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SUMMARY

This report describes the characteristics of a wake of the MOD-0A1 wind
turbine at Clayton, New Mexico. The single-case study is drawn from a group
of wake cases measured with a set of 18 anemometers arranged in a vertical
plane array (VPA) normal to the mean wind at a distance of two rotor diameters
from the turbine.(a) In addition, references for a few mathematical models of
wakes of turbines are cited along with several fluid laboratory simulations of
turbine wakes as the main guides to the properties of full-scale wind turbine
wakes. Two reports of wake measurements for small turbines in the atmosphere
are found to have the most useful if meager information available for testing
the simulations and models.

The terrain at the measurement site is quite uniform and has a roughness
length, Zg of about 2 ¢cm. The measurements analyzed for this report were
made on December 3, 1981 in a neutrally stable wind whose speed at hub height
was about 10.7 ms']. The turbine operated at just below its rated power
(200 kW). The wind speed, turbulence and wind direction were quite stationary
during the 4.27 minute study period. The wind velocities were sampled at all

anemometers on the array once every 0.25 second.

Several features of the wake at a distance of two rotor diameters from
the turbine (x/D = 2) were studied., These features, as seen at the vertical

plane orthogonal to the axis of the VPA (i.e., the nominal axis of the wake)
were:

1. mean wind speed profiles;
2. turbulence intensity and integral length scale profiles;

3. spectra of turbulence at the fixed anemometer locations and the rotation-

ally sampled spectrum as a second turbine in the wake of the first one
would experience it;

(a) These measurements were a secondary (opposite-wind-direction) part
of a larger program to correlate the wind at the VPA with the turbine
response to the wind. Several more reports will follow this one to
describe the MOD-0A1 wake under different wind speed and atmospheric
static stability conditions.
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4, inferred induction factor, rotor efficiency and power coefficient of the

turbine;

5. the two-dimensional crosswind planar distribution of the wake wind
Speed;

6. the average axial rate of reenergizing of the wake from x/D = 0 to
x/D = 2 and a comparison of the measured wake properties with those
indicated by the simple models of Lissaman et al. (1982) and Eberle
(1981).

The following properties of the wake were observed. Rotor blade vortices
were well mixed into the wake turbulence and were not separately detectable at
x/D = 2. Wake swirl about the along-wind axis had a value not greater than
0.025 rad s~ .
x/D = 2 unless otherwise stated.) The maximum axial wind speed deficit was

AU/U_ = 0.25.

(Note: A1l wake characteristics described herein are for

The axial induction factor, a, calculated using measured winds and one-
dimensional momentum theory had a value of a = 0.13 at u_=10.7 ms_]. The
1

NASA aerodynamic model of the MOD-0A1 gave a value of a = 0.13 for u, =10 ms .

Extra turbulence energy existed in the edge of the wake at a frequency of
about n = 0.025 Hz. This peak of extra turbulence energy existed throughout
the wake but diminished toward the center. Spectral peaks at n = 0.25 Hz and
0.50 Hz, equivalent to wavelengths of A = 1 D and 0.5 D, occurred particularly
on the left side of the wake. The wake turbulence integrated over all frequen-
cies was only slightly more energetic than the ambient turbulence. The time

integral scale of turbulence in the wake was significantly larger than is
expected for the ambient flow.

The cross-wake plane analyses of wind speeds revealed a nearly circular
inner portion and a strongly elliptical outer portion. The major axis of the
elliptical portion was horizontal. The ratio of the lengths of the major and
minor axes was 1.6 based upon the shape of the velocity deficit 1ine for AU/U_ = 0.01.
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An estimate of the average rate of reenergizing of the wake, using measure-

ments of mean wind energy flow and turbine power, suggests that entrainment
with ambient air was rapid. The average rate of reenergizing between the
turbine and the vertical plane array at x/D = 2 was estimated to be about

700 kW per rotor diameter distance downstream. This is as much energy as
flowed through the upstream projection of the rotor disc. If that average
rate continued, the wake would have been substantially reenergized at a down-
wind distance of x/D = 5.5. At x/D = 2 the power ratio had a magnitude P/P_ =

Some wake characteristics observed on December 3, 1981 were compared with
the corresponding ones for several simple wake models (e.g., Lissaman et al.
1982 and Eberle 1981). The models include mixing of ambient air into a wake
or an equivalent coaxial jet. The shapes of the vertical and horizontal

0.6.

profiles of mean wind speed are all very similar. However, the new measurements

at x/D = 2 match up best with the Eberle model for x/D > 5. The rate of
spread of the wake is in fair agreement with the models of far wake horizontal
spread. Agreement for other properties from theoretical or fluid laboratory
simulations was weaker,

Many of the comparisons between the MOD-0A1 wake measurements and the
simple models of wakes are made in Table 1 (see Section 8).

It is concluded that the MOD-0A1 turbine wake entered into a far wake
condition rapidly on December 3, 1981. The turbine was at near-rated power
and was operating in a neutrally-layered atmospheric boundary layer. The
microscale wind properties of the wake that would affect fatigue and power
performance of a second MOD-0A turbine in the wake of the first one suggest

that turbines might be successfully operated closer together than was previously

thought to be efficient or safe.

Additional modeling and field measurements of wakes are required to
substantially improve the understanding of turbine wakes. The complexity of
wakes in the atmospheric boundary layer and the difficulty but possibility of
measuring them has been demonstrated. Specializing wake models for use in

turbine and turbine array design mayArequire a few well chosen and well measured



wind properties of wakes for each distinctly different type of turbine and
lTocation. Accurate modeling of wake conditions in complex terrain will require
great skill in measurement and analysis. However, these same complexities may
mean that wakes will not be as much of a problem as has been previously thought
for turbines downwind of other turbines in complex terrain.
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Vertical plane array
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wind, (orthogonal to U and V)
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z Roughness length for the logarithmic expression for wind

0 speed as a function of height
AU Axial wind speed deficit at the axis of the wake at arbi-
trary distance from the turbine, AU = UO—Uoo
AU/U_ Nondimensional wake deficit
A Wavelength of a turbulent eddy (or wind speed fluctuation)
9% Root-mean-square value of axial wind speed fluctuations
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THE WAKE OF THE MOD-OA1 WIND TURBINE AT
TWO ROTOR DIAMETERS DOWNWIND ON DECEMBER 3, 1981

J. R. Connell and R. L. George
Pacific Northwest Laboratory

1. INTRODUCTION AND BACKGROUND DISCUSSION

Utilization of wind turbines in arrays for wind farms, as well as some
aspects of aerodynamic modeling and design of wind turbines, requires detailed
knowledge about the characteristics of turbine wakes. Up to the present time
the wind energy community has had the benefit of several mathematically stated
models of the geometry of a horizontal-axis turbine wake in a simplified
boundary layer (Lissaman 1979; Sforza et al. 1979; Wilson et al. 1976; Crafoord
1979; and Eberle 1981). In addition, wind tunnel modeling of single turbine
wakes has provided insight into the distribution of mean wind speed and turbu-
Tence intensity throughout the wake (Builtjes 1979; Vermeulen 1978; Boschloo
19775 Blackwell and Sheldahl 1977; and others). The physical models of turbines
have varied from a porous disk or grid to scaled-down rotor models. It is
important for the present purpose only to note that there are limitations in
all of the existing models related to scaling, modeling of the interaction
between the wind and the turbine and modeling of the turbine layer of the
atmosphere.

Several notable attempts to measure the properties of wakes of full-scale
operating wind turbines have been made in what we will call field studies.
Vertical profiles of 4-hour averages of 10-minute grab samples in the wake of
a horizontal-axis wind turbine (HAWT) at Kalbregnen, Sweden, have been reported
by Faxen (1978). The two-bladed turbine, with an 18 m blade diameter, was
rated at 63 kW. Two 42-m meteorological towers were set at 5.6 diameters
(about 100 m) from the turbine, one upwind and one downwind. Anemometers were
placed on the towers at 7 m and at each increment of 7 m up to 42 m above the
ground. There was no anemometer at hub height, z = 24 m. The terrain was



irreqular and the towers were placed within 20 m of the edge of a dense forest.
The resulting mean wind profiles are shown in Figure 1 for two wind speeds.

The data do not collapse into a single case when normalized by mean wind speed

or power density or power output of the turbine. The deficit is unsymmetric.

Many factors of the field measurement design may be cited as increasing the
uncertainty of the study, but it appears that a substantial maximum speed

deficit (AU/U_ = 0.1 and 0.25 in the two cases shown) existed at 5.6 diameters (D)
from the turbine,

TRANSVERSE VERTICAL WAKE PROFILES
(FAXEN 1978)

0.5

(z-2,,)/D

0.5

AU/IU

FIGURE 1. Nondimensional plot of vertical profiles of wind speed deficit at
the nominal center plane of the wake of an 18-m diameter, 2-bladed
HAWT at_x/D = 5.5. Symbols: O Us =6.9ms"1, P =16 kW; O Uy =
8.2 ms=1, P = 35 kW. (Adapted from Faxen 1978).

Vermeulen et al. (1979) studied the wake properties of a 5-m Darrieus
turbine at distances downwind from 1.6 D to 7 D. Both mean wind and turbulence

intensities were measured. Asymmetry and nonsteadiness of the wake were



observed. The far wake was reasonably well described. The wake deficit at
x/D = 3 along the axis of the mean wake was about (AU/U_) = 0.25, which is
about what Faxen observed at x/D = 5.6.

One additional field measurement program has successfully produced‘data
about HAWT wakes and is considered here. Hansen (1980) at the Rocky Flats
plant measured wakes of a three-bladed HAWT, with a 4-m blade diameter, in
Jow-turbulence and negligible wind shear conditions. At x/D = 1.85 the wake
deficit was on average about AU/U_ = 0.7 and at x/D = 5.1, AU/U_ = 0.5. The
U_ was about 9 ms"1, which corresponds to a peak value of Cp. The wake extended
beyond 14 diameters downwind. The width of the wake was 2Y/D = 1.8 at x/D = 3
and 2Y/D = 2.8 at x/D = 11. The measurements were made with all systems
moving through calm air using a railroad flatcar. The lateral profile was
obtained by changing the location of the two anemometers between individual
data runs and compositing all data onto one graph. The resulting profiles are
somewhat irregular and unsymmetric and the data show considerable scatter.

The data for x/D = 1.85 are reinterpreted in Figure 2, using the fact that the
scattered data points have a sharply defined boundary. Wakes are not always
steady. It is possible that the length of the potential core changed during
the set of measurements that were composited. The wake deficit at x/D = 1.85
appeared to be in the range of (U-U_)/U_ = 0.6 to 0.82.

Figure 3 shows the nondimensional wake deficit, AU/U_, as a function of
free stream velocity, U_. There was no wind shear in Hansen's study. It is
interesting to note that an apparent maximum wake deficit occurred at a value
of U_=7.3 ms™!. The magnitude of the maximum deficit is AU/U_ = 2/3. Thus
UO/Uw = 1/3 which is the value expected at the Betz 1imit condition on U0 as
shown for the actuator disc by Wilson et al. (1976). This leads one to suppose
that proportionately more energy of the wake is in turbulence and swirl of the

wake at U, =17.3 ms~ ' than at U, = 9.1 ms'], which corresponds to the maximum
Cp of the turbine.

It is tempting to consider the impact of the balance between efficiency
of the turbine in extraction of wind energy and the rate of recovery of wake
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FIGURE 2. Nondimensional plot of horizontal cross-wake profile wind speed
deficit at the nominal horizontal center ?1ane of a 4-m diameter,
3-bladed HAWT at x/D = 1.85, U_ = 9.1 ms=!. (Adapted from Hansen
1980, Figure 10).
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FIGURE 3. Nondimersional wind speed deficit at x/D = 2.85, in the wake described
in Figure 2, as a function of free-stream wind speed, U.. (Adapted

from Hansen 1980, Figure 10).



energy as it applies to arrays of wind turbines. One needs to know whether
the profile of wake wind speed can be known accurately enough to permit an
optimization of these two factors. Wake studies are required for this purpose.

The present report describes the measured characteristics of a wake from
the MOD-0A1 at Clayton, New Mexico, using 18 anemometers on the seven-tower
VPA. A single case study of a wake is presented to provide an example of the
nature of the wake of a 38-m diameter wind turbine, to show the kinds of
analysis that are possible, and to indicate the possibilities and limitations
for field study of wakes of real large wind turbines. The limitations and
capabilities of some simple models of wakes are also shown.



2. THE FIELD STUDY CONDITIONS

The Tocation of the anemometers relative to the MOD-OAT wind turbine when
the turbine nacelle axis passes through the center of the seven-tower VPA
2 diameters downwind of the rotor is shown in Figure 4. The wake is analyzed
primarily using anemometers 8, 1, 2, 14 on tower D for vertical profiles and
anemometers 11, 15, 16, 1, 17, 18, and 5 at hub height for the horizontal
profiles. Each anemometer measures the axial wind velocity component and the
horizontal and vertical cross-axis components. The length constant, represent-
ing anemometer response to fluctuations in wind speed, is 3 m. Smaller spatial
variations of wind velocity are not measured accurately, although, if intense
enough, they may be sensed by the anemometers.

A 17-minute segment of a Tonger record of wind velocity and turbine
parameter measurements starting at 1005 MST on December 3, 1981, was selected
for finding a suitably steady wake condition. The temperature layering was
(buoyantly) neutral, Graphs of wind speed and turbine parameter values as a
function of time throughout the 17-minute period are shown in Figure 5. In
order to reduce the number of unwanted varying wind parameters, two subsegments
of the total time period with particularly steady turbulence were selected at
0 to 4.27 minutes and 7.5 to 12 minutes. Of these two periods, the first one
(period Ia) was selected for the present analysis as being the most steady.
During this period, the wake was most symmetrically impinging upon the vertical
plane array of anemometers. The turbine was very close to rated power (200 kW)
during most of period la. Figure 6 contains plots of axial wind speeds at the
array and turbine parameters versus time for period la.

The average values of the components of wind velocity at all points on
the VPA for period Ia are shown in Figure 7. Estimates of average values of
selected MOD-0A1 parameters are shown at the bottom of Figure 7. The U-direction
wind speeds in the array-like plot indicate that the wake impinged nearly
symmetrically upon the anemometer array. Typical hub-height axial wind speed
spectra in the wake at the VPA are shown in Figure 8. These spectra do not
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VERTICAL PLANE ARRAY VELOCITY COMPONENTS FOR 4.27 MINUTES
OR 1024 DATA POINTS ENDING AT 4.26 MINUTES

U-DIRECTION, m/s WIND SPEED, m/s
-11.85 12.14
~10.76 10.82
-10.44 ’ -10.17 . 10.55 10.21
-10.54 -9.84 10.67 9.90
-9.72 -10.06 - 8.89 - 8.05 ~-9.00 -9.46 -9.71 9.75 8.11 9.77
-~ 9.25 -9.20 9.30 ) 9.20
- 8.79 - 8.38 8. 86 8.38
- 8.33 8.35

RESULTANT WINDS

V-DIRECTION, m/s DEGREE FROM NORTH
- 2.63 12.47
- 1.16 18.85
- 1.55 - 0.90 16.58 19.93
- 1.70 -1.06 15.83 18.88
-0.70 - 1.22 -0.92 -1.04 -1.10 -0.18 -1.10 20.86 17.62 18.56
- 0.90 -0.23 19. 44 23.59
-1 - 0.17 17.81 23.86
- 0.61 20.79
TURBULENCE
VERTICAL, m/s 7,-SIGMA OF U COMP., m/s
0.94 1.83
0.16 2.31
0.27 - 0.08 1.89 2.35
0.43 -0.17 1.74 2.21
-0, 01 0.34 -0.01 1.75 1.62 1.97
0.36 -0.01 1.58 1.59
0.00 - 0.16 1.30 1.45
0.64 1.41

AVERAGE VALUES OF MOD-OA PARAMETERS
(NO ACCURATE CALIBRATION)

CHORDWISE BENDING MOMENT POWER =192.34 kW

AT STATION 40 = 0.881x105 ft b

FLATWISE BENDING MOMENT NACELLE DIRECTION = 17,11 deg
AT STATION 40 = 1.52x105 ft Ib

BLADE PITCH = -4.87 deg NACELLE YAW ERROR = -3,41 deg
ROTOR RPM = 41,32 NACELLE WIND SPEED = 9.81 m/s

FIGURE 7. Average wind velocity components, the rms of axial turbulence and
turbine parameters over period la. The wind values measured from
the array are plotted in a slightly distorted (diamond) representa-
tion of the VPA ring geometry.
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show the full magnitude of the existing smail-scale turbulence but should
indicate the existence of a significant energy peak if the tip vortex impinged
upon the anemometer during the whole period. No such peaks are indicated in
the figure.

The VPA was designed primarily to measure wind throughout the plane when
the wind was blowing from the array to the turbine. Thus the anemometers were
placed on booms which extend from the seven towers in a direction away from
the turbine. When a turbine wake exists at the VPA then it might be assumed
that the array anemometers also are affected by the wakes of the towers which
support them. It can be shown that, in the present study, there is not a
significant error in the measurements. Figure 9 shows that the anemometer
booms were oriented 40° to the west of the direction of the normal to the VPA.
Further, the boom tips and anemometers are 4.5 tower widths (W) from the "
tower. That these conditions lead to a minimal error in measurements of
turbine wakes whose axes are through or to the east of the center of the VPA
is evident from the pliots of tower effects on wind measurement shown in Figure 10,
which is adapted from Gi1l et al. (1967). The lower polar diagram has a tower ¢
of the shape that corresponds to the anemometer and tower configuration used
in the VPA. The upper polar diagram gives the magnitudes of the observed-
speed factor for boom lengths 2 and 4 W. It should be noted that these curves
are said to be characteristic and to permit reasonably accurate interpolations
between them. Since it has not yet been possible to calibrate the VPA towers
for their influence by making the needed measurements, previously published
data must be used to estimate the errors introduced. Considering the diagrams
in Figure 10 and the fluctuating nature of the turbine wake wind, it appears
that the required correction will be sometimes negative and sometimes positive
and probably never more than 5% for the direction of the wake encountered in
the present study and the length of boom used.

We therefore assume that the errors in 4.27-minute average wind speeds
are negligible. At any rate they are likely to be of similar sign and magnitude
at all anemometers so that errors in the shape of the measured wake profiles

14

#



BOOM

TOWER

oy -

< - MEAN WIND
k W DIRECTION TURBINE

ANEMOMETER

R

SY3IMOL 40 ININ

FIGURE 9. Map view of the location of each individual anemometer propeller
relative to its support tower and to the wind turbine and wind
direction for a turbine wake case.
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will be smaller. The effect of the 0.5 m diameter towers on the estimated
spectra of turbulence will be minor since the propeller anemometers respond
only weakly to turbulence lengths of 3 m and less. The characteristic length
of turbulence generated by the anemometer tower is 0.5 m or less.
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3. WAKE MEAN AXIAL WIND AT X/D =2

At hub height, 30.4 m above the ground, there are seven anemometer loca-
tions across the wake. The map in Figure 11a shows that, on the average, the
wind turbine axis points 7° to the tower A side of the center of the tower
array. The wind at the center (labeled D) tower also has a 7° cross-axis
direction on the average. This is approximately true at tower A, but at
tower G the wind direction is 4.1°. This suggests a half-angle spread rate
for wind in the wake of from about 1° to 3°. Similar computations at the top
and bottom anemometers of the center tower suggest an upward movement of air
at an angle of 4.4°. The average half angle of horizontal lateral spread of
the wake from the turbine to the VPA may be estimated by considering the wind
profile in Figure 11b., The 95% recovery of wind speed in the tail of the
profile occurs at a radius of 32 m. The angle of spread from the rotor disc
edge to this radius in the wake at x/D = 2 (the half angle for a symmetric
wake) is 9.6°. A 4° half angle of spread is calculated using the radius to
the 75% recovery wind speed in the tail of the profile to define the edge of
the wake.

Figure 12 contains the vertical profile of wake wind at the center tower.
The 95% recovery in the vertical profile is at an average radius of 24 m,
resulting in a half angle of spread of 3.7°. There is much less angular
difference between the 95% and 75% edges in the vertical profile than in the
horizontal profile.

The mean values of cross-axis components of the wind, V and W, are distrib-
uted across the array in a pattern of values that is consistent with the
existence of rotor-induced swirl in the wake. The plots in Figure 7 are such
that the viewer is looking into the direction from which the wind blows
(i.e., the viewer is standing in the wake looking at the turbine and VPA).

The turbine rotor would appear to be turning counter-clockwise. An examination
of the array of vertical velocity values reveals that the wind in the wake
moves upward on the left side and downward on the right side. This is equiva-
lent to a clockwise swirl, In the vertical direction the variation of V is
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FIGURE 11. a) Horizontal geometry and mean wind speeds for the turbine and wake
measurements at the VPA. Note the 7° displacement of the turbine
from the array axis. b) Cross-wake horizontal profile of mean wind
speed of the wake of the MOD-0Al at x/D = 2.
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also consistent with clockwise swirl of about the same magnitude. The maximum
swirl rotation rate at a radius of 19 m was measured to be about 0.025 rad s'].

The maximum wake deficit at x/D = 2 was 2.7 ms'].

sjonal deficit is

The resulting nondimen-

The turbulence characteristics of the wake are described in the next
section.
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4. TURBULENCE IN THE WAKE AT X/D = 2

An examination of spectra of turbulence measured at each point of the
vertical plane array is instructive about the character of the wake. Figure 13
contains spectra measured for the seven locations at hub height and three ‘
additional Tocations on the center tower (D) of the array. The spectral plots
are placed approximately at the positions of the corresponding anemometers on
a drawing of the array. However, the spectrum from the 61 m location on
tower D above the disk of rotation is placed unsymmetrically in the figure.

The spectrum for the U component of wind is plotted as a solid line at each
location. At the outer ring, which represents the path of the rotor tips, the
vertical velocity spectra are included as dashed lines. A1l three wind-
component spectra are shown at the central location and the 61 m, tower D
(anemometer 14) location, Refer back to Figure 8 and recall that the spectral
slope at frequencies greater than n = 0.7 Hz is not accurate due to the large
anemometer length (or time) constant. Inspection of the axial wind speed
spectra (solid 1ines) in Figure 13 reveals that the spectral maxima are greatest
at the edge of the wake (UZ’ U5, U8 and U]]). These peaks diminish in magnitude
in a reqular way toward the center of the array (U]). The anemometer at
position 14 on the top of the center tower is apparently outside the edge of

the wake since its U spectrum peak, shown in the upper right hand graph in
Figure 13, is also Tow, Also U8 appears to be only slightly within the bottom
of the wake.

Two other spectral features appear to be related to the wake. One is

the appearance, in the left wake edge particularly, of peaks at about n = 0.25 Hz
and 0.5 Hz (see arrows for U]7). At a wind speed of 10 ms™1 this implies a
Tength scale of 40 and 20 m, or about 1 D and 0.5 D. A second feature is the
u-spectral spike at about n = 0.025 Hz. This appears at all locations in the
disk of the VPA but not at the 61 m location above the circle (anemometer 14).
This peak is consistently higher at the four ring locations (closest to the

edge of the wake) and diminishes toward the middle of the wake. Using the
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advection calculation, as done for the higher frequency peaks, a length scale
of 400 m is indicated. This probably represents a meandering of wake direction
with a period of about 40 seconds or some oscillation of the wake, either
axially or laterally (which may not have the length scale indicated, but only
the time scale).

It appears that the spectral analyses of wake winds detect several rotor-
scale eddies at about 0.25 and 0.5 Hz or length scales of 1.0 and 0.5 D.
Further, a possible oscillation in the wake on a larger scale is indicated.
The principal author has observed building wake bubbles to extend and contract
with similar time scales.

One might expect to find some indication of tip vortices at the edge of
the wake by peaks in the spectra at n = 0.67 Hz (1 P) and at n = 1.33 Hz
(2 P). There are only hints of such peaks at the edges of the wake at anemom-
eters 2, 5 and 8 and possibly at 1, 16, 15 and 11. These data have been
averaged to give eight spectral points per decade of frequency, which will
smooth out narrow spikes. To assure that we do not overinterpret the data
consider the spectrum in Figure 14a. This is for U at position 1 in a nonwake
case. No hints of spikes are in evidence in the 1 P or 2 P frequency locations.
The spectrum was recalculated in two high frequency regions without the spectral
smoother applied and plotted on linear scales. This fine-resolution spectral
plot in Figure 14b shows no strong single spectral peaks at frequencies corre-
sponding to 1 P and 2 P revolutions, The conclusion drawn is that no tip
vortex is detectable spectrally at a distance x/D = 2 downwind from the turbine.
The reason may be better understood by examination of a photograph of smoke
tracing the tip vortex motion in the near wake of the MOD-0 turbine (Figure 15).
The essential point here is that the tip vortex breaks down into broader band
turbulence within one to two rotor radii downwind of the rotor in the turbulent
boundary layer.

One aspect of the problem of turbine-turbine interaction is the turbulence
experienced by a second turbine in the wake of the first one. It has been
shown by the principal author that the spectrum of turbulence seen by a rotating
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FIGURE 14. Spectral assessment of the existence of a tip vortex at x/D = 2:
a) spectrum of axial wind speed at hub height for a nonwake case;
b) spectrum of the same component of wind on the left edge of the
wake at hub height. (The data in the gap of spectrum (b) is not
plotted since it is far from the 1P and 2P regions. No vortex
peaks appear in spectrum (b).)
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blade is properly estimated from a rotationally sampled time series of wind
speed (Connell 1981). The rotationally sampled wind has been derived from VPA
data for the present wake case and the resulting spectrum is shown in Figure 16a
on a logarithmic graph. Although no corresponding rotational spectrum from
the upwind free stream was measured, it appears that the spectrum is not
radically different in the wake than might be expected away from the wake.

Any differences are most likely to be found in the details of the spectral
spikes at frequencies near or above n = 0.67 Hz (1 P). Figure 16b shows the
fine resolution form of the spectrum for this high frequency region on a

linear plot. The spikes corresponding to 1 P, 2 P and 3 P rotation frequencies
are seen to be about 0.2 Hz wide for the 4.27 minute period of measurement.

The peak energy density is quite large. A nonrotational spectrum plotted on
the same linear graph would appear as a spike near the zero value on this
graph.

Crosswind horizontal and vertical profiles of turbulence energy and
integral time scales in vertical and horizontal planes passing through the
axis from the turbine hub to the VPA center anemometer are plotted in Figure 17.
The integral time scale is a measure of the periodicity of the largest turbulent
eddies passing a fixed point. The standard deviation of the axial wind speed
fluctuations measured at fixed points is plotted as the measure of turbulence
energy.

The horizontal profile of the root-mean-square (rms) value of axial wind
speed fluctuations, g, shows a maximum at the wake edge and a deficit relative

to the wake edge, 2o, of 0.5 ms™ .

The profile shape suggests an asymmetry

in turbulence mixing and generation in the wake. The intensity of turbulence,
o/U, is in the range 0.2 to 0.15. Integral time scales of the axial turbulence
were computed from autocorrelations. The time scales are a bit Targe to be

for the ambient atmospheric boundary layer at 30.4 m above the ground. The
largest scales are observed in the central region of the wake; the smaller
scales are observed in the edges of the wake. The integral scale profile
appears to be more symmetric about the nacelle center line than do the V, W

and 9, profiles,
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contains the crosswind horizontal profiles through the center of

the VPA.
center of the VPA.
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The vertical profile qf 9%, suggests rather uniform turbulence energy
except for an increase near the top edge of the wake. As in the horizontal
profile, the integral time scale is distributed more symmetrically about the
nominal wake axis than are the other variables. The maximum time scale is at
the center of the profile and the minima are at the wake edges. The values of
the integral time scale at the top of the vertical profile appear to be more
in 1ine with those expected at that height in a natural boundary layer. The
other values are large. They may reflect the meandering of the wake axis or
variation of the length of the wake "potential core". Both of these phenomena
have been observed by the principal author in field studies of wakes of buildings.

Using the time average characteristics of the turbulence displayed in
Figure 17 as indicators of the width of the wake, about a 3° average haif
angle of spread is indicated. Perhaps the most certain conclusion is that
turbulence in the wake appears to have been slightly more energetic than in
the nonwake boundary layer. The time scales and possibly the length scales of
turbulence were increased. This may not have a great impact upon stress on a
second wind turbine placed in the wake.
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5. COMPUTATION OF INDUCTION FACTOR IN THE WIND SPEED, ROTOR EFFICIENCY
AND POWER COEFFICIENT USING WAKE DATA

The axial induction, or better, reduction, factor, a, in the wind speed
for the average wake over the 4.27-minute period is estimated as follows
(Wilson et al. 1976):

y oo Wake) 478,05
7T 7x10.7 - 013

where it is assumed that the maximum speed deficit of the wake at x/D = 2 is
equal to the wake wind speed minimum at the point of pressure recovery. The
efficiency, E, of the blades may be estimated as follows. Again, momentum
theory assumptions are used.

E = P >
- 2
172 p Uw AUrotor
where Urotor = Uw-an.
Then E=4a(1-a) = 0.46 .
c ?—P—-3—= 4a(1-2)% = E(1-a) .
P 1/2m00?
Th C_=0. .
en b 0.40

The model MOD-0A reduction factor provided the author by T. Richards at NASA/LeRC
has a value of a = 0.13 at u,=10 ms']. This compares with the present
estimated value of a = 0.13 at U_ = 10.7 ms™ 1.
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6. A TWO-DIMENSIONAL DESCRIPTION OF THE WAKE

The VPA measurements make possible an estimate of the distribution of
wind properties throughout the plane of the cross section at x/D =‘2. A plot
of values of wind deficit, (U_-U), using the complete set of anemometry loca-
tions on the VPA, is shown in Figure 18a. U_ is the upstream wind axial speed
at the height of the wake wind speed value U. The solid lines represent
estimated lines of constant deficit of different magnitudes. They delineate
the cross-section shape of the wake. The deficits modified to include the
extrapolated profile data, and nondimensionalized in the form (Um-U)/Uw, are
shown in Figure 18b. The wake is seen to spread more widely in the horizontal
direction than in the vertical in the outer portions of the wake. The wake is
about circularly symmetrical in the inner portions of the cross section at
x/D = 2.

The flux of kinetic energy, E, orthogonal to the vertical plane at x/D = 2
in the wake is represented by the distribution of u3 in the plane. The distri-
bution of 2 E/p = U3 is shown in Figure 19. The region of greatest deficiency
of energy flux in the wake is seen to have been located in the inner half
radius from the hub and near the ground for a second MOD-0A placed in the
middle of this wake.

A subjective interpretation of these results suggests that the wake-
reflecting effect of the ground was small at x/D = 2 and that horizontal
spread was greater than vertical spread.
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constant magnitude of the variable plotted.
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7. AN ESTIMATE OF AXIAL RATE OF REENERGIZING OF THE WAKE

The energy flux upwind of the turbine may be estimated using the vertical
profile of U_. The energy flux through the wake cross section at x/D = 2 may
be estimated using the data in Figure 19. The power out of the turbine genera-
tor was measured. The power train losses between the low-speed shaft and the
generator are known rather accurately; we use a 91% efficiency of the power
train. If reasonable estimates of loss of power in wake turbulence and swirl
could be made, entrainment of ambient wind into the wake could be estimated.
This would give us an average rate of recovery of the wake toward the nonwake
condition for the interval x/D = 0 to x/D = 2. In practice this is difficult
to do with the restricted amount of data available, but the exercise is instruc-
tive and is undertaken herein,

A schematic drawing of the airflow and the turbine processes involved in
power extraction from the wind and in wake recovery is shown in Figure 20.

The wake mixes with the air just outside its boundary and effectively
vanishes at some downwind distance. This reenergizing process of mixing is
indicated by narrowing of the vertical separation between the dash-dot Tines
which enclose the region of significant wake defect. The dotted Tines indicate
the outer bound on the air flow that mixes into the wake in the region of x/D
from the turbine to the point of contact of the dotted line with the wake
boundary 1ine. The inner wake region enclosed by the dashed 1line represents
that portion that has not mixed at all with the environment. 1In a nonturbulent
ambient wind case this would be called the potential core.

The following equation describes the balance between the power and energy
flux contributions as air flows past an operating turbine.

AME, + A'E' = P+ A, , (1)

where

A] = crosswind area of upstream flow that passes through the
rotor disc

39



\
N
\
~

~
W
~
-

AVERAGE WAKE
BOUNDARY SURFACE

X/D>0
X /D=0

FIGURE 20. Side-view sketch of boundaries of wake and of air flowing into wake.
The wind at the right side in the wake has recovered to its left-
hand upstream profile. This is indicated by the identical wind
profiles graphed on the left and right borders. Dy is the diameter
of the stream tube for upstream that contains all the air that flows
through the turbine rotor disc and forms the boundary of the nearest
wake. Di'1is the diameter of tube containing air that mixes into
wake. D is the diameter of the rotor disc and Dy is an appropriately
defined diameter of the wake at any distance x/D from the rotor.

Al

[{]

crosswind area of upstream flow outside A] that entrains into
the wake in the wake reenergizing process

A2 = cross axis area of the wake at an arbitrary downwind distance
from the turbine

E's = the average energy fluxes through the areas, A, due to fluid
transport and/or mixing

_ d
AsE; ‘f an;
A

1'

(energyi)dAi

ajo
ct

40



Pr = time rate of transfer of energy from the wind to the turbine
rotor, the "rotor power".

Equation 1 may be written for simplicity as
| I
P] +P =P +P,, (2)

where Pi = AiEi

The kinetic energy of the airflow may be made up of mean translational
wind (Pt)’ mean wind rotation about the direction of mean translation, or
swirl, (Ps) and turbulence fluctuations (Pf). Thus

Py =Prg * Prs - (3)
Pto= P+ P (4)
Py = Poy + Pog * P (5)

The observations presented in previous sections indicate that the turbu-
lence energy change is relatively minor; that is

Pig+ P 'c-P

1 f

i 2f <Pt Py - Pam Py (6)

Similarly the swirl energy is a relatively minor component in the first approxi-
mation as measured at x/D = 2. With these minor terms negiected the power
balance, Equation (2), becomes

Pie * PL = Pt Py | (7)
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The outer radius of the upwind airflow involved in the wake, D'/2, is to be
determined by the value required to produce a balance in Equation (7). We

make the further simplifying assumption that the upwind stream tube having

diameter D' is circularly symmetric and coaxial with the turbine axis. The
energy transport rate of this flow, P1t’ may be calculated using the Um(z)

profile used in Section 5 and written below as Equation (8).

(z—zH+3O.5)

U00 = 3.84 109 —“—O——O—S‘—'—— ’ (8)

where height values are in meters and wind speed is in meters per second.

The energy transport rate in the wake, P2t’ is calculated by integrating
the energy flux field plotted in Figure 19 over the wake area (enclosed by the
dashed Tine in that figure).

Pr is calculated by the following formula using measured power out of the
turbine generator, Pout‘

p Pout

r = 0.97 ° | (9)

Rearranging Equation (7) and making substitution indicated in Equation (9) we
have

p! = Pout ’

t = o.91 " PoyPry - (10)

The Teft-hand term represents the estimated rate of mixing of environmental
translational energy into the wake between x/D =0 and x/D = 2.

An average rate of recovery or reenergizing of the wake for this region
may be expressed in nondimensional form as

dP2

]
S vl evio) an
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dp
If we approximate HT?%ET by

dp p!
2 Pt
a0y ¥ 70 (12)

and use (12) and (10) in (11) we have

Pout Pot

= +
0.91 P]t P]t

K -1, (13)

Using data presented earlier and area integration of energy flux where

appropriate, POu = 192 kW, Py, = 710 kW and P - 1207 kW and K = 0.997.

t 1t 2
The wake may be considered to have been reenergized when it has mixed

with, say, five times the energy flowing through the upstream disc, 5 P If

1t°
the average rate of energy addition to the wake from x/D = 0 to x/D = 2 were
to apply at all distances, a simple integral of power could be formed as

follows using Equation (11).

P,(x4/D) (xq/D)
fdp2 = K - Py, jd(x/D) , (14)
Py (X/D = 2) 2

where, according to the criteria stated in the paragraph above,

Pout Pout
Palxo/D) = Pry - 557 + 10597 - (15)

Integration of (14) and substitution of (15) into the result gives

Xe 5Py _ Py (x/D=2)

D - e t2. (16)

1t °
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Using the numerical values of the quantities in (15) the endpoint of the
integration is found to have the magnitude

X
€ _
5= 5.5 . (17)

This suggests that the wake could have been negligible at x/D = 5.5.

There is an obvious implication of Equation (17) for spacing of wind
turbines in clusters. Its significance is of such importance that we need
more new measurements to better describe turbine wakes in real operating
conditions. It appears difficult to estimate the rate of recovery of turbine
wakes from a few simple wind measurements at one location. Programs for field
measurements of wakes often must have lTess ambitious objectives, such as
estimating the following quantities:

1. the approximate width of wake as a function of x/D for a range of values
of vertical shear of wind velocity, turbulence energy Tevel and density
Tayering of the atmosphere

2. the approximate centerline velocity deficit as a function of x/D

3. turbulence characteristics of wakes.
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8. A COMPARISON OF THE MEASURED WAKE WITH MODELED TURBINE WAKES

Two simple models of a wake are considered, one by Lissaman et al.
(1982) and a similar one by Eberle (1981). Both models include turbulent
mixing of the wake with the ambient air due to ambient turbulence and to
shear-generated turbulence in the edge region of the wake. The following
parameters of the wake are compared: 1) the average rate of spread of the
wake, 2) the velocity deficit, 3) the vertical and horizontal wind profiles
through the nominal center of the wake at x/D = 2, 4) the initial virtual wake
diameter, 5) the ratio of horizontal to vertical spread of the wake, and
6) the power ratio for a second identical turbine operating axisymmetrically
with the upwind turbine at x/D = 2 from it. The comparisons are made in
Table 1 and Figures 21 and 22 based upon values of the parameters selected
from the previous sections of this paper and from reports by Eberle and by
Lissaman et al.

The vertical profile through the center of the observed wake is plotted
along with the inferred upwind profile in Figure 21a using a solid line. The
corresponding results from the Eberle model are included on the same graph for
downwind distances of x/D = 2.5, 5, 10, 17.5 and 25. The profile observed at
x/D = 2 appears to 1ie in a location that corresponds to a model x/D > 5.

Note the vertical offset of the observed vertical profile. This is due to the
greater ratio of hub height to rotor radius of the MOD-0A1. The horizontal
profiles at hub height are plotted in Figure 21b. Again the observed profile
at x/D = 2 appears to correspond to a model profile for x/D > 5. The observed
horizontal profile is compared against several model profiles described by
Lissaman et al. in Figure 22. The models are adjusted to have the correct
centeriine velocity deficit and wake width. The general shape of observed
profiles is very similar to the model profile shapes.

Considering the simplicity of the models, the rate of spread of the wake
is in fair agreement with the observations. Other parameters do not agree
well. The wake cross section at x/D = 2 was observed to be far more elliptical
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TABLE 1.

Wake Parameter

Comparison of Wake Observation

Wake Observation
Measured on 3 Dec '8l

With Several Simple Wake Models

Eberle (1981)

x/D
9, ambient
o = 0.6 9, ambient
Eg_ wake
U ambient
Oy
— ambient
U

Static Stability

XpoT core/P

U, (z = H)

Average spread horiz.
half angle vert.
U -U

© @

U

fe o)

Upstream outer
2R0/D diameter of
inflow to wake

wake horizontal width

wake vertical width

Induction
factor

Power Ratio, P/P_

2
beyond near wake
and transition region

2 ms']

1.1 ms']

0.21
0.19

0.10
neutral

< 2
10.7 ms”]

(1% deficit 6.2°)
9.6° 5% profile tail)

(4° 5% profile tail)

0.26

energy flux
balance method:
1.2

1% velocity defect
1.55

0.13

0.6
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2.5
near wake

Pasquill Class D

Pasquill Class D
neutral

2.5
> 6 ms']
6.2°

5.9°

0.34

for D/2 = 19.1 m:
1.125

computed boundary
1.05

0.17

< 0.46

Lissaman et al.
{1981)

3
near wake

0.1

neutral

9.6° (01d model)

14°  (new model)

0.52

asymptotic stream
tube and 1-d momen-
tum theory:

1.5
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Eberle (1981): a) vertical profiles, b) horizontal profiles. The dot-dash lines
represent measured profiles. The solid lines represent the model profiles for
various values of downwind distance, x/D.
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FIGURE 21. A comparison of wake wind speed profiles measured at the VPA and those modeled by
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than indicated by the models. The simplest statement of the difference between
observations and models is that the wake was closer to free stream boundary
Tayer conditions at a much shorter downstream distance than modeied. In the
same sense, the observations are in sharp contrast with wakes observed in Tess
turbulent conditions, e.g., the results reported by Hansen (1980) and Vermeulen
(1979).

The Timited Tocations of observations do not permit a determination of
why the observed wake appears to be a far wake at x/Rd = 2. There are several
possibilities. Two are given here:

1. The MOD-0A1 rotor, with a solidity ratio of about 0.04, allows upwind
airflow to pass through the rotor disk plane much more freely away from
blade Tocation than modeled on a disk-average basis. Thus, a less intense
initial wake existed.

2. An interaction between the turbulent fluctuations in the airflow and the
rotor blade shed vortices resulted in stronger turbulent mixing than is
modeled in the wake region x < 4 D.
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9. SUMMARY OF OBSERVATIONS

The wake of the MOD-0A1 wind turbine at Clayton, New Mexico has been
measured using a vertical plane array of anemometers. The anemometers were in
a crosswind plane at a distance of two rotor diameters directly downwind of
the turbine. The data were analyzed for a 4.27 minute period when the atmo-
spheric boundary layer and the wake were most stationary. The wind velocities
were sampled once every 0.25 second. The following properties of the wake

were observed.

Rotor blade vortices were well mixed into the wake turbulence and were

not separately detectable at x/D = 2. Wake swirl about the along-wind axis

1

had a value not greater than 0.025 rad s”'. (Note: A1l wake characteristics

2 unless otherwise stated.) The maximum axial
0.25.

described herein are for x/D

wind speed deficit was AU/U_

The axial induction factor, a, calculated using measured winds and one-
dimensional momentum theory had a value of a = 0.13 at U_ = 10.7 ms'1. The
NASA aerodynamic model of the MOD-0A1 gave a value of a = 0.13 for U_ =10 ms'].

Extra turbulence energy existed in the edge of the wake at a frequency of
about n = 0,025 Hz. This peak of extra turbulence energy existed throughout
the wake but diminished toward the center. Spectral peaks at n = 0.25 Hz and
0.50 Hz, equivalent to wavelengths of A = 1 D and 0.5 D, occurred particularly
on the left side of the wake. The wake turbulence integrated over all frequen-
cies is only slightly more energetic than the ambient turbulence. The time
integral scale of turbulence in the wake is significantly larger than is
expected for the ambient flow.

The cross-wake plane analyses of wind speeds revealed a nearly circular
inner portion and a strongly elliptical portion. The elliptical portion major
axis was horizontal. The ratio of length of major axis to minor axis had a
magnitude of 1.6 based upon the shape of the velocity deficit line for aY/U_ = 0.01.

An estimate of the average rate of reenergizing of the wake, using measure-
ments of mean wind energy flow and turbine power, suggests that entrainment
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with ambient air may have been rapid. The average rate of reenergizing between
the turbine and the vertical plane array at x/D = 2 was estimated to be about
700 kW per rotor diameter distance downstream. This is as much energy as
flowed through the upstream projection of the rotor disc. If that average

rate continued, the wake would be substantially reenergized at a downwind
distance of x/D = 5.5. At x/D = 2 the power ratio had a magnitude P/P_ = 0.6.

Some wake characteristics observed on December 3, 1981 were compared with
the corresponding ones for several simple wake models (e.g., Lissaman et al.
1982 and Eberle 1981). The models are based upon concepts of mixing of ambient
air into a wake or an equivalent coaxial jet. The shapes of the vertical and
horizontal profiles of mean wind speed are all very similar. However, the new
measurements at x/D = 2 match up with the Eberle model best for x/D > 5. The
rate of spread of the wake was in fair agreement with the models of far wake

horizontal spread. Agreement for other properties from theoretical or fluid
laboratory simulations was weaker.

Many of the comparisons between the MOD-QA1 wake measurements and the
simple models of wakes are made in Table 1.
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10. CONCLUDING REMARKS

The observations of a MOD-0A1 wake indicate that the turbine wake entered
into a far wake condition close to the turbine on December 3, 1981. The
turbine was operating at near rated power and was operating in a neutral-
stability atmospheric boundary layer. The microscale wind properties of the
wake that affect fatigue and power performance of a second MOD-OA turbine in
the wake of the first one suggest that it may be possible for turbines to be
successfully operated closer together than was previously thought to be
efficient or safe.

~ Additional modeling and field measurements of wakes are required to
improve the understanding of turbine wakes substantially. The complexity of
wakes in the atmospheric boundary layer and the difficulty of measuring them
has been demonstrated. Useful specializing of wake models for use in turbine
and turbine array design may require a few well chosen and well measured wind
properties of wakes for each distinctly different type of turbine and location.
Wakes in complex terrain will require the greatest skill in measurement and
analysis to model accurately the wake conditions that are 1ikely to be found.
However, those same airflow complexities may mean that wakes are not as much
of a problem for turbines downwind of other turbines in complex terrain.
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