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Solutions to the Problem of Invalid Data from Frozen Anemometers and Direction Vanes
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ABSTRACT

Atmospheric icing occurs frequently in the northern United States at locations with high average wind
speeds. Ice will stop or slow anemometers causing them to report lower than actual wind speeds, and
undervalue the resource they are designed to measure. Ice will freeze wind direction vanes and it will
change their shape causing them to report incorrectly. A wind turbine control anemometer burdened with
ice may keep a turbine running dangerously above cut-out speed, or keep it off line wasting valuable
energy production.

NRG Systems has engineered a solution to this serious problem by designing heated anemometers and
direction vanes specifically for the wind industry. A brief description of the anti-icing anemometer used at
our remote test site and comparative data of the heated anemometer to the industry standard unheated
anemometer are included. This report also presents descriptions of different ice types and the data
distortion they cause based on NRG Systems' field experience.

1. INTRODUCTION

NRG Systems designs and manufactures meteorological sensors, data loggers, towers and data analysis
software dedicated to aid wind turbine siting. We are located in the northeastern United States in
Vermont's Green Mountains. Winter mountaintop icing is a frequent event in this region. Mt. Mansfield,
Vermont's highest mountain, averages an icing event every 35 to 45 hours during the winter'. lcing begins
in mid-October and continues until mid-April, a six month period, coinciding with our windiest season: This
region provides excellent sites for testing heated sensors.

Wind is plentiful at high elevations. In temperate latitudes, and in New England in particular, the higher you
go, the better the winds and the more ice there is. It has been claimed that there is more wind in the
Boundary Mountains of northwestern Maine than there is in the Altamont Pass in California® . In New
England where there is wind there is ice. The nature of rime icing suggests that the reverse of that
statement is also true: where there is ice there is wind.

Ice on sensors can distort data significantly. It can stop rotating anemometers and direction vanes, break
sensor booms, and buckle the towers used to mount sensors. More subtly, sensors may accumulate
some ice, slowing a sensor, a condition that may persist for weeks. When this happens, it is difficult to
detect which data represents actual wind speeds and which data is distorted (slower) due to the burden of
ice accumulation on the sensor. A rime ice or glaze ice event accompanied by wind often breaks standard
unheated metal and plastic sensors. Broken sensors also will provide false information that may be
impossible to identify later.

NRG Systems has been engaged in testing anemometry in cold weather and extreme icing environments
for over five years. All testing is conducted in New England mountain tops where extreme icing conditions
are very normal and occur often in winter. In summer months, several tests have been conducted in a
completely refrigerated wind chamber to create a controlled icing environment.
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A specially designed video camera encased in a heated observation box has been installed at some of
these remote sites to observe the way in which ice forms on an anemometer. The camera takes a one
second image every two minutes, day and night, with recorded sound. NRG Systems has extensive video
footage of heated and non-heated anemometers, side-by-side, during complete ice storms (Figure No. 1).
This experience has enabled NRG Systems to learn how, why, when, and where ice forms on wind
sensors.

This report describes the different ice types and important variations of them responsible for site data loss.
Also discussed are the effects of ice on standard wind speed and direction sensors, and ways in which
icing can be recognized in the data. Resuits of comparative studies between heated anemometers and
conventional unheated anemometers during the winters of 1992/1993, 1993/1994 and 1994/1995 are
reviewed.

\anem

ometer
. Xﬁ“;\#__‘

Figure No. 1: NRG Systems’ heated video
camera mounted on lattice tower for observing
several keated and non-heated anemometers.

2. ICE TYPES

it is important to understand the different types of ice that can be encountered in these environments to
fully appreciate the seriousness of this problem. NRG has classified six general types of ice types and
how they can effect anemometry.

GLAZE ICE:

Glaze ice usually forms as freezing rain and is generally associated with weather fronts. This ice type is
the most dense of all weighing 0.9 g/cn® (56 Ibs/ft® ). It is usually clear and coats a structure uniformly,
providing the wind is low at the time of the event. We have seen glaze ice build to over 15 cm (6 in.) in
diameter on tower guy wires in the mountains of New England. Glaze ice can completely cover and stop a
wind sensor. If high winds follow, the sensor can be broken. Glaze events have occurred over a significant
percentage of the U.S. and suggests that the possible range of all kinds of icing is very large (Figure 2).

RIME ICE:

Rime ice is almost always associated with clouds. A wind monitoring site located above the cloud base at
temperatures below freezing gathers rime ice as the cloud envelops the facility. Super cooled droplets in
the cloud will freeze on impact with objects that are below freezing. The latent heat of fusion released as
the droplet changes phase warms the ice pellet re-melting a portion of it. This liquid part acts as glue
sticking the ice pellet to whatever it strike.
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Figure Total mmber of glate storms, without regard to ice tidckness, ob-
m) the 9-year psriod of the Association of msrican Railrosds study
Syrine i

Figure No. 2: Glaze Ice Storm ranges in the United States.
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Curve A 36.0 inches by Brooks.

Curve B 18.0 inches Curve A Latitude s8° 00’
Curve C 13.5 inches Curve B Latitude 43° 45'
Curve D 9.0 inches Curve € Latitude 47° 00’

Curve E 4.5 inches

Curve F 2.5 inches

Curve G 1.0 inches From "power from the Wind" Putnam, 1948

Figure No 3: Rime Ice in New England and the USA: Thickness and latitude.

Rime accretes on almost all objects and materials provided they are below freezing. (Figure 3). The
densest rime forms at or just below freezing. Rime builds directly into the wind. (Figure 4.) lce accretion
rates vary according to the wind speed, the liquid water content of the cloud, and the duration of the event.

Rime distorts and stops direction vanes and slows or stops anemometers. It usually does not damage
unheated sensors, booms, or towers unless it is very dense and followed by high winds. Rime often acts
as a foundation for further accumulation of precipitation and, if low temperatures and high winds follow,
can do much damage. See RIME ICE / GLAZE ICE VARIATIONS below.

METAMORPHOSED RIME ICE:
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Figure No. 4: An NRG IceFree™ Electrically Heated Anemometer following a rime ice event.

A rime deposit irradiated by sunlight in an air stream well below freezing will change to a tough, clear
structure which has the approximate shape of the original rime deposit. We have seen these structures
that have remained on unheated anemometers at NRG Systems’' mountain top test sites for as long as
three weeks. On each occasion the deposit sublimed away slowly. The iced anemometers run slowly until
either a subsequent icing event stops the anemometer again, or the ice eventually disappears. This
conversion from rime to a kind of glaze has been observed several times each icing season at NRG's
Mount Equinox test site (Figure 5).

HOARFROST:

By definition hoar or hoarfrost is ice which forms directly from water vapor. The process will take place in
clouds. It will only form in conditions of very light or no wind. It is considered to have no effect on wind
speed and direction sensors but our direct experience makes us uncertain that this is correct.

Frost accumuiation is usually light and delicate but it can bond strongly to the surface on which it sublimes.
Frost on an automobile windshield on a cold moming is an example of such a tenacious deposit. The frost
forms a rough surface. The standard unheated anemometer relies on the difference between the drag
coefficients of opposite sides of its cups to establish a wind speed dependent force balance between the
retreating and advancing cups. A change in the drag coefficient of one side of the cup changes the
response of the cup to a given wind speed.

During testing of our prototypes, a small change in the surface roughness of the NRG IceFree™ cup
resulted in a 30% change in the response of the cup. The degree of roughness required to produce this
affect was surprisingly slight. A similar tfest was performed on a standard Maximum #40 anemometer.
After spraying an adhesive on the backs of the individual cups of one sensor, the cups were coated with a
fine sawdust to approximate a frosty surface. We calibrated the “frosted" cup against a clean Maximum
#40 sensor. The data correlation coefficient for the test was 0.9993. A linear regression analysis
performed on the data (graphed with the clean sensor mapped on the abscissa and the roughened sensor
mapped on the ordinate), has a slope of 0.945. The "frosted” Maximum #40 anemometer ran 5.5%
slower. Since the power in the wind is proportional to the cube of the wind speed, if the data from the
frosted sensor were used to derive power, the calculation would be 17% low.
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Figure No. 5: An unheated Maximum #40 anemometer (left) and an IceFree™
electrically heated anemometer (right) in icing conditions: metamorphosed rime.

In the last few years NRG has attended a many conferences that included studies of the effects of icing on
wind resource assessment in their agenda. Frost has always been dismissed as having no effect on
anemometer performance and yet we have found the effect relatively apparent and easy to measure. So
our "discovery" is included here to generate some interest and discussion. This simple test should be
performed more rigorously with the anemometers we tested and with other anemometer types and sizes
before the effect of frost on anemometers is well understood.

RIME ICE / GLAZE ICE VARIATIONS:

The most destructive events combine rime and glaze. A rime event which occurs near freezing followed by
freezing rain or rain can produce a large, heavy ice deposit. The porous rime soaks up the rain. The entire
deposit freezes awaiting high winds. Few sensors survive such an event. If one or two cups are lost - the
usual result - false wind speeds will be reported by the altered anemometer. We have seen many one and
two cup metal and plastic unheated anemometers on wind monitoring sites each winter.

SNOW:

Snow will pack anemometer cups. Data and video records from unheated anemometer cups in snow
storms has shown that the snow will cause them to slow down. Heavy, wet snowcan damage sensors
and towers, especially when followed by colder temperatures that freeze the deposits.

3. THE ICEFREE™ HEATED ANEMOMETER

NRG Systems designed the IlceFree™ Electrically Heated Anemometer to eliminate the effects of icing on
wind sensors. The IceFree™ is an electrically heated, power regulated anemometer that runs on 24 volts,
AC or DC. Designed specifically for the wind power industry, its high reliability is due to its simple and
rugged design. The IceFree is designed and built to withstand winds of up to 200 mph. The cup
assembly's lightweight, hollow aluminum design allows a high rate of heat transfer to the sensor's surfaces
with low power consumption.

The IceFree anemometer fully power regulates itself to a heated body temperature of 14(0° C (284° F).
Since the sensor head is always at 140° C, the power draw fluctuates during outside temperature changes
to maintain this constant temperature. As the body temperature is lowered by cold air, rain, snow, or ice
striking the head, the power demand and heat output increases as it strives to maintn its high
temperature. For example, the IceFree will draw a minimum 36 Watts in a "room temperature”, still-air
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environment, and will draw a maximum of 250 Watts as the outside temperature drops and wind speed-
increases while maintaining 140° C. These power dissipation values have been chosen based on NRG
Systems field testing in actual Vermont winter mountaintop icing conditions.

The self regulating heater insures that the head does not reach dangerously high temperatures which may
stress bearing lubricants, wiring, and other anemometer components. It also insures that the head will not
be a serious hazard in the presence of combustible materials commonly used during sensor installation,

maintenance, and tower work (worker's clothing, electrical tape, waterproofing compounds, etc.)

Sensitivity to Off Axis Winds
While off-axis sensitivity is a serious problem with other available heated wind speed sensors, the IceFree
cup assembly is off-axis wind angle corrected for up-siope and down-slope wind (patented).

4. WIND SPEED COMPARISONS: HEATED vs. UNHEATED ANEMOMETERS

The following are highlighted excerpts from some of the tests that NRG Systems has conducted over the
past three years.

1992/1993 SEASON

Heated Instrument: IceFree™ propane heated anemometer

Location: Appalachian Mountains, New England, 1220m (4000 ft.) ASL
12m (40 ft.) AGL.

Test Period: March 1 - April 5, 1993

Resuits:

« During a 36 day winter test period, the heated IceFree recorded an average wind speed of 8.4 m/s (18.7 mph).
+ The unheated Maximum #40 recorded an average wind speed of 4.0 m/s (8.9 mph).

- This corresponds to an approximate difference of 926% more power in the wind at this site.

« The Maximum #40 was frozen in ice about 40% of the time.

1993/1994 SEASON

Heated Instrument: Prototype IceFree™ Electrically Heated Anemometer

Location: Mt. Equinox, Manchester, Vermont, 1006m (3300 ft.) ASL
12m (40 ft.) AGL.

Test Period: December 10 - February 2, 1994

Results:

- The IceFree electrically heated anemometer recorded an average wind speed of 7.4 m/s (16.5 mph).
« The Maximum #40 unheated anemometer recorded an average wind speed of 5.1 m/s (11.3 mph).
« This corresponds to an approximate difference of 305% more power in the wind at this site.

1994/1995 SEASON

Heated Instrument: NRG IceFree™ Electrically Heated Anemometer

Location: Mt. Mansfield, Stowe, Vermont,-1250m (4100 ft.) ASL
12m (40 ft.) AGL.

Test Period: February 1 - to February 28, 1995

Results:

» The IceFree heated anemometer recorded and average wind speed of 12.6 m/s (28 mph).

- The Maximum #40 unheated anemometer recorded an average wind speed of 6.3 m/s (14 mph).

« This corresponds to an approximate difference of 800% more power in the wind at this site.

« The average temperature was -13C (8F).

+ The Maximum #40 was stopped for 22% of the time and matched the IceFree anemometer for 12% of the time.

» The graph of the wind speeds for February 4 to 10, 1995 (Figure 6.) show the resuits of a typica! rime event
subsequently metamorphosed.














