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The objectives of the project described in this report
was to estimate the amount of energy that could be extracted
. from Kansas winds as well as to process wind data from the
National Climatic Center in a usable form to enable the
Department of Electrical Engineering at Kansas State University
to make meaningful studies on the feasibility of wind energf
as an alternate source of energy. |
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CHAPTER T
INTRODUCTI ON

The ‘interest in the development of the windmill in recent
times stems from its association with electricitv. The Qindmill'
was first used as a prime mover for the generation of electrical
energy just before the turn of the century [1].

The contributions of the windmill to the development of the
Western Ynited States involved an estiméted 6.5 million units
built in this country between 1280 and 1930. Although rmost of
then were used for pumping water and running sawmills, some were
used to generate electricity. In the llidwest as recentlv asz 1930
there were about 59,000 small wind qenerators in service, the
most cormon brands of which were Vindcharger (200 to 12001) and
Jacobs (1.5 to 2 X)) [2). |

In the past, however, there was never a sustained effort to
develop 1arge‘scale wind eﬁergy collection systems that were cost
effective. This in part mayrhave been due to the availahilitj of
relatively cheap fossil Ffuel. Fufthermore, steam plants supplied
encrgy on demand, whereas wind generators could not because of the
variability of the wind itself.

In recent yvears there has been a growing awafeness in some
quarters that the bulk of the United States' fﬁturc enerqgy needs

are not going to be met by hvdroelectric plants, nuclear fucled



and fossil fueled plants alone, asrhas been the cése in the past.
The present fuel shortage makes it_quite apparent that future en-
ergv needs will have to be supplied from a varietyv of sources,'
such as coal, o0il, nuclear, geothermal, direct solar, and of in-
te;est here, the wind.

The purpose of this thesis is to use existing lational Cli-
matic Center data to develon suitable information which is judged
to bhe useful in evaluating the wind enérqy potential of Hansas.
This was accomplished by preducing tables from the data that re-
flected the variation of the wind speed as well as the direction
throughout each vear. Tabtles showina the va;iation of the aver-
age velocity, the wind direction throughout an average day for
each season of the vear, the variation of the wind speed for gach
.month, and finally estimates of the encrgy that can be extracted
from the wind each month of the year were also daveloped. This
was acconplished for data taken at several sites in.Kansas anc
over a period of several vears.

To estimate the amount of energyv that can Ee cd1lected by a
wind eneray ﬁollection system, two models éf a wind energy collec-
tion system (ImCS8) were constructed based bn the FEPDA/IASA wind
turhine that.ERDA is considering inctalling near Russell, Xansas.
With the FPDA model the power output curvz expressed as a function
of the windspeed was used to estimate the wird enerqy content of
Kansas winds. Whilg for the V-cuhed modsl, ﬁhe cube of the wind
speeds was used to estimate the power outvut of a wind enerqgy
collection system, and from thase pover estimates the wind enerqy

content of Xansas was computed., These estimate® ars presented



according to the months of each yeﬁr‘for several Nansas sites in
the appendices of this thesis as well as the other tables men-
tioned.

Curves were prepared from the tables ﬁhich refiecteﬂ the éf—
fect of the rated velocity of the syétgm upon the amount of enerqgy
collecﬁed by a particular wind energy éollection system. From
these curves, estimétes can be made of the performance of a wind
enexrgy collection syétem, with a particular rated velocity in
the different geographic regions of ZXansas.

The reader should be aware that the material presentad in

‘this thesis represents a first effort to evaluate the wind energy

]

potential of the State of Hansas, and that the data used was in
nanv ways adequate only for esﬁimating trands in rather gross
terms. As this tvpe of study ics repeated with mors and bhetter
data the results should gradually avproach results that may be
accepted with more confidence as a more reliableiestimate of the
wind enercgy potantial of Tansas. Howevef, the data presanted in
the appendices of this thesis will »nrovide an initiai estimate of
the wind energy potential of Xancas. Hhen-data'becomes_available
from the operation of larce scale wind energ? collaction systems,
the information may be adjusted to provide.a more- accurates esti-

mate of the wind energv potential of Wansas [3].



CHAPTER II
WIND ENERGY AITD ITS EXTRACTION

In order to calculate the amount of extractable enercy in
the wind, it was necessary to determine a suitable model of a
wind turbine that reflects reasonable design constraints. 1In
this chapter a hrief discussion is made of the power that is
availa»ble in the wind and the various methods of extracting this
power. A model will then‘be constructed based on what is judged
to be the most suitable design for extracting energy from Kansas

winds.
The Nature of Wind Energyv

The enerqgy in the winé for the most part is kinetic in na-
ture, and resuita from the roverent of air molecules. The enercy
possessed by a fluid 6f density, @, passing through a streamline
tube of croéSwSectional area, A, in unit time méy be calculated

hy the following ecuation [4]:
KE = 1/20v3A | (2-1)
where V is the fluid velocity.
Wind Powef

For an ideal energy extracting device, one which is free of



friction loss, to extract all of this energy, the air would have
to be halted thus "clogging” the propellor. I!owever, by making
some assumptions about the extracting device and the flow tirough
it, an estimate of the velocity decrease across the propellor
blades for maximum power output may be determined.

Assuming an ideal propellor turhine, one which is capable
of removing energy from a stream of air by decreasing its total
pressure, but without any friction or vortex losses, and an air
flow approaching the turbine at constant velocitv and free of
turbulance, an estimate of the extractable power, P, mav be cal-
culated as a function of the velocity decrecase through the pro-

pellor blades by [5]

3

where a is the velocity decrease through the propellor hlades.
The maxirum power developed occurs when a = 1/3, making the

naximim extractable powver [6].

P = (16/27) 1/2v° a o (2-3)
Defining the maximun vower coefficient to be the ratio of the
maximum power that can be extracted to the total amount of power
that is present in the wind per unit time, the maxirum power co-

efficient for an ideal propellor turbine is

c, = 2/27 via = 16/27
172 voa
This thesis will treat available power as the major metcoro-

logical pararmeter as opposed to maximum extractable pouver.



Therefore, in an area of one square meter perpendicular to the
flow of wind, the power developed per unit area by the wind may

be calculated by [7]

6125 v3 w2, v in m/s (2~5)

»o

3w ?, v in vpH

.05472 Vv

.08355 V3 WiM™2, V in knots
Wind Data and Site Selection

The cubic response to wind speecd recuires use of the climato-
logical distribution of speeds, rather than averace speed, for
calculating wind power. If the wind is a steady 6.7 m/s (15 mph),

185 12

is available. If it blows 4.5 m/s5 (10 moh) half the time
and 8.9 m/s (20 mph) half the time, again averaginc 6.7 m/s
(15 mph), it vields an average power of 245 w2 (81,

bue to the cubic power response of the wind, geographical
considerations are important in the selection of a proper site.
The increase of wind speeds with height makes the placement of
wind turbines on hills or like elevated regions'an attractive
prospect. The other alternative to uSing geography to take ad-
vantage of the height phenonena is to elevate the wind turbine
above ground by supporting structure, but this incrcases the cost
of the enerqy extracted. Taking advantage of geographic config-
urations that act to increase wind speed will henefit power gener-
ation. TFactors such as man-made obstructions, accessibilityv and
the distance the power is to be transmitted must be evaluated

along with the geographic consideration to determine the location



of a suitable site. Figure 2-1 shows a proposed site modifica~

tion to improve average wind speed [9].
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Fig. 2-1. (Taken from Reference ‘9) o '
Proposed tvne of terrain rodification for
the purpose of augmenting average wind speec

A Review of WWind Fotors

The types of rotors usaed to extract the pouer in the wind
‘are generally either vertical axis or horizontal axis machines.
Fach machine has characteristics that make it suitable to certain
tasks..

The vertical axis wind rotors differ from the horizontal
axis machines mainly in their ability to operate equally well re-

gardloss of wind direction. This allows the vertical axis machines



to extract cnergy from gusts without first bheing oriented into
the wind, eliminating the need for heading controls. The most
proninent types of vertical axis wind rétors are the Darricus
Rotor and the Zavonius Potor, which are discussed in the follow-
ing paragraphs.

Darrieus Rotors are lift devices, characterized by curved
blades with airfoil cross-sections. lThe Darrieus Rotor has a
relatively low_starting torgue but high tip to wind speed ratios
making for high power output per given rotor weight [10]. The
maximum power coefficient of the Darrieus Rotor is around .35
but has the disadvantage of not being self-starting [11]. Dxten-
sive developrment has been undertaken by the National Research
Council of Canada since the early 1270's on the Darrieus Rotor
and it has the potential to become a‘major conpetitor to the
prorellor type wind rotor [12].

The Savonious Fotor is thought hy many to be a predominately
drag-type device with S-shaped design [13]. It méy ogerate in a
lift mode under some circumstances which need further studv.

This device operates as a two-stage‘turhine wvherein the wind im-
pinging on the concave side is circulated through the center of
the rotor to the hack of the convex side, thus decrcasing what
might otherwise be a high negative pressure region. The Savonius
Rotor has a maximum power coefficient of around .31 [14] but is
characterized bv a low tip speed to wind speed ratio. The amount
of rotor material required is higher than that for other rotor
types, which may limit major applicatiens. The méjor application

of the Savonius Rotor in the past has been pumping water and



ventilating buildings.

One disadvantage of vertical axis turbines is that it is
very difficult to design and bhuild a praétical furling device
to protect these machines in high winds [15].

Horizontal~axis rotors can be divided into two classes,
head-on and cross-wind rétors, but only the head-on rotor will
be discussed here since it is the superior type. The horizontal-
axis rotor may either be a 1lift or drag tvpe device. Lift is
pPreferred since a higher tip speed to wind speed ratio can be
achieved. 0Of the horizontal-axis rotors, the high speed two-
blade type is the most prominent for electric generation.

The high speed two-blade propellor turbine has a very hich
maximum power coefficient ranging between .4 and .45. This tyoe
has a high-tip speed ratio and thus has less need for step-up
gearing arrangeﬁents. ™ro-blade machines, however, have a
vibration problem durinc orientation. These difficulties .dis~
appear conpletely for three—blade systems, but thé addition of
more blade decreases the economy of rotor design and the tip-
séeed ratio [16]. |

The horizontal axis nrorellor turbine seemﬁ to be'éhe'
preferred machine as far as federal support is conceraned. %ith
the proposal to install the ERDA/NASA machine in Russell County,
lansas, it appears that the propellor turbines will have the
most impact, at least initially, in QNansas wind energy

collections.
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The LRDA/NASA Machine

The FRDA/INASA Experimental 100 X¥ Unit is composed of a
horizontal, downwind rotor, 125 feet in diameter, designed for a
. rated capacity of 120 X¥W in an 18 MPH wind. The expected co-
efficient of power for the rotor hlade is .375 and the power
train efficiency is .75 with a cut-in wind speed of 8 miles per
hour. The rotor for this system is designed to operate at a
constant sveecd of 40 RPM, This is accomplished hv adjusting the
load on the generator for wind sp=zeds between 8 and 18 miles per
hour and maintaining constant power output between 18 and &0
miles per hour by varying the pronellor pitch énd feathering the
pronellor for wind spseds in excess of 60 MPH [17].

The rotor, transmission train, generator and controls are
mounted on a hedplate on top of a tower 100 feet tall. The
mechanism for rotating the bedplate at the top“bf thé tower at a
speed of 1/6th PP is a pitch change mechanism as well as a vaw
- control mechanism. Torque is transmitted from thz rotor hub to the
elactriéra%ternator through a gear box with a sneed ratio of 45/1.
The alternator is rated at 125 ZVA at 1300 7PM, and weichs about
1425 pounds. TFigure (2-2) shows th: predicted power output as a

function of wind speeds for the UPDA/HASA experimental machine [18].
Wind Turbine Ilod=ls

The two models constructed to evaluate the wind encrqy

potential of Xansas were vatterned after - the FRDA/NASA experimental
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model. The first model, named the FXDA model, used the power
output of the ILRDA/IIASA experinental machine as a funcﬁion of
wind speeds as shown in Figure 2~2, as the base for calculating
the wind energv potential of Ransas. The exact manner in which
this curve was used to make the calculations is described in

" Chapter IIT. The second model, named the V-cubed model, assumad
that the collection system would employ a synchronous AC gener-
ator, and therefore must maintain a constant rotor speed, with

this heing accomplished by adjusting the cenerator loading or

!-1-

changing the airfoil grometry. In line with the LRDA/IASA experi-
mental machine, it was assumad that the powver output was neglig-
ible for wind speeds lass than some cut-in speed for hoth models.
The power output was assurad to incrzase as the cube of wind
velocity between the cut-in spzed and the rated velecityv of the
wind maciiine for the V-cubed nodel. For wind speseds greater than
the rated velocity of the machine, the power output was assuned
constant. A cut-out speed of 46 miles per Lour at'instﬁumﬂnt
height was chosen for reasons diszscussed in the next chanter.

A maximum power coefficient 6f .25 was assumed for the V-cuzed
rodel for all wind speeds between cut-in ana rated wind speed.
With power train efficiencies around 75%, propéllor hlade effi-~
ciencias around 38% and genarator efficiencies around 92%, this wes
f2lt to ke a good conservative estinmate. 7The assumption of one
efficiency over all operating points is not actually the heast
assumption. Adapﬁability of energy calculations to differont
machines was a nrimary consideration in the asswred constant

efficicency. 'ith this assumption an adjustment of the enerqgy
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calculations for different efficiencies becomes a simple

calculation.

E =% x1I ‘ (2-6)

where F_ is the new energy, EO is the o0ld energyv and Iff is the
new efficiency desired.

Initial energy calculations were made with design parameters,
cut-in speed, rated speed, and cut-out speed for the V-cuqed
model in agreement with those for the ERDA/MASA machine, in
order that a comparison of our model with the ERDA/TASA machine
might be made, thus demonstrating the feasibility of the V-cubed
model. Subsacuent calculations were made varyving these design
parameters to study their offect on powver output.

In summary, the power in the wind is due to the kinetic
energy of air rmolecules. The maximum.amount of energy that can
be collected by a propellor turhbine is 5%% of the total kLinetic
encrgy of the wind, with typical nachines collecting between 10%
and 45%. Takinc advantage of-natural geograpnic diffusers caﬁ
increass the velocity throughrthe turbines and thus increase
their power output.

Of the multitnde of wind machines built in the past, the
.ERDA/NASA experirental machine was considered the most suitable
nachine to use as a model, and was the onlvy one discussed in
detail. A mathematical model was constructed based on this
machiine. Another rnodel, termed the V-cubed model, was also con-
structad. It deviated from the ERDA/NASA model by the assump-

tion of a constant efficieney over all operating points in the



range of wind speeds between cut-in and rated speeds.

14
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CELPTER III
DESCRIPTICN OF DATA AMD ITS PROCESSING

Chapter II described the power in the wind ané presented
two models by which an estimate of the amount of extractanle
energy can »e computed., This is only part of the problem in
that relia-le wind data must be collected from a representative
nurber of sitas beforas the wind ensrgv potential of Kansas can
be evaluated. The data used in this work was collected at tarce
hour interwvals at Hational “eather Service stations located in
different geograrhic regions of Zansas. This data was supplied
through thes courtasy of Profecsor Dean Dark of the Kansas State

Department of Physics,
DATA COLLECTION

United States 'Teather Service wind speed teborting_requiref
ments presently speciiy a manual estinate of the average wind
speed over a one nminute interval once évery hdur. Studies indi-
cate that the true averace wind speed ovar an hour is somevhat
higher than the average as determined in this manner [19]. Powcr
calculations using hourly information will tvovically be low bv
about 107 due to the third degree variations of power with velo-

city [20]. Decause of its immediate availability, data at 3-hour

intervals was used in this study leading to a consexvative
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estimate of collectible energy.

The standard type of anemometer used by the Mational “ea-
ther Service to record the wind speed is the vertical axis.rota~
ting cup anemometer. Som2 minor changes in design and recording
methods have been made in the past; however the instrument re-
mains basically the same. This type of anemomater tends to lag
behind the wvariations in the wind as well as smooth them out [21].

The standard anemometer haight has been defined in most pub-
lications as 10m (33 feet). However, data taken at primarv
Kansas weather stations prior to 1274 was not recérded at this
recommended height, Instrument heights of around ém (20 feet)
are typical for Xansas weather stationé batween 1961 and 1273,
Prior to 1261, instrument heignts varied widely from station to
station with heights ranging from a high of 22.3m (73 feet) at
mopeka, Kansas, between 1950 and 1551, to a low of 7.62m (25
feet) hetween 1949 and 1960 at Goodland, Zansas. Takle 3-1 shovs
the height of the instruments at each weather station considerad
in this thesis, and the time periods when these heichts were

aprlicable.
7ind Sveed Adjustment for Nifferant Heights

The blade dianeter of the ERDA/MASA machine was 38.1m (125
fert) with a hub height of 30.48m (120 feet) makineg it necessary
to adjust the veloeity data accumulated at a lower height to the
hut heicht of the IRDA/VASA machine. The wind speed was adjusted

for heighit by Reed's formula [22].



TADLE 3-1

ANEMOMETER HEIGHTS AT KANSAS CITIES OVER

THE YIARS OF INTEREST

17

Site
Concordia 16 May 1962 Present 21 feet
Dodge City 1 July 1542 12 April 1961 53 fect
‘ 12 April 1961 Present 20 feet
Goodland 14 Decembar 1943 11 May 1949 43 fect
' 11 May 1949 2 June 1960 25 fzet
9 June 19260 23 March 1964 31 feet
23 March 1964 13 May 1965 353 feet
18 May 1965 2 March 1966 20 feet
3 March 1966 Present 21 feet
Russell 8 August 1949 Present 29 feet
Chanute 1 Januwary 1948 1 January 1956 42 feet
1 January 1956 - Hovernber 1959 43 feet
. 1 Dacember 1859 Januaxy 1970 51 feet
January 18970 Present 22 feet
Grandview * March 1954 March 1955 76 feet
(Mo.) April 1955 February 1957 25 feeot
March 1957 February 1958 96 feet
March 1958 Hovember 1961 10 feet
Decerber 1961 Present 21 feet
Topeka * January 1948 20 Movemnber 1850 58 faet
. Novenber 1350 Hovember 1951 73 feet
November 1951 June 1954 58 feet
August 1956 August 1964 72 feet
_ August 1964 Present 25 feet
Wichita . * September 1944 - November 1953 61 feet
- . g Decamber 1953 - - ~July 1967 32 feet
July 1967 - Present 25 feet

*The exact day the anemometer height changed was not .
available for all cities. :



0.27960 + 0.03265 1n 2

= (7 1

0.105283 1n Zl-(0.09831+0.05502 In Zz+0.006424 In 2 _1nz )
v 1 2
1
where vy is the velocity at instrument height, V, is the
velocity at the new height, Zl is the instrument height, and
Z2 is the velocity at the new height.
A simpler and more common eguation describing the variation

of wind speed with height is (23]

_ % ..
(V2 /Vl) f (22/21) w. | (3—2)

Reed'é formula gives a more conservative estimate of fhe velo-
city increase wiﬁh height at higher wind speed than this 'one-
seventh" law. In the lower wind speeds Reed's forrmula is more
optimistic than the one-seventh law in predicting this increase.
Figure 3-1 shows a comparison of Reéd's formula with the one-
seventh law for predicting velocity change with_z = 6.1n (20

x

feet) and Z, = 30.48m (100 feet). The intersection of the two
curves is at 4.77 m/s (20.55 knots) where they'both predict the

same increase in velocity.
Organization of Data

After obtaining the data the next step was to organize it
into a form that will enable a reliable initial estimate of the
wind energy potential of Zansas to be calculated. This was ac-
complished by preparing bivariate (dircction vs. specd) distri-

butions and estimating the amount of energy that could be

18
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extracted by our machine models using the data. The bivariate
distributions were prepared for time intervals ranging from an
averade dav to a year in length. The énergy estimates were made
. for each month of the vear using the two machine nodels discussed
in Chapter II over the years for which the data was available.
The average velocity and the cube root of the average of the
cubed velocities (root mean cube) were calculated for the same
time periods in order to study their relation to the estimated
wind eneray extracted.

Four tables were generated from the data from which an as-
sessment of the enargy potential of Kansas could Le made. The
first table showed the bivariate distribution of wind for Kansas
weather stations for each vear. The second tabkle showed a modi-
fied hivariate distribution for the seasons of the vear. The
third table showed the variation of wind speeds for each month.

he fourth table contains the results of our energvy estimates for
the ERDA/MNASA machine and the eneragy vpredictaed bylour V-cuhed
model. Examples of these tables and their interpretation will
be given in Chapter IV. A complete set of the results is con-
tained in the appendices of this thesis.

The first table, labeled the Bivariate NDistribution, shéws

the percentage of time the wind speeds were in the range of

0 - 6 knots
7 = 10 knots
1l -~ 16 knots
17 - 21 knots

22 knots and greater



for each direétion on. a sixteen point compass. This table was
computed by sorting the wind velocities by direction and then
sorting the speeds for each direction into the intervals listed
above. The information was then normalized with respect to the
number of observations. Polar plotS'weré then made for the
selected vears from the information printed in the frequency
tables. Figures- 3-2, 3-3 and 3-4 are typical of those polar
plots. The frequency tables were generated for each vear that
appropriate data was avaiiable. Randomly selected years were

extracted to show the bivariate distributions for each month.

21

Tables containing this information over many years were conputed,

but the breakdowns were uneven due to the variations in instru-
ment heights over the years studied.
The Three Hourly Summary Table presentad the seasonal
variations in velocity and wind direction through the seasong,
The standard make-up of the seasons was changed to a more
convenient chronological interval than thaﬁ which is generally
taken to bhe the length of‘the seasons. The'séésons wvere choseh

as follows:

Winﬁer  Decerber i - February 28
Spring b March 1 - May 30

Summer June 1 - August 31

Fall September 1 - Novenber 30.

For each hour of the day for which recorded information

existed, the average velocity and the number of observations from

the four principal directions, orth, Zast, South and West,

were computed. The observations from the other twelve
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diredtions were assigned to the primary dircctions aé shown
in Fig. 3-5. Tabulations were made in the same manner as those
made for the freguency tables. |

The final table of this type preduced was the Wind Speed
Distribution Tabkle, and is useful for wind speed distribution
studies. This table displays the number of times in a month
that the data was recorded at a particular speed. The information
from this table was punched out on standard computer cards to
provide a compressed form of the data that is on the tapes.
Speeds up to forty knots weras recorded in this manner and higher
speeds were discarded. This typically resulted in the discarding
of one in every thousand data points.. Forty knots was selected
because it enabled the tabulated information to be punched on
one standard computer card of eighty characters for each month.
Many wind machines are fully featherad at high wind speeds, making
the discarding of these points reasonahle.

The unequal length of the months make-it difficult to com-
pare the energy content of one mbnth with another month. For
example, if for February and Octobet the wind speed was a con-
stant twelve knots, the amount of energy genérated in February
would be.6.930 KWH/M2 less than Cctober due to the difference
in the lengths of the two months. The solution to this problen
enployed was to normalize the months to a standard length of 30
days. The new chronological periods of the months are shown in

Table 3-2.
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TABLE 3-2
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THL WORMALIZED MONTHS FOR DENERGY CALCULATIONS

MOWTH DURATION
January January 1 - January 30
February . January 31 - March 1
March March 2- !arch 31
April April 1 -~ April 30
May May 1 - May 30
June June 1 - June 30
July July 1 - July 30
August August 1 - August 30
September Septenber 1 ~ September 30
Octobher Octobher 1 - Octoher 30
November NMovember 1 - Wovenmber 30
Decenher Decembher 1 ~ Decertber 30

The effect of the days omitted from Table 3-2 was eliminated
by setting the recorded wind speed to zero except for Decerber
3lst. December 3lst was onitted by ending the year after three
hundred sixty-four days. The extra day that a leap year intro-
duces was not recorded on the Weather Rursau tapes. 2Although the
first column in the Tabuiated Pesults Tabie was-labeled one knot,
this column also contained the number of times a reading of calm
(Ofknots).was recorded byVWeather Bureau observers or artificial—
ly generated by normalizing the months to a standard length of

30 davs.
The- Computation of the Table of Collectible Energy

The Table of Collectible IEnergy was arranged in accordance
with the objectives of this report as stated in Chapter I. The
information contained in this table was calculated from the data

processaed for the Tabulated Results Table. Presented in the



Table of Collectible Tnergy fdr éach month of the year is the
average velocity, the root mean cube velocity, and the enerqgy
that could he extracted by,the ERDA/MASA machine and a wind
machine operating in a manner similar to the V-cubed model.
The root mean cube (RMCi velocity could be éalculatéd from
equation (3-3)
N [}
Rmce - [ Z Vf””*’)é

ast
N

where ni is the number of data points at wind speed Vi and W is
the number of total distinct wind velocities.
Using the information processed for the Tabulated Fesults

Table, equation 3-3 was modified to the following form:

40 3
AMc - ‘};’ v n;
40

The average velocity was computed in a similar manner by:
: 40 .
z A 1 4=ty = ] -
Average Velocity z:: Vi n. {3-5)
i=1 '
N

The average speed and NMC sveed at the instrument height
and a£ 100 feet are displayed in the first four columns of the
Table of Collectible ILnergy for each site.

The ®MC speed was calculated for the purpoée of establish-

ing an index by which the energy content of a site could be

2R



estimated.-

It was helieved initially that the RMC speed would give a
better indication of thie wind energy content than the avarage_
speed because of the third order variation of poweyr with wind
speed, a conjecturé which was not borne.out for the systen
studied in this thesis.

To compute the amount of collectible energy from cach site
throughout Iansas the power output curve for the wind enerqgy
collection system was numerically integrated. VWith the use of
the accunmulated number of observations of each wind speed, the
numerical method commonly called the Rectangular Rule was used,
since it reguired the minimum amount of calculations. Equation
3-6 was used to compute the amount of energv that could be ex-
tracted by a wind energy collaction systemn.

40
E{(V,) = 2 n P(V )IX ' (3~6)
ot i=1 i 4 L |
where ni,is the nunber qf observations at each wind speed for
each month. P(V;} is the power output of the wind machine at a
particular wind speed. I is the time increment. X is a conver-
sation factor used to adjus£ i

Obtaining therfunction P(Vi) is the main obstacle in evalu-
ating equation (3-6). The power output of the ERDA/MASA wind
machine was obtained using the function shown in Figure 2-1.
From this curve the power'output of the IRDA/NASA wind machine
was determined at discreet integer wind speeds. To determine

P(Vi) for the V-cubed model was a simpler task, which amounted

29



to evaluating equation (3-7) for cach

3

P(Vi)=KVi U(Vi~Véi) ﬁ(Vr—Vi)+KVr

30

wind speed.

P U(vi-v,) U(V-Yy)

(3-7)

In this ecuation Vci is the cut in wind speed of the wind machine,

Vy is the rated velocity of the wind machine, V; is the discreet

wind speed recorded between {(1-40) kn

ots, U is the unit step func-

tion, X is the constant which corrects units and takes into ac-

count efficiency, and V.4 is the cut-

nachine.

out wind speed of the wind

Since the data was recorded at integer wind specds measured

in knots (nautical miles per hour) and generally at an instrument

height ruch lower than the desired hubh heidght of the wind machine,

a third order MNewton interpolating po

lynomial was used to compute

the value of P(Vi) for the IRDA/NASA machine. 2An example of how

this was accormplished is provided helow:

Vog = 7 knots at an Instruwent height of 20

feet with a desired hub height o

By Reed's Formula:

1.83568 (V )3751
20

| VlOO

= 10.1 knots

Vipo= 10.1 knots x 1.15 mph =
Iinots

P(V = 23.180W
( 100)

£ 130 feet.

11.588 miles per hour



Talkle (3-3) shows the P(Vi} as a function of cach cignifi-
cant wind spzed for hoth the FRDA/MASA machine and the V-cubed
model. 1ind speeds are in knots and power output is in kile-
watts.

Tha computed eneray collactad from both machine nodesls is
displaved in the richkt hand colurms of the Table of Tollectibla
Eneray as snown in Table 3~4. The computed amount of energy
that could he collacted by cach rodel is displaved in two forms
for each nmachinz. The filoaures listed in the colwm lahteled
“Y-CUBID, CODR=1" give the amount of energy per month that could

he 