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SECTION I
HISTORICAL.

f The flrst recorded attempt to measure the speed of
Wlnd was made by Hooke in 1667 The dev1ce he employed
was a simple pendulun w1th a large flat disc at its base.
Thls was suspended fe} that a portion of the shaft remalned
ahove the fulcrum. When the dlsc was dlrected towards ;
the uind, it was pushed back, and the part of the shaft
above the fulcrum Went forward By attaching a scale
alongs1de thls, an 1nd1catlon of the speed of the w1nd
was obtalned |

From this first pressure plate anemometer, many
types of w1nd measurlng 1nstruments have been developed,
utlllzlng thls and other prlnclples, notably Pressure
Tube, Coollng Power of Air, and Wlndmlll and Cup anemo-
meters. The pressure plate anemometers are not used now,
as they are very erratlc in gusty w1nds, tendlng to sw1ng
,backwards and forwards and giving false readings. Added
to this is the dlsadvantage that they must be callbrated
as the actual theory of operatlon is not s1mple.

Pressure tube anemometers, whlle very satlsfactory
~under steady condltlons, are susceotlble -to changes in
air density and'are unsteady in hlgh'wlnds. The most

important of this type is the Dines anemometer which is
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in use at most weather statlons at the present tlme.
This makes use of the fact that w1nd blown into the mouth
of a tube causes an excess of pressure in the tube and
w1nd blown across the mouth causes a suctlon. The com-
bination of these is an 1mprovement on elther used 31ngly
and this was first successfully done by Dines. A w1nd
vane is necessary to keep the pressure tube headlng into
the wind and since the suctlon in - the second tube is
sensitive to 1ts orientation, some method of maklng it
1nsens1t1ve to w1nd dlrectlon had to be found. These
two were coupled by Dlnes together w1th an excellent
'manometer, known as the Dlnes Float Nanometer for
measurlng the dlfference in pre sure. “ |
‘Anemometers employlng ‘the cooling power of air
principle are probably the?most‘accurate; The'hotfwire
type is very accurate for measurlng speeds from a few
centlmeters per second to ten meters per second. The
Kata thermometer anemometer is also falrly accurate in
the low speed range. The best of thls group is the
electrlcally heated thermometer, whlch Wlll measure w1nds
between flve centlmeters per second and thlrty meters
per second and has the added advantage of belng 1ndepen-

dent of varylng temperature and humldlty, and nearly

unaffected by radiation.
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Windmill anemometefs'consist of rotating vanes, which
move about a horizontal axis. ' Their most important prop-
erty is the nearly linear relation between the speed of
the wind and angular velocity. However they are not much
used at the present time due to necessary corrections at
low speeds and the problem of‘directing them into the wind.

The last type of anémometer»to be mehtioned, the cup
anemometer, is probably the most familiar wind measuring
device. It originally consisted of several hemispherical
cups fixed to a common centre by spokes, and free to |
fOtate in a horizontal plane. Modifications have been
introduced, until the Patterson Cup anemometer, which is
currently in use consists of three cups, which are conical
to give added sfrength and betﬁer performance. The major
drawback to this instrument is its moment of inertia,
-which must be overcome to start its motion, and which
continues the motion after the propellant haé disappeared.
This has been reduced greatly from the first models by
the use of aluminiﬁm alloys,'but,the errors in recording
gusty winds still remain large, and ﬁay, upon occasion
exceed ten percent. A cup anemometer has been devised
by Mann for meaéuring high speeds up to two hundred and A
sixteen miles per hour, but this instrument is unsatis-

factory at low speeds.
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For a more complete summary of anemometers, reference

maj bé made to "Meteorological Instruments" by Middleton.
A paper by‘Dr.'A.'Norman Shaw (2) gives comparative data
on the performance of sevérél 6f the above mentioned
anemométers; )

Up to the présent,~théfé‘doés>not appear to be
available an aneﬁggeter capable of measuring wind veloci-
ties over a wide range with a fair degree of accuracy
which is suitable to general meteorological use. It is
the intention of this thesis to indicate how this may
be accomplished,'making use of a principle entirely -

removed from those outlined in the prec§ding paragraphs.

(1)
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SECTION II

PRINCIPLE OF OPERATTON

Fig. 1

" The principle of the operation of the acoustic
‘anemometer is as follows;' Referring to Fig. 1 above,
a sound source is plaoed‘ét thé point A, ahd‘recéivers
at points BCbE? which are equidistant from‘A: If the
receivers are all placed at an e qual distance from A,
and no wind blows, the time of afrival of the signal
from A will be the same at each receiver. Thus if the
transmitted signal is of sinusoidal origin, the phase
measured at each of the¥receiversfwill be identicalj;
aﬁd~if'the emitted sound is in the nature of a pulse
of short duration, the time taken to travel from the
source A tb each receiver will be the same.

" The above is true when there is‘nd disturbance due
to the'wiﬁd. If however, a wind were to blow in the
direétion*shown, the phase, or time of arrival of the

pulse, at the four receivers would not be the same.
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Thls dlfference, properly measured and 1nterpreted
w1ll glve the ve1001ty, i.e. speed and direction, of
thé wind. '

CONTINUOUS WAVE METHOD

The first attempt to measure the'differeuce of phase
(or of tlme, as the case may ‘be) was done utlllzlng a
contlnuous wave source. In thls case it is the difference
in phase that has to be measured and the theory given is
simplified to fit the one, 1nstead of the two dlmen51onal

case.

>——-—-‘ . R2 S ' oRl-—-H 'b

Flg. 2

In Flg. 2, S is a sound source emlttlng a contlnuous
signal, 1i. e. a 51gnal of 31nus01dal form. R; and Ry are
 two receivers which are spaced equldlstant,from;'and ih
line with, S. When no”wind bloWs,‘the phase of the sig-
nals received at Rl and R2 will be the same. This is
equivalent to saylng that there is the same number of
' Wave lengths between SRl and SR2.‘ Suppose that a w1nd
blows in the direction shown. Then the wave lengths in

the interval SRo will tend to "pile up" or become more
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numerous and those between S and Ry wlll thin out,

or become less numerous. This indicates that the
velocity of sound will be increased‘in going from S

to Rl and decreased 1n traver31ng SRy by an amount
that‘lswequal to the ve1001ty.ofwthe w1nd‘~ The dlffer-
ence can be-recorded by recording the,diffe;ehce 1n~‘
‘phase between the two signals received. |

THEORY OF THE CONTINUOUS‘WAVE METHOD

Suppose the source at S generates intstill air‘a
wave whose equation is given by (7) | \
| Y = A/x sinw (¢ - x/v), (1)
Where v is the vertical dlsplacement on a. tJO dlmen31onal
plot, ;‘ ",j
A:is the amplitude of the Weve at unit distance,
w is the angulariffequehey in radiansiper‘secondk
t is the time in seconds,
X is therdlstance measured horlzontally in: centlmeters,
v is the’ve1001ty of propagatlon of the wave in A
 centimeters/second.
The term A/x arises from the fact that the energy
at a p01nt falls off 1nversely as the square of the

distance from the source, ‘and ‘is proportlonal to the

square of the amplitude. Hence the amplitude decreases
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inversely as,ihe distanoe.; Since the variatioﬁ in
emplitude‘has no effect on the phase angle‘and'is not
great eﬁough to prohibit measurements of the phése
dlfference, the quantlty A/k will be replaced hereafter
by a, the amplltude at dlstance x from the source.,_

In the case of the wave travelling to. Rl, (Fig. 2), '
its velocity will be 1ncreased by an amount equal to
the velocity of the wind, denoted by v, and in the
case Qf'the wave travelling to R2, its veioeity will be
decreased by the same amount. Thus 1f vy denotes the
velocity of SQund«(i,e.‘the velocity of propagetion of
the wave when there is no external diﬂturbanees) then R
the ve1001ty of propavatlon in SRy direction Jlll be
'vs + Vi and in SRp direction vg - vy. Hence there are
now two equations, derived from equation (1), substitut-

ing in the values from v(SR;) and v(SRs)

v = a sin w (t - __E___); and y = a sin w(t - X ).
Vgt vy, / A Vo=V,

From these equations it will’be seen that the phase

difference in the two signals at Ry and Rp is given by
VgtVy A ™

w wx " -
= x . s : (2)
V=V  VgtVy
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where now x is the distance from the source to the
receivers, which for convenience is the same in both cases,
and the other quantities are as previously defined. Thus

if A¢ be the difference in phase,

Ag =_'wx( - 1)  (2a)
Vs~Vw VstV -
Vg = Yy |

where £ is the frequency of the transmitted signal and
2nf has been substitdted for w. |

It may‘be'notedlthat pr;ciée méasufements of vy
éndlvwvmay,be made by measuripg the phage difference
between the soﬁfce and Ry énd alsofthe‘ﬁhase difference
between the source and Rp.

Let the equation for the wave at phe source be

y = a sin (wt + a). ' (1a)
Then | |
. wx
y = a 51nk(wt+a - s : (1b)
- R wx ~ ‘
= si - 1
and _ vy = a sin (wt+a , vs+Vw)’ (1e)

will represent the waves a;ng and Rj respectively, -
where a is the phase angle at the source when t = O,

and the other quantities are as previously defined.
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The phase difference between the signal at the

source and the signal at_Rg; Alewill be given by

AV = wtta - wh-g + WX = _WX . ©(14)
Vs=Vw  VsVw |

The phase dlfference between the 31gnal at bhe
source and the 51mnal at Rl, AC)mull be glven by

AQ = wt+a _wt-a + WX = 'wx -, . (1e)
; - ‘ e
Vs = Vyw  VgtWy . :

Thus (1d) and (le) provide two equations. for determing |
Vg and vy, from which
_wxf 1+ l)e
Vs “7?(44@ -7
and

Vi

i
T
3}

In order‘to’siﬁplifj the instrnmentatien, oniy the
phase difference'between the signals at Ry and~R2 was
measured, glVlng (3) above. | | |

It is shown below that v2 may be neglected in com-
parlson with vi w1thout causlng serlous error for w1nd

ve1001t1es up to 60 m.p.h. Thls results 1n 31mp11flcatlon

of (3) to e y ,
’ = VsAY L (3a)
i P

From this equation it is noted that provided the

velocity of sound is known, the frequency and distance
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of source to receiver are known, and the phase dllference
measured then the ve1001ty of the wlnd may be calculated.
In this method descrlbed the source was a U S.
”Army Slgnal Corps magnetic earphone driven by a Hewlltt—
Packard osc1llator.} Thekrecelvers used were crystal
‘earphones manufactured‘hy the.Brush Company and the
method of measuringuphase difference‘was by means of
’a-Cathode ray‘oscilloscope, The loudness of the trans~
mltted 31gnal was 1ncreased by plac1ng over the aperture
of the earphone, whlch was O. 3 m. in dlameter, a plece
of glass tublng, in order that the ensemble would behave
llke & closed organ nlpe. Thls caused a notable improve-
ment in the loudness at a partlcular frequency, i.e., at
resonance for the length of glass tublng ‘employed. ‘Due
to the small size of the aperture of the magnetic earphone,
the position of thebsound source could be accurately
determlned whlch is necessary for proper measurements.
This however, is not the case w1th the Brush type crystal
earphones, whlch have a large dlaphragm w1th several
apertures leadlng through the coverlng materlal. |
Consequently their p051tlon could not be placed w1th the
sane accuracy as the earphone actlng as a source..

Furthermore, great dlfflculty was experlenced with so
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called "wind noise". . This disturbance is caused by
‘wind passing over the earphone and settingkupteddy
-currents etec., which affect the diaphragm. These |
~spurious effects of course are transmitted and show
up on ‘the measuring device. Wind noise was overcome
to some extent, by employing covering membrapes similar
to those used commércially iﬁ‘putdoor brpadcasts;_but
 was not entirely eliminated. _
 The bhase difference was measured by feeding the
- voltage from the receivers through‘amplifigré and then
on to.the horizontal and vertical deflecting plates'of
the oscilloscope. It is known that whén‘two voltages
are thus applied to the osoillo;cppe, the resulting
pattern (Lissajousfigure) will be either a straight
line, circle;of ellipse, depending upon Whether'thé twb
voltages are in phase,Aninety’degrees out of phase, or‘)
somewhere in between. By obéerving the figure on the
, oscilloscope the phase difference may be noted. It is
here that wind‘ﬁoise has its éffect, causing the_figure
ttvdisttrt:and blur, and making measurements difficult.
Another difficulty is the questipn of echoes from :
nearby objects and the,ground itself.‘ The latter may

be removed by placing the source and reoeiversuon
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stands and directing the source upwards. However objects
in the v1c1n1ty tend to reflect the sound themselves, and
thus cause multiple patterns to appear. A person mov1ng
about in the vicinity‘of the>apparatus can cause very
disturbing effects. 1In order to be free from ‘these re- |
flectlons, it would be necessary to place oach of the |
recelvers and the source on-a separate stand of such
helght that a person could move in the_nelghbourhood
w1thout dlsruptlng the results. This would necessitate
poles of at least seven feet in length which would
have to be rigidly supported so that they wouldfnot
sway when there was a high wind. 7

-Tne above problems, together with the.fact that
the method of measuring was.not readily adaptable to
the two dimenSional case;windicated“that‘a”ohange in
sound source, fron continuousfwave to a pulse would be

an improvement.

VELOCITY OF SOUND
Since the measurement of the velocity of the wind
is dependent upon the.velocitytof’sound, a derivation
of that quantity is given. For this derivation the
quantities wecondensation" and "compressibility™ are

required.
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‘Condensation is the decrease in volume per unit
of original volume when a body of gas is compressed.

In symbols, the condensation -
g =_0V

S e e g

Compressibility is the f;;ctional deérease of volume
produced by unit change of pressure. The elasticity
is the reciprocal of the'compfessibility. Hence if E
is the elasticity, | | |

N

where the negative sign indicates that increasing
pressure decreases the volume, and where 3p is the
change in pressure.

A B - C D

x %+ 8% Kty AAEX +Y+dY gy
Fig. 3 o 9x

Consider a cylinder of gas of unit cross section,
| illustrated in Fig. 3 along whose length a disturbance
is travelling. A and B are two plane sections whose

coordinates measured along the cylinder are x and X+3x.
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The initial volume of this slice is'fo'.v At the end
of the interval of time Bt, the dlsturbance will have
displaced A by an amount y to C, and hence its co-
~ord1nate is now X + y. The dlsplacement will not be
the same for the other sectlon of the sllce, as the
dlgolacement w1ll vary w1th x in the manner %%, gok
that the dlsplacement of ‘section B w1ll be v + Sx,
and the coordlnates of the plane so occupled w1ll be
X + Bx + y * —I SX. Hence ‘the new: volume of the sllce
will be 8x + —1 dx and the increase in volume will be

dx : A
EX,SX. Thus the. condensatlon then ?~ 4y from the
x .

ax?

above deflnlt;on. The pressure on a;sectlon differs
from the normal by an amount which is proportional’to
its position, and 1f ‘the pressure on C is 8p,, hat on
D is Op + & L—Rl dx whlch on substltutlon is ES+E gi 8x;

Now the force on the Sllce is equal to the dlffere
ence in oressure on the two ends whlch 1s E ix Sx, and
on substltutlon, thls becomes B ——% Ox.

This now must be equated to the product of the mass
of the slice and its acceleratlon.2 Hence
E-—%BX'—'Q&X#

where p is the den31ty of the gas.

N

2

X

This reduces to

fol)

=pdy,
E dt

[oh}
fol}



which is the equation of a plane wave travelling in
the x direction with a velocity\[E: \Thus the velocity
of sound is vlven by\l?i It now gemains'to determdne
.what E, the elasticity?lis in thisnoase.
The above derlvatlon for the ve1001ty of sound

is based on that given in "Sound" by E. G. Rlchardson (3).
‘ It was Newton who flrst established that the velocity
“of sound is equal to,J%i He cnn31dered that the alr
obeyed Boyle's Law, i.e. that the temperature renained
constant, giving plvl-- PoVo, whence he deduced that E
was 1n faot the absolute pregsure. However, when upec1flc
values were inserted in the equation V’==J%;, the -
resulting nelocity was much lower than that'ectually
observed.r | |

| The cause of the error was pointed out by Laplace.
‘He suggested that the rise and fall of temperaturekdue,
to‘compression and rarefaction‘did not have time to
idisappear'by conduction. Hence the chanée is adiabatic
and Boyle's Law does not hold. Instead we heve the
equation,. |

py V7 = po¥s 7,

where Y is the ratio of the soe01flc heat at constant

pressure to the specific heat at constant volume for

the ges.
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Thls expression may be put in the form
Y

plvlf\= P2(V1'* Vit Ve)y
, Ve -
) ngly (l T ——— 1 Vg)):
i ‘ ' ) ’ Vl N
- Expanding the bracket on the right by the binomial

o

theorem, and neglecting terms containing squares, '
bulnce Vy - V2 will be small, | |
1 opwy? - ngiy 8 -y zl~1¥zg)k
S , Ty
or transposing terms
Po - P1 = Do ¥ (-—VEEE);'

but P2 - p1 is Just a force per unit area, or a stress,

while Y1 = V2 ig change in volume per unit volume, or
v g v
straln. » ’
Hence E = 2%%3?5 ‘DPoY- Thus E is dependent upon

the ratlo of the spe01f1c heats as well as the pressure.
The value obtalned from the equation ¥ =\jZ§’by cal-
culation»agrees well with the value obtain;; experimentally,
and thus verifies Laplaoe's Theory. |

The questlon arises as to how atmospherlc condltlons
affect the veloc1ty~of sound, i.e. pressure, temperature

and]water‘vapour. From above, the .velocity of sound v

is given by
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- BE o

where v = ve1001ty of sound in cm. /sec.,

| y = ratio of spe01flc heats cp/c
p = atmospheric pressure in dynes/cm.%‘ |
p = den51ty in grams/cc.,

Now if the a1r 1s assumed to obey the perfect gas
laws % may be reolaced by ig where R is the unlversal
gas constant 0.473 ergs/deg., T is the temperature in
degrees Kelv1n, and N is the molecular ”elght. If (S)
molecular heats are employed i.e. spe01flc heats‘<
multiplied by the molecular welght, y may be replaced

by CP/CV’ where C_ and Cv are the molecular specific

D
heats. Also Cp may be replaced by CV + R, Equation

(4) may now be wrltten

(5)

Thus it is seen that the;velocity ofgsound varies as
the square root of\the absolute_temperature.

There remalnelto be”considerea‘gthe variation of
the velocity with respect to the remalnlng quantities,
as the moisture content of- the air changes. ‘This has
been investigated in a thesis by M. Bercovitch and (4)
results here show that the error'involved in neglecting
the effect of moisture content is less than 2% and

hence in this experiment is negligible.
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THEORY -OF PULSED SOURCE

In dealing with a pulsing souﬁd soufce, it is
the time intérvals’rather than difference -in phase
that give a means of detérmining the velocity of the
wind. The pulses are emitted at a certain rate, but
1t is the difference in time taken for any one pulse
to reach the receivers that determines the velocity
of the wind. ‘To increase the pulse repetition rate
is, in effeét,;to record th¢ veloo§ty of ‘the wind at
"shorter intervals. The rate is limited, of‘ooursg,
© as one pulse nmust complete its cycle at both receivers
before the nextApulsé arrives at either.

Consider a single pulse df verykshort duration
ﬁo be emitted from a source S (Fig. 4), and received

at a receiver R.

Fig. 4

If there is no wind blowing, the pulse will

radiate equally in all directions and becomes the
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centre of a ring of sound whose radius is increasing
with the velocity of sound. (Dotted circles). This
ring will reach R at a definite time given by & where

VVS

d is the distance between R and S and Vg 1s the velocity

of sound.

Now suppose that a wind blows with a ‘velocity v,
in a direction making an angle © with the line joining
S and R. Again a single pulse of very short duration
is transmitted at S. As befbre, the sqund will travel
out in rings from the source, but in this case the
source will effectively be movingkaléng SP With a velocity
Vyye ’If the pulse is’emitted at t = 0, the centre of
éoﬁnd will be'atrs; but at a‘tiﬁe At later, the centre
of sound will be at a‘point St althoughfthekSOund
itself will be radiating from.the'centre‘of sound in
concentric rings, it will not be moviﬁgkout from S
in concentric rings. ’At‘tin@ At later again, the
centre will be at S", and so on, until finally the
centre will reach a poinﬁfso, at which time the ring
will reach the receiver R. |

Let S°R = r; SS® = D and t = time taken for the
éignal'to reach R. Now in this time t, the centre of

sound has moved a distance D, and hence
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Y T

(6)

e

In this same time ¢, the signal itself has traversed

a distance r with the speed of sound vy, and thus
T

Vg ='€’ , . (7)

From the geometry of the diagram, it is seen that
r2 = D2 + a2 -2Dd cos O. (8)
Substitute in equation (&) for r and D from (6) and (7),

and we have

2

2 a2
(vst) = (v,t) + ada% - 2th»d cos O,

OI‘, . 2
| 2 2 a ‘ 4
vs' = VVV + -t-é. - 2V‘Aﬁ3}'_€ cos © . (9) i

Thus if O = O, i.e. the wind blows directly along SR

| . 2 42 d
then equation (9) reducgs tg Ve = Yy +‘E§ - 2v, T
_f(“‘vvf - ;) . (’.f e

Whence 4 = (vg + Vi)t which is what one would predict..
It is interesting to note however, that if ©=r/2

or the wind blows at right angles to SR, the equation

(9) reduces to - \

2 2 (12

VS, = VW + ;5 s

which shows that if the wind were to have a high speed

in a direction at right angles to SR, it would appreciably

affect the time of arrival of the pulse at R, although

the effect is generally negligible.
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signal will be received at Ry, and the centré will
‘h§Ve moved a distahée d; along SP to M. At time to
after the signal has been transmitted, it will reach
Ro, and the centre will have travelled a distance

dp along SP to a point N. Let MRy = ry and NRp = ro.

Then as before, -

2
:f W= dq + D> - 2dy; D cos O,
and S S , : - (10)
' 2 2 2
=do + D + 2do D cos O,

:

where
Ty = Vgb, Tp = Vgbp, dy = vyt do= vybs.

Substituting these in equation (10), we have

1

(vstl)2 (thl)2 + D? - 2vyty D cos ©

(vgtp)Z = (th2)2 + D% + 2vyts D cos O .
Substracting, ¢ | A
»(vf - vi ) (tg -“tf ) = 2vy, (to+t1) D cos O,
or B |
to - t) = At = '2"‘; P COZ 2. (11)
o s T

Thus when D;‘vs, and O are kﬁown and At;istmeasured,
the velocity of thefwind may be calcuiated.
| :It is wéll té note hefe the ofders of magnitudg
of vi and 15 . At COQ the velocity of sound is 33;;2
‘n/s. A wind of 60 m.p.h. corresponds to a vinf 26.8 m/s.
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In the one dimensional acoustic anemometer,
there are two receivers, spaced»equidistant frdm,r )
and in line with, the source S. The time of arrlvél
of the signal at theoe recelvers will not be the
same unless the velog;ty of the wind is ;ero or the
direction of the wind make% an angle of ninety degrees
with the line joining them (which, ffom»above, passes
through the 56urce‘8;) | | ‘.

Let the two receivers be R) and R, and consider
a wind to blow w1th a speed Vo maklng an angle 6
with the line Rl R2 (Fig. 5). Suppose‘the veloglty‘

of sound to be Vg and the distance. of the receivers

from the source to be D}

Ry

Fig. 5

Then from the previous discussion, when a pulse is

emitted from S, the centre of the signal will travel

along SP with a velocity Ve After a time t;, the
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Thus vi is of the order of 1040 x 10° m/s and‘vi

is of the order of &.4 x 102 m/s. Hence if vi were
neglected in the denominator of (11), the error would
not be 1% for a velocity of wind of 60 m;p.h.;'Doing

this and rewriting (11), we have

v, = ——5  At, (12)
- 2D cos O , :

which formﬁla is sufficiently accurate for most
measurements.

In contrast to the-continuous wave source, this
method is readily‘adaptablebto two dimensions, since
if is times that are compgred and notephases. In
';addition'to this, the effects of wind noise may be
diécriminated agajnstvand'thusrpaugs,n?.ill effects
in the measurements.' From the mechanical point of
view, the’pulsélmay_be’geﬁérétsd‘ngy simply and with
a compact circuit, as opposed to the continuous wave

signal which required aﬁ’audio oscil;ator.
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SECTION IIX
CIRCUITS

Description.

As has been stated the source of sound is a
sharp fronted pulse. This pulse is obtalned by means
eof a relaxation oscillator 01rcu1t used in eonJunctlon

with the small magnetic 'earphone. (See Diagram 1).
The condenser is large so that the pulse emitted by
the earphone w1ll be loud. ' The charging re31stor is

chosen so that the condenser voltagevwilldrise'neerly |
to the maximum in l/lO sec. | | h |
The frequency of oscillation (5) is given

approximately,by ,

f = l‘ \.‘e .(1-3)

' RC loge.Eg + £g - Ep |
- BB - g

where £ is the frequency of oscillation,

R is the charging resistor in megohms,
C is the capacitance in nufarads,
EB is the supply voltage,

E. is the striking voltage,

S

ET is the tube drop.
Insertlon of the glVen 01rcu1t values 1n this equatlon

gives a frequency of oscillation of aporox1mately 10

per second.
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The receivers consiSt of crystai earbhones each
feeding into a three stage ampllfler w1th R/C coupllng.
(See Dlagram 2). Tnese ampllflers are of standard
des1gn w1th the capacltance values chosen to give best
performance in the hlgh frequency range, since the
sharp front of the pulse cons1sts of hlgh frequen01es.

The dev1ce employed to measure the tlme dlfferences
is a cathode ray tube used in conJunctlon w1th two
swltchlng 01rcu1ts., (See Dlavram 3). 13’ach of these
sw1tch1ng 01rcu1ts is ass001ated with one of the above
mentioned ampllflers. "Their purpose is twofold' flrst
to act as an Ton' sw1tch and hence permlt the beam of
the cathode ray tube to be deflected (and‘to determine
the deflectlon) and secondly to stop the deflection and
“allow the beam to recentre 1tself and thus permlt the
procedure to be repeated M

In Diagram 3, the thyratron is normallj not con—
ducting. However when a p031t1ve pulse 1s applled to the
grid from the ampllfler, the tube conducts,;and the

condenser Ce starts to charge. Due to. the‘presence of

the pentode in the plate circuit of the thyratron, the

charging of the condenser is linear. This change in-
voltage is transmitted to the grid of a triode‘amplifier,

from which it passes on amplified to one horizontal plate



Page 27

of the cathode ray tube,}thus causing the beam to deflect
from centre. The identical procedure happens to the
pulse from the other amplifier, and the voltage in this
case is applied to the second horizontal déflecting plate.
Hence if the pulse emittedfby the~source‘arrivés‘at the
receivers at the same time, there would be no deflection
of the beam on the cathode ray tube screén, since both
horizontal plates would be charged to the same potential
at the same time. If, however, pulse A arrives first,

the deflection plate,correspdndingltO'this receiver will
start to charge while the other wili,not, and the spot
will move across the screen. When the pulse arrives at B,
its deflection plate will charge, and the spot will stop
noving across the screen and remain stationary at some
point other than the centre, the distance from the cgntre
depending upon the iength of'time the defleétion plate
corresponding to receiver A was charging before B ;tartgd.

This is seen more clearly

‘with the aid of Fig. (a), For the av

moment only the condensers in the '§% ______
cathodes of.-the thyratrons Willf‘f:» Ev

be considered, as they control §' E;

the action and the triodes act e T 4 ;

. . TIME IN ){.SE‘CS.
simply as amplifiers. - _
Fig. (a)
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At time zero, .the pulse reaches amplifier A, which
causes thyratron A to fire and condenser Cop to charge 
linearly. This is représented by line A in the diagram,
the slope of the liné being a function of the charging
current and the.condenser value.

’Aitimeitl nseconds later, the pulse reaéhes micro-
phone B, which transmits it through amplifier B to the
- grid of thyratron B, causing it to strike and hence the
condenserhccB to charge. Since the circuit elements are
the same in both A and B, the charging curve of C,g
will Be parallel to A and since the charging is linear,
both will be straight iines. - Hence at time t; there
will be a voltage of V, volts onchA and a voltage of
- zero on Cgg. At a time At nseconds later at to, the
voltage on C,, will be V; and that on Cyg will be Vgp.
Since A and B are straight lines, Vg - Vg = Vj and the
diffefence of the voltage on the condensers will be
constant. Now these voltages are amplified and passed
on to the deflection plates of the cathode ray tube
and hence there is a constant difference of voltage
on the plates. Thié causes the spot_to remain stationary
after a time ty. How far.from centre the spot stops

depends upon the length of time t1 (from Fig. (a)), and
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‘this in turn depends upon the time elapsed from receipt
of the signal at receiver A po the receipt of the signal
at receiver B. It has been shown previously that if the
receivers are equally spaced from the source, this time
difference isvproportional to the velocity of the wind.
If the pulse were to arrive at receiver B first, the
analysis would be'the same except the beém of the
cathode ray tube would be deflected in the opposite
direction. |

Since the pulses are emitted at the rate of ten per
second from the source, this procedure must be repeated
ten times a second, and hence the thyratrons must be cut
off soon after the spot reachesvits;stationary.position.
This is accomplished by making the pentode non-conducting.
(See below.) |

The length of time thefoondensefs‘cha:ge is of the
order of tens of ﬁseconds, and the path of the defleqting
beam would be difficultVté see, although the final position
would be discernible; In order to facilitate measurements,
a line is desirable, and since this is unobtainable while
the beam is deflecting, it must be accomplished while the
beam is returning to centre. To do this, the voltages
must be removed from the condensersvélowiy‘éﬁ&?th%s is

the purpose of the large resistors in the cathode circuits

of the thyratrons.
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When the pentode is quenched,‘the charging
current ceases, and the condenser C. discharges
through the resistor R, (Diégram 3). If the time
constant, i.e. R‘C;, of this cirouit,is’largg, the
voitage on the condenser wili-fall gradually, and
hence the deflected beam will recentre itseifv
slowly, giving a visible line. o ;

' Figs. (b) (l);and (b) (2) give plots of condenser
voltages against time and to the same scale, resultant

condenser voltage against time. The resultant condenser

voltage is the excess of voltage on one condenser over

the voltage on the other. o A

The scales are the same in § Y é
both cases, and the time % %;
scale is greatlykcontracted i :
after t2 in order to present § E

the picture. §° £ L

In Fig. (b) (1), lines | | TIME o pesEcs

A and B denote the rise and Fig. (b) (1)
decay‘of'the voltages on _ §

condenser A and B. The plot 2

.starts at t = O when thyratron g

A strikes. At time thyrgtron, % ‘j E
B strikes and at t,, both Chgrgingsi = i

o T =

are arrested by the quenching TIME N psecs

circuit. When the supply voltage - Fig. (b) (2)
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is cﬁt off from thyratron A, the voltage on the condenser
Coa will decay according to the equation |
| ‘ Ef» = By e P/R0, (1)
where E' is the voltage at any time t on C,y , B
' Ey is the maximum voltage attained on the condenser
Ceas V
e 1is the base of natural logarithms,
R is the resistance through which the current -
discharges in,megohms; |
C 'is the condenser value iﬁ ﬁfaradé.

Af the same time, the supply is cﬁt off from
thyratron B, and the vol+age Cen w1ll decay according to
the equatlon

, Byt = By /%, 151
Where;Eé is the Voltage'at any time t on Cep ,

- E2M is the maximum voltage attained‘on.the con-
denser C,, and R and C are as defined above. The
individual curves are shown in Fig: (b) (1).

It is the resultant Voltage that cdntfolsfthe'

" deflection on the cathode ray tube, and the curve for
resultant‘voltage‘Versus time is .shown in Fig. (b) (2).
From time t = O to t = ty, the voltage is just the

voltage riSe‘onvgondenser CcAf At t = t;7, the voltage
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beglns to rise on CcB and thus, as previously noted
the resultant voltage remalns constant. Both charglngs
stop at t = t2, and the resultant voltage decreaseéwin
an exponential manner,~givénf;by, making'use‘of equations
(14) and (15) above o i v

B - Eg = AE = (BB e H/RC, (14
where AE is the resultant voltage at any time t.

Thus thg decay of the resultant voltage will also
be an exponential whose time constant is identical with
the time constants of equations (14) and (15). The
circuit values are chosen so that this resultant voltage
will be nearly zero when t = 0.l s?cond, and hence the
~procedure may be repeated at the rate of ten times a
second.

The quenching circuit for the pentodes is given
in Diagrams 3 and 4. A third microphone is employed
as the trigger for this circuit. It is situated further
from the source than either receiver, the increase in
distance being’determineé by the longest time required
by the pulse to reach either microphone. -The increase
must be just greater'than‘tﬁe disﬁance‘coveredlby the
pulse in this time, so as not to quench the circuits

Auntil both thyratrons have fired.
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o This third microphoné'alsoAféédS-into a three
stage resistance‘capacitance coﬁpled»amplifiér, of
r8lightly different but still standard design (Diagram
a). The‘outp‘ut of this amplifier is used to trigger
a self-biased_thyratron‘(Diagram'S) from which a
bqnstant voltage pulse is fed onto the grid of a triodé.
From the plate of this triode the pulse, amplified and
shifted 180° in phase so that it is now negative, is
coupled by two‘condénsers to the control grids of the
pentodes in the switching circuits. This negative
voltage on the grids causes the pentodes tb‘become non-
COnducting).and hence the thyratrbns quench.

‘The entire circuilt diagram is given in block form

‘in Diaéraﬁ,T. |

| :‘A diagramatic;representatioh of the principle of
opefation of the cathode ray tube as a means of dis-ﬂ
jﬁiaying the velocity of the wind is given below. o
‘Although this thesis reports only the operation in -
the one dimensional case, the diagram shows how it
may be extended to meet the two dimenéionai problen.
Two receivers complete with amplifiers and switching -
oircuits~ﬁu$t be added. The four receivers are placed
equidistant from the:soﬁrce in the North, South, Zast

and West directions and the voltages they control are
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applied to the four deflecting plates of the cathode

ray tube.‘vIn order to demonstrate how these separate
voltages govern the movement of the beam, four diegrams
are included giving the deflecting voltage corresponding-
to each of the receivers. Rach of these four diagrams
is plotted to the same scale.

Consider the wind to blow in the direction indicated.
Then by the theory given,  the pulse will reach the East |
receiver first. At the time taken as t = 0, a deflecting
voltage will start to rise on the East deflecting plate,
causing the spotvto travel across the tube in that
direction. At time %y, the North receiver will pick
up the pulse and thus'a voltage wiil start to rise on
the North deflecting plate. This voltage combined with
~the voltage on the East deflecting plate, will cause the
beam to proceed in the manner shown between t1 and’tg.

- At time to, the pulee will be picked up by the South
'receiver and the beam will follow the course shown by
to and t3z. Finally at t3 the West receiver will be
actuated and the beam will come to rest, remaining at
that point until all thyratrons are quenched at t;.
At time t, the spot will move to recentre itself
following the bold line? moving quickly at first and

slower as it approaches the centre, according to the
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decey of the voltages on thefoondensers iﬁ the cathode
of tne thyratrons, R

V:olnce the motion to t3 takes place in 500 nseconds;;‘l
the out- g01ng ‘path will not be dlscernlble, but the‘7 e
recenterlng path taklng of the order of 0. i seconds
would be v1g1ble. ‘This procedure repeated ten tlmes
a second gives a line practlcally stralght, whose
length is proportlonal to the speed of the wind and

whose direction gives the dlrectlon of the wind.
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CIRCUIT VALUES

Table I gives the values for the circuit generating
the pulse. (Diagram 1.) The values Eg and Eg are fixed
and C and Eg chosen to fit the purpose. It is advanta-
geous to have thevcapacitanbeklarge,pand striking voltage
high so as tokmaké the emitted pulsézas loud and of as
short duratioﬁ as possible.. With théée values known,
the chérging resistance is given according to the
equation (13) forvthe approximate frequency of osciliation.
Ry is large so that a fine adjustment of the frequency

is possible and Rg and Rp are protective resistances.

. R DARLE T

R, ' ohms - 42000 2 watt

ﬁp ~ . ohms | .. 100 . ?;watt

Rg ‘ohms | - -30000 | 1/2 watt
Ry ‘ohms BOOCO | wire wound
C nf. 1l 3000 V

L eafphohé

The circuit values are standard for the three

amplifiers (6).‘ The amplifier for the cut-off micro-
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phone has decoupling in two stages in order to insure
agaiﬁst oscillations.

‘Table IT contains the values used in the circult
diagram 3. It is decided that the maximum voltage to
whichACC is allowed to charge is 20 volts. Since the
charging is linear ‘ \

Q,=IT=CV, | ‘ no (17)

where Q is the charge in coulombs,

I is the current in amperes,

T is the time in seccndé,,

¢ is the condenser value in farads,

V is the voltage on the condenser in volts.

In order to determine the size of condenser
necessary, the duration of charging must be known.

From the general theory there is the equation

At = 2vyD , ' | (1€)
Vg2

(Equation 12 with 6 = 0),.
where At is the time difference between the arrival
of the pulse at receiver A and B,

vy 1s the veiocity of sound,

v.. is the velocity of the wind,

W
' D is the distance of the receivers from the

source.

The distance D is one meter. The velocity of
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sound is known, 331.2 m/s at zero degrees C. The
instruhéﬁfmiskdesighéd‘éa‘féébfa“ﬁﬁﬁdAVélocities”up

60 m. p h. whlch is 26.8 m/s. Insertion of these values
in equation (18) gives = lgg ﬁsecs.i Hence the |
value of T 1n equatlon (17) should be 500 « 10-6 seconds
to allow for a slloht margln.

The charglng current . 1s flxed at 2 mllllamperes
and 1nsert1ng these values 1n equatlon (17) gives Cgq
equal to 0.05 nf.“When the;value of ?c ‘has been
determined the cathode“resiétor may be célculated
from the rel@tion ; |
The value off,E is 20 volts, C is 0.05 uf, and AE
should fall to 1/50 volts in less than 0.1 seconds.
Insertion of these values in the equatlon clvesR
equal to 0.2 megohms.

The values of the r651stors in the grid c1rcu1t
of the thyratron are chosen to reduce the voltage pulse
on thé gfid from the amplifier to the minimum necessary
to strike the tube. RY is large so that the grid of
the pentode will go negative with respect to the cathode
when the negative voltage pulse arrives through Cg;

Rp is a stabilizing resistor and is largg éo as to have

little effect when the thyratron strikes.
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) TABLE IT

Ry | 1 omms 1
Ry, | omms | 4.5
R; M ohms ‘ 0.2
Rb ' M ohms . . 0.5
R, M ohms | oa
By ohms | w7000
Cq 1 uf. 0.001
CC - nf. ' 0.05

The circuit values for the triode in the cut-off
circuit and for the triodes feeding to the cathode ray
tube are chosen so that the amplification is distortion-

less.
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SECTION IV
RESULTS

A, Continuous Wave Method.

The cbntinuous wave method was abandoned in favour
of the puised source to simplify the design and to avoid
‘errors due to reflection and amplitude change. It was
by arbontinuous wave methoa, héwever, that sound waves
have actually been used tb measure wind speed.

| Sinusoidal voltages frdm‘two receivers were injected
onto the horizohtal and verfical'deflecting plates of
an oscilloscope and Lissajous figures were obtained.
The pattern was observed to vary as the velocity of
the wind varied. The phase difference betwsen the
two deflecting voltages was detérminedkfrom the
relation sin a,=<i‘§ where |

a was’the phase difference

and B and A were as indicated 1 —

in thé figure. The confusion

B
L4
as to sign arises from the fact (i////////

that sin o and sin (180 - a)

have the same absolute value,
but differ in sign.
Attempts were made to record the intercept B at

short'intefvals, and hence calculate a provided the
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amplitudés of the waves remained constant. There
were two‘Short_comings attached‘té this‘prdcedure.
The first is that the ampiitude did not remain con-
stant, largely due to Wind\;oise, as has been pre-
viously mentioned. The SeCOndﬁand more serious'
effect was that aAhand’or small objeét moved in the
vicinity of either receiver}caﬁsed a shift in phase,
This latter trouble was caused by reflections. The
combination of these spurious effects made‘readihgs
difficult to obtain and often those that were
6btained'were subject to large'érrors.»

| " This ﬁethod, tried éxperimentally, did show that
thé:experimént‘was proééeding in the fight direction
and that variafions in the velocity of'sound due to
the velocity of the wind could be used as the basis
for a wind meésuring devicé.

B. Pulsed Source.

Using a pulsed source, laboratory tests to
determine ﬁhe veiocity of sbund in the oné dimensional
case have been made. It is recalled that in the
,theory of operatioh of the anemometer the'two receivers
‘are plaCed at an equal distancé from the source and

‘that a wind blowing along theAline of receivers and
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gource creates a time dlfference in arrlval of the
pulse at. the two recelvers. - It is this time dlfference
that - 19 recorded. In order to create a tlme difference
in the laboratory the receivers were placed at unequal
dlstanceS'from the source.  This has the same overall
effect as - a wind blow1ng.

f The photographs shown below 1ndlcate how the length
of the line on the cathode ray tube varies es the
lnequality of the distances of the receivers from the
source is varied. When the receivers are equidistant
Vfrom the source there is a spot‘only.‘kAs one receiver
is moved closer, and the other further from the source
the line lengthens. Depending upon“which receiver is
closer, the line moves to the right or.left and 1its
length is proportional to the difference in the time
of arrival of the pulsebatvthe two.:recelvers.

L In order to~place-the~receivets at~the:correct
distance'to;eimnlate argiven‘wind+itwisanecessary to
know the time“difference“created"by'the wind when the
necelvers are placed one meter -from-the- source.

.%“iTable III below 0‘1ves the time dlfferenceg corresponolng

"‘to various ve1001t1es of - the wind.
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TABLE IIT

Velocity of wind o -t
m.p.h. | nsec

60 - Lgg

30 | ol

20 163

15 122

10 g2

Using these results, Tablé IV gives the distances
the microphones must be changed fromklOO cm. in order
to oﬁtain a féading equivalent to the velocity of the
.giﬁen wind. (One receiver nust Ee movéd toward the

source and the other away from the source,)

TABLE IV
Velocity of wind | ‘ distance

m.p.h. | cms

60 .08

30 | 4,0l

20 - 2.69

15 ' - 2.02

10 , 1.35
0 ) 0

'In this manner the photographs indicating the velocity

of the wind were obtained.
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 The laboratofy tests carried out-with the pulsea
source have indicated that the theory is correct
Certain dlscrepan01es have occurred in the measurements,'
Nthh may be attrlbuted to 01rcu1t elements. In order
to obtain zero readlng, the two mlcrephones were not
spaced equidistant from the source.- Thisvresuits‘from_
the fact that the circuits a38001ated with the micro-
phones may not be identical. In order to make accurate /
measurements, all circuit values used in one sw1tch1ng:
circuit must be identical with those inserted in the
other. If this is not the case, there is enough
coupling between component parts of a switching circuit.~
to cause it to behave quite differently from its
counterpart. The actuei efror in the spacing of'the
mlcrophoneu was found to be lO cms when one wa« 100
cms from the source. The dlstancee the mlcrophones
were moved in order ﬁo e;mulutema W;nd agreed to

within 5% of those‘ebtained by calculation.



DEFLECTION ~ CORRESPONDIN G DEFLECTION ~ CORRES PONDING
T0 A WIND OF GO M.PH. T0 A WIND OF 30 J1.PH.

DEFLECTION CORRESPONDING
TO A WIND OF 20 MPH



DEFLECTION ~ CORRESPONDING DEFLECTION CORRESPONDING
[0 A WINDOF IS M.FHK TO A WIND OF 10 MPH.

DEFLECTION  CORRESPONDING
TO A WIND OF 40 MPH

THE SCREEN OF THE C.RO. WAS PHOTOGRAPHED FROM A
GREATER DISTANCE IN THIS CASE WHEREAS THE ACTUAL TRACE
WAS NOT. COMPARISON OF THIS TRACE WITH THAT IN
PHOTOGRAPH I WILL RESULT IN THE CORRECT [NTERFRETATION.
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S~ SOURCE



SECTION V

CONCLU3IONS

In making measurements of the velocity of wind
with the continuous wave method, the variation of ampli-
tude and refleotions'were great handicaps, as was pointed
out in the results. Td'ovefcomé this, the sinusoidal
signals weres apnplied to the deflecting plates through
small coqdensers. These condensers caused the sinusoidal
voltage&?f@'become, in effect, a series of pulses. The
pulses appeafed on the cathode ray tube display, and
their orientation to one another provided a means of
determining the veloclity of the wind .,

At this point it was realized that in order to
simplify circuits and reduce the number necessary to a
minimum, a pulsed source would be an improvement.
Although the continucus wave method was not carried
past this point, there does not appear to be any reason
why it could not be developed. Great simplification of
circuits is possible with a pulsed source, and it was
Mpfimarily for this reason that the method was adopted.

The résults of laboratory tests with the pulsed
source verify'that.this method is suitable for use as
an anembmeter;

Further changes in the circuit are indicated, however,
to reduce to a ﬁinimum the number of tubes necessary and

to improve the accuracy. Since the full zain of the



three amplifiers is not used, 1t seens probable that
a two stage R/C coupled amplifier would be sufficient
for the purpose in all three cases.

The limitations to attaining creater accuracy with
the present circuit are twofold. The first occurs in
the switching circuits as has been pointed out, and the
second in reading the display on the cathode ray tube.

The thyratron in the switching circuit is fired by
a pulse from an amplifier which in turn is triszsered by
one of the receivers. In spite of the fact that the
pulse generated is a saw tooth,

the signal resceivea by the ampli-

fier is of the form shown in the 7\ ;\
adjacent figure. Tihis distortion /\\/\,

of the pulse is caused by the

VOLTAGE

receiver, which 1s incapable of

reproducing faithfully the signal
it recelves.

Since it is this distorted pulse that trigsers the
thyratrons in the switching circuits, it is necessary
that they should both be fired by either peak A or peak
3. Thé large error in placement of the receivers men-

tioned in the results could be caused partially by one
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circuit triggering on peak A and the second on peak B.

Hd

rovided the receivers behaved identically, this could
be overcome by fine adjustment resistors in the orid
circuits. It is not feasible to increase the ampli-
fication much grester than that necessary to strike the
tube, as when the voltage is too large, a £rid current
will flow.

From the photographs shown, it is noted that under
present operating conditions, a sinulated wind of 80 m.p.h.
causes a deflection of approximately 15 divisions. It
is doubtful if accurate readings could be rescorded by
attempting to read the display to better than half a
division. Since the scale is linear, the accuracy for
winds up to 60 m.p.h. is limited to approximately 2%.
The distance the spot will move from centre for a given
deflecting voltage is a function of the type of cathcde
ray tube employed, and may be predicted from a knowledze
of the deflection sensitivity. By increasing the deflection
to 30 divisions to correspond to a wind of 50 m.p.h. the
reading accuracy ray be increased to nearly 1%. This
could be accomplished by increasing the amplification
of the condenser voltages in the cathode circuits of the
thyratrons, (which would involve an increase in the
number of components necessary) and possibly a more

suitable choice of cathode ray tube.

[
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The present instrument has been bullt up with the
object of measuring winds up to 60 m.p.h. If, however,

it is only necessary to record winds up to 30 m.p.h.,

in the cathodes of the thyratrons in the switching
circuits. It is recalled, that to determine the value
of Cg, (page 39), use was made of equations (17) and
(18), with the velocity of wind given as 60 m.p.h. or
26.8 n/sec. A velocity of 30 m.p.h. (13.4 m/s) inserted
in equation (18) gives At = 244 psecs, and hence the
value of T in equation (17) is now 250 psecs. This
gives a value of 0.025 nf for the éondenser Cec. In this
manner a deflection of 14 divisions may be obtained to
corregnond to a velocity of wind of 30 n.p.h. The
recbrding accuracy is hereby increassd to approximately 1%.
In a similar manner, the instrument may be constructed
to record winds only up to 15 m.p.h. The three ranges
(and nore if required) may be built into the instrunent
by means of switches.
The anemoﬁeter described in this thesis was not

+to compete with commercial instruments, but rather

3

desisnsd

¢

to investigate the possibilities of utilizing variations
in the velocity of sound caused by wind as a basgis for

determing the velocity of vrind. The results of the
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laboratory tests indicate that an instrument designed
on this basis is satisfactory, although an increase
in component parts iz necessary before greater accuracy

is obtainable.
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