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SUMMARY

This report contains guidelines for meteorological prospecting for wind farm areas in the
tropics based on our experience in Hawaii. We recommend that not only the wind speed
distribution be estimated for potential sites, but also that damage due to corrosion and turbulence
be estimated and included to produce a relative estimate of the economic return for each site
based on a more complete set of meteorological factors.
The wind regime in the tropics is significantly different from those at mid-latitudes for
which most siting documents are prepared. The main reasons for this difference are much greater
insolation, vertical mixing of momentum, insignificant Coriolis force and the dominating large scale
trade-winds in the tropics.
We first discuss different methods for the selection of a larger area for a potential wind
farm and recommend subjective modeling rather than numerical models, physical models, or
models based on vegetative/eolian features. After one or more areas are selected, we recommend
that a long-term reference tower be installed in each area.
We next recommend short-term surveys at individual sites within the selected areas
using the Tala or meteorological kite to measure wind speed at the hub height of potential turbines.
The short-term (24 hours) survey wind speeds need to be extrapolated to produce site long-term
wind speed distribution estimates. We recommend the parametric method to calculate the
parameters needed for a long-term Weibull wind speed distribution for each site.
Corrosion poses a severe problem in the tropics, particularly in near-ocean areas. We
recommend that the Tala kite be used to measure vertical salt concentration profiles at each site
and a damage factor, proportional to hub height concentration, be used for site comparisons.
Turbulence can definitely be a limiting factor in the tropics where vertical air motion and
consequent momentum mixing is stronger than at mid-latitudes. Again, we recommend the Tala
kite, now connected to a fast responding strain gauge, to record turbulence at prospective sites.
At least three kites flying at the top, hub height, and bottom of potential rotors should be used to
construct rotational wind speed series. The Rain Flow Count method should then be used to
estimate the number and duration of individual discrete turbulence events. These statistics are
then combined with blade fatigue S/N curves to estimate relative blade fatigue at each site.
Estimates of the long term wind speed distribution, corrosion and turbulence are finally
combined to produce a relative estimate of the economic return at each site based on all pertinent
meteorological factors. An example is included where some sites show a higher potential economic
return than other sites with a higher mean speed estimate.
We also discuss turbine wake measurements for wind farms in the tropics and include
Tala kite statistics, demonstrating how a rotating turbine blade significantly modifies natural
turbulence.
Suggestions for forecasting wind speeds, which can be very uncertain in the tropics, are
included.
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CHAPTER 1

INTRODUCTION

1.1

Purpose

The purpose of this report is to provide guidelines for meteorological prospecting for wind
energy in the tropics particularly for the numerous islands in this region. The report complements
an earlier WMO wind energy report: "Meteorological Aspects of the Utilization of Wind as an
Energy Source", WMO Technical Note No. 175 published in 1 9 8 1 . Whereas that report deals with
wind energy generally, our report is specifically prepared for those who plan to conduct wind
energy surveys in tropical areas, and it contains additional details and practical advice.
As wind energy is presently only marginally economical, it is important to plan and
conduct a wind survey to locate optimal sites in the most economical way. Realistic estimates
must be made not only of the wind energy available but also, more importantly, of the economic
return at potential sites in the area including considerations of corrosion and turbulence as well.
It has been argued that a wind power survey should produce a wind atlas for a large
region which any citizen or corporate entity could use to evaluate wind farming prospects in areas
under their control. It seems that, although individuals and small companies often express an
optimism and willingness to erect and operate single turbines, the complexity of maintenance and
the need for a long-term commitment realistically make a larger company, such as the local power
company, the more likely potential wind farmer. We have too often seen well meaning individuals
or organizations install a wind turbine only to soon loose interest in maintaining the turbine which
soon failed, giving wind energy an undeserved tarnished image. This report is therefore primarily
aimed at wind prospecting by larger corporations which would likely acquire land in a windy area
rather than being restricted to land they already control.
There is a range of available wind turbines rated from a few Kw to three or four MW.
Obviously, the survey effort must be in proportion to the size of the project. This report addresses
surveying for turbines in the 100-kW to one MW class as, this is the range that, e.g., a power
company on a tropical island would likely find most economical. For smaller turbines, typically
operated by individuals, we refer to a report written by Wegley (1980). Several-megawatt turbines
are more complicated to erect and maintain and are presently only used in research and therefore
are not of interest in areas primarily concerned with producing cost-effective energy from the wind
using proven equipment.
1.2

Wind energy logistics in the tropics

A number of factors make locating and operating wind turbines in the tropics different
from doing so at mid-latitudes:
(a)

The weather in the tropics is dominated by the large scale Hadley circulation with
NE surface trades (SE on Southern Hemisphere) blowing about three quarters of
the time. Diurnal variations of this circulation are minimal because of its immense
size;

(b)

Proportional to the sine of the latitude angle, the curvature of Earth changes much
less in the tropics than at mid-latitudes. This severely reduces the applicability of
the most common approximation of the wind, the geostrophic wind;

1.3

(c)

The insulation is much larger than at mid-latitudes which has a major effect on
surface wind patterns and turbulence;

(d)

High temperatures, infrequent cleaning rain showers, and often a close proximity
to oceans make corrosion a major problem;

(e)

Long distances to suppliers and expertise makes maintenance considerably more
difficult;

(f)

Small isolated grids require special attention.

Report outline

We discuss tropical weather patterns in general and, in particular, as they pertain to
surface winds in Chapter 2. The ways in which tropical islands modify large-scale trade winds are
treated with special attention again given to features and situations that enhance surface winds.
Chapter 3 deals with macrositing methods with which to select large areas for potential
wind farm developments. This chapter, as well as the following chapter on site selection, is
primarily based on our experience with wind energy prospecting in Hawaii where presently a wind
farm of 15 600-kW turbines and one 3.5 MW turbine has operated for some ten years on the
island of Oahu. Smaller wind farms have provided up to 10% of the energy on the Island of
Hawaii.
The recommended macrositing method - subjective modelling ~ is treated in Chapter 4 .
This method is based on the establishment of a long-term normalizing site in the selected
prospective area. The ways to select such areas and instruments and recording equipment are
discussed.
Temporary surveys to locate and estimate winds at selected sites ~ micrositing -- is the
topic of the Chapter 5. This chapter recommends the meteorological or Tala kite for collecting hub
height wind data and discusses the use and analysis of such data. Three statistical methods to
extrapolate short-term data are presented and one -- the parametric method - is recommended.
A comparison of the three statistical methods and a comparison between the parametric method
and physical methods (numerical and wind tunnel modelling) end the chapter.
Corrosion is discussed in Chapter 6 and atmospheric salt concentration measurements
at potential turbine hub heights using the Tala kite are recommended. An example of such
measurements is included.
Chapter 7 is devoted to turbulence beginning with a comparison of fixed point turbulence
and turbulence measured by an automated strain gauged kite. Based on research in Hawaii and
Sweden, w e have found the kite superior to fixed point anemometers for measuring turbulence.
Different statistical methods to describe turbulence are discussed. The rain flow count (RFC)
method is recommended. Kite and fixed point anemometer RFC statistics, based on time series
from both individual instrument and constructed rotational instrument, are presented. The size,
shape and variation with height of kite RFC events are discussed. Rotational kite and fixed
anemometer time series were used to simulate measured stress on a rotating turbine blade. The
rotational kite simulated measured blade strain remarkably well, which was not the case for the
rotational fixed anemometer. Rotational kite measurements from a number of potential sites in a
coastal location in Sweden are used to estimate turbine blade fatigue life at the sites using so
called S/N curves.

The size and direction of the wake behind a turbine is an important factor in designing
a wind farm. Wakes can conveniently be measured by the Tala kite and Chapter 8 presents
observations and conclusions from such a survey. The turbine rotor significantly modifies the
turbulence structure and the wake turns to the right of the mean wind speed. The kites have been
used to detect wakes as far as sixteen diameters downwind of turbines.
Chapter 9 summarizes our experience with wind forecasting for a wind farm.
Chapter 10 ties the previous chapters together and reports the result from a survey
where a combination of wind resource estimates and the turbulence fatigue life estimates using
the Tala kite demonstrated that some sites with lower wind speed are likely to provide a better
economic return than other more windy sites.

CHAPTER 2

TROPICAL WIND SYSTEMS

2.1

Overview

Wind characteristics necessary for wind energy assessment are wind strength and
reliability. Reliability is critical. Wind is an intermittent energy source. Infrequent strong winds such
as those associated with tropical cyclones are not useful for long-term applications. A n initial
examination of basic climatological information is a useful first step in assessing wind energy
potential.
2.2

Basic wind regimes
Three basic wind regimes dominate the topics:
(a)
(b)
(c)

trade winds,
monsoons,
thermally driven local winds (e.g. the sea breeze).

The trade winds dominate the eastern and central Pacific Ocean as well as the Atlantic.
They are among the most reliable wind systems on the planet. They emanate from the oceanic
subtropical highs and approach the equator actually crossing from the southern into the northern
hemisphere creating the near-equatorial convergence zone (also known as intertropical
convergence zone). In their strongest zones, they blow 90% of all days with mean speeds of 7-8
m s"1. The northern ocean trades migrate over the annual cycle, whereas the southern ocean
trades are relatively fixed. The migration of the trade-wind belt is clear in Hawaii where summer
frequency is 9 0 % but winter frequency is only 50%.
Monsoons are wind systems which undergo an annual variation. Prevailing (most
frequently observed) directions vary by at least 120 degrees. The monsoons characterize the
Indian Ocean, western Pacific Ocean, and equatorial Africa. Monsoon systems vary in intensity.
The Indian summer monsoon is characterized by strong southwesterlies blowing over the Arabian
Sea, the corresponding winter monsoon flow is weak. Thus wind would not be a useful year-round
energy source for an island in the Arabian Sea.
In the deep tropics, such as the "maritime continent" of Indonesia and the Philippines,
prevailing winds are generally weak, and the dominant winds are those generated by local diurnal
heating cycles. Typically, a brisk sea breeze will blow during daylight hours near the coasts but
the evening land breeze is weak. Wind energy applications in such a climate regime need be
judiciously planned.
2.3

General wind characteristics

If climatological data are available, the following wind characteristics should be
determined:
(a)
(b)
(c)
(d)
(e)

mean wind speed,
variance about the mean,
resultant speed,
steadiness (resultant speed / mean speed),
directional wind rose,

(f)
(g)
(h)

annual variation,
diurnal variation,
synoptic climatology.

Each of the listed elements is essential to projecting the reliability of the wind resource.
Some elements are available from standard climatological summaries. Others need be specially
developed. The mean is the simplest parameter; a low mean can bring the assessment to a rapid
conclusion. If the mean is reasonable, say at least 5 m s ' 1 , one may proceed with further analysis.
A large variance is a concern: it may mean frequent storms with damaging rather than energyproducing winds. The resultant is a standard derived product presented in many monthly data
summaries. Coupled with the mean, it yields the steadiness which is a robust estimate of
reliability. Steadiness and resultant are sensitive to directional variability. In applications utilizing
topographic enhancements (see Chapter 3), directional variability is deleterious. The wind rose
summary is especially useful in clarifying directionality. Annual variation is significant in monsoon
climates and sub-tropical regions near the oceanic high-pressure centers. Diurnal variation is
important in matching power production to applications such as peaking power. Synoptic
climatology clarifies the weather systems that may alter the standard regime.
2.4

Data sources

The primary data source is the local (or national) meteorological agency. The agency may
reside within other governmental branches (e.g. transportation, hydrology, agriculture). Ideally,
digital summaries will be available but one may find only manuscripts which are cumbersome but
unavoidable. A number of climatological atlases provide information on broad wind characteristics
for the oceanic tropics. The Comprehensive Ocean Atmosphere Data Set (COADS) (Woodruff et
al., 1987) incorporates all historic ship observations. A series of useful atlases has been prepared
by the University of Hawaii Meteorology Department (Sadler et al., 1987 a, b) covering all tropical
ocean basins. The U.S Navy provides a Marine Climatic Atlas of the World which is now available
on CD-ROM. Statistics from ship winds are a reasonable first estimate. If additional land-based
information is available, procedures have been established for developing a preliminary assessment
(Schroeder et al., 1980). Note that proper assessment should always proceed past this stage.
Local features must be considered (see Chapter 3).

CHAPTER 3

MACROSITING - GENERAL RECOMMENDATIONS

3.1

Overview

Figure 1 shows a diagram of the recommended steps for a wind survey in the tropics.
The first step is to select areas which have the most promising potential for a wind farm and
concentrate time and economic resources there. This approach is in opposition to attempting to
develop a general overall wind map or atlas which is often a waste of resources for tropical
islands. By far, most areas can be excluded because of prohibitive topography, limited
accessibility, non-existent power lines, or other reasons that eliminate the need to assess the
winds there. An overall wind atlas would only be of use in making total wind-energy availability
estimates for a region or for individuals contemplating erecting, at most, a few small turbines on
their property. None of these applications are addressed by this report.
3.2

Recommended guidelines
Recommended criteria for selecting potential wind farm areas are
(a)

Strong and persistent winds coinciding with power usage patterns;

(b)

Accessibility and vicinity to high voltage power lines - the marginal economic return
of wind turbines generally does not allow construction and maintenance of long
roads or power lines;

(c)

Availability - high land prices or public opposition can often preclude the
development of wind farms;

(d)

Manageable turbulence and corrosion - excessive turbulence or corrosion can easily
make a wind-farm development uneconomical.

These criteria exclude most areas, and efforts should be spent on quantifying the winds
in a few selected strong wind speed areas.
3.3

Siting methods

Documents about the siting of wind turbines are available such as the WMO Technical
Note No. 175 (1981), the Batelle Siting Hand Book (Hiester and Penned, 1981) and Guidelines for
Siting Wind Turbines presently under preparation by the American Wind Energy Association.
Whereas these documents address most aspects of wind energy meteorology, they do not
specifically treat conditions characteristic of the tropics because they are primarily written for midlatitudes. We recommend that such documents be consulted in planning a wind survey, at least
as a source of references or for a better understanding of meteorology in general or for a more
detailed treatment of approaches not recommended in the present report such as numerical
modeling.
The four basic techniques for selecting large-scale wind areas (macrositing) are
(a)

numerical modeling,

(b)

wind tunnel modeling,

SELECT LARGER AREA
FOR POTENTIAL WIND FARM
RECOMMENDED METHOD:
SUBJECTIVE MODELLING

ESTABLISH LONG TERM
SITE IN THE AREA
CONDUCT SHORT TERM
SURVEYS AT INDIVIDUAL SITES
RECOMMENDED METHOD:
TALA KITES AT HUB HEIGHT

ESTIMATE LONGTERM WIND SPEED
DISTRIBUTIONS
RECOMMENDED METHOD:
PARAMETRIC MODEL +
WEIBULL DISTRIBUTION

ESTIMATE
CORROSION
RECOMMENDED
METHOD: ,
TALA KITE W/
STEEL WIRES
INTERSECTING
KITE STRING

ESTIMATE BLADE
FATIGUE LIFE
RECOMMENDED METHOD:
ROTATIONAL STRAIN
GAUGE TALA KITE +
S/N CURVES

SELECT SITES WITH MAXIMUM
ECONOMIC POTENTIAL FROM
METEOROLOGICAL POINT OF VIEW

Figure 1 - Recommended sequence for wind energy prospecting in the tropics

3.3.1

(c)

modeling based on vegetative features, eolian features or subjective high wind
observations, and

(d)

subjective modeling.

Numerical modeling

Numerical models may provide a shortcut toward identifying wind-flow patterns and
windy areas. Such models need generally only topography and wind data from existing sites as
inputs and do not require a knowledge or understanding of local meteorology. They are, therefore,
relatively simple and attractive to use. The apparent precision of numerical models and their
seemingly great sensitivity to different inputs should, however, not be construed as proof of their
applicability.
Numerical models assume that if "physically reasonable" constraints (both atmospheric
and topographical) are applied appropriately to wind data from a few observation points, then the
overall wind field can be determined. Unfortunately, the physics of the atmospheric boundary layer
(especially over rugged terrain) defies theoretical generalization. Additionally, features which are
too minute to be included in the surface description used in the model, such as small hills, can
produce significant enhancements. The effect and extent of surface heating, which is very
important in the tropics, are poorly understood and consequently ignored or inadequately treated
in models.
Present modeling efforts proceed along three lines:
(a)

Primitive equations attempting to include most of the physics of the atmosphere
as we know it (e.g. Walmsley et al. 1994, Lalas, 1985, or Traci et al., 1979). This
approach leads to very large and complex equations that require considerable
computer power and it is questionable if they can be applied to the atmospheric
boundary layer on the small scale required for wind power;

(b)

Mass consistency models where only some of the physics of the atmosphere are
included. These models require only that the air, constrained by an impenetrable
upper boundary layer, accelerates when it passes over an obstacle such as a
mountain chain in order to conserve mass. The models seem to work reasonably
well when the obstacle is perpendicular to the air flow. However, when the
obstacle is at an oblique angle or is an isolated hill, then the air can either go over
the obstacle or around it. The degree to which it does one or the other depends
critically on the vertical stability of the air which is difficult to measure or model.
This is a particularly severe problem in the tropics where strong insulation rapidly
modifies the vertical temperature structure in the atmospheric boundary layer.
Additionally, these models require as input a "free-stream air velocity", the
measure of which is seldom available. This restricts the models to only produce
wind distribution for an assumed free stream velocity;

(c)

Semi-empirical models extrapolate surface measurements to a free-stream velocity
above the atmospheric boundary layer. They range from simple expressions for the
speed increase over a hill (Jackson and Hunt, 1975) to large models incorporating
three dimensional terrain and mass consistency. The most common such model,
the Wasp model (Mortensen et al., 1993), assumes that the free stream or
geostrophic level velocity is the same over a larger area and then extrapolates this
velocity down into the atmospheric boundary layer at any desired location. The
geostrophic wind is determined by vertically extrapolating climatological wind data
from, e.g., an airport site. Site specific wind speed distributions and power
8

productions of selected turbines are estimated by the model. The model includes
empirical expressions to account for acceleration caused by air flow over small
hills, effects of developing upwind boundary layers as a function of surface
roughness, and flow distortions caused by obstacles such as houses or hedges
both at the reference site and at prospective locations.
Two factors make applying the model to the tropics uncertain:

3.3.2

(a)

The model utilizes the geostrophic wind approximation which fails at the equator
and is poor in the tropics because the Coriolis force is small here. E.g. while
constant pressure lines or isobars are used to approximate wind speed and
direction on mid-latitude surface weather maps, the tropical meteorologist must
often use isotach maps based on observed winds;

(b)

A number of empirical constants in the model were determined for mid-latitude
locations and it is questionable if they apply to the tropics where air stability is
markedly different.

Wind tunnel modeling

Wind tunnel modeling is based on the assumption that ratios of important forces
governing the air flow are the same in reality as in the wind tunnel. Large wind tunnels exist (e.g.
at Colorado State University, USA) that can accommodate models several meters in cross section.
Unfortunately, it is very difficult, if not impossible, to simulate anything but an isothermal vertical
temperature structure in a wind tunnel since this would require maintaining a very sharp
temperature gradient over a small distance. The vertical temperature structure and consequent
degree of vertical mixing of air and momentum is crucial for the tropics where strong insolation
results in super adiabatic daytime conditions. This makes wind tunnel modeling less promising for
tropical areas. The air flow over the Kahuku area in Hawaii was wind tunnel simulated using a 4meter cross-section model (Chien et al, 1979). A comparison of modeled and measured wind
speeds is presented in the last section of this chapter.
3.3.3

Modeling based on vegetative features, eolian features or subjective high wind
observations

Strong winds from a constant direction cause trees to bend over. Consequently, bent
over trees indicate strong unidirectional winds, and a number of general guidelines have been
developed to quantify tree deformation as a function of wind speed (Wade and Hewson, 1981).
Unfortunately, there are a number of factors that make such guidelines rather uncertain and
imprecise such as (a) different tree species responding differently to wind stress, (b) the response
to wind stress varies with the annual growing cycle, and (c) the salt content of air affects the
degree of leaning. Salt deposited mainly on the upwind side of a tree impedes the growth and kills
branches on this side causing the tree to lean downwind. Thus, the leaning of the tree might be
caused by salt in the air rather than strong winds. On tropical islands this effect is accentuated
particularly near the ocean where a very high salt content is common. These factors and the lack
of a specific quantitative scheme for tropical vegetation, limit the usefulness of vegetative
indicators in the tropics for quantifying the winds. However, vegetation may be a very good
relative indicator between close sites with similar exposure to salt in the air and with similar
vegetation. The best vegetative indicator is no vegetation at all or, at most, a few low bushes. A
hill top with trees is likely to be less windy than one without trees.
Eolian indicators, such as wind scars or sand dunes, can serve as relative wind indicators
as well, but they are generally difficult to find and quantify (Wade et al., 1983). They may also

have been formed during periods with a different wind regime or have resulted from phenomena
other than the wind, e.g. cattle grazing.
Subjective wind reports should be taken lightly. Often people remember one or a few rare
non-representative exceptionally strong windy occasions. Workers who depend on the wind in their
daily occupation are more believable. These include fishermen, linemen for the telephone and
power companies, and personnel at the local weather office.
In summary, all these sources should be tapped, but one must realize that only relative
and somewhat sketchy information may be obtained from them.
3.3.4

Subjective modeling

Subjective modeling recognizes the difficulties in trying to quantify wind speeds in the
atmospheric boundary layer on a small scale using mathematical or physical analogies. This
approach basically combines fundamental principles of air flow around obstacles with observed
wind data to develop an initial subjective model of the airflow. Windy areas are identified in this
model and, if other conditions such as accessibility and availability are favorable, a normalizing
wind station is established in the area or areas. Temporary surveys are then used to find and
quantify the best locations within the area. This recommended method will be described in detail.
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CHAPTER 4

SUBJECTIVE MODELLING

4.1

Overview

This approach is based on generally recognized basic physical principles for wind flow
as recommended by WMO Technical Note No. 175 (1981). These basic principles, common sense,
and experience with the wind flow in the area often form the optimal base for delineating windy
areas in the tropics. Personnel at the local weather office have probably considerable experience
with the wind flow in the area and know what data are available. A wind survey should therefore
begin w i t h consultation with the local weather office. Early consultation with the local power
company is advised as it can provide the locations of power lines. A land-use map of the area
should prove useful, as land availability and classified use are major factors.
Areas where air flow accelerates include (a) hills or ridges where the air flow constricts,
(b) through narrow openings in a mountain range perpendicular to the wind flow, (c) in the lee of
a mountain ridge where the lower part of a lee wave that develops behind the ridge might bring
strong winds from above down toward the surface, and (d) points where an island protrudes into
the free wind flow such as corners or sharp high beach cliffs.
Beside these general rules for flow acceleration, it is important to understand and include
another mechanism that is much more important in the tropics than at mid-latitudes, namely, the
vertical mixing of momentum or wind speed. The importance of this mechanism is demonstrated
in Figure 2 showing the diurnal wind distribution at a sea-level site, a 1000-m elevation site, and,
a 1500-m site (Ramage et al., 1979). In the morning, surface winds are decoupled from the
stronger trade wind flow at higher altitudes which now show maximum strength at the 1500-m
site. As the sun heats the surface about 8 - 9 am local time, vertical mixing of the air begins. This
mixing brings fast moving air downward, and surface winds increase rapidly. The daytime mixing,
which depletes momentum at higher altitudes as shown by the 1500-m site, provides strong
surface winds until early evening when surface cooling again results in the development of a lowwind decoupled surface layer. Winds at the mid-level site change very little as would be expected
from the diurnal vertical momentum mixing pattern. The mixing process is stronger over barren
areas or areas with sparse vegetation. In wooded areas, the heating is spread over the air volume
between the surface and the canopy resulting in much less surface heating, and consequently less
vertical momentum mixing takes place.
The location of the sites are shown in Figure 3.
In addition to strong winds, two other factors must be considered in initially selecting
windy areas, namely, corrosion and turbulence. These two factors are discussed in Chapters 6 and
7. Near-shore locations, outside of which waves break, have particularly high salt content. Areas
with more precipitation are less likely to experience corrosion problems since rain washes salt off
structures. Whereas the air flow over the ocean is relatively smooth, a developing boundary layer
soon makes the flow rough as the air comes onshore. Unfortunately, strong winds resulting from
vertical mixing of momentum are also very turbulent, and a trade- off might be necessary between
high wind and high turbulence. If turbulence is ignored, unexpected high repair and maintenance
costs might well result. Another area with high turbulence, which should preferably be excluded,
is along sharply rising cliffs. Though the upwind fetch might be smooth for the prevailing trade
direction, cliffs in other directions can sometimes produce turbulence that can damage a turbine
during freak storms, a possibility which must be considered.
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Figure 2 - Diurnal wind speed variations at three sites at different elevations
on Oahu, Hawaii (Ramage et al., 1979)

As stated previously, vertical mixing of momentum generally determines the diurnal
variation of the wind speed. But local circulations, such as the land-sea breeze circulation or
katabatic winds can also contribute significantly to this cycle and should therefore be included in
evaluating potential areas.
Combining these factors, it seems that the most promising area for potential wind
turbines on tropical areas are upwind beach areas. The major reasons for this are these:
(a)

The large scale air flow has to change direction here resulting in an acceleration;

(b)

The surface boundary layer has not yet grown far enough to retard the air flow at
hub height;

(c)

Confluence, caused by the friction of the land, causes relatively stronger upper
level momentum to be transferred downwards;
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(d)

Turbulence levels are much lower than farther inland;

(e)

Salt concentrations are very high at the surface, but they are very low only a few
decameters higher up as shown in Chapter 6;

(f )

The land-sea breeze circulation enhances the wind on the upwind side of an island
while retarding it on the downwind side. At night the effect is the opposite.
However, power consumption is generally much less at night and excess wind
power is often produced at night.

Figure 3 shows primary wind areas on Oahu, Hawaii, considered for potential wind farms
with the reasons for area selection. The estimated 50-m mean wind speed, the wind enhancing
mechanism, and advantages and disadvantages with each site are shown below.

1.

Kahuku, 20.7 m s"\ island corner effect - selected;

2.

Kaena Point, 16.9 m s'1, island corner, limited area available, poor accessibility;

3.

Kolokole Pass, 24.4 m s"1, mountain pass, limited area available;

4.

Mauna Kapu, 18.9 m s'1, end of mountain range blocking trade winds, very limited
area available;

N
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j
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Figure 3 - Potential wind farm areas of Oahu, Hawaii, x = Honolulu Airport
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5.

Waimano Home, 12.1 m s*1, trade winds reflecting off inversion, no evidence of
reflection found;

6.

Tantalus, 20.4 m s' 1 , mountain pass, limited area available, public visibility;

7.

Waimanalo Nike site, 16.9 m s \ end of mountain range blocking the trades, very
turbulent, limited area available;

8.

Koko Head, 21.6 m s'1, individual hill protruding into higher levels with higher
winds, public visibility, limited area available.

As can be seen, the areas are relatively small and few in number, allowing siting funds
and efforts to be concentrated and used more effectively.
4.2

Selection of a reference site for normalization

The next step after one or more potential wind areas have been selected is to establish
a long-term normalizing site in each area. There are probably existing wind sites in the general area
w i t h records of varying durations. These data are very important and the first step of a wind
survey is to secure all wind data available for the island. It must, though, be kept in mind that
these wind sites were not selected for their strong winds but rather for other purposes such as an
airport, agricultural use, or pollutant dispersion. If used indiscriminately to estimate the wind power
potential for an area, these sites will generally produce low estimates, as demonstrated by an early
estimate for Hawaii based on airport data which erroneously concluded that wind power had no
potential here. Wind data from existing sites should generally only be used to extrapolate shortterm data at potential sites to long- term conditions. Existing data are important for this purpose
though the site is not located at an optimal location for wind power.
In order to be of value for normalizing, a long-term climatological site must have a wind
pattern that is reasonably representative of, or correlated to, patterns in a selected potential wind
farm area. Often, however, the correlation of hourly mean wind speeds is poor, but daily or longer
averaging time data correlate better. Although still valuable, such long-term sites have,
unfortunately, little value for short-term surveys necessitating the establishment of a permanent
site in the general area where wind power is promising. Criteria for locating such a reference site
are that (a) the site must be representative of those factors that cause strong winds in the area
even though not located at the windiest site in a selected area, and, (b) the site should be secure
and easily accessible as it will operate for a number of years.
The reference site should be set up as early in the program as possible and operate at
least through the initial period of turbine production to verify estimated productions based on wind
data at the reference site.
4.3

Reference site instrumentation

The instrumentation for a normalizing site, a tower, vanes anemometers, other
meteorological instruments, recording equipment and computers for data read-in and final storage
are discussed. A report, prepared by the American Wind Energy Association (AWEA, 1993), also
recommends site instrumentation.
4.3.1

Towers

A tower should preferably reach the hub height of prospective turbines, i.e., at least
25 m. Several types of towers are available. One of the most common types is the stacked tower
which consists of a number of sections which are assembled on top of each other. A second type
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is the so called tilt-up tower which is assembled on the ground and tilted up using a car. Both
types are guided at several levels. The main advantage of the stacked tower is that it can be
climbed when repair of the instruments is required, whereas the tilt-up tower must be taken down
for instrument service which is a relatively involved and a more difficult process. The tilt-up tower
is less expensive and easier to erect than a stacked tower. It takes a crew of three to four a few
hours to erect a tilt-up tower whereas a stacked tower probably would take a few days. The guy
wires for the stacked tower must also be anchored more strongly than for the tilt-up tower as they
must be able to support the weight of a climber. The tilt-up tower is recommended because of the
ease of erection and low price. To minimize effects of instrument failures, it is recommended that
spare units be installed initially at critical levels. There are also crank-up towers which are not
recommended because of high price and potential corrosion problems.
Tower manufacturers in the USA include these:
Tilt-up tower - NRG systems, 1955 Church Hill Road, Charlotte, Vermont 0 5 4 4 5 , USA,
phone: 01-802-425-3468
Stacked towers - Rohn Towers, 6418 W Plank Road, Peoria, Illinois, 6 1 6 5 6 , USA,
phone: 01-309-697-4400.
In the tropics, periodic checks for corrosion, particularly for guy wires, are necessary.
Although protection can easily be applied to the outside of a tower, corrosion will also attack the
inside of the tower where it cannot be treated. Guy wires should be covered with grease or,
better, with plastic tubing at least in the first few decameters at a beach site. Though instrument
elevators are available (to allow service of instruments at ground level), they rapidly deteriorate
in the tropics and will soon fail.
4.3.2

Wind instrumentation

4.3.2.1

Anemometers

There are basically four types of anemometers: propeller anemometers, cup
anemometers, hot film or hot wire anemometers, and sonic anemometers. The cup anemometer
is by far the most common type and is strongly recommended. The propeller type has two (or
three) fixed propellers (or, correctly, impellers) mounted orthogonally. They can be made very
sensitive but are generally expensive and corrosion will destroy the outer shaft bearing which is
exposed to the air. This destruction can be eliminated by providing the unit with over-pressure
from a tank of compressed air, but this arrangement is expensive and cumbersome. The film or
hot wire anemometer is far too fragile to be considered for long- term measurements. Sonic
anemometers are promising but expensive and complicated. The main criteria for selection of
anemometers are a minimum of overspeeding, durability, low cost, and retention of calibration.
While in general only of minor importance, overspeeding is a major concern for wind
energy as wind power depends on the wind speed cubed. Overspeeding, which is only a constraint
for cup anemometers, is caused by different aerodynamic responses of the cups to increasing and
decreasing wind speed, causing the anemometer to accelerate faster than it decelerates. Thus,
the mean wind reported by a cup anemometer during an increasing/decreasing wind gust will be
overestimated. This can be very serious for heavy anemometers as demonstrated by a WMO
survey of a number of anemometers (Lamboley and Viton, 1981), the worst of which would
overestimate wind power by 100%. As overspeeding increases drastically with mass, it is
important to select a lightweight anemometer, preferably made of aluminum or plastic. The arms
on which the cups are mounted should be as short as possible. Though more cups produce more
torque, increased mass more than offsets the gain and only three-cup anemometers are
recommended.
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It is important for anemometers to be durable since they are expected to last for years
at a normalizing site. The best material to withstand corrosion is plastics or aluminum. The weak
point of aluminum anemometers seems to be where the cups are welded or soldered to the arms
as dissimilar materials here enhance the corrosion process.
The cost of anemometers ranges from fifty to several hundred dollars. A higher price
does not necessarily guarantee a better anemometer.
As anemometers are relative instruments, where the rate of revolution.is converted to
an electrical signal, the initial calibration and the retention of calibration are of utmost importance.
There are four main methods to record the rotation of the anemometer:
(1 )

Using a generator with the shaft connected to a coil of wires that rotates inside a
small permanent magnet. The generated voltage is proportional to the speed of
rotation, making it simple to record the signal as no external power is required. This
type is, however, not recommended because the strength of the permanent
magnet might decrease with time or as a result of being accidentally hit during
installation causing the calibration to drift.

(2)

Using a light switch where a small light source is interrupted by slots in a wheel
connected to the rotating axis and a detector registers the light pulses produced.
The number of pulses, not their amplitudes, is registered and the calibration will not
change if intensity of the light source varies. A similar arrangement can register the
interruption in a magnetic field using a magnetic pickup sensor.

(3)

Using a magnetic reed switch where a thin metal finger switch enclosed in a glass
tube is closed once each revolution by a magnet mounted on a rotating wheel
connected to the shaft of the anemometer. An electric circuit is opened and closed
by the reed switch. Although inexpensive and simple, this type is not
recommended because, the switching finger might bounce and double the number
of closures.

(4)

Using an AC generator that has a magnet connected to the rotating shaft which
induces a voltage in a small coil mounted on the anemometer housing. The
frequency of the signal is proportional to the rotational speed. As it is the
frequency, and not the amplitude of the signal, that is used in this system,
calibration is maintained. One problem is that the AC signal generated at low speed
is very small, which might necessitate amplification and more electronics. This
type is recommended because it holds the calibration and does not require external
power. Wind energy meteorologists in the USA frequently use a simple,
inexpensive plastic anemometer made by Second Wind, Inc. (7 Davis Square,
Somerville, MA 02144, USA), - the Maximum Anemometer - which utilizes this
method of rotation registration.

Obviously, one anemometer should monitor the wind speed at hub height of potential
turbines. To get information about the shear, a second anemometer should be placed at 10 m
which is a reference height for wind measurements. As already pointed out, spare units should be
installed and wired to the surface at the initial tower erection. In general, it is a good idea to
calibrate anemometers in a wind tunnel, as surprisingly poorly calibrated ones have, in the past,
been supplied by some manufacturers. This calibration requires, however, a wind tunnel which is
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in general not available. The Maximum Anemometer has in the past been well calibrated by the
manufacturer and can be believed to be within 0.25 m/s.
4.3.2.2

Vanes

Directions from an airport anemometer are probably sufficient to define the weather type,
but a vane at the anemometer site is nevertheless recommended. The most common type is the
potentiometer vane where the finger of a continuous voltage divider is connected to a vane. As
with anemometers, the best vanes, those with the smallest overshoot, are also the lightest ones.
Another simple selection criteria is that the length of the arm that holds the counterweight should
be as short as possible to minimize overshoot. A simple flat plate vane is best, as other
configurations add weight and increase the overshoot. The accuracy of a vane is generally limited
by how well the unit is aligned to north. The vane should preferably be mounted at the same
height as the main anemometer on the tower. A second vane at 10 m would serve as a backup
and provide information of directional shear.
4.3.3

Additional instrumentation

A recording rain gauge is useful to assess the rainfall that would wash salt off the
turbine. However, rainfall is highly variable and the rates not necessarily representative for
potential turbine locations nearby. Rainfall records from a long-term site nearby might therefore
prove as useful. Temperature is needed to determine air density but the error in using airport data
is minimal so continuous recording at the site is not justified. Other parameters such as radiation,
humidity, or pressure are also of little use.
4.3.4

Recording instrumentation

Data should be recorded on a digital data logger or by a dedicated personal computer.
A relatively simple unit able to record three or four pulsed signals from anemometers and one or
two voltages with excitation for the vanes suffices. Hourly data of mean wind speed and standard
deviation are sufficient. Vanes can simply be sampled at the end of the hour. Ordinary cassette
tape recorders are recommended for data storage as they are probably available locally. Another
commonly used device for data storage is the memory chip, which has the disadvantage that one
cannot visually tell if data were recorded as opposed to a cassette recorder where, if the tape
moved, one can be rather sure that data were stored. Other methods, such as modems or radio
communications are generally too expensive and unnecessarily complicated as instantaneous winds
are of no value. The days of paper strip-chart recorders are gone.
Logger power consumption should be low enough to require only infrequent battery
changes. Battery power level should be noted during site visits. Power, required by vanes, can be
minimized by adding a large load resistor. The tradeoff is lower precision, but the vane is probably
only oriented to within five degrees and precision beyond this value does not improve the quality
of the data. Data loggers are commercially available, but there are a few things to consider when
acquiring such a unit.
The person changing tapes must also be able to test if appropriate signals are coming
from the sensors. Collected data should be screened for external noise such as that caused by RF
interference. Battery-operated data loggers are relatively insensitive to noise, particularly if
enclosed in a metal box and shielded signal cables are properly connected. Lightning protection is
available for the loggers and recommended for areas with frequent thunderstorms. Data should be
checked as soon as possible after collection to minimize data loss. A copy of the logger program
must be available at the site and personnel trained to reprogram the logger in case of accidental
program destruction during battery change. The logger program can also be stored in the
permanent memory of a laptop computer that can be brought along to the site for reprogramming
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the logger if necessary. Loggers with permanent memory are now available (e.g., the Campbell
CR10). Data collected at the site should be processed locally by a reading unit interfaced to a
personal computer. Bimonthly site visits and tape pickup should suffice after initial instrumental
shake down. Summaries of hourly data should be kept and stored with backup.
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CHAPTER 5

MICROSITING

5.1

Overview

Once potential wind areas have been selected with one or more normalizing site towers
operating, it is time to continue the site selection process by conducting site-specific surveys.
Such surveys should last at least 24 hours in order not to bias estimates toward a shorter period.
Examples of sites to test are those along a transect from the shore perpendicular to the wind
including sites at the shore, further inland on the shore plane, on the upwind edge of the foothills,
and on higher inland hills (Daniels and Oshiro, 1982a) and those with similar exposures e.g., beach
sites or foothill escarpment sites in different areas.
Once a number of potential sites have been selected and visited, the next step is to
conduct short-term surveys. It is of utmost importance that the representative wind conditions
prevail during the surveys. As trades are the major source of wind power in the tropics, surveys
should only be conducted during this wind condition. A reasonably reliable 24-hr forecast of winds
is usually available from the local weather service.
5.2

The TALA or meteorological kite

We found that the optimal tool to use during these surveys is the meteorological or Tala
kite developed and sold by NCS (206 South Ridge street, Danville, VA 2 4 5 4 1 , USA) shown in
Figure 4 .

Figure 4 - The Tala or meteorological kite
The kite has several advantages for wind power surveys: (a) light weight and easily handcarried into areas where there are no roads, (b) measures wind speeds at turbine hub heights, (c)
simple t o operate and needs no external power; and (d) easy to calibrate and relatively
inexpensive.
It is very important that the observers be clearly instructed to follow these instructions
when making an observation: with one hand ready to pinch the kite string, the observer must look
at his watch and not at the moving speed marker in the kite speed tube; when it is time to make
the observation, firmly pinch the kite string against the guiding eye and read the position of the
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speed marker which now is not moving and write down the speed to within one tenth of a meter
per second. These steps eliminate a serious source of error caused by an observer inadvertently
• recording a higher speed when eye-balling a moving marker. The observer should be instructed to
read the top of the marker which was used in calibrating the tube.
5.3

TALA kite calibration

Each kite tube needs to be marked and calibrated before a survey. One kite tube should
first be calibrated using the weight supplied by the manufacturer and this tube becomes the master
tube. Rather than rotating the tube to adjust the calibration, as instructed by the manufacturer,
the position of the marker with the calibration weight attached should be noted and calibration
done subsequently on the computer. The other tubes should be calibrated against the master by
connecting the strings and pulling the tubes while recording the marker positions at a few
calibration points. Based on comparisons with anemometers on nearby towers, w e have
concluded that the manufacturers pull/wind speed calibration is not correct, and we recommend
that the manufacturers wind speed, mws(m s*1)» be corrected by the following expression:
cws = mws + 2.5 * ( 6 - mws ) / 6

(5.3.1)

where c w s is the correct wind speed in m s"1 and mws is the wind speed calculated from the
manufacturers calibration in m s"1.
5.4

Practical advice

As high school students provide an inexpensive and reliable source of kite flyers, it is
advantageous to plan for weekend surveys. Several kites should be used during each survey to
compare winds at a number of sites. During the surveys, wind speeds should be read every t w o
minutes. This reading rate will yield more observations than are statistically necessary, but longer
intervals between readings will make the observer bored and more likely to fall asleep. Wind
direction and kite elevation are needed less frequently, say every ten readings. At the end of the
hour, the observer should calculate and write down the arithmetic mean wind speed which will be
entered into a computer for analysis. Hourly median wind directions and kite elevations should
also be recorded.
5.5

Kite position

The length of kite string depends on topography and the hub height of proposed turbines.
As promising sites are very often hill tops, the string length increases as the observer sits farther
down on the slopes of the hill. In determining the right string length in this case, one of the t w o
members of the observing team should stand on top of the hill and signal to the second team
member when the kite is flying straight above the hill. Using the clinometer, the angle to the kite
and that to the top of the hill are determined. From these measurements, the appropriate string
length, SL, is calculated:
SL = HT / ( sin(ka) - tan(ha) * cos(ka) )

(5.5.1 )

where HT the height at which the kite is to fly, ka is the elevation of the kite and ha is the
elevation of the hill. The site geometry is shown in Figure 5.
Table 1 gives values with which the desired kite height, HT, should be multiplied to
produced the required string length, SL, for hill angles between 20 and 40 degrees and kite angles
between 22 and 60 degrees. The observer has to move until the kite is above the hill and the
value for HT corresponds to the desired height. The kite angle will, of course, vary throughout the
day, but it is not recommended that the observer change location during the survey as it is rather
20

time consuming to find a new position. The selected string length, the hill angle and initial kite
angle must be recorded.

Figure 5 - Hill and kite height geometry

5.6

Data analysis

The data collected during the short-period surveys provide the basis for evaluating
individual sites. Comparisons of concurrent sites can, of course, be done without further statistical
analysis. However, short-term data are generally collected during a number of surveys
necessitating statistical adjustments before the data can be compared. This is done by
extrapolating short-term data sets from each survey to long-term conditions. There are three basic
methods to extrapolate short-period measurements to long-term conditions based on concurrent
short-period site and long-term site measurements: the ratio method, the regression method, and
the parametric method.
5.6.1

The ratio method

This method is the simplest but is also the least satisfactory, and it should only be used
when the correlation to the long-term site is poor (less than 0.6). In this method the ratio, Ra,
between the sum of the, say, 24 observed hourly mean speed at a short-period site during the
survey, SAV, and those at the normalizing site during the survey, NAV, is calculated.
24
24
SAV = I S(j) ; NAV = I N(j) ;
j=1
j=1

Ra = SAV / NAV

(5.6.1)

where S(j) are the observed hourly mean wind speeds at the site and N(j) are the observed hourly
mean wind speeds at the normalizing site.
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Table 1

HILL °

Factors to multiply the desired kite flight height, HT, to yield the necessary kite
string length, SL, for kite angles between 22 and 60° and hill angles between 20
and 40°.

20

22

24

26

28

30

32

34

36

38

40

KITE °
•

22

26.9

24

13.5

26.6

26

9.0

13.3

26.2

28

6.8

8.9

13.1

25.8

30

5.4

6.7

8.7

12.9

25.3

32

4.5

5.3

6.6

8.6

12.7

24.8

34

3.9

4.5

5.3

6.5

8.5

12.4

24.3

36

3.4

3.8

4.4

5.2

6.3

8.3

12.2

23.8

38

3.0

3.4

3.8

4.3

5.1

6.2

8.1

11.9

23.2

40

2.7

3.0

3.3

3.7

4.2

5.0

6.1

7.9

11.6

22.6

42

2.5

2.7

3.0

3.3

3.7

4.2

4.9

6.0

7.7

11.3

22.0

44

2.3

2.5

2.7

2.9

3.2

3.6

4.1

4.8

5.8

7.5

11.0

46

2.1

2.3

2.4

2.6

2.9

3.1

3.5

4.0

4.7

5.7

7.3

48

2.0

2.1

2.2

2.4

2.6

2.8

3.1

3.4

3.9

4.5

5.5

50

1.9

2.0

2.1

2.2

2.4

2.5

2.7

3.0

3.3

3.8

4.4

52

1.8

1.9

1.9

2.1

2.2

2.3

2.5

2.7

2.9

3.3

3.7

54

1.7

1.8

1.8

1.9

2.0

2.1

2.3

2.4

2.6

2.9

3.2

56

1.6

1.7

1.7

1.8

1.9

2.0

2.1

2.2

2.4

2.6

2.8

58

1.5

1.6

1.6

1.7

1.8

1.8

1.9

2.0

2.2

2.3

2.5

60

1.5

1.5

1.6

1.6

1.7

1.7

1.8

1.9

2.0

2.1

2.2

The ratio is then assumed to be valid for all speeds, and the short-period site long-term
mean speed estimate, S(long) becomes simply

(5.6.2)

S(long) = N(long) * Ra
where N(long) is the long-term mean speed at the reference site.
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Other statistics, such as wind speed distribution or power productions for potential
turbines, can be calculated by multiplying the ratio with the speed for each speed class for which
the long-term site frequency is given.
5.6.2

The regression method

The ratio method implies that, when the wind is zero at one site, it is zero at the other
site as well. As this is often not the case, another method is desirable, which allows one site to
have no winds when winds blow at the other site. The obvious way to arrive at such relationships
is to use one of the two regression lines that can be drawn through plots of the data. These lines,
which minimize the sum of squared distances between the line and observed points along one or
the other coordinate system axis (the short-period site and the long-term site speeds), can then
be used to estimate the long term speed, S(long) for the short period site:
S(long) = A * N(long) + B

where

24
SQ(S) = I S(j) * S(j);
j=1

(5.6.3)

24
SQ(N) - I N(j) * N(j)
j=1

24
PR = I S(j) * N(j)
j= 1
B = PR / SQ(S);

A = NAV - B * SAV

B = PR / SQ(N) ;

A = SAV - B * NAV.

or

The first set of A and B definitions minimizes deviations between observed and calculated
values for site winds whereas the second set minimizes those for the normalizing site. There is no
a priori reason for selecting one or the other definitions for A and B. Long-term wind speeds and
other statistics can now be calculated analogous to that for the previous method.
5.6.3

The parametric method

As opposed to these two methods, which give a one-to-one relationship between
individual hourly observations at the two sites, the parametric method only estimates long-term
statistics for the short-term site. The method is based on the expression for the spatial correlation,
which gives the long-term estimated mean speed at the survey site, S (long) as
S(long) = SAV - RL * ( N(long) - NAV ) * sig(site) / sig(long)

(5.6.4)

where RL is the long-term correlation coefficient between the two sites, sig(site) is the long-term
site standard deviation of hourly winds at the survey site and sig(long) is the long-term standard
deviation of hourly winds at the reference site.
RL and sig(site) are, however, not available and must be estimated. There is little reason
to expect that the long-term correlation coefficient, RL, changes very much for the same type of
wind conditions, e.g., trade winds, and RL can therefore be estimated by the correlation
coefficient, RS, calculated for the hourly short period survey observations:
RS = ( Nobs * PR - SAV * NAV ) / SQ(S) / SQ(N)
where Nobs is the number of hourly observations, e.g. 24.
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(5.6.5)

To find the survey site long-term standard deviation, sig(long), we simply assume that
the observed site variance during the survey, SVAR, is representative of any period of the same
length as the survey period and that if we were to average the speed at the short-period site using
averaging periods as long as the short-survey period and calculate the variance of these averages
for a long period, then the result would be the same as if we followed this procedure for the
normalizing site. Since variances ( = squares of standard deviations) are additive, we can, with
these t w o assumptions, simply write
sig(site) = ( SCAR * SCAR + NVAR(period) * NVAR(period) ) 0 B

(5.6.6)

where NVAR(period) is the standard deviation at the normalizing site of mean speed averaged for
a period as long as the short-survey period, and SCAR is the standard deviation of hourly winds
at the short-period survey site calculated for the survey period.
This calculation requires that we know the variance of observations averaged over
different periods, e.g., 24 hr, and such statistics must be calculated from the original hourly
observations at the normalizing site. When plotted versus averaging periods on a log scale (log of
the variance versus period), it often becomes evident the variances fall along a straight line and
can be expressed as
NVAR(period ) = exp(- ( a * period + b ))

(5.6.7)

where exp stands for the exponential, and the coefficients a and b are found from plots of the
normalizing site wind-speed data.
To calculate long-term wind statistics requires an assumption as to frequency distribution
of wind speeds at the short-period site. The simplest distributions suggested in the literature are
the Rayleigh and the Chi-square distributions. The main advantage with these is that they are oneparameter distributions, which means that they are uniquely determined by one statistic, generally
the mean. The most commonly observed distribution is, however, a t w o parameter distribution,
the Weibull distribution, given by
f(v) = a c v H e x p (-avc )

(5.6.8)

where v is a wind speed, f(v) is the frequency of the occurrence of that speed, k is a positive
constant referred to the scale parameter, and c is a positive constant referred to as the shape
parameter.
For c = 2 the distribution reduces to the Rayleigh distribution. The t w o unknown
constants, c and k, can be determined from the estimated short-period site long-term mean,
S(long) and standard variation, sig(site), estimated previously:
sig(site) 2 = (1 / k )2/c [ T(1 + 2 / c) - T 2(1 + 1 / c) ]
S(long) = ( 1 / k )

1/C

T(1 + 1 / c)

(5.6.9)
(5.6.10)

where I" stands for the gamma function.
From these t w o expressions, c and k can be calculated using an initial guess and
iterations until the constants are found to within a desired precision. A direct method to find k and
c is:
N(N- 1)
k = n / 60B [
{ I IntVj) } 2 ] 0 6
(5.6.11 )
2
N I ln(vj )
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c = ( 1 /N I v * ) 1 *

(5.6.12)

where N is the number of observations, and v, are the individual wind speed observations.
In summary, it is recommended that first the long-term mean and standard deviation for
a temporary site be estimated, from which a long-term Weibull frequency distribution can be
constructed. Probability values for speed classes, e.g., 1 m s'1 wide, should then be multiplied with
the annual number of hours that trade winds blow at the normalizing site to give the annual tradewind distribution at the short-survey site. For other wind directions, we simply recommend that
the frequency distributions at the normalizing site be assumed valid also for the temporary sites.
Errors should be minimal as such winds are not only infrequent as compared with the trade winds
but also generally weaker than the trades.
5.6.4

Comparison between the three statistical methods

The three statistical methods were compared during a survey in Hawaii (Daniels and
Oshiro, 1979) based on measured wind speeds during a two-month period at eight normalizing
sites and one week of data from some 30 short-period sites. Estimates were first made for each
of the normalizing sites using the two months of data to estimate long-term speed based on the
other seven long-term sites. These estimates were then compared with measured long-term means
at the sites. The ratio method was not used as it is a special case of the regression method. The
mean error for the sites using the regression method was 1.4 m s*1 whereas for the parametric
method it was 0.9 m s'1. Secondly, the agreement among long-term mean speed estimates at the
34 temporary sites was compared using the two methods and the five best normalizing sites. The
parametric method showed a considerably more coherent pattern. Thirdly, the first test was
repeated, but now the annual mean production of a Boeing MOD-5B turbine was estimated using
the eight normalizing sites. The average difference between estimates using the short-term data
and that using measured data from the eight sites was 156 kW for the regression method as
compared with only 16 kW for the parametric method using the Weibull distribution. Using the Chi
square distribution, the difference was 77 kW. Thus, the parametric method combined with the
Weibull distribution is definitely superior to the simpler regression and ratio methods.
5.6.5

Comparison of the parametric, numerical and physical models

A wind farm consisting of 15 Westinghouse upwind 600-kW turbines was built in Hawaii
in 1985. The turbines were sited using the parametric method to estimate long-term production
based initially on short-term surveys using anemometers mounted on 9-m towers (Daniels and
Oshiro, 1979) and later using Tala kites (Daniels and Oshiro, 1982b). The turbines have a vane
and anemometer for starting and turning into the wind. The anemometer is blocked by the turbine
after it has started to rotate. A correction scheme was, however, developed by the operators of
the wind farm to correct anemometer speed during rotation based on turbine power production.
In this way, wind-speed data from all turbines were compiled for 22 months and compared with
(a) long- term estimates based on short-term 9-m anemometer survey wind speeds estimates
extrapolated to turbine hub-heights assuming a logarithmic (1/7 power) wind speed increase with
height combined with the parametric method (Daniels and Oshiro, 1979); (b) long- term estimates
based on short-term turbine hub-height kite surveys combined with the parametric method (Daniels
and Oshiro, 1982b); (c) mass consistency numerical model estimates using an upwind free-stream
velocity of 10 m s"1 (Erasmus, 1986); and (d) measurements from a 3.7-m-diameter 1:3840 scale
wind tunnel model of the area also assuming a free-stream velocity of 10 m/s (Chien et al., 1979).
The mean wind speed during the 22 months of turbine data was 1.2 m s"1 lower at the
reference site than it was during the five years that formed the basis for the long-term estimates
for the sites. The two parametric estimates were therefore adjusted and given within brackets in
Table 2, which shows estimated and measured speed at the fifteen sites (Daniels and Schroeder,
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1988). Obviously, absolute speed estimate by the two objective methods depends on the assumed
free-stream velocity. For method evaluation, it is therefore better to compare the ranking among
the sites, given after the mean speed estimate in Table 2. The measured ranking is shown in the
second column. The table also gives the Spearman ranking coefficient calculated from estimated
and measured rankings. The value would be one for perfect ranking.
Table 2 -

Measured tradewinds (m s'1) and rankings for fifteen turbines and estimates from
the 9-m survey, the numerical model, the wind tunnel or physical model and the
kite survey. The two objective methods assume a 10 ms"1 free-stream speed. The
mean speed estimate by the two surveys for the turbine period is shown within
brackets (Daniels and Schroeder, 1988).
Measured
speeds

9-m surv.
estimates

1

8.3/ 7

9.2/ 4

10.6/14

7.8/ 7

10.4/ 7

2

8.9/ 2

8.9/ 8

10.7/13

7.3/10

11.1/ 1

3

7.2/15

8.3/10

10.8/12

7.0/11

8.6/14

4

7.5/12

7.7/13

10.5/15

6.7/14

9.7/11

5

7.3/13

7.7/12

11.3/ 6

6.1/15

8.9/13

6

8.0/ 9

7.2/14

11.0/ 8

6.9/12

9.9/10

7

7.6/11

6.5/15

10.8/11

6.7/13

9.6/12

8

7.2/14

7.7/11

10.9/ 9

7.5/ 9

8.4/15

9

8.3/ 6

10.1/ 3

11.3/ 4

7.8/ 8

11.0/ 2

10

8.7/ 3

10.6/ 2

12.3/ 2

8.4/ 2

11.0/ 3

11

8.9/ 1

11.1/ 1

12.5/ 1

9.0/ 1

10.8/ 4

12

8.2/ 8

8.3/ 9

10.9/10

8.0/ 5

10.1/ 9

13

7.9/10

9.0/ 5

11.0/ 7

8.0/ 6

10.5/ 6

14

8.7/ 5

8.9/ 6

11.3/ 3

8.3/ 3

10.3/ 8

15

8.7/ 4

8.9/ 7

11.3/ 5

8.2/ 4

10.5/ 5

8.1

8.7(7.8)

11.1

7.6

10.0(8.3)

Turb.
number

Ave.

Spearman ranking

Numerical
estimates

0.41

0.70

Physical
estimates

0.64

Kite survey
estimates

0.79

The parametric method based on kite measurements achieves the best ranking of the
methods. The data were also sorted according to wind direction. The turbines are located along
a SW-NE ridge. With trades perpendicular to the ridge, the numerical and the physical methods
performed better than the short-survey methods but for the more common oblique directions, the
short-period kite survey ranking estimates were much higher. Thus, it seems that objective
methods perform well when the air has no choice but to cross a barrier. If the air can partially
deflect along a ridge or around a hill, the objective method estimates become much less accurate.

26

CHAPTER 6

CORROSION

6.1

Overview

The problems with corrosion are well known to anyone living near the ocean in the
tropics. A combination of high humidity, high temperature, high salt content, and infrequent rains
produce optimal conditions for corrosion which can destroy a metal structure in a few months if
not checked. The surface salt content near oceans can reach as high as several hundred
micrograms/m3, well above ambient air quality standards for suspended particulates in the United
States. It might well be necessary to filter the air entering the nacelle of a turbine in the tropics,
as shown by the several pounds of salt that are extracted annually from the air entering the nacelle
of the MOD-5B turbine in Hawaii.
Obviously, it is important to estimate the salt concentration in the air at potential turbine
sites, particularly if they are near the ocean. Traditionally, the salt content has been monitored
using High Volume Samplers followed by a chemical analysis of the sampler catch; however, this
method is not very useful for a wind turbine as it is at nacelle height that the sensitive components
are located and not at the base of the turbine tower where such a sampler could be used. The Tala
kite can, however, also be used to estimate nacelle height salt content at prospective sites.
6.2

Estimating salt concentrations using the Tala kite

Vertical salt-content concentration profiles can conveniently be measured by simply
intersecting the kite string at a number of heights with short steel wires on which salt collects
during one-hour-long flights (Daniels, 1989). The wires are carefully cleaned before the flight. At
the start of the flight, the wires are connected to the kite string as quickly as possible t o minimize
wire exposure at other elevations. Kite elevation angles and kite speeds are monitored during the
flight, and surface winds are recorded by anemometer. At the end of the flight, the wires are
removed, again as quickly as possible, and placed in air-tight jars touching only the ends of the
wires. The wires are then washed in a known amount of distilled water and analyzed using
spectroscopy to quantify the amount of different elements on the wire. In order to convert this
catch into air concentration of desired compounds, one needs to know the number of meters of
air that travelled by the wire and the collection efficiency of the wire. The setup is illustrated in
Figure 6.
The air travelling by the wire is calculated by assuming a wind- speed power law
between the surface wind anemometer and the kite. The angle of the steel wire can be calculated
from the kite speed and the observed kite elevation angle (Shien and Frost, 1980). The collection
efficiency of the wire can be estimated from the wind speed and standard curves for cylinders
(Langmuir, 1962, Fairall eta/., 1983).
In order to make corrosion comparison estimates between potential sites, it is
recommended that kite salt assessments be made at each site and a factor, inversely proportional
to the nacelle height concentration, be used for site comparisons.
6.3

Examples of measured salt concentrations

Salt concentrations were measured in Hawaii using the Tala kite both near the ocean and
at potential wind turbine locations inland Figure 7. Measured concentration profiles are shown in
Figure 8. Surface salt concentrations are very high near the ocean, but above the boundary mixing
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height over the ocean of about 10 m, concentrations drop substantially and are lower than at the
same altitude inland where surface mixing in a growing boundary layer has mixed the salt upward.
Thus, a near-ocean location might be preferable to an inland one.
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Figure 6 - Schematic drawing of atmospheric salt sampling by use of the Tala kite
(Daniels, 1989)
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Figure 7 - Measurement sites during a vertical salt-concentration profile survey in Hawaii
(Daniels, 1989)
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CHAPTER 7

TURBULENCE

7.1

Overview

Turbulence has traditionally been defined as wind-speed fluctuations around the mean
at a fixed point. However, in assessing the effect turbulence has on a structure, this definition is
not appropriate because a structure responds to the maximum wind over the structure and not to
the wind at one small point. Attempts to extend readings at one point to a larger area using spatial
correlations might not be realistic as this will not necessarily reproduce the speed maxima to which
a structure responds.
7.2

Kite turbulence

The meteorological or Tala kite again provides a unique answer to the need for an
instrument that can make the measurements required to predict the effect turbulence has on a
structure larger than an anemometer. Watching the kite fly, an observer soon notices that the kite
seems to fly aimlessly, then it suddenly moves rapidly to a new spot where it remains for a short
period and then returns to its previously random motion pattern. One gets the impression that the
kite looks for something. What the kite responds to are the finite turbulence lumps or events of
faster or slower moving air that e.g., Connell (1988) observed. Kelly and McKenna (1996)
concluded that the most damaging stress on a turbine blade was associated with such (low cycle,
high amplitude) distinct coherent turbulence events.
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Figure 9.a. - Calculated trajectories for kites entering a negative turbulence event at different
heights
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Figure 9.b. - Corresponding kite speeds
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Figure 9.c. - Corresponding kite attack angles for the lowest and the highest kite
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A mathematical simulation of the kite motion in response to an approaching turbulence
event, based on the equation of motions for the kite and observed expressions for the lift and drag
forces of the kite, will move the kite up or downwards towards a speed maximum or minimum.
-Figure 9.a. shows calculated trajectories for the kite entering a negative event at different heights;
figure 9.b. shows the corresponding kite speeds; and figure 9.c. shows the corresponding kite
attack angles for the lowest and the highest kite. The response to a positive event is very similar.
The difference between actual wind speeds and kite speeds is less than 0.07 m s"1. The simulation
confirms the idea that the kite responds actively to turbulence events by moving into the center
of the events, thereby measuring the maximum or minimum speed of the event to which a
structure will respond. Besides the maximum or minimum speed of individual events, the kite will
also give the true duration of the event as well the cross-wind size of the event.
7.3

Turbulence measurements

7.3.1

Fixed point turbulence instrumentation

The response of an anemometer is, obviously, of great importance in measuring
turbulence. Only an instrument with a distance constant of a few meters or less should be used.
The previously mentioned Maximum Anemometer with a distance constant of 3 m represents the
lower weight limit and nothing heavier should be used to measure turbulence. Lighter
anemometers, such as the Gill UVW styrofoam impeller unit, with a distance constant of 1 m are
better but not even these instruments respond sufficiently quickly and special instruments, such
as hot film or hot wire anemometers, with frequency response down as low as 50 Hz should
preferably be used (Bergstrom and Hogstrom, 1987). These instruments are, however, expensive,
complicated, nonlinear and require frequent calibrations and they can therefore only be used during
short surveys.
7.3.2

Kite turbulence instrumentation

A number of turbine wake turbulence measurements using hand held kites, visually read
as quickly as possible, are summarized in a report to the UK Department of Energy by Hassan et
al. (1989). The report concludes that kites recorded considerably more turbulence than
anemometers at the same distance from a turbine. This is what one would expect from an active
kite response to turbulence.
As it is difficult to make visual high-frequency measurements of a hand-held kite, an
automatic reading device was designed at the University of Oregon in the United States, in which
the pull from the kite string was registered by the position of a spring-loaded potentiometer (Baker
and Walker, 1985). The characteristics of the spring would, however, contaminate the kite
response, and a strain gauge kite head was developed by the University of Hawaii (Daniels, 1981 ).
The kite head, shown in Figure 10, consists of a strain gauge mounted in a gimbals configuration.
The position of the t w o gimbals planes are monitored by potentiometers and their travel limited
to 180° by stop screws. During setup, the kite head is oriented to north using a compass device.
Upper and lower potentiometer voltages with the upper gimbals pointing north and the lower one
pointing east are recorded followed by the voltages for the opposite orientations. These four
measurements allow the kite string elevation and azimuth to be uniquely determined. If the kitehead support structure, loaded down by rock, is not disturbed during the survey, only calibrations
at the beginning and end of a survey are needed. The strain gauges require more frequent
calibrations, preferably hourly, during which the kite is disconnected and the kite head rotated 90°
to allow the strain gauge to hang vertically. The response to zero weight and three weights
corresponding to approximately 5, 10 and 15 m s 1 should be recorded. The kite head must be
leveled after the calibration. A strain response curve based on the four calibration points, is then
used to convert measured strain voltage to weight which in turn is converted to wind speed using
a curve provided by the manufacturer. The four calibration points are assumed to change linearly
between hourly calibrations.
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Figure 10 - The University of Hawaii automated kite head
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Power to the potentiometers and the strain gauge (mounted in a Poisson configuration)
is conveniently provided by a data logger such as the Campbell Scientific CR10. By intersecting
the excitation lines to a number of kites with a multipole switch, power can be switched on
simultaneously to ensure time synchronization. The kite heads are lightweight, easy to set up and
work with, and require no external power except that provided by the data loggers, all of which
make kite heads ideal for turbulence measurements.
7.4

Turbulence statistics

7.4.1

Turbulence intensity

The amount of turbulence is often simply summarized as the turbulence intensity, Tl, i.e.,
the standard deviation divided by the mean wind speed. Normalization using the mean speed is
supposed to make the Tl independent of speed, but this is not so, as low speed values often
become disproportionally large. Since Tl is an oversimplification and in general a function of the
speed, it is of limited value for wind turbine design.
7.4.2

Autocorrelation

A simple way to get an impression of gust duration is to plot the speed autocorrelation
as a function of period. Autocorrelations for wind data collected in Hawaii by an anemometer and
two kites are shown in Figure 11 (Daniels, 1982). As can be seen, the kite autocorrelations drop
very quickly compared with the anemometer autocorrelation.
7.4.3

Spectral analysis

Spectral analysis has traditionally been a popular method to characterize turbulence.
Generally, the energy is multiplied by the frequency to bring out the energy at the high end of the
spectrum and plotted on a log-log scale versus frequency. The emphasis on high frequency events
is, however, not necessarily appropriate in describing the effect on turbulence on structures. NASA
developed a generic expression for the turbulence energy, F(N), as a function of frequency, N
(Powell and Connell, 1980):
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Figure 11 - Example of kite and anemometer autocorrelations (Daniels, 1982)
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F(N) = V e 0 . 1 6 4 x / ( 1 + 0 . 1 1 4 x 6 / 3 ) / N

(7.4.1)

where x = N H / W / A , Vc is the total wind component variance, H is the height of
measurements, A is a coefficient ( = 0.0144 for wind-speed component in the mean wind
direction, u, and = 0.0256 for the cross-wind component, v), and W is the mean wind speed.
Wind data collected by visually read kites, tethered balloon- suspended anemometers,
and 9-m anemometers during a survey in Hawaii suggested that inland sites had more turbulence
than allowed by the model whereas shore sites were well within model limits (Daniels and Oshiro,
1979). Another survey in the area showed much more u-component turbulence for strain-gauged
kites than for anemometers, particularly for gusts in the 3-15 sec range. Although gust energy
dropped according to the proposed -5/3 value for the anemometers, the kites saw increasing
energy for gusts with periods shorter than about 15 sec (Daniels, 1982). Five-Hz spectra of a
rotational kite, a rotational hot film anemometer, and turbine flap data collected during a survey
in Sweden are shown in Figure 12. The rotational period at 0.7 Hz, caused by vertical wind shear,
is demonstrated well in the kite and the flap data.
The major advantage with spectral analysis is that nested events are allowed and the
major disadvantage is that individual events are not identified.
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(Daniels, 1994)

7.4.4

Discrete turbulence event models

Discrete dust-counting schemes have the distinct advantage over spectral analysis in that
individual events are identified; their disadvantage is that nested events cannot be included. Two
common definitions of discrete turbulence events are the Ramsdell discrete gust model and the
Huang-Fichtl discrete gust model.
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7 AAA

The Ramsdell discrete gust model
This model defines two types of gusts (Figure 13) (Powell and Connell, 1980):
(a)

Gust-0 delimited by adjacent crossings of the mean speed level in a time series.

(b)

Gust-1 delimited by adjacent zero first derivatives in a time series.

Four statistics are generally calculated based on the first four moments: (a) amplitudeperiod correlation, (b) number of gusts per unit time, (c) standard deviation for amplitudes and
periods; and (d) kurtosis for amplitudes and periods.

GUSTQ DEFINITION

J—l—i

CUSTj DEFINITION

Figure 13 - Gust-0 and Gust-1 definitions

Cumulative histograms for periods and amplitudes are often presented in half-Gaussian
probability plots in which Gaussian distributed data will lie along straight lines with the slope given
by the standard deviation. Ramsdell proposed exponential functions for cumulative gust
amplitudes and periods where the probability of a gust with amplitude or period, x, greater than
a given value, X, is given by
Prob( x > X ) = exp{- a ( X / st. dev. )*b }

(7.4.2)

where st. dev. is the standard deviation of measured gusts, and a and b are empirical coefficients.
Values for the coefficients based on an anemometer and kite survey in Hawaii are shown
in Table 3 (Daniels, 1982). For a Gaussian distribution, the value for b is two and the value for a
is one. Kite gusts were considerably shorter than anemometer gusts, and their amplitudes were
larger. Two instrumental reasons why the anemometers saw relatively smaller and longer-lasting
gusts are overspeeding and limited frequency response which did not affect kite measurements.
Finite gust-event plots from sites with different degrees of turbulence seem to collapse into a
single curve when normalized by the standard deviation (Bergstrom, 1987).
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Table 3 -

Values for the coefficients a and b, for the Ramsdell gust exceedence model
collected from a site in Hawaii (Daniels, 1982).

COEFFICIENT b

COEFFICIENT a
GUST-0

GUST-1

GUST-0

GUST-1

per.

amp.

per.

amp.

per.

amp.

per.

amp.

Anemom. 9-m

0.76

0.72

1.50

0.87

3.27

1.13

2.14

1.23

Kite 30-m

1.17

0.88

1.03

0.98

3.17

1.24

3.63

1.13

Kite 60-m

0.99

0.92

1.31

1.18

2.34

1.41

2.92

1.25

7.4.4.2

The Huang-Fichtl discrete gust rise model

Rather than the speed itself, this model uses the speed derivative, i.e., a new time series
is defined as the difference between the speed at time T and that at time (T + t) (Powell and
Connell, 1980). New data series are created for a range of values for the time interval, t, e.g.,
1, 3, 5, 10, 15 sec. The number of crossings of a certain "change" value, e.g., +/- 0 . 1 , + / - 0.2
or +/-0.3 m s"1 is then calculated. During a survey in Hawaii, the anemometers saw more small
negative speed changes consistent with anemometer overspeeding. The kite revealed, however,
the same pattern indicating that turbulence events have a sharper gradient at the upwind edge
than at the downwind edge, which makes sense. Again, the kites recorded many more events that
lasted for shorter periods.
7.4.5

Rain Flow Counting

The rain flow counting (RFC) method is definitely the recommended method to
summarize turbulence in wind-speed time series because (a) individual nested events are identified,
and (b) it is the preferred method among turbine designers to estimate structure fatigue life time
and damage. A panel of wind turbine designers was assembled by the International Energy Agency
in 1982 to recommend standard methods for wind turbine testing and evaluation (IEA, 1984). The
panel recommended the RFC method for load fatigue calculations, and the majority of turbine blade
fatigue articles are now based on this two-step method. In the first step, peak/valleys and
valley/peaks are identified as shown in Figure 14 starting with the smallest events and proceeding
toward larger ones. Once an event is registered, it is eliminated from the data series as shown in
Figure 15. At the end of this step, a residue remains that consists of events that do not fit the
previous event criteria, Figure 16. Note that the envelope for these points first increases and then
decreases. These remaining events are simply split up and counted as half events in the second
step. The number of events going from and to one speed level to another (Granander and
Johansson, 1988) can then be presented in the form of a matrix. A corresponding event duration
matrix can also be produced. The matrixes can be summed up over all wind speeds to give tables
of the number of events and event duration as a function of amplitude.
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Figure 14 - Definition of a RFC event
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Figure 15 - Removal of a RFC event from a time series

Figure 16 - Remaining cycles after first step
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7.5

Comparison of fixed anemometer and kite RFC turbulence

7.5.1

Single instrument comparison

The kites were compared to fast-response fixed-point instruments during a survey in
Sweden in 1993 at an island location in the Baltic with off-ocean winds prevailing (Daniels, 1996).
Nine kites were flown i n a l O m x I O m array in front of a 170-kW wind turbine which had flap
sensors mounted on its blades. A nearby tower had three hot-film anemometers (HFA). Ten-Hz
data were collected from the kites, the anemometers, and the flap sensors. Table 4 shows
durations and average numbers of HFA and kite RFC events of different amplitudes. The kite
detected fewer small events than the HFA, but in the second amplitude class, the kite recorded
twice as many and the excess grew to an order of magnitude more for very large events. HFA
event periods were twice as long as kite periods for small events and up to five times longer for
very large events.
Obviously, the kite and the HFA register events in a fundamentally different way,
supporting the hypothesis of the kite actively searching for and moving into the center of passing
events whereas a stationary instrument only registers events at some unknown distance from the
events' center. The reason why HFA events are longer is that events are registered as having a
smaller amplitude than they really have, i.e., the true amplitude of an event is probably one class
larger than indicated. If HFA events are moved down one class, then kite and HFA statistics agree
better.
Table 4 -

The number of RFC events per hour and average event duration in seconds for nine
kites and three HFA for run 28 during a wind survey at a coastal location in
Sweden 1993 (Daniels, 1996).
Event
amplitude

7.5.2

Number of events

Mean event duration

kite

HFA

Kite

HFA

m s"1

/hr

/hr

sec

sec

0- 1

4739

5686

0.3

0.5

1 -2

3699

1651

0.5

1.4

2-3

829

350

1.8

4.0

3-4

291

132

4.4

17.9

4-5

146

80

9.2

39.6

5-6

74

42

19.4

61.6

6-7

39

13

36.5

95.3

7-8

16

2

61.6

246.6

> 8

6

0

98.4

-

Rotational instrument comparison

There are t w o major contributors to the flap of a turbine blade: turbulence and vertical
wind speed shear. It is, therefore, necessary to make measurements at more than one height to
simulate the wind speed a rotating blade would experience to make lifetime estimates. During the
1991 kite survey, nine strain-gauged kites were flown in an array in front of a turbine (Daniels,
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1996). From these data, a "rotational kite" wind speed series was constructed by sequentially
sampling the eight periphery kites. A corresponding series was created from three H FA, with speed
averages filling in every second reading and using the mid-anemometer twice during a rotation.
Table 5 shows the number and duration of rotational kite and HFA RFC events for the run in Table
4 together with the differences from single instrument statistics in this table.
While the rotational kite detected five to ten times more large events than the average
kite, the rotational HFA detected only twice as many large events as the average HFA. Obviously,
rotation has a much more dramatic effect on the kite than on the HFA. The rotational kite recorded
up to two orders of magnitude more large events than the rotational HFA. The rotational HFA
detected even fewer events than the average kite. The difference might be partly explained by the
fact that only three HFA's were used as opposed to eight kites. As would be expected, rotational
periods are several times shorter than average instrument periods. The difference between
average and rotational instrument periods is about the same for the kite and the HFA.
Table 5 -

Event
amplitude
m s'1

Number of RFC events and event durations for the rotational kite and the rotational
HFA during a 1991 kite survey. The percent change in the number of events (%)
and the difference in duration (diff) from the average kite and HFA in Table 4 are
also shown.
Number of events
Kite

HFA

%

/hr

Mean event duration
%

/hr

Kite

diff.

HFA

diff.

sec

sec

sec

sec

0- 1

746

-84

2178

-62

0.6

-0.3

0.5

0.0

1 -2

1294

-65

1403

-15

0.4

0.1

1.2

0.2

2-3

881

-06

671

48

0.5

0.7

2.6

1.4

3-4

741

65

310

135

1.0

3.4

5.0

3.5

4-5

654

146

143

79

1.7

7.5

11.8

8.1

5-6

528

613

58

28

2.6

16.8

31.5

8.0

6-7

353

805

27

52

5.0

31.5

93.3

31.8

7-8

170

963

2

0

11.6

50.2

142.1

45.1

8-9

82

107

1

-

24.5

55.3

-

-

9-10

34

750

0

0

61.0

18.9

-

-

1 0 - 11

23

96

0

0

127.7

44.5

-

-

11 - 12

4

75

0

0

222.6

185.2

-

-

The average and a constructed rotational kite were also compared during a 1993 survey
(Daniels, 1996) where only three kites were used. Five-Hz rotational data, created by using the
middle kite twice during a rotation, showed single-kite turbulence responsible for 4 5 % and shear
55% of the total rotational turbulence, which is higher than found during the 1991 survey. Using
fixed anemometers, Smedman (1993) estimated 7 0 % of the total rotational turbulence to be
caused by single-anemometer turbulence with shear accounting for 3 0 % .
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7.6.

Comparison of rotational fixed anemometer and kite RFC turbulence with the flap of a
rotating turbine blade

Measured flap from a rotating turbine blade provides an excellent independent test of the
actively-moving-kite hypothesis. The first opportunity to test the kite against a rotating turbine
blade was during acceptance tests of 600-kW Westinghouse turbines in Hawaii (Daniels, 1993).
When plotted against wind speed, blade strain first increased up to 8 m s"1 and then decreased as
the blade turned out of the wind to reach the no-power level at 16 ms" 1 . Two linear segments
were therefore used to convert wind speed to blade flap, Figure 17.

r
B
10 12 14 16
Anemometer wind speed, m/s

Figure 17 - Blade flap as a function of wind speed (Daniels, 1993)

Simulated flap series were constructed using this conversion curve for both a single kite
and a fast response Gill UVW anemometer. The two simulated flap and the measured flap time
series were RFC analyzed. The kite simulated about the same number of events that lasted about
the same period as the measured flap data which was not the case for the anemometer. The
anemometer simulated 9 events above 0.6 m-ton for the run period, while the kite estimated 76
such events as compared with 72 measured events. Though lightweight, the anemometer had a
rather long distance constant which explains part of the loss in response.
Rotational kites and HFA's were compared with measured blade flap during the 1991
survey (Daniels, 1995). Measured flap was now a linear function of turbine power which in turn
was converted to wind speed to yield a conversion curve between wind speed and blade flap. FiveHz rotational kite and rotational HFA data were used to simulate flap. Measured and simulated
number of events are shown in Figure 18 as a function of event amplitude, and event durations
are shown in Figure 19. The rotational kite reproduced measured strain number of events and
event periods very well, unlike rotational HFA. Only for the very largest events does the kite fail
to reproduce measured strain.
7.7

Kite RFC events

7.7.1

Event size

Because the position of the kite is registered together with the kite wind speed, it is
possible to calculate the motion of the kite during an event. Table 6 shows kite motion during
events of different amplitudes and no event mean motion plus the 9 9 % confidence interval
measured at a turbulent location in Hawaii (Daniels, 1993). The kite moves significantly farther
when a RFC speed event is present and the distance covered increases with the amplitude of the
event which is consistent with the notion of an active kite motion.
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Figure 18 - Measured number of blade flaps and the number simulated by a rotational kite and
a rotational HFA (Daniels, 1995)
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Figure 19 - Measured periods of blade flap and periods simulated by a rotational kite and a
rotational HFA (Daniels, 1995)
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Table 6

Kite motion with and without a RFC speed event

Event amp. m s"1

7.5

6.0

4.5

3.0

1.5

No event

Mean motion m

5.7

5.6

4.9

4.7

4.2

3.8 + /-0.6

The best estimate of the average cross-wind radius of events is probably twice the
before max/min travel while the best estimate of the event period is probably twice the aftermax/min period.Table 7 shows horizontal and vertical event radius as a function of event
amplitude based on the above size definition. Positive events grow with amplitude whereas
negative events seem to decrease in size for the largest amplitudes events. This decrease might
be due to the kite responding less effectively to negative events as noted in the theoretical kite
motion analysis (Daniels, 1996). There were fewer large amplitude negative events than positive
ones, making their statistics less certain. It is possible though that positive and negative events
develop differently. Events have somewhat larger horizontal than vertical dimensions. During the
1991 kite survey with considerably stronger winds than in 1994, event radius did not reach 4 m
until event amplitudes became as large as 7 m s"1:; otherwise the pattern was the same.

Table 7 -

Event
amplitude

Cross-wind event size for the 1994 survey

Negative events

Positive events
Horizontal

Vertical

Horizontal

Vertical

m s"1

radius m

radius m

radius m

radius m

0-1

1.7

1.3

2.5

2.0

1-2

2.4

2.1

2.6

2.0

2-3

4.1

3.7

2.2

1.5

3-4

4.6

4.2

1.6

1.4

Measured kite events closely simulated both the number and duration of fixed
anemometer events assuming that the events encountered the anemometer randomly and the kite
moved in one plane. This, basically, one-plane kite motion is confirmed by Figure 2 0 which
summarizes kite motions during one of the 1991 kite survey runs.
7.7.2

Event size and number as a function of altitude and mean wind speed

A comparison of the number of events during the 1991 kite survey showed that the
number of events increases sharply with wind speed. The increase was most dramatic for large
events, which almost quadrupled in number with an increase in speed from 4.8 to 8.2 m s' 1 . Event
periods decrease with speed, but the decrease was most pronounced for the smallest event class,
where periods for the highest mean wind speed run were only half as long as for the lowest mean
wind speed run. The decrease in period with increasing speed was not sufficient to make
downwind event-length constant with speed, but rather event-length decreased significantly with
speed as shown in Table 8. The cross-wind size of events seems also to decrease with speed.
Small events are rather spherical, but they become more elongated with increasing amplitude.
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AREAS COVERED BY THE" KITES DURING RUN 28, JUNE 12. 1991

x

HORIZONTAL DISTANCE, M

Figure 20 - Areas covered by the kites during one of the runs of the 1991 kite survey
(Daniels, 1995)

The number of events did not show a clear trend with height. However, since the number
of events increases with wind speed in the absence of a vertical speed gradient, the number of
events should decrease with height. Event size definitely increases with height. This increase is
not caused by increased wind speed with height, as this should produce decreasing event cross
sections. Event periods do not seem to vary with height. Again, increasing wind speed higher up
should cause periods to decrease with height, i.e., without a vertical wind speed gradient, event
periods might increase with height.
7.8.

Estimating turbine blade fatigue life based on kite turbulence

Rotational kite measurements which can accurately simulate the flap of a turbine blade
are recommended to estimate blade fatigue at potential turbine sites. The conversion from kite
measurements to blade flap depends on turbine type, but a relative estimate can be made for
different potential turbine locations by assuming that flap or strain is a linearly increasing function
of wind speed for speeds up to the point where a turbine starts to spill energy and thereafter is
a linearly decreasing function as shown in Figure16. During the 1993 kite survey, winds were
below this point and wind measurements could simply be used as relative predictors of flap
(Daniels, 1996) without knowing the linear functions explicitly.
The damage by an event depends on the speed at which it occurs as well as on the
amplitude of the event. The International Energy Agency expert panel recommended the use of
so called S-N curves for fatigue damage based on the Palmgren-Miner rule which relates the
number of stress cycles of a specified amplitude and mean speed to the allowed number of cycles
before failure (IEA, 1984). Let the allowed number of cycles with an amplitude, i, at a mean speed,
u(i), be N,(u(i)). The fatigue damage d,(u(i)) from n,(u(i)) such cycles is then given by the following
relationship:
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Table 8 -

Event cross-wind (Cr.) and along-wind (AI.) size as a function of event
amplitude for the 1991 kite survey runs

Run 19
Mean
Event

Run 21

Run 20

Run 28

Run 29

m s"1

5.3

Cr.

Al.

Cr.

Al.

Cr.

Al.

Cr.

Al.

Cr.

Al.

m s"1

m

m

m

m

m

m

m

m

m

m

0-1

2.2

2

1.9

2

1.7

2

2.1

2

2.0

3

1 -2

2.4

5

1.8

4

1.8

4

2.2

5

2.0

5

2-3

3.0

21

2.9

18

1.8

16

2.1

15

2.4

16

3-4

3.7

70

2.2

54

2.1

43

2.3

40

2.5

37

4-5

5.1

156

2.9

161

2.6

100

2.2

87

3.3

76

5-6

8.7

315

-

341

4.7

247

1.9

196

3.0

152

6-7

5.8

420

-

663

-

520

3.0

359

3.5

203

7-8

-

362

-

820

-

1329

4.8

653

3.3

604

5.9

7.0

6.6

djuiï)) = n^uO)) / Ns(u(i))

8.1

(7.8.1)

The total damage, d, from all cycles at all speeds is then simply the sum of the damage
at each speed, i.e.,:
(7.8.2)

d = I d,(u(i)).

The value for N,(u(i)) depends on both the wind speed and the stress amplitude. The IEA
expert panel recommended S/N curves as shown in Figure 2 1 . No absolute values are given
because the curves are blade specific. If it is assumed that, at least to a first approximation, the
allowable number of cycles at a given wind speed is inversely a linear function of the wind speed,
Nj(u(i)) can be written as N, / u * uraf where urof is some reference wind speed and is N(i) now
independent of wind speed. The allowed number of cycles, N,, is often assumed inversely
proportional to the cycle amplitude to the tenth power (Vionis et al., 1994, Hacker and Ansell,
1994, Van Delft et al., 1994). Thus, the total relative damage, d, can be written as
d = I u(i) / amp(i)'

(7.8.3)

where u(i) is the mean speed during the ith event and amp(i) is the amplitude of the event.
It is further recommended that the sum be calculated over a 10-minute period as
suggested by the IEA expert panel. Figure 23 shows relative damage calculated for eleven sites
during the 1993 kite survey (Daniels, 1996) with the above two assumptions. Least mean square
lines are drawn through the fifteen 10-min values for each site. As can be expected, the damage
increases with wind speed, but it increases more for some sites. Sites with the largest increase
with wind speed are inland and those with the smallest increase are coastal sites. There are also
other factors that fatigue a turbine blade such as regular start-and-stop cycles, which could be
calculated from wind speed curves, and emergency stop damages or damages to the blade while
parked which would be difficult to estimate from wind speed measurements alone.
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Figure 21 - S/N curves recommended by the lEA expert group (lEA, 1984)

15-1
o
\— 12O

LU

g

CD

3

le

^ 5
^ 9
^ 6
^ 1
= , 3 7 11
- 1 0 12

LU

rD

Î-* 3
i

6

I

10
WIND SPEED, M/S
B

i

12

Figure 22 - Estimated blade fatigue damage for 11 sites based on kite survey (Daniels, 1996)
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CHAPTER 8

WAKE MEASUREMENTS

8.1

Overview

Estimates of the size, strength, and direction of potential wakes are needed to determine
optimal turbine spacing in a wind farm in order to minimize revenue losses for downwind rows. It
has been found that the wake behind a flat terrain turbine has more severe turbulence than what
a single turbine would experience in complex terrain (Vionis et al., 1994). As the breakup of the
wake depends critically on the vertical exchange of momentum, which can vary significantly from
one site to another, it is advisable to, if at all possible, make actual measurements, particularly in
the tropics where surface heating and the resulting vertical momentum exchange plays a
fundamental role among the processes that produce spatial and temporal variations of the wind.
8.2

Kite wake measurements

Kites can conveniently be used to investigate the wake created by a turbine as
demonstrated during a 1991 kite survey where, on a number of occasions, a 3 x 3 kite array was
f l o w n behind an 180-kW turbine (Daniels, 1995). The observed near wake produced a wind
direction shift of 5-10° to the left. This shift was confirmed by far wake measurements 16
diameters downwind where the wake was identified by flying all the kites at hub height along a
row perpendicular to the wind. A wake turning to the left can be partially explained by lower wake
speeds reducing the Coriolis force resulting in nonbalanced flow or, more likely, by rotational
interaction with the vortex created by the turbine. It might be important to consider wake turning
in planning a wind farm in an area with a constant wind direction such as the tropics.
Results of RFC analysis of rotational kite data from eight wake and six no-wake runs are
shown in Table 9. The average wind speed was about the same, 6.5 m s'1 for wake runs and
6.3 m s"1 for no wake runs. The turbine seems to destroy small events and chop up mid-range
amplitude events, thereby producing more such events with shorter periods and creating large
amplitude events.
Table 10 shows the number of RFC events for flap (converted to wind speed) versus
event amplitude, measured on a turbine downwind of another turbine and the number of events
measured by a rotational kite and a rotational HFA upwind of the instrumented turbine with and
without a wake. Table 11 shows the corresponding event duration statistics.
The numbers of kite events are again remarkably close to the number of measured flap
events (with flap converted to wind speed) particularly for the wake run. The duration of events
are also very close. The HFA measured too few events that lasted longer than flap events.
Average event sizes as measured by the kites are shown in Table 12 for the six no-wake and eight
wake runs. With a wake, events were up to 2 m larger than without a wake. Why this is so is not
clear: it may be that a turbine blade somehow increases the cross-wind size of events or
selectively destroys smaller sized events for a given amplitude.
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Table 9 -

Number of kite events per hour and average period for all kites during wake
and no wake runs
Wake runs

No wake runs
Events

Period

Events

Period

per hr

sec

per hr

sec

0-1

4621

0.3

3559

0.3

1 -2

3437

0.6

2659

0.6

2-3

726

2.3

730

2.0

3-4

245

6.4

234

4.8

4-5

113

13.6

119

8.5

5-6

58

25.2

64

14.3

6-7

26

41.9

34

25.5

7-8

9

70.4

17

40.2

8-9

3

70.7

9

66.9

9-10

1

75.6

3

72.2

10-11

0

-

3

81.1

11 - 12

0

-

2

80.1

Amplitude
class m s'1

Table 10 -

Amplitude
class m/s

Number of events calculated from measured blade flap and events
measured by a rotational kite and a rotational HFA for a wake and a nowake run (Daniels, 1995)
Run 27 - wake run

Run 29 - non-wake run

Nr. of events / hour

Nr. of events / hour

Flap

Kite

HFA

Flap

Kite

HFA

0-1

522

732

1860

969

861

2565

1 -2

1051

1109

1381

1468

1430

1405

2-3

901

717

757

815

902

498

3-4

689

574

444

672

845

125

4-5

523

466

245

617

717

40

5-6

543

373

107

434

489

13

6-7

444

344

37

289

190

2

7-8

401

291

9

209

73

0

8-9

352

262

5

114

28

0

9 - 10

221

186

0

86

7

0

1 0 - 11

121

113

0

44

0

0

11 - 12

162

137

0

59

1

0
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Table 11 -

Event durations for flap wind speed, rotational kite and rotational HFA for
runs 27 and 29 (Daniels, 1995)
Run 27 - wake run

Run 29 - non-wake run

Period length, sec

Period length, sec

Amplitude
class m s'1

Flap

HFA

Flap

Kite

HFA

0-1

0.7

0.8

0.5

0.3

0.5

0.5

1 -2

0.3

0.4

0.9

0.3

0.4 •

1.9

2-3

0.4

0.5

1.9

0.4

0.6

4.9

3-4

0.5

0.8

3.2

1.1

1.3

17.7

4-5

0.7

1.2

7.5

2.1

2.2

70.5

5-6

1.2

1.6

17.5

3.2

4.0

137.0

6-7

1.7

2.1

59.6

4.2

10.5

146.0

7-8

2.5

2.8

139.6

5.6

24.7

-

8-9

3.8

4.0

180.7

10.1

78.3

-

9-10

5.3

7.0

-

14.5

114.3

-

1 0 - 11

11.7

11.7

-

26.8

-

-

11 - 1 2

44.5

42.5

-

83.1

-

-

Table 12 -

Kite

Horizontal (hor.), vertical (vert.) and total event cross-wind radius for wake
and no-wake runs as a function of event

Event
amplitude
m s"1

Event radius m
Wake runs

No-wake runs

0-1

1.4

1.4

2.0

1.2

1.1

1.6

1 -2

1.5

1.5

2.2

1.3

1.1

1.7

2-3

1.8

1.9

2.7

1.4

1.3

2.0

3-4

2.1
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CHAPTER 9

WIND FORECASTING

In this context forecasting covers time scales from hours to seasons. Specific forecast
scales depend strongly upon the application. Peaking power is power which needs to be delivered
at a specific time of the day. Forecast scales of concern are the diurnal cycle and migratory
weather systems which may influence the diurnal cycle. An example from our Hawaiian experience
is shear-line weather. Shear-lines are weak frontal remnants that approach the islands as minor
wind shifts in the trades. The shift may be enough to adversely affect topographically favored
wind resources. An unfortunately timed shear-line approach could eliminate peaking power on a
given day. Proper wind forecasting requires a complete understanding of all factors which influence
the winds. Although the text primarily discusses the trade-wind climate as the prototype system,
each tropical region has its own characteristics. The equatorial Indian Ocean and Western Pacific
experience oscillations in winds and precipitation which are episodic and have a period of 30-60
days. These oscillations migrate eastward. On interannual time scales the El Nino Southern
Oscillation causes complete wind reversals on equatorial islands such as Kanton.
If a long-time series of wind observations is available, a useful exercise is to analyze the
time series. The resulting power spectrum can identify characteristic frequencies at which the
wind varies. Normal spectral peaks will appear at diurnal and semi-diurnal (tidal) frequencies as will
characteristic synoptic periods (typically three to seven days) and longer periods. Basic
meteorological forecasts are available fromnational Meteorological Services (NMSs). Climate
outlooks are also available from several NMSs and some co-ordination is provided through the
World Meteorological Organization. If the application is intensive enough the developer may wish
to consider developing expertise on site.
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CHAPTER 10

ECONOMIC RETURN CALCULATIONS

One of the ultimate goals of a wind survey is to rank all potential turbine sites on the
basis of estimated economic return at each site. In the past, such surveys took generally only wind
power estimates into consideration. Turbine life-time reduction due to corrosion and turbulence
must be included as well.
Chapter 3 recommends a method to find and make long-term wind speed and powerproduction estimates at potential sites. These estimates then need to be multiplied by a corrosion
estimate. At this point, we recommend a factor inversely proportional to the nacelle height average
salt concentration, measured as described in Chapter 6.
Finally, the products need to be multiplied by the calculated fatigue estimate factor as
described in Chapter 7 and used to rank potential turbine locations. An example of such
calculations is shown in Figure 23 for eleven sites surveyed in 1993 (Daniels, 1996). As corrosion
in that survey area (in Sweden) is probably rather uniform and less of a factor than in the tropics,
the corrosion factor was not considered. The wind power available was simply assumed
proportional to the square of the ratio between survey site speeds and speeds at a normalizing
tower. The total return, the product of estimated power and fatigue life, is plotted along the y-axis
and the wind speed along the x-axis in Figure 23. As shown, sites 11 and 12, which are wellexposed coastal cliff sites are the most economical. Sites 3 and 7 are the second most economical
in spite of having lower speed estimates than many of the other sites. This demonstrates that
considering wind speed alone is not sufficient in estimating the relative return of turbines at
different potential locations.

o

3

-i

i—

a

z
cr

Ê

12

2.52 -

11

cr

3

i-i 1 . b -

1

0

^
0

.
{

J

10

LU
LU

6

C

9
J—

8

3
nU
Qj

1

cr

7

6

4

1

1

5
1

1

1

7
8
WIND SPEED, M/S

Figure 23 - Estimated economic return versus estimated long-term wind speeds based on a kite
survey (Daniels, 1996)
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