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ABSTRACT

An atmospheric wind measurement technigque has been develop-
ed and used to measure wind profiles over Cape Kennedy from ground
to 85 kilometers. The technique is an extension of the Rocket
Grenade Experiment utilizing ag its scund source, rather than a
grenade, the acoustic noise of a rocket’'s exhaust. To determine
the wind profile from this continucous sound scurce, a set of equa-
tions has been derived and applied to measurements made during
the flights of several Saturn vehicles. The profiles agree well
with concurrent measurements at lower altitudes (below 50 km.)
and are consistent with atmospheric circulation observations at
higher altitudes. A preliminary error analysis indicates that
the technique can be used to make measurements of sufficient pre-

cision to be useful in engineering and meteorclogical studies.

The research reported here is supported by the NASA George
C. Marshall Space Flight Center through Contracts NAS8-11054 and

i NASB~20357.
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I. Introduction

The problem of measuring winds in the upper stratosphere
and abowve has received considerable attention since sounding
rockets have rendered these altitude regions accessible t¢ direct
measurements. Interest in the winds comes brimarily from two
sources, First, since atmospheric motions are related to thermo-
dynamic guantities such as temperature, pressure and density and
since they play a role in energy exchange processes, knowledge
of these motjions is essential to scientific understanding of the
atmosphere. Second, atmospheric wind research has gained tech-
nolegical importance because of requirements of aerospace vehicle
research and development programs.

The importaﬁce of atmospheric wind research is evident from
the many efforts directed toward wind measurement. Among the
experiments currently being used are: Free 1lift balloons, such
as the doublé and triple theodolite technidues, Jimspherel and
rawinsonde; meterological rocket deployed sensors; Robin balloon
chaff and parachute; the Rocket Grenade2’3 and Sodium Vapor4 ex—
periments. Fach of these experiments has recognized altitude
range limitations; i.e., to measure the wind profile from ground
to B5 km. twe or three separate systems are used.

The Rocket Exhaust Noise Technigque presented here cffers
the capability of econcmically deriving wind profiles from ground

to 85 km. altitude. The technique is similiar to the Grenade



Experiment to the extent that both are based on the atmospheric
temperature and mass motion dependence of the velocity of sound.
In the Grenade Experiment average temperatures and winds between
adjacent grenade detonations are determined by measuring the time
redquired for sound to travel from a source of known position to

a ground based microphone array, and its angle of arrival at the
array.

When rocket exhaust noise is used as a sound source, the
times and locations of the many nolse events that characterize
the exhaust are not known. If, however, the temperature is
measured independently, then the arrival angles of the noise
events can be used to determine winds. A ground based array of
microphones intercepts the acoustic wave front of the noise and
the time <of arrival at individual microphones is used to calculate
arrival angles. The noise event i5 traced back by an iterative
process until it correctly intersects the wvehicle trajectory.
Each noise event so traced leads to a wind data point, giving
rise to a wind profile in a stratified atmosphere with the aver-
age wind in each layer between selected ncoise events.

The assumptions made for the approach described here are:

{L} The vertical component of wind is negligible compared

with the local speed of sound.

{2) The source of sound is considexed to be a point located

at the nozzle of the engine or a known distance behind

along the flight path. The sound wave is approximated
by a plane wave at large distances from the source.

(3) The atmosphere remains in a steady state for the dura-
tion ¢f the measurement, i.e., no changes with respect
to time in the wind velocities and temperature.

ITI. The Experiment

2.1 The Measurement

A cross shaped array of nine microphones was set up on
the southeast point of Cape Kennedy to monitor launchings of space
vehicles. A minimum of three microphones is necessary to determine
the arrival angle of the sound, the additional microphones provide
redundancy and increased accuracy.

The size of the micrephone array shown in Fig. 1 is

about 1200 meters along each axis. This size was chosen to maxi-
mize the accuracy of the experiment with respect to two sources
of error:

(l) Errors which decrease with increasing array size
introduced from finite resolution in reading
arrival times and

{2) Errors which increase with array size introduced
by the plane wave assumption.

The microphones are hot wire, single chamber Helmholtz

resonators tuned to about 4_cyc1es/5ec. This low frequency is

particularly well suited to extremely fayx field acoustic measure-

ments since the atmosphere tends to be a low pass filter over long
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distances. The microphones were designed at Texas Western College
for use in the Rocket Grenade Experiment.

The microphones are situated in heavily vegetated locca-
tions to minimize local wind noise. Each microphone is contained
in a concrete box, recessed so its top is level with the ground
surface. These boxes also serve as permanent survey markers
defining the geodetic position of each microphone to within 6
inches.

The electronic and recording equipment is housed in a
van located near microphone 4. Although a location near micro-
phone 1 would require about 2 1/2 miles less cable, it was con-
sidered-desirable to keep the van remcved from the array to re-
duce the possibility of reflective interference.

For the Saturn series of launches the exhaust noise
was audible to the microphones from launch until the wvehicle
wag about 100 km. slant distance. Because of the wide range of
sound levels, a manually operated wvariable attenuator was used
to maintain the proper signal level intc a magnetic tape re-
corder. Range time is simultaneously recorded with the micro-
vhone outputs.

2.2 Theory

The theory and data reduction can conveniently be

treated in three steps.

1) Cross correlation to determine arrival times.

) )

2) Ray tracing through layers of known temperature and
wind.

3) Solution for winds in the unknown layer.

2.2.1 Cross correlation to determine arrival times.

In the absence of local interference, the acoustic
wave front of a noise event appears essentially identical to micro-
phones at separated locations. If identical.microphones are used,
the ocutput wave form of one microphone matches that of another -
shifted in time. The first step in the data analysis is the cross
correlation of the microphone output waveforms to determine this
time difference. Fig. 2 is a typical record made about 55 seconds
after launch of Saturn SA-9, The time differences can be read
directly from this type of record.

The manual cross correlation from records such
as Fig. 2 is both tedious and subject to human errors. To aveid
these problems and to permit rapid reduction of the data, the
cross correlation is done automatically on a digital computer.

The data from all microphones are digitized and a cross correlation
function is computed for each microphone paired with microphone

No. 1. This function is defined as

1 2
R(E') = N j vlt) vitst') at

SLICE
TIME

where: R is the magnitude of the cross correlation function



t' is the time difference

N is a normalization factor

| 2
v{t)& ¢v(t) are twe time dependent microphone outputs

SLICE TIME is a pre-set integration time interval
A typical plot of R{t'} is shown in Fig. 3. The
magnitude of R at the principal maximum gives an indication of the
degree of match of the waveforms, unity meaning they are identi-
cal. The time of occurance of the peak is the time difference be-
tween microphones.
2.2.2 Ray Tracing Through Layers of Known Temperature
and Wind.
The time difference determined by the cross corre-
lation is a function of the sound arrival angle, speed of socund
at the array and microphone placement. The‘arrival angles (or
equivalently the characteristic velocities, Kx and KY defined as
the velocities of intersection of the wave front with the X and
¥y axis) are computed from the time difference with appropriate
corrections for microphones not lying precisely on the x or y axis.
Since there are five microphones along each axis, four independent
measurements of Kx and Ky can be made. This redundancy is used
to reduce random errors and to correct for deviations of the waée
front from plane.
Milne5 has shown that the wave normal of the ray

reaching the microphones remains parallel to the same vertical
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plane throucghout its propagation. For a plane wave then, the
characteristic velocities of a specific sound ray are constant.
Since the temperature and wind are treated as constant in any
layer, the segment of the sound ray in that layer is a straight
line. The wave front is refracted at each layer interface in a
way analogous to the refraction of light waves. This refraction
is due to a change in the speed of sound between layers. Further
refraction cccurs if wind direction and magnitude are not ident-
ical across layer boundaries. These considerations lead to an.
expression similar to Snell's law:
W + V sec g = constant (L}
where: g is the elevation angle of the wave front normal
V is the local speed of sound
W is the horizontal wind component in the vertical
plane containing the wave front normal. The com-
ponent of wind perpendicular to W simply displaces‘
the ray along the plane cof the wave froqt.

The constant in (1) is determined from the char-
acteristic velocities. It is numerically equal to the character-
istic velocity that would be measured along a horizontal axis
parallel to W. If the measurements are made along any other two
orthogonal axis x and y

1 1 21 (2)
2

2
(constant) K K



These equations can be used to ray trace through

at the top of the (j-—l)St Layer. 8ince the temperature and wind

layers in which the temperature speed of scund and winds are known. is assumed constant in this region, the apparent source is the

Otterman” has simplified the ray tracing calculation by expressing center of a sphere moving with the wind. The direction cosines

{1) and (2} in terms of quantities easily defined in cartesian of the ray can be written by inspection and are

cooxdinates. .
Fig. 4 shows the ray tracing of a typical noise Xy * Wee sty = ktlﬁxk g Yy * Wy Atj kElAyk v %37 %3
o = = = = =
: : . . v . At v . At v . At
event. Since the winds have been computed from the previous noise avgj J i avgj J avg) ]
j-1
events, the ray tracing through layers defined by these events where Atj - Tj _ Tj - I Atk
proceeds according to equations (1) and (2). The coordinates and ck=1
time of pénetration of the ray at the top of the last layer are The characteristic velocities are
found by integrating the effect of the previous layers. Above
: __ Vv . .-V .
this point, conventional ray tracing procedures must be abandoned Kx - —Egil + Wx *+ wy 8/u; Ky —2%21 + wy * Wx /B

since the wind is unknown. However, two independent requirements . : . .
P u Simplifying the writing by substituting
are available.

. - = 51
1) The sound ray must intersect the trajectory. v=V X, = JIT4x, etc,

avgj’ o k=1
2 The correct intersection point must satisf B
) P Y and remembering the trajectory relates xj yj and zj to Tj

the criterion that the time of arriwval of

The above edquations can be rearranged to give
the noise event measured from launch equals

: F(X ,K W W ,T.,t ,x ¥y V)=
the time of flight to the intersection plus X'y x Yy J o o7o

- 2
the time required for the sound to travel (R W) (xj~wxatj-x0)+v Atj“wy(yj+wyﬂtj v} =0 (3)

from the intersection to the array.
G(K_,K W W T .t x ¥y V)=
: . X'y X y ] o o'o
These two conditions uniguely determine the coordinates of the

2
(K -W ) (y.,-W At -y )4V at W (x +W At,-x } = 0 (4)
scurce along the trajectory and the average wind in the interval. Y Y oy 1o y x 3 x 1 9
2.2.3 Solution for Winds in the Unknown Layer H(Kx'Ky'Wk'Wy'Tj'tO'XOJYO'V) =
Fig. 5 shows the arrival of the jth noise event W )2+( WAL )2+(Z -z )2—V2At 2 =0 (5)
e b L AE 70! TV THGEE YT T 5 3

-9- -10-



The above relations F,G,H = 0 are three equations
in the three unknowns W# W& and Tj' The functional dependence
indicated in F,G, and H, although not shown explicitly in the equa-
tions, is to be inferxrred from the previous relations. These egqua-
tions show only the principle of soclution and not the method of
computation. A flow chart displaying the computerized solution
after time differences are determined is shown in Figs. 6 and 7.
III. Results

Wind profiles have been determined using the Exhaust Noise
technique for the launchings of Saturns SA-8, SA-9, SA-10, Randger
8 and Apollo Saturn AS-201. These wind profiles are presented
in Figs. 8 to 12, Also shown, in each case, are winds determined
independently by other systems on the same days. The agreement
between the data is consistant with the results of the error
analysis of the Rocket Exhaust Noise Technigque and errors in-
herent to the other systems used for comparison,

In the cases of Saturns SA-8, SA-%, and SA-10, winds were
measured up to first stage burnout which occured at approximately
85 km. The sound level at the ground from the second stage was
not sufficiently inténse to be useful for wind data.

In the case of Ranger 8, the trajectory was such that the
vehicle was 100 km. distant when it was only 45 km. high. Thus,
the sound faded into the background noise level before very high

altitudes were attained.

~-11~

The AS-201 first stage burnout occurred at about &0 km. and
the second stage did not generate sufficient sound to allow mean-—
ingful interpretation of data.

IV.' Exroxr Analysis

Four error sources have been considered.

1. Error in the measurement of sound arrival times. This
results in errors in the derived wvalues of characteristic
velocities.

2. Errors in the speed of sound profile. These can be intro-
duced from inaccurate temperature data or by the finite
amplitude effect.

3. TUncertainty in the position of the noise source with
respect te the wehicle.

4. Errors introduced from the plane wave assumption.
Investigation of these possibilities has shown that the erxror in
measurement of arrival times is the most significant contributor
to wind error by almost an order of magnitudee, therefore, analysis
of the other sources will be omitted from this section.

Equations 3, 4, and 5 can be used to detemmine the magnitude
of the expected errors. The Jacobian of this system of equations

is

FWX FW& FT
J _ _alF.GH) _ GW Gy Gp (6)
3w, W _,T) x v
x''y HWX Hwy HT

-12-
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where af_ i¢ Genoted by F etc.

AW W,
Then
FT
GT
H
Iw
X _ T etc. {7)
IK J
X

The wind errors caused by an error in measurement of characteristic

velocity {arrival time) is then

W = (*Vy MK, + (awx) AR, + (awx) ax, + (awx) sy, + (3Wx) st
3K 3K ¥ % 5y 5T
x v o o o

with a similar eqguation for AW&. Typical results of computation
of AW% and AWY are shown in Figs. 13 and 14.

Repeated reading of arrival times exhibit a scatter that indi-
cates an uncertainty in the arrival times on the order of 2 or 3 ms.
The system parameters ware chosen on the basis of uncertainties
of about half this value, This larger erxror is attributed to
slight differences in microphone characteristics, differences in
local background conditicons, and te possible acoustic anomalies
of the atmosphere.

To the extent that these effects are random they are reduced
by use of the computer program for cross correlation since in
this program the time difference between two channels is deter-
mined by an integration over a present segment of the data rather

than from a single waveform characteristic.

_.13_
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The use of higher frequencies of the noise spectrum offers
the possibility of increased precision in determining arrival
times. Experimentation with wide band microphones is planned to
evaluate this possibility.

V. Conclusion

The agreement between the wind;profiles determined by the
Rocket Exhaust Neise Technique and other simultanecus measure-
ments is evidence of the wvalidity of the acoustic technique de-
scribed herein.

On the basis of the error analysis, the maximum errors are
estimated to be about 20 m/s at 85 km. and decreasing to about
*7 m/s at 30 km. These errors are attributed principally to
inaccuracies in determining arrival time and should be reducible
by the use of improved measurement and data reduction techniques.

At locations where large booster rockets are launched regu-—
larly., a rather meodest ground station can gather wind data from
the ground to, in some cases, 85 kxm. These data measured con-
current with the space vehicle flight have important engineer-
ing value, and the upper atmospheric wind profiles measured on
a regular basis would be an important supplement to the data

available to meterclogists.

-14-
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