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INTRODUCTION

‘ Atmospheric turbulence.in surfece and low-altitude'winds results
in a number of important structural design problems to thepengineer.-
This is especially true for the case of tall, thin gstructures such as

smokestacks, towers and lnunch vehicles. This ground-wind loads

: problem on launch vehicles has beenainvestigated almost totally using -

aeroelastic models in wind tunnels and applying techniques for

:predicting the full—scale load values. This approach was necessitated

Jbecause of conflicting prelaunch-Operation requlrements ‘and by
-considerations for the ectual flight vehicle. |

| ABeCause'of:characteristic differences Eetweenvwind-tunnelpflow
and'atmosphericrsurface winds;‘it»was uncertain that the wind-tunnel
"results were’ accurately indicative of the full-scale 10ads The'wind'
tunnel presents a uniform velocity profile and a very low-turbulence |
environment for the model. ‘Atmospheric ‘winds near the ground present
a nonuniform velocity profila due to shear flow and turbulence values
- much greater than those found in wind-tunnel flow To study and
levaluate the effects of turbulence and shear flow on the res“onse'of
| launch vehicles, a reseerch progrsm Ltilizing a full-scale missile
was init*ated

A surplus Jupiter vehicle was ereeted at Wallops Island Virginia,
'in an attempt to correlete wind-tunnel predicted loads with the |
measured full-scale vaiues. The vehicle.was instrumented to,obtain'v
base bending momsnts and tip defiection data on the freestending

'launch'vehiclevwhile it was subjected to a range of atmpspheric
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surface winds. The.full-scale ground-wind loads program is_described
and.initial date are presented in reference 1.
/ photograph of the Jupite <4 vehicle on the pad at the Wallops
; Island site is shown in Figure 1. The missile is approximately
h_éo-feet'in'iengﬁh and has a base diameter of 8.75 feet. - Two wind
Vsensors, capable of sensing cnthogonalhorizontal wind components and
'following gust frequencies up to 5 cps, were installed on a mast near
':the Jupiter to help deiine the characteristics of the wind impinging .-:
. on: the missile These two wind - sensors ~were placed at heights of
‘13 and 53. feet above the ground and can be seen in this figure The
‘ instruments vere located upstream of the vehicle for the prevailing
.w1nd direction at’ Wallops Island and far enough away from the vehicle_i‘
to. avoid perturbed flcw -on.the order of five vehicle diameters
- Since the wind sensors were this distance from uhe Vs hicle, the o
flquestion arcse as to a change in wind characteristics between, |
‘.measurement and imp ingement on the missile. ‘One can-eitrapolate~'
‘remote measurement along'the'mean wind directiontusing'Taler‘s'
| hypothesis which considers the turbulent ve]ocities a8 a fixed field ~
transyorted by and at the mean wind velocity.
\ - Under Taylor's hypothesis, a space correlation function in the
direction of the meen wini can be determined.from the,time correlation
function using the transfornation d = U The_spatial.Separation; d,

is measurediin‘the direction of the mean wind, U. The nece.sary -

condition for the validity of this hypothesis is that the turbulent

velocities have to be much snaller than the mean wind speed; i.e.,
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u/U << 1. It was felt that this hypothesis required experimental
examination for these atmospheric ground wind studies.

Along with this investigation of Taylor‘rs hypothesis, a
significant Mt of information on the statistical fxamre of low-
lavel atmospheric turbulence was obtained. Some of this information
is preéent’ed for its own merit and some is. presented for comparison
with values obtained in other investigations. |
" Experience has shown that the local air velocities are contimous

and random in nature énddefinable only in a statistical semse. The

auseful'nass of expressing the properties of turbulence in statistical

terms was first suggested by G. I. Taylor in 1921 (ref. 2) with tiree
principsl quantities of interest. They are (1) the ralative frequency
with which certain velocities occur, which is given by the probability
distribution, (2) the frequency distribution of thé eneryy contained
iﬁ the wind, which is given by the power spectral density of the
velocity flﬁctuations, and (3) the spatial correlation of the velocity
fluctustions. The Gaussian distribution — a probability distribution
1dex.1t_ical to the Normal Law of Erroré — generally gives an adequaté |
descrip‘:.iori of the velocity distribufipn in atmospheric turbulence.

On a log-log plot the spectrum of atmospheric turbule:ce shows no
periodic motion and decreases linearly with frequency at a - % slope.
These properties are examined for the wind datal recorded at Wallops
Island. The primary a.rea‘or imrastigatiqn, hbwever,_ concerns the |
spatial correlatioﬁ of the gust velocities as they are being |

transported along by the mean wind.
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THE REVIEW OF LITERATURE

"he earliest at >mpts to provide a mathematical model to define
turbulent flow assumed that the turbulent ﬂucmat;ions consisted of
discrete independent masses of fluid in random motion. The theories
of this nature were developed mainly by Prandtl and resulted in the
well-known nixing-length theory. It is now obvious tnat it was no%
realistic to consider discrete fluid particles which retain their |
identity over a certain disi;snce. The discontimuous action implied
by this theory was quite artificial, and the modern treatment of
turbulence considers imtead the contimious nature of tixe motion.

The break from the theories that represented a discontimous
motion in turbulent flow was provided by G. I. Taylor in 1921 (ref. 2).
The fundsmental idee lay in the recognition that the velocity should
be varying contimiously with time along the path of the particle.

Taylor again provided the next important advancement to the
theory of the contimious nature of turbulent motion when ir 1935 he
considered the spatial structure of turbulence (ref. 3). This work |
introduced the correlation of velocities at two points as one of the
describing quantities of turbulence. The statistical expression of
this idea is provided by the cross-correlation function between the

velocities at two points u given distance apart.

aa
R (@) e« =2
b R 2

]
N
]



In this expression, homogeneous turbulence is impiied in that the

statistical properties R(d) and u? are taken to be independent
of position (1;2. = 1—1;5 = E).

A time correlation, R(t), usually referred to as an auto-
correlation function, may be defined in terms of the fluctustions
measured at a point at instants separated by <. If the turbulence
pattern passing over a point is unchanging and is being transported
by the mean wind, it follows that |

R(t) = R(d)

wher d = Ur. This relationship was provided by Taylor in 1938 in
the next important advance and is knnwn as Taylor's hypothesis
(ref. 4). The necessary ondition for this equivalence of time and
space correlation functions through the transformation =t = d/ﬁ is
that the turbulence level in the flow be sufficiently low. The
physical realization of this hypothesis is that, if the mean wind
velocity is mich greater than the turbulent éowponents, the
fluctuations at a point in space mey be assumed to be the result of
the whole turbulent field pasaing through that point at the velocity
of the mean wind. The record of these fluctuations et a point will
be nearly identical when measured along the axis of the mean wind.
In wind-tunnel studies, under the necessary conditior of
\?/ﬁ <<'1, the validity of Taylor's hypothesis has been demonstrated.
The measurements of Favre, 6aﬂglio and Dumas (ref. 5) in a homogeneous
flow indicate excellent agreement using the transformation < = a/v

for a comparison between time and spatial correlation functions.
<
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For atmospheric boundary layer flow the validity of the
hypothesis is not quite so clear. The earliest observational data
are available from an investigation by Giblett, et al., in 1932 at
Cardington, Engiand {ref. 6). These measurements were made at &
height of 50 feet and provided some examples of ~imltaneous auto-~
sorrelations and space correlations from instruments approximetely
in line with the mean wind. Agreement between time and space
correlation functions from these data is poor.

A comparison of measurements taken from tower and airplane
recordings at heights of 90 and 120 meters, respectively, conducted
by Lappe, Davidson and Notess indicated the hypothesis to be velid
for the horizontal fluctuating components (ref. 7).

An examination of Taylor's hypothesis at a height of two meters
over smooth &nobstructed grassland was reported vy Panofsky, Cramer
and Rao (ref. 8). The data considered for this study wes recorded
when the mean wind direction was within 10° of the line of wind
sensors. Thelr work concluded that the hypothesis is valid at this
height for horisontal separation distances up to 90 meters and

intensity of turbulence levels as large as 0.2(.
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THE CXPERIMENT

Site Description
Wallops Island, the launch site for Wallops Station, a feacility

of the National Aeronautics and Space Administration, is located on

the Atlentic coast approximately 10 miles south of the Virginia-Maryland
state line near Chincoteague, Virginia. It is comparatively flat,
sparsely wooded, and sandy. The stationary tower used for measurements
in this investigation was located about 300 feet from the shoreline and
almost 500 feet from the nesrest buildings. The surface surrounding
this tower was flat and consisted of sandy éoil with short grass as

the only vegetation. For the high wind samples analyzed the wind came
from the sea. A msp of Wallops Island showing the shoreline, location
of the stetionary tower, and praﬁailing wind direction forlthe analyzed

data is given in Figure 2.

Aoparatus

The Wallops Island program obtained information on the statistical
nature of atmospheric surface winds in generzl and the correlation of
gst velocities along the mean wind vector in particular using the
two-tower arrangement shown in Figure 3. A stationary tower on which
four wind sensors were mounted at heights of 13 26, 39 and 53 feet
above the ground was used in conjunction with a movable tower. The
portable tower cortained two wind sensors at heights comparable to the
heights of the lower two sensors on the stationary tower (13 and
26 feet). It was desirable to cover & greater range of heights, but

to do so severely limited the capability of moving the smaller tower.

-8 -
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Fast-response drag-sphere anemometers are shown mounted at each
level.

The stationery tower is a vertical mast, circular in cross-
section, approximately 75 feet in length, with a base diameter of
20 inches and a dieameter of 12 inches at. the highest wind sensor
level. The four wind sensors alined vertically on this tower are
mounted on 6-foot horizontal booms which extend from the pole toward
the northwest, as illustrated in Firurc 4(a). Each sensor was
located three feet ab~ve its supporting boom. Nineteen markers for
locsting the portable tower were placed aﬁ 10° increments on an.arc
with a 40-foot radins from a marker directly beneath the wind sensors
on the stationary tower. Bach marker was identified as to its
location felative to the marker below the wind sensofs. _Fof example,
the ﬁarker located directly south of the reference marker was labeled
180° and the one west 270°. A diagrem of ﬁhis arrangement is shown
in Fiéure 4L(b). :

The portable tower, shown in Figure 5, consisted of a 6-foot-
square flatbed, two-whesl trailer oﬁ wvhich a triangular structure
was installed to support two wind sensors. The heights of the wind
sensors on this tower were 13 and 26 feet above the surface. The
trailer contained adjustable jacks and levels by which it was assured
the tower was vertical and the instruments level.

The drag sphere is a Langley-developed fast response wind sensor
which is able to follow gust frequencies 1p to 5 cps. The instrument
consists of a 7-inch-diameter perforated hollow sphere mounted on a

two-component force balsnce that senses orthogona) horizontal
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components of wind force. This instrument is described more fully in
references 9 and 10. In addition to fast response, the drag sphere
anemometer has several other impoftant characteristics: (1) the
natural frequency of the balance (60 cps) is high compared to the gust
frequencies of interest; (2) the coefficient of drag is constant and
independent of Reynolds number for both steady and unsteady flow in
the RN range incurred for moderate atmospheric winds; (3) the drag
force vector remains alined with the wind direction — a result of the
perforations which stabilize the separation point for the flow about
the sphere. Some results from measurements taken using this instrument
are presented in references 10 and 11.

A Bendix-Friez Aerovane wind transmitter was located approximately
400 feet from the stationary tower and at a height of 65 feet above
the ground. This instrument provided a continuous record of wind
speed and direction on a Bendix-Friez strip chart recorder.

The putput signals of the drag spheres were amplified, FM
miltiplexed, and recorded on analog magnetic tape. .The miltiplexing
enables one to record up to five separate signals onto one tape track.
To recover the data the multiplexed signals are reproduced through
discriminator units which convert the frequency modulated signals back

to discrete voltages.
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Procedure
A typical data sampling interval was initiated by determining the

prevailing wind direction from the continuous sirip chart record of
the Aerovane anemometer, placing the portable tower a known distance
downstream of the stationsry tower and recording data from all wind
sensors on analog magnetic tape for a time interval of 15 minutés.

The placement of the portable tower was accomplished using the markers
for direction and a measuring tape for distance. Instantaneous gust
velocities at two stations along the mean wind vector were thus

simultaneously recorded.
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5.= Portable tower.




DATA ANALYSIS

The drag sphere anemometer measures orthogonal horizontal
components of the dynamic pressures of the atmespheric winds. To
determine wind direction from iais instrﬁment the orientation of the
orthogonal uxes hés to be known. It is recommended that these
sensing axes be alined north-south and east-west for field operation,
and this was the orientation used at Wallops Island.

Consider an instantaneous wind vector, U;, striking the drag
sphere. U; is made up of a time-averaged mean value, ﬁ, and an

1

instantaneous value of the fluctuations about the mean, u, .

Ui=U*ui

This instantaneous wind vector strikes the drag sphere at sonme
angle, 91, relative to one of its sensing axes.
A time Listory record of the

output of the sensor gives a trace

~ of orthogonal components of dynahic ;
preséure, Qng and Qey Before
each sampling intervgl a8 zero level U # ;
signal and known calibrate signal W 6,' : L?-_’———_ E

i ' ewy
vere recorded to determine the
k]

scale for the recorded wind data

that fellowed. The procedure for ' S
1abo£atory calibration and field

use of the drag sphere anemometer

- 16 =
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is given in the Appendix. These data were recorded on analog tape and
had to be converted to digital values for computer analysis.
Analog-to-digital transfcormation:
analog tepe semple rate = 10 samples/sec
(10 samples/sec)(15 min) (60 sec/min) = 9000 points

Thus, for qnsi and oy ? i =1 to 9000
i

Dynamic pressure converted to velocity:
At each sample time, t;, there are values of Qg and
i

qew from which the magnitude and direction of the vector quantity,
i

a;, is obtained using the following relationships:

|yl = fod, * 9,
ei - (hsi/qewi)

9 = jo| ¥

The conversion from dynamic pressure to velocity is given by the

following equetions:

'Uil =J2/p w{—q-;l-

v = |01} Py




.
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The above steps are done for i = 1 3 9000. The 15-minute time-average

values of U and ¢ are given by

=]
"
20

!
2.

N = 9000

The values now available sre the mean wind Speed; ﬁ; the angle,
6, and 9000 instantaneous values of the north-gouth and east-west
components of velocity. The objective is to determine the instan-
taneous values of longitudinal (inwind) and lateral (crosswind)
components of velocity. |

An axis rotation program using the following equations was used
to give the longitudinel and lateral velocity components.

Longitudinal, U:

U, =U  cos 6+ U sin 6
oy n3y

Lateral, V:
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This essentially creates two new time history records in units of
velocity (feet per sec) with the U component alined with, and the V

component 90° from, the mean wind vector. From these,'
N

-:l
V=5 L Ui
i=1

This value should be equal to U as given before axis rotation.

N

——l .

V=3 Z, vi
i=1

The value of v should be zero when the correct 6 is used.

vy and Ve are the instantaneous values of the fluctuations
about the mean in the longitudinsl and lateral directions, respectiveiy.
The instantaneous values of these created time histories are then

used for the statistical information obtained and presented in this

thesis.




RESULTS

Seventeen sample intervals of 15 minutes duration each were
recorded during the summer and fall of 1966 using the stationary and
movable tower arrangement at Wallops Island. Seven of these sample
intervals were chosen for extensive data analysis and are labeled
data points one through seven for reference. The mean wind velocity
as given by the Aerovane anemometer for each point is given in
Figure 6(a), while the wind direction and location of the portable
tower relative to the stationary tower is shown in Figure 6(b). The
mean wind speeds for the seven points were between 37 (point 5) and
48.5 (point 2) fps, so & large range of mean wind speeds was nct
covered. These points were all recorded the same day and covered a
total time interval of approximately four hcurs, during which time the
ueathér did not change significantly. Therefore, the data were not
influenced by changes in meteorological conditions.

The ten other recorded‘samples were not statistically analyzed
because the wind speeds encountered while recording them were less
than 20 mph. The sensitivity of the drag sphere instrument is
considerably reduced at low mean wind velocities. One reason for this
reduced sensitivity at low wind speeds is that the drag sphere is, as
its name implies, a drag-measuring instrument and its output is thus
linearly relatsd to the square of the vélocity. Because of this
raduced sensitivity at low wind speeds, it was decided o analyze
extensively only t 3 samples that were recorded when the mean wind

speed was above 20 mph.
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The mean wind speed values as measured by the six drag sphere
sensors f'or the seven data points are given in Tebls I. The letter P
on the height value signifies the instruments on the portable tower.
The maximum mean wind velocity measured at the 53-foot height was
49.55 fps (point 2) while the minimum was 37.84 fps (point 5). The
ﬁaximum value recorded at the lowest height was 29.87 fps (point 2)
and the minimum was 28.19 fps (point 5). The values in parentheses in
the 53-foot level column were cbtained from the strip chart recording
of the Aerovane anemometer output.

The intensity of turbulence for eagh level is also given in
Tsble I for the seven data points. This parameter is obtained as the
ratio of the root-mean-square value (or standard deviation, o) of the
longitudinal compcrient fluctuations to the meanr wind speed. It is §
numerical measure of the ameunt:of turbulence or gustiness contained
in the flow. For ths Wallops Island investigation, the maximum and
minimim values of this u:rameter were 0.183 and 0.084, respectively.

The mean wind spexis snd intensitiqs are presented as functions of
height above ground in Figures 7(a) through 7(g). These plots indicate
an increase in mean velocity and a decrease in intensity of turbulence
with an increase in height.

There are a number of analytical representations of the atmospheric
wind profile available that are valid for certain meteorological
conditions (refs. 12 and 13). In the lower psrt of the bcundary layer
of the atmosphere, an exponahtial approximation for the mean wind

speed profile is frequently used. This power law appreximation is
given by
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ﬁ; = ﬁ; (z/zl)n

1
where
ﬁ; = mean wind velocity at height =z
ﬁz = mean wind velocity at height Z;
1 .
n = nondimensional quantity which depends on surface roughness

and meteorological parameters

The apparent reasons for the popularity of this power law representation
are that it applies over & wide variety of meteorological conditions anu
that it is much easier to apply than the others that are more
theoretically acceptable.

Singer and Nagle (ref. 14) studied the variation of the exponent
n with certain meteorologiéal parameters such as wind speed, cloud
amount, gustiness, lapse rate, time of day, and wind direction
differences. They found that the values of n sh.w a general decrease
with increased wind speed up to about 20 ft/sec and then remain
reiatively constant. The Wallops Island d.cte were all above this
value of wind speed. Also, since the Wallops Islend data were
recordaed in a reiatively short total elapsea time, it is felt that
the other meteorological parameters did not change, and therefore the
value of n should be constant. This is verified by the data. A
curve with the exponent n = 0.17 best fitted the measured values of
ffz for points 1, 2, 4 and 6, while n = 0.16 for points 3, 5 and 7
provided the best fit. This is in agreement with other investigations

of the boundary-layer profile over flat, unobstructed grassland (ref. 22).




The mean wind speeds as measured from the stationary tower are
plotted along with the mean.wind speed values obtained from Aerovane
anemometers located on a 250-foot meteorological tower on thé island
in Figure 8 for points one through four. These plois are interesting
for two reasons: (1) the comtined data show a continuous curve, and
(2) the mean wind speed is still increasing with height at the 250-fcot
level. A photograph of this meteorological tower, which has Aerovanes
located at 50-foot intervals up to 250 feet, is shown in Figure C.

Another form of presenting the velocity distribution in the outer
region of £he boundary layer is the velocity defect, U - ﬁz. This is
the difference betwesn the free-streem velocity, ﬁ, and the velocity
at a distance z above the surface. This velocity defect is
nbrmalized by u*, the friction veiocity, and presenteld as & function
of position in the boundary layer. This form is given in reference 15
for turbulent flow in circular tubes and in reference 16 for turbulént
flow over both smooth and rough plates. The form presented in
reference 1¢ is reproduced along with the Wallops Island data in
Figure 10. The distance above the surface is aormalized by the
boundary layer thickness. For 2z/5 < 0.15 the date presented in

reference 16 are grouped around the logarithmic relation given by

---1-1=-2.44£n75+2.5
= .



For

N

> 0.15 the following empirical formmule desc.'ibes the

experimental data

Hinze states that apparently a value of z/9 = 0.15 roughly indicates
the boundsry between the wall region and the outer region. |

The Wallops Island data were put in this form using a bLoundary
layer thickness of 253 feet and a free-stream mean velocity as the
value measured at this height. The Wallops Island data fdr points
one through four are closely grouped and are given by the déshed
curve. The slope of this curve is in agieement with that of the other
experimental duta presented, but the values of the Wallops Islund data
are consistently lower by approximately 40 percent.

The friction velocity, u¥*, mentioned previously is given by

u’ =aJTw/p

where

= wall stress

A
|

density

w
"
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This parameter is used in tha logarithmic profile approximation

(ref. 17) which is given by

where

k = von Karman constant (0.4)

'zo = roughness length

The roughness length, 2_, is a parameter characterizing the surface

o’
roughness. It can be described as the average height of the surface
roughness projections and can vary from 0.001 cm over ice (ref. 18) to
several meters over cities. Using mean wind speed values from two

_levels on the siationary tower and solviug for u* and 2z, average

0

values of u® = 3 fps ~and 2z, = 5 cm were determined for the seven

data points.‘ These values for the Wallops Island site are in
agreemeﬁt with the range of values for 2, given in reference 18.
A z, = 5 cm places it in the long grass “ype of surface which is
characteristic of the area on and around Wallops Island.

The preceding information on profiles of wind and irtensity and
surface conditions was presented to describeithe wind regimefand
environment from which the statistical parameicrs that follow weras

oblained.
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Any observed sequence cf velues that cannct be described by an

. exp}icit mathematical relationship which gives the vaslue of the
quantity at some instant is called & random process. Thereforé,

since it cannot be described analytically, it must be stgdied and
deséribed in terms of probability statements and statistical averages.
To analyze random data properly from sample time history records of
finite length, it is'necesgary to establish.three chasracteristics of
‘the data. They are normality, stationarity, and randomness. All
three cheracteristics were examined for_the'turbulence data recorded
at Wallops Island and will be discussci at the appropriate time during
the presentation of the results.

Normalitxf- The probability distribﬁtion defines the relative
frequency wi£h which certain values of velocity occuf. The Gaussian
distribution, i.e., a probability distribution identical to the
Normal Law of Errors, generally gives an adequete description of the
velocity distribuﬁion in atmospheric turbulence. A comparison of the

Gaussian form of distribution given by

| _\1 =t¥/20,
p(z) = (?E-JZﬂ) e

and the distribution of the recorded data is given in Figure 11. A
comparison is made for both the longitudinel, u, and lateral, v;

corponient of velocity for a typical sample interval. The means, U
and V, have been subtracted from the dats so £ mean value of zero on
these curves corresponds *o the appropriate mean value of the signal.

Since the mesan hes been subtracted from the data, the rms value is
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equal to the standard deviation and the mean-square value is -ual to

the variance.

2 _
u =g
Q
2. 2
u =0
u

A visual examination of these curves shows close agreement between the
measured‘distribution and the computed Gaussian distribution.

The moments about the mean describe the shape of the distribution
and provide another check on the normality of the data. The fourth
zentral moment when nondimensionalized by the square of the second
(02) is called the kurtosis, or flatness factor, and has a value 6f 3
for a Gaussian distribution.

K = 54/(02)2
The nondimensionalized third central moment is cslled the skewness,
and if the distribut;on is symmetric about the mean, its value is zero.

., 32
skewness = ¢ )

The values of these moments are give .n Table II end generally meet
the requirements for the data to follow a2 normal distribution.
Therefore, an aséumption of a fGaussian distribution, normality of the
date, for the u end v turbulent velocities appears to be valid.
These values are in agreement with those obtained by Townsend and
reported by Batchelor in reference 19. Townserd's work was with the

u—componént turbulence generated by a wire-mesh grid in a wind tunnel.

,
.
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If a process is shown to be Gaus-ian, then the mean, the mean

-square, .und the autocovariance function completely determine its

statistical properties. The autocovariance function defined by the

equation

T

Cc () = lim X t(t)e(t + t) dt
g T»x 2T
-T

describes the general dependence of the values,of the data at one

time, t, on the values at another time, t + t. The autocovariance,
CC(T), is always a real-valued, even function with a max.mum value at

T =0, and may be either positive or negative. The maximm value at

7 =0 is the moan-square value of the signal

T

1 2
57 g(t)<at

-T

2 =0 (t =0) = lim
3 T-ecwo
The autocovariance is normalized by the mean-square value to give the |

autocorrelation function with meximum value of vnity at < = 0.
R, (7) = €, (x)/c,(0)

The sutocorrelation functions for the four levels on the
stationary tower are presented in Figure 12(a) through 12(g). These
correlation functions were otiained using increments of lag time, T,

of 0.1 sec and with a maximum lag time of 12 seconds. These plots

- exhibit a dependence on height, with the breakdown in correlation

occurring more rapidly at the lower levels. This is in accordance

vith the "long memory" and "short memory" regions of & wind-tunnel
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boundary layer a8 concluded from experiments by Clauser and reported
in reference 21, Clauser measured the veke generated by a rod.placedi
- at tuo'distances'from the wall, but still within the boundary layer,
'The disturbance decayed faster at the station,nearer.the vall and i
consequanfly a correlation value would be less at this ataﬁioﬁ for all.
distances downstream of the initial disturbance. |
' This height dependence of the autocorrelation function is also
evident in a charactéfiatic length-of the atﬁospheric'uinds called the
“scalé'of turbulence." This ﬁcqlelor turbﬁience may be considered to
be a rough measure_of the lnrgeat_diatance thattﬁp points ina
turbulént‘fielé may be separated befor§ the'carrelation between gust
veloéitiea becomes zero. The eutocorrelation funstion can be used to
'determine this characterietic length parameter. It is.given by the
product of the mean uind apeed and the area under the uutocorrelation |

function curve to where the curve crosses zero. This is given by

Ty - |
L=I-I'I R,(7) T
o | |

vhere Tg = lag tima at which R (t) crosses zero.

Since the autocorrelation functiona preaanted do not cross gzero
for the maximum lag time (12 sec), "seuiscnlea" vere computed to
determine the aralc of turbulence. “Sgniacnlos," a8 explained in
referonce 17, are dofinod as the 1.3 diatanco at which tho auto=-
correlation function droppod to a vnlua of 0. 6, Using the approxination
of integral acnleo as twice the auniacsloa, the 1nt¢¢ra1 acalaa 80
defined were computed by |
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To.¢

L =2 R () d<
u

vhere T, , = lag time at which Rh(x) drops to a value of 0.6. The
scales of turbulence are given in Table III and plotted in Figure 13.

This characteristic length appears as a parameter in a
mathenatical description of turbulence (ref. 20) and reference 17
reports evidence that for altitude below 1000 feet, its value is
approximately equal to the sltitude. For a line;r approximation the
scales computed from the Wallops Island data give a L = (4 x height)
variation for the range of heights investigated.

Homogeneity.- Figure 14 gives a comparison of the autocorrelation
function at the seme level as given by the instruments on both the
stationary tower and the porteble tower. The data are for points 5
and € for wnich the instruments were separated horizontally by 70 and
80 feet, respectively. The correlation functioms for the stationary
tower combare favorably with the corresponding function on the
portable tower at the same height. This fact that the autocorrelation
functions are essentially identical when measured at two polnts in
space at the same heigﬁt indicates homogeneity in the turbulence.
Homogeneous turbulence is implied in that the statistical properties
Ru(r) and ;5 are taken to be independent of position. A complete
test for horizontsl homogeneity would involve measurements with the

portable tower located at stations about the stationary tower other

than those stations directly upstream or downstream of the stationary




tower. However, for the data presented it is shown that an assumption
of homogeneous turbulence along the mean wind vector is valid for
bounds on distance of at least 80 feet.

Stationarity.- Another characteristic of the data to be
established is to determine whether it is stationary or not. For a
signal to be staticnary, its probability distribution and statistical

averages are not functions of the time mcasured. A complete proof of

stationarity would involve verification that all statistical properties

are invariant with time. A practical test would be to divide a single
sample and examine the mean, standard deviation, and autocorrelation
functions for the parts. This bhas been dbne for a representative
sample intervel with the time history being divided into halves. The
autocorrelation functions along with thé correspording mean and
standard deviaticn velues -re given in Figure 15(a) through 15(f). An
examination of these functioas anu values indicates that the data are
reasonably stationary. |

| Randomnegs.- The spectrum of the velocity fluctuations defines the
frequency-wise distribution of the energy in the wind. The power
spectral density function and the sutocorrelation function are Fourier
transform pairs for a stationary, random fluctueting quantity. These
relationships are given by

o o]

PSD (£) = 2 R (t) cos 2nft dt
u T u




|

and the inverse

Hh(t) = PSDu(f) cos 2nft df
0

The autocorrelation function and the power spectrel density function
provide similar information in the time domain and the frequency
domain, respectively. A test for randomness in the Wallops Island
data would require a check for periodic or almost periodic components
in the data. The most effective procedure for detecting periodic
components in the data is an exanination of the power spectral density
function. A periodic component would be evidenced on such a plot by a
noticeable spike at a given freguency.

The powér spectral density function is generslly .. malized by’
the mean-square value and this is the form presented in Figure 16(a)
through 16(g). An examination of these curves shows no pefiodic or
almost periodic components in the frequency range investigated —
O to 5 cps. Thus, the data are random in nature. The normalized
power-spectra as plotted in these figures show a decrease in energy
content with frequency at a slopevof - g. This value of the slope is
recognized as being valid for atmospheric turbulence spectra repre-

sentations. The figures also exhibit no dependence on height for the

spectra at the four levels on the statiocnary tower presented.

Igotropy.- Isotropic turbulence is the condition for which certain
statistical properties such &s the rms values of the orthogonali
components, u, v, w, of the gust velocities are unaffected by rotation

of the reference axes, i.e., they are equal and show no preference for
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direction. The rms values of the orthcgonal components measured at
Wallops Island, longitudinsl u and lateral v, are given in Table IV.
In general, the longitudinsl component is greater than the corresponding
lateral component with the differences in values being on the order of
20 percent of their mean values.

The primary area of investigation during.this program was, as
stated previously, to exsmine the characteristics of the tarbulent
velocities of the wind as they are transported by the mean wind. A
comparison of a fluctuating component at one station with its corres-
ponding like component at another station along the mean wind v.ctor
is made by use of the cross-correlation function,

Fcllowing the same procedure as in defininé whe autocorrelation

function, we define the cross-covariance by

/T

C (t) = 1lim L g.(t)e (¢ + 1) dt
€15 s T ZTJT 117752

This relationship describes the general dependence of tiie values of

one set of data, 61, on the other, '£2. The cross-covariance,
CC ¢ (7}, is alweys a real-valued function which may .. either
102
positive or negative. Also, CE ¢ (t) does not necessarily have e
1’°2

maximum value at T = 0 as does the autocorrelation function, or is
it an even function. The cross-covariance is normslized by the
product of the rms values of the individual signals to give the

cross~correlation function




R. () =¢C, , (A 7 ¢
SERP! “10 2

with & maximum value of unity at come time lag. When the cross-

correlation function does assume a value of unity at, for example, =<

a)
-~

it indicates that the two signals, &1 and {2, are perfectly

correlated — identical — with one lagging the other on the time scale

by ;. When R
1 £10 80

are statistically independent if this is true for all values of .

(t) = 0, the two signals are uacorrelated, and

The crcss-correlation functions were computed using the Wallops
Island wind data for similar components measured at two stations along
the mean wind direction. In other words, Rhl,uz(T) and va?vz(x),
wiiere 1 and 2 refer to the stationary tower and portable tower,
respectively, were computed for beth the 13-foot and the 2¢-foot
heights.‘ The convection time, i.e., the time it requires for the mean
wind to convect the fluctuating velocities, u and v, the distance
between the towers, is given by d/U. The meximum correlation value
should occur when the lag time is equal to this convection‘time
(r = d/ﬁ).

The cross-correlation functions for the u component are
presented in Figures17(a) through 17(g). Figures 17(a) through 17(g)
are irn order of increasing separation distance between the two towers —
from d = 20 feet to d = 100 feet. Each exhibits a lag time at

which the correlation value peaks and this lag time to maximm

correlation, Tnax’ is compared to the éonvection time delay, d/ﬁ, in




Figure 18. The values used tc obtain this convection time delasy are
given in Table V. An examination of these figures indicates that the
dowrstream signal does show a dependence on the signal meessured at the
upstream station which reaches a maximum at the arurcpriate convection
time delay and this maximum dependence —- or correlation — decreases
with separation distance betweeﬁ the tﬁo measuring statiqns.
Figures 17(a) through 17(g) also show that the correlation values are
greater at the higher level instrument. This is to be expected since
the inten. ty of turbulence profiles show a decrease with height. This
is also in agreement with Clauser's "long memory" and "short memory"
regions of the boundary layer.

A comparison of the time and spatial correlation values is given
in Figure 19. The time crrrelation

Rul(T) oc ul(t)ul(t + 1)

is given by a representative autocorrelation function for the

appropriate height. The space correlation is given by

Rul’uz(d) =0 cc ul(t)u2(t)

where Wy and u,. are recorded at two stations separated by a hori-

2
zontal longitudinal distance d. The spatial correlation values, as
represented by the circle symbols in this figure, were obtained from
‘he cross-correlation curves (Fig. 17) at zero lag time. Although the
space correlation values are in all cases less than the corresponding

time correlation value, the data show good agreement between the two

functions. These figures appear quite similar to data preseuted by




Panofsky, Cramer and Rao in reference 8. From such data Panofsky,
Cramer and Rao concluded that Taylor's hypothesis, d = ﬁ;, is valid
within the limits of their investigation.

From the Wallops Island data it abpears that Taylor's hypothesis
on the equivalence of time and spatial correlation functions does
have some validity. The limits on the Wallops Island investigation
are a horizontal separation distance of 100 feet, a height range up
to 26 feet sbove the surface, and the intensity of turbulence in al;
sample intervals of less than 0.175. -

A more stringent interpretation of Taylor's hypothesis would be
to assume that the time history of a fluctuating velocity component
does not change as it is being convected at the mean wind speed. A
rcross-correlation function between like components at two stations
along the mean wind vectc would be identical to the autocorrelation
function but shifted on the time lag scale by the 3pprdpriate
convection time delay. In other words, the maximum value of the
cross-~correlation functiorn would be unity and it would occur on the
time lug scale at T = d/ﬁ. One would not expect this rigid inter-
pretation of Taylor's hypothesis to be the case in atmospheric boundary
layer flow. The maximum cross-corfelation values from Figure 17 are
plotted in Figufe 20 ageinst the appropriate separation distance. If
the time histrries measured st the two satations were identical, the
maximum crosc-correlation value would be unity and independent of
separation distance. This is given by the horizontel line at a
correlation vaiue of one. The experimental data should approach unity

as the separation distance goes to zero. These curves do exhibit this




characteristic with the values recorded at the 2 -foot height greater
in ail cases than those recorded at the 13-foot height. The
correlation values at a gseparation distance of 50 feet are low.and
apparently in ervor. The other data do decrease from unity as *he
separaticn distance incresses. Therefcre, this interpretation of

Taylor's hypothesis, as expected, is not valid.
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TABLE I.- MEAN WIND VELOCITY AND INTENSITY OF TURBULENCE.

Height, feet

Point Quantity

13 26 39 53 13P 26P

! U, fps — 3. 82 40.94 48.43 47.07(47.0) 38.03 4.7
o/I - 0.152 0.151 - 0.097 - 0.104 0.164 0.130

2 u_ 29,87 43.77 50. 27 49.56(48.5) 35.03 40.79
/U .128 113 .086 ~.090 - 146 114

3 U_ 38.4% 42,64 48.82 £7.99(47.0) 37.53 39.52
o/U 136 112 .084 .090 157 .12z

4 u_ 34,90 38, 68 44,832 Ly 64,(44,.0) 33.42 3L.5C
o/ 152 .130 .096 .103 . 16G T 124

5 v 28.19 30.47 37.72 37.84(37.0; 28. 69 29.15
0/U .160 .167 .100 .09 143 151

é U_ 30.93 4.5 41.81 42.68(42.5) 31, A6 i 1F
/1 .170 162 .106 000 147 151

7 y_ 31.19 34,20 40.91 42.€0(42.5) 33.92 34,88
o/U 179 .183 115 .101 .159 e

_gg_



TABLE 1I.- CENTRAL MOMENTS OF THE PROBABILITY DISTRIBUTION

FOR GAUSSIAN DISTRIBUTION:

S = 0,

K=3.0

Height, feet
[ ]

Point | Quantity v
13 26 39 53 13P
u v u v u v u v u v u v

1 Skewmness | -« 40| 0.16] -0.42} ©.58 |-0.20| 0.20) -0.04| 0.08| ~0.14{ 0.29 -0.22| 0.14
Yurtosis | 3.58 %1 3.11| 3.25| 3.35]| 2.99| 3.45] 2.96| 3.381| 2.66| 3.28| 2.63| 2.97

2 8 - .13 071 - .09 02|~ .23 2 - .24 10| - .03 .09 .06 .16
K 2,961 2,931 2.87| 2.95| 3.2 3.52] 3.25| 3.2 | 2.81| 3.60} 2.82] 3.02

3 s - .10~ .08}~ .16}~ .07 |- .25] .03| =~ .15 .08 .05 - .06 .10 .32
K 2.64 | 3.50| 2.69| 3.16 1 2.831 3.98| 2.79| 2.91§ 2.67| 4.10f 2.71] 3.46

4 8 A2 Ve (14 - J04 32|~ 08]~ .28] - .17 0L 12] -~ .12 .05 .06
K 2.86 | 3.34] 2.63] 3.70 | 2.66] 3.03| 2.70| 3.35| 2.98] 2.86) 2.71| 2.36

5 S 03 |~ .19 - .25 .06 |~ .50 19~ 30|~ .26 .20| - .10 10 14
K 2.48 | 3.01] 2.58) 3.37 ] 2.9R| 2,661 2.74} 3.28 | 2.53| 3.12 57T 3.2

6 S .25 |- .31| - .08]| - 000~ .25 .01 .03 .13 237 - .22 .11 14
K 2.67 1 3.08) 2.52| 3.47 1 3.24| 2.62] 2.98] 3.82| 2.74| 3.29| 2.521 3.16

7 S - .02}~ .23~ .13 .08 |~ .48 1l - .19 - .10 |~ .18 03|~ .18 34
K 2.47 | 2.591 2.29| 2.81 | 3.13{ 2.74 2.72] 3.04 1 2.80| 3.13| 2.53 | 3.12

-6{-
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TABLE III.- SCALE OF TURBULENCE.

Height, faet

Point
13 20 39 53 13P 26P
1 38. 28 18,22 144. 89 208,67 56,45 112. 34
2 47.60 79.23 119. 47 146.52 29.91 42,29
3 51. 50 99. 37 115.85 155,07 38.93 51,87
4 57,12 151.74 254, 82 240. 60 29. 80 58,16
5 YA 74,13 132.71 227.51 43,71 54,52
6 47.16 62.95 122.33 170.06 43,92 65.96
7 56,00 | 7245 105.15 | 184.14 64.97 117.02




TABLE IV.- RMS VALUES OF THF LONGITUDINAL AND LATERAL FLUCTUATING VELOCI'YIES
(VALUES IN TABLE IN UNITS OF FPS)

e

Height Data po!nts
1 2 3 4 5 6 7
13t u 5.459 5.12 5.19 5.29 4.52 5,27 5.59
v 4,49 /.01 4.03 3.72 3.42 3.50 4,23
260 u | 618 « 4.93 4,77 5.03 5,10 5. 6, 6.29 -
v 5.03 b2 4,15 3.43 2.86 3.11 3.79 k
]
39' u 4,69 434 4,11 4. 29 3.77 b b3 L. 69
v 3.66 3.47 3.38 3.57 3.61 3.87 b Pl
53' u 492 45 4. 31 4.59 3.53 4.03 .32
v 3.31 3.51 3.75 3.19 2.67 2.96 3. 66
13'P u 6.23 5.72 5.91 5.34 4.H8 5.30 5.41
v 3.85 3.79 3.71 3.88 3.14 3.80 4.04
26'P u 5:28 4.64 4.83 4-34 L.Al 9'16‘ 5.44
v &007 4031 4-51 ' 5.08 3045 3-73 4026




TABLE V.- COMPARISON OF CONVECTION TIME WITH TIME LAG TO MAXIMUM CORRELATION.

U, +0

Point Height, 7] At a/u, - (%
f..t z ; sec max. &11,“2 max.
13 36.82 37.42 1.34 1.6 0.499
1 13P 38.03
(a=50") 26 40.94 40.82 1.25 12 548
-26P 0.7
13 19.87 39.45 1.01 1.0 SN
2 13P 39.03
(a=40') 26 43.77 42.28 .94 .9 .755
26P 40.79
13 38.45 37.99 .79 .8 .763
3 13P 37.53
(a =30") 26 42.64, 41.06 .73 )5 .785
26P 39.52 ,
13 34.90 34.16 .59 .6 .739
+ k. 13P 33.42
(a=20') 26 38.42 36. 50 .55 .6 .79¢
26P 34.58
. 28.19 28.44 2.6 - 8 .545
5 13P 28.49 _
(d=70') 26 30.47 29.81 2.3 2.3 .681
26P 29,15
13 30.93 31.30 2.56 2.9 475
AL 13P 31.66 :
(a=80') 26 34.75 34.46 2.32 2.4 LET2
26P 34.16
13 31.19 32.60 3.06 4.3 .350
7 13P 33.92
(d =100') 26 33.62 34.25 2.92 2.7 . 565
2¢P 3,.88
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CONCLUSIONS

From the data presented in this thesis, a number of conclusions
can be made concerning the wind environment at Wallops Island, Virginia.
The data were recorded using fast response drag sphere anemometers and
covered a range of helghts up to 53 feet above the ground. These
conclusions concern the horizontal components of turbulence only
since no attempt was made to measure the vertical component. The data
presented resulted from seven data samples recorded during an elapsed
time of approximately four hours. The mean wind speeds measured at a
height of 65 feet were between 37 and 48.5 fps. The meteorological
conditions did not change significantly during this time interval.

The natural boundary layer studied was found to have the
following characteristics:

1. The mean wind speed profiles are given by the power law
approximation

ﬁ; = ﬁ; (z/zl)n
1
with the exponent n having a valuevof 0.16 or 0.17.

2. The intensity of turbulence decreases with height, and for
the conditions of this investigation turbulence values were in the
range of 0.084 to 0.183.

3. The roughness length, z_, is equal to 5 cm. This value is

o’

in agreement with other values obtained over flat, grass-covered

surfaces.
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4. The probablility distribution of both the u-component and
v-component appear to be Gaussian.

5. The autocorrelation functions exhibit a dependence on height
with the breakdown in correlation occurring more rapidly at the lower
levels.

6. The "scale of turbulence" increases with height according to
the linear approximation L = (4 x height) for the range of heights
covered.

7. The turbulence is homogeneous within bounds on distance of at
least 80 feet.

8. The turbulence is reasonably stationary.

9. Atmospheric turbulence is a continuous random process. The
normalized power spectra show a decrease in energy content with
frequency at a slope of - %.

10. Horizontel isotropy was not established. The rms value of
the u-component is greater than that of the v-component on the order
of 20 percent, as is the case in wind-tunnel boundary layers.

From the cross-correlation data the following conclusions are
made:

1. The cross-correlation between like components at two stations
along the mean wind vector indicates a dependence on height; i.e., the
correlaticr values are greater for the 26-foot height than for the
12-foot height.

2. The maximum cross-correlation value does occur at a time lag
equal to the convection time delay, d/ﬁ. This maximum correlation
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value decreases with separation distance between the two measuring
stations.

3. The comparison between time and space correlations indicates
the validity of Taylor's hypothesis, d = ﬁm, for separation distances
up to 100 feet.

L. A more stringent interpretation of Taylor's hypothesis —
assuming equivalence of the time histories measured at the two stations
along the mean wind — is not valid.
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APPENDIX
DRAG SPHERE CALIBRATION FOR FIELD OPERATION

The following steps are followed for each strain gage on the two-
component balance to determine the gage sensitivity for use of the
drag sphere instrument.

1. Static calibration:

Statically load the balance with incremental weights and

record output voltage of obtained static calibration curve.
+1volts

T

= F1bs

The curve should be linear with a slope, Al. A1 has units of

1b/volt.
2. Dynsmic calibration:
Place the instrument in a wind tunnel and reccrd output
voltages for various values of tunnel dynamic pressure. Multiply

output voltages by Al to obtein the measured force in pounds and

plot this force against the tunnel dynamic pressure.

Ty 3 .
i e

VA A b i
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F, lbs

q, psf

This plot should also be linear with a slope, A2‘ (The

linearity of this curve indicates a constant drag coefficient, CD,

in the Reynolds number range of calibration.)

F = (Cp)(drag area)(q)

drag area = constant

The product A1A2 gives another constant, A3, with units of
psf/volt.
3. Calibrate resistor:
With a known resistance, Rl’ in the circuit and no
external load on the gage, the output voltage, Vl, should be

recorded:
Vl(volts) x A3(psf/volt) = ql(psf)

Rl is equivalent to a dynamic pressure of 9y -




o
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4. Field operation:
With the drag sphere in place for field use and no wind on

the instrument, insert the calibrate resistor, R., in line and

l’

record the voltage output, Vf. Since Rl is equivalent to ql, it

follows that the sensitivity of the recordings will be
A, = ql/Vf, psf/volt

Rl is then removed from the circuit and the instrument is ready for

field operation.

R i R

‘u»u::"unw%ﬁmﬁm%&ﬂh&wixiim%&w‘ i
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