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ABSTRACT

A ressonably sccurate determination oi the velocity of sound in the open
air salong a path of arbitrary length by some inexpensive means is the crux of
sonic atmospheric sensing. At present, this is sccomplished by measuring either
time delays or phase differences of an acoustic signal, This paper explores the.
technique of phase measurement and proposes 8 direct approach to the problem of
determining the sound speed within an erbitrary lsyer. By means of the phase
technique, the initial conditions of the sound velocity and the vector wind my
be determined, The temporal distribution of the sound speed is found from an
equation for the average sound velocity along the paths between the sound source

and two apposing transducers,
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INTRODUCTION

The fundemental problem in sonic atmospheric sensing lies in the temporal
determinstion of an accurate speed of sound in the open eir and the separation
of the wind effects from the scalar thermodynamic sound speed. It is epparent
thet the accurecy of the latter is highly dependent upon that of the fermer.

The usual technique (Barrett snd Suomi, 1949; and John, 1960) is to measure the
difference and sum of transit times of the sound pulses from & source travelling
in opposite directions to two transducers, 28ch at & specified distance from

the source, At high frequencies and short distences, the difference in transit
times 1s generally of the order of microseconds. However, the same result may
be accomplished by messuring the relsetive phese sngles (Coffman and Price, 1962),
thereby magnifying the sum and difference by 8 factor of 2 f, “here f is the
frequency used. The phase techniyue was utilized over a long path, eapproximete-
ly 60 meters {Low, 1964), and wes found to give satisfactory results when com-
pared to the results derived from an array of thermocouples along the same path.
Keimel and Businger's system (1963), constructed on the same principle, measures
the vertical wind and temperature variestions approximately at s point by artifi-
cially presetting certain mean values of the tempersature and hence of the sound
velocity under windless conditions,

In the present paper, the technique of phate messurement in sonic stmos-
pheric sensing is extended, Instesd of attempting to obtain solutions for the
wind components from the basic equations, an effort is made to determine con-
tinuously ® reasonably accurate value of the sound velocity in the open air over
an arbitrary path, Then it is a8 simple matter to extract both the wind and
temperature date along the same path,

THEORY

Consider the jsoscles triangle ABC in Figure 1 and assume that the wind
vector can be resolved along the path of sound propagation, bearing in mind
Schotland's (1955) excellent analysis of wind measurement by sonic means, A
sound source is placed at the vertex A and a transducer 8t esch of points B snd
C. In sddition to those labeled in the figure, other notations sre listed below:

Fa

Figure 1
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D = AB = AC

Cor €= the initia) sand subsequent velocities of sound;

f, £ = the frequencies used at the sound source;

mn = the numbers of wavelengths in the paths AB and AC respectively
at the given frequencies;

ty U= the initis! and subsequent trensit times from A 0 B;

o, v = the initial and subsequent transit times from A to C;

Wy, W = the initial and subsequent wind components;

M N = the initial wavelengths along the psths AB and AC respectively;

O¢, 4¢ = the phase differences slong the paths AB and AC respectively.

Symmetry has been assumed (see Figure ) and notations).

The initis]l conditions require that for the frequencies f and f°' used, the
numbers m and n must be accurately determined such that:

for path AB D=m and 1)
£1= Cy =W, cosa ; (2)
for path AC D= na and Q)
far = C, + W, cosa, 1)

Under these conditions, it is preferable, though not necessary, to make n
and n integers,

The traye) time of & wave front emitted from the sound source A to peint B,
by utilizing equations (1) and (2), is given by

t, = D/(C° - “o cosa). )

The sound velocity and the wind component are now denoted by C and W, re-
spectively, and since they no longer represent initial conditions, a new travel
time is obtained

t = D/(C - W cosa). )

The difference, At = ty - t, is the time delay or time difference. From
equations (5) and (9) the time difference may be determined as

at= ) - D . n
Co = ¥, cosa C- Wecosa

Solving for the velocity C by a series of algebraic manipvlations, it is
found that

A ST B g 7 e et e (1 b 14
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ce G W, cosa + W cosa.

’ (c, - cosa lat
i ] )

Eqration (8) may be simplified by means of equations (1) and (2), noting
that {/m = (Co - %, cos a)/D,

co -"o °°.G+ W cosgx.

1-2at/m {9)

«©
1

The difference in time At can now be expressed as the difference in phase
engle A¢ by the formuls Aé=21f At. Substitution of this formuls into
equation (9) gives tne desired expression for the average sound velocity C in
terms of phase difference with respect to the initial conditions

-W
Co ° coaX +¥ cOBa-
1400 N 10

t =

By the seme series of manipulations, using &Ot' = t; - t' for the path AC,
the following expression for the aversge sound velocity along AC is found to be:

C 4 W cosx
=_° ©° - Wcosu.
1~ a¢ Jaal (1)

Expressions (10) and (11) form a pvair of simultaneous equations and can be
solved exactly, if so desired; however, the result may not sufficiently justify
the eiffort. Sclving for the average sound velocity C by combining the abeove two
equations, we obtain

2C = (C - cosa)/(1 - pe/extt)
+ (co + W cosx)/(1 - o#'/onX ).

12)
Generally, be, Ae <«<2amr ¢+ 207  respectively; it is reasonable
to take the following approximations:
/(1 -/2a@) = 1 + osforg, and
/(1 -0'/2nK) = 1 + o8'/2mR. as

Upon ansion of equation (12) using the above spproximetions and fector-
ing, we 0. .in two terms

3




- (o8/2n) LS cosq/co and + (oe'/onil) LR coaq/Co
(14)

which are not much different from zero. Thrus, a reasonably accurate expression
for the continuous average sound velocity along an arbitrary path is given by

cC = c, I "‘lfi (68/m + o#'/n)]), (15)

The aversge acoustic virtus] temperature (Suomi, 1949) in degrees absolute
along the path, which will not be appreciably different from the average free
@ir tempersture slong the same path with !ow humidity conditions, is readily
obtezinable from the average sound velocity C given above by means of the Laplace
formula,

To obtain the average horizontal wind component across the paths, equations
(10) and (11) are solved simultaneously and, with approximations, yield

2W cosa ¢ 2 W cosa -(C - L cost) oW /2ol

+ (Co + ¥ cosa)os ' /2nll.

(16)

Equations (1), (2), (3), and (4), the initiel conditions, and the fact that
cosa = d/D are used to simplify this expression. The average horizontal wind
component W is then yiven by

w' W 1 (2 ' 'ZM'

= Vo - Iy (Ao - ITAT 0. an

{

DISCUSSION AND CONCLUSIONS

The initial conditions mey conceivebly ceuse sume concern as to their mean-
ing. Actually, the setting of the initial conditions could be termed calibra-
tion which is a required step for any instrument. Under normal weather condi-
tions, this setting need not be at &1} altered if there is no drift in the elec-
tronic equipment,

In the course of developing the equatinns in the preceding section, no re-
strictions hav- been imposed thereon, except for approximations which are con-
sidered reasonable and should in no menner jeoperdize the precision of measure-
ment within the limitations of the electronic equipment, Equations (15) and
(17) are generaliz-d forms; however, the frequencies chosen do not have to be
different, in which case either m or n may take on the value of a noninteger.
The use of 8 single frequency does not greatly simplify the cpmputations, but it
has the advantage of presenting a visual picture of the wind effect when the
temperature remains unchanged during @ short interval of observation, and it may
bring sbout some economy in instrumentation. Furthermore, as may be obvious
from equations (2) and (4), the wind effect will cause the phase angles A¢ and
A®' to assume opposite signs, thereby indicating the sense of the wind direc-
tion, while the temperature effect will cause them to have the same sign, either
negative or positive, Jepending on the initial calibreation values,
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The system is righly sensitive to wind and temperature changes; °‘.erefore,
the frequency or freyuencies tn he used should be selected with r-.e, Unless a
higher resolution is required, the lower sudible frequenrie, should be used for
reacons noted below, As shown before, A®~2 f[It. “ormaily & change of 19C in

temperature will cause & change of sbout 0.6 meter per second in sound speed.
Now assume that the time difference &t, as @ result of @ change of 19C, is about
1 millisecond. It is easily seen that at f = 100 cps, &b = 0,%%; at f = 1100
cps, A% = 3.6% etc. The same reasoning holds for a change in the wind field.
Moreover, the longer the path D, the larger the time difference & and the
greater the desirability to use lower frequencies.

As the angle G in Figure 1 becomes larger and larger, the value of W cosa
approaches the vertical component of the vector wind., As the angle a sapproaches
90 degrees, the system will have become B device for temperature measurement,
the vertical components being negligible under normsl conditions, The average
free air temperature in degrees absolute along the path sy then be obteined
directly from the observed phase &ngle

T= T, (1+ 0,00556 8¢/m).
(18)

At the other extreme, as the value of cosa approaches one, the system as-
sumes the familiar geometry employed in sonic snemometry-thermometry, As the
distance between the transducers and sound source is reauced, approximate point
measurement is attained,

It may be recalied that in the text the word "wind component™ has been em—
ploved to emphasize the fact thest t:c ~'nd so obtained is not the total wind
vector but & component thereof, depending on the orientatiun of the system., If
two more transducers are available so that esch is oriented orthogonally to the
next, it is then possible to obtain the average total wind field across the
array.
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