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SUMMARY

Data from a group of three MOD-2 wind turbines and two meteorological
towers at Goodnoe Hills were analyzed to evaluate turbine power output and
wake effects (losses in power production due to operation of upwind turbines),
and atmospheric factors influencing them. The influences of variations in
the ambient wind speed, wind direction, and turbulence intensity were the
primary factors evaluated. Meteorological and turbine data collected at the
Goodnoe Hills site from April 1 to October 17, 1985, were examined to select
the data sets for these analyses. The data were 1-min averages of 1-s values.

Wind data from the two meteorological towers were evaluated to estimate
the effect of a wake from an upwind turbine on the wind flow measured at the
downwind tower. Maximum velocity deficits were about 25% and 12% at downwind
distances of 5.8 and 8.3 rotor diameters (D), respectively. However, the
maximum deficits at 5.8 D were about 14° off the centerline orientation between
the turbine and the tower, indicating significant wake curvature. This wake
curvature was also evident for the 8.3 D wake case. Velocity deficits were
found to depend on the ambient wind speed, ranging from 27% at lower speeds
(15 to 25 mph) to 20% at higher speeds (30 to 35 mph). Turbulence intensity
increases dramatically in the wake by factors of about 2.3 and 1.5 over ambient
conditions at 5.8 D and 8.3 D, respectively.

An analysis of the ambient (non-wake) power production for all three
turbines showed that the MOD-2 power output depends, not only on wind speed,
but also on the turbulence intensity. At wind speeds below rated, there was
a dramatic difference in turbine power output between low and high turbulence
intensities for the same wind speed. One of the turbines had vortex generators
on the blades. This turbine produced from 10% to 13% more power than the
other two turbines when speeds were from 24 to 31 mph.

An analysis of the average power deficits at 6.7 D found that power
deficits depend on both the ambient wind speed and turbulence intensity.
Power deficits are greatest at low wind speeds and low turbulence intensities
and decrease with increasing wind speed and/or turbulence intensity. Maximum
average power deficits at 20 mph, 25 mph, and 30 mph are 43%, 28%, and 10%,
respectively, for low turbulence intensity and 32%, 17%, and 9%, respectively,
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for all turbulence intensities. As with the velocity deficits, the maximum
power deficits were substantially off (by 10° to 12°) the centerline orienta-
tion between the upwind and downwind turbines, indicating a significant wake
curvature.
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1.0 INTRODUCTION

In the fall of 1979, the U.S. Department of Energy (DOE) selected the
Goodnoe Hills site, proposed by the Bonneville Power Administration {(BPA), for
the installation of a cluster of three MOD-2 wind turbine generator systems.
Each MOD-2 is rated at 2500 kW. This site, selected from 20 candidate sites
proposed by utility systems around the United States, provided a unique
combination of high annual average wind speeds, site accessibility, strong
utility support, high public visibility, and significant opportunity for
performing a variety of tests on the first cluster of large turbines ever to
be installed.

The Goodnoe Hills site, which is located in Washington State near
45°47.1'N and 120°33.4'W, is approximately 20 miles east of the town of
Goldendale, Washington, and approximately 120 miles east of Portland, Oregon.
The site is on top of a ridge, oriented approximately east-west, at an ele-
vation of 2600 ft about 3 miles north of the Columbia River. The terrain is
relatively flat at the top of the ridge, although numerous gullies cut across
the site; the gullies become quite deep on both the north and south sides.

The ridge drops quite steeply to the river on the south side and more gradually
to the Goldendale Valley on the north side. Vegetation at the site consists
almost entirely of low sagebrush and grass, with scrub oak found in the deeper
gullies to the north and western edges of the site.

The M0OD-2 wind turbine is a two-blade, teetering-hub, upwind machine.
The rotor, which is 300 ft in diameter and weighs 50 tons, is attached to a
nacelle housing the gearbox and a 2500-kW generator, and sits atop a cylin-
drical 200-ft high tower. Rotor speed control is accomplished by pitch control
of the outer 45 ft of each blade. The machines were designed and manufactured
by the Boeing Aerospace Corporation (BAC) for the DOE's Federal Wind Energy
Program. The Jarge machine development activities of the Wind Energy Program
were managed by the National Aeronautics and Space Administration (NASA)/Lewis
Research Center for the DOE.

Immediately following the selection of the site, a multi-agency test board
was created to design and manage the experimental phase of the MOD-2 research
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program. This test board consisted of representatives from NASA/Lewis, BPA,
BAC, Pacific Northwest Laboratory (PNL), and the Solar Energy Research
Institute (SERI).

The initial actions of this test board were to establish the precise
configuration of the cluster at the site and to design a data system that
would support the MOD-2 research program. A triangular array was determined
to be the most suitable configuration, since it would provide the best oppor-
tunity to measure the effect of the wake of an upwind machine on the power
output of a downwind machine. This information was considered to be critical
for future commercial wind farm activities and was a key objective of the
MOD-2 test program. This triangular array would provide opportunities of
monitoring wake effects at spacings of approximately 5, 7, and 10 rotor diame-
ters (D). The data system chosen by the test board consisted of a central
data logging facility that monitored signals from a variety of parameters at
the three wind turbines. Simultanecusly, this system monitored wind speed and
direction information and other meteorological parameters collected at various
levels on two meteorological towers installed at the site: a 200-ft tower
operated by BPA and a 350-ft tower operated by PNL.

The main objective of this report is to analyze the meteorological and
turbine data collected at the Goodnoe Hills site from April 1 to October 17,
1985, for the purpose of evaluating turbine power output and wake effects and
their variability as a function of wind speed, wind direction, and turbulence
intensity. Previous studies on the wind characteristics, wakes, and turbine
power production have been performed for the Goodnoe Hills site using data
sets collected prior to 1985. These included PNL studies reported by 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
(e.g., for BAC, BPA, NASA/Lewis) such as those of Baker and Walker (1982,
1985), Miller (1985), Germain (1984), and Sullivan (1984). Most of the studies
focused primarily on wake characteristics and velocity and power deficits
induced by the upwind turbine wakes. A variety of techniques and measurements
were used in previous studies to estimate wake characteristics. These included
turbine as well as tower parameters, measurements using kites and tethered
halloons, and filow visualization. Phenomena that can affect the results of
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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.

The 1985 data set, upon which this report is based, contains considerably
more turbine and tower data for use in analyzing turbine power production and
wake effects than previous data sets collected at the Goodnoe Hills site,
such as the 1982 data set which has been analyzed and reported by Buck and
Renne {1985), Germain (1984), Hadley and Renne (1983), and others. Because
of problems with the turbines, the amount of wake data collected in 1982 was
quite Timited. In 1985, all three turbines were operational and much more
data were collected for considerably longer periods of time than in 1982.
Another shortcoming of the 1982 data set is that only limited meteorological
conditions are represented in the September to November data collection period;
no data were available for the windiest periods at the site, which usually
occur in the spring and summer months, The 1985 data set contains almost
seven months of turbine and tower data, mostly from the spring and summer
months, which are usually the best power-producing months.
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2.0 GOOONOE HILLS DATA COLLECTION PROGRAM

2.1 DESCRIPTION OF DATA COLLECTED IN 1985 AT THE MOD-2 TEST SITE

‘A variety of instrumentation has been installed on the three MOD-2
turbines and two meteorological towers to measure turbine, wind and other
meteorological parameters at Goodnoe Hills. 1In 1985, the signals received
from each turbine were generator field current, utility power, generator power,
energized voltage, rotor speed, yaw error, #1 blade pitch angle, and nacelle
position. The 350-ft PNL meteorological tower had wind speed and direction
sensors at 5D-, 125-, 200-, 275-, and 350-ft levels. These levels gave wind
information for the upper and lower limits of the rotor and its hub as well
as two points halfway down the blade length.

The type of wind sensor installed at each level on the PNL tower was the
Climatronics™ 460 Model, which consists of anemometer cups and a directional
vane. The distance constants for this wind measuring system are reported to
be 5 ft (maximum) for wind speed and 3.7 ft for wind direction. Other sensors
at the PNL tower were an air temperature sensor at 33 ft, delta temperature
sensor for the difference between 350- and 33-ft Tevels, and an atmospheric
pressure sensor at 200 ft.

The 200-ft meteorological tower maintained by BPA had wind speed and
direction sensors at 50- and 195-ft levels, an air temperature sensor at 50 ft,
and an atmospheric pressure sensor near ground level. The type of wind sensors
installed on the BPA tower was the Belfort™ Aerovane Model 120 HD Type L,
which is a three-blade propeller installed on the front of the directional
vane. The distance constants for this wind measuring system are reported to
be 15 ft for wind speed and 34 ft for wind direction.

Calibration of the sensors and electronics of the systems was done rou-
tinely on all equipment, including the turbines, although the turbine sensor
calibrations presented some problems with zero drift, which are discussed in
more detail in Section 3.2 of this report.

TT:cnmatronics, 626 Sonora Ave., Glendale, CA 91201.
Belfort Instrument Co., 2620 Concord Ave., #102, Alhambra, CA 91803.
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A centralized data logging system, known as the Distributed Data System
(DDS), was installed at the site to monitor data collected from both the mete-
orological towers and selected data from the three MOD-2 turbines. The spe-
cifics of the DDS are described in Appendix A.

This report is based on data collected from April 1, 1985, to October 17,
1985. Table 2.1 lists the parameters that were collected by the DDS during
the 1985 period.

TABLE 2.1. Data Channels Collected on DDS During Period
April 1 to October 17, 1985

PNL TOWER:

1) Wind direction 125 ft

2) Wind direction 50 ft

3) Wind direction 200 ft

4) Wind direction 350 ft

5) Wind speed 125 ft

6) Wind speed 50 ft

7) Wind speed 200 ft

B8) Wind speed 350 ft

9) Air temperature 33 ft
10) Air temperature difference between 350 ft and 33 ft
11) Air flow (temperature aspirator} 33 ft
12} Air flow (temperature aspirator) 350 ft
13) Atmospheric pressure 200 ft
14) Wind direction 275 ft
15) Wind speed 275 ft

BPA TOWER:

1) Wind speed 50 ft

2) Wind direction 50 ft

3) Wind speed 195 ft

4) Wind direction 195 ft

5) Air temperature 50 ft

6) Atmospheric pressure ground

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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turbulence intensity and slightly underpredicted the measured values for mid
and mid-high turbulence intensities. At wind speeds of 31 to 33 mph, the
model underpredicted the measured deficits.
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4.0 CONCLUSTONS

Meteorological and MOD-2 turbine data collected at the Goodnoe Hills site
from April 1 to October 17, 1985, have been analyzed to evaluate wake charac-
teristics and how they affect power output, and the influence of atmospheric
factors. The influences of variations in the ambient wind speed, wind direc-
tion, and turbuience intensity were the primary factors evaluated.

An examination of the effect of wakes on the measured winds at the PNL
tower has shown that

e the maximum velocity deficits are about 25% and 12% at downwind
distances of 5.8 D {Turbine#2/PNL) and 8.3 D (Turbine#3/PNL),
respectively.

o for the Turbine#2/PNL wake case, the maximum velocity deficit occurs
at a BPA wind direction of 306°. This is 14° off the Turbine#2/PNL
centerline orientation of 292°, indicating that the wake may curve
significantly between Turbine #2 and the PNL tower. Wake curvature
may also occur between Turbine #3 and the PNL tower; however, it is
not as pronounced as the curvature between Turbine #2 and PNL tower.

e for the Turbine#2/PNL wake case, the maximum velocity deficit depends
somewhat on the free-stream wind speed. The deficit is largest,
about 27%, at the lower speeds (15 to 25 mph). As the speed
increases to between 30 and 35 mph, the deficit decreases to about
20%.

e the turbulence intensity increases dramatically in the wake. For
the Turbine#2/PNL and Turbine#3/PNL wake cases, the turbulence inten-
sity at the PNL tower increases by factors of about 2.3 and 1.5,
respectively, over ambient conditions.

An analysis of the ambient {non-wake) power production for all three
turbines at Goodnoe Hills showed that

e the MOD-2 power output depends, not only on wind speed, but also the
turbulence intensity of the wind.
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e at wind speeds below rated, there was a dramatic difference in
turbine power output between the highest and lowest turbulence
intensity categories. This difference was comparable to that of
about a 3- to 4-mph difference in the wind speed.

e Turbine #3, which had vortex generators on the blades, produced
from 10% to 13% more power than the other two turbines when speeds
were from 24 to 31 mph.

e the difference in power output between Turbine #1 and Turbine #2
was gquite small (<3%) except at very low wind speeds (<18 mph).

An analysis of the average power deficits for Turbine #1 downwind of
Turbine #2 (6.7 D, 276°) found that

e power deficits depend on the ambient wind speed. Power deficits are
greatest at low wind speeds and decrease with increasing wind speed.

o for example, maximum average power deficits are 32% at 20 mph, 17%
at 25 mph, 9% at 30 mph, and about 5% at 35 mph.

e Mmaximum average power deficits occur at BPA wind directions of 286°
to 288°. This is 10° to 12° off the Turbine #2/Turbine #1 centerline
orientation of 276°, indicating that the wake may curve significantly
between Turbine #2 and Turbine #1. (This curvature was also evident
in the analysis of the velocity deficits for Turbine #2/PNL and
Turbine #3/PNL.)

e power deficits also depend on the ambient turbulence intensity.
Largest deficits occur when the ambient turbulence intensity is
Tow, and deficits decrease with increasing turbulence intensity.
For low turbulence intensity, power deficits range from 43% at 20 mph
to 28% at 25 mph and 10% at 30 mph.

Some of these results have generic importance for estimating power produc-
tion and wake effects. Turbine power output was found to be highly dependent
on not only wind speed but also the turbulence intensity of the wind. For
MOD-2s and other types of turbines whose power production varies as a function
of turbulence intensity, the importance of collecting turbulence intensity
data, as well as time-averaged wind speed data, for use in estimating power
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production at a potential site cannot be overemphasized. However, a turbine's
power output as a function of turbulence intensity, as well as wind speed,
must be known in order to utilize these data in siting applications. Power
deficits caused by turbine wakes were also found to vary as a function of wind
speed and turbulence intensity. This relationship indicates that wake effects
are very site dependent, because average power deficits may be quite different
at sites that do not have similar frequency distributions of wind speed and
turbulence intensity. Other important factors that should be considered in
estimating power output and wake effects are the terrain complexity and
vertical profiles of wind speed, wind direction, and turbulence intensity.
Large errors in predictions of power output and/or wake effects could result
if a site's wind profile characteristics were significantly different from
those of the basic site(s) used in establishing the power curves and wake
effects,
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APPENDIX A

DESCRIPTION OF THE DISTRIBUTED DATA SYSTEM (DDS)

A centralized data logging system, known as the Distributed Data System
(DDS), was installed at the site to monitor data collected from both the mete-
orological towers and the three MOD-2 turbines. The DDS consisted of a micro-
computer hard-surface disk drive, a terminal, and a tape drive for backup
storage and system loading. The disk was used as stored system programs and
data collected from the towers and turbines. This system was upgraded in
1984 with a new operating system that allowed plotting of current or stored
data using the new graphics terminal or a hard copy plotter. Other new
software altowed for easier definition of channels and data records. These
modifications permitted researchers to easily change data records to conform
to specific tests and to plot the data during and after collection.

The DDS was designed to collect and record data on a common time basis
from up to 32 channels from eight different locations around the site. All
signals are transmitted through underground fiber optic cables from the three
turbines and two towers to a central data trailer. The fiber optic cables
were then connected to the DDS for processing and storage. Figure A.1 shows
a schematic of the various components of the DDS in 1985 at Goodnoe Hills.

The time reference was controlled by a battery-operated clock that would
not lose time even if there was an electrical power failure. If power to the
data trailer was shut off, the DDS would close the current data file to prevent
data loss. When the power was off, no data were collected. Once the power
was back on, the DDS would automatically restart the computer and give it the
current time from the battery-operated clock. The DDS would then begin a new
data file with the current time stamp.

The software provided with the DDS gives the user the following data
collection options:

e selection of data channels to be contained by the data file

e selection of data sampling interval
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FIGURE A.1. Schematic of the Information Flow Through
the Distributed Data System (DDS) at the
Goodnoe Hills Site

e selection of data sampling format (averaged with standard deviations or
instantaneous values)

e selection of the time period of the data file.

Once these options were decided, the system could be programmed to collect
exactly the data the user wants. In normal operations, the DDS at the Goodnoe
Hills Site collected 45 channels of data: 15 channels from the PNL tower,
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The character of the functional relationship between the ratio and the
wind direction will, of course, depend upon the width, o, of the weighing
function. 1In fact, because larger values of ¢ result in averaging over more
data, ¢ acts as a smoothing parameter. The amount of smoothing must be chosen
with care: considerable smoothing may remove noise and make the shape of the
ratio-versus-direction function clear; however, this comes at the expense of
smoothing out the local extremes (i.e., peaks and valleys) of the function,
Since we are interested in characterizing the maximum velocity deficit, a
Tocal minimum on the wake ratio-versus-direction curve, it is not desirable
to use a large amount of smoothing. In practice, the amount of smoothing was
chosen by experimenting with different values of ¢, and finally a value of
1.69 was selected. With this value, the Tocal extremes are only altered a
very small amount.
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