A Comparison of Standard
Coherence Models for Inflow
Turbulence With Estimates from
Field Measurements

The Long-term Inflow and Structural Test (LIST) program, managed by Sandia National
Laboratories, Albuquerque, NM, is gathering inflow and structural response data on a
modified version of the Micon 65/13 wind turbine at a site near Bushland, Texas. With the

Korn Saranyasoontorn objective of establishing correlations between structural response and inflow, previous
studies have employed regression and other dependency analyses to attempt to relate

Lance Manuel loads to various inflow parameters. With these inflow parameters that may be thought of

as single-point-in-space statistics that ignore the spatial nature of the inflow, no signifi-

Department of Civil Engineering, cant correlation was identified between load levels and any single inflow parameter or
University of Texas at Austin, even any set of such parameters, beyond the mean and standard deviation of the hub-

Austin, Texas 78712 USA height horizontal wind speed. Accordingly, here, we examine spatial statistics in the

measured inflow of the LIST turbine by estimating the coherence for the three turbulence
components (along-wind, across-wind, and vertical). We examine coherence spectra for

Paul S. Veers both lateral and vertical separations and use the available ten-minute time series of the

Wind Energy Technology Department, three components at several locations. The data obtained from spatial arrays on three
Sandia National Laboratories, main towers located upwind from the test turbine as well as on two additional towers on
Albuquerque, New Mexico 87185 USA either side of the main towers consist of 291 ten-minute records. Details regarding esti-

mation of the coherence functions from limited data are discussed. Comparisons with
standard coherence models available in the literature and provided in the International
Electrotechnical Commission (IEC) guidelines are also discussed. It is found that the
Davenport exponential coherence model may not be appropriate especially for modeling
the coherence of the vertical turbulence component since it fails to account for reductions
in coherence at low frequencies and over large separations. Results also show that the
Mann uniform shear turbulence model predicts coherence spectra for all turbulence com-
ponents and for different lateral separations better than the isotropic vaméia model.
Finally, on studying the cross-coherence among pairs of turbulence components based on
field data, it is found that the coherence observed between along-wind and vertical tur-
bulence components is not predicted by the isotropic vommiga model while the Mann
model appears to overestimate this cross-cohererf@Ol: 10.1115/1.1797978
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| Introduction these might influence turbine loads is to study the coherence of
The present study was motivated by failure to find meaningffﬂong'wmd (), across-wind ¢), and vertical () turbulence
components. For design purposes, prescribed models for each tur-

correlation between turbine loadextremes and fatiggeand . .
simple inflow parameters that did not describe the spatial structlfr lence component, including power spectra and coherence spec-

; ) . h . , are required in order to perform simulations of the complete
of the inflow. For example, in previous regression studies by NeLflow fieI(?. Computational :ferodynamic analysis software Fl)Jses
?n?‘::Jv?/t (ael.[l] gtm{ﬁz fr?llfgdhte?a]tqsvlgﬂe[ﬁ;;?ftiggﬁf ?gf s::g; tt'ﬁ] S Okn is simulated inflow to compute the structural response that may
wind turbigr{é loads such asgextreme edgew Ianepor fla _g be used to determine design loads. Different theoretical turbulence
wise (out-of-plane bending moments atgthe ?)?gde root ItpwasmOdels utilized to construct full-field wind simulation may result

) L significant differences in design loads for wind turbines. Veld-
thus, thought to be useful to study the full spatial description ({’Famp[Z] compared predictions of turbine tower and blade fatigue
the rgndom !nflow turbulence f'.eld' The r?\vallablllty of inflow datefoads based on inflow simulation with several turbulence models.
(as time series segmehat multiple locations through the Long- For example, with two of the models studied—the Mann uniform
E)eprrr)r:)rltrlljfrI]ci)t\;\// t?)ngst?rtr:gféutrhael ggi:i_élslt)aﬁgt)i?:rsag? t%zeirrilgwurlltlcilslz srhear mode]3] where the spectral tensor for atmospheric surface
belief that future studies on the correlation of wind turbine Ioaclj gﬁ;t}grrwbsufsm\:sell? gseuggﬁs(;?cgt'itg%nsofbﬁ:: soiz tg%&?g&?rggkgz
to |nflgw may be improved if such spatial statistics are taken in eers mode[4] where the three turbulence components ,contrary
consideration. ’

) - the Mann model, are assumed independent—he concluded that
One means of identifying the frequency-dependent and rand(g?n . . C ; . P
. . 3 - . . redicted fatigue design loads were quite different. This finding
nature of interactions in the inflow at different locations and ho Uggests the importance of selecting appropriate turbulence mod-
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available in the literature by comparing them with coherenc L Road
spectra of full-field wind turbulence components estimated d

rectly from field measurements from the LIST program manag® s
by Sandia National Laboratories, Albuquerque, NM.

Another motivation for the present study is that although se' *
eral field studies of the coherence structure of turbulence ha
been carried out in Europésee, for example, Mann et d6];
Schlez and Infield7]; Larsen and Hansdi]), comparatively far
fewer such studies, especially with the appropriate heights a
separation distances that are useful for wind turbine applicatiol
and that take into account site-dependent turbulence length sc:
have been carried out in the United States where the environm:
tal conditions and coherence structure of the inflow may be di
ferent.

Recent findings from inflow measurements carried out in Ei
rope by Larsen and Hansg8| reveal that coherence of the along-
wind turbulence component for different vertical separations d
creases with increasing separation, with decreasing integral leng...
scales, and with decreasing measuring altitudes. In contrast, for o . .
lateral separations, the same dependence of coherence on altiﬁj pl Schematic view of the LIST test site showing the LIST

. . . urbine (Turbine B ) and five meteorological towers
was observed as was seen for vertical separations; however, nh
clear dependence of coherence on integral length scale and on
spatial separation was identified based on the measurements. . - .
However, these conclusions are based upon limited data and g rotor circle; and at positions left and right of the center of the
lateral separation distances in that study were greater than 7g9Pr circle (see Fig. 2 Two additional meteorological towers
(much larger than the separations that we will sjuéyso, in that located in front of the sister turbines, approximately 38 m away

study, only the along-wind coherence was considered. Here, fh@m the center tower on the left and right, were constructed to

avaiiable inflow data from the LIST program allow us to analyz8'e@sure horizontal wind velocities at the hub height using cup
coherence spectra for all three turbulence components at differ@Rgmometers. The additional inflow data from one of these two
vertical and lateral separations. In addition, we also study tfaWers are used to study the coherence of the along-wind turbu-

cross-coherence of each pair of distinct turbulence componentdS4ice component at this greater lateral separation. .
the center of the rotor circle. In preparation for the analysis, 291 of the available ten-minute

In the following, power spectra and coherence spectra for tff@ta records were grouped into bins, depending on the horizontal

three turbulence components are estimated using several of f§gan wind velocity at hub heiglt,,,, and the standard deviation
LIST data sets by employing the Welch’s modified Periodogra®f the same hub-height velocity,,;,. This was done in order to
(block-averagingspectral estimation method. To facilitate under-

standing of the coherence as a function of primary inflow param-

eters, we study these separately for different bins defined on 1 A
basis of hub-height mean and standard deviation values of hc f‘ ofo
zontal wind speed. Since only limited data from the first phase
the LIST program were used and the estimations of the coherer
functions may be subject to large statistical uncertainty, error si
tistics of the estimated spectra defined in terms of bias, varian
and confidence limits are discussed.

Anemometer Tower

Il LIST Data Set w Vl)

The data sets employed to estimate spatial coherence spe
throughout this study were provided by Sandia National Labor
tories through the ongoing Long-Term Inflow and Structural Te:
(LIST) program(Sutherland et a[9], Jones et al.10]). The LIST
program has made available continuous time series of atmospht
inflow conditions as well as structural response data for a moc

fied Micon 65/13 wind turbinéreferred to as the LIST turbine in
this study. This measurement campaign is taking place at tt
United States Department of Agriculture-Agricultural Researc
Service(USDA-ARS) site in Bushland, Texas which is character.
istic of a Great Plains site with essentially flat terrain and th jQ
primary wind direction at the site is from 215 deg with respect t '
True North(see Fig. 1 for details of the LIST test site NOT TO SCALE
The data were recorded as ten-minute segments, each of wk
contains approximately 18,000 data points, at a sampling rate
30 Hz (implying a Nyquist frequency of 15 HzCharacterization C’fo cup Q‘I\
of the inflow in this study relies on an array of five sonic anemon angmormeter
eters mounted on three meteorological towers located approx-
mately 30 m n ffom of the .LIST turbine as shc_an in Fig. 1. Th%ig. 2 Primary inflow instrumentation on the main meteoro-
center tower is directly upwind of the LIST turbine. The other tWehgical towers upwind of the LIST turbine. Hub height is 23 m;
tOWGI’S are one I’OtOI’-dISk I'adIUS tO the |eﬁ: al’ld I’Ight Of the Centgﬁemometers on the center tower are spaced 85 m Vert|ca”y
tower. The five sonic anemometers are mounted as follows: at haffart; anemometers at hub height are spaced 7.7 m laterally
height which is 23 m from the ground; at the top and bottom afpart.

‘L\A

wind sonic
vane anemometer
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Table 1 The number of ten-minute data sets in each bin char- Sengor 1 F——— Horizontal distance —— =
acterized by the mean, U, , and standard deviation, oy, Of  sesees
the hub-height horizontal wind velocity.

Plana of mast array

Mean wind -
Unup (M/9) direction D
Thup (M/S) 7-9 9-11 11-13 13-15 15-17 >17 Miean wind

0.5-1.0 52 29 0 0 0 0 direction
1.0-1.5 22 33 20 3 0 0
1.5-2.0 5 21 25 8 5 3
2.0-2.5 3 6 6 14 14 9 Fig. 3 lllustration of the corrected lateral separation D com-
2.5-3.0 0 2 0 2 2 7 puted from the horizontal distance between two sensors and

the angle between the mean wind direction and a normal to the
plane of the mast array 6

obtain a representative sample of data sets for each bin so that
conclusions could be made about the dependence of coherence on ]
these inflow parameters, regarded as primary by the wind eneRftween a normal to the plane of the sensor array and the hori-
community. The number of available data sets for each bin #9ntal mean wind direction for each ten-minute data record. Then,
shown in Table 1. We recognize that turbulence standard deviatihi¢se corrected lateral separations are averaged over all the ten-
does not affect coherence in a direct manner. A more approprifiénute data sets in each bin. This finally leads to three different
inflow parameter for binning might have been the turbulence ifateral separations for each bin that were used while reporting
tegral length scalé, as it is more directly related to the spatiapnflow coherence spectra results. These lateral separations are 6.5,
coherence structure of wind fluctuations. However, we chose 18-1, and 32.5 m for Bin A; 6.7, 13.4, and 33.2 m for Bin B; and
bin the LIST data set in this study on the basis of mean wirf0. 12.1, and 29.9 m for Bin C as summarized in Table 3.
speed and turbulence standard deviation because such binning is
often used to define wind turbine classes for design purposes ﬁls . . .
specified in the IEC guidelings). III" Coherence Estimation: A Review

All the bins that contained a sufficient number of samples were A mathematical definition of thémagnitude-squarédcoher-
analyzed; however, only results based on data sets from three kige function?(f), of two stationary random process@sand
are discussed in the following. These selected bins corresponcytomay be given as
the boldfaced entries in Table 1. For simplicity, these are referred )
to as Bins A, B, and C in the following. The range in values of the |Spq(f )| )
meanU,,,, and the standard deviatian,,;, of the horizontal wind Sop(f)Sgq(f)
speed at hub height for each of the three bins is shown in Table % S (f d f th id " al
along with the number of data sets availablg. In passing, we whereS,(f) andSyq(f ) are the one-sidetauto)power spectra

mention that with binning on the basis of mean wind speed a n(sf't)y.sfutﬂgtg)ﬁ;_squeg%%g{ lr:s_p?jtlggI)é,roifsf_regugpgyg gpe?l den-
turbulence length scal@nstead of turbulence standard deviajion P4 ISt ' piex-valu power sp
1Y function between the two processes. Note that some refer-

for the data sets studied here, a very similar numbers of data i : .
in three binglike the Bins A, B, and C, hejés found. As a result, ences refer to the coherence function as the root-coherence which

apart from the physically more sound reasons for choosing to ﬁ]the a_bsolute value of the normallzed' cross-power spectrum, i.e.,

on length scale when studying coherence, no improved statisti&t ' )| =1Spq(F) 1/ VSpp(F)Sq(F). Hereinafter, we will refer to

significance advantage is derived from such binning. he coherence function as the magnitude-squared coherence func-
The LIST inflow data records collected by several anemometdig" [defined by Eq(1)] and we will use either (.)f these two terms

as discussed above provide a good opportunity to study the coh(éle-" coheren(_:e or magnltude-sqgared cohet)entxerchangeably,

ence behavior of the three wind turbulence components for t gless specifically stated otherwise. .It should be mentioned also

different vertical separations of 8.5 and 17.0 m where the wi at, for a homogeneous turbulence field, the quad_rature spectrum

speed time series were measured by sonic anemometers locat 4 tthe imaginary part of the Cross-power specpr_unﬂ be rela-

three positions on the center tower mast. In addition, using t ely small when compared with the cospe_ctrtﬂrre., the real

data collected by three sonic anemometers located at hub hei At of t_he Cross-power spec_trmmit_ance, it Is commonly as-

on the three center towers as well as one cup anemometer on ed in wind turbulence simulation studies that the cross-

far-right tower, the inflow coherence spectra for three lateral Sepsoeectral density fur_lct|on is real. As a result, _the phase mform_atlon
rations can be analyzed. However, since the mean wind directi‘f‘)%nv.eyed by referring to a phase spectrum is generally considered
during the measurement campaign was not perpendicular to figs Important th_an the r_nagnltuc_ie-squared_coherence or the root-
plane containing the wind speed sensor array, the actual latergrerence for wind turbine stud_les. A(_:cordlngly, here, the phase
separations for coherence calculations are not equal to the hgRECtUM is excluded from our discussions. The cohereﬁ@),
zontal distances between any two sensors and hence need téSiEWays greater than or equal to zero and by Schwarz's inequal-

corrected. This situation that results because the mean wind direc-

tion is not perpendicular to the plane of the mast array is illus-

trated graphically in Fig. 3. Correction to account for this effect igaple 3 Averaged angle between the mean wind direction and

carried out by multiplying the actual horizontal distance betweefe plane of the mast array as well as the vertical and lateral

the two sensors under consideration by the cosine of the ang#paration distances available for estimating inflow coherence
spectra for each bin.

YA(f)=

Table 2 Three bins selected for the numerical studies and the Separation distancesn.)

available number of ten-minute data sets, N, . Lateral Vertical
Bin U (M7 Thup (M/9 Ng Bin Averaged angle (°)Small Intermediate Large Small Intermediate
A 9-11 1.0-1.5 33 A 9.7 6.5 131 325 85 17.0
B 11-13 1.5-2.0 25 B 28.9 6.7 13.4 33.2
C 15-17 2.0-2.5 14 C —-37.7 6.0 121 29.9
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ity, it always less than or equal to unity. For a finite-length datassociated with the number ¢bverlapping subsegments used
record, the coherence can be estimated from averaged estimatesnadf when the coherence values are close to unity. Thus, under

the auto- and cross-spectra; namely, certain circumstances, this resolution bias may dominate the con-
R ventional biadEg. (3a)] resulting from a finite number of statis-
s |Spq(f )|? tical realizations. Jacobs¢h3] did not report any systematic vari-

Yt = — ance dependency on power leakage from his experiments,
Spp(f)Saq(f) indicating that the variancer standard errgrin coherence spec-

where the quantities with a caret indicate that each is estimaié@ Mmay be estimated by E¢fa) alone. ,

from the limited data I{, data sets for each binBecause of the _Another source of bias in estimating coherence is due to pos-
use of limited data and of records of finite length, the estimates §#Ple time delay between the two signaisand q that can be
Eg. (2) have unavoidable statistical errors. For example, an ob@asily detected either by simply observing the corresponding
ous distortion will occur if one tries to compute the coherencg0ss-covariance function of the two time series or by observing a

function by using only one realization of each of the two pro!Jnear trend in the pha_se spectrum. Thls source of bias might be
cessesp andq. For such an estimation procedure, the computdfiPortant when studying coherence in turbulence components
coherence function will be identically equal to unity at all freOVer large lateral separations.

guencies. In practice, each sampled time series is therefore split ) .

into N subsegments to prevent this source of distortion. Ror |V Estimation Procedure

nonoverlapping realizations of a stationary, Gaussian random profor each bin defined in Table 2, the wind velocities in the
cess, the biatBias) and the variancéVar) of the coherence spec- measured frame of reference are transformed into the standard
trum estimate at any frequency due to time-record truncation hicrometeorological coordinate system, defined as along-wind

fects were derivedCarter[11]) and may be expressed as (u), across-wind ¢), and vertical () components. Next, each
1 2 11(N—1) 21(N—1) ten-minute time series of interest is partitioned into a suitable
Biag %)~ — — Yt = A . 0 number of 50% overlapped subsegmeNts, each of which is
N N+1 - (N+1) I (N+1) considered as a realization of the process for use in estimation of

(38) the spectra. Hence, each bin class yields a totaNefNyx N,
1 realizations. Then, for each zero-mean realizafithe mean is
~=(1-+?? for large N (3p) removed firsk, a detrendingassuming a linear trefda prewhit-
N ening filter, and a Hanning data window multiplication are ap-
5 plied, before raw power and cross spectra are finally computed
Var(3?)~ N-1 i+ yzN_Z _ 74N(2N3_N_2_)+3 using the Fast Fourier Transfor(FFT) algorithm. Next, these
N(N+1)|N N+2 IT7_(N+1) spectra derived from the realizations are averaged in each bin to
3 2 obtain representative power spectral density functions and cross-
s N(N"—6N"—N+10)—8 power spectral density functions for use in E2).to compute the
T (N+i) coherence spectrurd?(f ). This coherence estimate is then bias-
corrected using Eq.3a). Note that the prewhitening filter is ap-
aN(13N4_ 15N°— 113N+ 27N +136) — 120 plied here in order to reduce possible bias in power spectrum
(N+2)IT7_;(N+1i) estimates in the low-frequency region due to leakage problems
(4a) (Jenkins and Wattgl4]; Schwartz and ShaWl5]). The prewhit-
ening filter coefficients, based on a simple moving average model,
1 were determined such that the power spectrum of the filtered tur-
— ¥’=0 bulence signal is essentially “white,” resulting in less power at
N lower frequencies that “leaks” into the neighboring higher fre-
=\ 2 for large N (4b)  quency region. By a trial-and-error procedure, the filter coeffi-
N YA(1-9%)2 0<y?<1 cients were found to be such that the prewhitened signalas
equal to 1.0%,—1.0,_, wherex is the original zero-mean, de-

Note that Egs.(3a) and (4a) are approximate and result fromtrende.OI s@gnal. ". is important to ppint out that d_etrendin_g and
truncating series expressions for the exact bias and variancepf)?Wh'tenmg. the |nf|.ow turbulgnce signal is gssentlally equllvalent
coherence estimates while Eq8b) and (4b) involve further ap- to applying linear high-pass filters to the signal, which will not

proximations that are applicable only whisnis large. The reader affect coherepce spectrum estimates. This is because the linear
transfer functions will apply to both the auto- and cross-spectra

+2y

+y

subsegments can further reduce the statistical variability of tHival and prewhitening procedures, however, do directly influ-
estimates because of the greater number of degrees of freedgifi€ auto- and cross-spectrum estimates individually. Disregard-
used. Experimental investigation by Carféd] where a Hanning "9 either of these two procedures can lead to bias in auto- and

data window was utilized suggests that 50% overlapping is &foss-spectra individyally, especial!y in the Iowe§t frequency re-
optimal choice as a compromise between reduction in stand&gn (negligibly at higher frequencigsWe accordingly employ
error and computation time. these procedures here because even though they do not influence

Besides conventional bias as predicted by Bg), bias power coherence _estlmate(s)ur focus, we will brlefly dlscus_s auto-
leakage effects may be introduced if the selected resolution baiffECt@ estimates based on data and comparisons with theoretical
width is wide relative to the actual range of frequencies associat’g@deI where such procedures help limit bias problems.
with a peak in the spectrum. This category of bias, which is . .
known as “resolution bias” may lead to large distortions near th Numerical Studies
peak of the spectrum. In studying turbulence components, thisSeveral issues related to coherence estimates based on the LIST
type of bias may be present due to the significant amount of ield measurements are investigated. For simplicity, we will refer
ergy at low frequencies. Even though a theoretical expressiontofpower spectral density function of the along-wing ( across-
this bias is not available, Jacobgdr8] concluded from numerical wind (v), and vertical () turbulence components as, v-, and
simulation studies that resolution bias effects will occur especially-power spectra, respectively. Similarly, for lateral and vertical
when the number of degree of freedom increases. This is typicadlgparations studied, we refer to coherence functions of the along-
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Bin B: Upy,=11-13 mys 100

\\./‘\/" g
g, 107 E ~
§ < ./'A"\N\ “
g = s
3 S
§ w2k /7 —— u-component
2 ———- v-component
8 —:—+ w-component
§ — y-component (Kaimal)
10 L L L
. 102 10! 10°
000 005 010 015 020 025 030 Frequency, Ha
10 Fig. 5 Estimated power spectra of the along-wind (u), across-
(b) Coherence estimate (N,=8) wind (v), and vertical (w) turbulence components for Bin B
~ 03 90 % confidence interval | and comparison With the Kaimal along-wind turbulence spec-
§- ’ trum [16] assuming a surface roughness of 0.5 cm.
S 06
8
5
-q:) 04
8 In this illustration, the number of subsegmenis that is less
: o2 than or equal to 8 does not cause severe distortion that can result
= 7 from subsegments that are too short. A total of 200 realizations
(8% 25) is selected for estimating the coherence spectrum since
0-%00 005 010 015 020 025 030 this number provides the smallest standard efommpared to
' ’ ’ ' ) " ) lower values ofN, that have similar bigsand still has very slight
Reduced frequency, f,=fD/U spectral Qistortion(compared_ to higher values d; that have
systematically larger resolution bjadJsing Egs.(3a) and (4a),
Fig. 4 (a) Estimates of uu-coherence spectra for a lateral 90% confidence intervals were determined on the bias-corrected
separation distance of 13.4 m using data from Bin B and differ- coherence spectra. These are shown in Fip) 4(Note that this
ent numbers of subsegments Ny, (b) estimate of the  conclusion on what is a suitable number of subsegments might be
uu-coherence spectrum and 90% confidence intervals using case-specific and the appropriate or optimal number of subseg-

Ng=8 ments might vary from one case to another. Note also that the
choice for the number of subsegments is not limited to integer

powers of two. We selected these numbers as powers of 2 only for

wind, across-wind, and vertical turbulence componentsias illustration purposes here. ] ) ]
vu-, and ww-coherences, respectively. Finally, we study cross- /N general, for the different separation distances that are used in

coherence between any two turbulence components at the ceffii study, splitting the ten-minute time series into four to eight
of the rotor circle and refer to these asv-, uw-, and 950% overlapped segments will create individual realizations of

vw-coherences. about 2—4 m in length making it possible to resolve frequencies as
low as 0.004-0.008 Hz with reasonable statistical confidémoe

A Choices of Subsegment Length. To achieve good esti- hence, avoid the problem of resolution expected at the low-
mates of coherence Spectra, itis necessary to use an appropﬂ@'@uency peak of coherence Spertﬂa] passing’ we point out
number of overlapping subsegments that can provide satisfactoiyt for 50% overlapping, each realization will have length equal
small amounts of bias and standard error, without introducing 10 minutes divided byNy+1)/2 and will be able to resolve
much spectral distortion as discussed before. A large numbertgfquencies as low as\G+1)/1200 Hz.
subsegments, which is associated with small individual subseg-
ment length, might limit confidence intervals on the coherence B Power Spectra. Power spectral density functions of the
estimate but it might introduce unacceptable spectral distorti#ind turbulence components were determined for the three Bins
and, thus, lose the fine structure of the coherence especially néaB, and C before using them to estimate coherence spectra. For
the low frequency region where the coherence value is large.tiae sake of brevity, in Fig. 5, we show power spectra only for Bin
rational approach was adopted in this study whereby biaB-for the three turbulence components at the center point of the
corrected(magnitude-squar@coherence spectra were estimate#otor circle mast. The estimated spectra show that the energy in
for different numbers of subsegments for a ten-minute time seriége along-wind turbulence component is slightly greater than that
These estimates were then compared until an optimal numberibfthe across-wind component in the low-frequency range and
subsegments was found. For the sake of illustration, we descrigignificantly greater than that in the vertical turbulence compo-
how this optimal number of subsegments was arrived at whe&ent. However, the power spectra for all three turbulence compo-
estimating theuu-coherence for a lateral separation of 13.4 mients asymptotically have the same slope and magnitude in the
using the 25 data sets that were taken from Bin B, inertial subrange&high-frequency range For the along-wind ()
=11-13 m/s antr,,,=1.5—-2.0 m/s). The same procedure mayurbulence component, the estimated power spectrum is compared
be applied for other turbulence components and/or for verticaith the Kaimal spectrurfil6]. See the Appendix for a description
separations. Figure 4] shows estimatediu-coherence spectra of the Kaimal along-wind turbulence spectrum model used. A sur-
(for 13.4 m lateral separatipiased on the use of 2, 4, 8, 16, andace roughness lengiy of 0.5 cm is used with the Kaimal model
32 subsegments in each ten-minute record. Figut®) 4hows in the comparisoritypical values oz, for mown grass terrain are
estimates of the coherence spectrum along with 90% confiderat®ut 0.1-1.0 cin Comparison between the theoretical along-
intervals with the optimal number of subsegments, equal to 8 hevénd turbulence power spectrum and the estimated spectrum from

Journal of Solar Energy Engineering NOVEMBER 2004, Vol. 126 / 1073

Downloaded 08 Nov 2008 to 128.62.160.80. Redistribution subject to ASCE license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Bin A: Upyp=9-11m/s BinB: Upp=11-13m/s BinC: Upp=15-17m/s

10 10 10
— D =85 m — D=85m. — D=85m

= o8 ———— D=8.5m (90 % conf. int) {08 ————— D=85m (% % conf. int) {08 —— D=85m. (%0 % conf int)
§ ——-— D=170m ——-— D=170m \ ———-— D=170m
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Fig. 6 Estimates of wuu-coherence spectra for different vertical separations (top row ); and for different lateral sepa-

rations (bottom row ) based on data from Bins A, B, and C

field data(at the height of 23 mshows that the estimated spec-Simiu and Scanlafi20] because their decay parameters there are
trum agrees reasonably well over all frequencies with the Kaimfr the root-coherence function, not the magnitude-squared coher-
spectral model. ence function, as we are discussing heRresently, we shall see
that the coherence estimates from the LIST measurements are not
C Coherence Estimates, Empirical Models, and Influence in agreement with the Davenport model assumptions. It will be
of Separation. In this section, we study the inflow coherence obeen that the first assumption of the Davenport model may not be
the along-wind turbulence componentiu-coherenck as esti- valid because the observed-coherence estimates are dependent
mated from the LIST field measurements and compare this mesr the separation distance as an additional independent parameter.
sured coherence with predictions based on two commonly usegker, we shall see that the Davenport exponential moakich
empirical coherence models—the Davenport exponential moggs originally proposed only faru-coherence and vertical sepa-
[17] and the IEC exponential modéThresher et al[18]; IEC/  rationg may not be simply extended so as to be usedforand
TC88 61400-15)). ww-coherence functions since the estimated coherence functions

1 Davenport's Exponential Coherence ModeBased on nu- fro_m measurements, especially few-coherence do not approach
merous experimental results, Davengdi] hypothesized that the Unity as the frequency approaches zero.
coherence spectrum of the along-wing) (turbulence component ~ Coherence spectra are estimated based on the along-wjnd (
for different vertical separations could be described by an eng,J_rbuIence time series available at several spatially distributed lo-

nential function with a decay parameter, as follows: cations. Bins A, B, and C provided 33, 25, and 14 ten-minute
) samples, respectively, as seen in Tables 1 and 2. The various sepa-
yi(f)=exd —c(fD/U)] (5) ration distances in the vertical and lateral directions available for

wheref represents the frequency of intereBt,is the separation €ach of the three bins are presented in Table 3. _
distance, andll is the mean wind speed at a specified reference orFor vertical separations of 8.5 and 17.0 m, the time series used
average height. As can be seen from Eg), there are two key tO estimate the spectra were measured by sonic anemometers lo-
assumptions inherent in Davenport's empirical model. First, tif@ted at three positions on the center tower mast located approxi-
coherence function is assumed to be dependent only on the rat&gtely 30 m upwind of the LIST turbine: one at the top of the
exponential decay;, and on the reduced frequendy, (equal to rotor circle, one at the centéire., at the hub height of 23 ynand
fD/U). This implies no direct dependence of the-coherence One at the bottom of the rotor circle. Thei-coherence estimates
spectrum on the vertical separation distaficas a separate vari- (for the two vertical separatiopalong with their 90% confidence
able; only an indirect dependence by virtue of the reduced frigitervals are shown in Fig. @op row for the three different bins.
quency in Eq(5). Second, the proposed coherence function in Ed. is observed that, for all bins, and especially for Bins A and B
(5) approaches unity when the frequency approaches zero. Sevifagre there was a relatively large number of data sets available
researchers have extended this exponential format to model thad thus smaller statistical uncertaintthe uu-coherence even
coherence spectra for all three turbulence components and Wgren plotted against the reduced frequerigyequal tofD/U)

both vertical and lateral separations where the applicable decgcreases as vertical separation increases from 8.5 to 17.0 m. This
parameters in each case are estimated based on experimentatlearly shows a dependence of the-coherence on vertical sepa-
sults (see, for example, Jensen and Hjort-Hang&8]). These ration distance. Nevertheless, if we determine the decay rate of the
models have been widely used and have been recommended ircoherence functions by fitting the Davenport model of €.
many references. For example, Simiu and Scah20)} recom- to the measured coherence over a range of reduced frequencies
mend a decay parameter, of about 20 and 32 for the coherencerom 0 to 0.3, we find for Bin B, that the decay parameteis
spectra of the along-wind turbulence component for vertical argbproximately 17 and 25, respectively, for vertical separations of
lateral separations, respectiveljote that the values of 20 and 328.5 and 17.0 m. For these separations, the estimated decay rates
given here are twice as large as what are actually mentioned doe in the same range as the decay parameter of 20 recommended

1074 / Vol. 126, NOVEMBER 2004 Transactions of the ASME

Downloaded 08 Nov 2008 to 128.62.160.80. Redistribution subject to ASCE license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Table 4 Exponential decay rate, ¢, in the estimates wuu-coherence spectra for different vertical
and lateral separations based on fits to Davenport’s expolnential coherence model.

Davenport's Exponential Model Parametey

Lateral Separations Vertical Separations
Small Intermediate Large Small Intermediate
separation separation separation separation separation
Bin (6.0 t0 6.7 M (12.1t0 13.4 (29.9t0 33.2 (85m (17.0m
A 17 27 127 14 24
B 19 28 48 17 25
C 16 24 45 19 27

by Simiu and Scanlaf0]. Still, the decay parameterincreases the Davenport model, Thresher et [d8] proposed another expo-
with separation distanogrom 17 to 25 herpand the decay rates nential coherence model that is also empirically bagedis the
recommended in standard references may clearly not be valid @avenport model In this model, an additional term is present that
larger separations. Note again that the dependence of theolves the ratio of separatiob to the coherence scale param-
uu-coherence spectrum on the vertical separation distance @lerL. and that allows for reduction in coherence with increase in
served from measurements in this study contradicts Davenport&paration. This exponential model can be expressed as
exponential coherence model where this along-wind coherence

function when expressed in terms of reduced frequency is as- Y(f)={exp(—a[(fD/U)*+(bD/L)?*]")}? (6)

sumed to be independent of separation. . . . L
For lateral separationsefer to Table 3 for the relevant separa—ThIS _mOd‘?' IS CI_JrrentIy recommended in the IEC guideliftels
for wind simulation and the decay parametarandb are to be

tions for each bin studigdthe ten-minute data sets used to esti X ;
mate coherence spectra of the along-wind turbulence componBHe" as 8.8 and 0.12, respectively, while the coherence scale

were measured by three sonic anemometers located at the tHfe&MeteL is approximately 56 m for a wind turbine with a hub
main towers and a cup anemometer on the far right tdaee Fig. rﬁg'ght of 23 m(see IEC/TC88 61400-15] for details. In the

1). All of these anemometers are at the hub hei@® m). Note present study, we will refer to this modified exponential model as

again that the lateral separations used here for each bin have Hgn/EC exponential model. Similar to fits with the Davenport
corrected from the actual horizontal distances between the pemgdel’ her_e we estimate ‘h'? parameteandb for the exponen-
nent sensors to account for the direction of the mean wind durif|gl Mede! in Eq.(6) from estimates of theu-coherence spectra.
the measurement campaign which was not, in general, perp&¥ain. fits of the estimatediu-coherences to the model were
dicular to the mast array. Theu-coherence estimates for differentC@rfied out for a range of reduced frequencies between 0 and 0.3.
lateral separations are shown in Fig(t®ttom row for the three For_lllustratlon purposes, first we use data fro_m Bin B alone. For
different bins. Again, when plotted against reduced frequefcy, vertical separations of 8.5 and 17.0 m, the estimatedoherence

the uu-coherence systematically decays faster with reduced faR€ctra were fit to the IEC exponential model and the decay pa-
quency at larger lateral separations. Note that a recent studyr etera was found to be 8.6 and 12.3, respectlvely, \.Nh”e the
Larsen and Hansei8], where they estimatedu-coherencefor parameteib was about 0.00 and 0.02, respectively. Similarly, for
larger lateral separations than is the case heseggested that lateral separations of .6'7 and _13'4 m, the decay pararaeiers
there was no consistent dependence of coherence on spatial Sgﬁ%_and 13.6, respectively, while the paramdteras about 0.05
ration. Exponential decay ratebased on fitting the measured@nd 0-03, respectively. The fits based on these parameters are
coherence spectra using Bin B data with the Davenport méalel s_hown in Figs. 7¢) and 70) for the vertical and lateral separa-

: tively.
separations of 6.7, 13.4, and 33.2 m are 19, 28, and 48, resped. Case€s, respec . .
tively, compared with about 32 in Simiu and Scan[&0]. This tis observed that the IEC exponential modeith the associ-

again suggests a faster decayuaf-coherence with reduced fre- ated parametei® andb) generally provides a good representation

; ; i ; the uu-coherence spectra for Bin B. Similar good fits of the
uency for increased lateral arations. A similar pattern i . i .
guency 1o case cral separations. /A simrar patiern 1S agg()ponentlal model for Bins A and C were also found. The esti-

: : : ted parameters for all three bins are summarized in Table 5.

comparing estimated decay rates for thecoherence spectra in "2 ! e

Table 4(at least for Bins A and B it is found that over compa- Note that these fits shown in Figs.aj(and 76) and the param-
giers summarized in Table 5 for the individual bins and separa-

rable separation distances in the lateral and vertical direction, t based . bset of th lected data for that
decay with reduced frequency is faster laterally than it is ver lons were based on using a subset of the coliected data for tha

cally. However, this difference is not significant in part due t in and separation. Of greater interest is to employ all of the data

uncertainty associated with coherence estimates based on a fd estimate the parametersandb. Then, by using these esti-
ited number of data sets. For the sake of comparison, it should rﬁ'élted parameters, It woyld be Interesting to see hOV\.’ the
pointed out that Larsen and Hansi also compared coherence!U-Coherence spectra at different separations compared with the
decay at various lateral and vertical separations, and conclud@ponential model using the overall estimated parameteand

that the decay is faster verticallgontrary to what we found here P- FOr the vertical separations, over a range of reduced frequen-
but the lateral separations studied by them were much laiger Ci€S from 0.010 0.3, the overall least-squares fit parametersd

and 170 m than those considered here, and their vertical sepafa 0" the exponential model fau-coherence were 9.7 and 0.06,
tions were not comparable to their lateral separations. respectively, based on data recorded for two separations, 8.5 and

17.0 m. For lateral separations, these overall parameters were 9.7
2 |EC Exponential Coherence ModelOur finding in the and 0.13, respectively, based on data recorded over nine separa-
previous section is in agreement with the work by several othgons ranging from 6.0 m to 33.2 m. The overall parameters for
researcherge.g. Kristensen and Jensgtl]; Mann et al[6]) who both separation directions are included in Table 5. In the lateral
showed, based on their experimental results, that Davenport’s separation case, these estimated parameters are fairly close to the
herence assumptions may be invalid especially in situations whewdues recommended in the IEC guidelines wresndb are 8.8
the spatial separation becomes large since this simple, empiriaatl 0.12, respectively. Fits based on the overall parameters (
model fails to account for the reduction in coherence at low fre=9.7,b=0.13) in the lateral separation case are shown in Fig. 8
guencies and large separations. To account for such limitationsfam Bin B estimated coherence at three different separations. A
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E; Exp. Fit (D =6.7m.) Fig. 8 Exponential fits based on the IEC exponential model in
a T EpFit(D=134m) Eq. (6) for uu-coherence spectra with lateral separations of 6.7,
g 0.6 13.4, and 33.2 m using data from Bin B. The decay parameters
@ used in this plot (a=9.7 and b=0.13) were estimated by fitting
§ the model to all the measured wuu-coherence spectra for all lat-
g 4y eral separations and from all bins.
Q
Qo
é 02
larly for large separations because this model fails to account for
00 reduction in coherence for low frequencies and large separations.
000 005 010 015 020 025 030 The IEC exponential model is an improvement fnr-coherence
since two parametergnstead of one in Davenport’s modeire
Reduced frequency, f=/D/U utilized to account for dependence on both reduced frequency and
separation distance. Still, as shown in Fig. 8, the IEC coherence
Fig. 7 Exponential fits based on the IEC exponential model in model predictions fouu-coherence at large lateral separations are
Eq. (6) for uu-coherence spectra with (a) vertical separations  quite different from coherence estimates based on field measure-
of 8.5and 17.0 m and (b) lateral separations of 6.7 and 13.4m  ments especially at low frequencies. Because different coherence
using data from Bin B models employed in wind simulation procedures for wind turbine

load calculations can sometimes lead to significant differences in
o ] ) design loads, more accurate theoretical coherence models may be
similar plot was not developed for the vertical separation case dugyuired for better predictions of the coherence structure that will,
to the limited numbeftwo) of separations available for analysis.n turn, lead to more realistic wind turbine design loads. Two such
As one might expect, Fig. 8 shows that predictions of the expgheoretical coherence models will be discussed later and compared
nential model are not as good as when the parametesdb  with estimates based on the field data. Next, we compare the
used were fit for each separation distance and bin individualypherence structure in the different turbulent components as we
The IEC exponential model appears to work better at the smallgtamineuu-, vv- and ww-coherence spectra as estimated from
separationg6.7 and 13.4 m for Bin B However, at the larger the LIST field measurements.
separation of 33.2 m, the model overpredicts coherence at reduced
frequencies between 0.05 and 0.15 but significantly underpredictd Coherence Structure of Each Turbulence Component
coherence at lowest frequencies; the concave-down second cuiwathe previous section, we only discussed results related to co-
ture in the IEC exponential model in the low-frequency regioherence spectra of the along-wind)) (turbulence component—i.e.,
appears to contradict what is observed in thecoherence esti- theuu-coherence. Coherence spectra for all three turbulence com-
mated from data. ponents(i.e., uu-, vv-, andww-coherencesfor two spatial sepa-
In summary, the Davenport exponential coherence modehtions are compared here. Figure 9 shows estimated coherence
though simple to use, may not be able to accurately describe gpectra of each turbulence component for small and intermediate
coherence structure in the wind turbulence components partidateral and vertical separations based on data in Bins A, B, and C.

Table 5 Paramters, a and b, of the IEC exponential model fits to the measured vertical and
lateral coherence spectra.

IEC Exponential Model IEC Exponential Model
Parametersg,b) for Paramters g,b) for
Lateral Separations Vertical Separations
Small Intermdiate Large Small Intermediate
separation separation separation separation separation
Bin (6.0t0 6.7 m (12.1t0 13.4 m (29.9t033.2m (85m a7.0m
A 8.4, 0.06 12.2, 0.08 17.2,0.17 7.0, 0.08 10.1, 0.08
B 9.4, 0.05 13.6, 0.03 21.2,0.03 8.6, 0.00 12.3, 0.02
C 7.9, 0.02 11.4, 0.05 21.5, 0.03 9.4, 0.00 13.9, 0.01
All 9.7, 0.13 9.7, 0.06
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Fig. 9 Comparison of estimated coherence spectra for each turbulence component with (a) lateral separations (two

upper rows ) and (b) vertical separations (two lower rows ) based on data from Bins A, B, and C.

For lateral separations, the wind velocity time series used fooherence mod¢R2] where isotropy was assumed in deriving the
each component was measured by sonic anemometers mountezhatgy spectrum. When studying coherence spectra for different
hub-height level of the three center tower masts. It is seen in Figertical separationgsee Fig. 96)], the vertical turbulence com-
9(a) that the across-windv() turbulence component is more co-ponent appears to be the most coherent followed by the across-
herent than the along-windu} and vertical v) components for wind and along-wind components. In the isotropic modeluthe
all bins. Comparing theiu- andww-coherence, it is seen for all andww-coherence depend on the direction of the separation. The
bins that theuu-coherence is larger than tev-coherence in the vv-coherence for lateral separations is the same as the
low frequency range but lower at high frequencies. As expectedw-coherence for vertical separations and vice versa. This might
coherence in all three turbulence components decreases withd@rplain the change in relative importance of the- and
creased lateral separation at all frequencies. At the larger latenak-coherence among the three spectra shown in Figs. &Gd 9
separations, it is seen that the-coherence is still the largest of (b). Note, however, that the relative levels of thei- and
the three components while thei-coherence is higher than theww-coherence spectra for lateral separations are somewhat differ-
ww-coherence over a larger-reduced frequency range. These phkats from the relative levels of theu- and vv-coherences for
in Fig. 9(a) show that thaelative coherence levels for the threevertical separations. This observation is not in agreement with the
turbulence components agree with those based on the vienada isotropic model and thus suggests a lack of isotropy in the inflow
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turbulence. To model the inflow coherence under these conditiofise isotropic von Keman coherence model and the IEC exponen-
more correctly, then, the isotropy constraint needs to be relaxeid model can be conveniently described using available closed-
Next, we study more closely the coherence structure of each tégrm mathematical functions. Both these models are currently in-
bulence component by comparing the estimated coherence spe¢liided into the IEC standafé@] and are recommended for use in
based on measurements with those predicted by two theoretig@hd turbine load calculations. The Mann uniform shear model,
models—the isotropic von Kman coherence mod¢P2] and the on the other hand, requires greater computational effort since the
Mann uniform shear coherence mo(ig] where local isotropy is influence of shear or vertical mean speed gradiassumed uni-
not assumed. form) from the surface on isotropic turbulence is included in the
model. Because of its complex formulation, the Mann coherence
spectrum offers no simple analytical solution but rather requires
Werical integration involving the sheared three-dimensional ve-

E Comparing Coherence Structure of Each Turbulence
Component With Theoretical Coherence Models. As has

been already discussed, the Davenport coherence model fail - :
account for the decrease in coherence at low frequencies and!R§tY SPectral tensoip;; (wherei andj are equal to 1, 2, and 3

large separations while the IEC exponential coherence model pi@- the along-wind, across-wind, and vertical turbulence compo-
dictions for large separations do not adequately match coherefig91ts, respectively Expressions for the magnitude-squared co-
estimates from field measurements. Hence, alternative theoretf¢@feénce spectra based on the V‘?"”@ and the Mann models
coherence models might be considered instead of empirical méde Provided in the Appendix while that for the IEC exponential
els for use in predicting inflow coherence. Here, we consider tBodel was shown previously in E¢6).

such theoretical coherence models that are available in the literaNotice that one requires the parametarandb and the coher-

ture. These includé) the isotropic von Keman turbulence model ence scale parametér, in order to obtain the IEC exponential
[22] where isotropy is assumed in deriving the energy spectrug@herence spectra. For the vonrken model, information on the

and (i) the Mann uniform shear turbulence modi8] where the isotropic integral length scale is necessary while the Mann co-
isotropic von Kaman energy spectrum is assumed to be rapidljerence model requires an isotropic scale paranietahich is
distorted by a uniform, mean velocity shear. Predictions based pfpportional to the isotropic integral scél¢, and one additional
these theoretical models will be compared with the measured d@ndimensional shear distortion paramet¢o quantify the influ-
herence spectra for all turbulence components and for varicgice of the shear due to the ground surface. Obviously, all of these
lateral spatial separations. For the sake of comparison with parameters are site-dependent and their values can be estimated
empirical model, the IEC exponential model discussed previousiyly from field measurements at the site under consideration. In
will also be included whenever theu-coherence spectra are studimost situations, however, this site-dependent information is not
ied. (There is no corresponding IEC exponential coherence modehdily available and, in such cases, these various parameters can
available forvv- andww-coherence spectra in the IEC standrardonly be approximated. Since it is our intention to assess the va-

Bin A: Uy, =9-111m/s BinB: Uy =11-13m/s BinC: Uy =15-17m/s

1.0 1.0
D=67m D=60m.

D=65m.
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P=131m | pD=134m | P D=121m

uu- coherence (lat. sep.)
Intermediate separations

Large separations

Reduced frequency, f,=D/U Reduced frequency, f,.=D/U Reduced frequency, f,=D/U

Fig. 10 Comparison of the estimated  uu-coherence spectra for lateral separations  (based on data sets from three bins )
with the IEC modified exponential (a=8.8, b=0.12, L,=56 m), the von Ka rman (L=56 m), and the Mann (s=3.9, /
=14 m) models
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Reduced frequency, f.=D/U Reduced frequency, f.=D/U Reduced frequency, f.=D/U

Fig. 11 Comparison of the estimated ~ vv-coherence spectra for lateral separations (based on data sets from three bins )
with the von Ka rman (L=56 m) and the Mann (s=3.9, /=14 m) models

lidity of the existing coherence models recommended in the wirige 3.9 whilel is 0.59 times the height of intere$tence] is taken
turbine design code, all the parameters used here are takentdi14 m herg Note that estimating these parameters from field
rectly from the code; they are not estimated from the field meaeasurements might provide a closer match to measured coher-
surements. For example, numerical values for the required parance spectra but this is not done here.

etersa, b, L., andL are each taken from the IEC stand@bdl As Figure 10 shows estimatedlu-coherence spectra from mea-
was mentioned before, the recommended decay paranseterd surements for Bins A, B, and C at three different lateral separa-
b in the IEC guidelines are 8.8 and 0.12, respectively, and for thi®ns together with spectra predicted by the three models. When
particular case where the hub height is 23 m, the suggested vatoasidering small lateral separations, it is seen from the top row in
for bothL andL is approximately 56 nisee IEC/TC88 61400-1 Fig. 10 that all three models predict similar levels of coherence.
[5] for detaily. For the Mann model, the two parametérands However, the IEC exponential model appears to provide the best
may be approximately obtained by performing a least-squaresgiediction of the three models faru-coherence, except in the

of the model’s coherence spectra to the Kaimal m¢#ié] instead very low frequency range where the Mann model provides the
of to estimated coherence spectra based on measurements. Maeiter prediction. The estimatecu-coherence from data is typi-
[23] carried out such least-squares fits from whsolvas found to  cally lower than that from the von Kaan turbulence model for

Bin A: Uy =9-11m/s BinB: Upy = 11-13m/s BinC: Uy =15-17mis

1.0 1.0 1.0
D=65m. D=67m. L D=60m.

Small separations

ww- coherence (lat. sep.)

Intermediate separations

Reduced frequency, f,=fD/U Reduced frequency, f,=D/U

Fig. 12 Comparison of the estimated  ww-coherence spectra for lateral separations  (based on data sets from three bins )
with the von Ka rman (L=56 m) and the Mann (s=3.9, /=14 m) models
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all three bins. For larger lateral separatidas shown in the two lation between the along-wind and vertical components where
lower rows of Fig. 10, the three models predict very differentlarger estimates of cross-coherence were observed. This observation
coherence behavior from each other. The vonian and the IEC is contradictory to the von Keanan coherence model where the
exponential models appear to predict similar trefitidugh the derived uw-coherence is expected to be zero at all frequencies.
von Karman model predictions are always higherere the spec- Note that theuw-coherence is related to the square of the friction
tra at low frequency region lose their exponential character and,\adocity and, thus, to the influence of wind shear. The vomia
a result, do no approach unity at these low frequencies. The Mamodel assumes isotropy and does not take the wind shear effect into
model, on the other hand, predicts much higher coherence graaicount; this, in turn, leads to failure to correctly predict the
ents(faster decaysin the low-frequency range. It is evident fromuw-coherence estimated from the field data. On the other hand, the
the figures that especially for the larger spatial separations, thann model has a spectral tensor componegs, which is sym-
Mann coherence model is able to capture higher coherence levalstric with respect to the wave number of the across-wind turbu-
and faster decay@vith reduced frequengyin uu-coherence spec- lence component; thus, providing a nonzera-coherence spec-
trum in the low-frequency region, consistent with field measurérum as can be seen in Fig. 13. It is clear, though, that the Mann
ments for the higher wind speed bifB and Q. The coherence model appears to overestimate the-coherence function for all
behavior predicted by the other two models is grossly differettie three bins studied. This finding is in agreement with the work by
from what was observed in the field measurements. Mann [3] where he reported that the model overestimates
Figures 11 and 12, respectively, show estimatad and uw-coherence, and suggested that a more complex model where the
ww-coherence spectra from measurements for Bins A, B, and Cimltomogeneous rapid distortion thedilyee and Hun{24]) is in-
small and intermediate lateral separations compared with preditaded might provide better predictions for this cross-coherence.
tions based on the von iKman and Mann models. It is clear from The present study suggests that it might be important to model
Fig. 12 that theww-coherence spectra estimated from data do natv-coherence(e.g., by using the Mann modeWwhen simulating
approach unity at very low frequencies. In fact, at the intermediaitgflow to derive design loads for wind turbines, especially if addi-
separations of around 12—13 m, thes&-coherence function val- tional studies can confirm that incorporating this cross-coherence
ues fall below 0.3 at low frequencies. This is an obvious contraeuld lead to significant changes in turbine design loads.
diction with one of the Davenport model assumptions mentioned

earlier. This, in turn, suggests that extending the original Davep-C A Note on Atmospheric Stability. It is important to men-
port coherence model of Eq(5) (initially proposed for ion that the coherence spectrum for turbulence components of the

uu-coherence with vertical separation® use for other turbu- inflow depends to some degree on atmospheric stability conditions.
lence components, especially for the vertical turbulengeqom- 1 heoretical models(such as the isotropic von Kaen and the
ponent is clearly not suitable. When comparing the estimated Mann uniform shear coherence modedwailable in the literature
andww-coherence spectra frbm data with vonrkan and Mann &' usually derived based upon the assumption that neutral or stable
model predictions, it is observed that the Mann coherence mo r|nospheric conditions exist. Since there were a limited number of

predicts smaller coherence values compared with the voméa ata sets available for this particular study, we did not discard any
model for both turbulence components. More importantly, the e&f the measured wind speed time series, some of which might have

timated coherence spectra based on the LIST data sets appe associated with unstable conditions. The resulting mixture of
agree very well with the Mann model predictions over all separg2t@ Sets of different stability conditions may account for some of
tions and for all three bins studied e differences found between coherence spectra predicted by

empirical/theoretical models and estimates based on the measured
F Cross-coherence. Cross-coherence spectra based on twdata as discussed in this paper.

distinct turbulence componentsi(-, uw-, andvw-) recorded at
the same point in spadbere, the center of the rotor circle with a
height of 23 m were estimated and the results are summarized | .
Fig. 13. The figure shows no significant correlation between th Conclusions
along-wind (1) and the across-windv{ turbulence components In this study, we examined spatial statistics using the LIST pro-
nor between the across-wind)(and vertical (v) turbulence com- gram’s measured inflow turbulence by obtaining estimates of power
ponents in any of the three bins. This finding is consistent with tled coherence spectra using ten-minute segments of three compo-
isotropic von Kaman model. It is also consistent with the Mannnents of the wind velocity at several different locations. Coherence
uniform shear coherence model where the andvw-coherence spectra for different lateral and vertical separations were studied as
spectra are theoretically zero at all frequencies, due to the antiere cross-coherence spectra between distinct turbulent compo-
symmetric character of the velocity spectral tensor componemtsnts. Estimation errors associated with coherence spectra de-
®,, andd,; in these two models. This is different for the correscribed by bias, variance, and confidence intervals were also dis-

Bin A: Uy, =9-11m/s BinB: Upy,=11-13 m/s Bin C: Up,=15-17 m/s
10 10 10

2

Q

:

£

:

&) \\‘

\-’—\—--—\"\\.—\_

0.1 3 0. . 3 o 0.1 02 03
Frequency, Hz Frequency, Hz

Fig. 13 Estimates of cross-coherence spectra at the center of the rotor circle for the turbulence components taken two

at a time based on data from Bins A, B, and C, compared with the Mann uniform shear model. (The isotropic von Ka “rman
model predicts zero cross-coherences at all frequencies. )
1080 / Vol. 126, NOVEMBER 2004 Transactions of the ASME

Downloaded 08 Nov 2008 to 128.62.160.80. Redistribution subject to ASCE license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



cussed. Results obtained for the three different bins of datgpendix

defined in Table 2 allow us to make the following general conclu- ) o ]
sions: A Kaimal Spectrum Model for Longitudinal Wind Veloc-

_ _ ity Turbulence (Kaimal et al. [16]).
* The along-wind coherence spectra for both vertical and lat-

eral separations, when expressed in terms of reduced fre-

quency, decays faster with increasing separation. B 10507 (2/V)
« The Davenport model exponential decay parameter was Su(f)_[lJrgg(fz/U)]Sﬁ

found to depend on the separation distance. The assumption
that the inflow coherence spectrum approaches unity at zevberez is the height above the ground in metausg, is the shear
frequency is inconsistent with observed coherence spectra f&locity, u, ~0.4U/In(z'z), and z, is the surface roughness in
the across-wind and vertical turbulence components. Hendegters.
extending the Davenport coherence model hypotheses for use
with these turbulence components is not appropriate.

e The IEC modified exponential model predictions of the
along-wind coherence for small lateral and vertical separﬁ
tions matched the estimated coherence from data fairly well,

B The Isotropic von Karman Coherence Model for Lat-
ral Separations(von Karman [22]).

except at very low frequencies. There, this model predicts 1/6 1 2
lower coherence than was estimated from data. At large sepa-  y?(f )=[ {gg”GKS,G(g)— = YK 0) ]
rations and low frequencies, the IEC modified exponential I'(5/6) 2

model fails to describe the observed fast decay of coherence for along-wind turbulence component,

with reduced frequency.

Therelative coherence levels of the along-wind, across-wind,
and vertical turbulence components for the different lateral ) .
separations as estimated based on data were in accordance ¥ (f)= T(5/6) K0
with the von Kaman model. The different relative levels of

21/6

coherence found when considering vertical separations may 3(27fD/U)? 1w 2
indicate a lack of isotropy in the turbulence structure. 377+ 5(27TfD/U)25 Ke($)

« Using a required model parameter value as recommended by
the IEC standard, the von'iaan model generally overesti- for across-wind turbulence component,

mated coherence when compared to estimates from data. This
was found especially so when studying the coherences of the

across-wind and vertical turbulence components, but was also V2(f)= He K g £)
seen when studying the coherence of the along-wind turbu- I'(5/6) 56
lence component, and especially at large lateral separations. 2

e Overall, the Mann uniform shear coherence model based on 3(D/aL)

MK e £)

]2

for vertical turbulence component,

parameters fit with the Kaimal turbulence spectra appears to 3°+5(27fD/U)?
agree reasonably well with the estimated coherence spectra
from data for all three turbulence components although it did
underestimate the along-wind coherence for small lateral
separations. In particular, the Mann model predicts low- T(1/3)
frequency coherence better than other models studied, and thewhere ¢=27/(fD/U)%+ (0.12D/L)?, =
model does especially well compared to the vonrian \/;F(5/6)
model for across-wind and vertical coherence predictions. ) ) ) .
Estimated cross-coherence between the along-wind ahdS the isotropic turbulence integral scale=3.5A, A is the
across-wind turbulence components as well as between figoulence scale parametdEC/TC88 61400-1[5)), I'() is the
across-wind and vertical components is far less significaft@mma function, and,() is the modified Bessel function of
than that between the along-wind and vertical turbulendd9er?-

components. This cross-coherence cannot be predicted by tH&€ that in the isotropic model, the - andww-coherence func-
Islons depend on the separation direction while tivecoherence

isotropic von Kaman model since the influence of the shea . . Joret]
P nction does not. Thev-coherence for vertical separations is the

is not included in the model, while the Mann model generall thevw-coh for lateral i d vi
overpredicted the cross-coherence between the along-wirfg"€ @ tN&W-conerence for fateral separafions and vice versa.

and vertical turbulence components. C The Mann Uniform Shear Model (Mann [3]). The
Mann spectral tensor componends; (k;,k,,k3) are given by

E(ko)
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_ E(ko) ~ E(ko) 5 1o
Doy(ky Ko Kg) = m{*klszkl[k3+ﬁ(k)k1]§2 Doy(ky ko kg) = W[*kz[%*ﬁk)kﬂ*(kl*kz)(z]:

—kolks+ B(K)Ky 1Ly + (KE+K3) {145}

E(k . .
Do(ky Ky, kg) = %{_kl[kS"i' Bk, ]+ (K2+K2) ¢} and the Mann.cohe.renc.e spectrum for spatial separations normal
4mky to the along-wind direction is given by
|
+oo 4o 2
f f Djj(ky Ky, ka)e™ K2%2e ™ *a%3dk,dky
'Yﬁ(f ): + o0 + oo +oo + o0
f f q)ii(k11k2|k3)dk2dk3f f (Djj(kllk21k3)dk2dk3
[
wherei andj=1, 2, 3 for the along-wind, across-wind, and ver- [1=C;—(ky/k;)Cy,
tical turbulence components, respectivély, &,, d; are the non-
dimensional spatial separation vector components, definef| as £o=(ka/k1)C1+Cy,
=D;/l, kq,k,,ks are the nondimensional spatial wave numbers, 2002 12
defined ak;=2#fl/U, | is an isotropic scale parameter propor- c :'B(k)kl{kl+k2_k3[k3+ﬁ(k) kyl}
tional to the isotropic integral length scale . K2(k3+k3) :
k= \ICHIGT IS, ok ’< Bk KT+
ko= Vk2+ 2B(K)k ks + [ B(K K. 2, 2 (K K3) k3 —[ks+B(K)k;1B(K)ky )’

1.45%* o
E(k)=(1+T)l7,—, the nondimensional, von Kaan isotropic energy spectrum,
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