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ENCOUNTERED BY A ROTATING TURBINE BLADE

R.M. Hardesty, J.A. Korrell and F.F¥. Hall, Jr.
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ABSTRACT

A homodyne CO, lidar system beam was conically scanned arocund a hori-

2
zontal axis to measure the wind speed and turbulence characteristics encountered
by a rotating turbine blade. Turbulence spectra obtained from the scanning

lidar differed considerably from those calculated from fixed-point anemometer
measurements, showing a redistribution of energy from lower to higher frequencies.

The differences appeared more pronounced during periods when the atmosphere was

stable.

I. INTRODUCTION

Considerable attention has been focused recently on the use of large, hori-
zontal axis wind turbines for electric power generation. Mathematical models
are often used in the design of such turbines to predict blade loading and con-
trol system response under varying wind conditions. Of particular importance is
turbine performance during periods of turbulent wind fluctuations. Most models
congider fluctuations as discrete wind gusts occurring at some average rate with
a particular shape and duration. The fluctuations are assumed to act uniformly
over an entire rotor disk. Recently, Thresher et al.l and Holley et al.2 have
expanded the scope of turbine models to include turbulent wind fluctuations over
length scales smaller than that of the rotor disc diameter. By developing a
theoretical turbulence model, then combining it with an advanced horizontal-axis
turbine model predicting system response to such a stimulus, they concluded that
wind gradients across the rotor disc must be considered as a primary excitation

source for such systems.



The turbulence characterization work of Holley et al. is essentially mathe-
matical in nature. There is a need to evaluate sets of experimental data under
well measured atmospheric conditions for comparison with the theoretical results.
Verholek3 employed an array of stationary anemometers positioned at intervals
around the circumference of an imaginary horizontal-axis rotor disc 24 m in diam-—
eter. By sequentially sampling the anemometer outputs at a fixed rate, he effec-
tively measured, with the proper time and space relationship, the winds that would
be seen by the tip of a rotating turbine blade. Connell7 repeated this experiment
using a 50 m diameter array. Although this method samples the wind field in the
same sequence as a rotating blade, errors may be introduced because of the physical
presence of the anemometers and their supports, which produce perturbations in the
unobstructed wind flow. Incorporation of a remote sensing measurement technique
such as Doppler lidar enables the wind field to be measured to within 0.5 m s_l
over the lidar focal volume without the sensor disturbing the normal wind flow.

Better circumferential resolution is also obtained, although measurements are

volume-averaged rather than single-point measurements.

Doppler lidar methods for remote velocity measurements have been employed
in a number of applications.l"5 In laser anemometry optical radiation trans-
mitted by the laser is scattered from particles which move with the wind flow
in the scattering volume. The mean Doppler frequency shift Af of the scattered
radiation is proportional to the mean radial velocity of the aggregate of scat~

terers in the volume, as
<Af> = 2<V> (cos B)/ X (1

where V is the wind speed, A the wavelength, and 6 the angle subtended by the wind
direction and the optical system line of sight. Here the brackets denote ensemble

averaging.

In comparisons with stationary anemometers, lidar wind measurements have been
shown to give excellent agreement with respect to both correlation of the time
series and similarity of the power spectra.6 During this experiment we used a C02
homodyne lidar system and elevated rotating scanner to measure the wind that would
have been encountered by the tip of a rotating turbine blade. The objectives of

the work were to examine the feasibility and limitations of using scanned Doppler



lidar to gather wind data for input into turbine performance models, and to compare
the spectrum of turbulence measured during two-dimensional rotating scans with that
measured by a fixed-point anemometer. The experiment was performed under Inter-

agency Agreement DE-A106-80RL10236.

IT. EXPERIMENT

To obtain the desired measurement pattern, we irradiated an elevated rotat-
ing mirror with the transmitted infrared laser beam, as shown in the schematic of
Figure 1. The mirror and its shaft assembly were attached to the movable carriage
of the Boulder Atmospheric Observatory (BAO), a 300 m meteorological tower instru-
mented at eight levels with fast response wind and temperature sensors. By angling
the mirror slightly off of the perpendicular relative to the shaft, the lidar beam
was made to scan around the base of a horizontal-axis cone whose apex was at the
mirror. The transmit beam reflected off the mirror to the scattering volume, where
some of its energy was scattered back to the mirror from the atmospheric aerosols
and reflected back into the lidar receiver. Since our lidar operated CW for this
experiment we varied the range to the scattering volume by changing the focus of
the beam. With the carriage fixed at 40 m, and a mirror offset angle of 8.5°, we
focused at 70 m to produce a measurement disc 10 m in diameter. This geometry

corresponded to a relatively small elevated wind turbine.

The scanner is shown in more detail in the photograph of Figure 2. A torque
convertor geared down the motor output to produce a rotation rate of 30 rpm.
To simulate turbine performance effectively the wind measurement should be taken
with the horizontal scan axis approximately parallel to the mean wind vector.
Therefore the entire scanner was mounted on a circular plate which could be rotated
to compensate for changes in wind direction. During such adjustments the truck
containing the lidar system also was moved and realigned with the scan mirror. In
order to avoid measuring winds which had been disturbed by the BAO tower structure,
we restricted data collection to periods when the mean wind vector was oriented

from the scatterers toward the scanner.

The lidar system, contained in a camper shell fixed to the bed of a pickup

truck, employs a homodyne detection scheme for wind velocity measurement. A



portion of the energy from the 10 w, single longitudinal mode CO2 laser (A = 10.6 um)
is split off from the main transmit beam and used as the optical local oscillator
(LO) signal, which is mixed with the backscattered signal on the cooled HgCdTe
detector chip. The detector output current due to the backscattered signal has
amplitude proportional to the signal amplitude and frequency equal to the Doppler
shift of the backscattered signal. In a homodyne system the sign of the Doppler
frequency shift is not recovered; consequently the sign of the radial wind,

(i.e., blowing toward or away from the observer) was ambiguous for our measure-
ments. Since most of our data were taken with the system transmit/receive axis
oriented directly into the wind, the ambiguity did not pose a problem in data

interpretation.

An analog spectrum analyzer with a 100 kHz IF bandwidth was employed to analyze
the frequency characteristics of the backscattered signal. Every 100 ms a computer
sampled 1024 points of the spectrum analyzer output, plotted the data, and stored
it on magnetic tape. Figure 3 shows a typical digitized spectrum of the aerosol
backscatter signal. During analysis, we used the computer to calculate the fre-
quency and signal-to-noise ratio (SNR) of the received signal. If the SNR was
above a selectable threshold the data point was accepted as valid and included
in the analysis. The 100 ms sampling interval provided 20 wind measurements

around the imaginary rotor disc.

Although lidar wind measurements have been shown to compare closely with
those from anemometers, certain characteristics of the lidar method had to be con-
sidered during data analysis and interpretation. The lidar does not measure wind
at a point in space, but rather the mean wind over a scattering volume whose
diameter and depth increase with the distance to the focus. For this experiment
the scattering volume was a narrow cylinder with a diameter of 7 mm and depth of
3.2 m, Thus, some spatial filtering might be expected in the wind data for turbu-
lent eddies with spatial wavelength less than about 3 m. The geometry of the scan
configuration also introduced effects that would not exist in fixed-point anemom-
eter measurements. Since the lidar measures radial wind, the effect of the conical
scan geometry was to cross couple components of the vertical and transverse
wind into the measurement. We can illustrate this undesirable effect by calculat-

ing the radial wind measured by the lidar as the beam is scanned conically through



a spatially-varying wind field with linear velocity gradients along the three
dimensions. Although the linear gradient model does not sufficiently represent

a turbulent wind field, it can be used to show the effect of transverse and vertical
components on the wind measurement. Denoting the axial, transverse, and vertical

winds as u, v, and w respectively the measured radial wind r(6) is

2u ou

r{0) = cos ¢(uo + 5y R cos 6 + e R sin 0)
. v 2 v .
- sin <j)(vO cos O + 3y R cos” O + e R sin cos 6)
. . ow , ow , 2
- sin (b(wO sin 6 + 3y R cos O sin 6 + ~ R sin~ 6) , (2}

where Uss Vo, W are the wind components at the center of the scanned disc, R is
the radius of the disc, %, v and z denote distance in the axial, transverse and
vertical directions, ¢ is the cone angle, and 6 is the angle with the horizontal
made by a radial line from the center of the scan disc to the scattering volume
(see Figure 1). Equation 2 shows that non-zero components of transverse and ver-
tical winds and their gradients introduce energy into the first and second har-
monics of the measurements proportional to the sine of the cone angle. This illus~-
trates the need to keep the cone angle fairly small to limit the observations to
predominantly axial wind effects. During this experiment, the small cone angle of
8.5°, coupled with the fact that the axial wind component was usually at least 5

times the transverse component, allowed us to neglect the effects of crosswind.

The BAO tower not only provided an ideal support for the scanner mechanism,
but alsec supplied data used for comparison with the lidar measurements. Three-axis
sonic anemometers and platinum wire thermometers mounted at eight levels from 10
to 300 m and sampled at a rate of 10 Hz give the BAO a unique capability of mea-
suring the turbulent wind and temperature field. Additionally slower-response
instruments sampled at 1 Hz defined profiles of temperature, wind speed, and dew

point.

As part of the data analysis, we calculated the power spectra for the lidar
and tower data using a complex fast Fourier transform (FFT) algorithm. FEach lidar
run, lasting 20 minutes, resulted in one spectrum consisting of an average of ten

2-minute spectra. The FFT algorithm used the first 1024 points of each 2-minute



period containing 1200 points. Then the complex transform of the time series,
X(n), multiplied by its complex conjugate, X*(n), produced the power spectrum,

S(n); that is
S(n) = X(n) X*(n).

Averaging the resulting 512 periodogram points into logarithmically-sized frequency
bins smoothed each 2-minute spectrum, ten of which averaged together produced the
20~minute mean spectrum. Finally, as is standard meteorological practice, the
power spectral points were multiplied by their frequency and plotted vs. frequency

on a log~log scale.

Since the tower operated nearly continuously, we computed one-~hour spectra to
obtain a more statistically stable estimate of the turbulence field observed by the
lidar. Where possible, the one-hour spectrum was centered on the 20 minute lidar
spectrum. Spectra longer than 20 minutes are a composite of two spectra. The low
frequency end of the spectrum results from a 512 point FFT run on 10 s averaged
data, smoothed into frequency bins, and multiplied by frequency. The high fre-
quency end of the spectrum is the averaged 2 min spectra from the 10 Hz data cal-
culated as before. A region of overlap occurs near .025 Hz where agreement is very

good.,

III. RESULTS

Analysis of the wind measurement data from the lidar and fixed point anemometer
indicated that scanning alters the higher frequency (short term) characteristics of
the measurement spectrum. Figure 4 shows a 20-s time series record of the lidar-
measured wind and the corresponding wind measured by the fixed~point anemometer
at a height of 50 m. An obvious sinusoidal component appears in the lidar re—~
cord principally because of vertical shear of the radial wind across the scanning
disk. This component is not present in the fixed-anemometer measured time series.
The observed sine wave amplitude is seen to range from approximately .2 to
8 m s-l (peak-to-peak), with a mean amplitude of approximately 0.35 m s*l. The

shear corresponding to this value is slightly higher than the .026 s-l mean shear



calculated using measurements from the BAQ anemometer at 50 m and 220 m heights. A
slight discrepancy between the lidar and anemometer derived shear values should not
be unexpected considering the differences in measurement techniques and sensing

volumes.

Generally good longer—-term sensor comparability is indicated in a 20 minute
time series of the 1 s averaged winds measured by the lidar and the 50 m anemometer
(Fig. 5). These two data sets show reasonably good long term agreement, an observa-
tion that was borne out in the analysis by a coherence calculation, which showed
good correlation for frequencies below .01 Hz (100 s periocd). Lack of coherence at
higher frequencies probably resulted because of spatial separation between the two

sensors, as well as the difference in measurement technique.

The presence of a harmonic in the scanned lidar wind measurements is obvious
in the comparison of spectra calculated from four nearly-sequential time series for
the lidar-~ and anemometer measured winds (Figure 6). While the fixed-anemometer-
measured wind spectrum has the familiar f_5/3 roll-off over the inertial subrange
predicted by Kolmogorov turbulence theory, the harmonic component in the lidar
time series produces a large peak in the spectrum at the scanner rotation fre-
quency. We also see traces of higher order harmonics in the lidar spectrum which
are probably due to shears in the transverse component, as predicted by Eq. 2. In
addition to the harmonic effects, the spectrum of the lidar measurement shows a
pronounced reduction in energy relative to the fixed-point anemometer spectrum at
frequencies just below the rotational frequency. The two spectra seem to agree at
very low frequencies; however at some "cut-off" frequency the lidar spectrum rolls
off more sharply relative to that of the anemometer. This deviation increases with
higher frequencies up to fs, the scanning (rotational) frequency. Immediately
above fs, the lidar spectrum appears to have more energy at a given frequency than
the corresponding anemometer wind spectrum. This apparent redistribution of energy
from lower to higher frequencies was seen in Verholek's results obtained from an
anemometer array. More recently it was also pointed out by Connell using data from

a 50 m diameter array of anemometers.,

We see from figure 6 that the energy decrease at the midrange frequencies in
the lidar-measured turbulence spectrum appeared to become increasingly pronounced

during succeeding data runs. Examination of BAQO-measured wind speed, vertical



wind shear, and stability parameter z/L for each data set (Table 1) showed a
gradual increase in stability, along with a slight drop in wind speed, as the
measurements progressed. This tends to suggest some correlation; however more
data is needed before a conclusion can be reached. In interpreting the results
shown in Figure 6, it should be noted that at high frequencies, where turbulence
spectra typically are characterized by relatively low energies, the spectral
estimates are more susceptible to perturbation by noise in the velocity estimation
process. The apparent increase in spectral energy at frequencies greater than

5 Hz in the lidar spectrum may be at least partly a result of more noise in

that velocity measurement than in the corresponding anemometer measurement.

Iv, DISCUSSION

Our results, showing a decrease in spectral energy at mid-range frequencies
for a scanned wind measurement relative to a fixed-point wind measurement, agreed
closely with those of Verholek, who performed essentially the same measurement
using a circular array of anemometers 24 m in diameter and Connell, whose experi-
ment used a 50 m diameter anemometer array. Connell7 hypothesized that this ap-
parent redistribution of energy comes about from the rotor blade (or scanning
sensor) rapidly chopping across turbulent eddies of a scale size small enough that
the velocity varies significantly across the rotor disc diameter. He postulates
that shifting of energy generally occurs because the velocity of the rotor tip is
usually greater than the mean wind, hence the time required to scan across an
eddy or part of an eddy is reduced; and also because the mean eddy dimension Xe in
the direction transverse to the wind may be less than the mean dimension Xu
along the wind vector. Tor eddies significantly larger than the disc diameter, the

rotor simply spins inside the energy, producing no significant effect.

Spectra calculated from the lidar-measured winds show a substantial reduction
in spectral energy at frequencies as low as .001 Hz. If we assume frozen turbulence,
then this corresponds to a mean along-the~wind eddy dimension Xu of 500 m for our
measured mean wind speed of 5 m s*l. Although one might expect the mean transverse
eddy dimension XG to be smaller, especially under stable conditions, the fact that

some spectral redistribution is occurring for eddy sizes approximately 50 times



larger than the disc diameter indicates that some modification or extension of

Connell's hypothesis may be appropriate.

A rather heuristic explanation which appears to fit the data quite well is
to assume that sampling a turbulent field at the tip of a rotating blade has the
effect of introducing a phase modulation on a sinusoidal waveform. A basic principle
of Fourier analysis is that any spectrum may be represented as the sum of many
sinusoids at different frequencies, with power proportional to the spectral power
at a given frequency of the spectrum. Thus, assuming frozen turbulence we can
model the energy at a given frequency fX in the Eulerian fixed-point spectrum of
the axial wind sampled by the anemometer as being produced by a spatially sinu-

soidal wind field of wavelength Ax (Au in Comnell's notation) being propagated
O
past the sensor by the mean axial wind, where

X o= u/f (3)
X X

and u is the mean axial wind speed. Since our anemometer measurements sampled
the axial wind u(t) in a direction parallel to the mean wind, we can infer no
information on the transverse spatial characteristics of u(t) from the measured

x

time series.

In order to examine the effect of scanning the sensor, however ocur model
must include some information on these spatial characteristics. We again apply
Fourier analysis principles and invoke Taylor's hypothesis to model the three
dimensional wind field as a superposition of three~dimensionally varying sinusoidal

fields

N N N 21X 27 2z
ulx,y,z) = )} ) )} A, cos(i—~+i~l+~)—\~—+e..)
k=1 j=1 i=1 K x y 2 ijk
i 3 k
where AX . Ay , Xz are spatial wavelengths along the three system coordinates
i i k

and Aijk and aijk represent amplitude and phase of the three dimensional field

defined by the indices i,j, and k.



In our analysis we will analyze the differences between the spectrum obtained
by propagating a frozen wind field past a stationary sensor, and that measured by
a scanning sensor rotating in the same propagating field. We assume that the fixed
sensor is located at the coordinate system axis, while the scanning sensor revolves
around it. Then the waveform r(t) measured by a sensor in a frozen field is a

function of its position and the mean longitudinal wind speed u, i.e.,

r(t) = u( ut + xs(t), ys(t), zS(t))
N N N onl Qe+ x (0] 2my (0 2wz (0) (3)
=0 L 1 gy cos ) X 3 * 055
k=1 j=1 i=1 Xy yj Z4

where xs(t), ys(t), zs(t) are the coordinates of the sensor position at time t and

we assume v = w = 0. Note that positive u is defined in the opposite direction as

positive x.

In order to reduce the problem complexity, we analyze the field which pro-
duces spectral energy at a specific frequency fo when propagated past the stationary
sensor. This field is characterized by a single spatial frequency variation along
the x axis at wavelength XX , where

o]

_ 2mu
f=3 . (6)

X
[}

Fields with other spatial frequencies along the x-axis are neglected, since they do
not contribute energy to the stationary-sensor measured spectrum. The time series
of the wind measurement from a sensor sampling our single~frequency longitudinal

field is

N N 2m (ut + x (£)) 2wy () 2mz_(¢)
r(t) = } ) Ay 4 cos( 5 + + =5 +0, ) (7)
k=1 j=1 o’ X yj ) oJ

Equation (7) essentially includes in the analysis those eddies with charac-

teristic longitudinal size Ax and all possible vertical and transverse length
o
scales. This 1s the complete set of eddies that contribute to the Eulerian

spectral point at fO = %EE

o]

10



We will take our simplification one step further by considering only a single

3-dimensional sinusoidal field with transverse and vertical length scales Ay and
o

A, respectively. The measured time series from such a field is
z

27 (ut + x (0))  2my (v) 2wz (t)
cos( ) + + + ei ik J . (8)
0“0 O X v z o"0 ©
o] (o] O

Our single field approximation enables us to analyze the effect of scanning through
a field composed of arbitrary-sized eddies with uniform dimensions. We can set

the amplitude and phase terms to unity and zero, respectively, without changing

the fundamental principle of the analysis. Under these conditions, the measured

time series of wind for a stationary sensor at the origin is, from Equation (8),

r(t) = cos %ﬂi& . (9

X
o)

If the sensor is moving, the measured time series becomes

r(t) = cos(im’]t + AY) (10)
X
(0]

where

x (£)  y (t) =z (t)
Ay = 21 ( i + i + i ) (11)
XO yO 8]

is an additional phase modulation resulting from sensor motion across the eddies.

For a circular scan, in the y-z plane,

xs(t) =
ys(t) = R cos w t (12)
zs(t) = R sin w.t o,

where W, is the rotational velocity of the scanner and R is the scan disc radius.

11



Thus

2n

= 2T :
Ly(t) = X R cos w t + 3 R sin wr(t) (13)
v z
o o
and the sampled wind becomes
2Tt
r(e) = cos(i~“*'+ Ay(t))
X
o
_ 2mut | 2w 2m .
= cos(x + N R cos w_ + X--R sin wr(t)) (14)
%o Yo %

which is equivalent to a phase modulated wave

r(t) = cos {ZXUt + 27R(L/AE + 1/A§ y1/2
XO yO [0)

cos(wrt - 7m/4)} . (15)

This can be written as the sum of a fundamental plus a number of sidebands as

(ee]

r(t) = Z Jn(B) cos(wX t + nwrt) (16)

=00 Q

where Jn(B) is the Bessel function of the first kind and

B = 2mr(1/22 + 122 )2
yO ZO
wx =5 . (17)
[e) X

Examining Eq. 17, we see that as B increases JO(B) decreases and more and
more energy is transferred from the fundamental to the sidebands. The spacing
of the sidebands equals the rotation frequency, thus energy is transferred to
frequencies just slightly higher than the rotational frequency, which seems to
agree with our observations. Energy also is transferred to frequencies below the
rotational frequency because of the presence of the first sideband of the nega-
tive portion of the spectrum (the power spectrum of u(t), or any real signal, is

symmetric about zero). Since the value of the function JO(B) decreases appreciably

12



when 8 > 0.2, Equation (17) implies that eddies with smaller vertical and transverse
scale sizes cause more spectral energy redistribution when monitored with a scan-
ning sensor. The above analysis assumes a field of eddies of a uniform size. 1In
order to predict spectral redistribution in a more realistic atmosphere, we must

consider all eddy sizes, i.e.,

N N N o

2mu
r(e) = ) ) ) ZA (B,.,) cos ~——+nwt+9.} (18)
k=1 j=1 i=1 n=1 ijk n ijk Axi r ijk

1/2
where each sinusoid is phase modulated as a function of Bijk = ZWR( ; + ~%—> .

Ay' sz
The fixed point sampled waveform is, from Equation (7) J
EE Y a3
r(t) = _ A, cos{7— + 8 . (19)
i=1 k=1 j=1 ijk Ax ijk

i

Given information about the three-dimensional turbulence characteristics of
the atmosphere, we could use Equations (18) and (19) to predict the effect of
scanning on the measured power spectrum of r(t). Such a computation is beyond
the intended scope of this memorandum. As an illustration however, we can go
back to our single~eddy atmospheric model and compare the fixed-point and scanned
measurement power spectra at each point. Let our atmosphere consist of eddies
with identical scale sizes in each dimension, such that Ax = A = Xz . Then,

. v, .
. . i i i
for a fixed point measurement

N f 2n
r(t) = ] A, cos T f 8¢ (20)
|
while for a scanned measurement

ki)
r(t) = z Ai cos ‘)-\—;:- + 5\’}:" /i COS(wrt - Z‘) + ei} . (21)

N { 21U 27R
i i
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1f we let U = 5 m s*l, R = 5 m, as in the experiment, and assume the turbulence

spectrum is Kolmogorov, such that

Ai - f—5/3 ’
we can calculate the scanned and fixed-point measured spectra. Figure 7 shows

the results of these calculations using the zeroth and first order Bessel functions
in Equation (16). Even though we considered only a small fraction of the total
turbulence field, the calculated spectrum bears a remarkable resemblence to the
experimental measured spectrum of Fig. 6. This is not so surprising when one
congsiders that while most of the effect of scanning comes from the smaller eddies,
most of the energy is in the large eddies. Since for a Kolmogorov spectrum, the
spectral amplitude Ai‘

jk
effects of the large eddies will dominate. Inclusion of other eddy sizes in the

typically rolls off faster than Jn(Bijk)’ the
model will probably moderate some of the extreme excursions seen in Fig. 7.

The preceding hypothesis is strongly based on the concept that phase coherence
of the measured wind speed exists, at least in the mean sense, simultaneously over
all three dimensions of a turbulent eddy. There appears to be a scarcity of data
in the literature to either support or refute this assumption. In our analysis of
data from the BAO fixed anemometers, we found that the cospectra calculated from
the 22 and 50 m anemometer measurements showed a strong correlation out to fre~
quencies of .01 Hz, implying some vertical coherence of horizontal wind measure-
ments. The data taken from previous circular anemometer arrays, if still avail-

able, could be analyzed to gather more information on this matter.

The objectives of this experiment, those of demonstrating the concept and
accumulating a data set for a given geometric configuration, represented essentially
a first cut at the problem. Redoing the measurements at a variety of scan rates
and cone angles should provide more insight on the parameterization of the observed
effects. Certainly, additional anemometers displaced in the transverse direction
during the lidar measurements would address the validity of the phase modulation

model.

Throughout the course of these measurements we were periodically hampered by

long periods when the wind direction was such that the tower perturbed the mean

14



wind field enough to preclude gathering of good data. Additionally, frequent
periods of downslope westerly winds tended to be characterized by such low tur-
bidity that our sensitivity-limited system at times could not accurately measure
the backscattered signal. Consequently the data available for analysis, although
consistent, were limited. Since these measurements, the coherent lidar program
area has assembled a lidar system with 20-30 dB greater sensitivity which has the
capability to gather large amounts of data during virtually any type of conditions.

Such a system would be ideal for a more ambitious second stage of this experiment.

V. ACKNOWLEDGMENTS

We wish to acknowledge the excellent assistance of Chris Wylie in the scanner
design and data collection effort, and to thank Chandran Kaimal for his valuable
suggestions and comments regarding the observed spectral energy redistribution
in the scanned lidar wind measurements. Jim Connell provided the original stimulus

‘or conceiving and performing this investigation.

15



Table 1l.--Atmospheric Parameters Measured during Data Runs
Analyzed for Figure 6.

Run Time‘ " Mean z/L 22 m=50 m
Longitudiiil shear (m—l)
Wind (m s )

a 14041424 5.4 -0.5 ,012

b 14461506 4, ~-0.5 . 008

c 1540-1600 4,7 V0 .019

d 1610-1630 4.5 1.0 .026
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Schematic of Measurement Configuration Showing Pickup Camper-Mounted
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FIGURE 3. Digitized Analog Spectrum Analyzer Sweep Showing the Lidar-Measured
Wind Signal (Arrow) at 0.225 MHz. Large spectral values of frequencies
below 0.1 MHz result from spectrum analyzer DC artifact.
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ments (Broken Line) and Lidar Measurements (Solid Line). The alpha-
betic labels refer to the description of parameters in Table 1.
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FIGURE 7. Theoretical Spectrum of Turbulence for Typical Fixed-Point (Solid
Line) and Rotationally Scanned (Dashed Line) Wind Measurements. The
fixed~point spectrum has £5/3 slope characteristic of Kolmogorov
turbulence. The rotationally scanned spectrum was calculated
assuming phase correlation across turbulent eddies.
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