. To understand the effects of the Reynolds number on the opera-
tional outcome of the SUMR-PS model, the results are compared
against the SUMR-AS model. As a reminder, the SUMR-AS model uti-
lizes the same turbine as the SUMR-PS model; however, it employs the
same aerodynamics coefficients as the SUMR-13 rotor, thus eliminating
any differences in the Reynolds number.

The SUMR-13 rotor is designed to operate at the maximum coef-
ficient of power as seen in Fig. 9. For the SUMR-PS model, there is a
reduction in maximum coefficient of power and thrust in region 2 on
the rotor as expected through Figs. 3 and 8. To investigate the influ-
ence of the Reynolds number on the results, the SUMR-AS model is
compared against the SUMR-13 and SUMR-PS models with minimal
differences between the SUMR-13 and SUMR-AS models. These
results helps to justify the differences between the SUMR-13 and
SUMR-PS models being solely due to the Reynolds number differences
within the scale model.

A summary of the influence of the Reynolds number differ-
ence is depicted in Fig. 10 and seen under below-rated conditions.
When scaling down the turbine, the Reynolds number decreases,
which leads to a decrease in the lift and an increase in the drag of
the blade airfoils. These two-dimensional aerodynamic effects then
result in a reduction in the axial induction factor due to the reduc-
tion in torque, thus reducing the turbine coefficient of power.
These aerodynamic changes lead to operational changes in the tur-
bines as will be discussed in Sec. IV B.

FIG. 8. Computational results with steady flow of (a) the tip-speed ratio over a range of operating conditions and (b) the turbine axial induction factor under below rated condi-
tions where �U ¼ 0:7 over the span of the blade.

FIG. 7. Example non-dimensional wind input (�U ) with simulation average velocities
(solid lines) and the range of 6 one standard deviation (vertical arrow) shown as a
function of non-dimensional time (�t ) for computational simulations.
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B. Operational results

As previously stated through controller scaling and Eqs. (5) and
(12), it is important to match the average tip-speed ratio as well as the
average non-dimensional rotational rate despite the aerodynamic
alterations stated in Sec. IVA. Matching the tip-speed ratio helps to
approximately keep the flow angles over the rotor consistent. An exact
match in flow angles over the blade can occur so long as the pitch and
axial induction factors remain constant between full- and sub-scales.
Matching the non-dimensional rotational rate ensures that the

resonant conditions which occur at the full-scale also occur at the sub-
scale. The matching tip-speed ratio can be seen in Fig. 8(a) and the
matching non-dimensional rotational rate over a range of wind speeds
is seen in Fig. 11. As expected, both the tip-speed ratio and non-
dimensional rotational rate match over the entire range of wind
speeds.

The resulting pitch over a range of wind speeds is depicted in Fig.
12(a). The values match well for the below-rated conditions and are
within 10% for above rated conditions due to the system pitching to
obtain more power makeup for the higher drag and lower lift due to
Reynolds number differences.

To determine how well the scaling performs, the mean and fluc-
tuating values of the normalized flapwise tip deflections are given in
Eqs. (23) and (24). Such deflections stem directly from the flapwise
bending moments, the blade mass and stiffness distributions, and the
pitch controller. In addition, these deflections directly indicate the
degree of scaling for aeroelastic behaviors

dtip ¼
dtip
S
; (23)

dtip;rms ¼
dtip;rms

S
: (24)

While there are significant aerodynamic changes in a sub-scale
rotor, a SAGE scaled rotor aims to ensure that the aeroelastic interac-
tions remain proper. As such, Fig. 13 presents the tip deflections for

FIG. 9. The (a) turbine coefficient of power (Cp) and (b) turbine coefficient of thrust (Cp) in steady flow over the entire range of operating conditions comparing the SUMR-13,
the SUMR-PS, and the SUMR-AS, a physically scaled model simulating with removal of Reynolds number coefficients.

FIG. 10. Influence of the Reynolds number on sub-scale turbine aerodynamics for
region 2 operations (where Cp¼Cp,max).

FIG. 11. The steady non-dimensional rotational rate (�X flap) over the range of oper-
ating steady wind speeds. FIG. 12. The blade pitch (h) over a range of operational steady wind speeds.
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both the steady and turbulent conditions. Presented are the mean tip
deflections as well as the root mean square of tip deflections about the
mean. Each case presents below ideal deflections under below-rated
conditions and above ideal conditions under above-rated conditions.
The turbulent inflow conditions consist of ten evenly spaced average
wind speeds ranging from U ¼ 0:35 to U ¼ 2:1, where each simula-
tion consists of the useable non-dimensional time, t ¼ 389, where
simulations were given a sufficient amount of time to regulate their
operation prior to the usable time. The differences in tip deflection can
be attributed to Reynolds effects as well as controller structure differ-
ences between below-rated and above-rated conditions. While each
mean is slightly different, there is significant overlap of the RMS about
the mean and the resultant tip deflections are reasonably accurate
despite the significant changes in the Reynolds number.

These results indicate that the inability to match the Reynolds
number (and the associated reduction in induction factors at the sub-
scale) does not significantly limit the ability to match the aeroelastic
deflections for a scaling of 20% on a 13-MW highly flexible downwind
turbine when employing the SAGE method. While the objective in
this study was to investigate the tip deflections for aeroelasticity, there
is also interest in understanding the unsteady blade loads in terms of
structural design (to consider on fracture and fatigue). For this, the
above methodology could be used to investigate how well the mean
and standard deviations of the flapwise loads scale between the two
rotors and how the spectra of these loads relative to the blade flapwise
natural frequencies. Furthermore, the scaling could be extended to
consider edgewise and twist-wise loading on the rotors, as these are
also important structural design aspects.

The previous scaling is a strong endorsement for employing sub-
scale systems to experimentally study the aeroelastic performance of
extreme-scale wind turbine rotor concepts with appropriate servo-
gravo-aeroelastic scaling. This is particularly true as the cost of build-
ing and testing a research turbine tends to scale with the generated
power as well as the rotor mass and a 20% scale turbine has a power
rating reduction of more than three orders of magnitude and a mass
reduction of 150-fold. The cost savings for a sub-scale turbine
may therefore be at least 150-fold. To verify the performance shown in
Fig. 13, it is recommended that this approach be assessed by

comparing SAGE-based field tests of a full-scale and sub-scale turbine,
especially for a lightweight rotor with high flexibility (as is the current
trend for extreme-scale rotors), where the load paths tend to signifi-
cantly deviate from the centrifugally dominated radial direction. It
should be noted that fabrication of an aeroelastically scaled rotor has
several practical constraints with respect to structural design, material
properties, and experimental construction. These aspects have been
investigated for a 20% sub-scale manufactured rotor blade.5 This could
be accomplished by employing one of the recent production-level
extreme-scale turbines for the full-scale system.33,34

Further computational work can be conducted to further exam-
ine the effects of Reynolds number by retaining the exact control set
points (pitch, non-dimensional RPM, etc.) in reference to a non-
dimensional free-stream wind speed. Retaining the control set points
will help differentiate between the differences due to aerodynamics
and subsequent controls. Additionally, it is suggested to adjust the
controller in order to preserve the operational tip deflections of the
sub-scale rotor as compared to the full-scale rotor to retain a SAGE
scaled rotor.

V. CONCLUSIONS AND RECOMMENDATIONS

The current study presents an ideal 20% model of a 13.2-MW
turbine (SUMR-13) using a servo-aero-gravo-elastic scaling method in
order to retain the controller, aerodynamic, and gravitational interac-
tions. The SAGE method aims to match operational conditions by
matching the non-dimensional mean wind speeds and their standard
deviations. Additionally, the controller is scaled such that the control
structure (gain-scheduled, proportional–integral pitch control and var-
iable speed torque control) and the non-dimensional time constant of
the pitch control remain constant. Additionally, structural compo-
nents (blade, tower, hub, etc.) are appropriately scaled such that the
non-dimensional structural properties are matched by defining base
unit scaling and applying such scaling to the units of a property.
Overall, the goal of SAGE scaling is to match the tip-speed ratio, the
rotor speed normalized by the flapping frequency, and the average tip
deflections during operation normalized by the blade length. The
result is the first definition and development of Froude scaling for the
rotor moments for an extreme-scale turbine and the first to be

FIG. 13. 11 simulations run under (a) steady conditions and (b) turbulent conditions showing the non-dimensional tip deflections (�d tipÞ through the entire range of wind speeds
with solid lines representing the average and shaded regions representing one standard deviation above and below this mean.
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combine Froude scaling for a rotor with aeroelastic scaling or with
control-based scaling. The present high-fidelity simulations also repre-
sent the first investigation of a Froude-scaled aeroelastic rotor under
operational turbulent field conditions.

If one seeks to test a sub-scale and full-scale rotor under field
conditions, there are some inherent differences that cannot be accom-
modate with the present scaling approach. First, there is a difference in
the Reynolds and Mach numbers affecting the aerodynamics, which
subsequently changes the axial induction factor. These changes due to
Reynolds number were concluded to be the primary cause of these dif-
ferences through testing a sub-scale model which employs the same
aerodynamics coefficients as the full-scale model, thus removing any
effects of Reynolds numbers. Second, the gain scaling of pitch control
though non-dimensionally reasonable (magnitude and bandwidth dif-
ference of about 5%) does not consider second-order aeroelastic
effects. Furthermore, scaling the mean and turbulence levels for the
flow with given atmospheric boundary layer properties can lead to
some differences in local shear and turbulent scale coherence aris-
ing from different hub-heights. Despite such limitations, the sub-
scale turbine under steady and turbulent operational conditions
was able to reasonably portray non-dimensional flapwise tip
deflections and dynamics observed for the full-scale turbine, which
is the primary goal of the SAGE scaling method. These simulations
show that the effects of Mach and Reynolds numbers, aeroelastic
influence on gains scaling, and coherence characteristics of the
atmospheric boundary layer are relatively weak for a 20% sub-scale
turbine relative to an advanced-design extreme-scale wind turbine
using the present scaling methodology. This indicates the high
potential value of employing sub-scale systems to experimentally
study the aeroelastic performance of extreme-scale wind turbine
rotor concepts with appropriate servo-gravo-aeroelastic scaling.
However, experimental field testing is recommended to confirm
the quantitative efficacy of this scaling methodology. In addition,
further work can be conducted computationally to further examine
the effects of Reynolds number by investigating adjustment to con-
trol set points and pitch controller gains to further improve the
consistency between the non-dimensional operational tip deflec-
tions and dynamics of the sub-scale and full-scale rotor to repro-
duce all the key servo-aero-gravo-elastic characteristics of the
turbine response and performance.
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