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NOTATION

Sound arrival time at the mth microphone measured
relative to the arrival time at the center micro-
phone and corrected for horizontal and vertical
departures of the microphone location from a hori-
zontal cross,

Measured arrival time at the mth microphone,

Functional relation between the arrival times at
microphones 4,5,6,7 and the x coordinate,

Functional relation between the arrlval times at.
microphones 2,3,8, 9 and the y coordinate,

Correction ln the arrival time for horlzontal dis=
placement of a microphone,

Correction in the arrival time for vertical dis-
placement of a microphone.

Error in the measured time of arrival for micro-
phone 4,5,6 or 7,

Error in the measured time of arrival for micro-
phone 2,3,8 or 9,

Coefficients of the powers of x in A(x).,

Coefficients of the powers of y in A(y).

East

Symbol for the functional representation of a
system of equations used in the error analysis,
Index of the noise event,

Jacobian of the system of equations used in the
error analysis,

Characteristic velocity in the x and y direction,
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Ky oKy, Approximate characteristic velocity in the x and

Y y direction,

L,M Counters used in the computer solution to indicate
the numbers of trials i guired for convergence
of the solution, ‘

n North

P Propagation velocity vector,

P Magnitude of the propagation velocity vector,

Py
Py X,Y,2 components of propagation vector,
Pz

R Position vector of the noise source in the x,y,z
system,

T Time measured along the trajectory of the vehicle
referenced to the launch time,

Tj Time of the jth'noise event measured along the
trajectory of the vehicle referenced to the launch
time,

tj Travel time of a sound wave from the top of the
jth layer to the center microphone.,

Atj Time interval spent by a sound wave in the ith
layer (i < j)

GTj Initial estimate of the time difference along the
trajectory between the (j=~1)$t and jth noise event,

v Velocity of sound vector,

\Y% Magnitude of velocity of sound vector,

Vx L :
Vy Components of the velocity of sound vector,
VZ . : o

Vavgj Average speed of sound in the’jth layer,

Vg 'Speed of sound in the jth layer calculated from
the sound refraction,

AV Error in the speed of sound,

W Wind vector,
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X
Wy Horizontal wind components in the x,y; X992, and
WX, n,e direction, respectlvelyo
Wy )
Wn
We
AWy Error in the x and y wind components,
AWy
p 4 Coordinate system defined by the two legs of the
(y microphone array with origin at the center micro-
z phone, z points upo.
X3 Coordinates of the 3 th poise event in the (x,y,2)
Y system, :
J
%3
Xy Coordinates of the vehicle in the earth fixed
Yy coordinate system of the trajectorys The origin
Z, of this system is at the launch site,
Xm Coordinates of the mtP microphone in the (x,y,z)
Ym system, ‘
“m
z§ z coordinate of the top of the ith layer (i S 3)e
Ax; Increments of horizontal range of the sound ray
N in the ith layer in the (x,y,2) system,
(] Direction cosines of the wave front normal
B with the x;, y and z axes,
y
. . . 0
€1 The tolerance within wh;ch Vj and Vavgj are matched.,
€9 Increment in T,
6 Elevation angle of the wave front normal at the
center microphone,
T4 Total elapsed time from lift-off to the sound arriﬁal
of the jth noise event at -the center microphone,
¢ Azimuth angle of the wave front normal at the center

microphone,
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Notation for Computer Output:

DWX = AW

X
DWY = AWy
J = ]
KX = Kq
KY = Ky
TAU = 1
WE = W,
WN o= Wy
WX o= W,
WXL = Wy
WY o= W,
WIL = Wy
X = X
¥r =y
Z = z
ZaVG = Zayg

(Tables 1 and 2)



»s INTRODUCTION

A technique for measuring winds using the Saturn
exhaust noise has been successfully employed to determine the
wind profile over Cape Kennedy from ground to 85 kilometers,
The technique is an extension of the Rocket-Grenade Experiment,
utilizing as its sound source, rather than the grenade, the
acoustic noise of the Saturn rocket exhaust,

In the Rocket.Grenade Experiment discreet sound events
occur at accurately known positions, and the times and angles
of arrival of these events at a ground microphone array are
used to determine the atmospheric temperature and windsl,

The use of the rocket exhaust to provide the noise events leads
to a substantial difference between the two methods. The
purpose of this repoé&.is to describe the technique and to
present the wind profilé determined during the flight of the
Saturn SA=9, The method of data reduction is described and a

preliminary error analysis is presented,



I, BACKGROUND
The Rocket-Grenade Experiment is described in the

"iterature2/:3 and the nmeteorological results of its extensive
application form the basis for a large part of man's knowledge
of the atmosphere between 30 and 85 kilometers, The grenade
technique is based on the dependence of the velocity of sound
in a gaseous medium on the gas temperature and mass motion,
By measuring the time required for a SOund:event to traverse
from its source of known position to armicrophone array on the
ground and measuring‘its angle of arrivalgvthe average tempera=-
ture and wind betweeh adjacent grehade detonations can be deter-
mined, |

When rocket exhaust noise is used, because of its cone. .
tinuous nature, the time and location of a given noise event
is not known, except that it occured along the trajectory, 1If,
however, theltemperature is determined indépandently, then the
arrival angles of each of the many noise events that characterize
the exhaust can be used to determine winds., A ground based
array of microphones intercepts the acoustic wave front of a
noise event and the ﬁime of arrival at indi?idual microphones .
is used to calculate arrival angle, The noise event is traced
back by an iterative process until it correétly intercepté-the
trajectory, ﬁach'noise event so traced leads to a wind data
point, giving rise to a wind profile in é.straﬁifiéd atmoéphere
with the average wind in each layer between selected noise events,

The assumptions made for the approach described here are:

1) The vertical component of wind is'negiigible coqpared

with the local speed of sound,



2) The source of sodhd is considered 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 a large distance from the source.

3) The atmosphere remains in a steady state for the dura=

tion of the measurement,



IiI, THE EXPERIMENT
3,1 The Measurement
A cross shaped array of nine microphones was

set up on the southeast point of Cape Kennedy to moniﬁor the
SA=9 flight, A minimum of three microphones are necessary to
determine the arrival angle of the sound; the additional micro-
phones provide a method of improving accuracy and afford
redundancy., As shown in the error analysis, the proper use of
the additional microphones eliminates first order sphericity
errors from the plane wave analysis,

The size of the microphone array shown in Fig, 1 is about
1200 meters on each crossed axis, The size is based on consi=-
deration of the accuracy with which arrival times can be measured
and on errors introduced by the second order sphericity term
which increases with array size., The microphones are located
in heavily vegetated locations to minimize local wind noise,
At each microphone location, a concrete box is sunk so that its
top surface is level with the surface of the ground, These
boxes contain the microphones and serve as permanent survey
markers, A survey was performed which defined the local geodetic
network position of each microphone location to within 6 inches.

The microphones are hot wire, single chamber Helmholtz
resonators tuned to about 4 cycles/sec, This low frequency
characteristic is particularly well suited to extremely far
field measurements since the atmosphere tends to be a low pass
filter over long distances. The microphones and their ampli-

fiers were designed at Texas Western College for use in the
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Rocket-Grenade Experiment4o

Fig, 2 is a block diagram of the sound ranging system,
The electronic and recording equipment are housed in a van
located near microphone 4, Although a location near microphone
#1 would require about 2 1/2 miles less microphone cable, it
was considered desirable to keep the van reﬁoved from the array
to reduce the poséibility of reflective interference,
| The microphone outputs are recorded from before launch
until 10 minu;es after loss of signal, On the SA-9 flight,
the microphones were located about 10 km from the launch pédd
The exhaust noise was audible to the microphones from launch
to more than 100 km slant range, A manually operated variable
attenuator was used to maintain-a proper signal level into the
recording system, Figs 3 is a 2-second record made at about
55 seconds after launch, The correlation of the microphone
outputs is shown,

3,2 Theory

In the absence of loéal interference, the acous=-

tical wave front of a noise event appears essentially identical
to microphones at separated locations, If identical microphones
are used, the output wave form of one microphone matches that of
another = shifted in time, This time shift is a function of
the sound arrival angle, the local speed of sound, and the
microphone placement, The arrival angle can be calculated
by measuring the time interval and the local speed of sound,

After the angle of arrival of a noise event is determined,
the sound is ray traced backwards towards the source, The first

6
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noise events are ray traced through layers of known temperature
and wind, Eventually an interval is reached between the top of
the last layer of known wind and the source of sounds At this
point, conventional ray tracing procedures must be abandoned
since the wind is unknown; however, two independent require=
ments are available.,
1) The sound ray must intersect the tfajectorya
2) Any intersection chosen will yield a wind value, The
correct intersection point must satisfy the criterion
that the time of arrival of the noise event measured
from launch equals the time of flight to the intersecé
tion plus thé time required for the sound to travel:
from the intersection to the array.
These two conditions uniquely determine the coordinates of the

source along the trajectory and the average wind in the interval,



IV, DATA ANALYSIS

The first step in data reduction is the cross corre-
lation of the microphone output wave forms in order to determine
the arrival times, In the analysis of the SA=-9 data, this cross
correlation was done manually using the method described below,

l) A group of at least ten successive waves is selected
from the output of microphone 1.

2) This group of waves is identified on every other
channel, The identification is made by comparison of
wave shapes and periods,

3) The wave form with the sharpest peak is chosen from
this group and iﬁs time of occurrance on each micro=
phone is recorded,

After the arrival times are read, the arrival angles are
written in terms of characteristic velocities along each axis,
Ky and Ky, The characterisitc velocities Kx and Ky are defined
as the velocities of the intersection of the wave front with
the x and y axes respectively.,

In terms of characteristic velocities, the elevation and

azimuth angles of the normal to the wave front are

Vo (Rl + Ky?) 12
6 = COSml Ko K. = Ko W - K W (1)
X By x Yo y "Xo
K .
= -1 X
¢ = tan ¥ (2)

e
where Vo is the velocity of sound and Wx,, WYo are the x and y

components of the wind at the ground,
Along each axis the arrival times at 5 microphones are
measured, In the calculation of K, and Ky all times are measured

10



with respect to microphone No, 1, reducing this to 4 non-zero
arrival times, Only one of the 4 times is necessary to define
the characteristic velocity for an axis, but errors can be
reduced by averaging or by writing the arrival times as a
function of the distance along the axis,

4

A(x) ax + bx2 + cx3 + dx (3a)

a'y + b'y2 + c'y” + d'y4 (3b)

A(y)
Any polynomial of 4th degree or less can be used, The
coefficients are computed by imposing a "least square error"
restrictipno
The nine microphones do not lie exactly on the two legs
of a horizontal cross, Corrections in the sound arrival times
due to their displacements in the horizontal and vertical direc-
tions have been derived by Otterman®,
For horizontal correction : ,
. (A7 = Ay)

= 4a)
Sy ETEnTe .

3 B

(m = 2,3,8,9)

Mmooy B3 - B9) (4b)

6Ap = Ky' m STERT
(m = 4,5,6,7)
For vertical correction:
m%=Pz% (5)

(m = 2,3 cessosce 9)

11



The corrected time for the mth microphone, A

m? referenced

to microphone #1 is:

By = A'p - 8Ap = OAy = By (6)

m

(m = 293 56060060086 9)

The characteristic velocities Kx and Ky are defined as follows:

1/a (7)

K, = (2%
< (’aA>

Ky = (g =V (8)
(0]

Milne® has shown that the wave front normal of the ray
reaching the microphones remains parallel to the same vertical
plane throughout its propagations 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 can be approxi-
mated by a straight line, The wave front; assumed plane, is
refracted at each layer interface in-a way analogous to the
refraction of light wavess This refraction is due to a change
in the magnitude of ve%ocity of sound between layers, Further
refraction occurs if wfnd direction and magnitude are not
identical across layer boundaries.

Before the wind can be computed in any layer (jth) the
sound is ray traced through the previous layers where the wind
has been found, The equations used for this ray tracing have
been derived by Otterman for the Grenade Experimentso The

components of the sound velocity of the jth noise event in any

12



: th

previous layer(i*")are in terms of known quantities

2
\) .
Vg, = avgy
1 Kxa
Kig = Wy = Ty; gt
J
2
Vavgi
Uy, = & %
Kyj ) Wyi B Wxi KXj
2 2 2 - 1/2
P = (V -V - V. )
z; avg X3 '
The time spent in the ith layer is
Z: = Z.
i i=-1
At PR o e———"
1 P
2i
And the distance traveled is
Ay, = At: (W + V

The total time and distance through t:he(j«-jl)i’t layer is then

j=1
L At
k=1 k

j=1
I Ax
k=1

5-1
L Ay
k=1 K

13

(§a)

(9b)

(9¢)

(10)

(lla)

(11b)

(12)



Next to determine winds in the last layer:
The rocket position versus time function is obtained from
the trajectory:
Xy = Xg (T)
Yy = ¥, (T) 1 (13)
Zy = Zy(T)
where T represents flight time or time of emittance of a noise
event measured from lift-off., The coordinates X;,Y,,Z,, are
then transformed to (x,y,z), the coordinate system at the center of
the microphone afrayo From the geometry of Fig., 4, the following
time and velocity equations are apparents

Time Relationships for jtD Noise Event

T =T+ ¢t (14)
j=1
t= I At, + At, (15)
where Atj = the increment of time in the unknown layer.
t = total travel time of the sound from (xj, yj, zj) to
the array,
Velocity relationships:
A j=1 j=1 2
(x5 = 2 bx)? + (yy = 1 sy + (2, - z,_;)2]1/2
) k=1 % I g=1 1 -l
P = . ' (16)
e
Z5 = Z3.
P, = loo =1 . (17a)
At.
]
j=1
. op Mk
x - Bt (17b)

14
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P = 1 (l7C)

where P = magnitude of propagation velocity vector of the sound
ray.
and Py, Py, P, are components of P in the x, y, z directions,
respectively.

The propagation velocity is the total velocity of the

wave front traveling along the straight line path from (Xj,y.,zj)

J
to
j-1 j-1
L AXy, I AYri 24.
k=1 k=1 K 7Id

It is composed of the velocity of sound and the wind and is,
therefore, not in general normal to the wave front, Thus,

equations 1l7a, 17b, and l7c can be written as:

P, =V, (18a)

Py = Vx + Wy (18b)

Py = Vy + Wy (18c)
Wy s Wy are the cougonents of wind in the layer under investi-

gation for x and y directions, respectively. (W, is neglected).
Voo Vyp V, are the velocity of sound components in the layer
under investigation for the x, y and z directions, respectively,

For the unknown, but constant wind field in the layer between

j-1 Cj=1
(X3, v:, 25) andl 2 Axp, I Ay,, z;_,)there can be only one
30T k=1 k=1 &' 31

ray path from the trajectory that will satisfy the equations (14)
through (18) and the condition that characteristic velocities
are constant for a given ray. Otterman® has derived the follow=-
ing expressions for Vy and Vy. These equations exemplify this

16



directional dependence of V in any layer on the measured

ciiaracteristic velocities at the array,

v 2
V, = Z ‘
X Rx (19a)
Kx - Px - Py R-
Y
vz2
V. =
Yy (19b)

The magnitude of the velocity of sound can be found from:
2

Vo= (v 24 v,? v, 52 | (20)

From these eight equations (13) through (20), position
(xj, Yj’ zj, Tj) and an average wind can be determined for the
layer under investigation, These equations are solved by the
procedure outlined below,

A sound is heard at the time, t, from lift-off at the
microphone array, Characteristic velocities Ky and Ky are ...
determined and the ray is retraced to the top of the level of
known temperatuyre and wind, This poin£ of intersection is

j=-1 j=-1 wey |

(Z Ax' 2 Ay,z._‘)o
k=l & g=p K Ti-l

Aty is determined during the ray tracing calculation,

Next:
1) A reasonable value for Tj based upon the velocity of
sound and winds in lower layers is selected, This

determines coordinates X yj, z4 along the trajectory,

17



2)
3)
4)

5)

With the correct value for Py, Pyo Vyo and V

t and Aty are determined using equations (l14) and

(15) »

Using Atj and the position coordinates chosen, P

» and Py are determined from equation (17),

z !

Py

Thesé in turn are used in equation (19) to obtain V,

and Vyc

From equation (20) the magnitude of the velocity of
sound is calculated and compared with the known velocity
of sound for that layer. If these values agree, the
selected Tj defines the true position of sound emittance.
If they do not agree, an iteration process is carried
out, until agreement is achieved within error limita=--
tions,

y the horizon-

tal wind components can then be found from equations (18b) and

(lSC)c

18



Vs, COMPUTER SOLUTION

The solution for winds has been programmed for the
IBM 7090 computers Figure 5 shows the flow diagram for the wind
solution,

The speed of sound profile is obtained from radiosonde
and rocketsonde data, and above the altitude of these measure=-
ments, from "standard atmosphere" values, For the computer
" input the profile is piecewise linearized using 22 straight
line segments,

The vehicle position data is entered at intervals of 0.5
seconds, Linear interpolation between these intervals agrees
~within 1 meter of the position determined from Lagrangées formula
or Aitkin's method of iterative linear interpolation even at
the highest véhicle speeds,

To insure convergence of the iterative process, €] (the
:
]
in T)must be compatible (Fig, 6)., Counter parameters L and M

, value within which V. and Vavgj are matched) and €2 (increment

assure that the solution has converged and indicate the direc-
tion of modification of the initial assumption of éT,

The relation between €1 and €y is found as follows:
For the jth noise event:

S J=1
%, = & Axp

Py = e (21a)

T = At, = T
K k

I o8

1

j=1
z
P = yj'-kal
g J=1 . o
T = I A -

k=1 K

by
k (21b)

19
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READ ROCKET TRAJECTORY IN

SOUND PROFILE 3 EARTH FIXED CO-ORDINATE SYSTEM:
W(z) vs.2 T,Xe(T), Y, (T),Z,(T), dX,(T), dY,(T) , dZ,(T)
4T 4T dT

#1 AS ORIGIN

COMPUTE THE TRAJECTORY
OF 'THE NOISE SOURCE
» AND TRANSFORM TO (x,y,z)
SYSTEM WITH MICROPHONE

READ THE CO-ORDINATES OF MICROPHONES
Xm Ym, Zm  (m=1, 2, 9)

SET
=t

Zoneo

X axes0 COMPUTE CHARACTERISTIC VELOCITIES
KXk Ky, 1Ky, BY LEAST SQUARE SOLUTION
I=t

Fono

APPLY CORRECTION TO

MICROPHONES

MICROPHONE TIMES FOR

J DISPLACEMENTS OF

HORIZONTAL AND VERTICAL

3

CORRESPONDING TO Tj
DETERMINE THE POSITION
OF NOISE EVENT (x

‘hhtbrony |
FROM THE ROCKET TRAJECTORY

APPLY CORRECTION FOR
MICROPHONE RESPONSE
TIMES, REFERENCED TO#!

COMPUTE

1
Vj= (v,(jhv,,i2 +P)2

- .

MICROPHONE # |

FOR jth NOISE EVENT, READ T;
AND SOUND ARRIVAL TIMES FOR ALL
MICROPHONES REFERENCED TO

COMPUTE 2
CORRESPONDING TO COMPUTE COMPUTE Vo a1 f\ll(z')dz'
2j, DETERMINE Vj N7 Btj=t; -5 At 9 T )
N K=l )
COMPUTE COMPUTE _, COMPUTEi_,
vy, =V, K0 Vg = —— Pxj=(xj- SAx)/AL
Yi Ty, %} K K=l
! Kxi~Pri Py Ry,
]

=1
Pyi =lyi= 2 8 ¥/t

Pzj =(zj- 2j-1)/ Btj

COMPUTE

A% = ot (Wyi+ Vx;)

COMPUTE STORE AND PRINT
Wy, * Pry-Vi STORE AND PRINT Tjo Ko Kyps Tio Xju )02 COMPUTE AND PRINT
Vxis Vyis Pzy, Vi Vo ) Wxgj, Wzg), Wn, , W
Wvu"’yr‘”l,i L*IM T zavg)s Wy, Wy, Wj X T T T
Wi = (Wje Wy)) *
CoMPUTE COMPUTE COMPUTE a0
véug; Kx COMPUTE | - Zi-Zil i
Vi = Vy. =V, Atj= Aty TO T Aty
O w Kxj=Wx;-Wy; Kxj R Pat = (VavgP-Vif -y} 12 Py Ul
Ky;
PRINT
— . || j=! YES
@) Tis T-148Ti 381, 2%, E0yx PRINT ADD
M le i, Viy, Vyis P 10 &'
-+ isi+l » Kb VY T2 Ayi TO I Ayy
—J &%y, Ax, Ayi bl

oD
COMPUTE .
"_‘ Byi= Al (Wysvy) "'— AXiTO X Axk

Pig, 5 PLOW DIAGRAM FOR WIND COMPUTATION
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and

— ] j=1
P, = %-1 (21lc)
T = I At - T
k=1 K
e T (- st - g
X3 ="g Ax, ¥ (T = I Aty - X
dPy = ) =1 k k=1
S dr 3=1 5 (22a)
(T - z Atk - T)
k=1
j=1 J-1
km1 k=1
e - =1 (22b)
J 2
(t = % Atk - T)
k=1
j=1
2. = 2 + (1t = I Aty = T) dz
sz_= J =1 k=1 T
a7 J=1 2 (22¢)
(1 = I Atk - T)
k=1

To simplify the computations it is assumed that the velocity

of sound in the upper layer is constant and wind is sufficiently

small so that the approximation P, = V4 and Py = Vy is justified,
So |
ap dp dp 1/2
dav dp X, 2 2 z, 2
o | o= -5 4 . .
Fo R, R R S (23)
_dv ~
=1 = lgrl & , (24)

Taking the case of j = 27 as an example,

T = 310,0 sec, = 1041,46 m/s

=

22



j=1

I Aty =182,4245 sec, dT = 422,09 m/s
k=1
T = 120,8481 sec, %% = 1118,31 m/s
Xy = 21878:1 m, yj = 16940,9 m, zj = 49280,7 m,
j=1 j=1
I Axy = 21147,.4 I AYx = 16452,6 Z,1 = 47423,4 m,
k=1 k=1 J

these values give.

€, = 280 ¢,

Based on an evaluation of overall system parameters, a

criterion of 0,2 meters/sec, has been established as the value

for €] and equation (25) is used to determine the appropriate

tolerance for €20
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VI, THE WIND PROFILE

Figures 7 and 8 graph the wind profile determined
during the flight of the SA-9, Also plotted are the rocket-
sonde and rawinsonde measurements taken near the time of the
SA-9 flight, The agreement between the methods is consistent
with the results of the error analysis,

Table 1 lists the input quantities in the first four
columns, The time and coordinates of the trajectory to which
the solutions converged are listed under Tj (Range Zero = 14437:002)
X50 Y0 and Zjo The remaining columns list the wind values in
three coordinate systems: (l) the system of the miqrophone array
(2) the system of the trajectory, and (3) the North-South, East-

West system, The data points were computed ét intervals of 10

seconds T

24



SA-9 EXHAUST NOISE

MEASUREMENT

WIND PROFILE

SA-9 LAUNCH DATE: FEB |6, 1968

TIME: 14.37:03 2

©  EXHAUST NOISE MEASUREMENT
14.37:262 - 14.48:432

X RAWINSONDE DATA
14:432 - 16:202

A ROCKETSONDE DATA
16:342-16:452

Pig. 7

edod o s n b, e
P " -

100 -8 -60 -40 -20 0 20 40 60 80 100
N TO S WIND COMPONENT
(M/$)
"
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SA-9 EXHAUST NOISE
MEASUREMENT
WIND PROFILE
SA-9 LAUNCH DATE: FEB 16, 1965
TIME: 14.37:03 2
© EXHAUST NOISE MEASUREMENT
14.37:262 - 14.45:432

X RAWINSONDE DATA
14:43Z - 16:282
A ROCKETSONDE DATA

16:34Z- 16:452

Piq. 8

]
‘\\; ALT (KM)
b

-20 0 20 40 60

W TO E WIND COMPONENT
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VII, ERROR ANALYSIS
Four sources of errors are considered in this analysis,
l) Error in the measurement of sound arrival times
at each microphone, This introduces error in the
der%ved value of characteristic velocity K, Kyo
2) Error in the speed of sound profile,
3) Uncertainty in the position of the noise source
with respect to the vehicle,
4) Error from plane wave assumption,
7,1 Sound Arrival Time Error
It will be shown that error in characteristic
velocity determination is the most significant contributor to

h

wind error, The errors in the jt layer winds due to a charac-

teristic velocity error arise from two distinct sources., First,
an implicit error is introduced in the winds because the result
of the ray tracing to the top surface of the (j-»l)St layer is
displaced from the actual point of penetrapiono Second; wind
error is introduced explicitly in the jth layer from the error
in Kxjp Kyjo |

Both types of error can be studied from a consideration

of Fig, 9, The following equations are derived from inspection

of this figure,

j=1 j=1 2

-1 j=1
s 1 L By = ys =W (T =T, = I Aty)}

TR A e B (26)
2 2 j=1

_ 2
3=1 7 2307 % Vavgy (73 7 Ty 7T 0%
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(xg3j22j,Tj)
i
{leWx(Tj'Tj ~‘z| A")’

34
vj* Wyl%;-T; -&M‘).

xj}

THE ARRIVAL _OF THE JTH NOISE EVENT AT

i1 i;&lA _
( ‘S.‘Ax.‘ ot Y g 2 J-])

Fig. 9
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This is simply the expression of an expanding spherical

wave in a moving medium,

j=1 j=1
The direction cosines of the ray at ( I A%y, I Ayys z._l) are
k=1 k=1 J
j=-1
X. + W, At, - T Ax
o= 3 X3 k=1 K (27a)
\Y . At
avgj . ]
j=1
y, + W At., - I Ay
\Y . At
avgj ]
Z, - 2.
= j=1
VS (27¢)
v . At.
avgj ]
j=1
where At: = 1, - T, = I At
37577 T2 Tk
The characteristic velocities are then
V (]
KX = - azgl + Wx + Wy B/o | (28a)
K. = - Yavgy + W + W, o/B (28b)
For simplicity in writing let
j=1 j=1
vV = Vavgj H xo = kil Axk etc, to = kil Atk
Keeping in mind that the trajectory gives
.= x, (T)
X5 = x5 ( )
.= v, 29
Y5 YJ (T) (29)
. = 2 T
2y = 2y (D
and that Atj = Tj - Tj - tO

the above equations can be rearranged to give
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F(erKinvayaTjrtotxonooV) =

» 2
G(Kx'KerxoWyoTjltorxocyopv) =
- ) o 2 . s - A - E—
(Ky*Wy)(yj W Aty Yo) tVeAty Wx(xJ+WxAtj x)) =0 (31)
H(;Kx,Ky,Wx,Wy,Tj;tooXO'YQ'V) = ) ,
- 2 - i o - 2- 2 { “ L
(xj+WxAtj ) +(yj+WyAtj Yo) +(zJ z,) =V Atj 0 (32)

Treating Wy, W, and T as dependent variables the Jacebian

y
of this system of equations is

| i @x ;Wy T _
J= 3(F,GH =1|G G G (33)
'T"""a wx,w"""T,T Ty wy T
y
Hy HW HT
X Y
where JF is denoted by F__ . etc,
] Wx
X
Then
F F F
Ky Wy T
G G G
Ky W, T
H H H LR
O S (30)
oK, J
F F F F F F
X Wy T ty Wy T
G G - G G G, G
xO Wy T to Wy T
. H H H : H H H
CRR J ato : J
. oW, oW, 3w, oW _ oW = 3W w
and similarly for g' X, ¥, ¥, ,_z' z’ and . ¥
aKy ayo 0Ky 8Ky axo Yo ato
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The partial derivatives of % with respect to Xor Yor and t, give
-an indication of the first type of error, mentioned earlier,
The derivatives of W with respect to characteristic velocity
are a measure of the second type,

The total error in jth layer winds due to an error in the

jth characteristic velocities is:

oW oW oW

A e X
J Kx 5 ] Ky 5

A similiar expression can be written for AW

= oW W
AW, () AK+ () AK, + () Axo + (sl Ayo +( X) Ato

] *o 3 Yo j Eto j

73

In order to evaluate waj it is necessary to evaluate At s
Axo and Ayo0 These parameters are computed by ray tracing each
value of K, and Ky to the level Zj-1e The error in the charac-
teristic velocities can bé related to errors in the measured

time of arrival at the mth microphone by

2
K
AK = = AA a...i..,
X *m X ' (37a)
m
K 2

Calculated values of AWX and Awy are shown in Fig, 10 and
1l and are listed in Table 2 along with actual differences from
wind computations for errors of .5 ms and 2 ms., These computa=
tions were made for = = 100,150,200,250 etc, These time of
arrival errors are introduced into every microphone pair and in
the same direction to maximize the resultant wind error,

An interesting observation from Table 2 is that the errors
in the jth layer winds caused by errors introduced into the

characteristic velocity for that layer, result in a nearly equal

32
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170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340

350 -

360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
510
520

ALT
METERS

436
1443
2804
4502
6374
8326

10289
12214
14095
15951
17805
19683
21605
23559
25518
27470
29415
31360
33280
35176
37071
38975
40885
427177
44651
46504
48352
50200
52041
53878
55671
57393
59089
60788
62459
64081
65676
67243
68757
70315
71922
13546
75205
76838
78462
80102
81767
83471

WIND MEASUREMENT--ERROR ANALYSIS (SA-9)

ERRORS DUE
COMPUTED
DWX DWY
M/S M/S
00 «00
« 00 20
«00 ¢ 00
«00 ¢00
«00 00
-¢33 048
¢30 -¢56
-e01 01
-.01 «01
-6¢00 «00
-eT1 86
062 '090
-e16 010
002 '001
-+00 «20
1457 1.28
‘1082 -1040
-o00 «00
-o00 00
-.00 .00
2437 1487
=2679 =2400
-.04 006
¢ 00 -¢01
-.00 '001
3024 2654
—3.76 ‘2.74
—.01 -COO
-002 ‘000
‘002 ‘001
4,00 3440
«~5496 =408
03 Q0
003 «00
«03 «01
5497 4469
~T7e38 <5416
006 «03
.07 '.00
07 o01
6425 4492
~5¢68 =3499
-¢03 o01
-4 06 -e04
*.06 —004
4,430 3e34
=5403 =3,61
-609 -¢01

WIND ERRORS DUE TO ,5 MS

TO o5 MSe
ACTUAL
DWX DWY
M/S M/ S
-.00 ‘000
~-¢00 -¢00

.00 ‘000
-e00 «00
-000 000
-e32 o 48

¢33 -e¢51
=601 01
‘000 000
‘000 000
-e71 «87

080 -098
-¢10 016

oCl -e02
‘.00 .00
1456 1,28
-1459 ‘1.30
-.00 ‘.00
-.00 ‘.00
-¢00 -¢00
2635 1,85
-2e¢34 -1e91

004 010

e 01 « 00
-002 ".03
3264 252

'3.01 ‘2050

02 01

«01 001

o01 «01
3499 3438

-4 ¢85 =371
-401 -+01
-e01 -¢01
-.01 -001
5679 4,58
~5e97 =4475

«02 «03
-e03 -e02
-¢06 -¢05
6404 3.90

~4449 ~-3464

+08 «06

02 « 00

002 01
4636 3,87

-4.00 -3031
07 «05

ERRORS DUE TO 2e¢ MSe

COMPUTED

DWX DWY

M/S M/S
«00 00
«00 «00
«00 «00
«00 «00
«00 «00
-1.431 1,93
1625 =228
-e25 °18
«00 01
-e01 002
~2.84 3446
2e4T7 =3457
-e19 o1l
#00 -¢00
«00 ~-e00
6428 5010
-7.32 '5060
'013 009
-el1 006
‘.01 -.OO
9,46 Te48
-11.15 =-8.02
-e04 «06
«00 -¢01
«00 -e 00U
12,98 10,07
-14499 -11.00
«03 07
04 «01
.04 -002
16,09 134,60
~23,72 -16430
37 07
42 «09

o 46 «08
24,18 18,80
‘29005 -20.57
094 019
«99 028
1,08 038
25,87 16430
=21476 =15467
1607 o34
lels o3¢
1,09 ¢33
18459 15487
-18,61 -13,75
1,07 036

ACTUAL
DWX DWY
M/S M/S

-¢00 -+00
-600 -¢00
00 -¢00
-400 «00
-+00 «00
-16¢32 1.93
1055 '2025
-¢23 022
o001 -+00
-e01 01
-2¢82 3,44
294 =3¢54
~-e¢10 016
-e00 «00
-+00 «00
6422 5405
-6e39 -5437
‘002 «04
-¢03 «09
-e01 -+01
9,28 Te32
~9445 -—Te53
002 «09
-¢01 -401
-eU1 -e01
12452 9.74
~12456 -10443
«05 «06
«03 «02
‘001 '002
15621 12496
=20e6U =15667
_.19 -011
-018 '010
-e22 -el3
21,54 17,22
-25490 ~20436
-e46 -e29
-e56 -e29
-e22 -+08
22,09 14437
—19063 ‘15.66
-ell -+08
-e07 -e¢05
-el5 '012
15471 14420
=17.09 -13,91

01 002

AND 2,0 MS ERRORS IN ALL MICROPHONE TIMES

Table

2
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and opposite error in the (j + l)St layer and practically no

error thereafter, Thus, averaging 3 successive layers can reduce
the percentage error approximately by a factor of 3, This however
has the undesirable effect of decreasing resolution by 1/3,

This suggests the possibility of varying the initial layer
thickness: (thereby changing single layer errors) until both the
resolution and the accuracy are optimized, Some effort was
made along these lines but no significant gains were realized,

In order to simultaneously improve accuracy and resolution
of the result it is necessary to decrease the error in the input
data,

Repeated reading of arrival times exhibit a scatter that
indicate the uncertainty in the arrival times is between 2 and
2,5 ms, The system parameters were chosen on the basis of
uncertainties of about half this value, This larger error is
attributed to slight differences in microphone characteristics,
differences in local background conditions, and to limitations
in manual reading of this type of data presentation,
| To the extent that these effects are random the errors can
be reduced by using a computer programmed for cross correlation,
In such a program the time difference between two channels is
determined by an integration over a preset segment of the data
rather than from a single wave form; thus reducing small random
errors. Automatic cross correlation has not yet been used because
of prohibitively high computer time requirements, but recently
acquired equipment, and an improved programming method hold
promise for this technique,
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The use of higher frequencies of the noise»spectrum also
offers the possibility of increased precision in determining
arrival time, Experimentation with wide band microphones is
planned to evaluate this possibility.

7.2 Errors in the Speed of Sound Profile

The temperature up to 30 km is measured by radio-
sonde and an accuracy of + 1°C is claimed for these data.
Above 30 km the temperature data are estimated to be in error
by a maximum of 10°C,

awx v oW
A .
-~ and va AV for a single layer can be calculated

readily by the analytical technique described above, However,
to account for the speed of sound errors in lower layers a‘
different approach must be followed,
A straight forward way of estimating these functions is
to modify V(z) and compare the resulting winds, This was done
as follows: Using the speed of sound profile as given in the
trajectory a "standard" wind profile was determined.
Then V(z) was rep;acea by
l) V(z) + 2 m/sec, for z > 30 km (2,7° - 3,3°C temperature
error)
2) V(z):+ 5 m/sec, for z > 30 km (6,8 - 8,3°C temperature
error) |
and new wind pfofiles were derived, These should represent a
"worst case" analysis since a constant displacement gives largest
errors in the integrated speed of sound; Fige 12 shows AWy

and AWy as a function of altitude for thesé two cases,
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7.3 Noise Source Position Uncertainty
The mechanism of exhaust noise generation is

fairly well understood, but there remains an uncertainty in
the precise location of the noise source with respect to the
vehicle, For the SA-9 data, the source was assumed to be on
. the trajectory 150 meters aft of the nozzle, To determine the
sensitivity to an error in this'estimate, the position of the
source was displaced 100 meters and a new wind profile deter=
mined, Figure 13 shows the results of ﬁhis displacement and
indicates that this error is probably nbt significant,

744 Error from Plane Wave Assumption

' The wave front deviates slightly from planar and

to estimate the amount of error thié induces, a spherical wave
is considered.

Fig, 14 is a schematic of two microphones equally spéced
about the oriéin of a coordinate system, \A source of sound
is located at (x',‘y', z') in this syétemg It is assumed that
the temperature is cohstant throughdut (Constant speed of sound,
V) and that the winds are zero,

Since R is large compared with y, a plane wave approxima=-
tion at the array should be nearly‘éorrect, The time rgquired

for such a plane wave to cross the array is:

‘ _ 2¥g u! :
f-yo 7 Hyo = = e

The time interval for a spherical wave is :
v wave

=1 12 12 ' 2/2_ 12 12
t+yo = {[x'¢ + 2'° + (y ,+ Yo) °l [x'" + 2z

t,yo -
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SPHERICAL WAVEPRONT INTERCEPTING 3 IN-LINE-MICROPHONES.

The Atmosphere is Assumed isothermal and at Rest,
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Substituting R® = x'2 + y + zg2 and expanding the square roots

3
_ R ] - yO 0

R R

The first term is just the plane wave term, ' Note that the
second order term in y,/R is absent, This is due ‘to the symme=
trical use of the tWokmicrOphones about the origin, This term
always disappears if microphones are taken in such pairs, A
three microphone array therefore could not be used in this manner
and the error due to the non-plane wave would be correspondingly
greater,

For the array used during the SA=9 launch Yo for the extreme
microphones is about 600 meters; After the vehicle has reached
maximum rawinsonde altitude R is at least 30,000 meters, 1In.
this case yo/R = 2 x 10=2 and (yo/R)3 = 8 x 107, Since the

time tmyo = t4y, is on the order of 2 second, ﬁ%l = 102, s0 %l =

05 X 102c The spherical term is then about 1/2 ms, Therefore
this size array is compatible with the accuracy (1l ms) desired

in the reading of microphone times,
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Vil CONCLUSION

The agreement between the wind profiles determined by the
Rocket Exhaust Noise Wihd Téchnique and other simultaneous
measurements during the flight of the SA~9 is evidence Qf the
validity of the acoustic technique described herein,

On the basis of the error analysis, the maximum errors
in the SA=9 wind profile are estimated to be about % 20m/s at
85Km, and decreasing to about = 7m/s at 30Kms These errors
are attributed principally to inaccuracies in the reading of
the microphone arrival times and should be reducible to about
: 5m/s at 85 Km,s to LA 2m/s at 30Km, by the use of improved
data reduction techniques,

At locations where large booster rockets are launched
regularly, a rather modest ground station can gather wind data
from the ground to, in some cases, 85Km, These data measured
concurrent with the rocket flight have important engineering
value, and the upper atmosphere wind profiles measured on a
regular basis would be an important supplement to the data

available to meterologists,
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