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ERRATA

The following entries were omitted from TABLE 3.1, Sur-
face Weather Observations, p.19, of VOLUME I, Geophy-
sical Research Papers No, 59, "Project Prairie Grass, A
Field Program in Diffusion, ' dated July 195§;

Gas Dew Wet Relative Total
Release Time Visibility  Temp. Wind Point Bulb  Humidity  Sky
No. {(CST) Ceiling (miles) Op) Direction {°F) {°F) (%) Cover

66 2115 UNL 15 69 S 47 57 15 f

67 0035 . UNL 15 69 5 - - - 0

68 0235 UNL 15 70 5 - - - 0
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° ABSTRACT

".._‘

Project Prairie Grass was a field program designed to provide
experimental data on the diffusion of a tracer gas over a range of 800
mekeve. This,-the third votame-of the report on the project, {Qntaina
gc'scriptions of the fast—x:e'sgz‘o{xf&e( iipatrumertation utilized for the mea-
surement of wind fluctuations, The data reduction and anzlysis tech-
niques are also presented along with tabulatione of the results of the

computations.
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CHAPTER 14
SONIC ANEMOMFTER-THERMOMETER

14,1 PRINCIPLE OF THE SONIC ANEMOMETER-THERMOMETER

V.E, Suomi and J. A, Businger®
Univeraity of Wiscoasi.

14.1,1 Introduction

The sonic anemometer -thermoneter developed at the University

1,2,3 how -

of Wisconsin by V, E, Suomi is described in other reports;
ever, it is desirable to give a somewhat more elaborate and complete
discussion of the theory and accuracy of the instrument and of the ob-
servation technique. To obtain a fairly complete description, the pre-
vious papers are in part duplicated.

The instrument is developed for the purpose of obtaining turbulent
components of the wind and temperature, that is, to measure the devia-
tions from the mean values of these quantities. Furthermore, it ig ima-
portant to note that the instrument is never used to measure the wind
component in the direction of the mean wind because, in this case, the
instrument would generate adaitional turbulence, Therefore, only the
components perpendicular to the mean wind are measured, that is, the

vertical and lateral wind components,

14,1.2 Principle of the Sonic Anemometer ~Thermometer
An arry consisting of two sound-pulse tranamitters ('I‘1 and TZ)
and two receivers (R1 and RZ) is chosen such that Tl opposes Rl and T;.’.

opposea R,, their separation being the distance d. The distance between

Z’
Tl and RZ' and T2 and Rl, is much smaller than distance d, '(See Fig.
14.1,) As will be discussed in Section 14, 1.3, the difference in trarnait

time for the sound pulses traveling in opposite directicns is proportional

to the wind component parallel to d, and the sum of the transit times ie

*Dr, Businger's present affiliation: University of Washington,
Seattle, Washington
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proportional to the #¥quare root of the virtual temperature, However, we
are mainly interested in tae fluctuations of the wind component and tae
termnperiture compaounent. It appears that these fluctuationa, within cer-
tain lin~its, are proportional to the fluctuations in the difference anc the

sum of Lhe time intervals, respectively,

T‘ T,
e e e - ===
i IRU PRl p s =TT O
R
A |R, '
¢ o A
BLANKING J TRIGGER
r" > SYNCHROSCOPE <
e et ettt e
P MASTER . WIND N
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! NOISE P |
Y ! DELAY -
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( i
| Se— |
1’ TEMP s TRIGGER ]
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Fig. i4.1 Block diagram showing principle of sonic
anemometer-thermometer
Figure i4.1 is @ Glochk disgram of the basic unite required for the
detection of the desired time inteivals, A pulse generator fires first

the sound-pulse transmitter T which gives a ehort burst of 8C-kc

sound, After a delay of 100 to l?.00 microseconds, depending on the range
of wind velocities being measvured, ’I‘2 is fired. This time delay, Dl’ is
chosen so that the signal always will arrive at R1 first, Now it is poa-
sible te ase the signal received by R1 to trigger the x-axis sweep on a
timing device such as a aynchroscope. The reception of RZ is thien use
to blank the sweep, The aweep length is a measure of the wind component
in the direction of the array d, The true zero-wind point is easily estab-

lished by simply measuring the duration of the delay Dl directly and
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subtracting it frora the observed sweep length,
This wind delay time is esasential for detecting the received pulses

in a congistent sequence. Without this delay time, it would not be pos-
sible to trigger and blank the scope correctly, as is apparent from the
block diagram, .

To be able to detect the sum of the trangit timee necessary for
temperature measurements, two additional delay units are required in

the circuit;

First, *here is a noise delay D2 which adda a constant tinie in-
terval to the received pulse from R1 in order to synchronize the pulse
generator, This noise delay mereiy assures that each sound signal is
received from the tranumitter on the opposite end of the array oeioreihe
adjacent transmitter ia firad., It is clear that RZ cannot distinguish the
signal from TZ , one meter or more away, from the signal T1 , only
cne centimeter away, despite any directional characteristics of the trans-
ducers if sound is received from each tranemitter at the same time.

Second, there is a time delay D3 which is of the same order
(but just a little bit smaller) as the sum of the tranait times tl + tz and
the delay times D1 + D‘2 . When a pulse from the pulze generator (de-
layed time D3) triggerg a syncaroscope and the consecutive pulse {rom
Rl blanke the scope, then the sweep length is a measure of thre sum of the
transit time tl +t, . The timing sequence is shown in Fig., 14,2, which
illugtratea the principle of the sonic anemometer -thermometer,

More technical details of the sonic anemometer-thermometer are
given in Section 14,2,
14,1.3 Sonic Anemometer-Thermometer Theory

The principle of the sonic anemometer-thermometer i8 based on
the accurate measurement of the velocity of sound over a given path. The

veloeity of a sound wave can be given by:

4

pe
C = 20.067 {T (1+0,3192 ¢ )j‘- {1
P

where C is the velocity, 1 is the absolute temperature, e is the vapor

TEEY IR T s, o e
X ™ g - - -
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Fig. 14,2 Timing sequence of acnic anemometer-thermometer

pressure, and p is the atmospheric pressure, The effect of water va-
por on the velocity of sound is usually lesa than 1 percent, Becausc we
are interested in the fluctuations, we must consider the influence of the
temperature and humidity fluctuations on the velocity of sound, Instead

of Eq. (1), we have then:

:

C=T 4+ C'=20.067T° (1+0.1596E) (1 +LT 4 0.159% e'/p 2
( 9p)( 2K l+0.1596'ng) (2)

From Eq. (2)we gee that C' usually is less than 1 percent of <.
Because the sound wave is propagated in the air, the wind will
v affect the apparent speed of the sound at a fixed point, Suppose the wind
: V has a component V, in the direction from T to R; (see Fig. 14.3).

The scund pulse traveling from T tov'Rl will have a velocity of V, +

1
C cosq, where sina = %‘l and V, is the wind component perpendicular to

d. In this case, the cransit time t, is:

fel

d

;: t, =

L i cosa + V4 (3)
i3

& 4

¥




Similarly, the transit time ts of the

K, [H
pulse traveling from ’I‘2 to RZ is: I
. .
ty = ‘ (4) Vi e
Ccosa -V, (L,
Cos8 a d \Vn':

Tle difference in transit time of the

sound pulses traveling in oppoasite di- ,-‘\ Ctovos e
rections is then: \
2d VvV ,
t2 - tl = - .4 (5) Ct‘ d
ce . vy2
)

because C cos g = {C% - Vnz)"", where /,Ra-ri
Vo is the velocity component normalto /Vt,

the path d; and V2 = Vnz + de where
V is the total wind, Equation {5)is de- Fig. 14.3 Theory of wind
‘ ¢ rived in a more general and exact man- measurement
ner by Blochintzev, 4 The assum_ tions are that the inhomogenities inthe
air are larger than the wave length of the sound andthatthe soundtravei-
ing in each direction follows the same path,
Because we are only interested in the fluctuations, we write instead

of Eq. (5):

tz - ———

ety 4ty -t = Zdvdgl 1+_‘fé|l!-2_._.___cc‘-3‘7__"‘ﬁ, i6)
c2-v2 | Vg ll cz-vz |

¢r2 .2
%2 Tgr
a component of the wind perpendicular to the mean wind, so Vd will be

neglecting and higher order products, Usually V3 willbe

very small wnd consequently:

l v;.“_ ’>> lZ“C_(E:_-__Z.V_E ! ; the term on the right-hand side
v, 2l ' is very small compared to one,
|




Furthermore, [olPo 2 , 80 a very good approximation to Eq. (6) is:
Tty 4ty -ty =2d Vg 4+ 2d VY

: Tl T2

(b, - t)) =24 V3 N
ot

Thie means that fluctuations in the difference of the transit times are
directly proportional to fluctuations in the wind component under consid-
eration and that ternperature fluctuations have a negligible influence, less
than 1 percent,

The sum of the transit times mnay be considered in a similar way.
Adding Eqs, (3) and (4):
t. + tZ = ZdCC c.:o: a (8)

Splitting into mean and fluctuating parts, using Eq. (2) and omitting

higher order terme gives:

€ +

VaVh , V2,9V 1T 0.1595eN o

+2 - - T

1 Vv
B o [ ] = -
[of ZJ% Lof ©2 T2 2T p

Because Vn is usually in the directicn of the mean wind, we may write

(taking only the fluctuating part):

]
(t, +t,) =24 9V 1 T 1596 M i0

In the right-hand side of Eq, (10), the term -%- —g- is usually larger than

&~

the other two terms, However, estiznates of the order of magnitude

are required to determine with what accuracy {tl + tz)' is @ measure of
T,
Because these quantities are fluctuating, the estimates can best be
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given in thzix rma valueg or in their variances, Ut is important to know
whether or not the quantities are correlated because the error introduced
by a correlated quantity is much larger thanthe error introducedbya non-

correlated quantity,
in many cases a high correlation between T!' and e' is found, This

makes the error introduced by e' comparatively large bnut, at the same

timne, it ¢nables us to correct for it,
Because of the high correlation, we may writewiih sufficient accu-

racy:
T = const e' or I'f = const (11)
¢

Using ¢ .u rolation in the Bowen ratio §§ , which is the ratio of the sensi-

ble heat fiux to the latent heat flux, we sece:

< Sppp W'T WY 0,68 T
B = omimip wre 008 TR py (12)

where L is the latent heat of vaporization = 590 cal g"-
P is the pressure =1000 mb
Cp 1is specific heat a* constant pressure = 0,24 cal g-1 ecl

When B is known, then it ie useful to write for Eq, {10}, using Eg, (11):

(tl + tz)' = -Z-.-d- L\g_ - .l.. + 0. 108)'1’! (13)
T|¢T 2T Bp
So, it appears possible to correct for the fluctuations inthewater vapor.
The wind fluctuations are probably somewhat correlated to the
temperatare fluctuations, but not so ciearly as the water vapor fluctua-

tions, Therefore, it s important to require that

[T > 279 v
cz

Concluding, we may say that the sonic anemometer is a very good
inst:ument for measuring 'vind fluctuations. The sonic thermometer, how-

ever, only measures accurate temperature fluctuations abovea dry surface
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Fig, 14.4 Array of sonic anemome~
. ter heads

Fig. 14.5 Sample record of sonic
anemometer observations

Fig, 14,6 Combination of four- Fig., 14, Combination of synchroscope,
channel synchroscope and camera, c3mera,and wind and temperatnre chaasis
The camera is open and shows the

set-up for simultaneous exposure
of four {ilin rolls




with weak winda, Above wet surfaces, jt measures a combination of tem-
perature and humidity fluctuations, which can be separated when the Bowen

ratio is known,

14,1.4 Ohservation Technique

For field experiments, the sonic anemometer sound-pulse trane-
mitter and receiver units are nmcunted in the demired position on a tower,
usually for measurements of the vertical wind component, A few meas-
urements were¢ made of the lateral wind component. The installation is
shown in Fig, 14.4.

The wind and temperature information presented on a synchroscope
are iines of lighi whoie length changes, depending on the direction and
magnitude of the filuctuations, A special 4-channel synchroscope was
built to observe simultaneously four sonic anemometer-thermometer sig-
nals. Thus it was possible to record concurrently two winds and two tem-
peratures or three winds and one temperature,

The four variable lines of light on the scope are recorded on {ilm
with a specially designed 35-mm camera, The film {8 advanced at a con-
stant rate normal to the image of the synchroscope trace, The shutter
remaing open for the entire length of a run, The film speer is adjusted
80 that the fluctuations of the wiad are recorded in sufficient detail. Film
speeds of three to 8ix inches per minute give satisfactory records. The
variable length of the line on the scope appears as a2 variable area on the
film, A sample record is shown in Fig, 14,5, The camera contai
rolls of film which are driven by one synchromator. On each of the film
rolls, one of the scope signals is focused so that the four signals are re-
corded simultaneously on four separate films moving exactly at the same
speed. This is very important with respect to the data reduction technique
(see Section 14.3.3), The combination of camera and 4-channel synchro-
scope is photographed in Figs, 14.6 and 14. 7,

The time-8cale calibration on the applied sweep of the ecope i¢ ob-
tained with a 1C0-kc oscillator. This oscillator gives pulses 10 micro-
seconds apart in time., The scope shows thege pulses as dots; the dis-

tance between two dots corresponding to the 10-microsecond separztion,
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On the film these dots Appear as lines, The observed data then can be

compared with the obtained time scale,

14. 1.5 Limitations in Accuracy and Range
There are several factors to be considered concerningtheaccuracy
of the inatrument,
The most important source of error is caused by the shape of the
sound pulae, I'he sound generator gives a burst of 80-kc sound. The am.-
plitude cf *" '+ pulse is built up in a finite time interval, usually in about
Z cycles ol the scund wawe, The received pulse cannot be better than the
originally transmitted pulse; therefore, it also requires a certain time
interval to build up its amplitude. At a fixed ievel, for exampie one-haif
smplitude of the pulse, the time-measuring device isiriggered, Although
a4 pulse with an infinite stecp slope is desirable, the present aituation
does not neceusarily lead to errors, ;rovided the shape and amplitude of
the received pulse is constant. However, this is not the case. The sound .
ptlse is attenuvated during its travel through the air in a fiuctuating man- ,
ner, becauge of the turbulence itself, Consequently, the fixed level for "
the time-measuring device is triggered by varying positions on the pulae
and therefore at different times, These time fluctuatione are usually
leas than 3 microseconds. However, when the triggering level jumps
from one svund wave toc the next, the time fluctuations are about 12 nvicro-
scconds, This latter caive can be detected on the scope, but it cannot al-
ways be avoided., Therefore, it ia important that the sound pulses are
strong and have a large signal-tc-noise ratio,
It s difffcult to deterniine the magnitude of the error due to fluctu-~
ations in the sound-pulse amplitude, with respect to the signal. An esti-
mateof this error is between3 and 10 percent of the rms value of the wind,
Whenthe sonic anemometer is not mounted exactly vertical for meas-
uring the vertical wind component, then an error is introduced because a
part of the signalis due to a horizontal wind component. The error s max-
imum whenthe deviation from the vertical orientation is inthe direction of

the mean wind u, Suppose now that the angle of the array with the verti-
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calis B, The turbulent component of the wind in the direction of the

array Vc'i is then: _
- V:i = w'cospP + u!sing (14)
‘ It is not difficult to maintain tanp < 0, 1; besides, in the high frequency
end of the specirum, u' is of the same order as w*, Therefore, in this
range of the spectrum the error in the variance estimates is negligible,
However, in the low frequency range the variance of u' is much laryer
than the variance of w' . The error in the total variance or the rms
value of w! may therefore be considerably larger., According to this
ei1ror, there will be a tendency to overestimate the total variance of w!
by 10 percent under the worst conditions,

A less important error is made because the (ransmitting and re-
ceiving heads are located 1,5 cm from each other and not exactly at the
same place in the acoustic array., (Figure 14,4 illustrates this point,)
Since the sound paths cross, the effective apacing is only «0.75 cm,
- Gerhardt, Crain, and Smiths have made measurements of the tempera-

: ture difference observed between two rapid-responae thermistors as a
function of the distance separating them, According to these meagure-
ments, the error in rms values of the wind and temperature fluctuations
cannot be expected to exceed 2 percent.

A systematic error is made in the calibration because the oscilla-
tor used for thie purpose has an error of the order of 2 percent, which
corresponds to an error in the rms valuea of 4 percent.

Finally, there is an error which is difficult to trace back because

‘“ of fluctuations in the power supply. The signals on the scope are sengi-
tive to changes in the load of the main power supply. Unfortunately,
there are no records of measuremenis of the voltage at the input of the
equipment., It is assumed, however, that the fluctuations in the main
power line are of relatively low frequency and will not affect the vari-
ance spec

The range of the inetrument could be varied {rom 40 microseconds
full scale to an unlimited iong-time scale, In the most sensgitive setting

of the instrument, fluctuations of 2 c:m/sec could be detected.

11




14.2 CIRCUIT DETAILS FOR THE SONIC ANEMOMETER-THERMOMETER

V. E., Suomi, R.,J, Parent, and H, Miller
University of Wisconsin

14.2.1 Introduction

This section presents a numbexr of diagrams whichare self -
explanatory for the reader who is used to electronic circuits. A block
diagram of the aonic anemometer i8 given in Fii, 14.8 which indicates
the main units of the instrument. Thie block diagram is an extension of
Fig. 14.1. The circuit enclused in the lower right daahed box is the
equipment that can be omitted if on'y the sanemometer is desired. The
tizning sequence has been explained in Section 14.1.2 and Fig, 14.2,
Special boxes in the block diagram refer to the diagrams of the circuits.*
The regulated power supply, not shown in the dlagram, is given in Fig,
14,9, In the following subsections, a brief discussion is given of the

main units,

14, 2.2 Transducer, Preamplifier, and Pulse Generator Unit

Two of these units or sound heads are needed to make up one axis
of the acoustic array (see Section 14.1.2). There are two 80-kcps ADP,
45° Z-cut piezoelectric crystale which act as a sound source and as a
raceiver for the opposite channel in each sound head. The preamplifier
for ihe receiving crystal containe 2 voltage amplifier and a cathode fol-
lower amplifier so that the device will operate satisfactorily at the end
of 500 feet of cable, The pulse generator is a thyratron and pulse trans-
former circuit which, when triggered from the main control chassis,
shocks the transmitting ADP crystal into oscillation at its regonant ire-
quency., These »units are shown in Figures 14,10, 14,11, and 14, 12. The

diagram of the circuit is given in Fig, 14. 13,

14, 2.3 Master Multivibrator
This circuit is the main source of timing signals for the whole

¥ In schematic circuit diagrams all resistors are 1/2-watt. 10 percent, ;
unless otherwise specified. K is kilohms; M is megohms. All capaci-
tors in decimals are in microfarads; whole numbers are micromicrofa-
rads.
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Fig. 14,11 Display of sonic anemome-
ter headc and preamplifier

L

Fig, 14.12 Sonic anermnometer preamplifier
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instrument, When the device is used only for wind measurements, the
multivibrator can be free-running at a frequercy which, on the low end,
is determined by the nurnber of wind measuremenig per second that one
wishes to make. The {requency is limited on the upper end by recovery
tie delay and sweep circuite, or by the time it takes the sound
pulse to travel through the array., When the ingtrument is used as a
combination anemometer-thermometer, the master multivibrator must
be operated at a frequency that will permit it to be syncuronized from

the gignal from Rl . Figure 14,14 shows a diagram of this circuit,
14.2.4 Short Time Delay Circuits

Each deiay circuit is a2 one-shot multivibrater variable time delay
unit, One circuit is used to obtain D1 , the wind delay (sece Fig. 14.14),
Arother gimilar circuit but of different time delay is used for what we
have termed a '"noise delay, " or more properly, an interference elimin-
ating delay (see Fig. 14, 16), (The puzrpose of the noise delay is discussed
in Section 14,1.2.) Each of these short time delay circuits must be vari-
able and must have a relative timming stabllity, once set, to better than |

percent of their preset values.
14.2.5 Long Time Delay Circuits

This circuit is used to obtain D3 , the "temperature delay, ' neces-
sary for temperature information, It is not needed if ouly wind measure-
nicnis are desired, The information needed for temperature measure-
ments is the difference of the round-trip time, tl + tz . and the long
delay, D3 » This difference measurement requires a much better timing
atability than is possible from one-shot multivibrators, phantastrons, or
similar time delay circuite, The timing stability required is one part in
ten thousand-~a time eagily obtzined in an oscillator. The circuit used
is a time delay circuit, synchronized by a puleed oscillator, and follow ed
by a ghort delay for fine adjusting of the total delay., The time delay is
varied by changing the time constant of the circuit, This circuit is shown
in Fig, 14,15,
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. 14.2.6 80-kcps Band Pass Amplifiers, Detectors,
and Schmitt Circuits

For the two received sound pulses, two identical channels are re-
- quired., (See Figs, 14.16 and 14.17.) Each channel has a tuned 2-atage
' amplifier followed by a detector and amplifier, The amplified sound
pulse triggere a Schmitt circuit. This action is controlled by the Schmitt
circuit level~-selecting control which determines the point on the sound
pulse at which it triggers,

In the discusgion on the accuracy of the sonic anemometex (Section
14.1.5), the fluctuaticna in the amplitude of the detected sound pulse ap-
neared to be the most important source of error. 1o veduce this error,
a circuit for automatic gain control was designed, This circuit is also

shown in Figs, 14,16 and 14.17. Unioriunately, 3

t wan net yet in apera-

tion during the observations at Q'Neill ir 1956,
Figures 14.18 and 14, 19 are photographs of the wind chassis which
contain the circuita shown in Figs. 14.9, 14,14, 14.16, and 14,17,

nj
i4.2.7 Waveform
The operation of the sonic anemameter-thermometer will be better
* understood by a study of the oscillograms showing waveforms at various

points in the circuit, We begin with the waveform on the plate of the
master mulitivibrator (waveform 1 in Fig. 14, 20). After differentiation,
polarity reversal, and power amplification, a spike (see waveform 2) is
availablie at a low impedance level to trigger 'I’1 at the end of a 500-foot
cable., Meanwhaile, the same signal {(waveform 1) triggers a one-shot de-
lay multivibrator to form the adjustable wind delay, .-'.31, shown in wave-
form 3., The delayed signal is differentiated, polarity reversed, and
power amplified to form another spike (waveform 4) which triggers TZ
at the end of the cable, A study of the timing marks will show that TZ is
fired about 200 microseconds after '1‘1 {one division on the horizontal axis
corresponds te 200 microseconds). Uptothis print, nocircuit operation
dependsonany receivedsound signals, A free-running master multivibra-
tor is satisfactory if only windmeasurements are desired. Before discuss-

ing how the master multivibrator must be synchronized for temperature

21
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signale, it will be helpful to consider the circuitoperationinthereceivers,

Waveforme 5 and 6 are the 80-kcps amplified signals from R1 be-
fore and aiter the detector diode 1N34, The smonoth enveiope signal is

from T1 on the opposite end of the array, The second larger aid more
1
A

uo =izt o = o
VE&T 1A OIS FigN

is"nolae from 'I‘z, located right next to Rl. Waveiorin 5
shows that a small amount of nolse occurs at the same time as the apike
for TZ' This probably representa acoustic coupling through the mount
since the velocity of sound in metals is much higher than that in air,
Most of the ncise, however, occurs a short time later via air coupling,
Transit tims i;l is given by the distance scparating the spike for 'I'1 (wave-
form 2) and the smocth received pulse in waveforms 5 and 6,

Waveforms 7 and 8 are corresnonding signals from receiver 2.
Note that the smooth sound pulses from Rl and Rz in wavefcrms 5 and 7
are separated about the same distance as the wind delay DZ shown in

waveform 3, Actually, the wind information is derived from the differ-

ence in these two times,

The rise times of the detected aound signals, waveforms 6 and 8,
are far too slow for any accurate timing to be accomplished. The rise
time is reduced in each case by amplification in a 6AKS amplifier, one
for each channel, and then fed to a level-eelecting Schimitt circuit. The
level-selecting feature insures that the same portion of the waveform
will be used in zach signal, Since the level-selector circuit is amplitude
sensitive, provision for keyed automatic gain control for receivers land
2, which can be used to hold the amplitude of the received pulses very
nearly constant, can be actuated by & switch,

Wind data presented on a aynchroscope will be avallable if the neg-
ative going portion of the waveform from the Schmitt clrcuit of R1 is
ghaped as shown in waveform 10 and used to trigger the synchroscope
sweep, and the corresponding signal from channel 2 is used to initiate

e

avae

A gated clamp on the grids of the third 6AKS (in Figs. 14.16 and
14. 17 eliminates any difficulty arising from noise rignals if the ncise

signala occur before the desired sound signal. This will always be true

raform 11 for blanking {Z axiz) of the swee

22
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for the received pulse from Tl . since the signal is always sent first,
If the repetition period of the master multivibrator is somewhat longer
than the sonic transit time, it will also be true for the second channel
gsince tne sound is received before any new noise is yenerated, IHowever
for temperature measurement, it is necessary to synchronize T, with

1

the received signal from R The time necessary for the noise trom 'J‘x

1
to die down to a level below that necessary for the level-selecting cir-
cuit of RZ to be able to detect the signal from ']“Z (instead of the noise

from ‘I'l), is considerably longer than D) the wind delay, This diffi-

culty i3 removed by adding an additiunalldelay, called the noise delay,
so both svund pulses can be received before any new siwise i8 generated,
The noise delay circuit is showr at the lower left of Fige, 14.16 and 17.
The noise delay signal i8 shown as waveform 9, Note that the negative-
guing portion of the maater multivibrator {(vaveform 1} is synchronized
- by the end of the noise delay.

Signals from the pulsed oscillator and time delay, which make up

the precision long-time delay, are shown as waveforms 13, 14, and 15,
- Waveform 13 is the output of the pulsed oscillator, Note that it is

gtarted at the same time T, is fired, Waveform 14 showas the shaped

1
pulges that appear will depend on the length of the time delay. Wavelormn
15 is the output of the long delay, which is used to trigger the synchro-

gcope temperature sweep,
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14,3 DATA REDUCTION TECHNIQUE '

J.A, Businger*
University of Wisconsin

14,3,1 Introdaction

A description of the analog data reduction techrnique adopted for
obtaining the variance spectrum of one single-time series '8 given in
Keference 6. his technique has been elaboratedforthe data reduction
of two simultaneous time series. It is now possible to obtain, besidus
the variance spectra, the cross-spectra of two sirnultaneoug time series,
grature chgervationu at the game place,

There areseveralreasons whythe analog data reduction technique
is more attractive than the digital technique in connection with the sonic
anemometer data., Thesc data are available onfilm and can be used im-
mediately with the analog method; whereas, for the digital method, these
data have to he converted to punch cards, Furthermore, the accuracy
of the analog method is easicr to optimize over the entire frequency
range of intereat than is posasible with the digital method, The major
drawback is that the analog computer is lessg reliable than the digital

computer and therefore has to be tested frequently,

14,3.2 The Applied Transformation from Time Series to Spectra

The mathematical formulation of the Fonrier transforms of time
aeries is developed in several publications. For publications discussing
spectra of the turbulence, reference is made to Press and Houbolt, 7
Kabn, 8 and Panofsky and Briev, 9 It is sufficient here to mention only
that the digital method uses the aute-correlation and cross-correlation
functions, which can be formed from the original time series. The spec-
tra are obtained by applying the Foureir cosine transform to the correla-
tion functions, The scheme usually tollowed in this procedure is devel-
oped by Tukey, 10

The analog method applies the Fourier transform immediately to

*Dr, Businger's present affiliation: University of Washington,
Seattle, Washington
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the time series, that is, when fl(t) and fz(t) are two asimultaneous time

series, then
-T

Folw) = / £, (t) e-iwt ar (1)
0
T
F,iw) = fz(t)e-‘iwt dt (2)
Ay

where 'I' is the period of observation. The complex spectrum ig then
$p, 0 +iQ 0w = 1 FleF, ) (3)
12 12 enT | 2

where the circumflex denotes complex conjugate, The real part of the
spectrum is known aa the cospectrum and the imaginary part is known
as the quadrature spectrum. Vo determine the complete cormplex cross -
spectrum, both the cospectrum and quadrature spectrum have to be ob-~
tained. When the tirne series fl(t) and fz(t) are ideniical, there is
only the real part of the spectrum which, in this case, is called the vari-

ance spectrum,

4. 3,3 Description of the Analog Data Reduction

Aps described in Section 14.1,4, the observationtechnique provides
the sonic anemometer data on iilm. Sections of the film containing ob-
servation periods of about 30 minutes were made into belts, These belts
were uged for the data reduction, (The data reductionapparatus is illus-
trated in Figs, 14,21, 14,22, 14.23a and 14, 23b.) The reductiun proce-
dure to be followed depends on what is wantedfrom the available inform-
ation, Having initially two different but related time series, fl(t) and
fz(t) , it I8 of interest to derive the variance spectra @ll(w) and @Zz(w),
the cospectrum !P:'Z(w'), and the quadrature speciruin le{m) of these

time series, Furthermore, it is of interest to ocbtainthetotal variances

1’7 and TZ ard the rovariance f,f, . Tue covariance indicates thecor-

1 2 172 °
relation between the time series, Finally, it is possibletogivethecross-

correlation function Ri?h‘) between fl and fz :
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/ fl(t) fz(t+'t‘)d‘b’ 4)

The cros: corzelation function is related to the cross~spectra by simple
Fourier cosine transforms,
In the following paragraphs, various procedures of data reduction

with the electronic equipment are described,

14,3,3,1 The Film Reader

Before data reduction takes place, it is8 necessary to transtormm the

inforrnation available on the film belts inte electrical currents,  This s
performed by the filin reader, Two film belts containing simultaneous
data are ltaped together so that the splices pasa the photomultipliers at
exactly the same time, This cdan be acnieved by moving one of the pho-
tomultipliers in ttie correct position, By means of a homogenous illumi-
nated background, the photorultipliers (which are looking through a slit
focused on the film) transform the data on the moving belts into electri-
cal signals, (A counstant play-back speed of the filrm was applied; timne
multiplication was 7140 times when the original vbservation speed of the
film was threv inched per minute,) Lhe timme serics or the wind and tem-
perature data are now available as the voltage output of the pholomulti-

plier, The film reader is illustrated in Figs, 14,232 and 14.23b.

14.3.3.2 Procedure to obtain Variance Spectra

"l"o obtain the variance spectirum of, tor example fl , the sipgnal
from the photomultiplier passes first through a filter to eliminate the do
component and then enters a harmonic wave analyzer, This analyzer has
a sharp filter which selects the contribution nf the original signal ta the
specific frequency at which it is tuned, (See Fig. 14,.24.) In other words
it determines the Fourier coelficient at that frequency. By souaring the
output of the wave analyzer with an analog multiplier, the variance atthe
considered frequency is obtained, The output of the multiplier is the in-
put of an integrator which determincs the average value of the variance

over a time interval, long in comparison with the play-back time of the
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film belt, The output of the integrator is recorded. The value of the in-

tegral at the end of the integration period represents the variance spec-
trum estimate, The complete spectrum is obtained by slowly scanning
the entire frequency range of interest with the filter of the harmonicwave
analyzer, The variance spectrum appears, then, on the recorder in
steps according to the appiied integration time, During each integration
sequence the harmonic wave analyzer scans a frequency interval, so the
estimate on the recorder corresponds to the average variance of thatfre-
quency interval. The equivalent filter bandwidtha at the beginning and at
the end of the frequency range arc represented in Fig., 14.25.

The variance spectrum of the second time geries, f, , is obtained
in almost the same way. The only difference is that a dif:"‘erem photomul-
tiplier and a different wave analyzer are used., The filter shapes usedfor
the two harmonic wave analyzers are slightly different {see Section 14,

3.5.4, page 40),

14.3. 3.3 Procedure to obtain Cross-Spectra

For the cross-spectra, the signals f, and f2 arc used simultan-

eously. Signal f is the input of harmonic wave analyzer 2. The output
of the wave analyzers is the input of the multiplier, and the cutput of the
multiplier is the covariance estimate at the frequency band at which the
wave analyzers are tuned. To have the correct phase relations in the out-
puts of the wave analyzers, it is necessary to operate both analyzers with
the same oscillater. This is achieved by disconnecting one of the oscil-
lators and connecting the other to both circuits. The scanning of the fre-
quency range is then performed simultaneously for both wave analyzers
by the connected tuning circuit, From the multiplier on, the procedure
is the same as for the variance spectra (see Section 14,3, 3. 2),

To obtain both the cospect rum and the quadratvure spectrum, the
output of the wave analyzers must either be in phase or 90 degrees cutof
phase,

14.3.3.4 Procedure to obtain Total Variance, Total Co’ ariance.
and Crose-Correlation Function

The total variance of f1 is obtained simply by putting this signal

35

all




PSRRI S+ s S5 T TSR G AT LT M=

directly into the input of the multiplier., The block dlagram Fig. 14, 21)
shows an operational amplifier before the multiplier, This araplilier unit
is merely added to have enough gain when necessary,

The total covariance is obtajined by multiplying fl with fZ ir the
muitiplier, From tiue multiplier on, the procedure is again the same as
for the variance spectra,

In all the described procedures, it is assumed that fl and fz are
played back simultaneously without a shift in time (as i8 mentioned in
Scrtion 14, 3,3.1). By moving now the adjustable photomultiplier with a
constant slow speed out of the zero position, estimates are obtainedof the

cross-corvelation function,

14,3.3.5 Filters for Estimation of Variance at the Low

Freguency End of the Spectrum
Special high-pass filters were built to determine the amount of var-

iance of the siygnals in the range below that where the harmonic wave ana-

lyzer is operated, The total variance is related to the spectrum by the

X0
f,4(0) ﬁ/cbu(w)dm (5)
0

By changing the iower limit of the integral {rom zero to, for example, wy

aquation;

by means of a filter which cuts out all the variance below w, , the total

variance will be reduced by an amount:
w

-~ 1
72000 - £, %)) / b, (0 du (6)
0

This means that the difference between the two variances is the average
variance spectrum estimate over the range from zero to w) . Actually,
the whole variance spectrum could be derived with a series of filters hav-
ing a succeagively increaging cut-off frequency, In our casse, {our
were used to limit the spectrum at 35, 70, 140, and 350 cycles per hour,
respectively. ( The filter shapes are giver in Fig, 14,26.) With these fil-

ters it ig possible to obtain a few variance spectrum estimates independent
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Fig. 14,24 ¥#ilter shapes of the harmonic wave analyzers
of the harmonic wave analyzer and therefore a check of the procedures,

14,3.4 The Calibration

Because the analog computer works with a signal on a relative ba-
sis, all the opetz2iiona must be performed un a well-known signal for
comparison, For this purpose, a film belt with a sine wave was Jrvel-
oped, The amplitude of the wave is measured accurately and {8 com-
pared with the time scale on the film belts obtained with the sonic ane-
morr.eter (see Section 14,.1.4), Knowing the amplitude of the nine wave
in m/-ec or '(;'/sec, the total variance or the rms value can easily
be computed, The total variance of a sine wave occurs at one frequency;
therefore, the varianve specirum of the qine wave is a peak at that fre-
quency. Thus when the harmonic wave analyzers are tuned tu the fre-

quency of the sine wave, they give the total variunce exactly as obtiined

“ ;o s -
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whern squaring the sine wave directly. In equation form:

w + dw T
@11((») dw = A / flz dt 5? (7)
T
dw ~0

W -

when fl represents the sine wave and Qll its variance epectrum,
Using copies of the same sine wave for both signals, it is posaible
1o obtain the calibration for all possible estimates on the chart of the re-

corder,
14.3.5 Technical Details of the Equipment

lfl_. 3,5.1 Light Source

The light source was a 12-volt dc fluorescent bulb operated by 24-
volt batteries. A ballast tube was used to maintain a constant current,
‘T'he surface of the light source was fairly uniformly illuminated, However,
the intensity of the light was not always constant and introduced some prob-

lems.

14,3.5,2 Photomultiplier Unit
Type 6199 photomultiplier was used for transforming the fluctuating

light intensity, obtained by the signal on the filrn, into a fluctuating voltage,
A slit was placed in front of the photomultiplier. This s'it was projected
on the film with a movie camera lerns (Kodak 1.9, 25 mm), A cathode
follower was used i the circult of the photomultiplier ag a preamplifier.
The tube, being very sensitive to magnetic fields, was shielded with high-

mu plates,

14,3,5.3 High-Pass Filters
The high~pass filters were simple double«T filters with a cathode

follower at the input and output (see Fig., 14.27).* The filter character-
isticsa were measured with an oscillator tuned at various frequencies,
{This is given in g, 14,26.) The oscillator replaced the photomultipli-
ers, and the sigral of the oscillator followed the procedure for obtaining
* In schematic circuit diagrams all resistors are 1/2-watt, 10 percent,
unless otherwise apecified, K is kilohme; M is megohms, All capaci-

I
i
|
1{ = tors in decimals are in microfarads; whole numbers are micromicro-
i farads,
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the total variance, The filter shape. therefore, appeared directly on the

recorder chart,

14,3,5,4 Harmonic Wave Analyzers
The wave analyzers used were manufactured by Hewlett Packard

Company; and the use and limitations of this instrument are described by
Staake. 1 The two instruments were ordered simultaneously with the re-
quest that the filters b2 matched as closely aa possible in both shape and
phase characteristics, Fig, 14.24, page 34, illusirates the chape of the
filters as applied for obtaining the spectra, These filters were meapured
with an oscillator in a way similar to that used for the high-pass filters,
Of specigl interest is that the effective filter for the cospectrum is very
nearly the same as the average of the two individual filters of the wave
analyzers, Becauae the signal of the oscillator is perfectly in phasewith
itself, the effective filter for the quadrature spectrum should be zero.
This is indeed espentially the case,

The diagram for the amplifiers and phase shifters added to thewave
analyzers is given in Fig, 14.208,

14,3.5.5 The Remaining Units

The operational amplifiera, maultiplier, and .ntegrators were all

standard Philbrick units, The recorder was a Varian recorder operating

vn 9 millivolts full scale,

14,3.6 Tests
In the previous sections, several tests of details were mentioned.

In addition to these tests, it also wae felt necessary to test the perform-
ance of the equipment as a whole, Therefore two printa of the same film
strip were made and lined up in belts 2a accurately as possible with the
photomultipliers, Next, the complete sequence of spectra was obtained
from these two belts, Because the signals are identical, the require-
ments were that the variance spectra of signals 1 and 2 und the cospec-
trum ke identical and the quadrature spectrum be zero. This checked

out well within the limits of accuracy imposed on the equipment. The com-

plete run and the original signal are displayed in Fig., 14.29 as an example.
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SONIC AMEMOMETER — RECORDING -~ DATA REDUCTION
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14.3.7 Accuracy

Most of the errors inherent in the analog methud are diecuased in
Reference 6, However, because of the additions to the equipment for ob-
taining the cross~spectra, it seema worthwhile to give a complete sum-
mary of all the errors,

There are two types of errors which have to be conaidered, ©One
has a statistical character and comes from finite sampling of obaerva-
tions; the other is introduced by the data reduction technigue,

I'he statistical errur is yuite sma’l in the estimates of the fotal
variance, It depende somewhat on the shape of the spectrurm, When
there is much variancs at the low-frequency end ot the spectrum, the to-
tal varisance may show a sampling error of some size, By filterinj out
this part of the specira, the reat of the tolal variance may he determined
with good accuracy (within 10 percent).

The single variance spectrum estimates obtained with the harmonic
wave analyzer have a considerably larger statistical error, In this case
it is necessary to conslder the filter shape (Fig, 14,24, page 34) and the
scanning speed of the wave analyzers, The effective filter bandwidth is
the combination of the initial filter of the wave analyzer and the scanned
frequency interval, The filter shapes at the beginning and end of the fre-
yuency range are given in Fig., 14,25, From this effective filter bhand-
width, it is possible to estimate the number of degrees of freedon and,
congequently, the mean deviation of the variance spectrum osii.mntes.lo'lz'
These relations are represented in Fig. 11,30, Fortunately the applied
filters for both the variance spectra and the cross-spectra are so closely
the same that the statistical error is practically the same for all the
spectra,

In relation to the effective filter bandwidth, it is iruportant to con-
sider both the speed of scanning and the speed of play-back of the origi-
nal data. The plav-back apeed was 7140 times (see Section 14,.3,3, 1), 80
the entire record of 30-minute length was piayed back about four times

per second, The fastest scanning was at the high-frequency end of the

a
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gpectruom and amounted to about 90 ry:les per hour per integration period :
uf 6 geconds. The effective filter bandwidth of the harmonic wave analyz-
ers wag about 14 cycles per hour (see Fig. 14,24), so it took about-l%xﬁ =
(.93 secunds for the filter to pass one fixed point of the spectrum, %n that
time all the available information had passed almest four iimes; itherefore
the filter had sufficient opportunity to determine the mean ourier coeffi-

vient for e¢ach frequency,
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Fig. 14.30 Degrees of ireedom and accuracy ot the
spectrum estimatces as a function of frequency
The errors introduced by the data reduction technigue are manifold.
However, most of them are so small in comparison toc the statistical errors
that they can be neglected. There are a number of systematic errcrs and

random errors, The systematic errors are introduced by:
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a, The nonuniformity of the light scurce

b, The nonuniformity of the slit ¢nd of the
seusitivity of the photomuliiplier

¢. Nonlinearity in the analog amptifiers
and the anaiog muiiiplier

These errors are comparatively small and can be estimated to be
less than five percent together,

The random errors are introduced by:

a, The splice of the {ilm
b, Variable contrast on the filin

¢, Fluctuations of the 1¥ght source
d.  Drift in the analog multiplier

Thetse errora could be checkod with frequent calibrations with the
sine wave film., It was possible to reproduce the same estirnate withan
error less than five percent.

A special error was introduced in the estimates of the cross-
spectra. The two {ilm strips containing ohgervations could he matched
with each other within about 0,5 m™ or less than 0.5 seconds of thetime
scale. This introduced fluctrations in the phase relations between the
two series of obaervations; 3.5 seconds time shift mmeans a 90° phase
shift for a period of 2 secoads, which corresponds to a frequency of
1800 cph per hour, The estimates of the cross-spectra are therefore
meaningless beyond that irequency. Only the coherence can be esti.
mated with some accuracy,

Except for the cross-spectrum estimates at high frequencicvs, the
errors introduced by the analog data reduction technique are less than

the statistical errors.

14, 3.8 Suggested I nprovements of the Data Reduction Technique
Better éccur&cy of the cross-spectra for high frequencies may be

obtained by modifying the observation technique so that the two simul-

taneous signals are recorded on one film with fixed displacement, The

photomultipliers, once adjusted correctly to the fixed displacement, will
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read accurately the same time on both signals and this will improve the

accuracy of the crosa-spectra,

The constancy of the light sources has to be improved, However,

i
rreet for small fluctuations in the light intensity by

"~
[+

it iz pussible to o«
measuring it with accurate photocells, The photocell reading may re-
place the sine wave calibration procedure after calibiation with the gine
wave, This will save time daring the reduction.

The photomultiplier units are only a-curately adjustable in the ver-
tical, that is, in the respective time scale of the film, Horizontal ad-
justments, which are necessary for the photomultipliers to read thefilms
i the corvect position v-ith respect to the amplitude of the signal, can be
mave only in a crude manner. The possil ility of fine adjustment in the
horizontal will improve the handiing of data.

Complete data reduction of two simultaneous signals can be made
twice as fast by making two separate channels for sach signalall theway
through the recorder. (See Fig. 14.31.) Very little additional equip-
ment is required, Comnparison of Fig. 14,31 with Fig, 14. 21, page 31,
shows that a 20-kcps squaring amplifier, a 20-kcps multiplier, an inte-
grator, and a recorder are added to the equipment., Frorn these urnits,
the 20-kcps amplifier and the integrator arealready available; therefor
only the 20-kcps multiplier and the recorder need to be acquired. As
can be seen from Fig. 14,3], the variance spectra will be obtained on
recorder 1 and the cross-spectra, total variance, covariance, and event-

vally the cross-correlation function will be obtained on recorder 2,

14,3.9 Tabulation of the Data

Of the original observations obtained with the sonic anemometerat
O'Neill, Nebraska in 1956, only a few were good, The temperature ob-
servations especially were often unrealistic; apparently, the sonic ther-
mometer introduced sometimes large unkrown errors. (Fig. 14, 32 isa
layout of rhe location of sonic anemometry during experiments. )

The data which appeared to be most consistent,and therefore very

likely to be cloge to the truth, were reduced and tabulated, These data
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are the lateral wind component at 2, 8, and 16 meters observed 11 Aug-
ust, and the vertical wind component and temperature at 2 meters oh-
served 13 .iugust,

Table 14,1 gives the total variances and covariances of the oh-
served parameies &i variouws cut-off froguencies of the high-pass filters.
The last two columns of the table are obtained {rom heat budget ohserva-
tions which were taken simultaneously with the gsonic anemometer obhsery-
ations.

Table 14,2 is self-explanatory, It is iuteresting to note that the
wind at 2 meters lags behind the wind at the H- and l6-meter levela, 1o
a lesser extent, the vertical wind component lags hehind the temperature,

In Table 14.3, the variance and cross-spectra are given for the ob-
servations summarized in Table 14,1, 'The first column gives the aver-
age frequency to which the spectrum csatimates correspond, The secand
and third (and sometimes the fourth) columns give the variance spectraof
the aimultaneous observations rrade during that run, The remaining col-
umna give the cross-spectra, The variance spectra are characterized
by Ixl, 2x2, and 3x3 as headings which indicate the combinatior of ob-
servations correlated; the cospectra are characterized by 1x2, 1x3, and
Zx3, The quadrature gpectra are characterized by 1x(2-90°%), cte,, in-
dicating the combination of cbservations correlated and the applicd phase
shift. For example: When v at Zm is indicated by 1, and v at B m
by 2, then a positive estimate of the quadrature spectrum indicated by

1%{2-90°) means that for the considered frequency the wind at 2m lags

behind the wind at 8m,

14.3.9.1 Remarks

In Table 14,1, the total variance of v at 8 m appears to be con-

sistently smaller than the variance at 2 m by about a factor of two, ex-
cept during the night run where v at 2, 8, and 16m are of the samce
order of magnitude, There is oniy one ié-ar run ai dayiime which shows
the same order of variance as the 2-m run, There is reason, therefore,

to suspect the calibration of the 8-m run throughout the day. The spectra
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at all three levels show great similavity, The correlation between the
nighttime observations weretoo small to be recorded with any accuracy,

There is only one sirnultaneous observation of vertical wind com-
porent and temperature at the same height. The analysis shows that
there i reamonakle agreement between the L. obtained by heat budget
rormputations and by the sonic anemometer, The value of 0.49 ly/nuin
has to be reduced by 3 percent according to the Bowen ratio correction
(e Mg, 12| in Section 14.1.3),

The yuadrature ampectrum estimates at the 1] August 2220-2250

(ST obaervations were negligible, so these spectra are omitted,
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TABLE 14,1 Sonic Anemomseter Observations at ('Nelil, Nebraska, 1556

Variance for _Heat Budget Obsorvation:
Para- Height High Panss Filters Sensible Heat Evaporstion
” Dmte Time meter inm Unite 35¢cph  70cph  140cph  350-ph L inly/min  E ly/Anin
11 Augus: T3 2 2
1416-T446 vy 2 em/wec” 3060,0 1900,0 990.0 &6, D -0, 130 -0,170
- [l -~
v, 8 . 1530, 980, 500, 300,
v
1Y " 1000, 520, 170, 17,
1525-1350 vlz 2 " 2550, 1480, 900, 410,
2
A 8 " 1200, 730. 440, 200,
T
vlvz " 7%0. 240, 20, 0.
16U2-1632 :'11} 2 " 1800, 150, 660, 380,
‘_,;2 8 " 960, 670, 410, 220,
hakt
12 " 540, 200, 28, 15,
T
vJ 16 " 1640, 1200, 7v0, 400,
b""“’ " o
V1¥s 300. 30, 0. 0.
AL
[ 1636-1706 ) 2 " 2230, 1400, 710, 300.
v
vy 8 " 1130, 820, 490, 250,
—‘ o "
M V2 570. 230, 15, 0.
—“5
2220-2250 v)° 2 " 200, 190, 170, 140. 40,018 40,012
2
A 8 " 280, 260, 240, 220,
_v;z 16 " 270, 0 260, 0 250.0 220, 0
13 Augast -
1227-12587 w 2 " 3550.0 2600,0 1800,0 1000.0 -0, 420; -0, 250
T 2
t 2 *C 0, 80 0.52 0, 305 0.15
T
pr t 2 ly/min 0.49 0,27 0.130 0.03
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TABL.E 14.2 Crons-correlation functions, RIZ = T/ fl(t) fi!(t +1) dT

v

Date: Augll  Augll  Aug 11 Aug il Aug 11 Aug 13
Time: 1416-1446 1520-1550 1602-1632 1636-1706 1636-1706 1227-1257

f1 vat8m vat8m v at 8m vat 8m vatZm wat 2m
~ f2 vatZ2m_ vat2m vatZm vat2m vatlém ¢t at 2m
insec _units  cm?/sec? cmZ/sec? cm?/sec? cmn?/sec? cm?/sec? cm*C/sec]
~30 ~14.6
-44, 0 41.0 340.0
=27 -42,0 0, 73. 360,
0. 65. 145, 400,
-24 22, 1Zu, ZE0, -31.0 380,
139, 130, 320. =15, 460,
=21 182, 153, 390. 31, 480,
250, 230, 470. 17, 480, -. 067
-8 390, 280, 520. 123, 500, -. 060
490, 350, 630, 215, 520, -. 040
-15 610, 435, 685, 310. 550, -.020
750. 520, 740, 400, 550, . 000
-12 880, 610, 80o0. 540, 570, .034
905, 700. 840, 630, 610, .074
-9 1000, 785, 930, 720, 590, . 140
1180, 830, 990. 800, 570, .20
-6 1225, 860, 990, 880. 570. .28
1225, 870, 860, 890, 500, .33
-3 1225, 850, 740, 785. 440, .38
1180. 785, 690, 630, iso, . 40
0 1100, 750, 540, 570. 320, .49
1010, 740, 480, 480, 300, .40
3 890, 700, 390, 430, 270, . 35
80, 620, 290, 510, 220, .26
6 600, 440, 220, 200, 180, .23
470, 350. 160, 123, 160, .18
9 390, 330. 100, 140, 140, . 155
290, 305. 100, 123. 80, 122
12 139, 260, a7, 62. 50, . 081
14, 196. 44. 0. 20, .27
15 -167, 153.0 36, ~15. 0, .020
-2E0, -29, -62, -20, . 007
18 =330, -08, -62. -50, -, 027
~330, -95. -123. -50, -. 027
21 =420, -3117, 0 ~iai. - 100, -.040
-445, -140, 0 - 130, -, 054
24 -460, - 150, -. 054
-470, - 160, 0 -. 067
27 -470, -, 074
-470,
30 ~-445,0
52
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TABLE 14.3 Variance and cross-spectra obtained from sonic
The units are

L
'i
§
!
5
anemometer-thermometer, O'Neill, Nebraska, 1956,
: cm2/sec2/cph for the wind spectra, °C2/cph for the temperature
! spectra, cm °C/sec/cph for the wind-temperature cross-spectra.
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TABLE 14,3,
1416-1448 CST, 11 August 1956

Parametez: v v

Helght gm): 2 8
Channel; 1x1 2x2 1ix2
Average (cph)
Frequency
54 1.4 25,6 37.6
66 31,0 12.2 19.6
79 58,2 5.80 6.02
03 19.3 5.75 5,64
108 29,1 T.25 10,0
124 11.6 4,20 4. 86
142 8,72 2. 14 .363
162 2,63 1.49 . 542
184 3.40 i.12 . 135
208 2.48 . 924 .015
235 3.45 .790 . 392
285 2,17 .303 . 248
206 1.460 . B40 . 045
335 1,16 .582 .004
376 . 970 . 538 L0175
421 1.26 . 303 - .083
47¢ .853 . 235 - .039
523 L8391 .328 - 013
580 .428 . 224 - .0286
A4l . 310 . 283 + ,049
706 . 348 . 146 - .036
775 .232 . 143 - .049
848 .330 . 119 - .088
926 .263 . 105 - .021
1009 .175 . 151 + .019
1097 . 310 070 + .094
1190 .116 . 047 .008
1288 .108 . 065 .010
1391 .085 .053 - ,019
1498 . 097 . 057 - 010
1607 . 097 .042 + ,008
1724 .073 .048 - 009
1842 .069 .034 - . 007
1963 .043 .044
2087 077 .023
2214 .038 .023
2344 .031 L0119
2476 .028 .013
2610 .019 .015
2746 .0117 .011
2884 .019 .009
3024 .013 .017
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TABLE 14, 3 (Cont'd)
1520 1550 LST‘ 11 August1956

Parameter: v \4
Height (m) 8 2
Channel: 1x1 2x2 1x2 2x(1-900°)
Average(cph)
Frequency
54 19,2 42,1 21.4 + 055
66 11,9 41,0 1.5 +3.00
79 8,44 23,2 8,34 +3.14
93 5,50 9. 40 3,92 +3.24
108 4,12 10,2 3. 36 + 3,068
124 2,93 4,34 3.03 +3.60
142 3.58 5. 20 1. 46 +2,.84
162 2,54 4,27 1,37 . 501
104 2,20 3.10 . 390 +2 09
208 1.1U 3.10 . 445 +1,68
235 1.35 2,24 - . 167 + . 360
265 . 042 1,25 - 056 + ,174
298 . 690 . D86 - . 389 + ., 100
335 . 660 L9 L0017 + .273
376 .542 1.09 - L1561 - 076
421 .681 . 066 - . 340 + ,087
470 . 408 . 700 .04 - . 240
523 . 3902 . 496 - . 181 + .038
580 .37 . 200 - ,102 + . 060
841 . 314 . 325 . 009 + . 174
706 . 204 . 360 - . 000 + 114
775 . 220 . 342 . 0086 + .125
848 . 161 . 235 - .0206 + 027
428 . 133 . 265 - .018 - 005
1009 . 102 . 200 - . 044 + 003
1007 079 . 132 - .024 + LGLY
1190 ‘ .08 . 162 - . 014 + 017
12808 . 086 . 107 . 001 + 017
13901 .053 L1156 . 40 - 027
1498 . 051 . 128 - L,016
1607 . 061 . 002
1724 . 041 . 100
1842 . 035 . 096
1963 . 038 . 008
2087 .025 ,061
2214 . 024 .053
2344 . 020 . 060
2476 015 . 048
2610 .013 . 041
2746 . 015 . 035
2384 . 010 . 037
3024 ,009 .026
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TABLE 14, 3 (Cont'd)
1602-1632 CST, 11 August 1956

r—

Parameter: v v
Ileight (m) 8 2
Channel: 1x1 2x2 1x2 ~ 2x(1-90°)

Average (cph)

Freanency
- A NI A,

54 15.10 18. 20 19, 80 -1.380
86 8. 25 12.70 11. 30 + 650
79 6. 20 12.70 8. 50 +2, 890
03 5.50 10, 30 6. 60 +1.700
108 3,44 7.15 3.70 +1. 250
124 3,03 5.56 1. 84 + 490
142 1.65 2. 46 1. 38 + 450
162 1.510 1.90 L9025 + .15
184 . 090 1,97 .745 + 550
208 .825 2,04 . 450 + 225
235 . 850 1.65 .083 +.125
265 1.320 . 053 . 294 - .025
208 .632 .403 . 210 . .003
a35 . 303 . 040 .021 + .053
376 . 371 . 403 . 272 + . 000
421 . 303 .635 .073 + . 041 -
470 . 330 . 254 . 088 + 028
523 . 278 . 365 . 105 - 0086
580 . 256 . 334 - .021 + .040
641 .151 . 266 + .035 + .025
708 .220 L1217 - .016 + .009
i . 103 171 .013 + .008
848 L110 . 151 .014 + .025
026 .123 L1479 - .008 + .043
1009 .083 . 167 .014 + .013
1097 . 083 .138 - .013 + .002
1190 115 079 - .008 + 021
1288 . 069 .095 . .007 - .003
1301 .052 .084 - .005 + .004
1498 .0417 .091 - .005 + .014
1607 .041 .064 + .005 + 017
1724 .023 052 - ,005 + .009
1842 .038 .064 - ,006 - .002
1963 .025 .045 + .001
2087 .020 . 050 . .008
2214 .019 .042 - .002
2344 011 .039 0.000
2476 .011 .031 + .001
2610 .011 .031 . 007
2746 .010 .032
2484 .009 .024 |
3024 .010 .023 -
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TABLE 14,3 {(Cont'd)
~1636-1706 CST 1 Augu_st 1956 N

Paramseter: v \' v

ITeight: Sm) 2 8 18

Channe; ix1 2x2 343 1x2 1x3 1x(2-80°) 1x(3-90°)

Average (cpm

Frequeucy
54 19.6 14,0 11,80  13.0 8.41 0. +6 44
66 17.8 15.4 7.54 14,6 6.58 +1,01 +5,24
79 15.4 12,4 4,200 15,2 1,63 + .482 + ,595
03 9.7 6. 85 4,10 7.63 1,20 + 700 O,
108 7.3 4,28 3.16 4,50 L1778 +1,28  + L9583
124 4,006 3.42 5,23 2,50 - ,950 +1,65 +2,14
14% 4,00 2,91 2,08 L.945 - 484 +1.62 +1 ‘)3
162 3.68 3.46 2.27 1.07 J12T +1,44 +1 W
184 2.79 3. 28 1.18 2,22 L038 +1,06 + 312
200, 2.19 1,57 L1900 1,40 - L0313 +1,16  + 327
235 1.52 1,50 . 835 A0 - L1327 o+ 870 + 208
285 1,32 LOT0 0 1,11 L1758 - ,204 + ,340 + 379
208 1. 20 1. 20 .02 L200 -, 287 + .487 - 221
335 .720 .h82 1.1 104 - ,324 4+ (111 + 004
376 . 658 .411 470 L0019 ,080 + 107 - 003
421 . 542 . 308 L7160 - 106,038 + .059 + ,112
410 . 569 « 540 JI50 - L1000 095 + 080 + ,026
523 . 402 . 445 825 - 091 - ,101 + ,1590 - ,0687
580 , 523 . 304 LB70 - 115 - ,130 + L1356 + 015
641 . 396 . 231 L2738 - ,0006  L,0"0 + ,037 . 010
706 . 278 . 201 .278 - .018 - ,010 - ,011 - ,010
778 . 234 . 214 230 - ,011 045 + ,055
848 . 103 . 175 L134 - ,026 - .013 . 017
026 . 195 L 152 L1286 - ,011 0602 - ,D51

1009 .111 . 115 .13 . 031 ,003 ¢+ ,,011

1097 . 145 .073 L096 - 006 - 127 - ,002

1160 .128 . 065 L1528 - ,016 - ,003 O,

i288 .118 LGA2 6159 003 1382

1391 . 095 . 065 114 ,001 - ,002

1498 . 099 .049 .070 - .006 - .004

1607 .002 .056 L0904

1724 071 ,038 L0173

1842 . 085 . 037 . 060

1963 . 057 .039 , 080

2087 .044 .025 .N62

2214 .038 .020 . 045

2344 .038 .019 . 044

2478 .036 015,038

2610 . 027 017 .033

2748 .030 .010 .028

2884 .025 011 . 030

3024 .022 .010 . 030

57




et i

_2220-3250 CST,

TABLE 14. 3 (Cont'd)

11 August 1958

Paramcter:

v v
Helght sm): 2 8 16
_Cl..anel: 1x1 2x2 3x3 1x2
Average (cph)
F raquency
54 . 5670 . 668 . 5980 . 190
66 . 438 . 527 . 422 .139
79 L+ 335 .413 . 493 177
02 . 278 . 320 . 270 .128
108 . 248 331 .182 .069
124 2210 » 186 .152 .048
142 . 176 . 203 . 168 .082
162 . 217 159 . 161 ,027
184 . 209 122 « 207 -.023
208 1T . 137 135 .063
235 172 . 190 . 180 -.036
266 . 205 . 148 . 150 -.038
208 . 192 . 150 . 088 -.051
335 . 158 .146 . 259 -.030
376 . 184 . 206 . 188 -.028
421 .161 .130 172 -.019
440 . 166 . 065 . 137 - .042
523 .152 . 085 . 153 -.015
580 .173 . 127 .083
641 .138 . 040 .096
708 .116 .102 .123
7758 .086 .083 .079
848 .091 . 081 .076
920 .083 . 046 . 096
1009 .085 . 051 . 084
1007 . 034 053 .081
1100 . 087 .045 .063
1288 . 048 057 . 080
13901 .041 035 .038
1498 .037 032 .048
1607 .043 .040 .034
1724 .035 026 .034
1842 .029 023 .034
1963 .027 019 027
2087 .029 022 .027
2214 .033 023 .023
2344 .019 016 .022
2476 .020 016 .031
2010 .019 G615 .020
2746 ,012 013 .018
2684 .013 015 -014
5024 .012 012 .012
58

(1x3

. 149
. 530
. 233
. 114
.07%
. 045
-.012
-.080
-.015

noo
- « VO

+,023
-,012
-.034
- . 086
-, 079
-,023
-,029
-.032

23




TABLE 14,3 (Cont'd)
1227-1257 C5T, 13 August 1988

e
v——

Parameter: w T
Height (m) 2 2
Channel; ixl 2x2 1x2 2%(1-96°)
Average (cph)
Frequency ; o
54 23, 8 53.8x10° % 26.7x10" 2 1.81x10" 2
66 20,1 45,8 21,1 3.7
79 17,5 37.1 18,1 13.3
93 15,0 35.1 12,8 8. 15
108 12.5 17.9 8.69 2.78
124 9,03 16.1 5.68 1,98
142 11,0 12,6 5.43 1,84
162 7.52 8.60 3.69 2,61
184 8.02 9.7 3.14 1.41
208 5,11 8,40 2.27 .565
235 4,81 5,10 1,87 .B50
265 3.81 5.74 1,03 . 708
208 2.60 8,03 .8176 . 600
235 3.28 3,18 - .453 . D68
378 1,80 2,15 + ,543 . 300
421 1.08 2,08 423 . 283
470 1.80 1,79 .166 .212
523 1,35 2.51 .482 - ,008
580 .820 2,10 - 151 071
641 .701 1. 24 + .1958 . 062
706 L7305 1,04 + ,052 - 097
775 . 602 1,04 - .068 . 054
848 .463 . 700 + ,156 LU42
926 .463 .610 + ,212 - 049
1009 . 378 . 680 - ,083 - .008
1097 . 3178 . 5G0 + ,041 0.
1190 . 276 . 470 . 108 - 026
1288 . 288 . 380 .023 + ,013
1301 . 289 . 310 - ,014 - .039
1498 . 200 . 380 - ,018 - ,031
1607 .182 .210  + ,022 - ,035
1724 .138 . 280 - ,019 - .01
1842 . 138 .170 - 014
1063 . 090 . 170 . 008
2087 .088 .160
2214 .072 . 180
2344 .054 .130
2475 . 050 . 120
2610 .043 . 140
2746 .038 .100
2884 041 . 120
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CHAPTER 15

FAST-RESPONSE METEOROLOGICAL INSTRUMENTATION
USED TO STUDY TURBULENT STRUCTURE
DURING PROJECT PRAIRIE GRASS

H.E. Cramer, ¥,A, Record, and H, C, Vaughan
Massachusetis Institute of Technology

15.1 Introductiop

Investigations of the structure of atmospheric turbulence are prin-
cipally bas:d on selective analyses of mean square amplitudes (power
anectra) and characteristic lengttus {sculeus) nf thefluctaavions In wind
velocity measured at fixed points. Due to the broad gpectrum of eddy
sizes normally present in atmospheric flow, tcchniques that have been
successfully applied in wind-tunnel studies of turbulencesare only of
limited use, Within the past decade, precise methods have been devel-
oped by T’ukeyl4and others for the spectraiaualysis of rardom fluctuations
of the type found in winds of the lower atmosphere, These techniques
utilize the Fourier fransforins of anto-correlation and cross-corcelation
functione obtiined from stationary or guasi-stationary time series, Nu-

merous investigaters have determined power apectra of the velocity of
3,11,12,13

the wind; hewever, except for preliminary studies at Round
Hill?' 9 no measurements of the Eulerian scalos of turbulence appear to

be avaiiabie,

The structure experimenta carried out during Project PrairieGrass
were degigned to provide information on space and time spectra of the or-
thogonal components of wind velocity within the frequency band fromabout
0.5 to 0,01 cycles sec—l. The high-frequency limit i8 imposed by the re-
soluiion time of the instrumentation (about 1 sec) and the low-frequency
limit is dictated by the duration of the sampling interval (20 min}, It was
anticipated that measurements of this type would not only provide urgentiy
needed background information on turbulent structure but would alsc prove

useful in explaining the diffusion patterns observed durirg the aulfur -

61 .

-

e g B Lok R AL o e A




dioxide tracer experiments, ! Fleld instrumentation com»rised five
lightweight bivanes, equipped with heated-thermocouple anemometers,
that were arranged either normal or parallel to the prevailing wind di-
rection; the sensing clements were at a height of 2 m above ground level
and the maximum separ bout 100 m., These
struments were located at the northern edge of the Prairie Grass field
eite just beyond the 800-m arc of the sulfur-dioxide sampling network,
Measurements of total wind speed, azimuth, and elevation ingle at each
of the five positions were relayed via insulated electrical cabiem to high-
speed chart recorders and auxiliary apperatas installed in a apecially-
equipped instrument truck, Observations were obtained for approximately
sixty experiments in which the 20-min sampling interval was centerasd on
the mid-point of the gas relma.:ua.1 Raw data were abstracted from the
chart records at intervales of 1,067 sec and placed on punched cards by
automatic equipment at lowa State College. Data for selectad experi-
wients were subsequently transformed into sequences of wind-velocity
corapouents and subjected to spectral analysis. Detailed accounts of the
data-abstraction and data-processing techniques are available in Chap-
ters 16 and 17 of this report. The purpose of this chapter ia to describe
the meteorological instrumentation and the experimental procedures used
in the field atudies of turbulent structure., (See Fig., 14.31, page 48, for

the location of the field setup of the equipment, )

Y

i5.¢ Description of Fasi-Respunse Meteorological natru
Instrumentation for investigating basic properties of the fluciuations
in wind velocity has been under development for several vears at Round
Hill in connection with empirical studies of low-level atmospheric turbu-
lence and diffusion, Prototypes of the bivanes and heated-thermocouple
anemometexs used in the Prairie Grass sxperiments have been described
previously, 2,4, 8,10 A photograph of one of the field asseinblies is pre-
sented in Fig. 15.1. The vane is constructed of optical lens cleaningtis-
sue cemented to a fine wire framework, The total vane surface area i3

about 300 cmz; and the weight of the tail assembly, includingthethin-wall
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Fig. 15,1 Photograph of bivane and heated-thermocouple anemometer
T mounted on tripod {top), and clase-up of base of bivane showing micro-
torgque potentiometers and other accessory equipment
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alumitvirn shait, is £ grams, Movements of the vane in the plane of the
horizon and in the vertical are transmitted to two Gilannini microtorque
potentiometers mounted in the bage of the instrument (see lower photo~
graph of Fig. 15,1); the azimuth shaft of the bivane ie coupled to one po-
tentiometer by a pair of I:1 precision aluminum gears, Vertical move-
mente of the vane are transmitted by means of a {ine metal chain that
passes aover two identical aluminum pulleys located at the top and bottom,
respectively, of the vertical shaft of the bivane, The second potentiome-
ter i connected to the shaft of the lower pulley by a flexible coupling,
‘I'he bivane is supported on three legs, one of which is 180° from the elec -
trical zero of the potentlometer and serves as a convenient reference for

- P N S N L
sct to the axis of the samnpling array,

orientiag the bivane with res
Sensing elements of the heated-thermocouple anemometers com-
prise thermojunctions made from chromel-F and constantan wires meas -
uring 0,005 cm in diameter; the wires are buit-welded by a spark-diecharge
technique in the field of a low-power hinocular microancope, Thia facilitaies
production of junctions with uniform physical dimensions, 4 condition re -
quisite for the use of a single calibration curve for several probes, The
thermojunctions are incorporated in an electrical circuit first deveioped
by Hastings, 6,7 The probe consists of four copper studs, arranged in a
t-shaped pattern, that support the thexrmocouple wires; two junctions are
heated to a temperatore of about 200°C by a constant-current ac power
supply; the third junction is unheated and assumes ambient air tempera-
iure, Passage of Air over the heated junctions produces a cooling that
results in a reduced therrnal eiectromotive force. The fluctuations in
ambient air temperature are compensated by the output of the unheated
junction which is electrically opposed to the outputs of the heated junctions.
Satisfactory operation of the anemometer probes depends largely on the )
maintenance of a constant heater current, The current to individual probes ’
was monitored by a Weston ac milllammeter (Model No, 433) with a fre- |
quency range from 25 to 500 cycles sec”? and an accuracy of about 0,75
percent, Proper curreat settings were determined by switching the milli-

ammmeter and an equivalent inductance into each power supply;anequivalent o
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du resistance replaced the meter when it was swiiched out of the probo
circuit, This procedurs eliminated the need for cuasidaring the charace
teristics of individual current monitors in determining the proper heater
currents for the varioua probes. As an additional precaution,a Sorcnsen
voltage regulator (Type 100A), capable of maintaining line voltage within
0.5 percent, was placed in the primary of the hester-current supply cir-
cuit, The anemometer probes, as shown iu Fig. 15.1, are mounted on
the azimuth shafte of the bivanes and are thus headed into the wind by the
action of tlie vane, The response of the probes ia essentizlly independent
of the wind direction; the heated thermojunctions are oriented parallel to
the plane of the horizon and are relatively inrenaitive to the angle ot at-
tack of the wind vector, The reaponse in the azimuth plane varies asthe
cosine of the angle between the horizontal wind vectox and the azimuth
heading of the vane {normally a sinall angle).

Wiring diagrams for the bivane and anemometer circuits are pre-
sented in Figs., 15,2 and 15,3, The bivane power supply (Fig. 15.2)com-
prises a conventional dc supply with an output of 150 volts that is fed in-
to two adjustuble~range potentiometers. 'The slevation potentiometer is
adjusted for a tull-scale deflection of 100* and the azimuth potentiometer
for a full-ucale deflection of 200°, The KC networks shown in the center
of the figure provide critical damping and speed up the response of the
chart recorders, Values of the components were selected 10 ensure re-
sonance within the frequency range from about 0.5 to 2 cycles |ec'l for
deflections ot about 16° in azimuth angie, and aboui 8°* in elevation angle
The heated-thermocouple power supply (Fig. 15, 3) uses a 6, 3-volt fila-
ment transformer as the source of ac heater current, The coarse and
fing adjustments are used to set the reference output of the heated thermo-
couples at 13 millivolts which corresponds to a wind speed of 1 m sec .
A bucking voltage of 4 millivolts is introduced to improve the scaling of
wind speed fluctuations, The cutput of the unheated thermojunction is fed
through a Weston dc amplifier (Model No, 1411, Type 1) in series with
a 0-1 milliampere chart recorder, Chart speed of the recorders was set

at 3/4-inch per second.
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Fig. 15.2 Wiring diagrams of bivane power supply (top), RC networks for speed-
ing up response of azimuth and elevation recorders (center), and the bivane mi-
crotorque potentiometers. Encircled numbers indicate electrical connections be-
tween the various components.
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Fig. 15.3 Wiring diagrams for heated-thermocoyple anemometer power
supply (top) and the three thermojunctions (heavy lines in the diagram at
the lowexr left) of the transducer. Encircled numbers indicate electrical
connections beiwecen the various components.
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Fig, 15,4 Calibration curve for heated-thermocouple anemometers based
on wind-tunnel tests at C'Neill, Nebraska during the Summer of 1956,

67




The calibration curve for the heated ~thermcerouple anemamesers
used in the Prairie Grass experiments appears in Fig. 15.4. This curve
ia a cornpoaite based on the results of a series of calibrations obtained
in the wind tunnel at O'Neill, Nebraska, The average scatter of points
about the composite curve varies {rom about 10 percent at both extremes
of the wind speed range to about 5 percent within the 3 to 10 m svs:c-1 in-
terval, The scatter is in part due to uncertainties in determining tunnel
air speeds, particularly at low draft velocities. The absolute calibration
of the heated-thermocouple probes is sennitive to large differences inari-
bient air temperature, The C'Nelll calibration curve shown in Fig. 15,4
ia algnificantly displaced from the calibration curve for Round Hiil; the
latter vefers to an ambient air {emperature of about i8°C which is con-
siderably lower than the 30°C temperature for O'Neill. Numerous oiher
factors, such as, dust collecticr o. the thermojunctions, uncertainties
in the recording appasatus, etc., also contribute to errors in the abso-
lute calibration. In practice, therefore, absclute values of the vvindspeed -
indicated by the probes should be considered only as relative measure-
ments., For example, in statistical tests to determine the homogeneity
of turbulence, it is necessary to work with gustiness ratios or normalized
varjanceg, that is, ratios of the variance of wind speed and the square of
the mean wind speed based on the probe data, If atsolute values of wind
speed are required, the probe data should be nermalized with respect to
the mean wind apeed determined from the 1ccords of a suitable instrument
{conveniional 3-cup anemometer, for example). As shown in Fig. 15.4,
the contraction of the heated-thermocouple calibration curve at high wiqd
speedd rnakes it difficult to resolve wind speeds in excess of 1l m sec™t,
Expansion of this portion of the scale has so far been achieved only at the
expense of ¢liminating important }ow wind speed ranges,

Response characteristics of the bivane and heated-thermocouple
anemometer are presented in Fig. 15,5. Because of the nature of the
senging elements, the response of the bivane is a funcfion of wind speed,
particularly for wind speeds below 5 m uec-l. Except for very iow wind

speeda, the chart recorder is the limiting factor in the speed of response v
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of boththe bivaneandheated-therrano- ™ 1 "7 777 T -
couple anemometer. As inentioned AL Sl e Bk bt PO I S B B
ahove, critical damping of the azi- 9 }— hal ,/' ¥ S Ll s
muth and ertevation movements of the 8 / ./ —1- e
vane is achieved through use of ap-g 7 - /.’_V. . S S
propriate electrical resistances in s e / /

series with the recorder (see Fig, g s .,,.1 Ll ,,,,, |

15, 2);nlso, the response of the re~ E Al g 4 SR W RSN SO
corder is speeded up by an RCnet- . 17‘ . 4::: -:::, N

- AYRE TR OO Y
ABAIONE TER, £ 3. 4wy |

work, Since data from the bivane P SO I DU S -
and heated-thermocouple anemnome 1. . o '""‘I""’j“"

ter are combined in determining

- . -
v ¥ [ 3

vector wind components, it is es-

sential that the characteristic times Friiop of cvour  (seC)

Fig. 15.5 Responee of the bivanc and
heated-thermocouple anemometer to
closely as possible, According to simplesinewaves of varying frequency

of both insiruments be matched 2s

Fig. 15.5, this condition is satiafied for wind spceds in excess of about
3 m sec™!; within this range, both instruments faithfully resclve sinus-
cidal fluctuations with frequencies below 1 to 0.5 cycles secl,
Preparations for the Prairie Grass experiments involved installa-
tion of the recording equipmentand auxiliary apparatus for the fani-response
instrumentation in the interior of the truck shown in Fig. 15, 6a. Power
suppliee for both the bivanes and heated-thermocouple anemometers were
r ebuilt and provisions made for handiing information from six instrunent
assemblies., Data from the sensing elements were relayed tothe junction
box, located on the lower leit side of the truck (oee Fig. 15.6b), by seven-
wire insulated cables, The interior of the truck was fitted with six stand-
ard relay racks, The racks on the left side contained the power supplics
for the heated-thermocouple anemometers and bivanes, Weston induc-
tronic amplifiers for the anemometers, voltage regulater, heater<curren!
monitor, and a master timer for automatic sequencc-operation of all the
equipment (see Figs, 15.6c and 15,7), The racke on the right side of

the truck contained eight Esterline-Angus Jdual recorders ( 0 to lma),
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switches, and other auxiliary apparatus for operation of the reccrders,

(See Fig. 15.6d.) A tie point between the amplifiers, power supplies, and
recorders was provided by a row of terminal strips in the interior of a

6-foot section of square duct mounted behind the relay racks., All of the
wiring from the recorders to the ampli
closed in watertight flexible tubing that passed through the walls and he-

neath the truck floor, A 200-watt, 400-cycie generator, driven by a 0,5
hp electric motor, was mounted on the lower right side of the iruck; 'this
ac source may be used for the ansmmometer heater circuits, [Hlmmination
in the truck interior was provided by two 40-watt fluorescent lamps that

.
were mounted on the truck walla behind the relay racks,
15.3 Experimental Procedures

Ideally, empirical studies of turbulent structure should he made
within a three-dimensional grid, However, it is usua.ily not feasible to
instrurnent this type of sampling network with the requisite density of in-
dividual observing stations. In the Prairie Grass experiments, the five
instrument assemblies available for use were arranged along an axis
either parallel or normal to the prevailing wind direction (south). Thus,
in any single experirment, it was possible to obtain measurements along
either a longitudinal or transverse orientation; no measurements were
carried out along the vertical coordinate, The lateral and lengitudinal
spacingy between the variouas instrument positions are indicated schemati-
cally in Fig. 15,7. Separation distances of 6, 12, 24, and 48 m were
used in all the longitudinal ewxperiments, Similar spacings were used in
appruximately half the transverse experimenta (Kun Nos, 5 through 43);
for the remaining trandverse experiments, the separations were: }, 4,
16, and 64 m. This change in the transverde separation distances was
intended to provide information or the lateral scales of fluctuations in the
vertical velocity con.ponent (which are of very emall magnitudeata height
of 2 m) without sacrificing the maxirnum separation distanze of approxi-

mately 100 vn needed for scale information on the u- and v-components.

14 A
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Insofar a-~ poesible, the orientation of the bivane array wai
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Fig. 15.7 Schematic diagram showing longitudinal and transverse spac-
ings of instrument assemblies during structvre experiments. Dashed
line refers to actual location of transverse array and large open eymbol
shows location of the instrument truck.
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between muccessive cxperiments so that the longitudinal and transverse
observations would be as clusely spaced in tlime as possible, Because of
the possibility that the inatrument truck mmight significantly disrupt the
natural wind flow at Positions 1 and 2 of the longitudinal array (see Fig.
15.7), few longitudinal experimente werc carried out for windse blowing
from south-soutbwest or southwest,

The locationof the longitudinal and tranaverse aves of the sampling
array (Fig, 15,7) with respect to the diffusion network coordinatea, which
were oriented along true North-South, East-West linee, was established
by a careful survey of the field gite prior to the start of the experiments.
Separation distances between4ndividual sampling stationa were measured
with nrecision steel tapes, Orientatiou of the azimuth acales of the bi-
vanes with reapect to the axes of the array was accromplished aw follows:
A small surveyor's transit was mounted on the hase plate of each bivane
tripod and the plate was rotated until the position of the reference leg of
the bivane was exactly (0, 3%) paraliei (lonygitudinal orientation) or nor-
mal (transverse orientation) to the axis of the array, This techniquewas
very satisfactory although on a few occusions during the experiments ad-
justrnents had to be made in the positions of the base plates, The diffu-
sion experiments were usually in pairs with approximately two hours of
separation between successive gas releasen, This scheduling afforded
an opportunity to obtain strurture measurements aloeng both a transverse
and longitudinal orientation with a mininmm time-lapse fntervening, 1o
facilitaie rapid changes in crientation of the hivanes within this i{nterval,
two complete sets of tripods and electrical cables were utilized, These
were left permanently in position, except for the changes in transverse
spacing after Run No. 43, and only the bivanes needed to be moved, Due
to the length of time reyuired to prepare for a structure measuvement
(1 to 2 hr), it was difficult to find a satisfactory method for improvingthe
orientation of the arrays with respect to the mean wind directior observed
during the measurement periods, Experience showe
local mean wind dirvection for the 20-min sampling periods were not suf-

ficiently accurate to warrant the sdditional effort involved in relocating
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ine axes of the arrays, Aleo, the time required for a complete change-
over might well have disrupted the scheduling of the diffusion sexperiments,
The 20-min observation periods were incorporated in the Prairie

Grass fleld programn and were centeredon the midpoint of the gas release

Y

for

2
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§

v
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measurements with the diffusior. experiments and other meteorological
observationa wae facilitated by 3 master electrinal timer located in the
inetrument truck. DBesldes starting and stopping the high~speed chart
recovders for the famt-response instrumentation, the timer 2lso activated
slde-marker pens that placed time marks oa all the charts at 15-sec in-
tervale; controlled the recorders for slow-response meteorological ob-
servations; and placed audlo time aiguials on a telephone line tothe sulfur-
dioxide source that deterrnined the scheduling of the gas release, Figure
15,8 shows the wiring dlagram for the timer, It consistz smsentially of
a l-rpm synchronous wnotor that driveas a gear traing individual gears
are fitted with metal pins that activate microswitches. The 10-position
stepping switch shown at the luwer left of the figure was returned to the
zero position at the conclusion of each 20-min observation period; this -
action reset the master timer so that it was ready for the next experi-

ment,
15.4 Accuracy of the Measurements and Selection of Data for Analysis

With few exceptions, the accuracy of the bivane and keated-thermo-
couple dnemometer measurements is limited by the resolution of the
chart recorders., In mnat cases, the azimuth data are considered accu-
rate to within about 3 ® and the elevation data to within 2°; these estimates
do not hold for mean wind spzeds below 3 m lec-l. In the case of the
anemometer data, it has already becn emphasized that the absolute values
of wind speed are not to be considered reprrsentative. The relative wind
speed data are considered accurate to about 5 percent for the range from
3to 10 m IEC—I; vutzide this range, a larger percentage of uncertainty
npplies., These estimates refer to the data prior to abstraction and pro-

vensing; both of these ¢perations add additional uncertainties, . e
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In selecting data for apectral analvsis, attention was principally
directed to experiments inwhich satisfactory measuremenis were avail-
able for all instrument positions. Careful inspection of the origin: chart
records established the maximum number of experiments that appeared -
to fulfill these conditions. After the data for these experiments had been
abstracted at Iuwa State College, objective tests of the homogeneity of the
data for individual observation periods guided the final election of cases
for spectral analysis. In general, about half the data (30 experiments)
were judged suitable for this program.
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CHAPTER 16
AN ANALOG-DIGITAL AUTOMATIC DATA-PROCESSING MACHINE

R. M, Stewart, Jr,, and G, A, Richardson
Iowa State Collrge

16,1 Introduction

The data-processing equipment ured to reduce the faci-response
wind data obteined by M.I. T. personnel has been described in a recent
pub].i‘:l';i(m.l The purpusa of this chapter ia {0 summarize the more

significant features of the data -processing system; no attempt will be

2~ A 4 - P
maas 80 deseribe the squipmaent or

1>

he circuivry in detail.

16,2 Background
Work wae ctarted in the physics department of lowa State College
during the Summer of 1954 on development of an automatic datu-
processing system which would efficiently handle and process the large
aniount of data necessary to study quantitatively the scale ot turbulence
in the astmospheric boundary layer, Experience gained by the authors
and their associates during Project Great Plaina, and subsequently re-
ported, 2,3 pointed up the magniiude of the tawk involved and the needior
a more carefully integrated experimental program than that which had
gone before.
Ap described in Chapter 15, ithe raw data gathered by M. L. T. con-
sisted of sets of Esterline-Angus paper tape records of elevation angle, e
azirnuth angle, and wind speed measured simultaneously at five instru-
merit locations.
The daia-processing problem was finally resolved into that of pro- ‘
ducing an analog electrical signal from a conventional inked-iine trace
on Esterline-Angus paper, samgpling the analog signal at an appropriate
rata, and producing (2s ouiput) frequency distribution histograms, values
of the ammplitudes of the individual samples, and mean values of the sam-
ples. The output was in digital form with the individuzl amplitude vaiues

%
&
&
h
e
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being punched on IBM punct rrards for further processing by a digital
computer. Thus, the data-processing machine herein desccibed is a hy-
bhrid: partanalog and part digital, The systemincludesas major elements
the inpat section which translates the paper tape recording into an elec-
trical analeg signal, the data-processing section which modifies the sig-
rnal in the required mannexr, and the output section which presents the re-
gultey of the analyses ~f the data in various forms for further use,
16,3 Equipmeaent Description

The complete data-processing apparatus consisis of several parts
which have distinctly different functions; data input section, data proces~
ging nection, two output sectizns, and control sections, Most of the sec-
tions are composed of several smaller units working together, FPower
suvplies furnish electrical power to the various units, Besides these
sections, there are special test facilities and auxlliary units, The ger-
sral ogeration of the various parts of the apparatus are discussed inthe
following paragraphs, aided by block diagrams. T1he hreakdown of the
varions mectiona into the individual units is showninthe tabulation below:

Data Input Section Output Section - B

Tape Reader Moseley Servo Voltmeters
Coleman Digitizers

ujp Proseqsing Section - Rovtifler Readout Uit
Multiplying Potentiometers M 523 Summary Card Punc
Cathode Followers Control Section

Automatic Stop Control

Readout Command Unit

Rezdout Control Unit

Accumulators
Pulge Distributors -
Esterline-Angus Recorders Lard Sequencer
A Card Dater
Fiming Unit
Pulse Divider Test Facilities

Auxiliarics Accumulator Calibrator

““IBM 024 Manual Card Funch Electronic Switch and Sweep Circuit

Cutput Section - A

A bleck diagram of the complete system is shown in Fig, 16, 1.
The diagram shows alternate circuit arrangements for velocity lineari-
zation and for obtaining the mean values of the azimuth and elevation

angles. A photograph of the assembled equipment is shown in Fig. 16.2.
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Extensive use hao been made of plvg-in units invarious circuits of
the machine, In general, these plug-in units are circuite which have spe-
cialized and critical functions to perform. This design philosonhy makes
for ease in routine maintenance and trouble-shooting since the plug-in
units can be replaced by spares in the cvent of ecircuit faiflure,

16, 3.1 Data Input Section - Tape Reader

The input section, referred to here as the Tape Reader, is the cri-
tical secticn of the system since the ability of the data-pirocessing and
output sections to yield a good analysis of the input data depends upon the
electrical analog signal being an accurate representation of the input
data,

The Tape Reader is essentially a transducer which converts an
inked trace on Esterline-Angus recording paper to an analog electrical
signal, The Tape Reader includes a paper transport mechanism, an op-
tical system, a photomultiplier pickup tube, and signal-shaping ampli-
fiers, The dc output voltage is proportional to the position of the trace
as measured from a preselected reference line on the recording paper,
The mechanical arrangement of the Tape Reader is shown in Fig, 16,3,

The paper transport mechanism is a conventional Esterline-Angus
unit driven with a synchronous motor, The optical system consists of an
incandeecent larnp source, an aperture, a 135 mm /4.5 lens, a Wratten
No. 60 fiiter (green), and a revolving front-silvered mirror driven byan
1800~-rpm synchronous motor. The coordinate markings on the paper
record (EA No, 4415-X) are printed with pale~green ink, and red ink
(EA blue-print ink} is used for making the traces, The angle of the mir-
ror, in respect to its axis, is set so that the arc traced by the light spot
on the paper records is the same as that made by the recording pens.
The platen which backs the paper in the transport mechanism is polished

to increase the over=all reflectivity,

e
Tha Tewns
4 RS A ’yc
blue region, As a result, there is not a large difference in the amount

of light reflected frorm the white paper background and the green coordi-

nate markings, The response of the system to red light is very low;and

- o mamn s 2 = e =L L L fa o L - _ . .
6292 photomultiplier tube has iis peak response in the
8
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. the discrimination of the system to any except green light is aided by the
Wratten filter, The photomultiplier tube is fittod with a Muametal shield
| to reduce magnetic noise pickup.
The light apot as it sweeps across a paper record, is reflected

(L3
r
4]
"t
4]
s:.
‘r

i
line or when it sweepa across adjustable black nonreflecting manks at
either edge of the paper. The clectrical output of the phototube is a neg-
ative=going pulse, the duration of which {a the same aa the time required
for the spot oi light to describe an arc once acrous the recerd, A sharp
positive "apike' appears in the pulse when the spot crvssesthe red trace,
since very little of the green lightis reflected from the red ink, A 3-stage
preamplifier, connected to thie anode of the photornultiplier, provides an
output voltage of aApproximately 50 volts peak-to-peak. A clamp circuit
in the output stage acts to compens-te for slightly different path lengths
of the light beam aa the mirror rotates, Figure 16,4 is a block diagram
N of the Tape Reader.
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Fig. 16,4 Block diagram of tape reader

The preamplifier {3 fed into 4 noninverting pulse amplifier to shape
and square the pulse and remove incldental noise which arises as the light

spot aweeps off the edges of the paper, Additional noise arises as a result

* 35




of ponuniformity of the paper surface, The output of the pulse amplificr
triggers a Schmitt trigger-circuit which serves to reuproduce the input
waveiorm at a larger aruplitude than the input, but with faster rise~and-
fall times. The output of the Schmitt trigger is differentiated and the
negative pulses in the resulting wave in turn trigger a flip~flop circuit,
The output of the flip-flop circuit is fed to a saturating pulse amplifier,
The combination of the flip-flop and pulse amplifier producer a pulse
output of constant amplitude and of pulse width proportional to the posi-
tion of the ink trace from the refeience line on the record. This output
is fed to a clamped RC integrator which provides a unidirectional output
{quasi-direct voltage) which is proportional to the width of the output
puises, and nence to the position of the inked trace on ihe Esierliine -
Angus input tape. The proper behavior of the integrator requires that
the capacitors have low dirlectric absorption., Selected Sprague Black
Beauty Telecap capacitors were found to be satisfactory, A cathode
follower output amplifier provides for impedance matching fromn the in- .
tegrator to subsequent circuits,

Two identical photorultiplier and amplifier channels are provided,
orie for each paper record, The dame optical system is used for both,
Either, or both, transport mechanisms maybe operatedat a given time.

Metal fingers, connected to the Automatic Stop Control, ride along
the edge of each paper record. Spots of conductive ink are placed at the
end of each record, A sclector switch inthe Automatic Stop Control pro-
vides for the posaibility of stopping the Tape Reader and all associated
equipment whenever the conductive ink on either of the records passes
under the metal fingers, The stopping function is also under manual

control,

16,3.3 Data-Processing Section

16.3.2.1 Moseley Servo Voltmeters and Multiplying
Potentiometers

The output of the Tape Readers, representing the sampled. elec~
trical analog of the original inked paper tape recourding, may require

additional processing before analysis, The original recording is made

86
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through the use of nonlinear ingtruments, in the casge of the wind speed

records, and it is then desirable to "lincariae” the infoermation before

passing it to the analysis section of the equipment, Also, at timmes, it is

desirable totake components along specified axes or perform other math-
ematical operations on the original information before proceeding with

the analysis. These facilities are provisled by the input Moseley servo

voltmetera and their associated multiplying potentiometers,

The input Moseley servo voltmeters are in effect sclf-baluncing
potentiometers, Theyhavelinecarly-dividedslide-ruletypescales and self-
contained calibration circuita, Their rated accuracy is 0,25 percent of
full scale and their rebalancing time i3 1 second full scale. The serve-
motor of each voltmeter is cuupled through a cahle-pulley mechamsrnty
a shaft which extends through the front panel, The angle of rotation of
the shaft is accurately proportional to the input voltage and to the scale
pointer position, Various types of precision potentiometera may he con-
nected to the phatt, singiy or in tandem, to perform a variety of multi-
plying functions,

The wnanner in which multi-
plying is achieved in shownin Fig,
16.5. The output voltage of the
polentiometer, EZ’ is proportional R E
to the product of the input voltage, I .
E, and f{6), where {{6) describes r e

- + .
resistancye of the po- 1

the cnang< G > e
tentiometer as a function o: the I I
—

angle of rotation., It is assumed

that loading of the potentiometer Fig.16.5 Potentiometer multiplying

output is very slight, E;Cpressed circuvit

mathematically:
r = R {(7) (1)
E, = ;—; E, = E {(8) 2)

Equation (2) illustrates the multiplying property of tuc circuit, A
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specific application involves "linearizing" a velocliy vecord.,  In thas
case, the velocity Information is recorded with a nonlinear transducer
and it is desirable to produce an analog electrical signal modified (lin-
rarized) so that equal voitage incrernents in the output represent eqgual
velocity increments., The analog output voltage of a Tape Reader is con-
nected to the input tevminala of a Moseley servo voltmeter, The shaft of
the voltmeter is connected to a tapped potentiometer, The tapped poten-
tiometes is chosen so that its resistance va, rotation function is approx-
imately that which yiclds an output voltage which is a linearized repie-
rentation of the nonlinear input data. The potentiometer is providedwith
20 tapm in addition to the ¢nd connectionsa, The exact nonlinear {unction
required of the notentiometer is achieved by shunting various sections of
the potentiometer with precirion variable resistors. Then, as the input
voltage %0 the voltmeter varies, it yields a linearized output from the
tapped potentiometer,

Three types of potentiometers are available for use with this equip-
ment; tapped potentiometers described above, linear potentiometers,
and sine-cosine potentiometers. The poesibility of connecting more than
cone potentiometer te a servo-motor shaft, and the possibility of utilizing
the two servo voltmeters and their potentiometers in various circuits,

gives this circuit arrrangement wide {lexibility,

16.3.2.2 Cathode Followers
The Cathode Follower chassis comprises eight independent cathode
follow er circuits, (See Fig. 16.6.} The cathode followers are used as
operational amplifiers oz impedance transformers for connecting signals
to the Accumulators, the Esterline-Angus Recorders, and other equip-
ment, The gain of eacb of the cathode followers is just slightly less than
unity, precisely held at a. fixed value by high amplification in the feedback
lvop and voltage stabilization afforded by a gaseovs voltage-regulator tube,
Wide-band amplifier constructior iechniques are utilized throughout. The
circuits have a linear voltage inpui-output curve for input voltages up to
+40 volts, and for locad resistancen greater than 2000 chms. The input-

output curve is linear for smaller load resistances but the voltage range
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Fag., 1606 Circuit diagram of cathode follower uperational amplifiers

is decreased, A ZERO adjustment is provided to permit the outhut volt-
age to be set at zero for zero-input voltage. A switch is provided for use
with this adjustment, The switch short-circuits the cathode follower in-
put terminals and connects the output toa 5/0, 5-volt voltmeter, This

adjustment has negliginle effect on gain or linearity,

16.3.3 Output Sectinnsg
Two independent output s..ctiocus are built into the systemn. Ouput
Section A includes the Accumulainrs, Distributors, kA Recorde:s, Tim-

ing Unit, and Pul Divider, Signals from either of the Multiplying Po-

tentiometers, or are fed to the Accumu-~

lators which yield information from which the mean ordinate of the recor-

may be computed, The Accurnulators aleo feed signals to the Pul.e Dis-
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tributors which provide histograms of the sampled input data. When re-
quired, the Tape Reader can also drive Esterline-Angus rcecorders to

provide a papertape record of the data either before or after procegs.nyg
by the Muitiplying Potentiomneters. The main function of the Timing Unit

is to provide a clock for the system., The Pulse Divider sets the sample

OQuiput Section B includes the Mosceley Servo Voltmeters with their
associated Coleman Digitizers, Rectifier Readout Units, and the IBM
523 Summary Card Punch, Signals are fed to Section B from the Multi-
plying Potentiometere after processing or directly froen the Tape Read-
erg,  The Snmmary Card Prach produces a punched card recerd of the
sampled data after 1t has gone through the desired processing in the Mul-
tiplying Potentioineters, A given stack of cards may be rerun to accumu-
late additional data. Fourteen of the cighty columns of the IBM cards are
used for identification, dating, sequencing, and similar purposes, The

remainiag columns arc available for other uses,

16,3, 2, 1 Accumulator
The function of the Accumulator (Fig, 16, 7) is to sample the slowly

time-varying analog electrical signal derived by the Tape Reader from

the input tape, to translate the ordinate of the input signal into a burst of
100+k¢ pulves with the number of 100-ke pulses proportional to the ordi-
nate of the sample, to count the total number of pulses in all of thebursts

during the course of a run of data, and to count thetotal number of bursts,

oi saimpies, The totai
gives information from which the mean ordinate may be caloulated., Toe
Accumulator also yields an output to the Distributor which in turn sorts
the 100-ke sample bursats into class intervala on the basis of how many
100-ke pulses each burst contains,

The signal input from the Tape Reader, either directly or after
linearization or other mathematical operation, is fed to one of the input
terminals of the Accumulator phantastron. A irigger signal from the
Pulse Divider is fed to another of the phantastron input terminals, The

circuit is arranged so that the phantastron output pulse width is propor-
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Fig. 16.7 Block diapgram of accumslator

tional to the amplitude of the signal input, The phantastron also serves
to standardize the amplitude and ahape of the cutpat pulae,  Poth the am -
plitude of the trigger pulse and its bins must be carefully controlled
gince hath factors influence the width (run-down time) of the output pulse
of the phantastron,  All of the critical resistors in the phantastron cir-
cuit are of similar low temperature cocfficient material (20 parts per
million per °C) so that temperature variations influence all the resistors
in the same manner,

The output signal of the phantastron feeda the gate circult, andopens
the gate for a time corresponding to the width of the pul=e. A 16G0-ke sig-
nal is admitted 1o the gate for the length of tiine the gatre is opened, thus
the number of 100-kc pulses admitted per sample i8 proportional to the
width of the gate and,in turn, to the amplitude of the aignal inpt, After
amplification, the 100-kc bursts are fed to theee decade sealers and a
mechanical register which count the total nymber of 100-ke pulses, This
total number of pulses corresponds to the summation of the ordinates of
all of the samples, A second output from the gate arnplifier is fed to the

Distributor chassis,
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Fig. 16.8 Block dicgram of pulsc distributor

A separate input from the Puldae Divider, synchronized with the

trigger input, feeds a Samples Register circunt to give the total number

of samples during a data run,

16,3.3.2 Pulse Distributor

The Pulse Distributor (Fig. 16, 8) operates on the samples supplicd
by the Accumulator and ranks each sarmple in one of 26 pussible class in-
tervals, Fach sample is recorded on the appropriate class interval reg-
ister to provide a histogyam for each run ot data. A peparatetotal-coant
register provides a check on the number of samples recorded i the ciass
interval registersd,

‘I'he pulse bursts from the Accumulator are fed into a Schmitt teig-
ger circuit (input No, 1 of Fig. 16, 8) for amplitude and shape standardi-
zation, The pulse bursts are then {ed to both a pulse delay circuit anda
pulae divider circuit. The delay c¢.rcuit forms an output pulse 40 milli-

seconds long with ite starting time delayed by 10 milliseconds to allow
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for counting the 100-kc pulscs in the burst, This output pulse performs
three functions, The trailing edge is used to reset the binary scaler and
the beam-~switching tubes. This reset function is accomplished by shap-
ing the output puls¢s 1n a pulse generator to provide negative pulses,
properly delayed in respect to the original pulse burats, which react the
binary scaler and beam-switching tubes to their "normal" positions, The
leading edge of the output pulse provides a pnise that turns on the regis -
ter gate tubes which connect the beam-switching tubes to the registern,

In this function, the output pulse is fed through a count amplifier and in
turn to all of the gating tubes. The appropriate register is thea operated,

The output pulse ia algo fed directly to a total-count regiater, An elec-

trical reset circuit is alao provided for this total-count register,

The divider circuit permits dividing the number of pulses in a burst
by a fixed amount, The pulae burst is fed into a phantastron divider which
has a fixed divisiun ratio of five (100 ke to 20 kc), It is then passed to o
second phantastron divider which may divide by 2, 3, 4, 5, or 6 which is
under the control of a selector switch, The selector switch also perinits
straight-through operation, bypassing both phantastron dividers. Thus,
the total division may be a factor of 1, 10, 15, 206, 25, or 30, The output
of the divider circuits is fed into a Schmitt trigger circuit for amnlitude
and shape standardizatior and then tc a binary scaier, The binary scaler
operates the beam-switching tubes to cause the count to advance accnrd-
ing to the number of puiees in the bursi, The Z6 ouvipuis of ihe beam-
switching tubes are each connected to a gate circuitand, in turn, to a
register, Only the register, which is connected through the gate tubeand
which is fed from the ON output of &2 beam-switching tube, ie vperated by
the recording pulse, The "width" of each class interval window, in aum-
ber of 100-kc pulses, is determined by the getting of the selector switch,

The beam-switching tubes were selected so that they would work
with each other with the same norninal bias voltages., This selectionwas
particularly needed in using early models of this tube, Later models ap-

pear to have more nearly the same characteristics,
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16,3.3,3 Estexline-Angue Recorders

The recorders used for making duplicate taps records or records
of processed data are conventional Leterline~-Angue A, W, Graphic twin
flusl instruments equipped with ]-milliampere full-acale elements. A
60-cps voliage, adjusiable in amplitude, is introduced in series withthe
gignal to the current element, This 60-cps voltage is used as a '"jittex"
or “keep-alive' voltage to break the static friction of the pen point with
the paper, The amount of jitter is adjusted to yield about one and one-

half times normal line width.

16.3,3.4 Timing Unit

The Timing Unit establishes a time reference for the Accumulator
and r#gnciated equipment. A 100-kc crystal oacillator (Fig. 16.9)drives
a Schmitt trigger circuit for pulse shaping and amplitude standardizatinn,
The Schmitc circuit has two outputs, One output drives & dual cathode
follower with two output terminals. Each cathode follower output signal
ie used as a clock input for an Accumulater, The second Schmitt cir- .
¢nit output drives a series of four cascaded 10:1 phantastron dividers
yielding an output of 10 cps, This 10-cps signal is then fed through the
Pulse Divider where {t may again be divided. It ia then returned to the
Timing Unit. One path takes the signal through an amplifier and dual
cathode followera, The two output signals of these cathode followersbe-
come trigger signals for the Accumulators, A second signal path is to
another cathode follower which furnishes a signal to the samples regis-

ter driver on the Accumulator chassis.

16.3,3.5 Pulse Divider

The Pulse Divider accepts 10.cps pulses from the Timing Unit
and, after scaling the pulse rate down by an adjustable ratio, furnishes
trigger and sample register signals to the Accumulators by way of the
Timing Unit and delivers a signal to the Readout Command Unit.

The input pulses to the Pulse Divider drive a Schmitt trigger cir-
cuit for pulse standardization,as seen in Fig, 16,10, The output pulses

are then fed to a group of two decimal-scalers and three binary-scalers
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which may be switched 1in various camhinations to provide acaling ratios
of 1, 10, 20, 40, 80, 100, 200, 400, and 8008, A maaual RELLE T button
19 provided to return the scalers to their zero positions hefore the start
of rach run, The outpui pulses of the acalers ave fed tu a pulse-inverting
amplifier., One output of this amplifier passea signals to a cathode fol-
iower, the output of which is used as the trigyer signal for the Accumu-
lators, A second output of the pulse-inverting amplifier drives a univi-
hrator which is used as a pulse-stretcher. The output of the univibrator
goes through a cathode follower, the output of which is used as a driving
signal for the Accumulator sample registec drivers and for the Readout
Command Unit, A relay in the inpat circuit of the Pulse Divider, ahead
of the Schmitt triggexr circuit, keeps the seriecy input capacitor charged
tn prevent false counts during operation of the equipment, These false
counts can otherwise arise as a result of capaciter charging and dis =
charging pulscs,

16.3.3,6 Servo Voltmeters M3 and M4

The output Moseley servo voltmters M3 and M4 (in Fig. 16.1, page
81) are the same as the two used in connection with the multiplying poten-
tivmeters except that Colesman Digitizers and their associated eynipment

replace the cable-pulley mechanisms.

16.3.3.7 Coleman Digitizers*

The Coleman Dipitizer is an elcctromechanical means of converting
an analog shaft position into a discrete electrical contact setting. It is
mechanically coupled to a Moseley servo voltmeter, The Digitizerx 10 pro-
vided with three decade switches, geared together to provide a read-out
signal of three-place accuracy. A dual brush systemn and interconnected
relays are utilized on each decade switch to ingnre that the correct num-

ber will be read out during each sample period, The dual brush system
* The Digitizer is manufactured by the Coleman Engineering Company,
Inc., 6040 Jefferson Blvd., Los Anygeles 16, Calif. The basic unit in-
cludes decade switches, brushes, brush-lifting solenoids, relay Kl, arc
suppression diodes, 47-ohm resistor, and connection plugs, The addi-
tional relays, diodes, resistors, etc,, are assembled on a chasais along
with the Digitizer by F.IL. Moseley Co., Pasadena, Calif.
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prevenis misreading whichwould occur in a single-brushsystem inwhich
there was a possibility of the brush being open-circuited between con-
tacts, or of the brush bridging twn contacts,

Once the brush-gzlection action has occurred, the contacts on the
Units switchare connected through assoviated relay contacts to the Units
column and the appropriate Emitter on the 1B Suramary Card Purch,
Similar connecticns are madeon the Tens and Hundreds decade sawitches,

The Digitizer is equipped with bruash-lifting eol enoids which 1ift the
hrushes except during the read-out period, thus preventing excessive
wear on the sliding contacta, The brush-lifting solenvids are under the
control of the Keadout Control Unit, The Digitizers may be nsed for
"eontinuoua' veadour with the brush-lifting sclaueide inoperative, How-
ever, this mode of operation reduces contact life and increases driving
torque requirementis.

Modes are incorporated in the circuit for avc suppression and to
prevent interaction betwesn power sources for the Digitizer relays and

tourcem for the IBM Surmmmary Card Punch,

16.3,3.8 Rectifier Readout Unit

The Rectifier Readout UUnit permits the IBM power supply to ener-
gize the punch magnets in corics with the Digitizer brushes and contacte
when the brueh-retracting solenoids are de-encrgized for readout, The
contacts for each decade are connected to the IBM ernitter leads, The
dual brushes for each decade are connected to the yroper JIBM column,
and brugh-selection for each decade is indepenacntly relay-controlled,
Power for operation of these brush selection relays is provided by inter-
nal rectifiers. Blocking diodes on th: emitter lead connections prevent
the internal relay power from interfering with IPM operation: diodes on
the relay connections prevent 1I68M ~»wer from inte:fering with relay
operation, *

“®natruction and Operating Supplement for Moseley Rectifier Readout
Unit and Moscley Readout Contrel Unit for IBM Readout with Model 200
Voltineter," F,L. Moseley Co., Pasadena, Calif, 7This reference dis.-
playe circuit diagrarns and has a more complete description of the oper-
ation of this wnit,
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16.3.3.9 IBM 527 Summary Card Punch
Output Section B of the equipment operates into the IBM 523 Sum-

mary Card Punch, 7Th« Card Punch is & standard unit to which has been

attached a 10-column error detector andan offset stacker, The 10-column
error detector operates to detect any cards which are in error because
of missed or multiple punches in a coluinn, Any of ten columns may be
selected by plug-hoard connections before a run. These "error" cards
are offset in the stacking process so that they may be withdrawn from
tue deck and the appropriate correction made, The offset stacker allows
the equipment to continue to operate during a data run without shut-down
resulting when an error is detected,

‘The Summary Card Punch is under the direct control of the Read-
out Control Unit. Auxiliary units which feed information to the Summary
Card Punch or (ake inforrnation from it to periorra control operations are

the Rectifier Readout Units, Card Dater, and Card Sequencer.

16.3.4 Ccntrol Sections

16.3.4.1 Automatic 5top Control

The Automatic Stop Control (Fig. 16,.11) permits selective stop-
ping control of the four paper trangport drive motors and also provides
relay power for the control relays of the Card Sequencer and the Pulse
Divider; relay power for control relays in the Accumulators is supplied
on an operational basie. Starting is azcomplished by a local or a remote
push~-buiton switch which closes a power control relay. One or both of
the reader drive motors miay be started in this rnanner. A manuat
switch is also provided for stopping the motors connected to the power
control relay,

The automatic stop control function is accomplished by current
flow through two fingers which ride along the »dge of the paper tape in
each of the reader channcio, A small spot of conductive ink is applied
aleng the edge of the paper at the appropriate distance {rom the end of
the record. When ihe apot moves under the fingers, the power conirol

relay is opened and all the drive moters and other equipment connected
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to the power control relay are de-energized, A selector switch allows
. control to be exercised by the paper tape on Channel 1, Channel 2, or by

whichever tape reaches the conductive stop first,

16.3.4.2 Readout Command Unit

The Readout Command Unit ia the coapling unit between the elec-
trical pulees of the main part of the system and the relay operation
required for actuating varioas circuits of the IBEM Summary Punch, In-
put pulses from the pulse divider are fed to a Walkirt M19R83 univibrator
circalt {Fig. 16.12). The univibrator serves as 1 pulse-stretcher to
yield 2 pulse long enough to subsequently nperate a relay, The ocutput
of the univibrator is fed through an amplifier to a relay, The contacts
of the relay close a circuit to the Readout Control Unit, A DISABLE
switch reinoves dc power from the amplifier so as to prevent operation
of the relay, Normally-open terminals of a MANUAL PUNCH push -
button switch are in parallel with the relay contacts to provide for man-

ual closure of the circuit to the Readout Contrcl Unit,
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16.3.4.3 Readout Control Unit*

The Readout Contral Unit (Fig., 16,13) operates upon signal from
the Readout Gommand Unit or by cloging the Manual Readont switch, The
readout signal causes relay operation which (a) mutes the Mosgeley volt-
mecers by shorting one phase of their drive motors, (b) passcs a Start
Punch signal to the IBM Summary Punch, (c) turns off the pilot lamp, and
() de-energizes the Digitizer brush-retracting solernoids permitting the
prushes to 1 \ake contact, Upon completion of the punching zycle, the IBM
unit returns a Reading Complete gignal which rescts the Readout Control
Unit to its ready-to-read condition, A series capacitor in the readout
¢ircuit prevents the IRM unit from recycling until another readout signal
is received, A manual RESIT button 1s provided which aigo returns the

Readout Control Unit to its ready-to-read condition,

16,3,4.4 Card Sequencer

The Card Sequencer operates with the IBM Summary Card Punch
to place sequential numbers on the IBM cards, A3 each card is punched,
contacts in the Card Punch close and, in turn, cause rotary solenoids in
the Card Sequencer to advance one position, A MANUAL ADVANCE but-
ton is also provided on the Card Sequencer panel, The action of the Card
Sequencer is stopped at the end of a run of data by the Automatic Stup
Control, A RESET bution is provided which eperates appropriate relays
to cavse the rotary solepoid contacts to return to their zero positions At

the beginning of cach run.

16.3.4.5 Card Dater

The Card Dater serves the purpose of punching "fixed” information

on the"IBM cards, This information includes the number of the month,
the day of the month, the year ('ast numeral only), the run number, and
the position number of the ingtrument from which tte original record was
made, Selector switches on the dater causc the required "fixed" informa-
tion to be punched in all IBM cards associated with the analysis of a parti-

cular run of data. Each selector switch hae an OFF position for usc¢ when

% Manufactured by F.L. Moseley Co., Pasadena, Calif,
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a got of cards are Tun through two or mare timmes for accumulating vari-

ous dato associated with a particular experimental run,

16,3.5 Test Facilities

16,3.5,1 Accumalator Calibrator

The Accurnulator Calibrator has two functions: (a) to furnigh stand-
ard voltages for calibrating the counts pevr sample of the Accumulator,
and (b) to provide a means of adjusting and checking the nonlinear poten-

tiometer ased in the data lincarization function,

in Fig. 16.14,

A block diagram is given
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Fig. 16,14 Block diagram of accumulator calibrator unit

The arcumulator calibration funciion is controlled by a 3-way tog -
gle pwitch, Inthe OPEKATE or center poaition, the input signal is con-
nected directly through 1o the cathode follower input tethe Accumualator,
In the CAL (30 VOI.TS) position, the gswitch removes the input and in-
serts 30 volts de, This voltage is derived from a 250-volt regulated dc
supply across which is connected low temperature coefficient voltage -
A

divider resistors, 10K, S-turn, potentiometer provides for precise

adjustment of the voltage. The Accumulator is adjusted for 500 counts
per sample, In the GROUND position, the input signal is disconnecied
and the cathode follower input is grounded, The Accumulator is adjusted
to 50 counta per sample, Two identical calibration circuits are provided

for each of the two acculnulators.,
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The section of the calibration panel agaociated with the nonlinear
potentiometer has three functions: {a} OPERATE, (b) VOLTAGE COM-
PARISON, and (¢) BRIDGE, 7These functions are aelected by a 3-pasition
rotary switch, A multiposition gelector switch permits selection of any
of fifteen points along the variable resistor string that shunts the poten-
tivmeter, At the same time, this switch connects to the appropriate
point along a standard reference resistance voltage divider, In the OP-
ERATE position, the tapped potentiometer with its shuits and the refer-
ence regigtor string are connected in parallel, and a voltage of 30 volts
is conuected acromss the parellel combination, The voltae comparison

and bridge circuits are inactivated,
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AR coinneaction, approximaicly 30 voiia
18 applied acrosgs the parallel combination of the tapped potentiometr
with its ahunta and the standard resigtance string. A 25-0-25 icro-
ampere meter ig connected between comparable resiatance points on the
tapped potentiormneter with its shunting resistors and the standard resist-
ance string, A meter gtunat is provided to minimize damage to the mi-
croammeter if the shunts on the potentiometer are improperly adjusted
or 1{ the cable connections are disconnected, In uce, the Selector switeh
moves the metering circuit from one posgitzon to the next, 1he VOLTAGE,
COMPA KISON ciruuit is unaed as a quick check on the adjustment of the
tapped potentiometer shunt adjustments,

In the BRIDGE connection, the tapped potentiometer with its shunts
and the standard resistance string are connected as the edjacent arms of
a conventional Wheatstone bridge, The 25-0-25 microammeter gerves
as a balance detector, The selector switch compares the resistance of
sections of the tappeG potero meter with its shunis to the standard re-
gistance Atring, Tow source voliage i3 increased in steps asg more re-
gistance is added to the two arms of the bridge by the selector switch in
order to maintain approximately the same sensitivity of the detector mi-
croammeter,

A switch on the back of the panel is provided an that in the QFIF

position the reference string of resistors is disconnected from the
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remainder of the circuit, Thig permists the adjustment of theae reais-
tors with an external bridge.

16.3.%,2 Electronic Switch and Sweep Circuits

The Electronic Switch and Sweep Circuits (Fig, 16.15), {foliowed

rey

by a cathode~ray nacillagraph, are uged for monitoring the waveform o
the input signale to the Tape Readers after the signals ha- passed
through the phctomultipliers and preamplifiers. A selector switch is
provided so that the waveforms of other circuits of the tape readers may
also he monitered, The Flectroric Switch and the Sweep Circuits are

syunchronized to the line frequency (60 cps), as is the mirror drive motor

A |
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in the Tape Keader,

Fig. 16.15 Block diagram of electronic switch and sweep circuits

The 60~cps input signal is fed to a phase shifter to permit compen-
sation for phase lagms in the tape reading system and to allow for some
horizontal adjustment of the trace on the face of the viewing tube, A
PHASE STEP control i# provided which makes it possible to place the
sweep in step with the fonr-pole motor driving the mirror. The output
of the phase shifter is fed to a Schmitt trigger which yields a 60-cps
g squara-wave oviput, Thia cutput drives both the electronic switch and

the s ecp portions of the circuit,
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The electronic switch is essentially a gatedamplifier which alter-
nately vields an output from each of two input channels. Gain controls
are provided for each input, A POSITION control is provided so that the
two inputs can be separated in a vertical sense on the cathode-ray tube
screen, The output of the gatedamplifier drives a cathode follower which
in turn is connected to the vertical input terminals of a cathode-ray os-
cillogranh,

The sweep gection utilizes a phantastron sweep circuit, Adjust-
mients are provided for irigger level, ampluuade, and frequency, The

output is fed to the horizontal terminals of the cathode-ray oacillograph,

16,3, 6 Auxilinries

The IBM 024 Mianual Card Punch is a standard manual key punch
and is used to correct cards with missed punches or to remake double-
punched or damaged cards, With the use of a program card, it is pos-
sible to duplicate entire cards or any portion of 2 card and to manually

punch any portion of a card,
16,4 Discussion of Errors in Equinment

16,4, 1 Faper Transport

The Esterline-Angus paper transport mechanism which drives the
paper record in the Tape Reader is subject to sorne lateral position un-
certainty, This lateral shift results both frorn end-play in the drive
roller-bearing assembly and the shift of the paper record with reapect
to the drive roller, The shilt of the paper record is ingignificant for
virgin paper, but after the paper has been run through a recorder and
then past the Tape Reader head a few times the drive holes are enlarged
until there i8 a possibility of lateral shift. The lateral shift of the drive
roller and paper record is caused primarily by unequal stretching of the
paper and varies in an nnpredictable manner along the length of the re-
cord, The shifting is not random in nature, but it is erratic. The me-
chanical action causing the lateral shifte would generally cause both the
drive roller and the paper to move in the same direction and their com-

bined effects in producing an error would be additive, The error caused
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by both of these lateral shifts ie less than 2 6.5 percent of full i cale,

16.4.2 Reader Unit
The Reader Ynit may have errors resulting from misalignment of

the rotating mirror assembly, from iraccuraciesg iu fuil-scale calibra-

g width of the inked :

-

Tad

"

wdnn nf tho vandaw
19 11 I the reaqer

PO 14 .

from imperfect action of the clamped RO integrater, and fromn nonline-
arities in the electronic circuits, The maximurn error {rum these

cangres 18 * 0,25 percoent of full seale,

16.4.3 Muoseley Seivo Voltmeters

The manufacturert!s atated aceuracy of these units is = (0, b per-

vent of full scale,

16.4.4 Attenuators
Attenuators are required for some operations belween the Tape
Keader and the input Moscley sexvo voltmicters to permit full-scale cali-
briation of the equipment, ‘['he attenuators are relatively low-precision .
petentioncoterd,  To keep the resolution highk, a low resistance unit is
ordinarily uscd in serivs with a higher resistance potentiometer and
veraier adjustments are made with the aid of 2 Moaeley voltmeter anrd,
since resolution i not a mignificunt factor, the error associated with
the attenuators Is resentially that of the Mcseley voltrneters or £ 0,25

prreent of full scale,

16,4,5 Tinearizing Potentiomsters .
The resistance va.  otation function of the linearizing potentome-

ters is adjusted so that the combination of the nonlinear velocily trans-

ducer, Moseley servo voltineter, and the linearizing potentiometer pro-

diuces a lincar relation between velocity on the input record and voltage

on the output of the linearizing potentiometer, As is typical of any nen-

linear device, a simple statement of the error introduced by the device

g not foaeible, Sorne of the fuctars which, in thia case, contribute to

HEE - LA 13

pE

errorg arc : inaccuracieg in matching curved functions by segmental

approximatiois, inaccuracies in linear interpolation procedures, cali-

bration crrors and tempervature effects, Other factors, contributory in N
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nature and thus not directly chargeable to the linearizing potentiometers

but which nevertheless must be considered in relation to the potentiome-
- ter errors, are as follows: the effects of lateral motion of the paper re-
cord, variations in inked line width and other imperfections in the inked
trace, and inaccuracies in the calibration of the velocity transducers
witn which the original record is made,

The calibration of the velocity transducers 18 furnished as a group
of points showing the actual velocity nnd the corresponding detlection on
the paper recard,  The calibration represoents the best average ot five
trangducers, hitermediate points ave derived hy linear interpolation,
The change of glepe ol the valibration curve ig gradual enough, and the

PRy IS o
i

YR -t n s *
Calisraaviiri giviii [RE 4N

s that there ia very little
ror in the linear interpolation procedure,. In fact, the points may be in-
terpolated vith greater precision than that inherent in the calibration
itself, Ths tapped linvarizing potentiosneter has 20 taps plus the end
terminals with positions for 22 resistory, including the "offset! resistor
hetw een the lower end terminal of the potentiorneter and ground, It is
necessary to uge only 15 separate resistors to match the reyuds ed non-
linesr curve, i result of near linearity in certain regions of the curve,
The adjustment of the resistors to the required nonlinear variation can
be done with excellent precision, There is little vrror resulting from
the gtraight line resistance change betweeun tap points,

The "offeet! voltage is the voltage introduced to expand the input

' signal variations on the paper tape, which occupy apprax.mately 90 per-
cent of the record, to tull-scale variations in the output circuits, The
gize of this e¢rror ie discusecd along with other errnreg of a lateral trans-
lational nature,

The crrors resulting from calibration appear in two ways, repre-
senting two separate steps in the calibration procadures: (a) errora in
adjusting the resistors to their correct values, and (b) errors in adjuast-
ing the "offset" voltage,

The value of each reegigtor in the comparison string is adjusted

with a precision bridge. The resistances of the sections of the nonlinear
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potentiometer are then adjusted by comparison to the comparison string
of resistors by means of a bridge circult, The "offset" resistor is ad-
justed firat, then the (irat section of the nonlinear potentiometer, and so
on, The eircuit is such that the resistors which have previously been
adjuated are part of the total registance, Thiz techniyuc avei
tive errors which would result if each section of the lincarizing potentio-
meter was adjusted separately, The error in resistance adjusiment is
erstimated to be not greater than % 0, 15 percent,

All of the critical resistors associated with the linearizing poten-
tiomeier and the cnoraparigon string are made of the same typce of Jow
temperature coefficient resistance wire (20 parts per million per *C).
Thus, changes of resistance resulting from temperature variations have
a very slight effect in prodocing errors.

Severzl of the rernaining potential sources of error may be grouped
together in terms of their effect, These are lateral movement of the pa-
pex transport, lateral movement of the paper record with rzspect to its
transport mechanismn, varying width of the inked trace, certain types of
smudges and srnears on the paper tape, and improper adjustment of the
"offset" voltage. All of these may be resolved as having substantially
the same effect, equivalent to uncertainty in the amplitude of the input
trace, Becauvse of the nonlinearities, the error introduced is quite dif-
ferent for the same value of lateral translation when it occurs at differ-
ent amplitudes of velocity, For example, assume a lateral translation
of the record of 0,5 percent of full scale (one-fourth of a division on the
paper tape), If this translation occurs at 11 m/sec, the error introduced
is about * 2.1 percent of full scale. If it occurs at 5 m/sec, the error
is abont 1.7 percent of full scale, If the 0,5-percent translation oc-
curs at 1 m/sec, the error is only about % 0.75 percent of full acale.,
Thus, the error decreases for velocitics less than the full-scale value,
This behavior is in diatinct contraat with the uanal errore in linear ayg-
tems which incrzase as the ampiitude of the variation of the input quan-
tity decreases, It is thie difference in behavior that makes the contri-

bution of the nonlinear device to thke total error of the aystem difficult to
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express,
‘The graph in Fig, 14,16 and the tabulatad values in Table 16,1

Wl

show how the measured output voltage from the lintarizing potentiometer
conforms to the computed valucs, The data show "oth positive and nega-
tive differences, The maximum difference 18 2, 14 percent of full scale,
which represents a velozity uncertainty of approximately 3 percent. The
data on which the graph and table are based were taken after careful cali-
bration of the two Moseley servo veltmeters involved in the mersure-
mente, adjustrnent of the resistance of the linearizing potentiorneter, and
careful setting of the supply voltages. The data fucludens the * 0,25 per-
cent poasible error of the Mouseley servo voltmetera, which wuould make
only a slight contribution to the maximum total error, It is {elt that the
data gives a reasonable guide to the magnitude of error to be expectedin

proceasing velocity information through the linearizing potentiometers.,

16.4.6- Cothode Followers
The Cathode Followers exhibit extrerely linear characteristics,
and nonlinearities produce an insignificant amount of error. There is
some drift associated with the circuit, primarily caused by power sup-
. ply variations which are essentially random in nature. The maximum

error resulting from the drift is 2 0.5 percent of full scale.

16,4,7 Accumulators
The function of the Accumulators is to cunvert samples of the am-
plitude of the alowly varying input signal into bursts of 100-kc pulses
: such that the number of 100-kc pulses is proportional to the amplitude
d of the sample., The circuvits are arranged so that the Accurnulators may
be calibrated for 50 counts per sample for zexo input voltage and 500
counts per sample for full-scale input voltage. Since a given input volt-
age sample may reqguire a fractional 100.-kc pulse in addition to an inte-

gral number, there is an estimated pogaibility of error from this cause

ad a1

R O

lse per huret, This error ia significant only if the total number

!

of pulsés in a burat is at the edge of a class interval window in the Pulse

Distributor, that is, 25 or 26, 50 or 51, etc., 100-kc pulses for a
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TABLE 16,1 Conformance of lincarizing potentiometers

Velocity Output Voltage
(m/aec) ~_(Percent of full scale)
A Calculated Measured Difference
I < TR
To B h() ) }.U J‘u_ ]
11,000 99,94 YH, M3 1.15
4,019 81.97 84.11 -2.14
7,548 GR. 59 64, 81 0,22
h, 382 57.99 57. 64 0. 35 J
5, 444 49, 46 4k, 97 0,49 |
4, 684 42.55 42.31 0,24 J
4,013, 16,62 36,10 0.5¢ l
3. H8L6 32,57 30,50 2,07 |
3,151 28, 61 26, BG 1.75
2.796 A5, 48 24.01 1.37
. 484 22,54 21,01 1.53
2.172 19,70 18,47 1.23
1,932 17.52 16,90 0.62
1.781 16,15 15.32 0,83
1,629 14,78 14.11 0.67
1,478 13,41 12,97 0. 44
1, 326 12,04 11,58 0,46
1,175 10,67 1o, 2.1 .46
1,024 2. 30 8,90 0.40
0,958 8,70 6. 61 0.09
0.909 8. 26 8.16 0.10

divigsion ratio of 25, Under this condition, the absence or excess of a
pulse can cause the bursat to be recorded in the wrong class interval, For
other values of pulses per burst, the final class interval is not affected,
A second error resgulting from this vncertainty of one pulse is in the total
100-kc pulse count, This i8 not a significant error. There is a slight
drift or uncertainty in the width of the gate, Nonlinearities do not con-
tribute appreciably to the errors. The maximum error in each sample
of the Accumulators is estimated to be not greater than + 0.3 percent

of full scale,
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16,4, 8 Pulse Distributors

The Fulse Distributors include pulse divider, scaling, register,
and ssrociated circuits, Once these circults are adjusted to perform
their functions there is no error inherent in their action., Inmproper ad
Justment of these circuite will cause mishchavicr catastrophic in nature
which {s reacdily apparent to the operator, The error in the Pulse Dis-

tributors, with proper circult adjustment, is zero,

16.4.9 Digitizers
The Coleman Digitizers, with their dual brush arrangement, are

not suhject to error in the ‘fens and Hundreds decades even with some

gearing backlash, There is a possibility of sorue uncertainty in the Units
dacade wlting {rom bac
The error arisingfromthis cause is estimated to be not grearer than £ 1

contact position on the Units decade. A pessible source of systematic

error is in misorientation of the Digitizer suaft in respect to the Moseley

serve voltmeter, The error from this cause is negligible since adjust- . 9
ments can readily be made and with precision. Tae total error contri-

buted by the digitizers is sensibly that due to uncertainty of the Unita de- .

cade, or not greater than = 0,1 percent of {ull scale,

16,4,10 IBM Type 523 Summary Card Punch

The Summary Card Funch is not subject to errors except those
caused by maltunctioning v r misadjustment of the equipment, Thesc types
of erroras are ordinarily evident to the operator and wmust be corrected be-
fore proceeding with the uae of the punch, The errore arising during nor-

mal operation are zero,

16,4.11 Other Errors

As ia common with most equipment composed of manv parta, some
of which require critical adjustments, there are occasional errors unpre-
dictable in nature and essentially random in character. These errors do
not lend themseives to any numerical specifications, They are, however,
extremely small in value., An occasional error is causzd by a break or

light spot in the inked recr.d. The result is that a full-acale reading is
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j . indicated, This type of error is usually detectedby the operators because
of the rapid acceleration of the Moseley voltmeter as it drives toward the
full-scale value and back again to the value of the next correct sample of

. the record. Malfunctioning of various units of the equipment cause an oc-

casional missed or erroneous punch. Cards with missed punches are

gsorted out by the error detector attachment and the missed punches are
supplied. The proc:dure used for correcting error cards is discussed

. later. Erroneous punches resultingfrom causes other than those already
discussed in respect to individual units are zstimated to be very few,

Therefore, no effort is made to estimate their contribution to the total

. expected error since the contribution should be insignificant,

16.4.12 Errors in Mean Value and Linearizing Procedures
Typical operations with the equipment include those of producing

data after linearizing the velocity records and producing data from the

azimuth and elevation angle records. In all cases the mean values, dis

! " tribution of amplitudes of samples (histograms), and punched-card re-
3.’ 1 cords are of interest. Tables 16.2 and 16.3 show the major items of
f esquirment involved in all of these operations. Not shown in the tables

- q are auxilizry equipment not entering into error estimates. The maxi-

mum error estimate for each o the operations is computed on the basis
of the square root of the sum of the squares of the individual cortributiuns,
except that the error introduced by the linearizing potentiometer is not

included in the maximurn error figures.

16.4.13 Correction of Error Cards

As discussed previously, the "error'" cards are sorted out by the
' x error detector atta.hmer: c:rrected, and then returned to their proper
place in a group of carde. I.the case of doubly-punched columns, the
correct values are de*. radned by inspection of the cards immediately
preceding and following the error card. A new card, carryiag the cor-
rect ‘nformation, is then prepared. In the case of missed punches, the
missing information is supplied by linear interpolation, again by refer-

ence to the values on the bracketing cards. This interpciation procedure

*
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TABLE 16,2 erors in v°locitv Mneanzmg operauon

S sy S g et s N S

Major Eguinpment Involved ana Maximum Estimated Errors

Mean Values

Paper Transport
Tape Reader
Attenaator
Moseley Volimeter
Linearizing Pot.
(.athode Follower
Accumulator

*}/_ax Lrror +0) HR"/;-

Histograms

Papei Transport
Tape Reader
Attencator
Moseley Voltmeter
I.inearizing Put,
(Cathode Follower
Accumulator

Pulse Distributor

*Maw, error = +ﬂ

*MNot i:m uding lmea rizing potentiometer error,

TABIL.E l6 3

RA,

See text,

*\Aav

Punching IBM Carda

Faper Tranaport
Tape Reader
Attenuator

Moseley Voltmeter
Linearizing Pot,
Coleman Digitizer
523 Punch

FETOes in a.(.ixnuth and tlevahuu anglt- pr()(_edurt-s

Major Eyuipmert Involved and Maxirum kstimated Errors

Mean Va]&g&

Paper Transport
Tape Reader
Attenriator
Cathode Follower
Accumulatorx

Max, error = 30, 85%

Histograms

Paper Transport
l'ape Reader
Atienuator
Cathode Follower
Accumulator
Fulee Distributor
error

Max.

= %0, 85% i
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Punching 1BM Cards

Paper Transport
Tape Reader
Attenuator
Moseley Voltmeter
Coleman Digitizer
543 Punch

Max errur*:l.() 70
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is applied to misaing punches in the Hundreds and Teus coluinns only, 1f

a2 missed punch occurs in the Units colunwm, it is supplied as a "five"
since the units data vary so rapidly that interpolation procedures are in-
applicable, Atso, the data in this column repregent the least significant

figure,

16,5 Conclusions

The success of any data-processing systern must be meaaunred by
its performance both in case of operation and long-term reliability and
avceracy, The use of the previously deacrilied plug-in circuit clements
aud gpecial calibrating circuits and techniques made the problem setups

and operation quite simpive, Special blank forms have been prepared and

h

are uged by the operator o ingure the recording of ail scaie faciora and
roachine constants pertinent to the problem at hand,

The long-term rcliability of the system can best be measured in
terms of actual problem-running time againet unscheduled dowa-time,
In over 2000 hours of problem operation there were less thap 100 hours
of unacheduled down~time, A large share of the unscheduled down-time
can he charged to the digitizer punch card output section, The contacts
of the digitizer became worn with use giving rise to missed punches on
the carda, {The use of the misasing-punch detector and off -set stacker
in the IBM Summary Punch permitted the detection and later correction
of the carda in error without stopping a problem run.) Another cause
for unscheduled down-time is the occasional jayrmed card in the feed
ranechanism of the punch-card equipment, In this case the run is lost and
must be started over because the original tiine sequence cannot be easily
re-egtablished at an arbitrary part of a ru=,

In establishing a measure of accaracy for the data-processing sya-

tem, one must in general assaess the errore for a particular type of prob
lem. However, there are certain general characteristics that can be
diecussed without reference to any particular problem,

In the linear portions of this system, the errors are evpressed as
a fractional part of the full-scale range of each element, The optimum

use of the system would dictate full-scale use of all the elements making
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up the sysiern do as tominimizethe relative error;but, urfortunately, the
optimuwm condition is not always met in practice. This data-processing
fnystern i8 deeigned to operate on the analog voltage bage determined by
ihe full -acal e output of the Tape Reader, and the systewm is internally
counsistent with this design parameter, If it is necessary to procegs ve«
cords with a much restricted dynamic range, the relative errors of the
analysis can becone large,

There is a fundamental limitation in this data-processing systern -,
with respect to the type of multiplier ard accumulator which are used,
The servo multiplier as used in thisg systesn is hasically a one-quadrant
multiplier, which ia guite consistent with the requirements of the accu- .
mulator. (A one-yuadrant rmultipiicr means that only positive quantitics
may be used in the multiplication process. ) An artifice may be used to
goet four-rquadrant action and still maintain the proper input for the accu-
mulator, However, the artifice is usad at the expense of accuracy., A
positive numnber may be added to each of the variablee entering into the
multiplication process aso that the transformed variables are now always
pusitive, At the conclusion of the multiplication, the countribution to the
product which has been made by the additive constants may be subtracted. .
As can be scen, a large error can be introduced if the product of the origi-
nal variables is small and is obtained as the difference of two numbers of
nearly the same magnitude,

The primary onjective throughout the design of this system has been

£0OY -
COlt "

AL e
peTation tleast

4
)

to obtain eiemenis and modes of o
sigtent with the accuracy of the data to be prozesscd. Many of the cle-
ments of the system are yuite conventional as well as the techniques which
join the individual elements into the data-processing system. However,
those elements which are a little different, and have a potentially wider

application, have been treated in greater detail elsewhere,
V£ L A o ie
1LU.,0U D ppTliviia

The previous discussions in this report of the various circuits and

their behaviors are based primarily on block diagrams of the circuits
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and, except 1o tew  ages, Little attention has been paid to the details of

the electyonic elreeitry. Cne of the units, the Tape Reader, Las enough

nniyue aspects to warrant o mmorce detailed description of its circuitry,
The Tape Reader circuits are separated into two subunits,  The . .

photomultiplier head, an integral part of the reader head, includes the

photopmltiplicr tube and & preamplifier, A sccond chasais includes pulse

and gignal shaping circuits, a clamped RCintegrator, and a cathode fol -

Tower putpmt araplitier, .
The cirenit diagram of the photomultiplier head in the Reader is

shown in Pig., 1601/, 'T'he outpnt sipnal of the photomultiplier tube is a

negntlve-going pmlse, the duration of which corresponds to the time ree

judred for the light spot to deacribe ity are acroas the Esterline~-Angus

record,  Superimposed on this negative-going pulse is a positive "apike"

which oceurs when the light spot crosses the red ink line on the record.

Three tiowe factors arc important in this waveform and must be pre-

served for vae {u circuits which follow the Reader: starting time of the

negative-going pulse, starting time of the positive "spike, " and total du-

rauiion of the uegative-woing pulse. The output signal of the photornulti-

plier tube ig then amplified by a cathode follower-grounded grid ampli- .

fier after which it s fed to an adjustable clarap ¢ircult, The primary

function of the clamp circuit is to compensate {or slightly different total

pitth length of the light beam as the mirror rotates and for inhomogenei-

ttes in tue paper, both or wvhich would vause variations in the negative

pulse amplitude, The action of the clamp is tec force ihe pulse amplitude ¢

to be substantially constant cxcept during the time the "apike" is super-

imposcd an the pulse,
Block and circult diagrams of the lTape Reader chagsis, as distin-

guished from the preamplifier, are geen in Figs, 16,18 and 16,19, The

signal from the preamplificr ig fed to a grounded grid-cathode follower

pulse amplifier to shape and square the pulse and remove incidental

noise, The output triggers a Schmitt eircuit which serves to regroduce

the input waveform at a larger ampiitude, bLut with faster rise~and-fall

tirnes, The Schmitt trigger output is differertiated and the negative
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puises in the resulting wave trigger a flip-flop circuit, 24 second output
from the Schrnitt trigger is fed to a univibrator with 4 delay iime of ap-
pioximately 15 milliscconds, or siightly longer than the time reygnired
for the spot of light to cross the paper record. The oulput of the univi-
brator is differentiated and fed to the flip~flop. In normal operation the
Schmitt trigger output will cause the flip-flopn circuit to change atate at
the baginning of the pulse and again at a time corrcaponding to the arri-
val of the "splke.!" The univibrator circuit 18 used {0 insure that the
flip-fiop returns to its normal ~tate before the next main pulse axrives
from the Schrnitt trigger, The nnivihrator hae no effect if the flip=-flap
has returned to its normal statc as a regult of the action of the Schmitt

trigger. The output siynal of the flip-flop circult is connected to 4 pulse

amplifier, The pulse amplifier conaists of a catbode follower input atage

followed by an unbiaged grounded-cathode stage, The second stage acts
to clip the wave whenever it tries to go above zero volts and thercfore
the pulse arnplifier acts as u satusating amplifier, The signal from the
flip-flop is of sufficient amplitude to drive the pulse amplifier from well
beyond cut-off to well into saturation, The output of the pulse amplificr
is a pulse nf conatant amplitude and of pulse width proportional to the
poeition of the ink trace from the reference line of the record, or, in
electrical terms, of pulse width corrcaponding to the period of time be-
tween the beginning of the ovtput pulse from the photomultip!ier and the
appearance of the spike, ‘fhe pulse amplifier fecds Into a clamped RC
multi-section RC filter and
fills in between successive pulses. The time constant i such there is
practically no tendency to flatten the peaks or raise the valleys, The
clamp circuit on the input to the RC {ilter sets the dc level of the out-
put and is usually adjusted to give a zero-~cutput voltage for a zero de-

flection of the Esterlinc-Angus irace,
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CHAPTER 17
REDUCTION AND SPECTRAL ANALYSES OF M,1.T, BIVANE*DATA

Duane A. Haugen
Geophysics Research Directorate

i A e S R ol S T

17.1 Introduction

The purpose of this chapter is to describe the computations per-
formed on the Massachusetts Institute of Technology bivane data and to

i present the results of the computations, As discussed in Chapter 15,

W s P v Bt e RO ity B

the bivane data consisted of 20-minute recordings of wind speed, azimuth

and elevation angles on Esterline-Angus tapes., These tapes were sent to

Iowa State College where the data were converted to digital form and en-
tered on IBM punch cards with the equipment described in Chapter 18,
. The cards were then sent to the Geophysics Research Directorate for

analysis on high-speed computers.

PR © XNy SRS T S

The computational effort began during the Spring of 1957 and was

compl=ted in the Fall of 1958. During that tiine, results of the computa-
tions were sent to three universities** under contract to GRD. The vari-
ous studies that have been carried out at these universities and at GRD
with these data to date are not reported on here. Briefly, l.owever, these
studies include analyses of characteristic features of edd, wind variance
spectra (Penn State); studies of features of the scale of turbulence in an
Eulerian frame of reference (M,1, T., Iowa State); relationships between +

Lagrangian and Eulerian descriptions of turbulence (Penn State. GRD).
17.2 Computational Procedure

The basic data on the IBM cards consist of one observation per

* For brevity, the data from the bivane heated-thermocouple instrumenta-
tion system described in Chap, 15 will be referred to here simply as bi-
vane data. =
**xJowa State College, Ames, Iowa; Massachusetts Institute of Technology, -,

* Cambridge, Mass.; The Pennsylvania State University, University Park,
Pennsylvania,
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angle, and wind speed, respectively, Let us define a set as tne number
of cards or vhservations for a 20 -minute record at one anemometer site,
A set contains roughly 1130 cards, although this number varies from run
to run,

The chzervational interyal for thege hasi

oh Vit ata is approximately
one second, As indicated in Chapter 15, the tape rate on the Eaterline.
Angus recorders was 0,75 in/gec, The tapes were fed through the equip-
ment at Iowa State College at a rate of 12 in/min and sampled every four
seconds. ‘Thus, the ebservational interval or sampling rate for these
data is given by

Lt o= ig = 1,066,,, seconds (1)

The¢ number of cards per set for a run exactly 20 mimates long is thue
1125, but the length of the runs varies slightly from run to run,
The wind fluctuation data were computed from each card by means

of the following equations:

A zimuth, Ai = 80.0 + 0, Z.Qi (degrees) (2)
Elevation, Ei = =50,0 +0.,1 Ei (degre:s) (3)
Speed, Vi = 0,011 Vs (m/8es) {(4)

where a, (‘i , and v, arec quantities punched on the IBM cards. The

i
constants in Kgs., (2) - (4) are the calibration constants furnished by Dr,

Stewart of lowe State College, Each paraneter, o, £, and V., dsa
threv-digit number with a range given roughly by
160 . a,, €., 7, 999

As discussed in Chapter 16, the accuracy of these numbers is somewhat
difficult to determine. By a visual examination of the Esterline-Angue
tapes, however, it appears reasovnable to question the reliability of only
the third digit of these parameters. This digit is determined wiihin
roughly * 5 units; the extreme error is apparently only % 1 unit in the
tens column., The effect of these inaccuracies on the computational re-

gults will be discussed in Section 17, 3,
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17.2.1 Eddy Winds
The eddy winds were computed as deviations from a vector mean
wind defined for each set such that the sum of each eddy wind component

ie identically zero. The direction of the vector mean wind is given by:

E* = tan-) {%1 3 (6)

. c R ein
P Vi cos (I.i E % sin Ai
(7

> L L W
ya Vi cos (lui P,)l:olﬁ\i

i=
where E* is the elevation angle measured from a horizontal plane and
A* is the azimuth angle measurad from true North, The individual wind

speed fluctuations along the mean direction are given by

Ui = Vi cos (Ei - E*) cos (Ai - A% (8)

whence the magnitude of the vector mean wind,

1Y
U= ‘) v, (9)

1 3

The eddy wind components are defined as deviations along the mean
wind dircction, u, across the mean wind direction in the "horizontal"

plane, i and perpendicular to the ""horizontal’ plane, Wt

u, = U, -0 (10)
i i

v, ® Vi cos (Ei - E*) 8in (A, - A %) {11)

\ = i - E%

v Vi gin (Ei E *) (12)

Equationsa (2) through {12) were programmed {or the IBM 704 atthe

127

U,




General Electric Company, iynn, Masgsachusetts, The output of the pro-
grar includes values of E*, A% 1, 7, v, and w for each set, The eddy
wind cumpouents were stored on tape for the spectral computations and
also punched on IBM cards to form a permanent r rcord,

In addition to the above, the standarddeviat.on of the azimuthangle

was computed through the expression

\N %
£ :

m{A) = 0,2 ]‘q /. al. T 13)

®
It should be mentioned that the values of u, v, and w were listed

for each wet only to permit a check of round-off error inthe computations,

. . L T 4
I 09 CasT Uid wie [y

17, 2,2 Variance Spectra

Variance gpectra for each eddy wind component werethen computed
on the IBM 704, The method of analysis used was that of the Fourier
transform of the auto-covariancs, A corprehensive discussion of spec-
tral analysis of a finite record of discrete observations has been recently
published by Blackman and Tukey, 1 The computational formulaecusedarc
merely listed here for sake of ready reference,

Suppose we have a get of N obsorvations of X, where 1 i+ N,

The auto-covariance, is given by

N- K

v
=
&

R —
K

RK‘
_1
N -

=N

=1 %%+ (0K =M)

whers K is the lag number and M is the maximum lag number used,

The raw spectral deusity estimates {sometsmes referredtoas unsmoothed

line spectral estimates) are computed by

r M-1 |
i

i l

(R, + Ry + £ nKI

=]
?;u—l
=
Nln-
-

K=1
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M-1
2 } 1 n | ~ K
= ' - TKEn {1 p o pMe
L il [ R, + Ry ] g Rg oo BB n=-)
Le (16)
{
M-1 ]
131 My 1 (%R,
Ly = M]Z [Ry + (M Ryg) + ) K! (17)

These spectral deneity estimates have the dimension of variance

per unit frequency interval, Af, given by

AN = 1 cycles/sec (18}
2 MAt
where /At is ‘he observational interval, The estimates are enter -d at

frequencics, {n , given by

- fn = .,__,f‘,_ - cyl/sec; (1 =in==M) (19)
2 M /At
The highest frequency possible with observatiomal data is called the Ny-

quist frequency, f . For aigital data, f_ is given by 1
Y Y 2/t

It is customary to amooth the raw spectral estimmates obtained by
the cosine transform method in an attempt tc counterbalance the effect of
the spectral window introdnced by a finite record, The smoothing pro-
cess, defined as "hamming, ul was used in these computations, This re-

sults in "refined spectral estimates, " Un , given by

U = 0,541 +0.46L (20)
o o 1
- 2 . ~n ‘< M-
Un 0,23 Ln-l + 0,54 Ln + 0,23 Ln + 17 (] = n-<=M-1) (21)
UM = 0,46 LM-l + 0,54 LM (22)
£

The value ¢f M used throughout the sjaciral compuiaiiong was 60,
The results of Equations (14) through (17) and (20) through (22) were

listed for each eddy wind component in the sets of observations, In
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addition, the standard deviation, 6 , of the particular eddy wind compe-

nent was listed; thie ig casily computed as the square root of RO .

17.2.3 Cross-Spectra

The computations leading to cross-spectral estimates foliowed the
sarnc general scheme outlined for the vaiiance spectroal estimates, Sup-
puse wo have two scetas of ubscervations, X, and v where 1- 1 N,

Crogs-correlation functions are defined as

N-K
4 1 , . 2
"k - ZT”-K)i/zl | Yivk Y ek Y l"(’ KM (23)
N-K
\~
Sk v FT(N-K) i/zj l N YisK T ek Vi I (0 K- M) (24)

The raw cogpectral estimates are defined by the cosine transform

of Eq. (23): .

& M-1
c = L1 gt gty > st (25)
o M| 2 o M K=1 K '
r M- 1
L2 00 fst, oty D gt .
¢ =513 [so v =)st e £ Sk cos 'rri(dn D (26)
(l‘-h('-kl - 1)
]
[ M-1
C_1J1_15+ Mc.%*\ K o+ 7
»'“Mlz So ¢ YT St g, GV Sk (27)
j

The raw guadrature - apectral estimates are given by the sine transform
of By, {24):

Q =0 i28)
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M-1
0 = 2 > sl; sin FEI o (1x_ n== M- 1) (29)
21 M i{'z‘l M
0, = O (30)

The estimates are then smoothed by "hamming'":

UG, = 0.54C +0.46 C, (31)
UC, = 0.23C | +0.54C +0.23C 5 (l=n= M-1) (32)
UC = 0.46C) 1 +6.54C,, (33)
vo, = UQ, = 0 (34)

uQ = 0.23Q

1

] +0.54Q +0.23Q (1 n:i M-1) (35)

The value of M used cor the cross-spectrial computations was 60,
The results of Ega, (23) through (35) were listed for each of the ten pairs
of sets of an eddy wind component that were possible with the five ane-
mometers in operation during the experiments., In general, the cross-
spectral computations were made only between similar components; for
example, u-component at anemoemeter No, ] with u-component at ane-
mometer No. 2, and so on, No cross-spectra hetw een different compo-

nents at either single or different anemomeaters were computed. In the

like componente between two anemometers,

It was apparent at the beginning of the effort that funds would not
permit computation of all possgible cross-spectra. Furthermore, it was
felt that cross-spectra for the w-component would probably be of poorer
quality than the u or v cross-spectra in the sense that a relatively high
rercentage of the turbulent energy for the w-component occurs at fre-
quencies higher than the Nyquist frequency for the bivane ubservations
(approximately 1 cycte/2 sec). Computation of w cross-spectra was thus

made for only four experiments. It was subsequently decidec that further
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computations of w crose-spectra would not be made.

Only a few u and v cross-spectra ware computed for experiments
with thie anemometer line oriented perpendicular to the mean wind direc-
tion. 'These cross-spectral computations were exclucded during the first
part of the effcrt to ensure gufficient funds for cross-apectral computa-
tions for all ezperimente with the anemometer line criented parallel to

the mean wind direction.

17. 2.4 Supplementary Computations
Since the croes-spectral data were Jimited to selected wind compo-
nents and experiments, these data were supplemented by computation of
cross-correlation or space correlation coefficients for the components
This oo

1uia THTTT

of all experiments not having .ross~spectrai daia.
efficient 18 defined by

Rix) = 4=1 P 19 . pq=1,23,45 (36)
N Gtuy) Glsg) Pt

where x is che separation distance between anemometers p and g,
N is the total sumber of observations, and ¢ is the standard deviation,

For the purpose of this report, further computations were made
from the correlation functions defined by Eqs, {14), (23), and (24). It
will be noted that these functions are not in the most suitable form for
studies of the structure of turbulence by means of correlation coefficients.
First of all, the functions are not normalized, that is, divided by the prop-
er standard deviations, Second, the SP: ‘s and S!E 's need to be added
or subtracted to yield cross-correlation functions with the eddy compo-
nent at one anemometer lagged in time from the eddy component at another
anemometer., Accordingly, the correlation coefficient data presented here
for a given wind component are defined by

N-K

|

. ;YK (37)

Rl = §ok

[
I

l
|

62(u)
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T;,: (up, uy) = !SPZ (up, ugy) - S}\’. (up, uq{!//ﬁ(up) clag) (38)
TK: (up, uq) = lsé (up, ug) + SE; iup, uq)]/S(up) G(uq) (39)

where the terms have all been previously defined, Assuming a 1aean wind
direction of 180° , the TI: ‘s are lagged {in time) downwind for parallel
orientations of the anemometer line, and lagged to the eaat for tranaverse
orientations, The TK? 's are lagged upwind for longitudinal orientations,
to the west for transverse orientations, It ahould be noted that for X = 0
(no lag in time), Fqs. (36). (38), and (39) are identical,

There are two remaining types of statistics that bave been computed
for each set of bivane data; namely, Reynolds' stress termsand gustiness
ratios, The former are tabulated as covariances {iv, uw, and vw) and
correlation coefficients (R\c = "“"8—(';—) , etc,), Custineas ratliou are de-

xy = 6(u)
fined as the ratio of the standard deviation of an eddy wind component to

- B}

the mean wind speed; for example, Gx
U

17.3 Discussion of Data

It is to be cxpected that not all the bivane data collected during the
Prairie Grass project were suitable for analysia, Several runs were ex-
cluded from the processing procedure at Jowa State College upon visual
examination of the Esterline-Angus tapes by M, 1. T, personnel. The cri-
terion for elimination of these runswasthe occurrence of windspeeds
high (or low) enough to cause off-scale deflection of the recording pen
roughly 3 percent or more of the time,

A dditional data were eliminated by lowa State personncl after pro-
cesaing, This elimination was based on characteristics of the frequency
distributions of the wind speed.

As discusaed in Chapter 16, the transforrnation of the analogue
signal of wind speed departed most seriously {rom linearity for high wind
nough

ig encugh

On occasijon, the wind speed was high cnough {or & 1o

period of time to reasult in a falsely bimodal frequency distribution with
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one peak near the mean windspeed and the other near the high speed end
of the range.

A log of the bivane data for which gpectral anatyscs were made is
presented in Table 17,1 (page 139), A few spectra were computed for
data gets with bimodal distributions of wind speed for comparison pur-
line and the mean wind direction arce also listed for each experiment,
Finally, those runs for which cross-gpectra were computed are logged,
The anemometer numbers (or set numbers) listed in all the tables inthis
chapter correspond to the numbers shown in kig, 15.7 (page 72).

Statiatical summaries of the data are preseated in Tables 17,2 and
17.3, The space or cross-correlation cocfficients (kqs. 36, 38, and 39
for K=0) are given in Table 17.4; auto-corvelation coefficients (Kg. 37)
in Table 17.5; smoothed apectral eatimates (‘Eqs. 20, 21, and 22)
Table 17,6, Tl; 'a and ll‘{ ‘s {Eqgs., 38, 3G) in Tables 17.7 and 17.8,
respectively; and amoothed cospectral and quadrature spectral estimates
(Eqs. 31 through 3%) in Tables 17.9and 17,10, respectlvely All the data
in Tables 17,6, 17.9, and 17. 10 have the nnits of m /aec /unit frequency
interval with the exception of runs 7and 8, ‘The basic data for these two
runs were normalized during the spectral computations; these results are
thus in the units of percentofvariance per unit frequency interval, The
various correlatjon coefficients tabulated are dimensgionless,

The correlation coclficients in Tables 17.5, 17,7, and 17.8 are
identified by lag number, K. To convert this lag number to the dimen-
sions of time, one must muliiply by At = 1,067 secords. (Seec Eq. 1.)
The spectral estimates are identified by harmonic number, n.* To con-
vert this numher to the dimensions of a frequency, one must muitiply by
cycles per second. Thus, the lowest frequency resolved by this
analysiw is 1 cycle per 128 seconds; the highest, or Nyquistfrequencyis
1 cycle per 2,133 seconds.

With the excaption of some of the statistical summary data, there-
sults are tabulated according to a atandardIBM 704 floating point format.
The algebraic sign of the number is givenfirst (negativesignsareprinted;

“¥n the actual tabulations, a capital N is used ingtead of the lower case
n to mdwate lmru‘mnu nuxnber

[
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blank spaces are undersiood to be positive signs). The first three digits
following the decimal point form the mantissa, The number to the right
of the comma is an exponent to the basc ten, For example, ", 123, 1" is

read "1.23"; ",123 -1" is r=zad "0,0123."

17.3.1 Accuracy of Data

The problem of determining che ahsolute accuracy of the results
tabulated in this chapter is a practically impossible task, However, 1
is necessary to catablish a gaalitative estimate of the amount of error
contained in these data,

For thig purpose, we begin by simply adding the "average! errors
discusecd in Chapters 15 and 16: an error of about 5 percent for the

ensing-rocording systernandabout 3 percent for the data reduction cquip-
ment, These errors, considered cumulatively, suffice to limit sericusiy
the valuc of the third digit of the significant figures tabulated as the man-
tissa in the spectral analysis results. Indeed, one can conceive occur-
rences of obscervational and reduction error sufficient to limit the accu-
racy of the second digit of th. mantissa to perhaps £ 5 units, Itw-s
decided, however, to list the third digit in prepariag the results for pub-
lication, It is frecly admitted that this decision is on the side of being
overly zealous, The interested reader may round off the results to two
significant figures or simply drop the third digit as he sees fit, Before
leaving this part of the discussion, it should be emphasized that theae
errors are relative errors determined primarily by the response charac-
teristics of the data sensing, recording, and reduction systems.

There is one error that occurred occasionally i~ the preparation of
the JBM cards at Iowa State College that degerves a brief mention., It was
somewhat belatedly discovered that faulty punch circuits in the equipment
werc causing blianks or double punches to appear in the data fields. For-
tunately, nearly all the faulty punches occurred in the units column of the

data fields. This was '"corrected' by punching a "5" in the units column,

This punch error was present for about 25 runs with a frequency of roughly
150 per set, A punch error in the tens or hundreds columns ocrurredabout
f
L J
.- 135
S e gt A '\l‘;‘ a ISR
e = i L i G s




ok

i - - B AP I st e sy e e oL

twice in a set, This was corrected by linear interpolation between the
cards just before and after the vrror card, The effect of tih,e errors on
the relotive accuracy of the spectra is negli-ible,

So far as is known, no ¢rrors were introduced during the compu-
tationial proccedures, Kach data get was checked for proper identification
and sequence of observations as 2 matter of routine on the IBM 704, The
programs were fully checked-out prior to the computations and again at
about three-fourths of the way through the computational task.

Finally, it must be mentioned that occasional errors might have
arigen inthe results during the process of preparing them for publication,
Tn order to publish as much of the data as possible and limit the size of
this volume to reascnaiie proporiions, it was nec€ssary Lo prepare mas-
ter shecets of the IBM 704 print-out results that could be photographically
roduced, The format of these sheets differs from that of the IBM 704
print-out sheets, Further, as pointed out before, it was decided to pub-
lish normalized RK 's and TK 'm ; these quantities were not printed
out by the IBM 704 program we uscd. All that can be said here is that
all the master sheets heve been carefully checked for transcribing and
compuatational errors, This task was performed with the aid of a Data-
tron computer at Melpar, Inc,, Boston, Mass,

It seems appropriate at this point to discuss 2 somewhat different
error that is prescent in the spectral estimates, This is the error usually
defined as "alinsing" which enters when one samples a record at discrete
observational intervals, It will be remembered that the Nyquist period
is defined as twice the observational interval, /\t, If fluctuations with
periods less than the Nyquist period are recorded in the data, they will
affect the spectral estimates for periods greater than the Nyquist period
or for frequencies less than the Nyquist frequency, 1 Aliaging can be
minimized only by averaging the observations over the observational in-
terval; it cannot be corrected for after it has been permitted to enter,

The senscr-recorder syatems used for Prairie Grass were de-
signed to damp out wind fluctuations with periods of roughly one secund

or less. {This of course determined ihe sampling rate used with the
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Iowa State equipment.) To check how well thege aharteperiod fluctuations
were damped ouf, an experiment was performed to provide a rough esti-
mate of the degree of aliasing in the results, One-second averages of
the records for anemometer No, 2, Run Na, 7, were listed by hand by
M. i, T, personnel, These data were punched on cards at (GR1); gpectral
dengity estimates were then computed on the IBM 704, The roguiis are
presented in Table 17,11, [t will be seen that alinging vxists over a fre-
guency range of roughly 1/4 to 1/2 cycle/mecond (n ~ 30 to 60). No at-
tempt is8 made here to do more than indicute qualitatively that some
aliaging does exist in these results,  'ho severity of aliasing could be
determined properly only by inuch ynore extensive set of computations,
It is clear, however, that the sapectral estimates on the high frequency
endd are of limited valur—particularly for studies of models of the struc-
ture of atmospheric turbulenve,  The apectral estimates at frequencies
less than roughly 1/4 cycle/second donotappear tobesvriously affected
by aliasing,

There are some «data presented here that are questionable or of
Limited value for 4 reason guite different than any discussed in the pre-
vious section, These aredata for experimentswith low wind speeds (wind
speeds helow roughly 3 m/sec 50 percent or more of the time), These
data are questionable because of the relatively poor response of the
bivane to changes in the asimuth and clevation angles at low wind speeds,
Run No., 1

is the best example of this situation, These data are never-

tics of the eddy viariance apectra at low wind speeds.
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- TABLE 17,1 Log of hivane data uscd to compute eddy wind variance spectra, Ane-
mometer uimbobs in paranthesie are data geto listedby Dr, Stewart (lowa State Col-
lege) as being of questionable value. I denotes longitudinal or N-§ orientation of
anemometer line, T, traneverac or E-W orientation, The mean wind direction is ex-

, tructed from Table 6.1, Vol. I, using wherever possibie the 20-minuie record ofthe
M.1. T, source vanv, Those runs for which cross-apectrawere computed inaddition
to variance spectra are indicated in the last column,

Anemometer Line Mean Wind Divection Cross-
Run No, Anemomecterg — Orientation {IJegrees) Spectra |
5 3, 4 1. 176
6 1,2,3,4,(5) 1. 190 x
K (1), 2,3%,4,5 L 197 x
2] 1-5% T 176 »
9 3 T 20 :
i
10 1-5 I. 217 X i
14 1-5 | 192 X
15 -5 1 209
1t 1 -5 1. 201 %
i7 ie5 L 182 x
18 | G T 189
19 (1}, (2), 3, (4),5 T 166
21 1,2,3,(4),(5) i. 179 x
22 3 T 176
. 23 1,2,3,(4),{5) T 128 X
24 1,2,3,(4),5 1. 141 X
26 5,4 i 186
27 1,2,3 T 185 x
R 2K 1-5 T 174
) 3e 1-5 L 170 X
dhy 1-5 I i36 x
36 1-5 T 158
37 1-6 I 186
i8 1-5 T 170
39 1-5 L 139 X
41 1~5 T 198
.t 42 1-5 T 212
43 1-5 L 170 X
44 1-5 T 158
45 1,2,4,5 T 161 X
46 1.6 L i34 X
. 53 1-5 T 133 x
L4 1-5 L 140 X
E) 1-5 L 155 X
56 1-5 T 152 X
SR 1-5 T 179 X
59 1-5 T i73 %
60 i->5 T 199 X
61 1.2 T 206
62 1-5 T 211 %
- 65 1,2,3,5 L 173 I
i b6 1-5 L 165 x
67 1-5 T 182 %
68 1-5 T 173 x
-
) ' i39
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TABLE 17.2 Vector mean wind and standard deviation of cddy wind components and
azirnuth angle. FElevation angle, E¥, and azimuth angle, A*, ar» given in degrees;

mean wind speed, U7, and standard deviatiuns, 6(u), a{v), and 6{w) in m/sec;stand-
ard deviation of azimuth angle is in degrees,

Run  Aneranmeter
Mo, No,  E* A U__ S 6lv) 6w 6(A)
5 3 -6.5 169.9 5.557 1.17 1,23 0.433 13.2
% 0.1 172.6 6,701 i.z2b i. 36 G, 359 1.7
1 5.6 174.,7 7.256 1.11 1,09 0,611 8,7
2 =10, 7 176.4 6,441 1.04 1. 04 0. 545 9.4
6 3 -6.2 175. 8 5.421 0.263 0,882 0. 42) 9.5
4 0.0 179.4 6, 846 1.05 1.0. G, 387 8.6
5 7.5 176.3 8. 397 1.29 1. 50 0,860 B.9
1 -2.7 201.7 5,158 1.79 1.90 0.583 21.7
2 -5.4 202.9 4, 154 1.41 1.61 0,417 22,3
7 3 -T.4 203.8 3,342 1. 14 1,28 U. 354 23,5
4 0.3 205.5 4,916 1.49 1.71 0. 387 21,13
5 3.4 ZOZ. 7 5. 5484 i.70 i.85 0. 449 21,0
1 0.7 178.5 6.334 1.65 1.67 0,447 15,6
2 -1.2 178.5 5,159 1.25 1,37 0,395 16.1
8 3 -3.4 179.0 3.631 0.909 0,997 0,303 16,7
4 4,6 183.0 5.617 1.44 1.66 0.372 17.4
5 1.2 180.2 5,686 1. 40 1.58 0. 369 15.9
9 3 3.6 184.0 R. 724 1.05 1,17 0,444 11.0
1 -0, 9 205,06 5,962 2,18 1.76 0.556 18,1
2 -6.0 203.3 4,902 1.70 ). 39 0. 460 17.4
1n 3 -6. 6 205.7 3,388 1.14 0.972 0.319 17.1
4 1.9 212.8 5.706 1.93 1,51 0. 358 16,2
5 ~-0.5 207.9 5.432 1.63 1,57 0,403 17.6
1 -15.0 183.4 1.759 0.172 0,134 0,176, -1 4.1
2 -28.6 188.0 1,767 0.174 0,104 0,702, -1 3,2
13 3 -19.7 185, 2 1. 662 0.164 0,124 0,604, -1 4.2
4 -2.3 191.7 1.873 0,202 0.126 0.112,-1 3.6
5 -8, 7 183.7 1.996 0,22 0,145 0.242, -1 4.5
i -“ii, o 200. 7 3.061i0 0.695 0,799 U.339 iz.7
2 -10,2 19%.7 3.823 0,703 0,84} 0,321 12,6
15 3 -17.1 201. 3 3,674 0.6&0) U, 842 0.327 13.2
4 -0.7 206.9 4,627 0.853 1,14 0.323 13.8
5 -8,8 194, 2 4, 819 0.928 0,934 0.333 11.1
1 -10.3 190, 7 3,483 1.0% 1.29 0.438 21.9
2 8.8 192. 4 3,54 1.09 1. 26 0.398 21,6
16 3 -15. 8 193.3 3.214 0.957 1,21 0,397 22.3
4 -1.5 197.6 4,111 1.19 1.37 0, 355 19.9
5 ~6.8 186.8 4.490 1.21 1.23 0.410 16.9
1 -15.3 1687 31 5AD 0,569 0,362 0,290 .9
2 -22.6 170.9 3.523 0.556 0,378 0.274 6.1
17 3 -20,2 7 78.0 3. 258 0.540 0,302 0,280 5.3
4 -1.2 170.4 3.818 0.698 0,359 0. 246 5.3
5 4.1 172.7 3,776 0.564 0,402 0.226 6.0
- J— i
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Run Anemometor
o, Ne.  E* A% 0 sl o) 6w 6(A)
. 1 -14. 4 182.6 4,122 0,60 £.399 0,315 5.6
2 -19,2 182.0 4,144' 0,659 0,413 0,296 5.6
18 3 -17.6 185, 1 3.574 0,484 0.37: 0. 2496 5.9
4 -0. 8 191.6 4.566 0,689 0.411 0,265 5.0
5 -4, 7 183.1 4,239 0.613 D.363 0,240 4 9
1 -7.% 1584, 3 6,351 .42 1. 24 U.537 11.2
. 2 -20.0 158, 9 b6.626 1,59 1.30 0,566 11.4
19 3 -3, 1 158,0 6,177 1,38 1.28 0,453 11. 6
’ 4 ~4,4 1668 7,830 1,67 1.46 0,451 10,6
5 -2.7 161, 7 (.99%  ).37 1.23 0,376 10.0
1 -9, 4 169, 6 6,276 1,28 0.684 04,493 6.5
. 2 5,1 169, K 6,186 1,27 0,714 0,52 6.8
21 3 -1, 3 169. % 5,772 1,21 G.6%& 0,456 7.0
4 -3.6 177.1 6,836 1,39 0.71% 0,396 5.9
5 -5, 6 170, 0 6.70C 1,27 D.GHS 0,408 5.9
22 3 -1, 169, 0 6.721 1,25 0,758 0,524 6.4
1 ~11.6 122.9 6,270 1,15 0.74% 0,51y 6.7
] 8. ¢ 125.5 G380 1,10 0.719  0.468 6.4
23 3 -3.1  1zR6 5,726 1,03 0,632 0,453 6.3
. 4 -2.1 134,7 B.17T 1,45 0.44%3  0.477 5.8
- ) -LY 130, 6 T.337 1,24 0.735 0,418 5.8
1 10,8 136,2 6,519 1,10 0.72%  0.511 6.3
2 9. H 139.0 6.32% 1,05 0,720 0,480 6.4
. 24 3 -2, 7 135, 4 5,872  1.0% 0,654  0.441 6.4
4 -3,2 147, 6 7.571 1,45 0.745% 0,430 5.6
3 CEL 41,7 7.044 1.1v 0,644 0,410 5.2
2 3 -1, 8 178, 7 6.593 1.4% 1.14 0.472 11.9
’ 4 -1, 4 187, 6 T 171 1,68 1.29% 0,397 10,5
1 -39 174. K 6,374 1.53 1.09 1,20 9,9
27 2 ~2.1 182, 4 6,676 1,343 1.16 0,497 10,2
. 3 -4.0 175, 2 5,999 1,16 1.18 0.420 11. 4
1 -5, 4 1657 2,73%  0.538 0.297 0.217 6,2
2 ~1.3 179, 5 2.833 0,517 0,258 0.210 5.2
28 3 ~3,4 168, 2 2.491 0,490 0.279 0,87 6.5
4 <3, H 175,3 2,986 0,569 0.26% 0,181 4.9
5 -2,2 170, 3 3.111 0,519 0,268 0,191 4.9
) 1 -1.1 172.1  2.229 0,544 0,165 0,125 4.1
2 | 67,5 2,175 0,571 0.164 0,106 4,3
32 3 ~2.7 171.1 2.167 0,560 0,161 0,115 4,1
4 -1.8 116.6 2.233% 0,578 0,143 0.930,-1 3.5
5 1.7 172.2 2,518,597 9,162 0,107 3.5
1 ~3,7 138, 4 4,276 0.752 0.466 0,320 6.2
2 -1,2 137.7 4,097 0,731 0.411 0,260 5,7
358 3 5,0 135, 8 3,879 0,686 0,380 0.292 5.6
4 ~4.9 138, 0 4,362 0,769 0.399 0.274 5,1
L 5 1.6 143.8 4.648  0.859 0.415 0,264 5,1
. e _ e e
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CTABLE 17,2 (continued) |

Rnun Anemometer
No. o Ne. _ B* AT T ) 6 Aw) o AA) |
1 -7.0 164.5% 2,036 0,272  0.z34 0,135 6.7
2 -0, 4 160, 6 1.873 0,256 G, 203 0, 485, -1 6.3
36 3 2.1 1644, 5 1, 8481 0,247 0,201 0,832, -3 6,3
4 11,0 1626  2.250  0.300 0.242 0,129 6.4
5 2.3 162.6  2,2.8 0,293 0,343 0,855, -1 9.0
1 o 181.4 5,327 0,919 0,609 0,430 ().7{
2 -1.7 179, 2 4. 824 0,744 0.518 0,35} 6.2
37 3 -1, 9 181.7 4,880 0,774 0.517 0, 344 hot !
4 9,8 179, 4 5,022 0,986 0,569 U363 5,6
5 2.6 1806  5.8%% 0,984 0.6576 0,429 5,7
1 -5.5 TH7,0 h. 127 0,922 0.%43 0,427 6,1
2 -2.3 166,4 4,447 0,762 0.471 0,400 6.0
38 k] 1.7 166, 0 4,698 0,811 0, 40¢ 0, 1% 6.}
4 w0, 0 165_4 5, 3450 0.901 0,508 0,420 5.4
5 1.8 168, 2 5,14 0, 857 U.471 0,303 B4
1 -10.5% 126, % 2. 247 0.5470 (1,408 (b, 149 10,9
2 -0, 4 126, 5 2.040 0,582 0,309 b, 10g 10,71
39 3 -2,2 114, 3 2,100 0,621 0,425 0,115 ”"“i
4 -6, Y 126.4 2,307 0. 677 0. 36h 0,151 9.2
5 1.3 132.6 2,48% 0, 694 0.320 0. 984, .1 7.8
i
1 -10.4 193.2  4.359 0, 606 0.42% 0,306 b7
2 -4.3 190.3 4.008 0,544 0,346 0,251 5.0
41 k| ~3.5 194.0 4. 147 U, 56H 0, 365 0. 294 4,9
4 -6,2 3,00 4086 0, 600 0,186 0,304 4.6
5 2.1 190, 4 4,524 1. 681 0,384 0, 25 1.6
1 -9.9 206, 9 6, 870 1,07 0,402 O, 454 b4
2 4.4 208, 3 6, 394 1,07 0,693 0, 447 b2
42 3 -3.4 208, 6,455 1,07 (4,720 0,499 6.4
4 ~p.4 205,7 7.792 1,19 0.738  0.507 5, 4
5 2.7 £D3, 8 T.474 1, 22 0,682 0, 409 5.3
1 -4.9 167.8 5,412 1. 26 1.34 0,452 14,5
2 -4, 1 i67.9 4,906 I, 13 i.18 G, 80 14,0
43 3 -9.3 166, 3 A, 066 1. 14 1,26 0,324 t4, 4
4 1.8 166,95 5,876 1.32 1,46 0,425 17,4
5 2.2 164. 5 6, 151 1, 30 1.4 0,477 13,8
1 -4.4 149,11 5,701 1.29 1,74 0,452 17,8
2 -3.4 150, 5 5,294 1. 17 1.51 0,406 16,7
44 3 1.7 148, 2 6, 644 1. 54 2,12 0,501 14,2
4 -8,5 150, 4 5,322 1. 20 1.53 0, 454 16,5
5 2.7 153,5 6,407 1. 60 1.51 . 417 14,0
1 -4.4 162.4 5.497 1. 01 0,911 0,407 9.4
5 2 -2.7 163, 0 5,171 0,951 0,802 0 3185 9.4
4 4 -B.G 162.2  R.249 0,927  0.823  G.397 8.9
5 2.7 162.4 6,622 1. 22 0,868 0,369 7.7
1 -4,1 130.9 5.107 0,909 0,752 0,364 8,5
2 -3.3 133.8 4,960 0.962 0,67¢ 0,369 7.9
46 3 -~7.3 128.0 4, 655 0. 846 0,721 0,373 8.7
4 1,1 133.3 %, 843 1. 14 0,778 0,365 7.5
5 3.1 136.1 6.308 1,28 0.780 0,354 7.0
142
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TABLE 17.2 (continued)

Ran ~_Jsme1’nometf~~r

No. o Ne, L E* oax T efu)  6(v)  6lw)  6(A)]
R 1 ~10.9. 127.5 2,532 0,251 0,164 0,989, -1 3 &
2 -0, 2 124.5 1,937 0,160 0.110  0,805,~-1 3,2

53 3 -1.7 123.9 2,160 0,224 6.149  0.661,-1 4,0
4 -1.7 126.% 2,527 0,258 0,157 0, 816,-1 3,5

5 2.3 131,89 2,76% 0,283 0,145 0,925, -1 2.9

1 7.0 136,24, 56% 0, 68) 0.451 0. 485 K, 7

Z ~3.8 120, 6 3.627 0,581 U.347 0,268 5,5

| 54 3 ~-1.9 132,88 3.765  0.5R6 0.372 0,266 §,7
| 4 0.1 138,17 4,475 1,712 0. 397 0.273 g5, %
5 2.1 141, 1 4,117 0,554 0.3%43  0.22) 4,8

| 1 -8, 10,8  K.462 0,754 0,553 0,402 5. 8
| 2 ~0.4 183.5  5.944 0,991 0,608 0.440 5.9
P55 3 ~1.9 150.4  5.172 1,01 0,5%] 0.390 5, &
4 ~2.1 1R3.5 h.762 i.21 0,671 0,414 5.6

) .0 154.8 7.477 1. 30 0.966 0, 45% 7.5

1 b, 2 186.4 4,674 0,735 0.694 0. 400 8.3

Z ~1.8 145, 8 4,402 0,706 0.553 0,335 7.0

56 3 -0,5 148, 3  &,%15 v, 943 n.765 0,38} R, 2
4 -1.6 147, 2 4,074 0,792 0.626 0,347 7.3

) 2.9 152.4 h.919 1,12 0, 684 0, 346 b, 6

1 -7.3 177.4  2.330 0,234 0,207 0,133 5,0

2 -1.5 176,77  2.077 0,197 0.26) 0,771, -1 7.2

LR 3 -i.3 180,7  2.541 n, 258 0.246 €,83y, -1 5. 4
4 6.5 182,)  ¢.1k8 0,212 0,196 0,814, -1 5,¢

q 3.4 181, 1 2,943 0,340 0, 301 0.983, -1 5,8
1 2.6 175,9 2,687 0. 406 0,338 0,207 7.1

2 -1.8 176.8  2.415 0,364 U,322 0,121 7.6

59 A 0.0 179.9  2.990 0,363 0,370 0,140 6.9
4 5.1 182.0  2,%54 0.40] 0,250 0,135 5.5

5 2.7 176.9 3,224 0.311 0.460 0,133 8.2

1 -7.6 195, 6 4,734 1,738 0,427  0.3506 5,0

2 -3, 3 194, 2  4.368  0.69) 0.4%9 0,302 5.1

60 3 ~0,9 203, 6 5, 345 0. 851 0,564 0,329 6.1
4 6,1 204, 4 4,653 0, 806 0.612 0.35% 7.4

5 5,7 206,88 5_.817 1. 01 0. HH1 0,342 6. 6

o1 1 -6, 7 203.3 7.541 1. 16 1.48 G.553 10,8
2 -1.1 201, 4 7,086 1,17 1,47 1, 487 11. 6

1 -8.6 208,717 5.377 1.07 0, 766 J.40 8.0

2 ~2.1 2065 5,065 1.02 0,797 D.372 8.8

62 3 -1.1 210, 6 5,721 1.10 0, 808 0.369 8.2
4 1.0 207, 2 8.Z21 i.05 0,640 0,381 7.4

5 2.4 208 4 6,000 1.08 0.723 0. 348 6.9

1 -8.0 174.1 4,786 0,840 0.683 0,376 8.2

2 -0. 7 172.1 4,371 0. 75% 0.531 0,328 6.9

65 3 16,1 171, 3 4,252 0,661 0. 670 0,297 9,0
., 5 1.8 175.9  5,07% 0,894 0.789 06,287 8.8
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TABLE 17,2 (continued) _ )

E'.m Anemometer ﬁ
No. No. E®* A T 6(u) 6{v) B(w) G(A)
1 -8.8 165.7 3.63¢ 0.416 0.542 0, 264 8.4 ’
2 -1.4 166.7 3.144 0.401 0.594 0.190 10.6
6é 3 -0.0 165.2 3.158 0,386 0.711 0,196 12,8
4 0,2 173.1 3.599 0.556 0, 846 0.182 13.1
5 1.3 179.8 3,685 0.542 0, 825 0.188 12.6
1 -8,4 190.4 6.134 .20 1.32 0.493 12,0
: 2 -1.5 188, 6 4,741 1.11 0. 781 0.325 9.1 .
67 3 0.5 195, 6 5.612 1.07 1.30 0. 354 13,2
4 -0.1 206.5 4,904 1,02 0. 895 0.313 10. 4
5 0.8 198.1 5.734 0.963 1,50 0.318 14.5
1 -9.7 189.9 2.871 0.498 0.728 0.231 14,0
2 -2.0 179.5 2.615 0.491 3,636 0.167 13,5
68 3 0.7 182.7 2.996 0. 605 0,889 0.195 16,3
£ 0.2 186.2 2.758 0.518 0.872 0,177 17.3
5 1.4 133.0 3,145 0.590 0. 882 0.174 15,6
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TABLE 7.5
Auto-correlation coefficients identified by eddy wind components; lag
number, K; and anemometer number, (Pages 156 to 287.) To convert K
to a time lag, multiply by At = 1,067 seconds,
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01 H03 .880 B0 Lk Loby
02 Bl 805 B0 S N
03 L -765 e S il
ob ] 102 NI N L Gh
05 251 o3 LGl W08 LB
06 LGRD e 50 Lol BT
o7 .008 L6010 LB S )
o8 VS s5A3 07 L0Lp) LY
o9 .560 . 500 v Hn U
S0 54 SOl T REES] e
1 530 .Sko J5h3 Bl R
1 el 513 N3k R R
12 507 Ly Lt A R0
W R a8y A0 Y LB
15 IR Lt oo e LHN
1 LT 40 RTEN Ry M
17 ey by .u L i LAl
19 R¥3 L2k R 3 A
19 R Ry 09 RAL] W
20 Ry « 373 S35 ST o R
M 75 - 317 S0 Tl
- R 373 A 55y .w-z
23 L5 55 23l Y] ey
2 g5 . 558 R .35 .m ]
25 .hso i BAL A 220
eb Aing » S L A Jaon
@ kf'r -3k out 53 80
8 Ju’r o335 S8 W50 BRI
20 Loy 35 0 AN AT
Els) B + 330 257 IR R
n S 250 R eyl NG
e 37 352 57 KL .20
3% LG e RN A3 Lo1h
3k Ry X3 2N Bk 97
35 i Wiz S0y N ] 73
36 357 O Y LY RTAs
37 ] 280 .,a(l T by
3 . 356 N by ) BRiA
33 A5k Lol BOA S LS
Lo A LN 50 a7 BN
11 .317 i 230 2T G, -
. (] A1y A 230 T ST, -t
L3 135 ] Ry e L0, -1
bl e .298 o Y] 5T,
4y 51 « 303 20 A 5, 1
bé i AL 03 .: LY iy,
W7 003 A a2l REA N SR
40 R4 29 221 LT 509, -1
[11s] Rd} 287 220 21 S0Y, -1
50 Y -ehy S0 RV | P
51 R 28 R33! R JAuE, -0
52 »20U 210 20k et SR,
L3] 247 276 N 200 B, .
5l .22 +250 202 207 A2
55 253 .25% 201 a0 R
56 .225 okl .210 256 23
57 223 2% a7 257 21
58 #2227 et 220 251 J13
59 .228 216 Ra B 23 109
[r+] 216 2, 224 2% RIL
165
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3L B Nt e P SR Sy i drral S B e _* o~ STPLy il T V::"::ﬁ
[ . SRR O TR
M o, 08; v component
Anemcaster F3eitioa Mumber 2
: K 2 3 4 5
S 0w 1.000 1.000 1.00C 1,000 1,000 g
"~ 01 R 9] K03 9 <931 .909
o 872 &6 R L0k .883
. 03 .Blds L840 R .84 R: % $
. oh  Lges -B2u .838 .867 .843 .
. b1
- 05 821 2306 .8e8 LG54 87
E 06 .8o7 .87 €15 838 .T90
o1 L798 el S99 .&es .76
o BN o] .758 .86 .81k 761
09 L157 .748 .T76 .810 STk
10,752 .735 769 .57 T
n 132 «T20 <157 .Bob 725 -
12 .25 .708 45 <790 - 725 :
13 7 695 . T3% .61 . T23 @
1h 122 .688 .8 L767 . 707 .
: 15 .707 .67 W3 .759 696 ;
] 16 .705 .657 . 706 .T50 665
& 17 691 652 . T09 T2 673 -
18 661 646 .7C5 36 660 e
19 .880 Clds .690 .79 =T :
20 .676 641 .683 .2 .631
i 21 672 .625 672 . 700 .615 :
£ 22 o6k .62 670 694 605 H
S 23 665 621 652 .683 .59
= 2k .659 616 .635 .68t .583 3
1‘: 25 L6 .608 525 672 .568
. 26 5% .596 614 668 560 i
I 27 .628 597 601 657 550 - ~
% 28 .625 .58 550 .652 .Shg i
29 .52 576 .576 . 536 ¢
B [
0 .607 .569 .568 -632 -531 :
31 .58 563 +56C -631 517
32 .5T9 537 548 02h «503 h
:. 33 .575 .547 +5h5 619 Aol g
£ 34 STk . .528 612 478 .
i 35 .57 .538 .518 .607 453 !
‘ 36 .55, 537 507 603 M57
- 37 .55k .52 .503 S5k Lhs 3
38 .551 .512 by3 588 R -
W ¥ 548 .505 38 584 o2z
3 ko Lsbs .500 .b79 .580 410
¥ by 538 .hgs 69 581 oo . .
42,525 438 A STT 386 E
z ORI 433 s +569 375
w518 480 b .35k .363 5
* W Lg20 4T3 sy 343 356
% ho 513 et Vs 3% S ;
% 47 507 A67 RS 329 <333 -
8 58 458 437 .31 330
b 507 bs2 b36 .310 519 3
0 .50k Jhs2 Lo 2302 313 :
51 ko .uk8 .30 .293 .305 :
2 .bgs Lkl W21 293 .07 :
53 486 R 16 . 300 .30t B
54 483 Sl 807 .299 «297 :
55 Tt Ly 393 297 .285 ¢
56 470 438 <597 «291 .263 3
ST .47 437 .390 .287 275
58 Lake .428 .398 279 273 ;
59  Lhss 428 .399 272 .27 . 5
60 451 430 ) 265 289
i
- .'?4;
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ua No. 06;

v compixint

Anemomzter pocition Nunter

L

! 2 2 5

1,000 1,000 1,000 1.000 1.000

15 A3 173 206 T3
274,41 L3, -1 LB, -1 10 8U5, -1
B35, -1 KT, -1 65,4 120 »20,-1
RIS .685,«1 JTT1, -8 09 L135,-1
-.753,-2 .255,-1 Sk, -1 516, -1 551, -1
.2C1, -1 .651,-1 .526,-1  «.510,-2 . 329, -1
33,1 385,41 .909,-1 406, - LU0k, <1
.51k, -1 L1143, 343,41 418, . 735,-1
L34, -3 2128, -1 5Ty -1 .123,-) LT3,
201,-1 0 281,10 L5Th, 1 20357,-2 L122,-1
e E17,=1 =.614,-1 «T25,-1 T32,-2  -.191,1
.556,-2 «.530,-3 224,-1 -.855,-2 2265, .1
2340, -1 991,52 -.193,-1 JAk3, -1 2,298,
L3EC,-t - b 20232,41 430,-1 -,250,-1
.203,-1  -,1k2,-1 1, J319,-1 -,235,-2
JA54,-1 20539, -1 413, .228, -1 .925,-2
JA5C,-1 -382,-2 -.825,-1 095, -1 .55k, -1
L2465, -1 J198,-2 139,10 O66,-1 -,123,-2
-.788,-1 -.803%,-2 -.624,-2 .212,-1  «,184,-1
-.211,41  -.560,-1  -.215,-1 o335,-1  «W97,-2
WS32,-1  -uTTR,-1 -.27h,-2  L459,-1 k2L,
-.476,-2  -.425,.1 - 728,-2 -.217,-0  <,533,e1
JT76,-2  «.419,~1 -,186,-1  -,482,-2 -,186,-1
-.250,=1  -,20h,-1 -,520,-1 J154,-2 =.391,41
=327, «Ab7,-1  =,106,-2  -.1b(, -1 94,2
.223,-1 -, 82%,-1 153,-1 ~.335,-1 170, -1
-.197,-1 978, - 272,+2 =.601,-1  -.121,-1
N02,-2 -, 207,41 «,135,-1  -.162,-1  -.24k, %
=.282,-1 682,-2  -.2Bb,-1 -.538,-1  -.354,-1
149, <1 .376,-1 375,-1 307,49 L262,-1
L5148, -1 .631,-1 LS, -1 S15T,-1 0 -.355, 41
-.476,-2 R .782,-2  ~.557,-1  -.287,-1
=208, -1 309,21 -.322,-1 257, 232,
-.255,-1 IS T B e A L .20k, 1
L52h,-1 -.541,.2  -,25%,-1 8, -1 3G, -1
‘-168:'1 '-85‘:‘2 73,0 ‘-TBC;'I -.302,-1
-.L83, -1 .332,-1 SFC, =2 07,41 -.252,.1
~.265,-1 - 36,1 L637,-3 .29G,.1 28,0
.236,-1 JMbLa1 S B2, A 702, L2625, -2
- 342, -1 A1, L182,-2 4,075, -1 151,41
-.282,-1  -,566,-1 2127, £235,-v  -.9712,-2
.707,-2  -.125,-1 -,322,-2 A37,-1 0 -.282,41
.567,-3 8T, -1 20,2 - 145,40 .327,-2
-.293,-1 SO, e1 e STh, - -0255,-1 0 = bub,
115,-1 93,2 -,509,-1 22,-1 -.235,-1
-.835,-2  .995,-1  -.333,-1 119,41 -.K5,-2
o8, -2 ,183,-1  =.252,-1  ..204,-1 .107,-1
L131,-1 STT,-1 697,21 - b3, .292,41
-.273,-1 L205,-1  =495,41 - 116,-1 -[153,-2
- 502, -1 BT, e e 31, a1 L L8240 ., 02,2
-.526,-1 0355,=1  =.245,-1  -.ib7,-1 S0T,e?
024, -2 550,01 =o2Tupl - DWh,-2 -.252,-)
216k, =1 W280,-1  =,314,-1 287,10 <N,
RY,=2  -.10,-1 -,453,41 KIS, -1 - 18,1
-.185,-1 '-‘95:'1 '-%51" '-‘9“"1 -6“51'2
©510,+2 < 10R,-1 . boo,el  =012¢,-1  -.351,-4
y,-2  melib,el <.00,- 1 = 3TC0 —iR1D,ed
W203,=1  =ul&l,=l P Y R I & TRt Bt s
LSO, =B52,-2 ~u00T,-1 IS F VIS R £ TV |
211,01 .5k ,-1 IS VA B B e | L5211
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s, . I N B T o7 sy AU P L e s sl R LR
-t S P P s R ) . RN

Run Ni. 05; u component

e . = oot

Anexometer osition Muxber {

3

K ) z 3 L 5 i

- - 3

K3 1.0 3

] A LT3 ;
: e .5k i
54 Jae? li
! s e . %
N %

05 308 3

s L323 :

~{ .62 ]

C Rl s

l;.} ") 9 .

: {

*

15 2D ]

1 L2106 . 3

1z Rl i

1z 7T 3

b RS :

15 15 3

1o RO IS | ?

1 Ji2y, -t .

w0 . B1E, -1 i

i .553,-1 1

i

20 . T22,=1 §

21 07, -1 :

22 .3?..‘,-". ;

2z < 355,-1 i

N 220, -1 ;

25 -.262, -1 ;

20 ’-;‘781', .

2 - 0%, =1 -

20 - 703,2 H

2 -.121,-1 g

i

5 -.26C,-1 {

! Ja| =.415,-1 : - i
L2 - 31, -1 ;

b -.505, -1 :

, pLy ~.0T7,-1 i
. . §
. 35 - 808, -1 i
! by --7?_0,-1 ;
! 3 -.559,-1 i
; ) -.425,-1 ) :
! 2% '-5521'1 ,
! W - 55k, -1 J

; by -.535,+1 LI
i b2 =.595,«1
H h3 ~.554, -1
i sk =550, <1

1 Ls . 2TV, -1 ;
! us .511,-3
47 « 00, -2 -
43 e 14l -y
P «o105, -1 !
5C -b11,.2

1 .8208,-2

54 -.855,-2
55 - 45, -2 ‘
55 - 205, -1




A

AR TR T SRIEERIL . o e MeELAEEINES L il e e A TN ST AR eIy B gE L

‘ Run No. 09; v cosgponent
31 —_— Annrometer Position Number
é X ! 2 3 4 5
4 00 1.000
] o} 625
3 o2 3
i 03 745
. { oh . 721
3 0s .70
3 06 695
3 o7 575
] o8 654
1 0 -5i8
3 10 037
5 1 537
. : 12 012
i 13 553
: h -582
15 .5T9
i 10 «595
. # 17 S50
i 18 .532
1 19 <525
i 20 g3
i 21 H73
$ 22 R3I)
¢ 23 o
H 24 439
25 Jbab
H 26 425
. i 27 515
26 «399
29 354
i 30 2386
i b)) 388
- ; 32 SR
H 33 387
§ b 333
f 35 .385
i 3% 332
; 37 .381
| 38 <365
: » 364
! 10 .357
{ " 353
v ] 350
i ] o 5hé
i b A7
! ks 350
¢ 46 .357
i b7 358
- ? ].8 .566
1 bg 353
50 -3%65
53 «3h6
5@ 3354
53 «335
54 329
55 <348
56 o33k
57 .38
56 o2
59 +326
&0 o35k
169




R e N S SR JENIREPEITEE 5 P RS

R 0 UMY i Y, YT 4cn e 4 1ebe e oot st e S . oottt s hia e v mrnes v e et T SR M WIS

en No. Uy v component

Anexometer Position Number

e -t R SR T SR

K 1 2 3 L 5
0o 1,000
[¢}] 125 v
Q2 '}:-_6;" ';\;’
C3 W I%,-2 @
Gh Jk53,-1 - 4
Qs 2365, -1 “:
05 130, -1
o7 .251,-1
B G2l 1 4
¢ .226,-1 i
3
10 .553, -1 i
1 L5936, -1 .
12 =019, <1 ,;
13 -.802,-3 g
z 1k 19,1 M
w 15 -4990,3 g
15 -.304, -1 4
5 17 -.451,-2 .«
o 16 k2, -2 3
& 19 609, -1 &t
o 20 2195, i
{; 21 - 146,41 3
% 2 o394, -1 i
b 23 .558,-2 H
i 2k -.519,-2 g
& .291,42
5 91k, -2
-.635,-2 .
<347, <1

-.863,-2

214,41
=.369,-1 .
=453, -1
‘-}9":"
*.200, 1

PSRV SUPPTI, o

oy
PUR2E ZBIRR

-.665,-1
‘-59“: -1
U7, -
117, -1

,6951’2

204, 1
--159.-: .
-:680:-1
-e529,-2

-,200,-1
o1 )50 -1
483, -1 .
.766,=1 .

-.262,+2

-“75: -2
-.168,-1
=.179,-1

«136,-1
'o"95"2

EEEEE ¥aley

EESES
WE s B s AL AR ol ke e e

PUNB2YE

55 181,01 i
55 - -2570 -1
57 -259: -2

TR, =2
-279)" *

-"57-“

3%

&

170
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Run Mo, 10; u cumponent

Aneconeter Position Iurmber

¥ ) 2 3 ) 4 5
- 4 -_
o 00 1.000 1,000 1,000 1,000 1,060
o1 .920 920 9@ 936 813
B oe .860 .869 .95k 533 N3]
03 .92k .827 808 JBu2 LR
. * oly L1795 19 . 135 .8 .58
05 .65 .TT2 3 .T70 ~TR7
i 06 LThE JTeb T3 782 .70
i o7 .75 722 705 0 678
i 08 L 704 TR .€50 TOE 652
o9 .681 682 675 .695 622
; 10 667 £61 655 .6 610
¥ n 654 A7 678 N5 . 555
- 12 629 627 515 .€50 .537
13 €25 615 L6068 L4 STe
14 £8 +599 R:led .62 .957
15 .595 .581 .592 €07 L5Rk
16 .581 . 564 .560 551 Eg‘
. 17 5T . 543 557 .57 )
; 18 560 .525 54T .551 st
R 19 549 .505 .538 523 JL32
J
! 20 +535 R23) 528 513 35
N 21,518 478 <506 g2 hee
2 .50 k6o RET AT RS
' 23 92 .50 . 455 290
: 2k Bl W35 55 L6 267
H
H 25 b5 k26 Ak Lb2d TR
3 26 .k R 42z Ll W25
. 27 R 3] L0 398 328
28 ko7 377 Loe .38 313
29 . .35% 37 .366 301
T
3 30 OTT .328 -355 256 2%
i M .36% 205 O3 ke .27
-3 22 .338 .28 2 2321 S0
H 3 202 266 .292 .2 .25
H L 29 240 27 286 214
t 35 .285 222 .257 .27 2
16 LATS .210 .2 .267 AT
37 N .20 .228 252 .52
=8 .2ky L1958 .210 .2%5 20
5 243 175 196 218 126
. 40 .225 L6t 185 197 L5
. 41 22k L5k AT 175 07
N k2,226 . 1hs 165 .152 2970,
L3 222 kg .155 133 86,1
W26 59 13 .12 769,
! s 222 L L1385 119 66%,-1
: Le 2 123 120 .18 +572,-1
K W7 208 a1 R N5 .5%8, -1
° 3 48 .20 108 e L110 26,1
3 ug .193 % .928,-1 «997,+1 .82, -1
i 50 .18 .802,-1  .Bsh,-1  ,890,-1  .222,-1
¥ 5i AT JT9E, -1 .639,-1 JTRE, -1 L1901, -8
§ 52 JATh i, .551,=1 .660,~1 L 120,
é 53 .‘65 -7(;5,'1 .h}é‘-'l -5671" -?271'2
‘g sk 160 16,51 L276,-) 525,41 289,
g 55 .1k L678,-1  L36,e1 bB1,a1 621,22
4 56 A3 -685:'1 313,-1 -ml" 2118,-1
57 L0 .699,-1 228,41 500,41 36,
s8 119 «T23,-1 .118,-1 L76,-1 .197,<2
. 59 12 JTub, <1 .1, -1 h05,-1 ..883,-2
60 .123 T30, =\ 206, 263,11 = ATT,

171
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WM-._.,,__.._ 2

=3

e s v, A

Run No, 10;

v Componem

A nometer Position Munber
e L e e

e ¢ g T AR N

) .2 % [ s
1,000 1. 000 1,000 1.000 1,000
.881 .586 895 926 923
L3325 851 029 876 .883
810 .18 Nadl 834 863
Suai LT WT21 .95 843
LT5R 705 .685 .755 .81
702 Y €56 .21 198
.706 .663 .629 681 TTh
AT Hl2 S0k 66 -150
L6483 632 .5682 616 JTR6
L525 627 . 566 .590 .706
615 601 .540 .563 .690
.597 .580 .513 .533 €59
5T 560 L8l .515 -
.55 .59 466 .hag 629
53R .518 L8 76 L8513
.516 .512 438 .hsg . 597
.512 .sg k30 .':cs .%
Lb97 .5 W17 Jb32 .
] les LS 425 .556
471 L 385 k20 oS
k58 62 3Th RS .52k
468 b6z .35 401 508
hsg Jhs5h .363 .390 496
Jks R 360 .383% 96
A2 430 35 N i B
R 30 2343 376 468
N 35 A7 30 376 6k
419 R .329 370 A60
g Lo 529 .359 k8
Lo +397 .228 347 N -3
390 .558 326 337 L3
377 376 .325 332 23
Wz L2695 326 328 s
345 363 .27 2R «397
$335 «355 et 315 385
326 . 352 Wi 306 <379
223 237 318 .295 369
203 2323 <305 .263 +353
2% SN 296 . .3h0
283 306 ,286 251 .32k
.265 306 .278 236 . 3R
.259 290 261 219 287
.250 .287 28k 200 2t
.237 .280 243 .186 .275
.230 .267 .236 165 .
20 263 .228 .1%9 efi
.208 .256 .215 132 229
208 248 .209 .120 .218
191 230 189 108 2Nn
183 22 WATh 4983, -1 199
189 .209 167 13,1 .19¢
159 2 160 83k, 1 18
ot a205 -‘5‘ -69°p"‘ -175
.181 197 139 0%, -1 156
77 190 3R 498,113
A9 A I -] 124 DR, -1 137
A7k A8 115 .25, .1 126
159 A8 112 ATh, 1 JI15
.166 TS 09%;" 101,41 2105
. 166 L1668 2913, -1 «300,2 968
172

@R S AT TN AT AR AN 0 i AP oI

ER RPN

A oA R A s <

T e e vl s,



.
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—
BTt . e — . SO S— S o o

Run Mo, 10; v component

Anemometer Position Ni:rbe-

. ‘ _L 1 ? 2 i j
‘ 00 1,000 1,000 1,000 1,000 1,000
f 01 206 218 153 <256 .215
z ® N7 .195 626, -1 134 B809,-1
i 03 .75, L5 S502,-1 85, (363,
- H Ol .25T, -1 . 126 S5, -2 366, 1 .351,.2
1 05 .SMh,e1 910,35 6@,  .750,-1 =, 16h,1
i €6 A56,e1  AT6,~T  =852,e7  E92,-1 =243,
,% c? 2352, -m;" «299,~1 +210,+1 . t0R, -t
¢ 08 -,505,< .100 475,20 -327,1 101,41
: 09  -.100,-1 312,41 .572,-2 =205, =,151,~1
10 =.625,1  ,660,~1  =.131,41  .207,~1 =526, !
. 4 1T = ITV, =1 =219,«1 = 601,-2 =%66,~1 -,256,-2 !
i 32 LbSh,et 297,01 (108,e1 =S511,e1 - 149, ’
; 13 221,41 -,121,4 6U9,~2 V527, -2 .128, -
; 1% - 20, 21,41 -.307,-2 2%, - TE5,=2
1 15 (647,2  .%k,2  -3k2,c1 179,-1 -,191,-1
; 16 =.286,+1  .256,-)  ~2T7,~1 563, =,2%0,-1
. : 17 81,41 167,10 634,22 L186,-1 <795,

18 168, 1 JN6T,=1 = 4T, 103, 1 698, -2
19  «.270,~1 AT, -1 180, <1 L.T21,-2 < 08,2

s~
FRTESNETN

20 J137,-1 =,121,4 378, .595,2  =.216,=1
21 -.359,-1  .2W3,-1  <.355,-1 = 1T3,-1 784,41
-2150‘1 ~9611'2 'o&""‘ -15654 '-,7)63'1"
23 .257,~1 .268, -1 W25%,1 +555,=1 136,
24 LT3, .293,R 520, ! 420,-1 . M£0,-2

S

R, -1 L6, -1 15k, -1 246, -1 J205,-1
= 363,01 =,129,-1  -,621,-2 .281,-1  ~.584,-2
-.508,-1  ~.656,2 ~.271,-1 898,22 - 176,41
06,2 -.229,-1 ATh,e1 L 262,01 078,22
29 ~.256,-1  ~,627,2 8171 21,1 72,1

»
RN
@3 Cn

: 30 321,41 ~273,-1 590,81  .1Th,-1 =, 10k,-1 A
: T 66,41 < L12,41 o 51,0 648, -1 JT16,-2
- ' 32 -858;'2 ﬂhToJ -1 '-3’7}‘ -1 -2800 -1 ‘-263)"

33 70,1 135,41 «,267, -1 N6, .Sk, -1
38 «,225,-1 -5, (267,41 -.209,-1  .748,1

35 2395, L33, -1 $261,-1  -,205,-2 W53,
36 = 1R, <109, - 3M6,-1 -, 789,.3  -.51h,-1
37 109,13 .10k, -1 20%, R S0k, -1 - 178,-1
38 -.356,-1 A63,41 0 129,41 A 213,91 <306,

L 39 A6, TR, 0B, k23,1 L117,-1
i ’ ko -.320,-1 2,2 J246,-1 -.527,-1 300, 2
. b1 «.323,.1 <613, Lk0O,-1  -.2u2,-1 169,

1 2 125,21 - 179,-1  ,255,-1 - b66,-1 -, 586,2
&3 .22k, k2,0 TR IR YR | 648, 3

b - 134,41 2920, ,233,-1  -.961,2 -.336,-1

45 -, M2, .52k, -1 .396,-1  -.235,-V  -.122,-1
W6 205,2  -.458,-1 .235,-1  -.296,-1 27,41
k7 -.660,1 L280,-1 -.101,2 -,266,-1 516, «1
A8 -, k63,-1 245, -1 3i2,-1 =660, J2bk, .1
%) .216,-1 126, 255T,=1 LR, R «275,=1

50  =.330,-1 -.212,-1 .830,-3 123,21 (224,41
51 S17,-1 2,329,211 -2tk 355,40 L5k, 2
52 Jab3,-1 2398,-1 -, k27,41 ,220,-2  -,2T1,-1
53 .3i0,=1  -.058,-1 .187,-1 2193,-1  -.305,-1
Sk ,170,-1  -.B06,-1  -,242,-1  .3k5,-1  -,20h,-1

55  JB37,-1  -,k86,-1  -.975,R2  .196,-1 -,152,-1
56 - 173,-1 208,41 ,375,-1  Li,-1 307,
57 .198,-e .39k, 1 24k, -1 .155,2 51,1
3 812, .025,-1 L756,3 .151,-2 «937,-1
. $9  ~.333,41 - 120,-1 -176,-1 +350,-1 77,1

60 -,2086,-1 -, 126,-2  ,298,-1 .598, -1 26, -1




T T e B T
R . o . - B T o SN Tl T T TTETUTWR e e W i T I T
Run ¥o. 13; u component
Ancacmeter Position dumber

A 1 ? 3 k 5
o) 1,000 1.000 1,000 1,000 1.000
LN 7 G571 970 « 260 925
e $955 Sl ks 966 897
o3 L4 Sk L4929 <958 683
P A Lo 018 .95 a7
o5 Syl 01 910 e 805
28 136 N0 90 = Rilr
o7 S5 A L5008 3 50
[od] 932 W9 899 LG54 058
(5 Al S8 R .93e =858
10 A Lty o .92k L858
1 Yy HTR N:) 919 .658
12 oA 875 877 517 852
1 Ry L b1 912 .85
1 i) B0 877 905 oY
1% S 801 HT8 L0 L858
1t s 855 Hh 495 856
17 05 L0ha Bo2 R LBLG
] N7 Bub Lok S Bl2
19 Lo 851 L850 868 B4
20 Wy 851 .Bsh N 7] Bh0
2t e G54 451 Bn4 0%
73 Nt 691 B L8 836
3] W78 R RiY] 58) 852
24 B75 RN 851 878 016
25 H:kg) b8 647 .878 816
26 L0060 B 643 L0875 .Bis
27 SOk Bl N0 87 008
a4 L) 30 8% 868 810

29 L5k iz .8 863 .
30 Lh54 .0e8 LBe5 861 L800
n RS B8 821 658 T
32 byt JHze 613 .85 i
35 N R B30 %0 .T87
h R 818 00 856 .03
35 R-Y) L0158 o o353 .8
30 B37 B2 Pyl . 787
3 .8 863 <799 .84 <787
L5k .809 N ] B34 . 785
39 Sl g 009 806 N: - «TE3
4o 827 803 806 B2 .M
i Q27 805 B2 819 2719
(] 024 02 .B02 R . 783
;:z . < T99 B06 Lk STO
07 . T95 806 .Gk .10
b5 LBtk .92 806 ggz .m
b KLY () 802 . <169
LT 010 .85 802 002 « 765
[V S oY . 789 802 .802 763
w o .85 .806 .6oc 753
0 8ot .05 806 <197 L8]
51 <807 <785 8oz 795 . ThS
52 607 e 802 795 2139
53 003 .9 R .T90 JTHS
2 <7 LTI .8o2 787 745
55 - 793 772 <799 . 180 A
56 » 790 o Tub JT9 . 737
57T .70 . 766 . 786 . .29
- T90 » 766 780 .TT8 723

59 T80 762 JTT6 T35 .
&0 G T35 .17 «TT0 « T3
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Run ¥o, 13; v component
Anedcamter Position Number

1 2 % L] 5
¥.U00 1,000 1,000 1.000 1,000
«933 Sl o2 <950 681
9N 935 -908 2038 630
903 916 895 933 N
809 913 H95 <951 OBy
899 912 885 SRS NE
554 916 .89 525 JLED
.888 513 889 919 633
083 L4903 882 913 SO
888 Bl 876 000 029
. Bak B 876 SO0 L1a
77 B8 By Hua N3N
b7 B3 Bl N Sty
Bun H79 N:"] R 638
Boo 873 it ROt 614
860 b7 B0 B75 L6010
LBly 860 843 879 010
B4y B0 3 863 05
b B350 843 B6S ]
B3 0851 b7 856 SO0
830 845 O%0 Ri4) 590
o3 . Sl L0 J5b-
Bt 830 Bk RiTY 00
e 53k B .630 8
St oy Nl 41 549
112 Ly N, - Nei) ON
K- 817 ha 028 Sh3
N2 B13 B4 819 ST
K. 08 791 D9 567
. K NG B13 76
T Ly 78 06 557
«T93 0 Ko Lo 533
. 780 H07 T8 TG4 552
.T88 ST Rl LT 2 o
» 193 ST (] . 5%
TR JTe0 Y 81 o540
T .T83 %0 175 552
iy VT 12 15 Seh
T e 152 $T03 Vil
T T «ThS () o 529
. 70 #7139 ST03 550
755 .75% .28 786 520
760 2159 WY 150 Sk
o 7 T25 TN 509
~Tho L7 1Y T 529
T3 o Thb ST 158 AN
o ThY < Tk 06 M 51k
43 LT S T3 510
LT3 N 693 725 500
1R SN 693 o 510
121 T30 G0 I3 » A5
TS 719 080 «TOG » AN
N7 7 6T « T « 500
o0 . 673 «6Gh Jh50
oo o0 00 608 b
693 645 654 688 L8
697 LGo4 650 .G81 s
.693 . LO54 Regh] L6
687 684 Oy 669 W
.682 670 .64 Res) R'Y A
G676 L6564 633 .663 K'Y/
175




e g

1£%]
wl
R
04
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(s
o
(21
&7}

10

Ran Ko. 1%;

w couponent

Antponeter 1ositicu Number

TUTERET cuesRi®e ! LS.,

[

L

)

1 I K
1wy 1ot 00 1.0 1,000
e s W1y «3%0 $S00
Lo, -1 L0 (A 33 e,
AT, R R 0k, 1 290
Ry Wl ettt 100 ALY
O hy Ll AN 107 Nt
e Aty e 11 160
m 1h0, e JH130 e JLHY, ALY
=1ty =t g e 152, L1RR
YA | A9 LW LA AT
i, = RE B . Yy
06 5 o e 1h2, =1 JA24
WYipe Sy = b0, - e,
RITAe L L, R LTI0, 1
S0, REEh S, Josla
RRINS! v AR ey D76,
BTN NG RET (25,0 2D,
NS | S S ] BarB i
LTI | T A REL TP LTh, -
1, D G LG L1i8, - Gl .
s Bin, 1 s ) S PR B TP BN T P
R TINe Rt AN LRIG = e U, el
AL D s i Ll 2 S IS T YN |
VAL RS | {94 S - AT
PR Lt B w8, =1 s
iy, =1 R4 @50, -1 NI
il i el -y, - JhNe, -
B YO | Ayl iy 3, -1 RTINS
=l et sl i RSeS| Sl -
-l Y, 1 I R 210,00 A0S
L5653, -1 et Ll -, =Y BEA!
Pl -1 ] R PR LI | S
e, -l L R sl ot W10
FRTA . | R Ry gL Sl
B P o fl Y oAty - 138
PRI Y Ry L
AN, Y gl S BEY]
TS S P A A
L, - o Tl LA I
RN o L e O
. {00 U LA
3 3 b
i vl b
ol R w, b5, -0 L10%
ok s L 220, =1 R
il SN L TR, =1 RITLM
el Lou = ey -1 W
.1k 2% 284, - Rl
S Loh L5240, - 1 RE
S Lo JA21, -1 LTS, -
< L LR, RIS |
. for 182 o, - Sy,
1k 73 Lok, -1 L8341
Lol L4153 L, -t B19,-1
RO R 23U, =3 L5011
a A2, =1 Rt 128 S50, -1 251,
ERL | Lt BN LJTU, = 292, -1
2150, ~6 R 02 ST, = W 575,
RITI LU L9SL, -1 2510, -1 W37k, -1
D, -1 LU 10, -1 JLde, - JLas, -
-, 103, -1 ST L0h0, - 2545, =1 LG, -1
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T
‘ Run No. 15; 4 component
Anenaretey Fositlor Nurder
is 1 2 2 L 5
00 1,000 1,000 1,000 1, 000 v, 00
61 785 OGS VTS LTIT b
® Nt 580 L5 151 T
[s.3 557 L59 .65y Gl WS£50
Ol Sy N2 S Aot e
[5}] 3y Jss e Lo Al
oh te ¥ S 1] RN RN
N7 .A5h 360 L300 JAN0 Wk
o 317 RALZ 4 L306 I
o JSLehe -10%] SR T P
10 K1) Lehy R M
. " Bl 205 6D A RATE
12 217 20 L3 Rl Jclb
15 207 LYo R BT P
14 BT T¢ e a0 A
15 LABG L1951 A BV A
16 AN S8 AN Y REAE
17 L8k ok L1643 L R
18 LA Y, -1 150 e LNy
19 REL] LB e ot RYDY S |
20 e N S SR gy -1
3] e T B pA) Lo T
20 7 MRS I 00 RYILANS| JHy
o B A0, P AL N
2k L0, Y HAL, 1 A RS RITE S
QY e, Y L), Rl i, 1 e
&6 R¥ TS RO | I 1C8 RSCS RS TS
27 B3, -1 s, a1 A1 L, ROANS |
2H G351, .0 S5k, -t e LGOT, A Vel
@4 L85, -1 B0, -1 Sl - BRIV RIYF
0 e, -1 540, -1 ek, SO, e RIS
. 31 T4, - RENTAN + 200, 1 RELYS S, =1
< b2, -y L2k, -1 R VRS Ny Ly oy
Joke) Wb, -1 W1),-) ROFIES BT S 10,-1
E 1SSy Y (O I O I E A ;T
%5 0 e, -1 Y Lt - St -1
%6 051, 1 e J19Y L1340 HESTR)
37 Tu3, -1 Lks, Ty BRSNS 707, -1
) SR, - L L 10K, 501,49 g, s
3 .8%0, -4 Ry P G el SR
Lo SO, =) SR, ) G Ry 070, -1
« in « 596, -1 .10k L2 S, a1 2, -1
k2 W5k, -1 139 60 2T, Y 505, -y
3 308,112l N 21,9 J2hg, -
[} .21, 20 AR TG, S801,
[} Ny, 33 62 e RUTS
b6 -2, RN N0 R - (43,3
b7 o, -2 120 5L 10 S 0, =2
k4 13,2 36 RI'Y AN - Y2b, -1
Ly o~ 305,02 L1 LAh0 BRI 159, =1
50 ~207,-1 R e NG, W 1T, .
51 =3k0, -1 kY] 152 I LTS I3 |
52 ~.267,-1 S1T8 by B0, -1 - 201, -t
53 =,%00,-1 JA5h R 1) JN2,41 %23,
56 -,950,4 LAY L7 P A 1 IR W T
55 £ 9%, -1 T R T, 5T,
56 228, -1 170 N2 JP0,1 767,
57 52,1 6T 157 L757,1 -.H12,~1
58 RIS . 166 LA VBB, e A A3,
. 59 685, -1 , 176 UV R V0 B - |
60 K3 H A8 e BUG, « T35, =1
-

177
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Run £, 15; v casiwnent

Arenometer Positicn Mixber

X 1 2 3 4 5
¢ 1,000 1,000 1,000 1,000 1.000
01 sl 831 863 908 LTh
@ .1 .TEC N:-3 .8718 933
03 LTS .136 JITT 347 . 790
ok ST .7%8 JTU5 RS20 LT€7 -
05 N B(ad et 309 . 751
06 .65C R .70 90 e
a7 632 667 B . . Teb
o3 621 642 655 LTT9 »700
0y .603 616 637 .758 602
10,591 595 613 JThie .66
11,57 .585 .59 .17 .62k .
12 .56 .52 ST T 61
13 54T +5%52 . 565 696 <599
% 515 537 £595 681 5T
15,506 .520 <537 666 .552
1€ k35 JLa7 L5k .650 543
L SRRy 11 Ry .506 .631 534 .
19 . 458 479 616 .
. 19 k66 . L6 608 .512
* 20  .bsS 28 RYY 609 .510
3 21 k36 1o RIIA .556 505
: 22 a7 .391 413 .5 b91
. 23 %7 B34 R3T] .591 AT7
. 2k .38 37 .39% . 477
25 362 .37 383 .576 ST2
"~ 26 .35 370 376 . 463
H 27 38 367 +366 . 560 . .
28 361 356 )Eg .560 Ry
¢ 29 .351 N7 . . 554 455
30 kR 3% 342 +553 Lbg
; 31 3hS .326 337 +550 J36
32 334 <299 323 . 428 .
33 .38 8.1 i . 426
3k L3071 274 313 537 438
35 .299 .27 .296 .536 L
36 .2 267 .286 .528 .31
v 37 <2 257 «292 .57 JLho
36 .27 Jobg 292 .523 448
39 27 2u7 .308 .516 55
i 4
¢ ko .27 238 . .509 455
i Y] .255 222 303 5@ JS62 .
% b2 Lou .22 317 499 A5
i 3289 .218 .306 .88 k60
; b 262 212 .297 476 lss
»;
1 ks 255 208 .308 75 RY:]
46 249 208 308 L63 .
& b7 249 .198 308 N .
b L8 241 20 301 . Lus8
& s 246 KT “290 o Lkt
% $0 J2u6 .188 273 451 Jals
o1 240 .19% 266 21 55
52 .232 .186 .251 <10 .50
x: 53,232 TR R ot sy
z; s 219 AN J2ik .390 Lbbs
.215 an .223 +385 RS
199 168 .220 37 426
190 157 213 B rs) 26
ATT 153 2n 366 25
.M .151 20 .363 M5
158 ST .200 .360 WL
178

R




23323 £8388 pa828 P

—- s -
NeRe RN NN

28823

n
W

25

el

Run ¥o, 15; Vv conpoment

A t~r Position lumber

1 2 3 L 5
1,000 1.000 1,000 1,000 1,00C
237 249 o304 <329 .218
199, 165 .230 205 153
112,-1 135 L1682 168 100
611, 842, -1 k3 W60, -1 .10
«237,~1 616,21 119 .708, -1 £77,-1
4431 L16, 1 511,41 JTi9,-1 ~.500,-2
283,-1 -.B16,-2 1Y L688,-1 k-1
~113,-1 +599, -1 874, -1 +553,-1  -.6295,-2
-~ 527,-1 S5, -0 809, -1 R N
- 815,71 -.511,-2 308,-1 W332,-1 =315,
~172,-1 J453,-1 B2, -2 169,21 2315,
.361,-1 LE%,41 0 k05,2 - 110, .27,
W1 .323,-1 - L7k, 1 7,40 -.313,4
63,1 281,~1  -.361,-1 00,-28 - U2,
151,21 -.837,-2  ~.523,- 12,0 - 260,22
-.215, -1 L160,-1 4,505, .1 W63,-1 - b6, 2
30,1 -, 100,-1  -,951,-2 J328,-1 =065,
L137,-1 0 207,10 -.852,-1 325,10 <317,
675,41 =705, -.508,-1  .262,-1  -.b%ia1
.650,-1 -.'j‘ﬁ:,q =664, -1 JA72,-1 0 -.807,-1
75,1 WS, -,296, 1 261,21 - 107,41
-‘Q)"‘ -’usl-‘ ‘-“:“n" '-}561'2 -5?‘4:‘2
87,91 <.720,-1 -.26€L,2 - 17h,-1 .551,-1
=175, <422,-1 - ATh,-2 -,520,-2 157, -1
= 15,1 -222,-1 ..201,-1 375,10 252,
= 157,-1 =.250,-1  -.376,-) +305,-1 L2381
S 137,51 «.296,-0 SR, 2 -7525,-1 230k, -1
«317,-1  =.80,-1  -,748,-2 161,41 LSh6, =1
SN, =TT, HET, -3 2309, -1 635, -1
415,92 <881, ,247,-1  .5Th,-1 562,
=840, 2  -.126,-1 25k, -1 .32C,-1 RS
J323,-1 =.351,-1 L188,-0 530,41 -.355,-1
2555,=1 . =.56G,=1 .557,-2 LG, -1 2280, -1
.235,-1 -.462,-1 Lk 348,01 - M7, -1
130,-1  -.311,41 .100, -1 Jusk, -1 313,41
617,21 - L6321 33G,-1 =243,-1 0 2121,
5,21 =135,-1 -,21G,-2 -,227,-1 823,-2
AW, -1 o563, - 12,-1 128,10 B0k, -1
AN, - 50k, -1 36,2 -.936,-2 «231,-1
.267,-1 RO, -.530,-1  -282,-1 -,187,-1
616, -1 358, -1 U95,-1 < 145,41 J767,-2
«a235,-1  =122,+%  ,127,-1  -.2Lb,-1 322,
.991,-2 609,-1 392,-1  =,289,-1  -,11G,-1
-.965,2 =2%4,-1 - k10,-1 RIS .153,-2
-.487,-1 296,-1 <2%1,-1 -.91G,-2 «297,-1
= 375,-1  -.259,-1  -.256,-1  -,318,-1 826,-1
«a621,-1  «,267,-1 -,133,-1 261,22 185,41
- 52,1 25 ,-1 193, -1 31,4 76,2
573,41 J0,-1 -,636,-2 394, 622,41
-"‘3,4 -}@a" '-2‘9;“ .3)8,-1 0505'"
‘0M|'1 -}“n" ‘-‘ml'1 .2‘”,” .69.‘1
-.129,-1 L148,-1  -,2%,-1 %29,-1 31,1
«317,-1 W2B7,-1 -.123%,-1 .358, -1 991, -1
W237,41 -55k,2 <510, ,196,-1  L2€0,-1
275,71 -.248,-1 .210,-1 27,41 S252,-1
L321,-1 191,41 28,3 25, -1 L115,+1
.120,-1 L162,-1 «135,-1 267,-1 72,2
857, 37,1 .139,-1 .688,-2  -.k55,41
«a28¢,-1 -, T28,-2 .350,-1  -.2L0,-1  -.337,-1
213,42 2,257,-1 =233, -.683,-2 k6,1
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W TR DAL b RE et v e

e o o re e s
\ TooLelTTmmei
ey LBy et e

-.629,~1

Sar e b B s s 5 43 A SR i A TR oo e
Mun to. W w copexra
Snc aeter Position [uper
g 1 2 L 5
DI PP o 1,000
= R Nele sl
@2 o L ol
< iy R
Ui LTR0 T
oW W53
@ SR JIoh
o7 Y 217
o3 52 e
[+2) el +55¢
I Rl .525 .ohe
1" R D6 515
12 05 RA4] RS
1 ST L47 RS
1 ke WU Lz
15 2530 L2 RYe
1 a4 9 278
17 .25 JET 6
14 201 LU Ja
1 .206 725 728
2C 241 ST .22
1 257 1ot} 313
» 252 201 .28
27 202 2 Al
2k .25 Je B
25 +25 299 295
25 R 207 229
27 .20 265 .2Ch
25 258 20 275
1Y R4 27 269
zo 255 275 «255
N .255 287 2L
2 .251 2hs 20
b chy 275 227
A 215 .225 20
' 220 218 221
3 205 .21 e}
7 13k z 205 O3
e ] : 204 178
Ty A70 AT 73 56 72
e 161 AT m .180 176
N} k0 .170 aTR 158 73
k2 Ak . 166 155 L1489 AT
43 SN2 162 168 W19 170
Lh J123 108 .152 130 .160
4s 10 .1k5 125 126 150
4 91,1 .13k 21 121 B
47 B2, 126 A2 108 S!S
48 661, 1 .10 S112 108 L2
49 <5, =1 953, -1 12 101 <153
59 o435, 829, 1 A1 .551,<1 159
51 o 315,-1 641, -1 104 84S, -1 62
52 118,-1 ST, -0 87k, -1 5%, =1 161
53 '-;8‘0'5 -276:'1 -Tla.-‘ -6"0,“ 156
Sh -7, W 189,41 625, -1 .596, -1 150
55  =.277,-1 12, .515,=1 .519,=1 161
56 -.289,-1 112, 345, <1 89,1 L1€8
51  <.ko5,-1 «T50,2 J255,-1 37,1 170
58  ..5k6,-1 548, 2 160, -1 306, 1 .165
59 «.612,-) 272, .ik2,-1 .280, -1 163

e o e r——— TR




e ——
-
[29]
.
N
4
-
.
-
£

NR3
82
aB8

3€ PPyt . 54 o2 .51
37 «506 .539 .525 .551
z8 £0C 555 »515 e

L]
s caad g
.
&
%)
.
2
“ .
“r
-
o 3
.
-
"
[+28

A R WA
M oan A
WA -
-
LA oF O
VAR -
e
LHEEX
ARV NIV
VRN

&
~ \

.« e

'

e 8

o

(__
A¥R 2
f‘"§ [
gRE =
e )

g7 &
: :
WS B
e s
385 &

a
SN 8 1o Lk A S
. 3¢ 407 e s A2
(] 290 Yo .52 Syl

" ;‘-.W;Mwmnmmkd‘wﬁr.xm-M"‘_fﬁ"wh.‘—«?-n‘q\r— T R A PTG TS R Ry 5 C W ONTENY LE S IR R .
Rn No. 16; v copocent
’ Apemcrater Position 'u:lor
! K 1 2 A .
» b —_— -
H 0 1,000 1.000 1,060
3 o1 S8 .13 )
§ [+~ S47 .£36 e
H (¢ <351 3 iy od
. z o Lo 2 N
K 5 . 210 4
- ; 06 .768 . 751 2
i e} « Uk .7 SN0
‘ o8 T2 LTI s T»
g 09 ST « 752 <97
Z 10 .7 RS )
. 3 L FIO¥] ST LTS
i 12 &L . -3
! 12 67, I o The
1 P S 030 i o
! 156 L6k Rt
i 16 61 &7 By g
. N 17 . 6 7K

o5 A 2 IR A Ay




[ I e e - - . - . .

LTI L - g e~ e Lo Eaid

S el e, . e e . . e J T i 2 S T SRRV A S

2 Mo, 16; v componemt '

' Anercoeter Position Nozber

——— ]
K, ! 2 : J ) -
oG 1.00C 1,000 1,000 1.000
<1 o o2 275 M5 -
® .28 o2 A3 N7
[0 ik 187 957,17 J2Uk
O RIRE 155 L8717, -1 170 o

35 275,91 Sk, .20, -1 275, -1 AT
PO S 420, <1 HT71,-1 =867, <155
€7 =718, -1 RAPAS| .575,-1 «229,-1 161
o L1k, .212,-1 .29, -1 27,1 g9
@ o375, Lk, -t .218,-1 W3L7,0 62

10 L, LT52,2  =.357,1 .762,-1 W33
n 81,2 15,2 = M7, «217,-1 132 .
12 JT,et =287, -.217,-0 .195,-1 127
14 JTRL, -2 .128,-1 W84 -1 262,-2 135
1 =121, 633,-2  -.h@,-1  .,810,-2 23

15 128,41 151,10 2 TT2,2  -2lh, 2 AN

10 = 112,90 35k,<0 235,00 (W3, L,810,-)

17 =392,-1 SNT7,-1 323,80 3083 LJT6R,-1 *
18 -,708,-1 2160,-1 =816,  «,140,~1 .786,-1

L -J 38,00 .1&9,-2 «962,-2 -.230,-2 115

20  -bO7,-1 -.658,-1  -,525,-1 -, 165, «156
21 -,260,-1 -,540,2 -,i30,-1 L1171 126
22 -.605,-2 -.T28,-1 #561,-3 95,2 L1
23 AL, a1 o kb, a1 o228, -1 A72,-0 .786,-1
2k 257,+1 652,28 -.508,-2 35,2 €56, -1

25 £51,-1 =873,  «.197,-1 «295, -1 4G, -1

. 26 ,5M,-1  <.318,-1  «.265,-1  ,608,-1  koB,-V
‘ 27 .238,-1  -.197,-1 <87,  .555,-1  .h2o,-1 -
. 28 .120,-2  -.189,-1  -.213,-1  ,Zk0,-1  ,320,-1
29 .568,2  =.%10,=1  -136,1  ,307,-1 . 5MT,s1

30 ~.378,-1  «.396,-1  -119,-1  ~151,-2 643,41
b1 -.568,-1 W262,-1  =,317,+1 ~,151,-1 .521,-1 .
v i = 127,-1 -5251’2 =315,+1 .,561‘,-1 -6615‘1
= b 279, ’-'"5)" . 178)'1 ~.T2,-1 W552,-1
3l JA0T,1 312,21 -.756,<2 279,-3 460, ~1

15 .,221,-1 = 6T7,-1  =.137,-1 76, -1 431,41
% .31,2  -,500,-1 - b3, -1 [126,-1 - ,200,-1
37 -.547,-1 - 57,2 -.515,-1 .100,-1 +565,=1
33 ..115,-1 -.810,-1 -.100 J3k2,-1 - 145,@
39 «335,-1 51,41 - 498,41 -.921,2  ~.196,-1

RO o 6HY, -1 = UTR,-1 .12S - 12, -1 ¥261, -1
b1 o 594,21 -9682,-1 -1 +305,=1 N06, -1 .
42 -.BR,-1 -,572,~1 .0835,-1 .228,-2 58,1
k3 -.490,4v -, k10,~1 -~ k80,-1 -, 27, 20k, 1
bh --198.-‘ =50, -1 -'-mn“‘ -~5:p" 0}59:‘1

"5 --555 =1 =105, e 5'530" -329." 23,1
BE < 116,-1 < k86,-1  -.611,.1 .h0S5, -1 151,
47 2105,a1 =, 308,-1  -,k97,-1 .318,-1 o379,=1 -
48 365,e8  =,216,1  =.260,+1 669,-1 +555,-1
49 T3, 2,3 -, 5h2,-1 .768,-2 R |

5C J766,-2 266,-1 -.526,-1 R Y, 78] .230, -1
51 93,2 L156,-3 < 13k,e1 -,195,41  =,200,-1
LTe L1 .618,-2 298,22 .127,-t

> = 55,1 -J‘Tjn“ -‘601" -567i4 =170,
r Sk o T2h,s1 - 156,-1 o WAT,2 L151,-1 265,

p73

55  =.511,-1  <,6%9,-2 RYSY | 90,2  «, 241,
56 =.372,-1 =237, 28,1 Ok, 2 o k27,1
§7 <, 60k,-1 =,270,=1 - M6, ~,995,-1 251,
. 101,01 63,1 = 21k,-1  +,308,-1
-,220,-1 W53h,-1 -,616,2 ~,215,-1 .

WE AN D o PR AT Y S e R e
k]
&%
3
b

- 118, .639,-1 L0k, -1 <, 160,-1




Run No, 17; u compornt
] Ansommts. Fosition Mumber

1 2 2 4 3
¥ 0 1.0 R Y] 1,000 10
T8 726 720 S8 &
S « 555 545 »018 W8
MGl N9 435 57 1350
=375 + 50 500 ol 220
« 2R3 15 o0 o395 .287
- 204 292 263 ATk 278
263 <248 222 o357 275
~ 243 +195 213 e -A
83 .18 ATT 208 S9Y
« V99 J79 K1) 234 RE
78 49 NE 210 A7V
0353 a9 0, =1 84 Y
L] Q13,1 N LY BLY
L2 887, -1 157,41 20 L1531
o104 WU 056, U6 Jul
2G5k, o1 124 807, -1 RY) [} Sy SV |
103 #1235 .10 B4, 1 B
7 0 120 12,1 3
«HR 2am, -1 G005, -1 2555,=1 RE
<086, +0Y45, =1 ot , -0 6T, -1 22
2858, 1 PR, ) o541 ,-1 NI L67,-1
026, ) 501, -1 572, -1 S, e 250k, -1
o 605, 1 « 529, -1 UG, 0 Tl - A
k0, -1 » 300, -1 LY/ Otu, -1 WS,
L 8Y3y -1 W97, =0 Sy, bl o1 Ry |
220,-1 # 105, =) Xy L1, 102, =1
P & Y0 B¢ YR L L P 2 Y
o V02, -t « 750, -2 A0l ot .20, -1 Py R
2290, -1 «2%0, «1 550,-1 501,41 80,0
<586, -1 «285,~1 Ok, -1 52k, =1 A0, -1
+ 503, «205,-1 «TH3, =1 o520, -1 2259, 41
#3591 423, -1 5,1 W322,01 2 YT2,e2
310, -1 180, =t «555,1 S5V, a1 e 150, et
22k, -1 REIS) 574, -1 72,1 218,-2
'MD“Q V53,1 .U&‘),—l "‘5“:"' .M,-Q
~ 274, = 5,2 RO 522,51 #1002
""25!“ =e157,-) «531,) [3-3% P =e1], 1
oMl el -, 235,e2 25, - PSS e M, -2
oG, =1 S0, -2 Aol =1 02, o155,
185, 1 ol -5 43,1 TTupmi =aUTh,e2
~oE79,-8 o 0, e o2, -1 » T - T, o8
27,2 -, 187,e2  LBU,-) W11 650, -2
L [TV B T | ° 575,10 ST, -1 veuls, =1
=193, < 8T, -} 129,-1 o5, . o033, 2
re3THy~  as08Y,-1 o333, 1 197 “PY IR NAL - Y]
e h3l,=) e Tob, =) o502,-1 .é":,-l S|
~lif2,4)  w.009,) L3010 25791 0525,8
B3 YO BT 232,42 0T,e1 =edT,e)
e 3TRy=i  =,T00,=1 20,1 oTV5,-1  ~u582,-1
~eST0pet e i) «516,«1 o530,-1  =,503,-1
- YR B, ¥ DI | o421, -1 3T,-1 =425,
'-7‘9;" '-‘;'970" -5‘)“." 30,1 ‘0‘5@:"‘
oM, =) Ry L ) 185, -1 22y, ]
= Ty cog@Uy -t wat iU~ i, i ma T, eE
@00, b wo@TTp=1  ~ 05,0 e 088,23 -,181,-0
320, =) JTGR,e5  maBho,m) =106, «,235,-)
WS =1 2 T5,23 275,00 =o) 38, e S KW,
.&9,-’ JTET, =2 =etulgel < 1T, Oy, e
oB07, -1 AR, LT =5/, o350, 1
M7, JIO1,2  (220.-1 <476, -1 # 304, 1

183



PR e g -

s e ST IO e e 5

-3

o]}
a3
ok

U5
oG

a W,

B I i T L WL

v oomponsit
Aneaomctsr Position Mumber

1 2 3 b 3
1.000 1,000 1,000 1,000 1,000
. PUTES 2401 o7k 2089
192 .213 o234 264 209
55 S0 L7 188 o152
N #120 .881,-1 904, -1 o135
-] 2106 128 2950, -1 10k
L1068 o, 115 RO B,
S ey 875, -1 ST, -1 07
109 -530;"1 v}al"l’1 «327,-1 -696."
2592, -1 LH04, -1 oFY, =t 2591, -1 «5TT,-1
3 21 e W, et X7,
Bak, -1 104 W01, e1 +535,<1 220,-1
0852, 923, -1 810, -1 J2Th, =1 =333,-1
'Gwl-j 90, -1 29571 05,1 - :"‘
JT36,-1 585, -1 J879,-1 .339,-1 48, -1
2565, -1 T, mt J21 276,41 .239,-2
2108 T e 150 2365, -1 .z;{lg,-l
$95k, e GG, «t 295k, -1 450,40 Lho2,-1
.272,-1 85,1 +690, <1 367, «311,41
010, 21 I T .avg, ot 106,41 B51,-1
2557, -1 L9511 .190, -1 .507,-1 .125,-1
509, -1 2958, .580, -1 L67, -2 02, =1
B0, - L0k, -1 501, =, 202,10 362, .1
L1451 2702, ST, = 136,10 396, ~1
G, -2 69,4 WM23,-1 =,102,-1 539,
07‘81‘1 -5")5" «1D3,=1 "¢557;';’- . -‘)0'.-2
-92“:"1 o523, "5}9:"2 -6595'? -M'"
SOV, -1 487,41 M08, -1 =,189,-1 12
079, -1 SO0 =1 08,41 113,40 «913,-)
047, -1 22,4 K« {70 T Py Y «658,1
L, -t 25308,41 G770+ A1kt S Th5, -1
286, -1 2662, -1 503, «1 . T Rk A
ek, - 600, -1 678, -1 AT, 292,41
104 #5069, -1 527, 581,41 SR, .
«T35,=1 052101 354, -1 460, -1 »TRO, -1
I8 543, S, -1 88,1 2T,
9,1 TR LT, 12T Mo, =5
JG2h, - oG, - 5i5,=1 AN .218,-1
-y‘?:d +995,1 .5"“0,-1 +907, -1 Oml"
313, 75,81 .728,-1 J595,-1 = ,140,01
2 T57, =1 Ryt L6k, -t 401,21 EHD, -1
490, -1 A3, 01 8571 5571 470,41
o112, et «568,=1 1989, 357, 609,41
o, =1 260,41 100 +539,-1 e, -9
102 +399,-1 50 ST 2366,
SOUY, =1 b52,e1 J951,+1 26,1 07,1
17151"" 0'*911"‘ -975:" cu‘:u“ -"‘5‘"
623, «1 LT, - JT96, -1 268, -1 567, =1
.809,-1 615,41 901, -1 J410,-1 938, -1
100 TR0, % 0k A5k, -2 109
A1y 046, -f M, et .340,-1 876,19
156 099, -1 597,00 420, STk,
158 226k, -} 683, -1 .501,-1 126
.ig6 £553,-1 L2, V363, =1 £01,-1
13 162,49 £92,-1 762,-1 89,73
L0 310,-1 .55k, <1 M5, -1 .560,-1
SR 650, -1 S51b, -1 130,-1 10§
102 NG, -1 318,41 .358,-1 0820,1
97,1 825,10 210,11 <, 328, 5300,=1
o566, =1 656, -1 420, -1 2119,-2 88,2
S015,-1 .592,-1 TET,-1 =e265,-1 430,-1

To S TR et




28482 BS8ES8

=
Pt
-0

- .
Fux

0=y SN

T s

X

——————— ———

Ran No, 175

v comporunt
Aneavaecter Position Rumber
A

1 2 3 4 b

1,000 1.000 1.000 1.000 1.00?

550, +1 880, «1 123 o152 AN
.goo:-t 3l L08,.1 LSRG,e1 JBI5,m
JLhgay L8, ey a3s2,r 23, - 000,40
592,81 =,256,+3  ,0T2,-1 R0, 259, =0
o359k, =1 LR2T0, -1 MTT, 01 2509, -0 =, 780,-2

240, =1
- 227, -1
o t13,-1
ER TR
2330,

- 335,-2
~e233, -1
sl -4
by -t
-~ Tl -

- 352, -1
= "-571"1
10743
030, -0
S A P

SR
LT,
7
LS00, -
v 301, -1

oY1t~
L4199, -1
s 15,2
LG8, -2

e PR ]

LB,
s, .1
w12yl
15,0

T

wadBrgnt
-2k, -1
150,41
- l50,01

o 28p )

ot -¢
R
PO L <Y |
- 519, -2

“ 23,1

109, ~1
- M, -
- 603, =2
- 183, .1

2360, «1
ST,
- 00y, -1
L1, -1
ALY

U
Vil -1
-a836, 00
R L
ey N

L, -1
- 250, 1
adba-t
- 3,0
- 151,41

-1 I |
L1y, -2
--\‘:I':’,-]
310,
15,-2
-(71"‘,—?
RIS

o087
Ll e
a5, -

$ 2051

- '9551 -1
-1,
117, -0

202, -1
“Bdapre

e,
-y, 1

ST
-, 3

=, IhN, A

by,
A2,
S0,
500y

"275)"‘
P T

by,
25,2
1299, -1
IR, -1

o5Eh, 2

~a 15, -1
1131
.48, 1

800, <2

o118, 1

W, -3
.o, =2
~ 5T, e
P

- K, -2
- 42, )
57,0
B kired)

5% -

ATt
UL, =)
< 1Ty =Y
- b,

ERAL P

- Qg =W
it -1
i,
*a135,-%
- 5%5,%
5, -3
SR, A2
w b, -
OB,
RUTHS

P ) Ee
D7,
w1
REI
RACTIR
N2,
05791’1
95,1
ke, -1
S bl =)

’ﬂ/‘f\-‘r"

ROt
woZith,
"'=:51“:"
- SiT,0

PRAL T
PNk A
'h‘)TI"‘
W23,
T

-.878,-2
1 e
- 5k,
. 105,-2
J2ho, -

2R, -0

189

o 13Yye2
=2 220,1

o300, =)
=218, 41

Sl
Ly,

W 334, =)
.8, -1
S,
Na e
Ry I

oy
e, -0
7T
52,0

R0,

70,

V351
-5,
¥l

S

240y, 1
ey
-
“a 152, =1
elitiy, =1

- b, .2
REAPE)]
W53, -1
ATy

‘-‘171‘;“

BT AL ]

R
L5 R |
TV, -

Y|

PR, -2

B 3'*1‘;/
- XT,-2

501

A0,

30,1

Uo7, -1

=699, =1
49, -1
.TTB.*‘
« 389, -1

W32, -]
PRkl P
01,1
L, -2

AR,

JGM, e
RULRES
o Sy )
W, =Y
5,1

2203, -1

- 00, 4
- vh-r‘“l -1
.'12'69. “1
RY:
S0, @

~ A7, -0
310,
105,41
A
-.55-“;"1

LV,
o this, e
-5,

N T TR
ol e

w2, =1
RT* AT
«.125,-1
cetls,
- lidat =)

R{ARS
LT, -

3,0
REANES)
BRAE A |
JACY, 0
B3, -1

-5}(’.'-‘
21l -1
- B5,-2
.2%1,=1
Bl

=507,




- R g———

Rur: Ko.

El

i0; u cumponent
Aconocmter Position Rumber

I
00 1,000
01 . 050
oz ks
03 33
ol 257
[¢}] 234
UG A8
o Lk
6B JIRRI, -1
5] U3, 1
10 113

Al 17
12 2y
13 119
W o
14 oz
1 7RG, -
17 00
10 W47
1 A5
20 0T
21 0!
o2 A2,
o o MA, -1
'.?E aw
2% BT
26

b
LAY ¥ It
o7 NEL ]
2

2 AT
29 120
k4 A2
»n D3
-] A6
] A5
B ha
29 150
35 #1580
¥ AR
38 Rl
0
Lo -39
Ly 104
Lo S0
') 1Y
801,
Ls 100
be 416
L7 119
48 881,
49 oSk, a1
50 $b97, -1
51 «T56,<1
52 Lisu, -1
s 419,41
5 o3 W
55 -6581“1
56 -850, -1
57 67,2
0759;"
59 JB1k, .1
w0 O, -1

2 3 L 3
Heas b0 14200 1,000
W03 B8 Lol 632
O 45 b2t 400
BT b7 316 291
2 L1808 251 231
286 £155 223 189
200 S8 00 73
B LN ST 185
RN T, -1 Ry A195
03 2500, -1 R Ja27
Sl 19, =1 03 RN
A S, - 37 10%
REN A ARG RE])
R L5841 100 437
L10r U] L5k, -1 Bk
W, -1 458, -1 768, 1 Bl
VK=Y PRI} L350, .1 Bl
N LSO, - L6581, .1 J12
Lol ST, -2 R AT | b2
0,1 a1 T, - JU33,-1 REL
Lo - 30, -1 eI AR 803, -1
SHE =470, 105 W15, -1
LA - 31, -0 123 B, -1
RN wo 31, =1 A 50,1
B 200, =1 88 06
LN a5, A 108
RIA - 03, -1 A0 901, -1
.1‘:;' - M, -y W7h J21
REN Ry | UG <138
105 - kg, -1 A% .h2
150 =37, -1 S8 #1357
. — G, = WY .139
L8 200, =1 WA 24
187 sk, - 805 06
Ry « M, -1 0y 109
RN 100, - 178 130
10k O35, -1 61 50
e L2, -0 137 47
0N U100, -1 2134 50
55,41 W 52C, 01 BLkl L2
A%t 0T, -1 UL 27
=M .g1y,-1 162 Ri1N
109 R ST M
.30y 109 SR L1
.18 JM X0 N0
L156 Ry 18 521,40
70 S0 N5 2,1
160 8 1) 36 <728,
A9 L118 Li29 «568, -1
20 2074, 47 608,41
oy 54, -1 478 821,41
06 o568, =1 90 4103
A5 .517,-1 .183% 22
A6 LT99, -1 148 N33
138 STRE -1 Lo <450
901, -1 L0910, -1 154 153
A6 859, -1 2159 155
ax 602, -9 <151 57
12k J662, -1 L124 L0
S22 310G, 1 128 <90k, 1
P10 L 3035,.1 100 105

186




A
AT ——————— RRRRT . - re——r
Run W0, 18; v component
Ansmoswter Fosition Humber

I SO S g 2 u 3
00 1.000 1,000 1,000 1,000 1,000
o .1 . 30 38 3 Y
02 263 - 255 293 279 279
0 L2390 2% 2T 251 K30
237 2 200 23 - 04

0% 206 .28 #250 Lok

06 .2038 . 257 270 2235

a7 020 .28t 203 24

08 230 257 o2hd 200

09 236 .20 £263 R
10 63 L0 217 oyl RS
1 257 o b L0240 L2T0 A0
12 L2660 L3 LT 23 B
] 078 20 L 30k s Sk
1h WU « 264 SE L3138 bt
15 J2h7 W20 i 7 28
16 208 250 ] 28 ST
R 17 a7 Loy 263 N Y] Ll
18 B 756 290 o7 0l
19 S8Y £ 70 7] iV SR

& 225 278 L2068 S

2 £ L 2h 203 268

ad K33 L2 SO Lo

23 .088 28 21 45

2k ke 2% e S50
25 .255 24 207 RAEY 2%
25 289 <27 .25 70 Reldl
27 004 i 201 Ry W30
28 268 250 R Bl o
2y K131 2T 27 B 200
L8] ohds 203 L3605 W51 BLY]
51 Ruki A 2 278 L5t
. 32 R 1 o203 .83 R 23
L3} ATE 215 JOTH R 28
Ay .185 e 20 ST 194
3% 128 L2 153 )
. 3,085 o2l R Sy
57 £ 255 .29 290 P
A i 0 T 7
39 200 L2 SO R LN
O 233 2107 2N 1] V259
v b 233 - 250 X Sl oF
4o 22 Y L2 087 b2

") 200 <237 207 Rk Re

[ 222 .01 .24 Bo.1 N7
['3 230 - S 20 | R
, 46 21k 201 22 S R
) 4 L 215 O3 by 250
Y L8 R1s] S22 27 B3 BT
' %] 216 L1y 0 0% o154
] 227 L] am R Kol
51 21 226 254 203 M8
52 A3 195 K] 00 Ltab
53 «221 218 .87 205 P00
. ey Al a1l 323 % w0l
pad vy ac AT scrC S FRa=ad

55 225 <09 298 PP 189

56 BT L2 213 2y 230
57 218 .20 2hy 213 LG
5 224 L5 A% 197 a78

59 A6S o0k 20 M) Bt
- 60 A7 A0 218 4220 207

o 187




R A anae” Y

ZEREY PR

K
w
ol
ub
ol

U8

318

10

10

e, e SR,

lan Ho.

ke i TN

'8; w component

Anemometer Position Numbes

R s R

VU
NARES
152, -1
ViU, =)

RU PR

mol 55, el
LMy, 2
L0, -1
RIS )
N07,9

01, -t

—e il .
ER/P A
RIS
RUEA

S,

0,1
.o bihlh, @1
., -1
B TF YN |

2y, )

EPR AR
B Y
0¥, e
e S, =Y
= Ii1,-0

o 5lhy =Y
L, -
AT
we Wy =1

o (R0, U

G, -0
Sy, -1
-y, -0
""“7:'."
o 100

=Tl -
o Thhoip =
PRELS P

a0,

.00, -0

aatf el
-, el
o {10y w?

8,4
=o 157,41

2B,
L8, 41
R .l
- 225,-1
- W2,

476, -1
54,1
-2,
-.102,-1

L5k, -1
Ll .t

2

1,006
R, T

- S,

“eritily, =Y
15,1

LS|
ST
230,
P IR

O

S0, -1
P A5,

PP T
LT
cabhy =i
Ll -1
RO
A
vy O
Sy, -1
ma iy )
.y, =0

PR TR |

L, -y
- 108, -1
w Vi, -1

- r, -1

-0, a2
L3k, -1
A
RO |
RICUS|

ISTI
-.L‘ln‘jj‘—\
N
= b, -0

iy Y

369, =1
o ll¥, -1
20,1
‘-55‘.’;'1
903, .0

oA

“a570,=1

kS
[T .,

ToAs
20,
L0, -1

LS IV It

.

o,
A,
PN
B

o
IR S T

TS

V-
RS O
RETIS:
R

AP

PR S |
93,1
P L |
RN
L1400, -1

Y, -1
LT
RUIRY
BENPRY]
353, -1

LY (GRS
.40, -1
Lty =
- OMF1, =2

£ 586, -1

. B, -1
£ 525, 1
- 202, -1
RS T
-al02, -

'-267:‘1

188

ST, T\ VT T I SRR © I A et gt Ty 1K SRS T

.
1,000
12
RLEAS
2545, ~2
155, =1

T
EPSA IV |
Js,.2
2. 710, =32

PR B

YA
ST, -0
RIS
Ceeth, -l
St A
L, -1
Loh, 1
-, -
. l‘r‘!’ -}

sys N
LR PR

- W, -2
L300, -2
=225y~
A A
A (PANES

g,
si =

e, -

ALY

S, R
W1, -1
AT |
01, -2
RUINY

) TOT, =2
JA0G, -1
L56, -
oz, .
B L

M5, -2
J26%,
T, -1
J3ET,

-5, 41

“ B,
~o 154, =1
by,

=o693,-1

—

1,000
36, -1
TG, -1
626, -1
196, -1

05‘:":"2
A TOL, =2
e O |
2h0, -1
NS

«529,-2
.98, -2
- 187,-1

RV

T, el

= oy, -8
L5, -
C Ty -1
RIS
T
Y U]
806,42
1 909,-2
o, .2
RGN

700, -1
wa21, el
LA, -2
70l =
350, =2

sV, -1

S PO |
<Ly, a1
- 21,2

" f."l‘ju";f

o Gk, 1
s, e
. 3038, -1
.10, -1

-, 280, =1

- %, -t
- 254, .2
O, -1
- 558,
L683, -1

AU, -1
52, -2
2500, =
39,2
K01

o iy, =1
L2221, -1
220, -1
~e 385, -1

=2 705,-2

- 379,-E
-a211,-1
292, -1

=.569, -1
o308,

588, -1

L




o 1 o A il B 7 i leR o

EERE JIRIRS

EE¥SE ggwaw

EELEE

ELR2Y

Al WA WA
\D&-«l QA

g

O I AT

Ty

Run Ho, 15;

u cumponent

Arnaometer Position Number

1 2 3 4 5
1,000 1.000 1,000 1,000 1.600
801 Bus Bay .8 Y
+706 Ny 695 JTH8 676
537 SBTT 611 576 596
ST 4R 555 o637 532
N9 ST k61 #5061 Ju23
RO 57 S22 +529 -390
ALY 516 .38% W50k «356
R 460 b3 S07 «335
AT0 3 83 Juyn Rk
367 2 296 486 206
o8 <366 276 2 «253
+326 « 300 2N LU0 2230
513 Bhb 258 o et L2183
. 301 3% 242 JA35 2196
2083 « 309 L2260 Ak 180
«259 281 207 +399 .182
22 206 Sk L3008 ATh
42 250 A9 o3Th 163
228 .233 163 8- 0] 86
215 216 189 o3 182
2N 98 .18k ] T
203 198 Y < 306 W15
187 1688 188 o333 87
57 Y6y 65 32 .58
.18 155 kG 02 S0k
108 37 RE.] 293 168
02 124 15 27T JGk
100 4103 SR, .258 52
B31,-1 L85k, 653, #2045 129
T8, 2803, O47, -1 2U2 oI5
<T46, =1 < THO , =1 ,863,-1 £252 106
«ON7, -1 .58, ~1 621, -1 218 »Y57, =1

C .52, -1 o354, ) 350, -1 98 883,
A7, -1 .212,.1 271,10 N8 BU6, -1
« 334, -1 J602,+2 02, -1 160 003, -3
N0, -1 =689, T 500, 0 +654, 1
‘0555"’2 "'25"‘ v555n"' '“‘5 -mh"
= 166,«% - 14k 2375, -} L132 S0, -1
-.2M,-1  -,800,.2 191,41 e 691,41
a6, -1 -, 78,0 257, -2 06 o316, ~1
=068, 36k, .,862,.2 100 326, -1
--"53,-‘ =303, 257, -1 345, -t L1084, -1
'-5‘&?1'1 '-)72:“ "}7"'" '8351“ 0812"?
“oT6,=1  «a259,91  ~.637,-1  (T73,e0 W2h4h,a
UV, = 138,01 LT, -1 JT10,-t bk, -1
811,41 4,933,.2  -,900,-1 T30, -1 JRG, -
TP, ~996,.2 108 SG4T, -1 «633,-1
~a0857,-8  « tk8,410 -113 Jd2, -0 548, -1
=69T,=)  «.250,-1  .121 B2 32,00
«B17,-1 183,41 <, 110 B4, -2 2360, =
=u522,21 176,21 <. 1§ va63, -1 02, -1
=602,-1  -,752,-2  -,109 »457,41 299,
‘.572;" -.1)2,-‘ 113 '-“965" .'206,-i
53T,=1  «uTT2,-2  -,123 =432, -1 «223,-1
- 408,-1  -.2065,-3 .19 -2 370,=1 4233, -1
e 502, -1 488,-2 .2 = k28,1 WA, e2
-055,-1  955,-2  -.138 -.583,-1 15,8
‘1596;'1 -57'-'2 =151 ‘o§565" -”6,"
=038, . 139,21 -,151 - M489, -1 16,1

189
e g £ -




o2

10

12

Run ¥o. 192

_hnesometer Position Humber

v comporent

190

2 3 b3
1.000 1.000 1,000
T NI 809
JTHE N 163
N .76 TJT
657 $T06 L7
K3y LN L2
598 W56 608
578 678 608
560 604 997
528 .51 570
501 529 o
L 52 . 540
455 528 517
ks 512 .Em
21 480 Gk
et 5y e
.3R0 419 NGk
A0 St Jhhy
L1587 O 439
Y T Jhoe
. the 5] JS70
51 156 76
.4 +52%6 L]
201 26 387
.20t «22% J50
.27 224 L]
Skt 19 .43
215 a4 259
2% oA S8
205 . 205 NALI
209 200 203
195 ~204 207
196 298 279
L1683 297 27T
.10 290 276
J193 -] 27
g2 ~29% +2h6
A J29% 229
198 291 J2%h
.20k 275 N7
199 264 18]
.198 L248 216
97 240 21
185 240 190
185 211 A6
N6 .220 AT
AT 217 159
170 206 62
180 212 .125
AT 216 188
.18 2%k 158
AT .2tk 52
.187 217 150
L1682 214 G
L 196 20 136
.20t 200 V56
200 .20k 139
195 .2n 125
REA .20C 128
« 196 RN RELY
. 195 205 130

T TSI S =



Run Mo, 19; W« comporent
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K 1 2 2 b 5
20 1,000 1, 000 1,000 1,000 1,000
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03 ST, et Jb00, <Y &75,-1 +256,-1 V568, <1
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" 12 «.200,-1 A0, -2 =198, 8 B XA | 517, -1
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LERRL 1 P T LI IR AU | IO | L2712, -
16 =, 1hE, -1 Y1 IS IR 0.3 JC-CR | TR SR,
V7 110, -1 JGhT, ) w050, .1 < b, . R

an LT 4L 1 aran 4
= 2 I TEratl e ¥y = PR - %

19 230,41 =278, a1

20 A5G, 2 150, 05,1
21 SR, = a0, U,
22 RO, -1 -, 502,40 1L
-3 T Y | -~ 1)2, A T
2k W215,=1 21,51 =08

25 L2, =0 A TN B T |
26 RV 2571 N,
27 T9T,=% @709, -ty
24 'tB“D.e -lebjl -1 £5),-2
29 2%, PR N SR
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M JRU4, - SR L ek,
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1T« 290,-1  ~27,,-¢  =,200,-1
LT B I R BN S0 701 B 2
19 =157, R B b () |

RO LMkA, ) o125, R SRS |
. bt 270,72 €25, 205,29
42 - 75%,-2 678,. 0,2
bz RT3, 01,2 -1,
e s21,-1 -,2Lb, S, N0
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