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Abstract

As wind turbine rotors become larger, the blades become more flexible, requiring

extra stiffness and cost to avoid the risk of tower strike. Wind turbines in a down-

wind configuration have a reduced risk of tower strike because the rotor thrust acts

away from the tower. However, downwind blades pass through the wake of the

tower, and the resulting load variation may contribute to blade fatigue. To date, there

have been no field tests to quantify this tower shadow effect on unsteady blade

moments. The present study reports on the first field testing of a flexible, downwind,

coned rotor and compares the experimental data against simulations run in Open-

FAST. The tower shadow effect is simulated using the conventional Powles model

and a new Eames model (developed herein), which includes the influence of upstream

turbulence. Both models reasonably predict the blade root out-of-plane bending

moment data and the tower shadow dip magnitude when compared to field test data

in Region 3. Tower shadow was found to increase the short-term Damage Equivalent

Loads (DELs) by less than 10% compared to other effects (gravity, shear, and turbu-

lence), and the predictions were consistent with experiments. These results indicate

that the tower shadow effect can be reasonably modeled with the simpler Powles

model and that the tower shadow effect can be small compared to the effect of tur-

bulence. However, long-term fatigue due to tower shadow should be included in

detailed structural analysis and design of the rotor and the tower.
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1 | INTRODUCTION

Offshore wind turbines are becoming more common with global offshore wind installations growing each year.1 While there are currently only

42 MW of commercial wind energy operating offshore in the United States, the cumulative installed offshore wind capacity in the United States

is expected to be 11 GW or higher by 2030.1 In general, offshore turbines are being designed with high turbine power (≥10 MW), such as the

General Electric Haliade-X turbine which ranges from 12- to 14-MW rated power. These larger wind turbines are able to reduce the cost of

energy by taking advantage of economies of scale. However, these large blades are inherently more flexible, and thus, upwind rotors run an

increased risk of tower strike, where the blades may bend backwards during operation (due to aerodynamic thrust forces) and contact the tower.
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Downwind turbines can reduce the risk of tower strike because the thrust forces drive the blades away from the tower, and thus, downwind tur-

bines may provide an opportunity for increasing rotor diameter with lightweight blades.2–4

While downwind turbines are advantageous to increasing the rotor diameter, there is an aerodynamic disadvantage which must be consid-

ered. As the blades pass behind the tower, they experience the tower shadow effect in the tower wake, as shown in Figure 1. The blades undergo

a velocity deficit in the tower wake compared to the undisturbed incoming air velocity, and the resulting unsteady aerodynamics can lead to blade

fatigue and noise. Downwind turbine designers should generally consider three critical issues:

1. Aerodynamic performance and rotor mass: Downwind turbines (compared to upwind turbines) tend to have lower rotor masses due to

flapwise load alignment but can have a reduction in annual energy production due to a decreased swept area caused by downwind aeroelastic

deflections.5,6

2. Low-frequency noise: Downwind turbines have been known to emit a low-frequency “thumping” noise that is louder than upwind turbines7;

this can be an important issue for onshore wind farms (but may be less of an issue for offshore wind farms).

3. Fatigue: Increased structural fatigue for downwind turbines due to tower shadow has been identified as a potential issue that should be con-

sidered in structural design,5 but it is unclear if the current wake deficit models for tower shadow can capture the unsteady blade load impact

for field conditions.

There has been little experimental data to analyze the tower shadow effect on downwind turbines. Previously, the only publicly available data set

from a downwind turbine field test was from the Unsteady Aerodynamics Experiment (UAE) turbine developed and tested by the National

Renewable Energy Laboratory (NREL). The UAE turbine Phase VI was a downwind turbine with stiff blades, tested at the NASA Ames Research

Center wind tunnel.8 Hitachi tested the SUBARU 80/2.0 2-MW downwind turbine9,10 but have not published in full the field test data. Wind tun-

nel tests by Wang et al. visualized the flow field behind a downwind turbine but did not capture blade bending moment data.11 No field test data

exist for flexible downwind rotors, a current design direction of large wind turbines, which are expected to react differently to the tower shadow

effect than stiff rotors. Without experimental data, tower shadow models are difficult to validate.

Since there have been no previous field experiments for flexible rotors, the influence of tower shadow for large downwind systems has been

based on wind tunnel tests and simulations. In such simulations, tower shadow only appears to marginally increase blade fatigue,12 and the trends

indicate that the effect is reduced for lighter and more flexible blades.13

To provide experimental data to compare with numerical tower shadow models, a 1/5th-scale gravo-aeroelastic model was developed based

on the Segmented Ultralight Morphing Rotor 13-MW (SUMR-13) turbine and is denoted as the SUMR Demonstrator (SUMR-D).14–16 The

SUMR-13 turbine was designed as a flexible, downwind, load-aligned rotor.2,3,6,17 This design showed that the rotor mass and the swept area are

both reduced as is common for downwind turbines but that the combination can reduce the levelized cost of energy (LCOE). The SUMR-D

demonstrator turbine allows for the first field test data of a downwind flexible rotor. In terms of low frequency noise, NREL turbine operators

standing outside reported minimal audible noise and no “thumping” from the SUMR-D rotor during testing (L. J. Fingersh, personal communica-

tion, 2019). As such, two of the three critical issues for downwind turbines (mentioned above) have been characterized, but the effect of tower

shadow has not been considered.

One common software for modeling wind turbines is OpenFAST,18 developed by the NREL. For tower shadow, OpenFAST uses a variation

of the Powles model, a steady-state velocity deficit model based on wind tunnel tests (with negligible upstream turbulence) for an isolated

F IGURE 1 Downwind turbine tower shadow diagram, where freestream wind (U∞) is reduced at the tower plane to (Uup) and then the rotor
plane sees Ulocal with a velocity deficit behind the tower and a complex wind field
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tower.19 Tower shadow is applied in OpenFAST's aerodynamic subroutine, AeroDyn15.20 This variation of the Powles tower shadow model

includes the tower drag coefficient (CD) as the only input and gives a cos 2-shaped velocity deficit behind the tower.

Other tower shadow models and methods have been suggested over time, but none have gained as wide acceptance as the Powles model.

Some studies suggest using computational fluid dynamic results to tune the parameters for the velocity deficit behind the tower,9,21 but this

method requires time-consuming simulations for each design. Recently, Yoshida proposed improvements to tower shadow models by adding

lifting line theory22 and a dynamic stall model,23 and these models are worth further investigation for their fidelity once field test results are avail-

able. Most models require a known drag coefficient of the tower, but this in itself is an issue of research since the influence of surface roughness

and inflow turbulence can impact this drag coefficient.24

As noted above, there have been no field tests of tower shadow with flexible blades (as would be expected for the next generation of large

wind turbines) nor is there a tower shadow model that has been validated for field-level turbulence. This is problematic for downwind turbine

design since it is critical to have experimental data that include the effects of unsteady blade moments for a flexible rotor in turbulent wind condi-

tions. Furthermore, it is critical to develop and assess tower shadow models that consider inflow turbulence and cylinder drag characteristics.

The present investigation is the first study to the author's knowledge to investigate tower shadow by obtaining field test data from a

downwind, flexible rotor and comparing it to simulations. The present study also presents the first publicly available comparison to experimental

results with a mid-scale prototype (more than 4� larger than the UAE rotor) and is the first to develop a tower shadow model that considers the

influence of upstream turbulence. The corresponding objectives of this study are:

• to quantify the effect of tower shadow on flexible downwind turbines with field data,

• to propose a new tower shadow model that accounts for freestream turbulence intensity,

• to consider the ability of tower shadow models to accurately capture blade moments, and

• to consider the relative influence of tower shadow on blade Damage Equivalent Loads (DELs).

To achieve the latter two goals, simulations using different tower shadow models will be compared to experimental results in terms of tower

shadow dip magnitude, dip location, and DELs.

2 | EXPERIMENTAL METHODS

The SUMR-D rotor was flown on the CART-2 test turbine over fall 2019 and spring 2020 at the NREL Flatirons Campus. The rotor, shown in

Figure 2, has two lightweight, flexible blades in a load-aligned (coned) downwind configuration. Specifications of the SUMR-D rotor are given in

F IGURE 2 SUMR-D rotor on CART-2 at the NREL Flatirons Campus outside Boulder, Co. (webcam photo, courtesy of Lee Jay Fingersh,
NREL)

SIMPSON ET AL. 3



Table 1, and further details on the design and testing can be found in Yao et al.,14 Bay et al.,15 Kaminski et al.,16 and Simpson and Loth.25 The

blade chord and the blade clearance from the tower to the rotor are provided in Table 1 at 70% blade span.

Notably, the SUMR-D rotor is extremely lightweight and flexible compared to a traditional rotor (the blades are half the weight of those

typically used on the CART-2). The reduced mass is possible because of SUMR-D's downwind and coned configuration. Also, the SUMR-D rotor

was designed to be gravo-aeroelastic scaled to replicate nondimensional blade flexibility, nondimensional flapwise deflections, and non-

dimensional dynamics consistent with the full-scale 13-MW SUMR design.14,16,26 Because of this scaling, the rated wind speed of the SUMR-D is

about 5 m/s.

Data streams from both the CART-2 turbine and an upwind meteorological tower are saved as 5-min data files at 400 Hz. Strain gages were

placed near the root of the SUMR-D blades to read flap and edge bending moments. However, the Blade 2 root strain gage was partially damaged

during tested, so all data shown herein were gathered from Blade 1. Wind speed measurements were taken from the upwind meteorological

tower with a sonic anemometer placed at CART-2 hub height, and wind shear was calculated from cup anemometers placed along the tower

(further details available in Simpson and Loth25).

To ensure that simulations could replicate the wind field conditions, a subset of these field test data files was selected for analysis based on

the following criteria:

• Normal operation (no parked, shutdown, startup, or cutout cases were included).

• Operation in a single control region (the entire 5-min file in either Region 2 or Region 3 controller operation).

• Mean crosswind angle is low (less than 30�) relative to the direction of the upwind met tower.

• Nacelle yaw error is low (less than 15�) relative to the direction of the incoming wind.

• Yaw variation is low (less than 10� range) throughout the 5-min file.

The 5-min files are used herein rather than standard 10-min files to increase the number of files that meet the selection criteria. Based on these

criteria, 40 files were identified for analysis, resulting in 200 min of field test data.

3 | COMPUTATIONAL METHODS

Simulations of the SUMR-D turbine were conducted using OpenFAST18 with a “Digital Twin” model of the SUMR-D rotor created by Chetan

et al.27 The model uses the as-designed airfoils, which likely results in some deviations from the as-built airfoils due to some manufacturing sur-

face imperfections. Turbulent wind field files were built in TurbSim v2 to match meteorological tower data at the CART-2 field site.25 Simulated

wind field files include wind shear (calculated from cup anemometers on an upwind meteorological tower), 3-directional wind speed time series

from a sonic anemometer upwind at hub height, and an extra 100 s of wind data inserted to initialize each simulation. Blade bending moment data

TABLE 1 SUMR-D parameters

Blades 2

Rotor radius 22.25 m

Tower diameter 2.2 m

Blade chord (at 70% span) 0.74 m

Clearance (at 70% span) 7.3 m

Blade mass 990 kg

Flapwise frequency 1.13 Hz

Edgewise frequency 2.17 Hz

Rated rotor speed 21.5 RPM

Optimal TSR 9.5

Rated power 54 kW

Coning angle 12.5�

Tilt angle 3.77�

Cut-in wind speed 3 m/s

Rated wind speed 5 m/s

Cut-out wind speed 11 m/s
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were gathered from simulations and converted to Out-of-Plane (OoP) bending moments (as documented by Simpson and Loth25) for comparison

to experimental field test data.

3.1 | Tower shadow models

A variation on the Powles tower shadow model is provided in OpenFAST as an option for modeling downwind turbines. The original Powles

model allowed the shadow width and depth to be independently tuned to fit wake characteristics.19 Note that the Powles model came from wind

tunnel tests with low turbulence and used an octagonal-shaped tower.

In AeroDyn1528 (the current aerodynamic module of OpenFAST), the shadow width and depth for OpenFAST are determined based on the

tower drag coefficient (CD) prescribed by the user at stations along the tower height.29 This is also known as the “Moriarty model.”23 As defined

by AeroDyn,29 the wind freestream velocity far upstream (U∞) is used for determining the drag and to apply the tower shadow deficit, shown in

Figure 1.

The effect of the tower drag is to cause a momentum deficit downstream, and the associated “local” wind velocity behind the tower (Ulocal)

can be obtained in terms of a nondimensional deficit (uwake) as in Equation 1a. This nondimensional wake deficit is obtained via Equation 1b,

where it is a function of the drag coefficient, the nondimensional wake distance (d) given in Equation 1c, as well the nondimensional distances of

x and y. These nondimensional distances are based on the dimensional X- and Y-directions (relative to the incoming velocity field as shown in

Figure 1) normalized by tower radius (r), as noted in Equations 1d and 1e.

Ulocal ¼ 1�uwakeð ÞU∞ ð1aÞ

uwake ¼ CDffiffiffi
d

p cos2
π

2
yffiffiffi
d

p
� �

ð1bÞ

d¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2þy2

p
ð1cÞ

x¼X=r ð1dÞ

y¼Y=r ð1eÞ

There are some limitations of this model. Notably, the flow just upstream of the tower (Uup) is slowed by the momentum extraction (due to axial

induction) such that this approach velocity is lower than that of the far-field freestream velocity (depicted in Figure 1). As such, a more accurate

description would employ Uup instead of U∞ in Equation 1a, as noted by Yoshida et al.30 Defining a as the axial induction at the rotor disk down-

stream of the tower, U∞ >Uup > 1�að ÞU∞. This velocity error in Equation 1a reduces as the tower distance from the rotor disk increases and as

the induction factor reduces (as is the case for operation above the rated wind speed). Yoshida et al. also noted that there can be an additional

effect on tower drag due to the axial pressure gradient; however, the pressure gradient effect is only 20% of the reported change in tower drag

(reducing the drag coefficient by about 2%), and thus, this effect is more reasonably ignored.

Another limitation of the AeroDyn model is that the wake description in the above relations assumes a steady deficit (neglecting unsteady

turbulent shedding events). The impact of using a steady wake model is more difficult to quantify, but the implementation of an unsteady wake

model would also be quite difficult and complex and thus is not pursed herein.

Two other model limitations (which are adressed herein) are wake shape and the impact of turbulence on the mean wake spread rate. The

Powles model for this mean flow deficit employs a cos 2-shaped deficit (Equation 1b) to model the cylinder wake. However, the more common

approach is to use a Gaussian-shaped velocity deficit,31 since this profile better matches detailed experimental data, though the differences

between cos 2-shaped and Gaussian-shaped velocity deficits are not large. Another issue with the Powles model is that it neglects freestream tur-

bulence in terms of the wake spread, where such turbulence can hasten the diffusion of the tower wake velocity gradients.

To potentially improve upon these limitations, a new tower shadow model is proposed herein based on the work of Eames et al.32 The

“Eames” model adjusts the tower shadow wake to include the additional effect of inflow wind turbulence intensity. This addition can account for

the significant turbulence typically seen in field tests and atmospheric boundary layers. However, the Eames model still assumes a mean deficit;

that is, the effects of upstream turbulence are only included in a time-averaged sense by adjusting the spread of the steady-state velocity deficit

based on the average turbulence intensity. In particular, with the Eames model, the nondimensional wake half-width (ywake) and wake deficit

(uwake) depend on turbulence intensity (It) as follows:

ywake ¼ Itx ð2aÞ
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uwake ¼ CD

ywake
ffiffiffiffiffiffi
2π

p exp � y2

2y2wake

" #
ð2bÞ

Notably, this model assumes that turbulence dominates the wake diffusion, which is appropriate for most atmospheric flows. However, it is not

appropriate for low turbulence conditions (e.g., wind tunnel flows with turbulence levels of only a few percent or less).

To apply this model specifically to the SUMR-D, the average horizontal wind turbulence intensity from the 3-directional sonic anemometer

wind speed data (U, V, W) was calculated for each data set as follows:

Uhoriz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2þV2

q
ð3aÞ

σU,horiz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i¼1
Uhoriz,i�Uhoriz

� �2r
ð3bÞ

It ¼ σU,horiz
Uhoriz

ð3cÞ

The turbulence intensity is based on the combined horizontal wind speed (Uhoriz) and is the ratio of the standard deviation (σ) to the mean (den-

oted with an overbar, e.g., U). The 40 field test files used in this study have a turbulence intensity (It) range of 9–21%, which is typical of the levels

for most wind turbines, as shown in Figure 3.

The wake deficits provided by the Powles and Eames models (using three different turbulence intensities for the Eames model) are compared

in Figure 4, for one downwind location. Note that the wake shape will change based on downwind distance from the tower. In Figure 4, the deficit

is shown for the CART-2 tower with a drag coefficient of CD ¼0:7 at a nondimensional distance away from the tower of x¼6:6 which corre-

sponds to the approximate downwind distance from the tower at the 70% blade span on the SUMR-D rotor. For a turbulence intensity of 16% at

this downwind distance, the Eames model and Powles model are nearly identical, but the Eames model provides a narrower and larger deficit for

low turbulence and a wider and smaller deficit for high turbulence. This change based on turbulence matches the physical expectation that at high

turbulence, the wake diffuses quicker so the velocity deficit behind the tower would be reduced and result in less impact on the blade loads.

The wake deficit peak height (or uwake,max) and wake half-width (ywake, which is located at uwake,max�e�1=2) are also denoted in Figure 4. To see

how they change when moving downstream from the tower, the wake peak and wake half-width are plotted against nondimensional downstream

distance (x) in Figure 5. The approximate downstream distance for the SUMR-D rotor is denoted with a vertical dashed line, as is the approximate

downstream distance for the SUMR-13 rotor,6,17 which may be more representative of a large-scale downwind turbine. In Figure 5A, the peak

wake deficit is bounded from 0 to 1 because those are the physical limits based on Equation 1a. However, it should be noted that close to the

tower at low turbulence intensity, the Eames model predicts a wake deficit greater than 1. This implies backflow (or a negative wind velocity),

which is outside the physical scope of the Eames model derivation (though this backflow may occur physically). Users should therefore be cau-

tious in applying the Eames tower shadow model close to the tower.

F IGURE 3 Experimental field test data turbulence intensity (It) for 5-min data sets, plotted against mean wind speed. IEC wind turbulence
classes provided for reference33
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In terms of both wake peak and width, the Powles model is more moderate than the Eames, showing less change over downstream distance.

For the Eames model, higher turbulence intensity relates to larger slopes and more change with downstream distance away from the tower. While

it is anticipated that the Eames model is more accurate for flows with significant inflow turbulence, circular cross sections, and when the blade is

several diameters downstream of the tower, field test data at multiple downstream locations would be useful to assess the relative accuracy of

the Powles versus Eames models for downstream wake shapes.

Through a collaboration with NREL, the Eames tower shadow model was added to OpenFAST (publicly available18) and used to run

simulations of SUMR-D. All simulations also included the Bak tower influence model29 which accounts for inviscid streamline deflections around

the cylinder that can be important very near the tower. Simulations were run for all 40 wind field files three times: tower shadow off, the Powles

model on, and the Eames model on.

3.2 | Tower drag for field test conditions

The tower drag coefficient is critical to the proper modeling of the tower shadow effect in OpenFAST, and it can be approximated using the drag

of a cylinder since the aspect ratios of wind turbine towers are much greater than unity. The cylindrical drag force is the product of the dynamic

pressure, the frontal area, and the cylinder drag coefficient (CD). This coefficient is generally estimated with an empirical relationship to the

F IGURE 4 Comparison of Powles model and Eames model velocity deficit shapes for CART-2 tower with CD = 0.7 at x¼6:6 (approximate
downwind location of 70% blade span). Eames model plotted with three different turbulence intensities (10%, 16%, and 20%). Velocity deficit
wake peak and half-width denoted for Eames It ¼10% model where the wake peak is uwake,max and the wake half-width is the nondimensional

width at uwake,max�e�1=2

F IGURE 5 Tower wake peak velocity deficit in terms of uwake (A) and velocity deficit wake half-width (ywake) (B) over nondimensional
downstream distance (x). Shown for CD=0.7, with the downstream rotor distances for the SUMR-D and SUMR-13 rotors denoted

SIMPSON ET AL. 7



cylinder Reynolds number (Re), which is based on the freestream velocity, cylinder diameter, and kinematic viscosity. This relationship of CD to Re

depends significantly on whether the boundary layer that separates from the cylindrical surface is laminar (subcritical regime) or is fully turbulent

(supercritical regime). Between these two regimes (where the separating turbulent boundary layer is transitional), the drag coefficient can drop

significantly, where this drop is often termed the “drag crisis.” The critical Reynolds number where this drop occurs can be influenced by the

roughness of the cylinder surface and the inflow turbulence. In particular, turbulence intensity and integral length scales can influence drag, as

reported by Bell.34 In addition, cylinder aspect ratio and end conditions can also be influential, as described by Hoerner for subcritical Reynolds

numbers.24

In Figure 6A, a common empirical model for drag coefficient versus Reynolds number for steady upstream flow past a cylinder is given with a

solid black line (herein, from AeroDyn 1441). A selection of experimental results for steady inflow (negligible freestream turbulence)35–38 is shown,

which corroborate the common empirical model for drag coefficient. Such a drag model is useful for wind tunnel tests of tower shadow (where

freestream turbulence is negligible).

In Figure 6B, experimental results are shown for flows whose inflow turbulence and/or Reynolds numbers are high enough such that super-

critical conditions are expected35–37,39,40; that is, the attached boundary layer becomes turbulent before the flow separates. Of particular interest

is the data point (CD ¼0:67 at Re¼3:9x106) from Dryden and Hill,40 taken from a power plant chimney in naturally turbulent field conditions. This

is likely a good representation of the drag experienced by a large tall tower, for example, for the tower of a full-scale wind turbine. Based on the

data over a wide range of Reynolds numbers in Figure 6B, a shaded region is shown for which the CD may be expected for flows with high inflow

turbulence, such as that experienced by a wind turbine in the field. It should be noted that there is no commonly available empirical relation

between Re and CD for cylinder drag coefficient with inflow turbulence.

F IGURE 6 Drag coefficients (CD) past circular cylinders as a function of Reynolds number (Re): (A) for laminar inflow showing experimental
results35–38 along with an empirical fit and (B) for turbulent inflow (supercritical) experimental results35–37,39,40 along with a shaded envelope
indicating the range that may occur, where the ranges of drag coefficients used in simulation of SUMR-D as well as the expected range for the
SUMR-13 turbine are labeled in red
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Fortunately, most large downwind turbine will have large Reynolds numbers in the supercritical range, as shown by that for the SUMR-13, so

that CD ¼0:7 is a good approximation. However, the CART-2 tower diameter combined with the operational wind speeds for the SUMR-D rotor

places the cylinder Reynolds number in the critical drag region where the drag is more uncertain and the range of possible drag coefficients is

quite large. With a rated wind speed of 5m/s, the SUMR-D rotor has a rated Reynolds number of 620000. The Reynolds number and simulated

drag range for operation in Region 2 (<5m/s) and Region 3 (>5m/s) operation are denoted in Figure 6B. In particular, Region 2 simulations were

run with CD ¼0:7 and CD ¼0:35, while Region 3 simulations were run only with CD ¼0:7.

3.3 | Defining tower shadow dip magnitude and location

Downwind turbine blades see a sudden reduction in load when they pass through the velocity deficit behind the tower. An example of azimuthally

averaged bending moment data from a 5-min set of experiments and simulations are seen in Figure 7, which averages out the effects of turbu-

lence to show the effect of tower shadow on the blade. To quantify this dip magnitude, a sine curve is fit to the azimuthally averaged OoP bend-

ing moment data for the azimuthal angle range of 0�–150� and 270�–360� (which avoids the angles where the tower shadow effect is significant).

The sine curve acts as an estimation of the bending moment without the tower shadow effect, for both the CART-2 field test data and the FAST

simulations. Shown in Figure 7, the dip location is the azimuth angle where the lowest bending moment occurs for the field data or simulation,

while the dip magnitude is the difference between the field test data or simulation and the fitted sine curve at the dip location. Note that while

gravity loads are nearly sinusoidal during operation (a prominent load on a highly coned rotor), wind shear can cause non-sinusoidal blade loads

due to unequal thrust loading across the rotor. To account for this, wind shear estimates from field test data are included in OpenFAST

simulations.

The ability of a tower shadow model coupled with a tower drag coefficient to accurately predict dip magnitude for each 5-min data set is

quantified using the predicted root mean square error (RMSE).

RMSE¼ 1
N

XN

i¼1
Mi�cMi

� �2
	 
1

2

ð4Þ

where N is the number of data files, M is the dip magnitude measured from a single field test data set (5min long), and bM is the predicted dip mag-

nitude from the simulations for that same data set.

3.4 | Fatigue calculations

Another important potential effect of tower shadow is its impact on blade fatigue life. MLife is a fatigue calculation software that uses a rainflow

counting algorithm to find DELs for an input signal.42 MLife is used herein to calculate short-term zero-mean DELs from the root flap bending

moment signal for both CART-2 field test data and FAST simulations. Flapwise bending moments are used here, rather than OoP bending

moments (where the two moments are related via a coordinate transformation), because dip locations do not need to align and since flapwise

F IGURE 7 Sine–wave curves fitted to experimental field measurements and to FAST predictions of azimuthally averaged Blade 1 Out-of-
Plane (OoP) bending moments for a 5-min data set, along with measurements of tower shadow dip magnitude and dip location. FAST simulation
uses the Powles tower shadow model
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bending moments are more relevant for structural analysis. An inverse S–N slope of m¼10 was used for the blades. The 5-min input files are

binned by mean inflow wind speed, and DELs are aggregated over the files in each bin.

Only short-term DELs are reported because of the limited data available for analyzing fatigue. As such, the results from the field test data

may not be directly extrapolated to lifetime fatigue.

4 | RESULTS AND DISCUSSION

4.1 | Assessment of OoP bending moments

For each of the 40 field data sets, comparable FAST simulations were run and the resulting data analyzed. An example of how the different

tower shadow models performed is shown in Figure 8 for an example low wind speed case (8A and 8B) and for an example high wind speed

case (8C and 8D). The experimental field test data and simulation instantaneous OoP bending moments for the Eames and Powles models are

shown in Figure 8A,C. For a clearer look at trends over blade azimuth angle, the azimuthally averaged moments and standard deviations are

shown in Figure 8B,D, with the experimental field test data shown in black. A vertical dashed line at 180� azimuth angle marks the location

of the tower.

In some cases, the mean bending moment does not exactly align between the experimental data and the FAST simulations, for example, as in

Figure 8B. It is hypothesized that these discrepancies between experimental data and simulations are due to differences in the structural and

aerodyanmic properties between the designed and built blades. However, the simulations are generally able to capture the mean and variance of

the bending moment data, as well as the qualitative tower shadow dip. The Eames model in the high wind speed example gives a narrower and

stronger tower shadow dip than the Powles model. But generally, the Eames and Powles models give very similar results.

The compiled results of the mean OoP bending moments are plotted versus mean wind speed in Figure 9. This rotor uses load alignment such

that the mean bending moment is nearly zero at rated wind speeds (of 5 m/s), and it produces positive moments (away from the tower) at low

speeds and negative moments at high wind speeds (towards the tower).3 Here, the predictions capture this trend in the experimental data with

F IGURE 8 Blade 1 Out-of-Plane (OoP) bending moment data (A,C) and mean and standard deviation (B,D) for SUMR-D from experimental
field test (grey/black) and FAST simulations using Eames (orange) and Powles (blue) models. Each graph contains an example of 5 min of data at a
low wind speed (A,B) or high wind speed (C,D)
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nearly equivalent accuracy for the Powles and Eames models. This indicates that the mean aerodynamic and graviational loads for SUMR-D are

resonably captured by FAST using the inflow wind conditions.

4.2 | Tower shadow dip magnitude and location

The dip magnitude based on the fitted sine curve is plotted versus mean wind speed in Figure 10 (using the process detailed in Figure 7). At higher

wind speeds (in Region 3), simulations are able to capture the tower shadow dip magnitude on average with both the original (Powles) model and

new (Eames) model. However, at lower wind speeds (in Region 2), simulations with CD ¼0:7 (solid symbols) overpredict the dip magnitude com-

pared to field test data results. A second set of simulations at low wind speeds with CD ¼0:35 (hollow symbols) shows better correspondance

with the experimental dip magnitude results. The reduced drag coefficient in Region 2 can be explained in part by the reduced wind velocity at

the tower due to rotor axial induction (as discussed in Section 3.1), which is not captured in FAST. Additionally, the uncertainty of tower drag in

this Reynolds number range, as discussed in Section 3.3, makes it difficult to know if the differences in dip magnitude are due to tower drag or

another effect not captured by the model.

F IGURE 9 Mean Out-of-Plane (OoP) blade bending moment over 5-min data files for experimental field test data, Powles model simulations,
and Eames model simulations. Powles and Eames models result in equivalent mean bending moments

F IGURE 10 Azimuth-averaged out-of-plane bending moment dip magnitude (due to tower shadow, measured from fitted sine curve) for
experimental field test data, Powles model simulations, and Eames model simulations. Each point represents 5-min data file average

SIMPSON ET AL. 11



The dip magnitude has a positive trend with wind speed, as expected. Higher wind speeds see a larger velocity deficit and thus impart a larger

impulse on the blade as it passes through the tower wake. As such, Region 3 conditions are expected to contribute more to unsteady blade loads

(which can contribute to fatigue).

Using the original tower drag coefficient (CD ¼0:7Þ, the predicted RMSE is 2.88 kN-m for the Powles model and 2.92 kN-m for the Eames

model, compared to experimental results. Using the lower drag coefficient (CD ¼0:35Þ for low wind speeds and higher drag coefficient for high

wind speeds, the predicted RMSE is 2.32 kN-m for the Powles model and 2.38 kN-m for the Eames model. Thus, there is a slight preference for

the Powles model, but not a significant difference between the two models for predicting tower shadow dip magnitude, for the given inflow tur-

bulence and field conditions.

The azimuth angle location of the tower shadow dip (defined in Figure 7) is plotted in Figure 11. The lower drag coefficient for Region 2 data

points does not show a consistent change in the dip location. The experimental data show the tower shadow dip occurring much later

(approximately 6�–8�) than predicted by either the Powles or Eames models in the OpenFAST simulations.

It is proposed that the apparent delay in tower shadow dip may be caused by an aerodynamic or structural effect not captured by the model.

One aerodynamic possibility is that the simulation code may not capture a delay in lift formation on the blade, which may result in a delay on the

order of 1.8� based on the chord length at the 70% span. Other possible causes include a hysteresis effect or aeroelastic deflections not fully

captured by OpenFAST.

Structurally, the as-built blades may be more or less stiff than designed in different sections, which may affect the timing and magnitude of

deflection, as discussed in Section 4.4. Additionally, the SURM-D rotor geometry was modified by the use of an adapter plate on the CART-2

turbine to provide the coning angle needed for the SUMR-D rotor field test (as documented by Bay et al.15). The adapter can cause up to 3.5�

azimuth angle delay when the blades are pitched in Region 3; however, this effect is not included in the FAST rotor geometry. Yet, these quantifi-

able effects, even combined, are not enough to account for the lag seen in the data.

Notably, such an azimuthal delay in the tower shadow dip has been seen in other studies. In particular, the flapwise bending moment dip for

the UAE downwind rotor experiments occurred 16� later than predicted by FAST with the Powles model,43 while coefficient of lift data from a

downwind turbine wind tunnel test indicated a tower shadow dip occurring between 186� and 191� depending on wind speed,23 which is more in

line with the present simulation results.

4.3 | Tower shadow impact on DELs

Finally, simulation and experimental DELs are calculated using MLife with bending moment time series data as the input. The results are compared

in terms of short term DELs for blade root flapwise bending moment in Figure 12 for different binned mean wind speeds. Only bins with more

than 5 data sets were included. In all cases, adding one of the tower shadow models increases DELs. In Region 3 (greater than 5 m/s on average),

simulations without tower shadow tended to underpredict DELs and simulations with tower shadow models predict DELs closer to the field test

DELs. However, in Region 2 (below 5 m/s), all simulations overpredict DELs and both tower shadow models exacerbate this effect. With

CD ¼0:7, the Powles and Eames models increase DELs over simulations without tower shadow by about 8% on average.

F IGURE 11 Azimuth-averaged out-of-plane bending moment tower shadow dip azimuth angle location versus mean wind speed for
experimental field test data, Powles model simulations, and Eames model simulations. Each point represents 5-min data file average
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For Region 2 (4–5 m/s), simulations with CD ¼0:35 result in smaller increases in DELs when tower shadow models are added, but the

simulations still all overpredict DELs. As seen in Figure 10, both the Powles and Eames tower shadow models overpredict the tower shadow dip

magnitude in Region 2, which is consistent with overestimating fatigue. The results indicate that the Eames and Powles models give nearly identi-

cal DEL results. However, this analysis does not consider enough data over a large enough range of wind speeds to conclude how the lifetime

fatigue would be affected.

4.4 | Effect of flexible rotor

One of the unique features of the SUMR-D rotor is the lightweight flexible blades. Simulations by Reiso and Muskulus showed that reducing the

stiffness of a blade leads to a reduction in the blade root DEL.13 Noyes et al. found the stiff blades of the UAE Phase VI resulted in a strong tower

shadow effect, while Noyes et al. predicted that damping ratio of a blade may determine the magnitude of the tower shadow effect.12,43

It was hypothesized that the flexible blades of the SUMR-D rotor would reduce the tower shadow effect compared to stiff blades. To test this

theory, FAST simulations were run with fully stiff blades, where the first flapwise blade mode, second flapwise blade mode, and first edgewise

F IGURE 12 Short-term zero mean DELs for flap bending moment, aggregated over data files in each binned mean wind speed (4–5 m/s:
6 files, 7–8 m/s: 7 files, 8–9 m/s: 17 files, 9–10 m/s: 6 files). Experimental field test data (gray column and dashed black line for comparison)
compared to FAST simulations with no tower shadow (TS), Powles model, and Eames model

F IGURE 13 Comparison of tower shadow response on azimuth-averaged mean out-of-plane blade root bending moments between
experimental data and FAST simulations using the Powles model with a “stiff” blade and with the SUMR-D flexible rotor. The stiff blade is
modeled with the blade bending DOFs off and shows a much stronger tower shadow dip
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blade mode degrees of freedom (DOFs) were all turned off. One comparison of the original blades and the fully stiff blades is shown in Figure 13.

The stiff blade has a much larger dip magnitude, which occurs at nearly 180� azimuth angle. The dip location supports the theory that the delayed

dip location in the experimental results may be due to the blade flexibility. The flexible SUMR-D rotor sees a much smaller tower shadow effect

on the blade root bending moment.

5 | CONCLUSIONS

The tower shadow effect on downwind turbines is investigated herein with field test data and simulations in OpenFAST. The field test data from

the SUMR-D rotor are the first such data obtained and analyzed for a flexible downwind rotor. While the tower shadow effect can be clearly seen

in the blade bending moment data, the effects are manageable compared to the effects of turbulence and cyclic gravity loads.

A new tower shadow model, the Eames model, was proposed which uses both tower drag and inflow turbulence as inputs. The Eames model

was compared to the old Powles tower shadow model through simulations in OpenFAST. Both models produced simulations which generally cap-

tured the tower shadow dip magnitude in Region 3. The tower drag coefficient is difficult to estimate since the SUMR-D operating Reynolds num-

bers fall within the critical drag regime. Using a high drag coefficient tended to overpredict dip magnitude in Region 2, while using a low drag

coefficient was better able to predict dip magnitude compared to experimental results. Fortunately, the tower for large downwind turbines

(e.g., rated power in excess of 10 MW) will have high cylinder Reynolds numbers such that CD ¼0:7 is quite reasonable. Both models predicted

the tower shadow dip to occur sooner than was seen in experimental data. Possible causes for that delay include aeroelastic deflections and hys-

teresis, but the exact cause is unknown. However, this delay does not significantly impact the bending moment mean values and peak deviations.

Both tower shadow models increased the DEL relative to simulations without tower shadow by about 8% and were reasonably consistent

with the experimental DELs. Overall, the Eames model produced very similar results to the Powles model, and both models appear to be good

options for modeling tower shadow in field test conditions. The Eames model has the additional benefit of providing an opportunity to tune the

inflow turbulence and see how that may affect the tower wake, but the simpler Powles model may be preferred as it does not require knowledge

of the turbulence level.

The above results indicate that downwind turbines may be viable since tower shadow effects can be small compared to the effect of turbu-

lence for flexible, coned rotors, where the rotor examined herein had the advantage of load alignment and did not exhibit significant audible

thumping. It is recommended that downwind turbine simulations include one of the present validated tower shadow models in order to quantify

the net impact on DELs. In particular, long-term fatigue due to tower shadow should be included in detailed structural analysis and design of the

rotor and tower.
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NOMENCLATURE

σ standard deviation

μ overall mean wind speed

CD drag coefficient

d distance

It turbulence intensity

r tower radius

Re Reynolds number
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uwake wind speed deficit, nondimensionalized by U∞

u x-direction wind speed, nondimensionalized by U∞

U wind speed, x-direction

V wind speed, y-direction

W wind speed, z-direction

x x-direction distance, nondimensionalized by r

X distance, x-direction

y y-direction distance, nondimensionalized by r

Y distance, y-direction

ðÞ averagebðÞ predicted value

ðÞ∞ undisturbed wind flow (far upstream of the turbine)

ðÞlocal local wind speed

ðÞup wind speed just upwind of the tower
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