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ABSTRACT

Two independent systems for determining wind speed
and turbulence levels are being used in an on-shore
diffusion study on Long Island near Brookhaven
National Laboratory. Regults obtained from the
two instrument systems are compared to i1llustrate
the differences in the measured values of the
vector wind, mean wind speed, variance, turbulence
level and energy spectra.

Detalls of the physical chsracteristics and rela-
tive advantapes of a commercial Vector Vane and a
three~dimensional hot-film sznsor are also pre-
sented. Measurewments of the mean wind speed and
the turbulence level compared well. The Vector
Vane underestimated spectrsl denaitles for fre-
quencies above 1 hertz.

INTRODUCTION

Wind speed and turbulence in the &tmospherie bound-
ary layer are important parameters related to en-
vironmental quality. A knowledge of their magni-
tude and character is important in the formulation
of prediction modeis of environmental pollutants
and for monitoring purposes. Frequently the re-
sults obtained from an experimental program are
compared with those from another program or with
observations at different locations ian the same
program. Some knowledge of the relative character-
istics of the instruments involved is essential in
order to understand the properties being observed.
The relative comparison of the instruments {n act-
ual field conditions is helpful in interpreting
the results obtained after giving due considera-
tion to their characteristics and capabilities.

Over-water dispersion off the south shore of Long
1sland, New York, ia being studied by the Meteor-
ology Group of Brookhaven National Laboratory.
This study will provide information for environ-
mental impact analyses for possible siting of off-
shore power plents. Diffusion of oil fog omoke,
released from an anchored boat off the coast, is
measured at various distances downwind. Meteoro-
logical variables are measured with instruments
mounted on a l6-m portable tower over the beach
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sad from an aircraft. A bivane (Vector Vane, manu-
factured by Meteorology Research, Inc.) and a three-
sensor hot-film probe with constant temperature
anemometers (manufactured by Thermo Syastems, Inc.)
are two of the instruments used for measuring
turbulence. The present study was undertaken to
compare the characteristics and capabilities of the
Vector Vane end the three~dimensioncl hot-film
gensor ewposed to the same flow conditicas. Both
inatruments were mounted at the 16-m level of the
tower, as close as possible, and carefully levelled,
The hot=7ilm seasor was aligned facing the direction
of the wind. These two instruments formed part of
an array on the tower comsisting of cup anemometers,
diractional vane, and mean temperature measuring
sensors. The arrangement of the two instruments
beirg compared in this study 18 shown in Figure 1.

DESCRIPTION OF THE INSTRUMENTS

A brief description of the inetruments, their opera-
tion, and calibration characteristics are given in
this section. The mode of operation of the Vector
Vane and the hot-film anemometer is so different
thet a brief comparison of each instrument's opera-
tion procedure and errors involved will be made.
Photographs of the Vector Vane and the hot-film
probe sre shown in PFigure 2,

Vector Vane

(a) Nature of Operation and Response Characteristics

The Vector Vane has a senaitive windmill-propeller
with four light magnesium blades. The tail fins are
made of plastic covered with a thin coating of al-
uminum. The vane is free to rotata 360° in the
horizontal and +60° in the vertical. Two potenti-
vmeters provide resistance changes proportional to
thes azimuth and elevation angles. A light beam
chopper, attached to the propeller in combination
with a miniature photocell and light source, providas
a pulsed output propertional to the wind speed.

The dynamic response of the propeller can be repre-
sented by the differential equation for a first-
order system
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where v 18 the time constant (time for the system
to respond to 1 - 1/e or €3% of a step change),

v 18 the indicated wind speed,
t is the time, and
f(t) is a time dependent forcing function.

The dynamic response of the vane can be defined by
the differential equation for a second-order aystem

48 d8 26m
dtz + an s + w0 f(t) (2)

where ¢ = angular displacement of the vane with
regpect to a fixed wind direction,

w_ = natural or undamped angular frequency of the
syatem, and

¢ = damping ratio, the ratio of the actual damp-
ing to the critical damping.

The Vector Vane hLas been atuﬂeg)extensively for
its response characteristics  '“‘which are as
follows:

Sterting threshold Speed 0.22 m/sec
Direction 0.22 m/sec
Speed 0.61 to 0.91 m
Direction 0.61 to 0.91 m

Response distance

Damping ratio Direction 0.4 to 0.7

The response distance 13 defined as the distance
over which the wind travels corresponding to 63%
of a step function change and i1s independent of
the wind speed. It can be shown that a system
with a first-order response measures 8iX of true
energy for an input wavelength 16 times the response
distance, L, for a sine input function in equation
(1). For a wavelength of 3.7 L the indicated
energy is 25% of the true value and for an input
wavelength of L, i&g system indicates only 2.6% of
the actual energy'™+ Although atmospheric turbu-
lence does not necessarily follow a sinusoidal
forcing function, the above figures give a rough
indication of the importance of having response
diatances of smail magnitudes in order to increase
the frequency response of the instruments. The
faoput wavelength A may be defined in terms of the
other pertinent varigbles as

vhere 2 = wavelength (distance per cycle),
k= wavenumber (cycles per unit distance),

f

frequency (cycles per second),

u

wind speed (distance per second) and,
n = angular frequency (radians per second).

A knowledge of the responge distance will be help-
ful to determine the frequenciea sbove which the
Superior numbers refer to similarly-numbered refer-
ences at the end of this paper.

energies are under~estimated.

(b) Calibration

Speeds from the propeller of the Vector Vane are
calibrated in a 0.61-n diaméter, 6+m tomg, circular
wind tunnel. Both the azimuth and the vertical
angles ars calibrated by moving the vane known
angles in the horizontal and vertical directions.
The calibrations are linesr for the speed, azémuth,
and vertical angles.

(c) Lrrors Involved and Practical Considerscions

The propeller on the Vector Vane is calibrated in
the wind tunnel over a range of steady, low turbu-
lence, wind flows. In strong turbulence close to
the ground, the ability of the instrument to meas-
ure the true wind speed will largely depend on its
response characteristics. Due to the inability of
the vene to continuously align itself with the
vector wind, the propeller cannot alvays measure
the true wind speed. When a propeller is present,
the downwash from the propeiler and the gradient

of wind along the vane cause changee in the res-
ponse characteristics of the vane. The response of
the vane depends largely on the damping ratio. A
demping ratio between 0.5 and 0.7 is considered
reasonable with little overshoot and relatively
fast reaponae. The errors involved due to the
sbove factors for the Vnctthnc have been ﬂ’-
cussed by MacCready and Jex ané MacCready .

An error in mean wind speed of n‘”t 22 vas cowputed
for the Vector Vane by MacCready Ercors invol-
ved in measuring the turbulent energy can be esti-
mated from a knowledgs of tha distance constant or
frequency response of th: tnsirument. Based on the
values of input wavelengths couputed for a sine
wave input function, a 75% energy undar-sstimation
is possible for a wind fluctuation frequeacy of
about S hertz. (Wind speed of 10 m/sec snd dist-
ance constant of 0.6 m werse assumad for this comp-
utation.)

From a practical siandpoint, the Vector Ve is
relatively rugged, easy to use, and holds a eteady
linear calibration for long perioda of time. In
addition, it is easily calibrated in the field
before and after each experiment.

Thres-Sensor Hot-Film Probe

erstion raczeristica
Hot-film sensors used for this study ere quartz
rods with platinum film on the surface. GCold plat-
ing on the ends of the rod isoletes the sensitive
area snd provides a contact for featening the aens-
or to the supporte. The platinum film thicknesz

is less than 1000 Angstroms and the dissseter of the
cylindrical film sensor is 0.025 sm. PMigure 2
shows the probe consisting of threa mutuelly perp-
endiculer sensors opereted by threes cometant temp-
erature anemometers.

(a)_Nature of

The detecting element of a hot-film memometar 1i»
haated by an electric current. Ordinarily, the
film is cooled by the wind vhich causes the temp~
ersture to drop, resulting in a decresse in



electrical resiscance of the filn. When s constant
temperature anemometer is used, the electrical re-
eistance of the film 5 kept as constant as poss~
ible. Any slight varistion in temperature is imm-
ediately compensated for by an electronic feedback
syastem. Voltage requitred to drive the necessary
current through the sensor is obteinsd a» output.
For subsonic flov King's"potential flovw" relation
holds for hest loss. 1t is expresaed as

2
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where E is the bridge voltage output,
V 18 the wind apeed,
o 13 the density of the fluid,
ts i{s the sensor cperating temperatuge,
:e ‘s the environmental or fluid temperature,

A snd B are consiants that depend on fluid propest-
ies, and n is a&n exponent that varies with the
Reyniolds number of the flow. For sir under sub-~
sonic flow conditlony n rakes a value of about two.

Although theoreti:al evaluatiuvns based on heat
transfer properties are available for the response
of the hot-film, direct calibration tased on Equa-
tion (4) 1o comsonly sdopled since this eliminatea
the variabilicty in the characteristice of the film
axterisl, supporte, or ather unknown factors. If
the fluid temperature t, happens to be the same
during calibration axd expecvimentation, no covrec-
tion for the bridge voltsge output ia needed for s
connatant temporature anemomcticr. Most cfien, these
temperatures sre not the same, necessitating a
correction for the voltage output. This corvection
factor can either be computed and appiled to the
observed valuep during the analyuis or the sansor
asy be clecironically compenscated by using fast
respoose emperature sencore aounted close to ths
sperd sensors. Tor this study, temperstute ccapen-
sation vas achteved by megsuring the afr tempers-
ture near the aensor md correcting the voltage
during zhe snalysis. 247 temperature near the
ssnsor Temsined conscant throughout the experimenc.

FPraquency response of the hot-file gnescecer vas
found to be near 1000 hertz and varicd slowly with
the megn wind apeed. For a 10 n/sec mesn vind
thie cerrsaponds to s vresponte distance of 1 cm as
esaparrd with 60 em for the Vector Vane,

(b Caitbration

The three hot-fiim eensors of the peobe ware call-
brated tn the circulsr wind tunnel salvecdy ment-
ioned with the flow at ripght angles to sach of the
sengors. As can be seen tn Pqustion (4}, the ceol-
1drrtion of the hot-filr sennors versus wind specd
is not linear.

(e) Rprote Involvad aad Praciicel Conasiarations

Tha het-filas senzor is dirccticnally sansictive &nd

errors are introduced in the ssasuremsnts L1f the
flow dlrefﬂon is not normal to the sensov.
Chempagne found that the relacionship betwveen
the actual mesn velocity snd the effective cooling
velocity can be expresaed as

Voo ste® e ek caddey  (9)
vhere V= effcetive cooling valocity past the
sensor,

V e mean velocity,

K = a conatant that depends upon the fluid
and the wind speed, and

s 15 the angle the sensor makes with che
mean wind direction.

K coe a 13 a meassure of the effectiveness of the
velocity parallel to the sengor.

Serious eTrovs cen be encounterad using this syste=
vhen large varistions in vind direction occur. For
the time periocds involved in this experiment, the
flow uas falirly steady and the dirvection did not
change sppreciably. Obther factors effecting the
hot-film syatem such as conduction to suppotts,
temparature gradient along the ssnsor, finites lenzth
of the asnsor, end precence of water spTfsy are to
be taken inot gccoume An interpreting the resules.
The relative ismporisnce of these ervors dapends
groatly oft the problem studied. For atmospheric
stugies most of the sbove errors tum out to be
negligible. In locations whera water apray is pre-
sent, it fe tez advisable to use hot~film sensors.

RESULTS

T™he wind date frow the biveme snd hot-file vas re-~
corded sizmultanecusly on magnetic tepe in saslog
form. The analog record was digitized and then re-
corded st 0.1 sec intervals. The digitized data
wes malyzed using s CDC 6600 computer.

Cocparison of the vactor vind ia made insreed of
tndtvidyal wind componente to keep the comparison
as realistic s poseible. Thias is dus to the fact
that the three~disansional hot~{{ls sensor vas de-
signed mainly €o measure the wvector wind rathsr
chen the componentn.

The folloving values rTe compared:

(1} Mean wind spead

(2) Standard daviation of the Fluctuations of
vind speed

(3) Turdulence level
(4) Eneegy specera

(%) Enec,y dinsipation rate



Mean and Standard Deviation of the Wind Spead and
Turbulence level.

Table 1 shovs the mean wind speed, standard devia-
tion (o) of the wind speed and the turbulence level
which is defined as the ratic of the stondard devi-
ation to the sean wind speed. These values wvere
computed for three successive ten-minute perlods
vhen the wind speeds shoved s teadency towsrd
stationarity.

Table }
Hot~Film Vocinr Vane Turdh.
Data Hean o Turd. Mesn o Turh. Level

Set  wmisec misec level m/sec m/sec level ¥.V./h.f.

1 8.3t 0.66 90.079 8.1) 0.55 0.0u¥® 0.861
2 7.%4 0.72 0.094 7.74 0.64 0.08% 0.3)
3 7.6) 0.79 0.103 7.9) 0.73 0.0% 0.87%

The mesn wind speeds as measured by the two systoms
are neazly the same. The vector wind speeds com-
puted for the second znd thied ten-minuta periods
for the hot~fiim are scudvhat less than the corr~
esponding values for the Vector Vane. This mey be
due to s slight change in horizontel wind direction
during these periods.

As expected, the standard deviations of the wind
fluctustions as measured by the hot-fila sensor
wvere larger due fo its higher frequency response.
The Vector Vana seasursments under-estb.ated the
stardard deviations by sbout 10 to 16X as comparad
with those messured by the hot-film. Secauss of
the substantial difference in the frequency Tem-
ponses of the two instruments, this error is cels-
tively small and probably nor Ispoztent for meny
precticsl purposes. Turbulence lowel 4o considered
an imporzant parsmelsr in cheracterizing atmospher-
ie conditions 1n meteorological messuraments snd
snslyses. The turbulence levels for the Vector
Vene were about 13 to 172 less than those for the
hot=-fiim.

Energy Specira

Znecgy distvibution at various {requencies is gen-
erally used by astecrologints to provide informa~-
tion on eddy size dimtribution. The vector wind

data for consecutive ten-minute periods wepe cna-

lyzed to detersine the energy spectza. The space-
ral density S(n) s defined by
;z-fS(n) én - fs(h!dh 16)
[ o

vhege v %8 the fluctustion of the wind [rom the
sear . and the wave nusder & ia defined as 2wn/V.
Reciprocal of k represents sctual lsnpth ecales.

A comparison of the spectfsl densities nesr the
tigh frequency end of the apectrum Lo shown in
Figure 3 and in wvavey number domaln in 7lyguvs 4.
The relative under~estimation of the epectes!

densitlies at higher frequencieos by the Veetpr Vame
as compared with the hot-film snsmosater can be
seen, At frequencies above about I heclx, the
under—estingted spectral density starzts becoming
pignificenc.

it is often convenisnt fo expresd the frequanciaes
normalized with che height of the fastoument and
the aesn vind speed as nz/¥. Equation {6) csn be
revritten =8

-

P? . ,{f a5 dina 1))

[+]

A graphical representetion of o 5(n) versus logmn
has the advanzage that zhe sreas wndar a sagment

of the cutve representas the conzvibution 2o the
eargy in the corvasponding iog~fraquency l.unw’l.
Varistion of normalized spectgal deasicy si(n)/e®,
is shown in TFigure 5, vhare 0" 19 the varience
abtataed from Table I. %Horwslized epaceral densi-
ties obtained froa the Vactor Vane do soz differ
significantly for con~disensivazl fragquescies delow
one. An avesage oxan wind apesd vas ohteined from
Table 1 for both instruments.

A gpraphical rapresantation of the spectral densitias
estinated from the two tastyumence 1e showe in
Figure 6. A sarinum evror curve has besn dravn co
shov the oaxisum ensrgy wndsc~estination by the
Vecror Yene as compared wvith ths hot-film snemowster.
Ralative maxiccw eryor defined s Cthae retio of the
diffarencs in the spectral detisiticn mespured by

the two instruments to that seasursd by hot-filw (e
ahown in Figute 7. The vslues sxpresssd os & per-
centage wece ohcsined from the ssnisum error envel-
ope in Piaure 6. The percentsgee hava besn computed
with respect to the spactral deasity of hor-ffla
and bdivae and shown a9 esparats curvee. Thus,
knowing the spectral density o5 sstimated from dDi~
vene measurements, Li vill be possibie to satimate
the error fnvolved as coapacted vith che hot-film
anenoseter measureaents. The percenmesge ercor has

a tandency to increase with decraase in the epecerel
deagity vhich is sssocisted with an ircresee in ths
eyclic frequency or radfisn wave nuader. The srror
becones significent for cyclic fraquancies of about
one herts.

Encrgy Plssipation Pate

NV ecnexgy dissipstion rate &, ovtelned from Kolamo-~
gorov's hypcthests in the inertisl subrange, 16 use-
ful in decataining thc éiffusive properties of
turbuiencs. The approxisate magnitude of ervor fn-
volved in the cstimeiion of ¢ can ds cowpuced for
the frsquuncy cange of (nterest. In tha insctiael
suhrange & relstion of the form

sckp = kb 21 783 .

i1es besan found Lo bs applicable vhere K’ {a the
Kolmoporov constant vith & velue of ghout 0.5.
from Equation (B) tt cen da sesn that the ecror
tavolved tn the computation of the energy



diesipation rate ¢ would be r”z where r is the re- (2)
lattve error in the estimation of the apectral den-

sity. Siace the %eginning of the tnertis] aubrange
dcpmdh’o 3 certa.n extent on the distance to the

ground "7, 8 rough estimation of the error involved (3)
can be made for the Instrumenis compared here.

Assuming that the Lnectial subranpe exists over the
freguencies studied, a maxieum error of about 18%

in ¢ will occur {f tt 1s computed from frequencies

below 0.5 hertz. The error tends to increase at (&)
higher frequencies.

CONCLUSIONS

Comparisons of the tuo fnstruments were made fn the
atmosphers using cata scaszured by the systems ex-
posed to relatively steady turbulence conditions.
From comparisons of the vectsar vinds made in ncar
aeutral strong vind condictous, the following cen~
ciusicns can be made.

{1) The Vecror Vane measuremeats of the turbulence
levels are in reascnabile sgreement with those
of the hot-filw anemometer, with crrors vary-
ing from 10 to 161.

(2) Mean wird upeods obiained from both tnstru-
ments ver: approximazely the same.

{3} The Vector Vane vas found to under-esiimatc
the epectral denstties above sdout 0.5 haree
ond the errors involved were found to become
signtficant adove one herts.

{&) Ercors involved in computing other rarsmeters
viz. energy disaipation rate, friction veloc-
ity, etc. from the apscirsl densities depend
on {requency range used for computstion.

{53! The Yector Vane has the sdvanisses of sigple
operation and pugpednzes end will give resean-
able results at low frequenczies. Tor high
frequency turbulence studlen, the hot-film
sensor provides mare oascurate infommaticon.
Sut, a2 three-dimensionsl hot-film probe of
ihe type used 1n thig study should allga -
self continunuely with the mean direction of
the wind for best zesults.
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