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ABSTRACT

Wind data collected at nine meteorological towers at the Goodnoe Hills
MOD-2 wind turbine site were analyzed to characterize the wind flow over the
site both in the absence and presence of wind turbine wakes. Although previous
studies have examined the wake and free-flow characteristics at the site,
data collected in 1985 from nine towers permitted a much more detailed and
accurate analysis than was previously possible,

Characteristics of the free flow examined were the variability of wind
speed and turbulence intensity across the site as a function of wind direction
and surface roughness. The nine towers' data revealed that scattered areas
of trees upwind of the site caused pronounced variations in the wind flow
over the site. At two towers that were frequently downwind of an extensive
grove of trees, up to 30% reductions in wind speed and a factor of 2 to 3
increase in turbulence intensity were measured. A substantial increase in
the magnitude of the wind gusts, as well as a considerable decrease in the
mean wind speed, was observed when a tower was downwind of the trees.

Wake characteristics analyzed included the average velocity deficits,
wake turbulence, wake width, wake trajectory, vertical profile of the wake,
and the stratification of wake properties as a function of the ambient wind
speed and turbulence intensity, The nine towers' data permitted a detailed
analysis of the wake behavior downwind of the turbines at various distances
from 2 to 10 rotor diameters (D). The relationship between velocity deficit
and downwind distance was surprisingly linear, with average maximum deficits
ranging from 34% at 2 D down to 7% at 10 D. Largest deficits were at low
wind speeds and low turbulence intensities. Average wake widths were 2.8 D
at a downwind distance of 10 D. Implications for turbine spacing are that,
for a wind farm with a 10-D row separation, array losses would be significantiy
greater for a 2-D than a 3-D spacing because of incremental effects caused by
overlapping wakes. Other interesting wake properties observed were the wake
turbulence (which was greatest along the flanks of the wake), the vertical
variation of deficits (which were greater below hub height than above), and
the trajectory of the wake (which was essentially straight).
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SUMMARY

Wind data collected at nine meteorological towers at the Goodnoe Hills
MOD-2 wind turbine site were analyzed to characterize the wind flow over the
site both in the absence and presence of wakes. The nine towers and the three
wind turbines were located on a relatively flat and broad ridge, and the ter-
rain relief across the site itself was mostly gently sloping. Vegetation
across the site consisted primarily of grass and low sagebrush, although two
areas of trees penetrated the site. These trees provided the opportunity to
examine the effects of changes in surface roughness on the wind flow vari-
ability across the site.

The towers used in the experiment were seven 32-m portable towers and two
permanent tall towers. A1l nine towers were instrumented with bivane anemome-
ters at a height of 32 m (105 ft). Additional anemometers were located at
various heights on the two tall towers. The nine towers were arranged in an
approximate east-west grid pattern, in general alignment with prevailing
westerly winds, consisting of three rows of three towers each--an upwind row
for observing the ambient inflow conditions and two downwind rows for observing
the near wakes and far wakes, respectively. This tower arrangement was also
suitable for observing the free-flow variability across the site when the
turbines were not operating.

The free-flow variability was examined by comparing the wind speeds and
turbulence intensities at each tower to a common reference tower. The mean
wind speeds at 32 m, averaged over all wind directions, were uniform across
the site; wind speeds among the nine towers differed by less than 5%. Mean
turbulence intensities were also uniform, except at one tower that was fre-
quently downwind of an area of trees and had about a 20% higher average turbu-
lence intensity than all the other towers. However, considerable variability
was observed among the nine towers when the wind speed and turbulence intensity
ratios were stratified by wind direction. Most of this variability was linked
to changes in the surface roughness. At two towers, a 20% to 30% reduction
in wind speed and a 100% to 150% increase in turbulence intensity were observed
when these towers were downwind of an extensive grove of pine and juniper
trees. At three other towers, up to 10% reduction in wind speed and 50%



increase in turbulence intensity were observed when these towers were downwind
of a grove of scrub oak trees. Terrain-induced effects on the free flow were
evident at some of the towers, which caused variations of up to 10% in wind
speed and 30% in turbulence intensity.

The 1-s time series of wind speeds at 32 m were examined to determine
how changes in the surface roughness from grass to trees affected the wind
characteristics over small time scales. A substantial increase in the magni-
tude of the wind gusts, as well as a considerable decrease in the mean wind
speed, was observed when a tower was downwind of the trees rather than grass
and sagebrush. Implications for a wind turbine at a height of about 30 m and
located downwind of the trees would be reduced power output, more variable
power output, more start/stop cycles, and increased stress caused by the
increased turbulence,

Wake characteristics of the flow examined when the wind turbines were
operating included velocity deficit, wake turbulence, wake width, wake tra-
jectory, vertical profile of the wake, and the classification of wake proper-
"ties as a function of the ambient wind speed and turbulence intensity. The
arrangement of the towers with respect to the turbines permitted observations
of the wake characteristics at various downwind distances ranging from 2 to
10 rotor diameters (D). Most of the wake data were collected at a height of
32 m; the MOD-2 hub height was 61 m and the bottom of the rotor disk was 15 m
above ground.

Average maximum velocity deficits at 32 m ranged from 34% at 2 D to 7% at
10 D. A regression line fit to velocity deficits indicated that the deficit
would decrease to near 0% at 12 D. The relationship between velocity deficit
and downwind distance was surprisingly linear. Maximum velocity deficits
occurred at or near the center of the wake, in the near wake as well as the
far wake.

Average maximum turbulence intensities at 32 m in the wake were 1.7 to 2.0
times greater than ambient values at distances of 2 to 4 D and 1.2 to 1.5 times
greater at distances of 5 to 10 D. However, maximum turbulence intensities
occurred along the flanks of the wake, not in the center of the wake, for
distances out to & D.
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Average widths of the turbine wake at 32 m were determined for the full
wake and the wake core. The wake core was defined as that part of the wake
in which the velocity deficit is at least 50% of the maximum velocity deficit.
Average widths of the full wake ranged from 1.6 D at a distance of 2 D to
2.8 D at a distance of 10 D. Widths of the wake core ranged from 0.8 D at
2D to 1.7 D at 10 D. Implications for turbine spacing are that, for a wind
farm with a 10-D row separation, array losses would be significantly greater
for a 2-D turbine spacing than a 3-D spacing because of incremental effects
caused by overlapping wakes. Decreasing the lateral spacing to 1.5 D would
result in substantially greater wake losses than for 2 D because the wake
cores would be overlapping.

Curvature of the wake trajectory was not evident. The absence of wake
curvature implies that the wind direction variability across the site was, on
the average, quite small and essentially negligible.

The vertical profile of the wake was examined at 5.9 D and 8.4 D, based
on an analysis of the velocity deficits at six levels on a tall tower encom-
passing the entire rotor height of the MOD-2 (15 m to 107 m}. The maximum
velocity deficits were at the hub-height level {61 m), but the wake decayed
much more rapidly above the hub height than below the hub height. At 8.4 D,
the measured deficits at 15 m and 32 m were only slightly less than those at
hub height, which indicates that in the far wake the ground effect diminishes
wake decay.

Velocity deficits in the turbine wake were also examined as a function
of the ambient wind speed and turbulence intensity at several downwind dis-
tances ranging from 1.9 D to 8.4 D. Velocity deficits were highest at Tow wind
speeds (high thrust coefficients) and low turbulence intensities and lowest
at high wind speeds (low thrust coefficients) and high turbulence intensities.
Turbulence effects on the velocity deficits were substantially greater at low
wind speeds than at high wind speeds. The effects of wind speed on the
deficits were substantially greater at low turbulence intensities than at
high turbulence intensities.
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1.0 INTRODUCTION

A flow experiment was conducted at the Goodnoe Hills MOD-2 wind turbine
site in 1985 by the Pacific Northwest Laboratory (PNL). The objective of the
experiment was to collect data that would characterize wake behavior and vari-
ability of wind flow over the Goodnoe Hills MOD-2 wind turbine site.

From April to September 1985, nine bivane anemometers were Tocated in a
grid pattern across the Goodnoe Hills MOD-2 site, Each bivane sensor was
installed on a tower at a height of 32 m (105 ft), The towers used in the
experiment were the two permanent meteorological towers maintained by PNL and
the Bonneville Power Administration (BPA) and seven 32-m (105-ft) portable
towers. Additional sensors were located at various heights on the PNL tower
up to 107 m (350 ft) and on the 8PA tower up to 59 m {195 ft).

The Goodnoe Hills site, which is located in Washington State near
45°47.1'N and 120°33.4'W, is approximately 32 km (20 mi) east of the town of
Goldendale, Washington, and approximately 200 km (120 mi) east of Portland,
Oregon. The site is on top of a ridge, oriented approximately east-west, at
an elevation of about 800 m (2600 ft). The terrain is relatively flat at the
top of the ridge, although several gullies penetrate the site on both the
north and south sides of the ridge. The ridge drops quite steeply to the
Columbia River on the south side and more gradually to the Goldendale Valley
on the north side. Vegetation at the site consists primarily of low sagebrush
and grass, and scrub oak and conifer trees occur in scattered areas along the
northern and western parts of the site.

The MOD-2 wind turbine is a two-blade, teetering-hub, upwind machine.
The rotor, which is 91 m (300 ft) in diameter, is attached to a nacelle housing
the gearbox and a 2500-kW generator, and sits atop a cylindrical 61-m (200-ft)
high tower. Rotor speed control is accomplished by pitch control of the outer
14 m (45 ft) of each blade. The machine cuts in at a hub-height wind speed
of 6.2 m/s (14 mph) and cuts out at 21 m/s (47 mph).

The main goals of this report are to analyze the wind data collected at
the nine towers and to characterize the wake and free-flow wind conditions at
the site. Although several previous studies have examined the wake and

1.1



free-flow characteristics at the Goodnoe Hills site, this report utilizes
considerable additional data collected in 1985 to provide a more detailed and
accurate analysis of the wake and free-flow characteristics at the site. For
example, the nine towers' data permitted a more detailed analysis of the free-
flow variability at the site, inc]uding the effects of terrain and vegetation
on the wind characteristics measured at each tower. The nine towers' data also
permitted a detailed analysis of the average wake velocity deficit, wake turbu-
lence, wake width, and wake trajectory at various distances from 2 to 10 rotor
diameters, and the variability of the wake deficits as a function of the
ambient wind speed, wind direction, and turbulence intensity. In addition to
the analysis of the nine towers' data, the vertical profile of the wake was
also examined in greater detail than in previous studies. Data collected at
six Tevels on the PNL tower, ranging from 15 m (50 ft) to 106 m (350 ft),

were analyzed to determine the variation of the wake velocity deficit and

wake trajectory with height above ground.

Previous studies for the Goodnoe Hills site include PNL studies reported
by ETliott, Buck, and Barnard (1988); Buck and Renne (1985); Miller, Wegley,
and Buck (1984); Liu et al, (1983); Lissaman, Zambrano, and Gyatt (1983}; and
Hadley and Renne (1983); and other studies such as those of Baker and Walker
(1985, 1982); Miller (1985); Germain (1984); and Suilivan (1984). Most of
the studies focused primarily on wake characteristics and velocity and power
deficits induced by upwind turbine wakes. A variety of techniques and measure-
ments were used in previous studies to estimate wake characteristics. These
included turbine as well as tower parameters, measurements using kites and
tethered balloons, and flow visualization. Phenomena that can affect the
results of wake measurements, such as flow variability across the site and
differences in machine operating conditions, were discussed and quantitatively
treated in some of the previous studies.
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2.0 SITE AND DATA DESCRIPTION

2.1 SITE DESCRIPTION

Figure 2.1 is a map of the Goodnoe Hills site showing the topography and
the Tocations of the nine meteorological towers and the three MOD-2 wind tur-
bines. The towers and turbines were located along the northern and western
part of a relatively flat and broad ridge that is oriented approximately in
an east-west direction. The top of the ridge is at an elevation of approxi-
mately 800 m MSL (2600 ft). To the south, the ridge drops quite steeply in
about 5 km to the Columbia River at an elevation of 80 m. The terrain is
more gently sloping to the west and north into the Goldendale Valley, dropping
to 600 m in approximately 8 km. The slopes of the ridge are cut in several
places by gullies or ravines, and one such gully penetrates the northern part
of the site and extends nearly to the ridge crest.

The three MOD-2 wind turbines were installed in a triangular pattern with
spacings of approximately 5, 7, and 10 D between machines. This triangular
pattern was chosen as part of the initial test plans for the site for the
purpose of assessing the effects of the wake of an upwind machine on the power
output of a downwind machine (Hadley and Renne 1983). 1In 1985 the operating
characteristics were not the same for all three wind turbines. Turbine 3 had
vortex generators on its blades, whereas turbines 1 and 2 were without vortex
generators. The vortex generators on turbine 3 resulted in increased power
production and a lower wind speed at which the turbine reached rated power
output (Sullivan 1984; Elliott et al. 1988).

The meteorological towers installed at the site were seven 32-m (105-ft)
portable towers, depicted in Figure 2.1 by the numbers 1 through 7, and the two
permanent tall towers maintained by PNL and 8PA. For convenience, the PNL
and BPA towers are also referred to as towers 8 and 9, respectively. The
nine towers were arranged in a pattern consisting of three rows that are
roughly perpendicular to the prevailing westerly winds. Towers 1, 9, and 2
represent the upwind row, towers 3, 4, and 5 the first downwind row for
observing the near wake at distances of 2 to 4 D, and towers 8, 6, and 7 the
second downwind row for observing the wake at intermediate distances ranging
from 5 to 10 D. This tower arrangement was also useful for observing the
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free-flow variability across the site that could be caused by terrain and/or

surface roughness effects.
Vegetation at the site consists primarily of low sagebrush and grass,

although there are also several areas of scattered trees as shown in
Figure 2.1. The trees are primarily scrub oak, western juniper, and ponderosa

pine.

Pt T EE T
Y

!

FIGURE 2.1. Goodnoe Hills Site with the Three Turbines
(T1, T2, and T3), the BPA and PNL Tall Towers,
and the Seven Portable Towers. Elevations
above mean sea level are shown in feet; the
contour interval is 50 ft. Areas of trees

are indicated by shading.
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2.2 WIND INSTRUMENTATION AND DATA COLLECTION

Table 2.1 is a summary of the wind instrumentation installed at the BPA
and PNL towers and the seven portable towers. The BPA and PNL towers were
installed in the beginning of the MOD-2 test program in 1982, In 1985, both
of these towers had wind sensors at several levels. The seven portable towers
were installed in April 1985, and the wind sensors were placed at a height of
32 m (105 ft) above ground. At that time, wind sensors were also installed
at the 32-m (105-ft) level of the BPA and PNL towers. These sensors were the
same tyge as those installed on the seven portable towers, which were R. M.

a) ..
Young( bivane anemometers.

TABLE 2.1, Wind Instrumentation

Wind Distance (m)
Instrumentation (a) Constant for
Tower Level {(m) and Manufacturer Wind Speed
BPA Tower 15, 59 Belfort, 4.6
Aerovane,

120 HD Type L

32 R. M. Young, 0.8
Anemometer Bivane
Model 21003

PNL Tower 15, 38 Climatronics, 2.4
61, 84 Cup and Vane System
107 Mode)l F460
32 R. M. Young, 0.8

Anemometer Bivane
Model 21003

Portable 32 R. M. Young, 0.8
Towers Anemometer Bivane
Model 21003

(a) Sensors manufactured by Belfort Instrument Company,
Alhambra, California; R. M. Young, Traverse City,
Michigan; Climatronics, Glendale, California.

(a) R. M. Young, Traverse City, Michigan.
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The data loggers used to record the data from the nine bivane anemometers
were the Campbell Scientific(a) 21X microloggers. The data from the 21Xs were
sampled every second and averaged and recorded every minute. The types of
1-min averaged data recorded from the bivanes are identified in Table 2.2.

TABLE 2.2. Types of Data Collected From the
Nine Anemometer Bivanes

Day and Time

Mean Wind Speed

Resultant Wind Speed

Resultant Wind Direction

Mean Elevation Angle

Standard Deviation of Mean Wind Speed

Standard Deviation of Resultant Wind Direction
Standard Deviation of Mean Elevation Angle

Wind data were collected at five other levels of the PNL tower and two
other levels of the BPA tower, as shown in Table 2.1. Temperature and pressure
data were also collected at specified Tevels of the PNL and BPA towers. These
data from the BPA and PNL towers and the data from the three turbines were
collected by PNL's Distributed Data System (DDS). The data recorded were
1-min averages and standard deviations based on 1-s5 samples. The data channels
collected on the DDS during the 1985 experiment are listed in Table 2.3. The
specifics of the DDS are included in a previous report (Elliott, Buck, and
Barnard 1988).

(a) Campbell Scientific, Logan, Utah.
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TABLE 2.3. Data Coliected on the Distributed Data System

From the PNL and BPA Towers and the Three Turbines

PNL TOWER:
1} Wind direction @ 38 m (125 ft)
2) Wind direction @ 15 m (50 ft)
3) Wind direction @ 61 m (200 ft)
4} Wind direction @ 107 m (350 ft)
5) Wind speed @ 38 m (125 ft)
6) Wind speed @ 15 m (50 ft)
7) Wind speed @ 61 m (200 ft)
8) Wwind speed @ 107 m (350 ft)
9) Air temperature @ 10 m (33 ft)
10} Air temperature difference between 107 m and 10 m
11} Air flow (temperature aspirator} @ 10 m (33 ft)
12} Air flow (temperature aspirator) @ 107 m (350 ft)
13} Atmospheric pressure @ 61 m (200 ft)
14) Wind direction @ 84 m (275 ft)
15) Wind speed @ 84 m (275 ft)
BPA TOWER:
1) Wind speed @ 15 m {50 ft)
2) Wind direction @ 15 m (50 ft)
3) Wind speed @ 59 m (195 ft)
4) Wind direction @ 59 m (195 ft)
5} Air temperature @ 15 m {50 ft)
6) Atmospheric pressure @ ground level
TURBINES #1, #2, #3:
1) Field current
2) Generator power
3} Utility power
4) Generator voltage
5) Rotor speed
6) Blade #1 pitch angle
7) Yaw error
8) Nacelle position
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2.3 DATA_SCREENING PROCEDURES

Data collection at the nine towers began in April and May 1985 and con-
tinued to October 1985, The total data set was initially screened to select
the most suitable and complete data set for further analysis. Based on this
initial screening, the period June 1, 1985, through August 31, 1985, was
selected for this purpose.

Next, the wind data elements were examined for validity, which included
performing "reasonableness" checks on the data to identify possible bad or
guestionable data values. The wind data elements examined were wind speed,
wind direction, and standard deviation of wind speed at each of the seven
towers and each level of the PNL and BPA towers. Turbine power output recorded
by the DDS was also examined and verified against the time logs of the turbine
operation recorded by the onsite observers.

A variety of methods was employed to screen the wind and turbine power
data. Time series of the 1-min average values were plotted for each anemome-
ter, and these time series data were compared against those of the other ane-
mometers for the same time period. This comparison was facilitated by
plotting, for a given data element, the time series of all nine 32-m bivane
anemometers in such a manner that data from each anemometer could easily be
compared to all the other anemometers. Similarly, the time series for the
different levels of the PNL and BPA towers were plotted and visually examined.
Using this procedure, we identified and eliminated some erroneous wind data,
which otherwise could have been difficult to detect. A comparison of the DDS
turbine power data against the turbine Tog data revealed some discrepancies;
for example, several cases existed where the log data indicated a turbine was
operating but the DDS indicated the turbine was off. Further investigation
confirmed that the Jog data were correct in these cases, i.e., the turbine
was operating and generating power but the turbine data were not being trans-
mitted to the DDS. These turbine data composed less than 10% of the total
turbine data.
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2.4 PREREQUISITES FOR DATA SELECTION

After they were screened, the data were segregated into subsets of wake
and non-wake data for further evaluation. Several prerequisites needed to be
established before the segregation of the data: for example, which anemometer
to use as the reference upwind anemometer and what range of wind speeds and
wind directions to use for the analysis.

The BPA 32-m anemometer was used as the reference anemometer, because it
was the most centrally located upwind anemometer (being about midway between
towers 1 and 2, the other upwind towers) and the upwind anemometer with the
greatest amount of data. Although the BPA 59-m anemometer was nearest the
MOD-2 hub height, it was not used as the reference anemometer for several
reasons: 1) it was at a different level than the seven 32-m towers, which
would have made comparison of the wind characteristics at these seven sites
difficult; 2) it was a different type of wind sensor than those installed on
the 32-m towers; and 3) it had about 4000 fewer 1-min data records than the
BPA 32-m level,

A prerequisite for wind speed is that it had to be at least 5.B m/s
(13 mph) at 61 m (200 ft), the turbine hub height, because the turbine cut-in
speed was 6.2 m/s (14 mph)}. However, because the 32-m level was used as the
reference anemometer, we extrapolated the 61-m speed to the 32-m level using
the 1/7 power law. This provided an equivalent minimum wind speed of 5.3 m/s
at the 32-m level of the BPA tower.

A preliminary analysis of the wind directions for wind speeds greater than
5.3 m/s at 32 m revealed that more than 90% of the winds were from the south- .
west to northwest directions (210° to 340°). Because the amount of data from
other directions was insufficient for a detailed analysis of the wind flow
characteristics, only directions from 210° to 340° were selected for further
evaluation., Moreover, for certain easterly directions, the anemometers on
the BPA and PNL towers would be in the wake of the towers, which would make
the data from these directions of questionable quality.
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2.5 SEGREGATION OF DATA INTO WAKE AND NON-WAKE SETS

Next, criteria were established to segregate the data into subsets of
wake and non-wake data. This segregation is necessary to properly evaluate
wake effects. It is important to determine the difference in the ambient
flow between an upwind tower and a tower downwind of a turbine so that flow
differences caused by the wake can be distinguished from the ambient flow
differences, which may be caused by terrain and/or surface roughness effects.
Consequently, two different data sets--a non-wake and wake data set--were
created to compare the non-wake and wake data from each anemometer with the
reference anemometer, i.e., the BPA 32-m anemometer. Non-wake and wake data
sets were created for each of the 16 anemometers at the Goodnoe Hills site,
which included the anemometers for each of the seven 32-m towers, the three
levels of anemometers at the BPA tower, and six levels of anemometers at the
PNL tower,

The non-wake data sets were created by selecting wind data when turbines
2 and 3 (the two western turbines) were not operating. Because turbine 1 was
located downwind of all the towers, its operation did not affect the wind
characteristics at any of the towers. The turbine Togs recorded by the onsite
observers were used to determine if the turbines were operating or not. These
logs were found to be more reliable than the turbine data recorded by the
DDS, because sometimes the turbine data were not transmitted to the DDS even
though the turbine was operating.

The wake data sets were created by selecting times when both turbines 2
and 3 were operating. If only turbine 2 was operating but turbine 3 'was not
operating, and vice versa, then the data were not incliuded in either the wake
or non-wake data sets.

2.6 FREQUENCY DISTRIBUTIONS OF WIND DIRECTION, WIND SPEED, AND
TURBULENCE INTENSITY

To evaluate the non-wake and wake data sets from each anemometer, percent
frequency distributions of the wind direction, wind speed, and turbuience
intensity of the wind speed were plotted for each of the 16 anemometers.

These frequency distributions, which are shown in Appendix A, were quite useful
in performing “reasonableness” checks on the data from each anemometer.
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Figure 2.2 shows the frequency distributions of wind direction, wind
speed, and turbulence intensity for tower 9, the BPA 32-m anemometer. The
number of 1-min records and the mean values are also shown in Figure 2.2 for
wake (W) and non-wake (NW) data sets. There were substantially more data in
the wake set than the non-wake set (559.1 hours versus 333.8 hours). Turbu-
lence intensity is defined here as the standard deviation of the 1-s samples
of the wind speed for a l-min period divided by the mean speed for the same
period. The peak occurrences of wind direction were centered near 270° for
the wake set and 275° for the non-wake set, with a small secondary peak at
230°., Wind directions were between 250° and 290° more than 70% of the time.
Wind speeds were higher, on the average, in the wake set {with a mean of
9.5 m/s} than in the non-wake set (with a mean of 7.9 m/s). However, the
turbulence intensity frequency distributions were very similar for the wake and
non-wake sets, with mean values near 0.11.

W: 33548, 268.1

W: 33548, 9.5 W: 33546, 0.112
TOWERS Nw: 20029, 264.0  , TOWERS N

wW: 20027, 7.9 2 TOWER 9 Nw: 20027, 0.105
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FIGURE 2.2. Percent Frequency Distributions of Wind Direction, Wind Speed,
and Turbulence Intensity for Tower 9, the BPA 32-m Anemometer.
The label above each figure indicates the number of 1-min
values and the means for the wake (W) and non-wake (NW) cases.
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2.7 ANALYSIS OF WIND DIRECTION DIFFERENCES

An evaluation and comparison of the wind direction frequency distributions
for the 16 anemometers across the site (see Appendix A) indicated that wind
direction differences between some of the anemometers were much greater than
expected. A more detailed analysis was performed to more accurately quantify
and evaluate the wind direction differences among the 16 anemometers.

Frequency distributions of the wind direction differences between the
tower 9 (BPA 32-m) anemometer and each of the 15 other anemometers were con-
structed. These frequency distributions are shown in Figures 2.3a and 2.3b,
along with the number of 1-min records and mean wind direction difference for
both the wake and non-wake data sets. Table 2.4 gives a summary of the mean
wind direction differences between the tower 9 anemometer and each of the
other anemometers.

Wind direction differences between some of the anemometers are much larger
than would be expected, which implies that some of the wind direction sensors
were not accurately aligned. For example, at the BPA tower the discrepencies
in wind direction between the 32-m level and the 15-m and 59-m levels were
-9° and -13°, respectively, for the non-wake case. At the PNL tower, there
was about a 19° difference, on the average, between the directions at the
32-m and 38-m levels; note that these two anemometers were only 6 m apart.
Differences of up to 10° existed among the nine 32-m bivane anemometers. One
of the anemometers (tower 2) initially showed a bimodal frequency distribution
of wind direction differences, with the peak occurrences centered about 12°
apart. Through a comparison of the time series data for tower 2 to the time
series of the other anemometers, we identified the time when the alignment of
the sensor changed by about 12°. The wind directions after that time were
adjusted by 12° to restore the directions to the original alignment. The
frequency distribution shown for tower 2 in Figure 2.3a is the corrected
distribution,

At this stage of the analysis, we could not ascertain with any degree of
confidence which of the 16 anemometers were most accurately aligned and which
were significantly out of alignment. However, we were quite certain that the
large wind direction differences observed between some of the anemometers
were caused by errors in_sensor alignment (with respect to true North) and
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not caused by flow variability. For this reason, we decided to use only one
anemometer for the reference wind direction for the wake and free-flow
analyses, rather than using the wind direction from each anemometer. The BPA
32-m anemometer was selected for this purpose, because it was already being
used as the reference wind speed anemometer.
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TABLE 2.4. Average Wind Direction Difference Between
Tower 9 (BPA 32-m) Anemometer and Each of
the Other Anemometers

Anemometer Non-Wake Wake
Tower 1 (32 m) 2° 0°
Tower 2 (32 m) 2° 4°
Tower 3 (32 m) 0° -3¢
Tower 4 (32 m) 8° 6°
Tower 5 (32 m) 4° 1°
Tower 6 (32 m) -2° -3°
Tower 7 (32 m) 4° 5¢
Tower 8 (32 m) 7° 3°
PNL 50 (15 m) -2° -5°
PNL 105 (32 m) 7° 3°
PNL 125 (38 m) -12° -16°
PNL 200 (61 m) -7° -10°
PNL 275 (84 m) -5° -7°
PNL 350 {107 m) -7° -8°
BPA 50 (15 m) -9° -10°
BPA 105 (32 m) 0° 0°
BPA 195 (59 m) -13° -14°



3.0 WAKE AND FREE-FLOW OBSERVATIONS

In this section, wind data from the nine towers are analyzed to examine
the free-flow variability over the site and the wake characteristics of the
flow when the turbines are operating. In the previous section, we discussed
the segregation of the data into wake and non-wake sets and the prerequisites
established for selecting the wind data for the evaluation. Tower 9, the BPA
32-m anemometer, was selected as the reference upwind anemometer. Two charac-
teristics of the free-flow variability are examined here: the variability of
the wind speed and the turbulence intensity across the site as a function of
wind direction. These are determined by comparing the wind speed and turbu-
lence intensity at tower 9 to each of the other eight towers.

Various characteristics of the wake are examined: velocity deficit, wake
width, wake turbulence, wake trajectory, wake vertical profile, and the classi-
fication of the wake properties as a function of the ambient wind speed and
turbulence intensity. The arrangement of the meteorological towers with
respect to the upwind turbines permitted observations of the wake character-
istics at various distances ranging from 2 to 10 D. These are determined by
comparing the wake and ambient flow at each of the towers.

Initially, the wake and non-wake data sets used for comparing the wake and
ambient flow included wind directions from 210° to 340°, as measured at
tower 9. Wind speeds had to be at least 5.3 m/s at tower 9. 1In the initial
comparisons of the wind speed ratios for the wake and non-wake data sets, it
was observed that tower 9 was in the wake of turbine 3 when wind directions
were less than 230°. The actual centerline direction from tower 9 to turbine 3
is 207°. Because tower O was the reference upwind anemometer, we excluded wind
directions Tess than 230°, For wind directions greater than 320°, the amount
of data were determined to be insufficient to obtain any significant results.
Therefore, the wind directions ultimately used for comparing the wake and
ambient flow were 230° to 320°.

Figure 3.1 shows the wind speed ratios for each of the nine towers, as a
function of the tower 9 wind direction, for both the wake and non-wake data
sets. Here the wind speed ratio is defined as the ratio of the wind speed at
the given tower to the wind speed at tower 9. The plots in Figure 3.1 are
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arranged in the same general pattern as the physical layout of the towers,
with towers 2, 9, and 1 being the upwind row, towers 5, 4, and 3 the first
row downwind of turbines 2 and 3, and towers 7, 6, and 8 the second row
downwind of turbines 2 and 3. In the same format, Figure 3.2 shows the
turbulence intensity ratios for each of the nine towers. By definition, the
ratios of wind speed and turbulence intensity for tower 9 are always unity
because it is the reference tower,

The directions in which wind turbines and trees are located are also
shown in Figures 3.1 and 3.2 to facilitate the interpretation of the wind
speed and turbulence intensity ratios with respect to the upwind fetch. How-
ever, in viewing these plots, caution should be exercised in drawing any imme-
diate conclusions because of errors in the wind direction sensors as previously
discussed in Section 2.7. For example, apparent discrepancies between the
actual directions of the turbines and the wind directions of minimum wind
speed ratios should not be construed as wake curvature. If the BPA 59-m ane-
mometer were used for the wind direction, instead of the BPA 32-m anemometer,
then the wind directions of minimum wind speed ratjos -in Figure 3.1 would
shift to the right by about 15°, However, the directions of the wind turbines
and trees would remain fixed, because they are based on actual compass
directions and not wind directions. Wake trajectory and correction of wind
direction errors are discussed in greater detail in Sections 3.2.5 and 3.2.6,
respectively.

The data processing involved in making Figures 3.1 and 3.2--and also
similar figures in this section--is explained in Appendix B.

3.1 FREE-FLOW CHARACTERISTICS

Using Figures 3.1 and 3.2, the free-flow variability of wind speed and
turbulence intensity at each tower were examined with respect to that at the
reference tower 9. The solid and dashed lines in these figures show the wind
speed and turbulence intensity ratios when the turbines are operating and
shut down, respectively. It is worthwhile to note that even when the turbines
are operating, towers 1 and 2 are upwind of the turbines; thus, both the soTid
and dashed lines also represent wake-free conditions at these two towers. At
towers 3 through 8, those wind directions in which large discrepancies exist
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between the solid and dashed curves indicate where turbine wakes exist.
Because the wake data set contains about 50% to 70% more data than the non-
wake data set (depending on which tower is being considered), the ratios in
the wake data set can usually be considered more significant than those in
the non-wake data set. However, there is generally close agreement between
both data sets in the free-flow ratios, especially at the most frequent wind
directions of 260° to 280°.

3.1.1 Towers 6 and 7 - Pronounced Tree-Induced Effects Observed

The free-flow wind speed ratfos in Figure 3.1 show some {nteresting fea-
tures. The greatest differences in the free-flow wind speeds from those at
tower 9 were observed at towers 6 and 7. At tower 6, the wind speed ratio is
less than 0.7 when directions are about 305° to 310°. For wind directions
between about 285° and 310° at tower 6, there is very good agreement in the
wind speed ratios between the non-wake and wake data sets, which further con-
firms that this substantial reduction in the free-flow wind speeds at tower 6
is a real phenomenon. The speed ratios at tower & are less than 0.9 over a
fairly broad wind direction sector from about 290° to 320°+. In Figure 3.2,
the turbulence intensity ratios for tower 6 are much higher for this wind
direction sector than for other directions, with the ratio peaking between
2.0 and 3.0 at about 305°.

The terrain and surface roughness features upwind of tower 6 in this
direction sector were examined, using aerial photographs of the site and
detailed terrain maps, to investigate the possible cause of the substantial
decrease in wind speeds and increase in turbulence intensities. A fairly
extensive and dense grove of pine and juniper is found upwind of tower 6 in
direction of about 300° to 310° as indicated in Figure 3.3. The trees grow
along the upper slopes of the western side of the gully north of tower 5 and
turbine 2. Based on aerial photographs of the site, the pines are estimated
to be about 10 to 18 m in height and the junipers about 5 to 12 m. Thus, the
30% reduction in wind speed and approximately 150% increase in turbulence
intensity at about 305° is primarily attributed to the wake effect of the
trees, although it is possible that terrain effects could account for some of
this variability. To further emphasize the effect of the trees on the flow at
tower 6, a radfal has been drawn in Figure 3.3 that extends from tower 6 in a
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direction of 305°,

Goodnoe Hills Site Showing Areas of Trees that
Influence the Flow. Radials indicating approximate

directions from which the flow at towers are most

influenced by the upwind fetch of trees are shown as
Estimates of the percent reduc-

solid black lines.
tion in wind speed and percent increase in turbulence
due to the trees are shown for each of these radials.

It is at about this direction that the maximum reduction

in velocity and maximum increase in turbulence occur and, as shown by the

radial,

As seen in Figure 3.3,
occur to the west and southwest of tower 6.

the wind first goes directly over the trees before reaching the tower

smaller trees that are mostly scrub oak trees
These trees are generally confined

to the gully and apparently have 1ittle effect on the free-flow winds at
tower 6, as the speed ratios are near 1.0 and the turbulence intensity ratios

are 0.8 to 1,0 f

rom these directions. West of this qully, the terrain is
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generally flat to gently sloping and the vegetation cover is grass and low
sagebrush, so the winds from these directions experience a relatively smooth
fetch.

At tower 7, the free-flow ratios in Figures 3.1 and 3.2 show that almost
a 20% reduction in wind speed and 100% increase in turbulence intensity occur
when the wind directions are from 290° to 300°; see Figure 3.3 where a 295°
radial has been drawn. Upwind of tower 7 in this direction is the same grove
of pine and juniper that was attributed to cause the substantial decrease in
the wind speeds and increase in turbulence intensities at tower 6. The fetch
over this grove of pine and juniper upwind of tower 7 is about 150 m to 200 m,
compared to a fetch of about 300 m upwind of tower 6. The maximum velocity
reductions at towers 6 and 7 are 30% and 20%, respectively. Because the length
of the upwind fetch over the larger trees is greater for tower 6 than tower 7,
the magnitude of the velocity reduction appears to be related to the length
of the fetch over these trees.

As shown in Figure 3.3, a smaller grove of pine and juniper trees is
found along the upper slopes of the eastern side of the gully in a direction
about 290° to 330° from tower 7, and this grove probably also contributes to
the reduction in wind speeds and increase in turbulence intensities observed
at these wind directions. As with tower 6, the trees to the southwest of
tower 7 are generally confined to the gully and appear to have little effect
on the winds at tower 7. Moreover, when the winds are from the southwest,
the wind speeds at tower 7 are about 5 to 10% greater than those at tower 9
and all the other towers as well, Tower 7 sits on a rib that extends northward
from the broad east-west ridge and divides two major gullies. Apparently,
there is a local terrain-induced acceleration of the winds over this rib.
Perhaps this terrain-induced acceleration offsets some of the reduction effects
caused by the larger trees in the west to northwest directions,

3.1.2 Towers 1, 2, and 9 - Variations in the Flow Linked to Changes in
Surface Roughness

Towers 1 and 2, the two upwind towers in addition to tower 9, also show
some significant variations in the ratios of wind speed and turbulence inten-
sity. In Figures 3.1 and 3.2, both the solid and dashed Tines for towers 1
and 2 represent free-flow conditions because these towers are never in the
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wake of the wind turbines when wind directions are between 230° and 320°.
Yariations in the wind speed ratios are observed to be about 10%, and vari-
ations in turbulence intensity ratio almost 70% at tower 1 and 50% at tower 2.
Note that when the speed ratio increases, the turbulence intensity ratio
usually decreases, and vice versa.

An examination and comparison of the terrain and vegetation upwind of
towers 1, 2, and 9 provides clues to the causes of these variations. In
Figure 3.3, note that an area of trees, which are mostly scrub oak, is found
generally to the west of tower 9, to the northwest of tower 1, and to the
southwest of tower 2. When the wind directions are 265° to 275°, the wind
speeds at tower 1 are about 4% greater than at tower 9 and turbulence inten-
sities about 20%¢ lower. These differences can be attributed to differences
in the surface roughness and its effects on the upwind fetch. The vegetation
upwind of tower 1 is grass and low sagebrush, whereas an extensive area of
scattered trees that are mostly scrub ocak begins about 300 m west of tower 9
and extends generally westward for more than 500 m.

wWhen the wind directions are 290° to 315°, tower 1 is downwind of the
trees whereas the vegetation upwind of tower 9 becomes grass and low sagebrush.
(Small groves of scrub oak are located more than 600 m northwest of tower 9
but appear to have little influence on the wind flow at tower 9.) Conse-
quently, tower 1 experiences a reduction in the wind speeds and an increase
in the turbulence intensities when the wind direction shifts from west to
northwest, whereas the opposite situation occurs at tower 9. For wind direc-
tions of 230° to 250°, the lower wind speeds and higher turbulence intensities
at tower 1 are probably caused by the fact that terrain upwind of tower 1 is
quite flat for about 400 m and then slopes downward rather steeply, whereas the
terrain upwind of tower 9 is gently sioping.

Tower 2 experiences lower wind speeds and higher turbulence intensities
than tower 9 when wind directions are around 250° and greater than 290°. For
wind directions around 250°, tower 2 is directly downwind of the trees whereas
tower 9 has a relatively smooth fetch over grass and low sagebrush., The
reasons for the differences between towers 2 and 9 when the wind directions
are greater than 290° are not clearly discernible but could be caused by
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terrain that slopes more steeply upwind of tower 2 than upwind of tower 9 and
by tower 2 being nearer to the distant trees in those directions.

Radials, indicating approximate directions from which the flow at
towers 1, 9, and 2 are most influenced by the upwind fetch of trees, are shown
in Figure 3.3. Note that these radials traverse almost directly over the
grove of scrub oak.

3.1.3 Towers 3, 4, and 5 - Minor Flow Variability

At tower 3, the free-flow ratios (which are represented in Figures 3.1 and
3.2 by the dashed line for all directions and the solid line for directions
greater than about 270°) are near unity, which indicates that the free-flow
conditions at tower 3 are not much different than those at tower 9. For wind
directions of about 265° to 290°, turbulence intensities are almost 10% less
at tower 3 than at tower 9, whereas wind speeds are a few percent greater. A
probable explanation {s that although both tower 9 and tower 3 are downwind
of the trees for these wind directions, tower 3 is about 250 m further from
the trees than tower 9. Thus, the wake effect of the trees is reduced at
tower 3,

At tower 4, the free-flow conditions are represented by the dashed line
for all directions and the solid line in Figures 3.1 and 3.2 from about 250°
to 290°. Free-flow ratios are fairly close to unity over most directions.
From about 275° to 290°, tower 4 has slightly higher wind speeds and 10% to
20% Tower turbulence intensities than tower 9. Again, these differences are
probably attributed to the differences in the upwind surface roughnesses,
because tower 9 is downwind of the trees while the vegetation upwind of tower 4
is mostly grass and low sagebrush. The reduced speeds and increased turbulence
intensities at around 310° at tower 4 cannot be easily explained. However, a

possible explanation is terrain-induced effects similar to those observed at
towers 2 and 5.

At tower 5, only a small amount of data from the wake data set, from about
295° to 310°, represents free-flow conditions, so the non-wake data set must
be relied upon almost exclusively to observe the free-flow conditions. Wind
speed and turbulence intensity ratios are close to 1.0 except for directions
greater than about 290°. The slightly higher turbulence intensity ratios
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around 250° and lower ratios around 280° are probably a result of the differ-
ences in the upwind surface roughnesses. The reduced speeds and increased
turbulence intensities from 300° to 320° are similar to free-flow ratios
observed at towers 2 and 4 for these directions and are possibly due to
terrain-induced effects. However, the large grove of trees to the north and
north-northwest of tower 5 could also influence the flow from 300° to 320°
even though it passes adjacent to these trees and not directly over them,
For directions greater than about 330° at tower 5, these trees should have a
very strong influence on tower 5's wind flow characteristics, resulting in a
substantial reduction in wind speed and increase in turbulence of comparable
or greater magnitude than was observed at tower f.

3.1,4 Tower 8 - Various Flow Influences Observed

At tower 8, the free-flow conditions are represented in Figures 3.1 and
3.2 by the dashed Tine for all directions and the solid line from 230° to
240° and 265° to 280°. The largest differences in the free-flow conditions
between towers 8 and 9 are observed around wind directions of 230° and 310°.
At 230°, upwind of tower 8, the terrain rises to the top of a crest and then
drops off quite steeply down the other side of the crest, whereas upwind of
tower 9, the terrain slopes gently downward. (The small rise upwind of tower
8 is not resolved by the terrain contours in Figure 3.3.) Thus, the reduced
wind speeds and increased turbulence intensities at tower 8 at 230° can prob-
ably be attributed to the fact that tower 8 is slightly to the lee of the
ridge crest and experiences terrain-induced turbulence as a result of the
steep terrain upwind of this crest.

At directions greater than about 300°, tower 8 is apparently in the wake
of the same grove of trees that caused the large reductions in wind speed and
increases in turbulence intensity observed at towers 6 and 7. The maximum
wake effect at tower 8 from these trees should occur at about 320° to 325°,
if sufficient data were available from those wind directions to observe it;
this effect is indicated by the 325° radial in Figure 3.3 that goes directly
over the grove of pine and Juniper trees.

When wind directions are 265° to 285°, turbulence intensities at tower 8
are 10% to 20% lower than those at tower 9. For these directions, tower 9 is
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only about 300 m downwind of an extensive area of scrub oak trees, whereas
tower 8 is about 1000 m downwind of these trees. Comparing the turbulence
intensity ratios for tower 9 versus 3, and 9 versus 8, when the towers are
downwind of these trees, one observes that the turbulence intensities decrease
with increasing distance downwind of the trees with the highest turbulence
intensities at tower 9 and the lowest turbulence intensities at tower 8.

3.1.5 Effects of Trees on Depth of Turbulent Layer and Wind Shear

To investigate the depth of the tree-induced turbulent layer at the BPA
tower when it is downwind of the trees, we analyzed and compared the variation
of the turbulence intensity as a function of height and wind direction at the
PNL and BPA towers. As previously mentioned, the BPA tower is about 300 m
downwind of a grove of trees that are mostly scrub oak when the wind directions
are from about 260° to 290°, whereas the PNL tower is about 1000 m downwind
of these trees (see Figure 3.3). These trees are estimated to range in height
from about 5 to 12 m,

Figure 3.4 shows, for each of three height levels of the BPA and PNL
towers, the turbulence intensities as a function of wind direction. The tur-
bulence intensities for the BPA tower are based on about 800 hr of data from
June through August, including all available data from both the wake and non-
wake sets. Only periods when all three levels had data were included. The
turbulence data available for the PNL tower were more limited because only
non-wake data (i.e., turbines off) were included and data at the 15-m and
38-m levels were only available during the month of June. Turbulence data
were collected from June through August at only the 61-m level of the PNL
tower. Thus, the turbulence intensities for the PNL tower shown in Figure 3.4
were based on about 125 hr of data in June, representing only periods when
all three levels had data.

At the BPA tower, the 15-m level turbulence intensities are strongly
affected by the upwind fetch of the trees, because maximum turbulence inten-
sities occur at directions of 265° to 275° when the upwind fetch is most
directly over the trees. However, the 59-m level turbulence intensities at
the BPA tower show an opposite trend from those at 15 m, with minimum turbu-
lence intensities when directions are 260° to 280°. The trend with respect
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to wind direction observed at the 59-m Tevel of the BPA tower is similar to
that at the 61-m level of the PNL tower, with generally highest turbulence
intensities for southwest directions and Towest turbulence intensities for
west directions.

At the PNL tower, all three height levels (see Figure 3.4} show similar
trends in the turbulence variations with wind direction, with highest turbu-
lence intensities for southwest directions and lowest turbulence intensities
for west directions. There is no indication of any significant effect of the
trees on the turbulence at the two lower height levels of the PNL tower.
Apparently, the 1000-m separation distance between the trees and the PNL tower
is sufficient to diminish the turbulence effects from the trees.

Comparing the turbulence intensities for the two lower height levels of
the BPA and PNL towers in Figure 3.4, one can observe dramatic differences
between the BPA and PNL towers in the turbulence intensity trends as a function
of wind direction. These differences are most pronounced at 15 m and are
greatest for the wind direction sector in which the BPA tower is downwind of
the trees (255° to 290°). Maximum differences between the BPA and PNL towers
at 15 m occur when wind directions are about 265° to 280°, which indicates
that these are the directions in which the flow characteristics are most influ-
enced by the upwind fetch of the trees.

While the effects of the trees on the turbulence at the BPA tower are
quite evident at heights to at least 32 m, they appear to be considerably
reduced at 59 m. However, the degree to which the 59-m level may be affected
by the trees is difficult to estimate accurately with the existing data because
different periods of data were used in the BPA and PNL tower analyses.

To obtain a more reliable estimate of the affect of the trees on the
59-m level of the BPA tower, a comparison of the wind speeds and turbulence
intensities between the BPA tower 59-m level and the PNL tower 61-m level was
carried out, using identical periods of non-wake data. Average ratios
(PNL/BPA) of wind speed and turbulence intensity for directions between 260°
and 290° were in the range of 1.05 to 1.10 for wind speed and 0.8 to 0.9 for
turbulence intensity. Thus, the hub-height wind flow was slightly stronger
and slightly less turbulent at the PNL tower than at the BPA tower. This
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indicates that the effects of trees could extend upwards to at least 59 m at
the BPA tower (which is 300 m downwind of the trees), although these effects
are substantially weaker at 59 m than at heights of 15 to 32 m. However, other
factors could also contribute to the PNL/BPA differences in the wind speeds

and turbulence intensities at about the 60-m level, such as differences in
sensor calibration and response characteristics, and terrain effects.

An analysis was also performed to estimate the effects of the trees on
the wind shear profile with height. A power-law equation is commonly used to
describe the wind shear or the variation of wind speed with height above
ground:.

where V, and V; are the mean wind speeds at heights Z, and Z;, respectively,
and a is the power law exponent. The power law exponent is calculated by

Tn (Vzlvl)
= Tn (22721)

Average long-term values of a for smooth (grassy), flat terrain are typically
about 0.14, An increase in surface roughness and/or increase in atmospheric

stability generally result in an increase in the wind shear and consequently

an increase in a.

Figure 3.5 shows the values of a as a function of wind direction for the
BPA and PNL towers. Only non-wake data (i.e., turbines off) were used. The
a values are shown for two intermediate layers and a composite layer spanning
the lower half of the rotor disk. At both towers, shear exponents are largest
in the lowest layer near the ground, as would be expected, because wind shear
typically decreases with increasing height above ground. The remainder of this
discussion will only address the shear exponent values for the composite layer,
that is, the 15-m to 59-m layer at the BPA tower and the 15-m to 61-m layer
at the PNL tower,
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At the BPA tower, average maximum a values were in the range of 0.28 to
0.29 and occurred for wind directions 265° to 275°, which coincides with the
directions of maximum turbulence intensities at 15 m. This is the direction
sector most influenced by the upwind fetch of the trees. Values of a exceeded
0.2 over the broad sector, 255° to 290°, that experienced an increase in turbu-
lence caused by the upwind fetch of the trees. For southwest and northwest

directions, average values of a were considerably lower, ranging from 0.10 to
0.15.

Yalues of a at the PNL tower were considerably Tower than those at the
BPA tower when directions were 255° to 280°. Average differences were in the
range of 0.10 to 0.13, with the maximum difference of 0.13 occurring at about
265°. For southwest and northwest directions, the PNL tower a values were
only slightly lower than those at BPA, as differences were in the range of
0.02 to 0.06.

At both the PNL and BPA towers, maximum a values occurred with west direc-
tions, but maximum a values were 0.18 at the PNL tower compared to 0.29 at
the BPA tower, At both towers, minimum a values were associated with southwest
directions, which are most frequent during the daytime hours when unstable
atmospheric conditions and relatively high turbulence intensities often exist.
During late evening and nighttime hours, when atmospheric conditions are typi-
cally quite stable and turbulence intensities quite low, westerly wind direc-
tions occur most frequently. Thus, the average maximum a values of about
0.18 at the PNL tower are probably due to the effects of nocturnal stability,
whereas the much higher average maximum a values of 0.29 at the BPA tower are
probably due to a combination of the effects of nocturnal stability and the
effects of the upwind fetch of the trees. As it turns out, the effects of
nocturnal stability and the effects of the trees are each the greatest at the
BPA tower when wind directions are in the range of 265° to 275°. This combined
effect of the stability and the trees results in the quite large wind shears
observed at the BPA tower,

3.1.6 Effects of Tree-Induced Turbulence on 1-s Time Series of Wind Speed

One final investigation of the free-flow analysis was to examine how
increased turbulence intensity caused by upwind trees affects the 1-s time
series of the wind speeds. About 3 h of 1-s data had been collected from the
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nine towers on June 17, 1985; however, all but about 10 min of the data were
influenced by turbine wakes, because the wind turbines were operating. The
time series of the 1-s wind speeds at each of the nine towers were examined
for an 8-min period (1632-1640 PST) when the wind turbines were shut down.
The wind direction at tower 9 for this 8-min period averaged 284°, with a
standard deviation of 8°. Average wind speeds at the nine towers for this
8-min period ranged from 12.6 m/s to 14.0 m/s, except for tower 7, which had
an average speed of only 9.2 m/s. Average turbulence intensities ranged from
9% to 13%, except for tower 7 which had an average turbulence intensity of
28%.

This substantial reduction in the wind speeds and increase in the turbu-
lence intensities observed at tower 7 when the wind direction is around 284°
is consistent with the findings previously discussed (see Figures 3.1 and
3.2). At this wind direction, tower 7 is downwind of an extensive grove of
pine and juniper trees, as seen in Figure 3.3,

Figure 3.6 shows a comparison of the 1-s time series data for towers 7
and 8. The vegetation upwind of tower 8 in this wind direction is grass and
low sagebrush; thus, the fetch upwind of tower 8 is quite smooth compared to
that upwind of tower 7. Note in Figure 3.6 that the wind speed oscillations
(i.e., the gustiness of the winds) at tower 7 are of much greater amplitude
than those at tower 8. The implications for a wind turbine located at tower
7 {in contrast to one located at tower 8), with a hub height near 30 m, would
be reduced power output, more variable power output, more start/stop cycles,
and probably increased stress caused by the increased turbulence. However,
it is possible that turbine power output and performance could be improved
significantly if the hub height were increased to 50 m or 60 m.

3.2 WAKE CHARACTERISTICS

The wake effects downwind of the wind turbines when they were operating
were examined by comparing the wake and ambient flow at each of the towers
when a tower was determined to be downwind of a turbine. The arrangement of
the towers with respect to the turbines permitted observations of the wake
characteristics at various distances ranging from 2 to 10 D (for the range of
wind directions used in this report). It will be emphasized that the analysis
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3.2.9 Velocity Deficits Stratified by Ambient Wind Speed and Turbulence

Intensity

Another analysis was to examine the velocity deficits as a function of the

ambient wind speed and the ambient turbulence intensity. The relationship
between wind speed and the MOD-2 rotor thrust coefficient is described in
Appendix E. Generally, thrust coefficients are highest at low wind speed and
decrease with increasing wind speed. Rotor thrust coefficients are about 0.8
at wind speeds of 6 m/s and decrease to around 0.2 at wind speeds of 18 m/s
(see Figure E.1).

Four wake scenarios were selected for this analysis; these are listed in
Table 3.3. Many of the other wake scenarios were determined to have insuffi-
cient data available for this type of analysis, because the data sets had to
be divided into several smaller subsets for comparison of the ambient and
wake wind speed ratios. The wake scenarios of turbine 2/tower 5 (1.9 D) and
turbine 2/tower 6 (5.2 D) were selected, since these wakes were centered near
270°, the most frequent wind direction, and considerably more data were avail-
able for these two wake scenarios than for any of the other wake scenarios.
The wake scenario of turbine 3/tower 8 (8.4 D) was selected in order to extend
the analysis of the wake features out to 8.4 D, (Insufficient data were avail-
able for the 9.1 D and 10.0 D wake scenarios, as they were at directions near
240° where the amount of data is too limited for further stratifications.)

The wake scenario of turbine 2/tower 8 (5.9 D} was also examined to provide
another data point.

Table 3.3 1ists the average maximum velocity deficits 1n each wake
scenario for three different categories of wind speed and turbulence intensity.
These categories were determined by examining the observed (wake data set)
frequency distributions of wind speed and turbulence intensity at the BPA
59-m anemometer (see Appendix A) and dividing the distributions roughly into
thirds. The 59-m level of the BPA tower was used, rather than the 32-m level,
to stratify the wind speed and turbulence intensity because the wind flow
characteristics at the 32-m level are significantly influenced by the upwind
fetch of the trees as previousiy shown. The influence of the trees on the
59-m level was determined be considerably reduced, because this level is mostly
above the tree-induced turbulent layer and its wind flow characteristics are
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TABLE 3.3. Average Maximum Velocity Deficits (%) at 32 m Stratified by Ambient
Wind Speed and Turbulence Intensity at 59 m

1.9 0 (Turbine 2/Tower 5) 5.2 0 (Turbine 2/Tower 6)
Wind Speed (m/s)} Wind Speed (m/s)
5-9 9-12 >12 5-9 9-12 >12
"] Q [}
§3’ <5% 50 41 29 §E <5% 31 31 20
2% 5-9% 44 36 26 <2 5-9% 26 24 17
£ £8
SE >9% 37 32 27 2S >9% 20 19 17
5.9 D (Turbine 2/Tower 8) 8.4 D (Turbine 3/Tower 8)
Wind Speed {(m/s) Wind Speed (m/s)
5-9 9-12 >12 5-9 9-12 >12
%3, <5% 28 27 20 §3, <5% 16 18 13
— ) -
S E 5-0% 24 20 16 52 5-9% 16 12 11
52 £2
=S >9% 17 18 16 S5 0% 13 10 10




only slightly affected by the trees. For the purpose of this stratification,
any slight influences that may be caused by the trees are probably negligible.

It is evident from Table 3.3 that velocity deficits at 32 m are for the
most part highest at low turbulence intensities and low wind speeds (high
thrust coefficients), and lowest at high turbulence intensities and high wind
speeds (low thrust coefficients). The margin of error of these deficits is
estimated to be 0n1y.ab0ut 1% at 1.9 D and 5.2 D, because a considerable amount
of data was available for these wake scenarios. The amount of data available
for the 5.9 D and 8.4 D wake scenarios was more limited, and the margin of
error is estimated to be about 3%. It is worthwhile to note that slightly
higher deficits may occur at the hub-height level (61 m) than at 32 m, as
indicated by the analysis of the vertical profile of the wake for 5.9 D and
8.4 D in Section 3.2.7.

Under worst wake conditfons (i.e., those that result in the greatest
deficits), which occur when there are low turbulence intensities {0-5%) and
low (5-9 m/s) or moderate {(9-12 m/s) wind speeds, average maximum velocity
deficits at 32 m range from 50% at 1.9 D, to 31% at 5.2 D, and 18% at 8.4 D.
Except at 1.9 D, deficits for moderate wind speeds are comparable to those at
low wind speeds when turbulence intensities are low. This is not expected,
because the deficits should decrease as wind speed increases since the rotor
thrust coefficient for the MOD-2 is greatest at low wind speeds and decreases
with increasing wind speed (see Appendix E). However, a considerable decrease
in deficits does occur, as expected, in going from moderate to high wind speeds
in the low turbulence intensity category.

Under best conditions (i.e., those that result in the smallest deficits),
which usually occur when high turbulence intensities (>9%) and high wind speeds
(D12 m/s) exist, average maximum velocity deficits at 32 m range from 27% at
1.9 D, to 17% at 5.2 D, and 10% at 8.4 D. It will be emphasized that, except
for a very small fraction of the data ({1%), high turbulence intensities were
between 9% and 20%, with a mean of 13.3%, whereas high wind speeds were between
~ 12 m/s and 18 m/s, with a mean of 13.7 m/s. If sufficient data were available
to stratify the wake deficits for even higher turbulence intensities and higher

wind speeds, it is expected that these deficits would be lower yet than those
calculated here.
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The effect of wind speed on the wake deficit {s substantially greater at
low turbulence intensities than at high turbulence intensities. For example,
at 5.2 D, in going from low wind speed to high wind speed, the deficits
decrease from 31% to 20% for low turbulence and from 20% to 17% for high tur-
bulence. Except at 1.9 D, at high turbulence intensities, it is apparent from
Table 3.3 that wind speed has only a small influence on the deficits, because

deficits at high wind speeds are only slightly less than those at low wind
speeds.

The effect of turbulence intensity on the wake deficit is substantially
greater at low wind speeds than at high wind speeds. For example, at 5.2 D,
in going from low turbulence to high turbulence, the deficits decrease from
31% to 20% for low wind speeds and from 20% to 17% for high wind speeds. At
high wind speeds, it is apparent from Table 3,3 that turbulence intensity has
only a small influence on the deficits, because deficits at high turbulence
intensities are only slightly less than those at low turbulence intensities.

A somewhat surprising feature at 1.9 D is the strong effect of turbulence
intensity on the deficits at low and moderate wind speeds. However, it will
be emphasized that the 32-m level (at which the wake deficits were calculated)
is 17 m from the bottom of the rotor disk and 29 m below the hub height, or
about two-thirds of the distance from the hub to the bottom of the disk. At
1.9 D, the average maximum velocity deficits {at the 32-m level) for low wind
speeds range from 50% when low turbulence intensities exist to 37% when high
turbulence intensities exist; thus, the effect of ambient turbulence on wake
dissipation in the outer third of the rotor disk is quite substantial. Unfor-
tunately, it is not possible to evaluate if the ambient turbulence has a sub-
stantial effect on hub-height deficits at 1.9 D.

At 8.4 D, which is close to the row separation distance of some existing
wind farms, the average maximum velocity deficits at 32 m ranged from a high
of 18% for low turbulence intensities and moderate wind speeds to low of 10%
for high turbulence intensities and moderate to high wind speeds. As shown in
Figure 3.11, the deficits at 32 m at 8.4 D are only about 1% less than those
at hub height. As explained in Section 3.2.7, the ground restricts the verti-
cal growth of the wake, thereby 'concentrating' the momentum deficit in a
region above the ground but below the hub height. For this reason, we
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anticipate that the deficits shown in Table 3.3 for the 32-m level at 8.4 D are
fairly comparable to those at hub height; however, the effects of ambient

wind speed and turbulence intensity on the vertical profile of the deficits
are not known.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS FROM OBSERVATION AND ANALYSIS OF DATA

The free-flow variability across the Goodnoe Hills site was examined by
comparing the wind speeds and turbulence intensities at each of nine towers to
those at a common reference tower. The mean wind speeds at 32 m, averaged
over all wind directions, were uniform across the site; wind speeds among the
nine towers differed by less than 5%. Mean turbulence intensities were also
uniform, except at one tower that had about 20% higher average turbulence
intensity than all the other towers. However, considerable variability was
observed among the nine towers when the wind speed and turbulence intensity
ratios were stratified by wind direction. Most of this variability was linked
to changes in the surface roughness. At two towers, a 20% to 30% reduction
in wind speed and a 100% to 150% increase in turbulence intensity were observed
when these towers were downwind of an extensive grove of pine and juniper
trees. At three other towers, up to 10% reduction in wind speed and 50%
increase in turbulence intensity were observed when these towers were downwind
of a grove of scrub oak trees. Terrain-induced effects on the free flow were
evident at some of the towers, which caused variations of up to 10% in wind
speed and 30% in turbuience intensity.

The 1-s time series of wind speeds at 32 m were examined to determine
how changes in the surface roughness from grass to trees affected the wind
characteristics over small time scales. A substantial increase in the magni-
tude of the wind gusts, as well as a considerable decrease in the mean wind
speed, was observed when a tower was downwind of the pine and juniper trees
rather than grass and sagebrush, Implications for a wind turbine at a height
of about 30 m and located downwind of the trees are reduced power output, more

variable power output, more start/stop cycles, and increased stress caused by
the increased turbulence.

Wake characteristics of the flow examined when the wind turbines were
operating included velocity deficit, wake turbulence, wake width, wake tra-
jectory, vertical profile of the wake, and the classification of wake proper-
ties as a function of the ambient wind speed and turbulence intensity. The
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arrangement of the towers with respect to the turbines permitted observations
of the wake characteristics at various distances ranging from 2 to 10 D.

Most of the wake data were collected at a height of 32 m; the MOD-2 hub height
was 61 m and the bottom of the rotor disk was 15 m above ground.

Average maximum velocity deficits at 32 m ranged from 34% at 2 D to 7%
at 10 D. A regression line fit to velocity deficits indicated that the deficit
would decrease to near 0% at 12 D, The relationship between velocity deficit
and downwind distance was surprisingly linear. Maximum velocity deficits
occurred at or near the center of the wake, in the near wake as well as the
far wake.

Average maximum turbulence intensities at 32 m in the wake were 1.7 to 2.0
times greater than ambient values at distances of 2 to 4 D and 1.2 to 1.5 times
greater at distances of 5 to 10 D. However, maximum turbulence intensities
occurred along the flanks of the wake, not the center of the wake, for
distances out to 6 D,

Average wake widths at 32 m ranged from 1.6 D at a distance of 2 D to
2.8 D at a distance of 10 D. Widths of the wake core ranged from 0.8 D at 2
D to 1.7 D at 10 D. Implications for turbine spacing are that, for a wind
farm with a 10-D row separation, array losses would be significantly greater
for a 2-D turbine spacing than a 3-D spacing because of incremental effects
caused by overlapping wakes. Decreasing the lateral spacing to 1.5 D would
result in substantially greater wake losses than for 2 D because the wake
cores would be overlapping.

Curvature of the wake trajectory was not evident. The absence of wake
curvature implies that the wind direction variability across the site was, on
the average, quite small and essentially negligible.

The vertical profile of the wake was examined at 5.9 D and 8.4 D, based
on an analysis of the velocity deficits at six levels on a tall tower encom-
passing the entire rotor height of the MOD-2 (15 m to 107 m). The maximum
velocity deficits were at the hub-height level (61 m), but the wake decayed
much more rapidly above the hub height than below the hub height. At 8.4 D,
the measured deficits at 15 m and 32 m were only slightly less than those at
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hub height, which indicates that in the far wake the ground effect diminishes
wake decay.

Velocity deficits in the turbine wake were also examined as a function
of the ambient wind speed and turbulence intensity at several downwind dis-
tances ranging from 1.9 D to 8.4 D. Velocity deficits were highest at low wind
speeds (high thrust coefficients) and low turbulence intensities and lowest
at high wind speeds (low thrust coefficients) and high turbulence intensities.
Turbulence effects on the velocity deficits were substantially greater at Tow
wind speeds than at high wind speeds. The effects of wind speed on the
deficits were substantially greater at low turbulence intensities than at
high turbulence intensities,

4,2 RECOMMENDATIONS FOR FUTURE WORK

Considerable variability in the free-flow wind speeds and turbulence
intensities was observed among the nine towers when the data were stratified
by wind direction. It would also be expected the power output and performance
of the three wind turbines would show some variability, when stratified by
wind direction. For example, turbine 1, like towers 6 and 7, is downwind of
the extensive grove of pine and juniper trees at certain wind directions.

How does the change in surface roughness effect the power output and its vari-
ability at turbine 1? It was noted in a previous report (E1liott et al. 1988)
that turbine 1 experienced more frequent shutdowns in high winds than did
turbines 2 or 3. Boeing (1985} reported that the pitch control algorithm
installed in the Goodnoe Hills MOD-2 was not continually responsive under
gusty wind conditions. Consequently, under these conditions the MOD-2s fre-

quently shut down because the generator power exceeded the protective relay
cut-off point.

Thus, the more frequent shutdowns at turbine 1 are apparently related to
a greater frequency of gusty wind conditions than occurred at turbines 2 and
3. Turbine 1 was the downwind turbine and would be expected to experience
somewhat more gusty wind conditions and greater power oscillations when it
was in the wake of one of the two upwind turbines, as a result of increased
turbulence associated with the turbine wakes. However, were some of the
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shutdowns at turbine 1 caused by the increased turbulence and gusty wind condi-
tions when turbine 1 was downwind of the pine and juniper trees?

The power output and its variability at turbines 2 and 3 could also be
correlated to changes in the surface roughness upwind of the turbines. Does
the increased turbulence over the lower part of the rotor disk, and increased
wind shear as well, affect the power output and performance at turbines 2 and
3 when they are downwind of the trees?

We recommend that analyses of the turbine power data be carried out to
investigate these and similar questions.

One element not investigated in this report was the standard deviation
of wind direction, or lateral turbulence intensity. We analyzed the longi-
tudinal turbulence intensity, which is based on the standard deviation of
wind speed. Longitudinal turbulence intensities were observed to increase by
as much as 100% to 200% at towers 6 and 7 in the wake of the pine and juniper
trees, and the magnitude of the wind gusts increased considerably. How would
the trees affect the lateral turbulence intensity? What implications does
this have on the magnitude of the wind direction fluctuations and how would
this affect the turbine yaw angle and the turbine power output and performance?
An examination of the lateral turbulence intensity in the wake of the trees
and the turbine yaw error could provide some valuable insight into these
questions.
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APPENDIX A

PERCENT FREQUENCY DISTRIBUTIONS OF WIND DIRECTION,

WIND SPEED, AND TURBULENCE INTENSITY
























































































