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SUMMARY

The Pacific Northwest Laboratory has conducted wind tunnel tests of seven
relatively inexpensive wind measurement systems as a part of a program to
evaluate the accuracy and reliability of instruments for use in small wind
energy conversion system siting studies. This report discusses wind measure-
ment systems and documents the results of the wind tunnel studies. Documenta-
tion consists of graphs and tables relating system and system component per-
formance to wind speed. The results describe instrument system performance
under ideal conditions; tests in the atmosphere are required to evaluate per-
formance under realistic conditions.
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INTRODUCTION

The U.S. Department of Energy is supporting research on methods of selecting
sites for installation of wind energy conversion systems (WECS). Because
selecting windy locations is an important aspect of siting, the Pacific North-
west Laboratory is evaluating the accuracy and reliability of inexpensive wind
instruments that might be used in siting small WECS.

Wind instruments used by professional meteorologists are rather expensive
and their use in siting small WECS could result in siting costs that may be a
significant fraction of the cost of the WECS itself. Less expensive instruments
are available, but their accuracies and reliabilities are generally not docu-
mented. Thus, the objectives of the evaluation program are 1) to test represen-
tative, inexpensive instruments available for use in small WECS siting, and
2) to document the test results in a useful form for those who must select an
instrument. The objectives do not include rating instruments against one
another or making recommendations about specific makes and models. Publication
of the test results does not constitute an endorsement of any product or
service, nor does it constitute a guarantee or warranty.

Criteria used in selecting wind instruments for evaluation were instru-
ment system requirements, commercial availability and cost. Selection was
based on advertised features, with priority given to instrument systems that
had features directly related to wind energy evaluation.

To be evaluated, a wind instrument system must include a sensor, a record-
ing device, and all necessary intermediate signal and conditioning equipment.
The recording device may be as simple as an odometer-type counter that records
wind passage, as sophisticated as a magnetic tape recorder, or have any inter-
mediate level of sophistication. The primary requisite is that data collection
not depend on continuous or frequent monitoring of the instrument output.
Instrument systems that use dials or other display as their only output device
are not evaluated.

Since the intent of the program is to evaluate commercially available
instruments, instrument systems must be beyond the design stage and must be



offered for sale to the general public. Commercial availability is determined
by considering the following factors:

1. sale and delivery of 25 or more systems, or

2. active marketing as evidenced by advertising material, catalogs
and/or established distributorships.

When the second criterion is used as a basis for determining commercial avail-
ability, it must be accompanied by evidence of the actual sale and delivery of
the systems.

Compared with the instrument system requirements and commercial availa-
bility, cost considerations are secondary. However, the initial evaluations
presented in this report are for instrument systems costing less than $1000.
List prices (1978) for the instrument systems tested ranged from less than
$100 to the $1000 1imit. Wind instruments in this price range are available
from more than 20 sources. Several sources offer more than one system within
the price range.

Following a general discussion of wind instrument systems, this report
presents the results of wind tunnel tests of an initial group of seven instru-
ment systems. These tests were conducted to determine instrument system
accuracy and precision under ideal conditions. Additional testing is required
to determine accuracy and precision under normal atmospheric conditions and to
determine system reliability under both normal and adverse atmospheric conditions.

The instrument systems tested are representative of the types of inexpen-
sive systems available; however, they are not the only inexpensive systems and
may not be representative in terms of accuracy and reliability. Tests on
additional instrument systems are needed before general conclusions can be
reached about inexpensive instrument systems as a group.



WIND INSTRUMENT SYSTEMS

Wind instrument systems are composed of three primary parts: sensors,
signal conditioners, and a display or recorder. Sensors measure the wind and
produce a signal that is directly related to the wind. The signal conditioning
equipment converts the signal received from the sensor into a form that can be
used by the recorder or display. Recorders and displays provide information
in usable forms. The goal in selecting an instrument system is to select
sensors, displays and recorders that provide the data needed for the intended
analysis. Other factors to consider include cost, instrument accuracy and
reliability. For this discussion, instrument systems are assumed to include
appropriate signal conditioning equipment. For a discussion of wind data
analysis see A Siting Handbook for Small Wind Energy Conversion Systems by
Wegley et al. (1980).

WIND SENSORS

For WECS siting applications, the important sensors for wind speed are
cup and propeller anemometers; for wind directions, the important sensor is a
wind vane. Other sensors are primarily research tools that are expensive and
require careful attention during use. When cup anemometers and wind vanes are
used, they are generally independent and separated by a few feet. When pro-
pellers and vanes are used, the propeller is attached to the vane. Because
the two sensors are not totally independent, failure of the vane can cause
failure of the propeller anemometer.

The rotation of anemometers is used to generate a signal that is pro-
portional to wind speed. In most cases, the signal is electrical, although
some anemometers produce mechanical signals. These signals may be continuous
or intermittent. Continuous signals permit the wind speed to be determined
at any instant. Intermittent signals can only be used to determine the aver-
age wind speed during a specific interval.

The output of a small dc generator is an example of a continuous signal.

If an anemometer is connected to a dc generator, the output of the generator
can be displayed using a voltmeter or ammeter. The needle of the meter will



rise and fall with each wind gust, and the average wind speed would be reflected
by the average position of the needle. An example of an intermittent signal
would be a flashing Tight. An anemometer can be connected to the light switch
so that the number of 1ight flashes in 1 minute would equal the average wind
speed during the minute. To use this anemometer, the flashes for 1 minute
would need to be counted. At the end of the minute, the count would only give
the average speed. No information would be available on the speed during

gusts within the minute.

Wind vanes produce continuous signals; however, two types of signal can
be generated. One type relates the signal to discrete direction sectors,
i.e., north, northwest, etc. As long as the wind continues within the sector,
the signal remains constant even though there may be small direction fluctuations.
The other type relates the signal to the instantaneous wind direction. The
signal continuously changes even though the wind remains from the same general
direction. For most WECS siting studies, wind vanes that relate direction to
discrete wind sectors are adequate,

DISPLAYS AND RECORDERS

Generally, displays provide the user with current, but not past, infor-
mation. Recorders, on the other hand, provide past information and may not
provide current information. Some recorders include a display. Selection of
an appropriate system should be guided by the way that the user intends to
analyze the data.

Displays frequently used with wind instruments include dials, digital
displays, and lights. Dials are most common. When used with anemometers,
dials are similar to speedometers where the information is transferred by
needles or pointers.

Digital displays are also common and are found on small hand-held calcu-
lators and clocks. In digital displays, information is presented directly by
lighted numerals and letters, rather than by needles or pointers. Flashing
lights display intermittent anemometer signals. Lights can also be used to
indicate wind direction when the signal is related to discrete sectors. The



display consists of several lights, each light associated with one sector.
When the display consists of four lights, the direction can be determined to
one of eight sectors if it is possible to illuminate two lights at a time.

For example, if the light associated with north were 1it, the wind would be
from the north. If the light associated with west were 1it, the wind would be
from the west. A northwest wind would be indicated by illuminating both the
north and west lights.

Recorders used in wind measurement systems fall into three general classes:
counters, strip chart recorders, and magnetic tape recorders. A given wind
system may include recorders from one or more of the basic classes. One
common type of system uses counters to store data initially and magnetic tape
to transfer the data from the recorder to the point of data analysis.

The simplest recorder is the single counter or accumulator. This device
records only the total amount of wind passing the sensor (a wind-run anemometer).
An odometer on a car, which gives total mileage, is an example of this type of
recorder. To estimate wind speed, it is necessary to record or determine
elapsed time and divide the total amount of wind passing the sensor by the
elapsed time. That is,

Monthly average _ miles of wind passage
wind speed (mph) hours in month

Many counters give a direct readout of the wind passage. These counters
may be actuated by electrical or mechanical signals. Wind-run anemometers
frequently include both the sensor and counter in a single package. For
remote siting applications, totally mechanical wind-run anemometers have an
advantage over electrical systems in that they do not require a source of
electricity. Consequently, they are not affected by either power outages or
battery failures. Wind-run anemometers are particularly useful where the data
analysis will be restricted to estimating WECS annual power production, or at
most to estimating the seasonal variation of WECS output power, because they
provide only the essential information; this reduces the cost of data collec-
tion and analysis.



A number of electric and electronic devices are being used as accumulators.
In one of these devices, an "E Cell", current generated by the anemometer
causes a gap in a mercury column to move. The change in location of the gap
is directly proportional to the wind passage. An adjustable scale, calibrated
in miles, can be set to read zero each time a recording period is begun. Other
electric and electronic accumulators generally require more sophisticated
electronic equipment to determine wind passage.

Data loggers combine a number of accumulators. A simple data logger might
consist of 10 accumulators, each accumulator associated with a given wind speed
range. At the end of the observation period, the contents of the accumulators
(registers) give the wind speed frequency distribution, which can be used to
estimate both WECS power output and mean speed. A power estimate derived from
a measured frequency distribution will be more accurate than one based on a
measured mean speed and an assumed distribution.

As data loggers become more complex (and expensive), they may be used to
record wind speeds by direction and/or time of day. Available wind power
statistics, based on the cube of the wind speed, and estimates of power,
based on WECS characteristics output, may also be recorded by data Toggers.
Data loggers that perform electronic calculations using the input signals and
then record the results of the calculations are called "smart" data loggers.
Smart data loggers significantly reduce the time and expense of data analysis,
but they increase the cost of an instrument system.

Strip chart recorders have been a standard means of recording data for
years. In these devices, the signal from the sensor moves a pen or other
marking device back and forth across a moving piece of paper. Typically, the
paper moves at speeds between 1 and 6 inches per hour. Unlike many other
recorders, the strip chart serves as a display device, as well as a recorder:
the ink trace is a continuous wind record in which time of occurrence is
determined by position along the chart. For a strip chart to be useful, the
beginning and ending times of the recording must be carefully recorded, and
the chart must move at a constant rate.



Analysis of data recorded on strip charts starts with extracting the data
from the charts. The data must then be compiled in a usable format. These
preparatory steps are tedious, and many opportunities for error exist.
Therefore, magnetic tape recorders are rapidly replacing strip chart recorders
as primary data collection devices. They are particularly useful where data
processing and analysis are being done on a computer.

Magnetic tape recorders can be used to record data directly from sensors,
or they can be used to record data output from a data logger. In the first
case, with a minimum amount of information lost prior to recording, the data
can be analyzed in one way and then re-analyzed in another. However, retaining
the information requires a relatively large number of tapes for data collection
and increases data analysis costs. In the second case, a large part of the
data analysis is completed prior to recording, but the flexibility of further
analysis is lost. As a result, the number of data tapes required and the cost
of completing the analysis are small. Probably, magnetic tape recorders will
be used by professionals in a WECS siting study because of the cost of recorders,
signal conditioning, and the equipment needed to read and process the magnetic
tapes.

WIND INSTRUMENT SYSTEMS

In this section, four general wind measurement system classes are defined
on the basis of data storage capability, and the advantages and disadvantages
of the systems are discussed (see Table 1). These four classes of wind measure-
ment systems are:

Class Data Storage Capability
| None
II Limited to a single storage register.
III Processed information stored in data

logger with more than one storage
register, but sequential information
lost.

Iv Processed or unprocessed information
with sequential information retained.



Class

TABLE 1.

Recording Device

Instrument System Characteristics

Primary Wind

Energy Application

Advantages

Disadvantages

IT

ITI

IV

None

Single odometer
or storage
register

Data logger

Strip chart/mag-
netic tape recor-
der

Class I instrument systems do not have any data storage capability.

Comparison of
current wind
speed with WECS
output

Siting studies,
determine weekly
and monthly aver-
age wind speeds.

Siting studies,
determine variety
of wind charac-
teristics.

Siting studies
for larger sys-
tems, profes-
sional siting
studies.

Gives current
wind conditions,
low instrument
cost

Low cost, easy
to use, good
for remote
locations.

Summarizes data
when collected,
data come from
system ready for
final analysis,
can be used in
remote loca-
tions, can pro-
vide diurnal
load matching
data.

Retains infor-
mation about
each wind obser-
vation, type

of data analysis
can be deter-
mined after data
collection, can
be used to esti-
mate wind persis-
tence statistics.

No recorder; human
observations biased
toward high wind
speeds

Provides minimal
information, limits
possible data
analysis.

Costs more than
Class I systems,
information on
individual wind
observations lost,
may require sophis-
ticated equipment
to retrieve and
present data for
analysis.

Data must be summa-
rized following
collection, rela-
tively high cost,
requires attention
during data collec-
tion to avoid data
loss.

If

data are to be collected, a human observer must monitor the system and record

the data.

These systems are appropriate where observations can be made on a

reqgularly scheduled basis, such as at National Weather Service offices and

airports.

the performance of an installed WECS.

In wind energy applications, they are most useful for monitoring

If they are used in siting studies,

wind speed observations will be biased toward high wind speeds unless data



are recorded at regularly scheduled times. This bias results because people
are curious about wind speed during high speed conditions and are most 1likely
to make observations during those conditions.

Class II instrument systems characterize the wind with a single number.
Wind-run anemometers are classic examples of these systems. Other instruments
in the class record available or extractable wind energy. Use of these instru-
ments requires that the storage register or accumulator be read twice and that
the time between readings be known. If a wind-run anemometer is used, the
average speed for the observation period is found by dividing the wind-run
(difference in readings) by the time readings. If energy is recorded, the
average power (available or extractable) is found by dividing the difference
in readings by the time between readings.

Class II systems provide a minimal characterization of the wind resource.
They are particularly useful in remote locations where access and power for
system operation are limited. If the instruments are read on a regu]af basis
(weekly or monthly), both the total wind resource and its seasonal variation
can be estimated with data from these systems. Class II systems do not provide
information on wind characteristics such as frequency distributions, diurnal
wind speed variations, or gustiness. When average wind speeds obtained from
wind-run anemometers are used to estimate available power or WECS performance
characteristics, a wind speed frequency distribution must be assumed.

Class III instrument systems record data in summaries. Typical ways in
which data are summarized are: '

e wind speed frequency distributions
® wind roses
® average wind speeds or wind speed frequency distributions by time of day.

By carefully selecting the data logger in Class III systems, it is possible
to collect and store data in a form ready for final data analysis. To do this,
care must be taken to ensure that all needed summaries are formed and stored
in the data logger. Because information on individual observations is lost in
the summaries, it is not possible to significantly change the types of summaries
after data collection.



Class III instruments are ideal for many WECS siting applications and
provide more information on wind characteristics than Class II systems.
Class III systems are particularly useful if diurnal load matching is important,
since the data can be organized by time of day. Many of these systems are
designed for operation in remote locations and contain their own power sources.
In general, Class III systems cost and weigh more than Class II systems. The
Class III systems are also more likely to require special equipment to retrieve
the data from instrument system storage and make it available for analysis.

Class IV instrument systems store data in a form that retains information
about the individual wind observations, including their sequence. As a result,
Class IV systems store more data than the other systems. The data from these
systems can be summarized in more than one form for analysis. As long as the
recorded data are not lost, flexibility in analysis is retained, even after
data collection is completed. Data collected by these systems can be used in
WECS siting studies, even if the details of data analysis were not determined
prior to the data collection. Class IV systems are especially useful when
information is needed on the duration of wind speeds above and below given
levels. For instance, data from Class IV systems can be used to determine the
average duration and frequency of occurrence of periods with wind speeds below
WECS cut-in speed.

The disadvantages of Class IV systems are related to data handling and
cost. The summary and analysis of data from Class IV systems require the
handling of large quantities of data. If done manually, the chances of error
are large, and the process can be time-consuming and expensive. In addition,
Class IV systems tend to be more expensive initially than instrument systems
in other classes. These factors tend to limit the use of Class IV systems in
small WECS siting. They are most likely to be used by siting specialists or
in siting a larger small WECS. Finally, Class IV systems generally require
more attention during data collection to ensure that a high percentage of the
potentially available data are recovered than do Class II and III systems. As
a result, they tend to be less suited for remote data collection.
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ACCURACY AND RELIABILITY

In wind measurement systems, accuracy describes the difference between
the measured value of a wind characteristic and the true value. Reliability
describes an instrument system's ability to produce useful data over an
extended period of time. Both characteristics are determined by the combined
accuracies and reliabilities of the sensor, signal conditioning, and recorder
in the system. If the system fails or any one of these components produces a
gross error in the measured value of a wind characteristic, the data will not
be useful. Quantitative descriptions of instrument system accuracy are more
readily available than are descriptions of reliability.

Anemometers are generally calibrated in wind tunnels, where the airflow
is steady. Under these conditions, they may produce a signal that is accurate
to within +1% of the true wind speed. In gusty winds, however, anemometers
speed up faster than they slow down and, as a result, indicate wind speeds that
are slightly high. The accuracies quoted for anemometers are, therefore,
better than can be realistically expected from sensors used in WECS siting.
Under normal use in the atmosphere, good anemometers should be accurate within
5% to 10%.

Wind direction accuracy depends on the accuracy of the sensor and the
accuracy with which the sensor is aligned. A perfect sensor will not give an
accurate wind direction if it is not carefully oriented directionally. That
is, the sensor must be aligned so that it produces a north signal when the
vane points north. When a wind vane is properly aligned, it should be accurate
to within +5% during steady winds. During gusty winds, the wind sensor will
lag behind the direction as it changes, but the average direction should be
correct.

Properly adjusted signal conditioning and recording devices should not be
significant sources for error in wind measurements, given the basic inaccuracies
of wind sensors. As a result, wind measurement systems should be accurate
from 5% to 10% in wind speed and +5% in wind direction. The Timited infor-
mation available on wind systems in the real environment indicates that good
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quality, relatively expensive systems meet these accuracies. However, insuffi-
cient information is available to draw any conclusion with respect to the
performance of relatively inexpensive wind systems in the real environment.

While signal conditioning and recording devices may not be sources of
error, they frequently limit the resolution of the data. For example, it is
not possible to estimate wind speed closer than 1 mph from a 2 inch wide strip
chart that covers the range of 0 to 100 mph. Therefore it is unrealistic to
expect to determine wind speeds to within 5% when the wind speed is Tow.
Similarly it is unrealistic to expect wind-run anemometers, which record whole
miles of wind passage, to provide accurate measurements of wind in a few
minutes.

Frequently wind speed displays and recorders are provided with more than
one range. Low speed ranges offer better resolution at the expense of reduced
maximum speed, while high speed ranges provide a capability to record or dis-
play high speeds at reduced resolution over the entire range. A typical multi-
range display or recorder might have 0 to 50 and 0 to 100 mph scales with 50
divisions. On the 0 to 50 mph scale the resolution might be +0.5 mph or 1/2
division. On the 0 to 100 mph scale the resolution would still be +1/2 div-
ision; however, that division would correspond to +1 mph.

Reliability may be built into a wind system that is simple and rugged, or
it may be obtained from lightweight, complex systems by careful maintenance,
frequent operational checks and duplication of components. The best indicator
of a wind system's reliability is the past performance of similar systems.
Systems that have been used for years in remote applications are more likely
to be highly reliable than those that have not. Newly developed systems may
be reliable, but caution is needed in their use because of Timited information
on past performance. Another indicator of system reliability is simplicity of
design. Systems with a few simple parts should be more reliable than systems
with a Targe number of parts.

In assessing wind system reliability, particular attention should be
given to the recording device and problems related to its failure. Recording
device failure during a data collection period may result in the loss of all
data for the period, or it may only result in the loss of data for that portion

12



of the period following the failure. For example, if either the sensor or

the odometer fails in a wind-run anemometer system, all data during the collec-
tion period will be lost unless the time of failure can be determined. If the
time of failure is determined, the reading of the odometer (assuming it has

not been damaged) may be used to compute the mean wind speed for the period
between the last reading and time of failure.

Data loggers in Class III instruments may lose usable information in the
event of system failure. Data losses can result from sensor failure, loss of
electrical power, and malfunctions in the data display or recording system.
Another significant source of data loss is human error (such as accidental
erasure of the stored data, misreading displays, and improper operation of the
data logger and its recording system).

Strip chart recorders have a long performance record; however, they
cannot be considered extremely reliable. Typical strip chart recorder problems
include: failure of chart drives, failure of chart-marking mechanisms, and
paper jams. Recorders using ink are susceptible to data losses because of
frozen ink in the winter and dried-up ink supplies in the summer. Magnetic
tape recorders are replacing strip chart recorders in meteorological data
collection; however, they, too, have occasional reliability problems. Recorders
and magnetic tape readers can damage tapes. Tapes can be accidentally erased,
and misalignment of heads in either the recorder or reader can make data
recovery difficult.

The key to high percentage data recovery rates (high reliability) in wind
measurement programs is frequent inspection to make sure that the instrument
system is operating properly. System reliability can be increased significantly
by placing signal conditioning and recording devices in a protected, climate-
controlled environment whenever possible.

INSTRUMENT SYSTEM COSTS

Wind instruments are available in a wide price range. Table 2 gives
typical 1980 prices of wind instrument systems in two price ranges. In general,
the prices given in the table are closer to the bottom of the price range than
to the top.

13



TABLE 2. Typical Instrument System Prices

Moderately
Instrument Inexpensive Expensive
System Class System System

I $ 50 $ 250
11 75 300
111 900 2000
py(a) 300 1500
(b) 1500 6000

(a) Strip chart recorder
(b) Magnetic tape recorder

Inexpensive systems are generally designed for home and school use, and
some are advertised specifically for wind energy site selection studies. Fre-
quently, these instruments are available from WECS dealers. The prices given
for moderately expensive systems are typical of the costs of instrument systems
used by meteorologists.

Some instrument dealers will rent instrument systems. However, if an
extended period of measurements is anticipated rental can be more expensive
than purchasing the same system. Typical monthly rental rates are 10% to 15%
of the purchase price.

As mentioned earlier, the wind measurement systems selected for wind tun-
nel testing ranged in price between $100 and $1000. The methods used in the
wind tunnel tests of these selected wind measurement systems are described in
the next chapter. A summary of the results of the tests follows the next chap-
ter; actual data from the system tests are described in Appendix A.
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WIND TUNNEL TEST PROCEDURES

Wind tunnel tests provide an opportunity to evaluate instruments in a
controlled environment that is generally favorable to instruments and that can
be reproduced with a relatively high degree of accuracy. The wind tunnel
environment is favorable because it is free from the turbulence that can
affect anemometer performance characteristics. Reproducibility is important
because analysis of wind tunnel test data is simplified if all instruments can
be tested under the same conditions. It is particularly useful to test the
various components of a wind measurement system under the same conditions.

The wind tunnel used in these tests is described in Appendix B. The
wind speeds for these tests ranged between 2 and 20 mph. Although there is
interest in wind speeds higher than 20 mph for wind energy conversion, their
frequency of occurrence is relatively low for the marginal wind energy conver-
sion sites where wind measurements are most important. Typically, wind
speeds exceed 20 mph less than 5% of the time at sites having a mean annual
wind speed of 10 mph. The frequency of high wind speeds increases with increas-
ing mean wind speed, but at the same time questions related to wind energy
potential of the site decrease. As a result, the 20 mph upper speed limit on
the wind tunnel tests is not a severe restriction on the utility of the test
results.

Measurements made during the tests included: anemometer rotation rate,
anemometer output, output of intermediate signal conditioning devices, and
auxiliary outputs for use with displays. In addition, readings of displays
and recording devices were logged. These measurements and the information
from the displays and recorders are the primary data used to evaluate the
instrument systems.

To provide an adequate number of observations for evaluation of differ-
ences between individual components, three replicates of each system were
tested (with one exception) and each replicate was subjected to three wind
tunnel tests. Therefore the statistics at each tunnel wind speed are based on

nine observations, and the comparisons between replications of each system are
based on the product of the nine observations at each speed and the number of
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speeds at which tests were conducted. The number of speeds used varied between
5 and 14 depending on the instrument system and the data being collected.

Fewer speeds were generally used for wind-run anemometer systems because the
time required to make an observation in which potential errors due to the
incremental nature of the output were acceptable is relatively long, while

more speeds were used for systems and components with continuous output.

ANEMOMETER TESTS

Each anemometer was tested to determine its rotational response charac-
teristics. For instruments using ac generators, light choppers and devices
that produce a countable signal directly related to sensor rotation, the
number of counts/minute, determined by an electronic counter, was used as the
measure of rotation. The rotation rate of anemometers not producing a count-
able signal and of those producing a low frequency countable signal was mea-
sured using a strobe. Measurements made with the strobe show greater variabil-
ity than those made with the counter. The anemometer output was determined
for those sensors with dc generators using a high impedance digital multimeter.
Voltage or current measurements were made as appropriate for the recorder used
in the instrument system.

These tests check the linearity of anemometer response to increasing wind
speeds. The rotation rate of an anemometer should be Tinearly related to wind
speed if the anemometer is operating properly. At low speeds, the anemometer
response will depart from linearity when the wind forces on the sensor are no
longer large compared to internal friction.

RECORDER AND DISPLAY TESTS

The instrument system recorders and displays were tested to determine
their response characteristics and the variability between replicates. The
tests were conducted over the full range of tunnel wind speeds. For each
system being tested, a single anemometer was selected to provide the input
signal to the recording and display devices in order to eliminate variability
due to different sensors. Recorder and display output was manually logged for
use as primary data.
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SYSTEM TESTS

The system tests were conducted in the same manner as the recorder and
display tests, except that a different anemometer was used with each recorder
or display. These tests were conducted to examine the accuracy and variability
of the entire instrument system. These system tests provide the best measure
of accuracy for instruments purchased off-the-shelf for use without further
calibration.

WIND TUNNEL PERFORMANCE

During the period of the instrument tests, the performance of the wind
tunnel was monitored with a reference anemometer reserved specifically for
that purpose. Wind speeds measured by the reference anemometer were used to
determine tunnel wind speed stability during the tests and to evaluate the
differences in speed from test to test.

The coefficient of variation, expressed in percent, describes the stability;
a small coefficient of variation is associated with a high degree of stability.
The coefficient of variation, in percent, is defined as

cv = 100 4%
U

where S is the standard deviation of the wind speed variations and U is the
mean wind speed. The standard deviation is a measure of the typical departure
from the mean speed and is mathematically defined by

HERA LA

where the U1 are the wind speeds for the individual tests and N is the total
number of tests at a given speed. The coefficient of variation is also used
as a measure of variability between instrument system and component replicates.

To ensure that the output of the reference anemometer was correct, the
output was checked using calibration units supplied by the manufacturer. In
addition, the digital multimeter used to measure the output was checked
against laboratory standards.
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RESULTS

Instrument systems tested in the initial group were:

Natural Power, Inc....A30-101 Wind Speed Compilator
WeatherMeasure Corp....W224 Recording Wind System
WeatherMeasure Corp....W300 Anemonitor

Clean Energy Products....Trade Wind II Anemometer/Odometer
Wind Power Systems, Inc....Windometer System
WeatherMeasure Corp....W163 and Wi64 contact anemometers.

The addresses of suppliers of these instrument systems are listed in the
references.

The primary results of the tests are the data that are presented graphi-
cally for each system in Appendix A. Table 3 presents a summary of test
results related to anemometer performance, system accuracy, and variability.

The measure of anemometer performance is listed first. It is related to
the linearity of the response of the anemometer rotation rate to changes in
wind speed. For lack of a better name it will be called linearity and given a
symbol L. L has dimensions of 1/speed. Values of L near zero are best, with
zero being perfect. Expensive instruments tested for comparison had values of
L between +0.5 mph™ .

Wind system accuracy is a function of wind speed. Linear regression
equations derived from the primary data have been used to estimate system
output at wind speeds of 10 and 20 mph. System accuracy is then estimated by

u.-u
_ e
A =100 ( U >

where A is the percent accuracy, Ue is the estimated system output and U is

the wind speed (10 or 20 mph). System accuracy is a measure of errors in

system calibration as well as instrument response. In some cases it is possible
to correct for these errors. Inaccuracy in itself does not make a system

unusable, but it does mean that additional effort will be required if accurate

wind speed estimates are desired. Again small values are best.
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TABLE 3. Summary of Results

Coefficient of Variation

Anemometer System Accuracy System Tunnel

System Linearity 10 mph 20 mph 10 mph 20 mph 10 mph 20 mph
Natural Power
A30-101 Wind Speed Compiler 0.32 +1.1 -0.8 0.7 0.4 0.5 0.2
WeatherMeasure W224 0.28 (LS) -29.1 -17.6 6.4 3.6 0.4 0.3
Recording Wind System (HS) -30.5 -18.8 10.4 4.6
WeatherMeasure W300 (a) (a)
Anemoni tor 2.33 3.2 0.9 0.2 0.2
Trade Wind II Anem?m§ter 0.97 (LS) -9.6 -0.5 3.0 2.2 0.4 0.2
With Meter Display{b (HS) -19.1 -8.1 5.2 3.6
Wind Power System 1
Windometer System 1.08 -16.0 -11.2 1.4 0.6 0.5 0.4
WeatherMeasure W163 (c) (c) (c) (c)
Contact Anemometer -0.30 -5.6 -3.1
WeatherMeasure W16
Contact Anemometer(d) -0.10 +1.4 +2.3 1.0 0.7 0.3 0.2

System does not include direct wind speed output
System recording device not tested in wind tunnel
Only one W163 anemometer tested
Only two W164 anemometers tested

e e e

Low speed range
High speed range

T oo~
nun OO0 T



It should be noted that accuracy in a wind tunnel is not the same as
accuracy in the real atmosphere. In the atmosphere there are several addi-
tional sources of error including gusts and vertical wind components.

The final system characteristic presented in Table 3 is related to a
system's ability to reproduce a measurement given identical conditions. The
measure of variability is the coefficient of variation. The coefficient of
variation, as computed, includes the effects of variations of repeated measure-
ments of a constant wind speed by a single system and the effects of variations
due to differences between outwardly identical systems. If there were no
variability in measured values the coefficient of variation would be zero.

Thus small coefficients of variation are best. The practical lower limit for
coefficient of variation for the systems being tested is the coefficient of
variation of the tunnel wind speed, which has been included in Table 3 for
comparison.

Appendix A, which presents the data collected for each of the systems in
detail, starts with generic descriptions of the method of presentation and the
interpretation of the data. This description is followed by presentation of
the data for each system. The presentations for the individual systems include
a brief description of the system components and performance during the tests
in addition to the data.
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APPENDIX A
SYSTEM TEST RESULTS

The results of the wind tunnel tests are presented graphically and in
tabular form in this appendix. Graphical presentations are made for both sys-
tems and individual components, while tables are given only to summarize data
for complete systems. In general the results of component tests are given first
followed by the results of system tests. Presentation of component test results
starts at the anemometer and proceeds toward the recorder following the signal.

The graphical presentation of results of system tests is made on graph
paper similar to that shown in Figure A-1. On this paper the horizontal axis is
used for the average tunnel wind speed, in miles per hour. The left-hand verti-
cal axis is used for the wind speed determined by the system being tested, and
the right-hand vertical axis is used for the coefficients of variation for the
tunnel wind speed and the speed determined by the system. In these figures the
coefficient of variation is expressed in percent.

Two reference lines are included in the figures. The first is a straight
diagonal line that indicates where test system wind speed would be if it equaled
the tunnel speed, and the other is a slightly curved dotted line near the bottom
of the figure. This line shows the coefficient of variation for the tunnel wind
speeds during the system tests. The position of this line varies from test to
test.

For the tests of individual system components, the graphical presentation
of results may vary slightly. If the component being tested is an anemometer,
or an auxiliary output, the units of the left-hand vertical axis are not miles
per hour (mph). Rather they may be counts, revolutions per minute, milliamperes
(ma) or volts (V). In these cases the diagonal line is deleted. The units of
the horizontal and right-hand vertical axes, and the 1line representing the
coefficient of variation of the tunnel, are the same on all figures.

Figure A-2 shows an example of the graphical presentation of data.
Closed symbols are used to represent averages of the data collected at each
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tunnel setting and open symbols are used for coefficient of variation. The
best-fitting linear relationship between the system or component output and
the tunnel wind speed is shown as a heavy solid Tine passing through the
closed symbols. Procedures for obtaining the best-fitting linear relationship
are given in standard statistical texts, e.g., Brownlee (1965) and Panofsky
and Brier (1968). The dashed curve passing through the open symbols gives a
qualitative relationship between coefficient of variation for the system or
component output and tunnel speed.

The graphical results may be interpreted as follows: To evaluate the
accuracy of the output of a wind system the best-fit linear relationship
between output and tunnel speed should be compared with the equal speed
reference line. Accuracy is indicated by the closeness of the two lines. The
system being evaluated is accurate at the wind speed where the lines cross, if
they do. Where the best fit Tine is below the equal speed line, the system
being tested underestimates the wind speed, and where it is above the equal
speed line the system overestimates the speed. In the example in Figure A-2
the test system overestimates the wind speed from the instrument response
threshold (the speed at which the anemometer starts to respond to the wind) to
wind speeds of 9.5 mph. Above 9.5 mph the instrument system underestimates
the speed. At a true wind speed of 20 mph the system underestimates the speed
by 2.5 mph. It is clear that the amount by which the speed is underestimated
continues to increase with increasing speed.

The variability in the output of a wind system can be qualitatively
evaluated by comparing the Tines for coefficient of variation for the system
and wind tunnel speed. The line for the coefficient of variation of the
tunnel wind speed represents a combination of variability expected as a
result of inability to reproduce the tunnel wind speeds exactly and variability
of a single instrument's response to repeated exposure to the same conditions.
Separation of these sources of variability would not be a useful exercise in
this study because the variability is small at the high wind speeds important
in wind energy siting.

The coefficient of variation for the test systems and components includes
the effects of three sources of variability. The first two are the same as
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those that affect the coefficient of variation of tunnel wind speed. The

third source of variability is the differences between "identical" systems or
components, i.e., differences that are inherent among articles built with the
same design and specifications. As a result of this third source of variability,
the coefficients of variation can be expected to be larger for the test systems
than for the tunnel wind speed.

It is reasonable for the coefficient of variation to increase rapidly as
the tunnel wind speed decreases. A coefficient of variation of 1% at a wind
speed of 20 mph represents a standard deviation of 0.2 mph. The same 0.2 mph
standard deviation associated with a 2 mph average wind speed would result in
a coefficient of variation of 10%.

As indicated earlier, the coefficient of variation curves are only an
indication of the general trend of the data. The actual data on which the
curves for the test systems are based are shown by the open symbols.

In evaluating system components, the variability shown is for the indicated
component. The effects of the variability of other components have been
minimized to the extent practical by only varying the component being tested.
For example, when recorders and displays were tested, a single anemometer was
selected for use with all recorders and displays. As a result, possible
differences between anemometers were not a factor in evaluation of the recorders
and displays. However, when total systems are evaluated, the variability
shown represents the composite effects of the individual differences for each
of the components. Thus the coefficients of variation for systems describe
the variability in systems as they would be delivered to a purchaser.

Further details of the relationship between the output of the wind system
being tested and the tunnel wind speed are given in tables. The relationship
should be Tinear for each system tested. Therefore, least-squares linear
regression techniques have been used to quantify the relationship. A general
linear relationship is described by the following equation:

system output = a + b ® tunnel wind speed (A-1)
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where a and b are constants. The constant a is called the intercept and is
the expected value of the system output if the wind speed were decreased to
zero. In a perfect system it would be equal to zero. Small departures from
zero are acceptable. The constant b is called the slope. If the tunnel speed
and system output are in the same units (e.g., mph), then b should have a
value near 1.00.

The values of a and b have been computed for each instrument system
replicate and for the combined data for all system replicates. In most cases,
the combination of data for a common regression line cannot be justified
statistically due to differences in the replicates. However, as a practical
matter, the differences are sufficiently small that they can only be detected
through carefully controlled measurements.

If the relationship between tunnel speed and system output is known, it
can be used to adjust measured speeds to the correct values. Thus, if a and b
for equation (A-1) are known along with the output of the system being
tested, the tunnel wind speed can be computed from the following equation:

tunnel wind speed = %—(system output - a) (A-2)
or, substituting b' = 1/b and a' = -a/b

tunnel wind speed = a' + b' e system output (A-3)
where a' is the new intercept and b' is the new slope. Further, if the system
output is the result of actual measurements in the atmosphere, then equation (A-3)
can be used to improve estimates of the actual wind speed. That is:

estimated wind speed = a' + b' e system output.

Values for a' and b' are given for each system following the values of a
and b, and are called correction factors.
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The values of a and a' are a function of the units used for wind speed.
In the results presented later a and a' are given in miles per hour. The
corresponding values in meters per second can be obtained by multiplying each
value given by 0.447.

Linear regression can be used to check the linearity of system or compo-
nent response to the wind in two ways. The first is through visual comparison
of observed data with the best-fitting straight 1ine. If the data are close
to the curve and do not show any systematic de: #+iure from linearity, the

linearity of the component or system can be ac:. :=d within the range of
measurements. If linearity beyond the range o' :*~isurements is to be assumed,
the Tinearity should be examined more closely. w first step in this examina-

tion is the transformation of the data for the riigher tunnel wind speeds. The
transformation used is division of the observed value by the tunnel wind
speed. In examining linearity for the initial group of systems, all data at
tunnel wind speeds above 8 mph were used. If the system or component response
is linearly related to wind speed, the transformed variables will have the
same value. A quantitative measure of the departure from linearity can be
obtained by Tinear regression of the transformed variable on wind speed. The
slope of the Tinear regression equation is a measure of departure from linear-
ity. If the slope is zero the response is linear, if it is positive the
system response increases with increasing speed, and if it is negative the
system response decreases with increasing speed. In general the slope should
be near zero. To amplify small differences in slope we define linearity, L,
as 100 times the slope.
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Natural Power, Inc. A30-101 Wind Speed Compilator

The Wind Speed Compilator system consists of two components: a cup anemo-
meter and the compilator. The anemometer uses an ac generator to produce its
signal. The compilator uses the frequency of the ac signal to determine an
average wind speed each 0.85 s, and counts the number of occurrences of wind
speed within 32 preselected ranges. Thus, a wind speed distribution is accumu-
lated. The width of the bins used is selectable, with standard bin width being
2 mph. An overflow bin is included for the highest speeds. With a 2 mph bin
width, the overflow bin counts the number of occurrences of speeds above 61 mph.
The compilator also has an auxiliary dc signal output that can be used to power
a meter or stripchart recorder. The compilator can be operated on ac or dc
power.

Components tested include the anemometers, the compilators, and the compila-
tor dc output in addition to the complete system.

The results of the anemometer tests are presented in Figure A-3. No system
‘components other than the anemometers were involved in these tests. The anemo-
meter output is in counts per minute. Individual values of the output were
determined by counting for 4 minutes. The anemometer starting threshold was
determined to be slightly greater than 2.5 mph. Anemometer linearity was com-
puted to be 0.32.

The results of the tests of the individual compilators are shown in
Figure A-4. A common anemometer, designated Natural Power #2, was used in all
tests. This anemometer was chosen because it was the most consistent of the
anemometers tested. The data used to prepare Figure A-4 were obtained by
accumulating counts for a period of 5 minutes (300 counts), then computing a
mean speed from the count distribution.

Figure A-5 shows the results of the total system tests. These tests were
conducted in the same manner as the compilator tests except that a different
anemometer was used with each compilator. The constants for the 1inear
equations relating system output and wind speed are given in Table A-1, Con-
stants describing the observed relationship (equation A-3) are given first,

A-8



ANEMOMETER OUTPUT (counts/min.)

1000

900

800

700

600

500

400

300

200

100

Compilator, Anemometer Test Results

A-9

NATURAL POWER
— A30-101 WIND SPEED COMPILATOR .
ANEMOMETER TEST
i / !
@
P
/. /
R A
@
O\\Q/QO/
~o

= o./ \O \& O ™
| 1 T O PO A St

2 4 6 8 10 12 14 16 18 20

TUNNEL WIND SPEED (mph)
FIGURE A-3. Natural Power, Inc. A30-101 Wind Speed

10

COEFFICIENT OF VARIATION (percent)



COMPUTED WIND SPEED (mph)

22 11

NATURAL POWER
20 L A30-101 WIND SPEED COMPILATOR 10
COMPILATOR TEST ?
—9
-8
—7
—H 6
-5
—14
—3
—?2
\O\ O —11
e O O
0 | 1 1 e indesiod rdvdetend ssteetedd =2 I
2 4 6 8 10 12 14 16 18 20

TUNNEL WIND SPEED (mph)

FIGURE A-4. Natural Power, Inc. A30-101 Wind Speed Compilator,
Compilator Test Results

COEFFICIENT OF VARIATION (percent)



COMPUTED WIND SPEED (mph)

22

20

NATURAL POWER
A30-101 WINDSPEED COMPILATOR

SYSTEM TEST

FIGURE A-5.

8 10 12 14 16 18
TUNNEL WIND SPEED (mph)

Natural Power, Inc. A30-101 Wind Speed
Compilator, System Test Results

11

10

COEFFICIENT OF VARIATION (percent)



while a' and b' for adjusting data obtained with the system are given at the
bottom of the table.

TABLE A-1. A30-101 Compilator System Regression Coefficients

Intercept
Replicate (mph) Slope
1 0.4 0.98
2 0.5 0.97
3 0.3 0.97
Combined Data 0.4 0.97
Correction Factors -0.4 1.03

The results of the tests of the auxiliary output of the compilator are
given in Figure A-6 and Table A-2. Again, these results represent system
values rather than the results for individual components. It should be noted
that in this instance the units for a' and b' are not the same as those for a
and b. The auxiliary output is compatible with many strip chart recorders.
If a continuous display of the wind speed is desired, the auxiliary can be
connected to a milliammeter. An approximate wind speed scale can be obtained
by marking equal divisions between 0 and 1 ma, or a more exact scale can be
developed from equation (A-5). The auxiliary output of the compilator is not
discussed in either advertising literature or the operating instructions.

The instructions received with the compilators were marginally adequate.
They referenced a Figure 4 that was not to be found. There was a reference to
JC3 on the circuit board that should have been to IC2, and the discussion of
the dip switch for use in selecting wind speed bin width was confusing. In
addition, system wiring and circuit diagrams would have been helpful in trouble
shooting when problems arose. Bin 7 (14 and 15 mph) in compilator serial num-
ber CXBF 47 operated intermittently. The intermittent operation of this bin
would have been difficult to identify in a normal usage and would have resulted
in a reduction of the average speed had the data been used. In analyzing the
data it appears that several errors were made in reading compilators. The total
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TABLE A-2. A30-101 Auxiliary Output Regression Coefficients

Intercept Slope

Replicate (ma) (ma/mph)

1 0.005 0.0095

2 0.005 0.0095

3 0.005 0.0096

Combined Data 0.005 0.0095
Correction Factors -0.5 (mph) 105.0 (mph/ma)

number of errors made in the laboratory environment indicates that human errors,
such as misreading the display or transposition of digits, are likely to be a
significant factor in normal system usage.
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WeatherMeasure W224 Recording Wind System

The W224 Recording Wind System consists of two basic components: a wind
speed and direction sensor and a strip chart recorder. The anemometer uses an
ac generator to produce a signal linearly proportional to wind speed. A signal
conditioning unit within the recorder case converts the ac voltage to dc to
drive the recorder. The signal conditioning unit also provides a dc voltage
used by the wind direction vane. The strip chart recorder uses pressure-
sensitive paper that moves at a nominal speed of 1 inch per hour and has low
and high speed ranges. In the low speed range, wind speed is recorded between
0 and 50 mph, while the high speed range extends from 0 to 100 mph. Wind speed
and direction are recorded side-by-side on a single strip chart. The width of
the individual charts is 2-5/16 inches. The W224 system requires external
power. Both ac and dc versions are available. For best results the recorders
should be housed in a protected environment.

W224 Recording Wind System components that were evaluated include the
anemometers and strip chart recorders, in addition to the total system. Since
the signal conditioning units are an integral part of the recorders, they were
not evaluated directly.

The anemometer rotation was checked using the ac signal and the preset
counter. Results of the tests are presented in Figure A-7. During the tests
it was determined that response threshold of the anemometers was less than
2.5 mph. Their linearity was computed to be 0.28.

Initial tests of the total system showed that the recorders/signal con-
ditioning were not properly adjusted. Figure A-8 and Table A-3 show the results
of these tests. The recorder zero points and full scale span were adjusted fol-
lowing instructions included with the systems. The span adjustment requires a
variable ac voltage source capable of producing an 8.13 V, 60 Hz signal. With
this input two of the three recorders could be adjusted to give the proper out-
put indicated in the operating instruction, but the third could not.

After adjusting the recorder zeros and ranges, recorders were evaluated on
both the high and Tow wind speed ranges. The results of these evaluations are
presented in Figure A-9. A single anemometer was used in these tests.
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TABLE A-3. W224 System Regression Coefficients
(Before Adjusting Recorders)

Intercept
Replicate (mph) Slope
1 -2.6 0.92
2 -2.5 0.93
3 -1.8 0.87
Combined Data -2.3 0.91
Correction Factors 2.5 1.10

Strip chart speeds were also checked. This check was performed by operat-
ing each of the recorders for three 24-hour periods and measuring chart travel
during each period. In 8 of the 9 tests the speed was less than 1 inch per
hour. The overall average chart speed was determined to be 0.9984 inches per
hour, just slightly less than the nominal value. This discrepancy would result
in the Toss of 1.16 hours of data in a 30-day period if the time lines on the
strip charts were used. If time marks were manually placed on the strip charts,
the data could be recovered. However, the manual division of strip charts into
hourly intervals is a tedious process.

The results of the total system evaluation after adjustment of the signal
conditioning and recorders are given in Table A-4 and Figure A-10.

TABLE A-4, W224 System Regression Coefficients
(After Adjusting Recorders)

Low Speed Range High Speed Range
Intercept Intercept

Replicate (mph) Slope (mph) Slope

1 -2.2 0.90 -2.3 0.87

2 -2.3 0.96 -2.2 0.94

3 -2.4 0.95 -2.5 0.97
Combined Data -2.3 0.94 -2.3 0.93
Correction Factors 2.4 1.07 2.5 1.08
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WeatherMeasure W300 Anemonitor

The W300 Anemonitor is a wind measuring system designed specifically for
wind energy conversion applications. The Anemonitor consists of a 3-cup anemo-
meter, signal cable and conditioning, and a memory module. At specified inter-
vals the memory module is removed and sent to the dealer for evaluation. A
report showing the energy density (kilowatt-hours/square foot) and replacement
module are returned. Neither the signal conditioning nor the memory module
were evaluated in the wind tunnel tests.

The Anemonitor requires two 12-volt batteries for operation. Automobile
batteries are recommended. The batteries and electronics should be installed
in a weatherproof container with some environmental control.

The 100-foot signal cable that is furnished with the Anemonitor should not
be modified or altered. The length of the cable is apparently critical to
proper operation of the system.

The results of the wind tunnel tests of the Anemonitor are presented in
Figures A-11 and A-12. The manufacturer's literature for the Anemonitor indi-
cates that power output of the anemometer starts at about 7 mph and becomes
constant at about 25 mph. A1l three anemometers tested were operating at
7.0 mph, and one continued to operate at tunnel wind speeds as low as 5.5 mph.
The data on anemometer rotation rate and output given in Figures A-11 and A-12
show a systematic departure from linearity between 7 and 20 mph.

Anemometer linearity was computed to be 2.33.
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Clean Energy Products Trade Wind II Anemometer/Odometer

The Trade Wind II Anemometer and the Clean Energy Products Odometer, when
combined, form a low~-cost wind-run system. The Trade Wind II Anemometer is a
cup anemometer that generates a signal using a dc generator. A milliammeter
can be used to display anemometer output directly and can be calibrated in
terms of wind speed. A milliammeter is available specifically for this purpose.

The Clean Energy Product Odometer is a small "E Cell" that is calibrated
to give an indication of total wind passage similar to that given by the
standard wind-run anemometer. An "E Cell" is small glass tube, about the size
of the standard fuses used in electronics, in which there is a column of
mercury. In this column of mercury there is a small gap. When a dc current
passes through the "E Cell", mercury is plated across the gap and the gap
appears to move. In this wind system the output of the Trade Wind II Anemometer
supplies the current that causes the gap to move.

The components of this wind system tested in the wind tunnel were the
anemometer and the display meter. The "E Cell" was not included in the wind
tunnel evaluations because of its coarse measure of wind passage. Approxi-
mately 1 inch of gap movement is equal to 10,000 miles of wind passage.

The results of the tests on the Trade Wind II anemometer are presented in
Figures A-13 and A-14. The first of these figures shows the variation of
anemometer rotation rate with tunnel wind speed, and the second shows the
variation in dc current from the generator. Linearity of the generator output
is essential if the "E Cell" is to provide a reasonable estimate of wind pas-
sage. Anemometer linearity was computed to be 0.97. In the course of the
tests the low speed threshold of the anemometer was determined to be between
2.5 and 3.0 mph.

The results of the display evaluation are presented in Figure A-15. The
results in Figure A-16 and Table A-5 represent system tests.

The Trade Wind II displays have two wind speed ranges. The low speed
range is 0 to 30 mph, while the high speed range is O to 120 mph. Results of
system evaluation for both ranges are presented in Figure A-16 and Table A-5.
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TABLE A-5. Trade Wind II System Regression Coefficients

Low Speed Range High Speed Range
Intercept Intercept

Replicate (mph) Slope (mph) Slope

1 -1.8 1.1 -2.1 1.05

2 -1.7 1.07 -1.9 1.02

3 -2.0 1.08 -2.6 1.02
Combined Data -1.8 1.09 -2.2 1.03
Correction Factors 1.7 0.92 2.1 0.97

Because the wind speed resolution is less when the high speed range is selected,
the variability (coefficient of variation) should be larger for this range than
it is for the low speed range.

This wind system is extremely simple in design and operation. The "E Cell"
can be used indefinitely; when the gap approaches the end of the cell, the cell
is simply reversed for further use. The system does not require any power, and
the total odometer package, including the case, is about the size of a package
of cigarettes. It does not appear that the odometer would require any more
protection from the environment than that provided by its case.

A-29



Wind Power Systems Windometer System

The Windometer System is a combination of a contact anemometer and an
electronic counter. The anemometer is an M.C. Stewart 4-cup anemometer(a) with
electro-mechanical contact closures every 1/60 of a mile. The electronic
counter contains a solid-state memory register and a LED display. Power for
counter operation is provided by a set of AA alkaline batteries. Battery life
of more than 1 year is claimed. The counter case provides adequate protection
for operation under most environmental conditions.

Both components of the Windometer System were evaluated in addition to the
total system. The instructions received with the Windometer System state that
anemometer low speed performance improves after an initial break-in period.

The duration of the break-in period is not specified. As a result the anemo-
meters were run in the wind tunnel with a wind speed of approximately 20 mph
for more than 7 hours prior to evaluation.

The results of the Stewart anemometer tests are presented in Figure A-17.
Two of the three anemometers had starting threshold speeds less than 2.5 mph.
The literature supplied with the anemometer claims that the threshold speed
after a break-in period should be less than 1 mph. Linearity of the anemometer
was computed to be 1.08.

The results of the tests of the counters are presented in Figure A-18.
A common anemometer was used during these tests.

Figure A-19 and Table A-6 present the results of the total system tests.
During the Windometer tests, a problem developed in one of the counter dis-
plays. The bottom segment of the four least significant digits in the LED
display were only operating intermittently. This malfunction was caused by
electrical connections that were not properly soldered.

(a) M.C. Stewart Company, Ashburnham, Massachusetts 01430.
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TABLE A-6. Windometer System Regression Coefficients

Intercept
Replicate (mph) Slope
1 -0.8 0.93
2 -1.3 0.95
3 -0.9 0.93
Combined Data -1.0 0.94
Correction Factors 1.0 1.07
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WeatherMeasure W163 and W164 Contact Anemometers

The W163 and W164 anemometers are comparatively rugged instruments designed
for measuring wind run in remote locations. The W163 anemometer is the lighter
weight model of the two, and the W164 anemometer is the heavy duty model. Both
models use mechanical microswitches to provide switch closures for use by event
recorders. The W164 anemometer includes a mechanical counter in addition to
providing an electrical signal. The output of the anemometers was counted
using a WeatherMeasure P732 Modular Event Accumulator.

The only components evaluated during these tests were the anemometers.
The counting range of event accumulators was Timited to 0 to 999 counts.
Because of this limitation it is unlikely that this accumulator would be used
with these instruments unless they were part of a more sophisticated data
collection system.

Two W164 anemometers and one W163 anemometer were evaluated. The results
of the tests are presented in Figures A-20 and A-21 and in Tables A-7 and A-8.
Coefficients of variation are provided only for the W164 anemometer, and these
should not be given too much weight since they are based on data from only two
instruments.

TABLE A-7. W163 Regression Coefficients

Intercept
(mph) Slope
Data 0.1 0.91
Correction Factors -0.2 1.10

TABLE A-8. MW164 Regression Coefficients

Intercept
Replicate (mph) Slope
1 -0.1 1.03
2 -0.1 1.03
Combined Data -0.1 1.03
Correction Factors 0.1 0.97
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APPENDIX B
WIND TUNNEL DESCRIPTION

Over a period of years Battelle's Atmospheric Sciences Department has
been developing a small wind tunnel for testing anemometers. The wind tunnel
is of the simple closed-jet type for which air is drawn from the room in which
the tunnel is housed, passes through the tunnel into a plenum chamber, and is
exhausted back into the room. The entrance is filled with two sets of small
diameter tubes to straighten the air flow and establish a flat profile across
the tunnel. A third set of tubes is located at the tunnel exit. Within the
plenum chamber, baffles prevent the air from passing directly from the tunnel
exit to the exhaust fan.

The wind tunnel is constructed from a circular cardboard tube intended
for use as a form for casting concrete columns. It is approximately 6 m in
length and has an internal diameter of 0.61 m. The tube walls are 1 cm thick.
Over the life of the tunnel the tube has flattened slightly so that the wind
tunnel cross-section is now elliptical with a 61.5 cm major (horizontal) axis
and a 60.5 cm minor (vertical) axis. The flow-straightening tubes within the
tunnel are cardboard mailing tubes 3.5 cm in diameter and 52 cm Tong.

The distance between the end of the straightening tubes in the tunnel
entry and the beginning of those at the tunnel exit is 4.3 m. Access to this
section of the tunnel is gained through a 66 cm wide door located 2.06 m from
the exit end of the tunnel.

Two instrument test positions have been established. The first is
located just upstream of the door, and the second is located approximately 1 m
in front of the exit straightening tubes. A Gill propeller anemometer has
been placed in the rear position to permit monitoring of the wind tunnel
performance.

The wind tunnel dimensions and anemometer placement are shown in Figure B-1.

Air flow through the tunnel is created by a squirrel cage fan that exhausts
air from the plenum chamber. The fan is driven by a 5 hp induction motor that
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operates on 3 phase, 230 V, 60 Hz power. The nominal speed of the motor is
1750 rpm. The motor and fan are connected by a belt drive. The pulleys in
the drive provide for approximately +50% change in fan speed.

Primary control of the tunnel wind speed is achieved through the drive
system. Additional control is provided by doors to the plenum chamber and
screens over the tunnel inlet. Through various combinations of fan speeds,
door openings, and inlet screens it is possible to set wind speeds anywhere in
the range 1 to 9 ms'] (2 to 20 mph). In normal tunnel operations wind speeds

between 2.5 and 9 ms_]

are set using the belt drive and opening the right
plenum chamber door. Wind speeds between 1 and 2.5 ms"] are obtained with the
belt drive set for low-speed fan operation and the inlet screens in position.

1 are obtained by opening the

Within this range speeds from 1.6 to 2.5 ms~
right door. Speeds below 1.6 ms'] are obtained by opening the left door with
the right door open to 20 cm. A minimum speed of 0.9 ms'] can be obtained by

opening both plenum chamber doors completely.
Details of the wind tunnel plenum chamber are shown in Figure B-2.

The wind profile within the tunnel is essentially flat (uniform) from the
center to a radius of 10 inches. This is the region of the tunnel in which
the sensors to be tested are placed. The wind profile was determined using a
pitot tube and micro-manometer.

A nominal wind tunnel calibration was performed using three different
anemometers that have been reserved for use as laboratory standards (2 cup
anemometers and 1 propeller anemometer). The calibration is shown in
Figure B-3.
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