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Abstract

Aerodynamic damping has anjmportant effect on the seismic response of Horizontal Axis Wind Turbines

(HAWTs). Some resear estimated that aerodynamic damping in operational HAWTs is ~5% of

critical in the fore-aft dir endicular to the rotor and parallel to the prevailing wind). In most
recent studies, dynamic anal of HA wers under seismic loads have neglected aerodynamic

damping, and this assumption has si c cations in the predicted seismic response. We present a

closed-form solution for the aerodynamic dampj Ts responding dynamically in the fore-aft and

side-to-side directions. The formulation is intend nient method for structural earthquake
engineers to include the effect of aerodynamic the seismic analysis of HAWTs. The
formulation is based on Blade Element Momentum theo is\8implified by assuming a rigid rotor
subjected to steady and uniform wind oriented perpendicular to pldne. examine the impact of
these simplifying assumptions with an analysis of the 1.5-MW bageline§HAWT developed by the
National Renewable Energy Laboratory (NREL). The analysis compares predictions from this
formulation to those from FAST, an open source program developed by NREL, and the comparison

shows a reasonable correlation. Finally, the influence of aerodynamic damping on the seismic response of

a HAWT is demonstrated for a dynamic model and the practical implications of the results are discussed.
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Introduction

The wind energy industry continues to grow quickly throughout the world. In 2012, worldwide wind
energy nameplate capacity exceeded 250 GW, more than double that from only four years prior ( WWEA
2012, WWEA 2013). Roughly 16% of this installed capacity is in the United States (WWEA 2013), of
which 20% is generated from the seismically active west coast (DOE 2012). The predominant type of
wind turbine is the three-bladed Horizontal Wind Axis Turbine (HAWT). Other countries with significant

seismic hazard, such as China and India, are quickly expanding their wind energy production capacity.

The seismic response of MAWRs is a topic that has only been studied recently and is increasingly

important as the wind ®her comes an increasing source of worldwide energy generation. The

Design guidelines for wind turbines have recently inclu endations for determining seismic
loads, but lack explicit recommendations on aerodynamic ng. urrent edition of the
international design standard, IEC-61400-1 (2005), includes provisionsifor calculating required strengths
under combined seismic and operational loads and recommends that the structural damping for wind
turbines be 1% of critical damping, but makes no recommendation for considering aerodynamic damping.
A recent recommended practice published jointly by the American Wind Energy Association and the
American Society of Civil Engineers (ASCE 2011) recommends that seismic design spectra for non-
operational turbines should be based on total damping equal to 1%, while design spectra for operational
turbines should be based on total damping equal to 5% to account for aerodynamic damping. The

recommended practice makes no distinction between aerodynamic damping in the fore-aft or side-to-side

directions.
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In the current study, we present a closed-form solution based on Blade Element Momentum (BEM)
theory for estimating the magnitude of aerodynamic damping of a HAWT tower responding dynamically
in the fore-aft and side-to-side directions. The derivation of the closed-form solution is based on several
simplifying assumptions, most notably a rigid rotor and a steady, uniform wind oriented perpendicular to
the rotor plane. Although more refined estimates of aerodynamic damping could be obtained using
linearizations in HAWT-specific analysis software such as FAST (NWTC 2013), the authors believe that
a closed-form solution is useful to structural engineers who may be unfamiliar with HAWT-specific
software and may prefer to accurately consider aerodynamic damping within software that has more

refined structural analysigffcat

The remainder of the paper isforg@hized into five sections. First, background information on previous

research into aecrodynamic damping of wers and into the seismic response of HAWT towers is
presented. This is followed by a derivation e dynamic damping of an operational HAWT. The
following section compares predictions fro e ion with those from FAST for the 1.5-MW

baseline turbine developed by the National Renewable gy oratory (Malcolm and Hansen 2002).

This comparison includes an assessment of the impags of the si ing assumptions on which the

derivation is based. The next section demonstrates the influen odynamic damping on the seismic

response of a dynamic model of a HAWT tower and provides so ragtical intépretation of the results.

In the final section, the key findings from this study are summarized.

Background

A few recent studies have examined the seismic response of HAWTs (Bazeos 2002, Witcher 2005,
Prowell et al 2009, Nuta et al 2011), but most do not explicitly consider the influence of aerodynamic
damping because most have considered non-operational, or parked, HAWTs, which are not strongly
influenced by aerodynamic damping. Bazeos (2002) conducted dynamic finite element analyses to

estimate the seismic response of a parked 450 kW HAWT tower. Lavassas et al (2003) investigated the
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response of a 1-MW HAWT with 0.5% structural damping and no aerodynamic damping. Nuta et al
(2011) assessed the seismic vulnerability of a parked 1.65-MW HAWT tower and did not consider
aerodynamic damping. Witcher (2005) stated that operational wind turbines can experience total damping
(aerodynamic plus structural) close to 5% and noted that, conveniently, this is commonly the same value

prescribed by the seismic design spectra within many building codes.

Several prior studies have derived formulations for estimating aerodynamic damping of HAWT blades
(Petersen et al 1998, Thomsen et al 2000, Hansen et al 2006 and Xiong et al 2010), but few studies have

derived formulations of acrg@ynamic damping for HAWT towers. Some exceptions are work by Garrad

(1990) and Kuhn (20 derived aerodynamic damping for a HAWT with a rigid rotor and a

flexible tower and Kuhn simp the derivation by Garrad and formulated aerodynamic damping in
terms of the derivative of the lift coefficj respect to angle of the attack, geometric characteristics

of the blades and dynamic characteristics o The derivation presented in this paper extends on

these studies by including contributions to a¢ mping from the wind speed and by presenting

equations for aerodynamic damping in the side-t@-sideddirection. For the HAWT considered in the
numerical example presented later, both effects are wn 1@ co te significantly to aerodynamic

damping for some operational conditions.

Derivation of Aerodynamic Damping

The derivation for aerodynamic damping of an operational HAWT presented in this paper is based on a
cantilever beam model of a HAWT tower with two degrees of freedom, lateral displacement at the hub
height in the fore-aft (x-direction, perpendicular to the rotor plane) and side-to-side (y-direction,
horizontal and within the rotor plane) directions. Fig. 1 shows a schematic of the model and defines the
coordinate system and several geometric parameters used in the derivation. The figure shows a generic
three-bladed HAWT with its rotor spinning at a rotational speed (2and subject to a uniform upstream

wind speed V,, in the fore-aft (x) direction. The figure also includes an image of a blade cross-section
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located a radial distance r from the rotor hub. The cross-section is subjected to a relative wind velocity
V.. that is comprised of a component normal to the rotor plane V, = V,(I-a), where a is the axial
induction factor, and a component within the rotor plane (X(1+a’), where a’ is the tangential induction
factor. The axial induction factor defines the wind speed at the rotor V, relative to the upstream wind
speed V,, and the tangential induction factor defines the ratio between the angular velocity imparted to the
air flow after passing through the rotor and the rotational speed of the rotor (Manwell et al 2002). The
relative wind on the cross-section induces lift and drag forces that can be decomposed into components in

the fore-aft (F,) and side-to-side (F,) directions. The figure also defines the chord length ¢ and several

angles including the an o, the pitch angle 3, and the angle of the relative wind ¢.

For the derivation presented in aper, the rotor blades are modeled as rigid and the mass of the rotor

nacelle assembly and the equivalent of the tower are modeled as an equivalent mass m
concentrated at the turbine hub. The tower is Tho s a cantilever beam with lateral stiffness k. The
equations of motion for the fore-aft (x) and sidé=to- dirgctions are provided below,

m¥ + cgpX + kx = dFy (1)

my + cgry + ky = dFy (2)

where cgr is the structural damping coefficient and dF, and dFg\are Micrem changes in aerodynamic

forces at the rotor hub induced by lateral motion. Aerodynamic for¢€s a ated based on Blade

Element Momentum (BEM) theory (Glauert 1976). In the following sec , a derivation for estimating

aerodynamic damping in the fore-aft direction is presented first and followed by a derivation for the side-

to-side direction.

Aerodynamic Damping in the Fore-Aft Direction
The total aerodynamic force F, acting at the hub of the rotor is equal to the aecrodynamic force in the x-
direction acting at each blade cross-section, integrated over the radial length of each blade and multiplied

by the number of blades N,, in the rotor as shown below,
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Fy=3 PNb J VialCy cos () +Cp sin (¢) Je(r)]dr 3)

where p is the density of air, C; and Cp are the coefficients of lift and drag for the blade, ¢ is the chord

length of the blade, and V,2, is the square of the relative wind defined as,

Vrel - V)? + (Qr)z(l + a’)z (4')

A rotor with a hub that is moving in the fore-aft direction with velocity X will experience a change in the

relative fore-aft wind velocity between the rotor and the air, as shown in Eq. (5).

dvy, =V, (1—a)—x (5)
This change in the relative for ind velocity induces a change in the fore-aft aerodynamic force on
the rotor dF,. The relationship between ' 1s provided below,

dFy _ 9Fy | OFy do

dVy — 9Vx  9¢ dVy (©)
where,

T = PNy [ Vy[Cy, cos() + Cp sin(@)]e(r)dr 7)
T = 2PN [TV [5E cos(¢) + S 2 sin() +Cp cos(¢) — Cx sin() |€(r) ®)
a0 _ arara) 9)

dv, Vi,

Note that, because the variables ¢ and « differ by a constant, the derivatives of C; and Cp with respect to

¢ are equivalent to the derivatives of C; and Cp with respect to a. Egs. (7)-(9) can be substituted into Eq.

(6) and rearranged as in Eq. (10) below,

dF, = Ny(A + B)dV, (10)
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where A represents the portion of dF, generated by the upstream wind V,, see Eq. (11), and B represents

the portion generated by (2, see Eq. (12).

A =p [ Vi (1 —2a)[Cy cos(dp) + Cp sin(d)]c(r)dr (11)
B = %p [ar(1+a") [(% + CD) cos(d) + (aa% - CL) sin(c]))] c(r)dr (12)

Egs. (5) and (10) can be substituted into Eq. (1) and, upon rearranging of terms, the equation of motion is

expressed as,

mi + [csp + Np(A + % Np(A + B)V,y (1 — a) (13)
The damping in this equation i osed of two components, the structural damping cgr and the
aerodynamic damping c,p which is defi equation as,

cap = Np(A +B) (14)

The aerodynamic damping ratio in the fore-aft dig€ctio provided in Eq. (15) and is a linear

combination of two terms, one representing the effe and the other representing the

effects of Q, Eq. (12).

E — CAD :Nb(A+B)
AD,x 2vkm 2vkm

(15)

Aerodynamic Damping in the Side-to-Side Direction

The HAWT shown schematically in Fig. 2 is similar to that in Fig. 1 but has a different perspective and
shows that the rotor is subjected simultaneously to steady winds in both the fore-aft and side-to-side
directions, represented by V, and V,, respectively. Wind turbines with active yaw systems are controlled
to maintain the rotor plane perpendicular to the prevailing wind direction, thus, for most situations, the
rotor can be expected to be perpendicular to the prevailing wind direction. Therefore, the derivation

presented below is eventually simplified by assuming that the prevailing wind direction is perpendicular
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to the rotor plane and that there is no wind in the side-to-side direction (i.e. V, = 0). The impact of this

assumption is assessed in the next section.

The total side-to-side aerodynamic force acting at the hub is provided below,

1 .
Fy = 2p 2y [ V& [CLsin(¢) — Cp cos(h)]c(r)cos(y; (1)) dr (16)
where y;(t) is the azimuth angle of blade i and varies as a function of time ¢ and

V2 = [VZ+[ar(1+a) +V, cos(yi(t))]z] (17)

The incremental chang®”in e-to-side relative wind due to the dynamic response of the HAWT in

this direction is provided in the 1on below,

dv, =V, —y (18)

ection, and assuming V, = 0, the change in the

dFy = 34 (B' — A [cos(vi(D)]* dVy (19)

where A’ represents the portion of dF, generated by V,, and B’ rep th@iportidn generated by Q.
, ac . ac

A= %p [V,(1—2a) [(a_aL + CD) sin(¢) + (CL - a—o'()) cos(d))] c(r)dr (20)

B’ = p [ Qr(1 + a")[Cy sin(¢$p) — Cp cos(d)]c(r)dr (21)

It can be shown that a symmetric HAWT with three blades will have the following property for any value

of't,

i [cos(vi (1)) =22 (22)
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Egs. (18), (19) and (22) can be substituted into Eq. (2) and, upon rearranging terms, the equation of

motion is expressed as,

. B'-A"\ .
my+(c5T+Nb > )y+ky=0 (23)

The aerodynamic damping ratio in the side-to-side direction §5p y is provided in Eq. (24) and is a linear

combination of two terms, one representing the effects of V,, and the other representing the effects of £2.

_ Np(B'-A))
€Dy = " 4vkm (24)
Given the aerodynamigfda n the fore-aft and side-to-side directions of a HAWT, the aerodynamic
damping in any direction can ained using a transformation matrix. A similar procedure has been

proposed by Peterson to obtain aerodynan: ing of a blade in any direction (Peterson et al 1998).

Numerical Example — The 1.5-MW aseline HAWT

In the previous sections, equations for estimating ic damping of a HAWT in the fore-aft
and side-to-side directions were presented. The curr is diyided into two parts, both of which

consider the 1.5-MW baseline turbine developed by NREL ansen 2002). In the first part,

results from the derivation are compared to those from FAST fo aselifie tugbine. The comparison is
made under parked and operational conditions and the FAST rcSults Wclude predictions of the
aerodynamic damping both with and without the assumptions inherent to the closed-form solution. In the
second part, the relative importance of terms within the closed-form solution is examined to assess

assumptions inherent to previous derivations (Garrad 1990, Kuhn 2001) which have assumed high tip

speed ratios and thus have ignored contributions to aecrodynamic damping from the wind speed.

The specifications of the 1.5-MW baseline turbine are provided in Table 1. Each blade of the baseline
turbine is composed of three segments, each with a different airfoil designation: S818, S825 and S826

(NWTC 2013). All three airfoils have nearly the same drag and lift characteristics which are shown in
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Fig. 3 for the S818 airfoil. The considered 1.5-MW turbine is a variable speed, variable pitch machine and
so the pitch and rotor speed are controlled to optimize power output for any wind speed. For this turbine,
the rated wind speed is 11.5 m/s. At wind speeds above this speed, the blade pitch increases while the
rotor speed is held constant at the maximum speed, 20 rpm, to maintain rated power output. Below the
rated wind speed, rotor speed decreases while blade pitch is held constant to maximize power output. For
steady state conditions, the dependence of rotor speed and blade pitch on wind speeds between cut-in and
cut-out is roughly as shown in Fig. 4. All results presented for operational conditions are based on

combinations of wind speed, rotor speed, and blade pitch as specified in Fig. 4, while all results presented

for parked conditions ar a stationary rotor with feathered blades.

osed-form solution are compared with results
predicted by FAST for aerodynamic damping in thgffore nd -to-side directions. The FAST results
are predicted at 21 different steady wind speeds, evenly Spaced bet t-in and cut-out. The method to
calculate aerodynamic damping in FAST starts with a modelFof theh1.5-MW baseline turbine with no
structural damping so that all damping of the displacement response may\be attiibuted to aerodynamic
effects. This model is first subjected to a steady wind and then subjecte mpulse acceleration at the
base of the model. Following the impulse, the decay of the displacement time history at the hub is
recorded in the fore-aft and side-to-side directions and the magnitude of aerodynamic damping in each
direction is calculated by applying the logarithmic decrement method (Chopra 2011) to the first and
fourth peaks of the displacement time history. Seven FAST analyses, with varying degrees of
simplification, are conducted at each wind speed to thoroughly investigate the accuracy of the closed-
form solution. The features of each analysis are listed in Table 2. The first analysis is designed to most

closely replicate realistic conditions, while the last analysis (#7) is designed to most closely replicate the
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simplifying assumptions of the closed-form solution. The intermediate analyses are designed to
investigate the impact of each simplifying assumption individually. It is important to emphasize that,
although analysis #7 is intended to most closely resemble the assumptions of the closed-form solution,
there still remain many differences between the formulation of FAST and the closed-form solution. For
example, for the fore-aft and side-to-side directions, FAST considers two mode shapes which include the
effects of distributed mass and stiffness, whereas the closed-form solution is based on an equivalent
cantilever beam model with lumped mass at the hub. More importantly, the inflow model in FAST is

based on the Generalized Dynamic Wake model (NWTC 2013) and considers many features not

considered in the clos lution, which is based on Blade Element Momentum theory. For

example, the inflow mo nsiders the dynamic wake effect and losses at the hub and blade

tips.

In Fig. 5, aerodynamic damping is estimate g-aft direction based on Eq. (15) and on FAST for

the seven analyses specified in Table 2. The g provided as a function of wind speed for both

parked and operational conditions. Overall, Eq. (1 a reagenable but generally lower estimate of
aerodynamic damping compared to all seven FAST analyses. Phe ent between results is strongest
for parked conditions and for wind speeds greater than the ratéd wind speed. For operational conditions,

the mean value of predictions per Eq. (15) is 4.6% and the range € and 5.4%. As seen in

Fig. 5, for the range of analyses considered, the most influential assum i§'that of a rigid rotor which
tends to lower the estimates compared to those with a flexible rotor (Analyses #1 and #2). On average, the
aerodynamic damping predictions from Analysis #1, the most realistic of the considered simulations, are
0.6% higher than those from Eq. (15) for operational conditions and nearly identical for parked
conditions. Comparing the results from Eq. (15) with those from Analysis #7, which is designed to most
closely replicate the simplifying assumptions of Eq. (15), shows that predictions based on Eq. (15) are, on

average, 0.7% lower for operational wind speeds between cut-in and rated and 0.1% lower for operational

wind speeds between rated and cut-out. For wind speeds between cut-in and rated, the FAST predictions
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including pre-cone and wind shear are shown to have similar effects with predictions averaging 0.7%

higher than Eq. (15).

The assumption of a steady wind (i.e. no turbulence) is another important simplification of the closed-
form solution. To assess the impact of this simplification, Analysis #1 was repeated fifteen times with a
turbulent wind history and a mean wind speed equal to the rated wind speed. The turbulent history is
calculated based on the Normal Turbulence Model with a turbulence intensity of 0.15 (IEC 2005). For
this particular case, the aerodynamic damping in the fore-aft direction was estimated as 5.7% for steady

conditions and, for turbulent#f€onditions, the mean and standard deviation of the fifteen simulations are

6.0% and 2.1%, resp el further noted that, in an average sense, the plots of the displacement

response at the hub following lication of the impulse load for the steady and turbulent conditions

are nearly identical, except that the resp e turbulent conditions contains some small-amplitude,

high-frequency oscillations.

Fig. 6 is similar to Fig. 5, except that results‘are ¢ d aith FAST for aerodynamic damping in the

side-to-side direction. The results in Fig. 6 show that and the FAST analyses predict very

small magnitudes of aerodynamic damping in the side-t@yside dif€ctiomh At such small magnitudes of

aerodynamic damping, the effect of the differences between F and) the -form solution are more
pronounced. Nevertheless, for all conditions considered, the aerodymamic ing predicted by both
FAST and Eq. (24) never exceeds 0.5%. For operational conditions, t ean value of aerodynamic

damping per Eq. (24) is 0.1% and the range is between ~0.0% and 0.3%.

Relative Importance of Terms in the Closed-form Solution

The derivation presented in this paper does not assume that wind speed is negligible compared to rotor tip
speed, and the result is that the predicted aerodynamic damping depends on two components, the first,
presented in Eq. (11) and labeled component A, depends on the wind speed, and the second, presented in

Eq. (12) and labeled component B, depends on the rotor speed. Fig. 7 shows predictions of aerodynamic
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damping in the fore-aft direction for the baseline turbine under parked and operational conditions. The
figure shows that the component of the total acrodynamic damping that is attributed to the wind speed (A
component) increases nearly linearly with increasing wind speed. At cut-in, 6.7% of the total damping is
due to this term, while at cut-out, the proportion increases to 41%. The figure also includes a plot
indicating the proportion of the rotor speed component of damping (B component) that is attributed to the
derivative of the lift coefficient with respect to the angle of attack. This plot shows that the B component
of damping is completely dominated by contributions from the lift coefficient derivative. The implication
is that, for the considered turbine, predictions of aerodynamic damping will remain virtually unchanged if

Eq. (12) is simplified to

B= %p far(1+ a’)%cos( dr (25)
Influence of Aerodynamic e Seismic Response of a HAWT
The impact of aerodynamic damping on thegSei ponse of a HAWT is demonstrated using a

dynamic model of the 1.5-MW baseline turbine. Th, ler-Bernoulli cantilever discretized by

11 nodes into 10 beam elements. Equivalent mass is ed h node to represent the mass of
the tower, nacelle and rotor. The total damping in the model is fthe st ofistructural damping, assumed to
be 1% of critical, and aerodynamic damping. The model is anal dog\7 ground motion recordings
selected from the Pacific Earthquake Engineering Research CenterQgro motion database using
recommendations from FEMA 440 (2005) for soil type C. Details for these records are listed in Table 3.
For the analyses considered here, each ground motion is scaled to match the design spectral acceleration
following ASCE 7-10 for a site representative of a U.S. location with high seismic activity, specifically a
spectral acceleration of 0.7g at a one second period for the maximum considered earthquake. For the
baseline HAWT, which has a fundamental period of vibration of 2.5 s, the design spectral acceleration for

this location, assuming 5% total damping, is 0.26 g. Each ground motion is applied as an acceleration

boundary condition at the base of the structural model and a linear dynamic time history analysis is
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conducted to characterize the seismic response of the structure. The dynamic analyses also include the
effects of aerodynamic thrust acting on the rotor in the fore-aft direction. The thrust is calculated in FAST
as a function of wind speed for a steady uniform wind under realistic operational conditions. The
magnitude of aerodynamic damping for each analysis is calculated as a function of wind speed based on
one of three methods: FAST, the closed-form solution, or a constant value. The aerodynamic damping

calculated by FAST is based on the conditions of Analysis #1 (see Table 2), but without wind shear.

The results of these analyses are provided in Fig. 8, which, for all seven ground motions, shows the

median spectral drift (i.e. median lateral displacement at the hub divided by the hub height) as a

function of wind spee and operational conditions. Results are organized as being in either the

fore-aft direction, in which cas dynamic thrust adds to the drift caused by ground shaking, or in the

side-to-side direction, in which case there grodynamic thrust. The component of the drift caused by

the seismic loading is reduced by a factor o ect recommendations by ASCE (2011) that wind

turbine towers should be designed with a sei tion factor of R = 1.5. In this way, the results
are intended to be similar to design conditions, spe d by IEC (2005) and ASCE (2011),
should consider simultaneous operational and earthquake, loads” It i ortant to note that, although not

considered here, an IEC compliant design would be required t@{conSider®additional loads such as gravity

loads, turbulence, or loads due to operational conditions such as an emepge stop) of the rotor.

Overall, there is strong agreement between FAST and the closed-form tion. Moreover, for parked
conditions in both directions and operational conditions in the side-to-side direction, both models agree
strongly with results based on total damping equal to 1% and, for operational conditions in the fore-aft
direction, both models agree strongly with results based on total damping equal to 5%. Note that for
operational conditions in the fore-aft direction, results based on total damping equal to 1% are ~20%
larger than those based on FAST and those based on the closed-form solution. Thus, for the considered
1.5-MW turbine, reasonable approximations are that there is 1% total damping in the side-to-side

directions for all conditions, 1% total damping in the fore-aft direction for parked conditions, and 5% total
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damping in the fore-aft direction for operational conditions. These approximations are aligned with the
recommendations by ASCE (2011) which state that total damping should be set to 1% during parked
conditions and 5% during operational conditions. It’s important to note though that ASCE does not

distinguish its recommendation for operational conditions based on direction.

For all three methods presented in Fig. 8, the largest median drifts occur in the fore-aft direction at the
cut-out wind speed and have magnitudes slightly larger 0.8%. In the side-to-side direction, the median
drift is ~0.5% regardless of the wind speed. As a frame of reference, for the 1.5-MW tower, a drift of

0.8% corresponds to a base gfioment equal to the yield moment, assuming the tower deforms in the shape

of its first mode. Whef¥int ng these results, it is important to remember that the intensity of the

ground shaking was selected basedfon a design spectrum with 5% total damping. While this selection is

reasonable for operational conditions in ghe aft direction, it is not for operational conditions in the

=1, could cause a similar shift. However, for the considere
spectral acceleration representative of design conditions for a is location and applied

simultaneously with the thrust at cut-out, is predicted to cause a bas nt that exceeds the yield

moment, given the modeling methods described previously.

Although results presented here for the 1.5-MW turbine are aligned with the recommendations of ASCE
(2011), the magnitude of aerodynamic damping will change for different turbine types and sizes. For
example, Prowell (2011) studied a 65-kW turbine under operational conditions at lower wind speeds (near
cut-in) and experimentally measured aecrodynamic damping in the fore-aft direction to be 1.0% of critical.

Similarly, an analysis in FAST of the 5-MW baseline turbine developed by NREL, subjected to a steady
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wind equal to the rated wind speed, predicts that acrodynamic damping in the fore-aft direction is 6.7% of

critical, while the equivalent value for the 1.5-MW turbine is 6.1%.

Conclusions

The aerodynamic damping of an operational HAWT responding dynamically in the fore-aft and side-to-
side directions is derived in closed-form based on Blade Element Momentum theory. The estimated
results from the derivation are compared with those from FAST for the 1.5-MW baseline HAWT under
parked and operational conditions and the comparison shows reasonable agreement. Under operational

conditions and for the sa bime, the derivative of the lift coefficient of the blades with respect to the

angle of the attack i§¥sh conmibute most to aerodynamic damping, however, the contribution

lessens as wind speeds approac cut-out wind speed.

The aerodynamic damping in the fogésaft n for the 1.5-MW turbine is estimated by the closed-

form solution to be between 0.0% and 0.6%

assumptions inherent to the derivation shows that the mos®influenfial asSumption is that of a rigid rotor
and that this assumption can reduce predictions of aerodynamic g for opStational conditions in the

fore-aft direction by an average of ~1.0%.

The results from a linear dynamic model of the baseline HAWT subjected to seven ground motions and
simultaneous aerodynamic thrust showed that the largest drift demands occurred in the fore-aft direction
at the cut-out wind speed. For the considered turbine, a constant value of 5% total damping provides a
reasonable estimate of the seismic response for operational conditions in the fore-aft direction while a
constant value of 1% total damping provides a reasonable estimate of the seismic response for parked
conditions in all directions and for operational conditions in the side-to-side direction. These estimates

align well with recent recommendations from ASCE (2011), with the exception being that ASCE did not



376  distinguish between recommended values for total damping based on direction. Future work is needed to

377  analyze these conclusions for other turbines with varying rotor sizes and dynamic characteristics.
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381  Notation

382 a =

383 a’ =

384 Cop =

385 Co = Lift coeffici

386 ¢ = Blade chord length

387  cgr = Structural damping coefficign

388 cap = Aerodynamic damping coeftfigient

389 k = Lateral stiffness at the hub for equiyalent single @egree of freedom wind tower
390 F, = Aerodynamic force at the hub in the f ftidirec

391 F, = Aerodynamic force at the hub in the side-to-sidle dirgetio

392 m = Effective mass at the hub for equivalent single degree of freedom wind tower
393 N, = Number of blades

394 r = Radial distance along the blade measured with respect to the blade root

395 TSR = Tip speed ratio, velocity of the blade tip with respect to V,

396 Vi = Velocity of the wind relative to the blade

397 V, = Upstream wind velocity in the fore-aft direction

398 V, = Wind velocity at the rotor in the fore-aft direction

399V,

Wind velocity at the rotor in the side-to-side direction
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a = Angle of attack, the angle between V. and the blade chord

B = Blade pitch, the angle between the blade chord and the rotor plane
Yi = The azimuth angle of the i" blade

Capx = Aerodynamic damping ratio in the fore-aft direction

Capy = Aerodynamic damping ratio in the side-to-side direction

p = Air density

= The angle between V. and the rotor plane

Q = Rofational speed of the rotor
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Table
Click here to download Table: Table1.docx

Table 1. Specifications of the 1.5-MW baseline HAWT.

Power output 1.5 MW
Hub Height 84 m
Rotor Diameter 70 m
Number of Blades 3

Max Rotational Speed | 20 rpm

Cut in wind speed 5m/s
Cut out wind speed 25 m/s
51 Ton
15 Ton
123 Ton
12 Ton
Yes
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Table
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Table 2. Features for each of the seven analyses conducted in FAST for comparison with predictions
from the closed-form solution for the 1.5-MW baseline HAWT.

Analysis Winda Rotor Yaw Shafl;t Pre-b
Number  Shear Error Tilt cone
1 o=1/7 Flexible 0° -5¢ -5°
2 Flexible 0° 0° 0°
Rigid 0° 0° 0°

Rigid 5° 0° 0°

5 -5° 0°
6 0° -5°
7 0° 0°

*Wind shear based on power law. The exponent o =/7 fo
"See FAST manual (NWTC 2013) for definition. N8gati
baseline turbine.

emgerrain (Simiu 2011).
is theWprescribed value for the 1.5-MW
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Table
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Table 3. Characteristics of the seven ground motions considered in the seismic analysis.

ord ID Magnitude  PGA (g) S (?)_TSIO /02'5 S

0 7.5 0.17 0.04
Loma Prieta 000 7.1 0.51 0.15
Loma Prieta GIL067 7.1 0.36 0.06
Loma Prieta LPLOB 1 0.44 0.03
Loma Prieta  LPA 70 .1 0.24 0.04
Morgan Hill  MHG06090 0.29 0.51
Northridge NRORR360 0.51 0.18
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Figure
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Figure Caption List

Fig. 1. Schematic representation indicating coordinate axes and variables for (a) a HAWT in elevation
view, (b) a HAWT rotor in elevation view and (c) blade cross-section a-a.

Fig. 2. Schematic representation indicating coordinate axes and variables for the derivation of
aerodynamic damping in the side-to-side direction for (a) a HAWT in plan view, (b) a HAWT rotor in
elevation view and (c) blade cross-section a-a.

Fig. 3. Characteristics of the blade cross-section for the 1.5-MW baseline HAWT.

Fig. 4. Values of rotor speed €2, blade pitch and tip speed ratio (TSR) versus wind speed for operational
conditions between cut-in (5 m/s) and cut-out (25 m/s) for the 1.5-MW baseline turbine.

Fig. 5. Aerodynamic damping in the fore-aft direction during parked and operational conditions for the
1.5-MW baseline HAWT.

Fig. 6. Aerodynamic dampinggn the side-to-side direction during parked and operational conditions for
the 1.5-MW baseline HAW,

Fig. 7. Total aerodyn
operational conditions for

and three of its components in the fore-aft direction during parked and

he fore-aft and side-to-side directions for total damping
) T and (3) a constant value.
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