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ABSTRACT

The measurement of amblent air temperatures
at high altitudes by determination of the shape of the
shock cone attached to the nose cone of a rocket that
moves at high supersonic speeds is described. Data
from the trial of the method on V-2 Number 56 are
analyzed on the basis of first order conical shock
wave theory. On V-2 Number 56 Pirani gauge signals
were obtained up to 230,000 feet indicating that the
method may be applicable up to this altitude. Temper-
atures calculated for altitudes up to 183,000 feet
agree fairly well with what was previously known about
temperatures at high altitudes.

The experimental errors are shown to be
negligibly small. The possible existence of large
gsystematic errors and plans for investigating them
are discussed.

The use of this method for measurement of
vinds at high altitudes is discussed.
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NOTATION

v Ar speed which is equal to the missile velocity relative to
the atmospheric air.

a Speed of sound.

Free stream Mach number.

Mean free path of the fluid (air).
Characteristic length of the body.
Thickness of the boundary layer.
Viscosity coefficient.

Fluid (air) demsity.

F e x & 0 =N =

Reynolds number which is equal to -}%L-f

ol

Average molecular speed which, for air, is equal to

/—77-;7— a (Ref. 10).

7 Ratio of specific heat at constant pressure to the specific
heat at constant volume, for air 7= 1.405.

8g Semi-apex angle of nose cone.

8y Shock wave angle of the non-yaw cone st corresponding free
stream Mach number.

€ Angle of yaw of nose cone ( € 1is equal to the angle between
axis of nose cone and the free stream velocity vector of the air.

§=d € Where § 1is the angle of yaw of the shock come. ( § is
equal to the angle between the axis of the shock cone
and the free stream velocity vector of the air.

r,9,¢ Polar Coordinates in Figure 2.
¢=G-8 angle of yaw between shock cone and missile axis.

A , '82 Constants used in equation 4, see (R1l4).



NOTATION (Continued)

Change in semi-apex angle of shock cone in yawed case
(second order theory).

Semi-apex angle of shock cone in yawed case (second
order theory).

Rectangular cartesian coordinates in system which is
fixed in the nose cone of the rocket.

An azimith angle in Fig. 34.

Gram moleculsr weight of a gas.

Propable error in Oy.

Probable error in x.

Equal to rg;2+y12f212

Temperature degrees Kelvin
Time required to complete one-tenth of an exponential change.

Vectors in Fig. 37.
Wind velocity vector in Fig. 37.

An azimuth angle in Fig. 37.
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AN_AERODYNAMIC METHOD OF MEASURING THE
AMBIENT TEMPERATURE OF AIR AT HIGH ALTITUDES

1. INTRODUCTION

It is the purpose of this experiment to measure the ambient
kinetic temperature of air at high altitudes by an aerodynamic method,
This consists of measuring the angle of the shock wave (the "weak"
shock or the "first" solution of the conical flow equations) attached
to the nose cone of a missile that moves at high supersonic speeds.
The shock wave is located by signals obtained from Pirani gauge probes
vhich are moved up and down through the shock wave. The method depends
only upon the determination of the time of the signal and not upon the
amplitude of the signal. The missile velocity relative to earth is
_obtained by optical tracking or Doppler (R1)l. The missile velocity
relative to the air can be obtained if the wind velocity is kmown.

From the aerodynamics of an ideal fluid, it is known that
the angle of a shock wave attached to a slightly yawing semi-infinite
cone is a unique function of the free stream Mach number of the air
flow around the cone (R2). Mach number is defined as the ratio of the
air speed to the speed of sound. The latter is known to be a unique
function of air temperature. Since the air speed is equal to the
missile velocity relative to air, one can determine the ambient air
temperature in terms of the corresponding shock wave angle.

2. HISTORY OF THE EXPERIMENT

The measurement of upper atmosphere ambient temperatures by
determination of the geometry of the shock wave off the tip of a
rocket was suggested at an early meeting of the V-2 Panel. The probe
method for measuring a shock wave from & conical tip, described above,
has been flown on three V-2 rockets, Numbers 33, 50, and 56. An
optical method, photographing the shock wave from a wedge-shaped
rocket tip by means of a shadowgraph system, was tried on V-2 rocket
Number 42.

V-2 Number 33 was launched on September 2, 1948. Although
the missile reached a high altitude, the telemetering unit failed
18 seconds after take-off and was completely inoperative thereafter
except for a two-second interval at fifty seconds. No data were
obtained from this flight (R3).

1See References, Section 11.
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V-2 number 50 was launched on April 11, 1949. The Pirani
gauges, which are the sensitive elements in the tips of probes, failed
shortly after the experiment started, and therefore only a small amount
of date was obtained (R4).

Improved gauges were flown on V-2 number 56 on Nov ember 18,
19/9. Excellent data were obtained from all four Pirani gauges in
the altitude range between 85,000 and 130,000 feet. One of the gauges
or its circuit failed at this point. Data were obtained from the
other three gauges up to 145,000 feet, when a second gauge or circuit
fallure occurred. Signals were obtained from the remaining two gauges
up to 230,000 feet, demonstrating the feasibility of the experiment up
to this altitude (R5). The premature failure of the two gauges or their
circuits was possibly due to the misfire of a sound grenade from the
SCEL temperature experiment which was also flown on this missile.

The shadowgraph optical method used on V-2 number 42

* (December 9, 1948) did not give any results because of a switch or
pover fallure. Subsequent tests of shadowgraph and schlieren methods
in the low pressure supersonic wind tunnel at the NACA laboratories
at Langley Field, Va. were made in April, 1949. The tests indicated
that shock wave photographs might be obtained up to 130,000 feet with
a shadowgraph system and up to 170,000 feet with a schlieren unit,
with an accuracy of about ¥ 3°C up to 98,000 feet. (R6). Inasmch as
the probe experiment showed promise of obtaining shock wave data at
mch higher altitudes, the optical methods were shelved at this time.

3. STONE'S THEORY OF SUPERSONIC FLOW AROUND YAWING
CONES AND ITS LIMITATIONS IN APPLICATION

When a missile is moving in air at a high supersonic speed,
a shock wave attached to its nose cone is formed. With several
plansible assumptions, Stone's theory of supersonic flow around yawing
cones gives the relation between shock wave angle and the corresponding
free stream Mach number.

3.1 Discussion of the Assumptions

The assumptions that have to be made in order that Stone's
theory can be applied are as follows:

3.11 Air is a Continuous Medium

From the kinetic point of view, the realms of the mechanics
of flow can be divided into three regions: (a) continuum flow,
(b) slip flow, (¢) free molecular flow. These flow regions can be
characterized as follows: In contimuum flow, the mean free path £
of the fluid is negligibly small compared to the size of the body L.
In free molecular flow . is large compared to L so that the effect
due to intermolecular collisions can be ignored. The slip flow region
can be considered as the transition region between continuum flow and
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free molecular flow. In this region £ 1is small tut not negligible
compared to L hence the intermolecular collisions and the collision
between the molecules and the body are of equal importance.

Different dimensionless parameterg have been suggested as
criteria in defining the regions of flow. -g— was used by Tsien (R7)
( 6 correspends to § in R7); }%% by Roberts (R8). It is evident
that both are inadequate as far as defining the free molecular flow
is concerned because neither the boundary layer nor the definition
of Reynolds number exists in the free molecular flow region.

The original parameter, %’/{;— , from which Roberts!

criterion is derived, can also be reduced to the form %_ f!{ (R15).
If

ool <Z£-M< 100 (1)

is considered as the proper range for the slip flow region, the
boundary of flow regions can be shown as in Figure 1. It is seen
that the atmospheric air below 240 thousand feet altitude can be
considered as a continuous medium when the Mach mumber of flow is
less than 4. Note that for figure 1, L is assumed to be 1.25 feet.
L is taken from Grimminger's tables (R9).

3 .12 Air is Non-viscous

The viscosity influence on the flow is in the form of
viscous stress which can be expressed, in the continuous medium,
as the product of the viscosity coefficient and the velocity gradient.
The magnitude of the viscous force is negligibly small compared to the
inertia force acting on the same element of fluid, if an unusually
high velocity gradient does not exist. In other words, air can be
congsidered as non-viscous except in the "high velocity gradient®
region.

The existence of high velocity gradient in the immediate
neighborhood of the body is the cause of "boundary layer flow" in
which the order of magnitude of the viscous effect and that of the
inertia effect are approximately the same. It has been shown in
boundary layer theory that the thickness of the boundary layer )
can be expressed by the relation (R23)

Sl
L Ve (2)

With ordinary density, 8/L is in the order of magnitude of 10-3.
Hence the assumption of zero boundary layer thickness is justifiable.
In other words, air of ordinary density can be considered as non-viscous.
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It is expected, however, that when the air density decreases
to a very low value at high altitudes, the assumption of zero boundary
layer thickness will no longer be valid. The range of validity of this
assumption will be investigated by the low density wind tunnel test.
(See Section 9.2).

3.13 The Ratio of Specific Heats, # , is Constant and Equal to 1.405.

The ratio of specific heat at constant pressure to that at
constant volume for sea level air is 1.405, It has been found through
the sampling experiment (R10) that atmospheric air composition remains
the same as that of sea level air up to 60 kilometers altitude, It is
assumed that dissociation of oxygen and nitrogen is negligible below 80
kilometers (R9).

3414 The Missile Flies at High Supersonic Speeds.

The missile speeds must be high enough so that the flow is
locally supersonic in the region between the conical shock wave off the
nose and the expansion wave off the truncated shoulder. For a cone of
200 semi-apex angle, the free stream Mach number should be greater than
1.35. Under this condition and assumption 3.12, the conical flow field
around the nose cone will be the same as if the cone were semi-infinite,
It is for the semi-infinite cone that Taylor-Maccoll theory, on which
Stone's theory is based, is developed.

3.15 Heat Transfer Between the Air Stream and the Body is Negligible.

As mentioned in 3,12, there is a boundary layer region in the
immediate neighborhood of the missile in which a high velocity gradient
exists, Boundary layer theory shows that a high temperature gradient
exists in this region as a consequence of the high velocity gradient.,
According to the boundary layer theory, the temperature gradient drops
to zero at the outer edge of the boundary layer; i.e., at the junction
between the "ideal fluid" region and the boundary layer flow region,

In other words the boundary layer has an insulated surface at its outer
edge. Therefore the heat transfer between the missile and the air due
to conduction and convection has no effect on the flow in the "ideal
fluid" region to which the conical flow theory applies.

Another source of heat transfer between the missile and the
air is radiation. It is estimated that the maximum skin temperature of
the nose cone during flight is in the order of 300° (R1l). In absolute
temperature units, the maximum skin temperature is less than twice the
average air temperature in the "ideal fluid" region. Considering that
the air particles flow by the nose cone in less than two thousandths of
a second, it is assumed that the effect on the air flow due to radiation
from the missile is negligible,

3.2 Brief Description of Conical Flow Theory.

Consider the conical flow around a yawing cone (See Fig, 2) in
a rectangular system of coordinates (1, 2, 3) where r, €, ﬁ denote the
usual spherical polar coordinates,
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The equations of motion and the continuity equation with
the particular boundary conditions of the yawed cone constitute a
two-point boundary value problem with a non-linear differential
equation. The exact solution of this problem has not yet been developed.
The approximate solution has been given by Stone who considers the
effects of yaw on the quantities characteristic of the conical flow as
perturbations of the corresponding quantities of the non-yaw case. If
third and higher order effects of yaw are ignored, the equation of the
nose cone and shock wave cone can be reduced to (R1l4):

6, =6, +€ cos g - $E'cot & sin’f (3)

and

B, =6y, *€d cos § +€°(8, +p5, cos 2§) (4)

respectively. 0,,/,0(-'-% 2 Bo s /32 are shown as functions of the free
stream Mach number in Fig. 3 and Fig. 4 (R12, R13, R14).

It can be seen from equation 4 that if the angle of yaw is

" 8o small that the second order effect of yaw is negligible compared

to the first order effect, the shock wave attached to a yawing cone in
supersonic flight continues to be a circular cone, of the same apex
angle as in the non-yaw case, but with a yaw of its own given by:

§=K€ (5)

The plane of yaw of the shock wave will be the same as the plane of
yaw of the cone.

However, with yaw so large that the second order effect
mst be considered, the shock wave cone ceases to be a circular cone.
Its normal cross-section becomes actually a curve of the sixth degree,
simlating closely an ellipse of small eccentricity. The magnitude
of the second order effect can be obtained from equation (4) above.
The semi apex angle of the shock cone in the second order case is

given by

' 6,(8)+6,(¢+T)

0” - 2 (6)
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From (4) above we see that this is equal to
/ 2
8 =6, +€ (o +(5; cos 24) (6o
The amount by which this varies from the first order case is:
/ R
A8, =6.-6,= € (,6,, +6,-cos 24) ()

This quantity is a maximum for g-‘:O, and a minimm for¢=g. The
maximm and minimm values of AG, are respectively:

Ae”max = 62(180 *,52)
| (8)

ABypin = € 2( Bo =, )

Table 1 gives the values of these quantities for angles of yaw up to
10 degrees, for a cone of 20° semi apex angle, with free stream Mach
number equal to 2.839.

Bo and £, vere obtained from (R14). The curves of S, and
P, against Mach mmber for a 20° semi apex angle cone (Fig. 4) show
that they vary slowly for Mach numbers between 2 and 4 so that the
values of AG, given in table 1 are approximately correct for Mach 4.
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4 . MODEL TEST OF THE PROBE METHOD

4.1 Statement of the Problem

Although optical methods have been commonly used in detecting
shock waves, their value on a rocket is small because of the technical
difficulties involved and because of their low sensitivity at high
altitudes. In view of these shortcomings it was decided to use probes
containing a pressure sensitive element. Because of their sensitivity
Pirani gauges seemed to be suitable for detecting shock waves in a low
density flow field. A check on the suitability of the method was
desirable.

4 .2 Purpose of the Test

To examine the sultability of Pirani gauge pressure probes
for detecting shock waves in the following ways:

a) Take Schlieren photographs to see if the shock
wave to be detected 1s distorted by the probe.

b) Record signals from the Pirani gauges on a Brush
recorder and correlate with the above photographs
to see how well they define the shock wave position.

4 .3 Apparatus

a) University of Michigan supersonic wind tunnel.

b) A Schlieren system and a Fastax camera.

¢) One-eighth scale model of a V-2 nose cone with a
reciprocating probe and facilities for a one-tenth
scale probe or a full size probe.

d) One-tenth scale impact probe.

e) One-tenth scale static probe.

f) TFull size impact probe and one channel of
associated electronic apparatus similar to that
installed on V-2 No. 33.

g) Two channel Brush recorder; one channel for
recording pressure signals from Pirani probe,
the other for recording the 60 cycles A.C.
voltage used to flash a neon bulb in the
camera for correl ation between the pressure
record and the photographs.

4 .4 Test Conditions

The experiment consisted of three series of tests, one for
each probe model. In each series, three different angles of attack:
09, + 120, - 129, were used. The test Mach number was 1.93; the
test section pressure was about 100 mm. Hg. Schlieren photos were
taken at 700 frames per second.
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L.5 Results and Conclusions

Correlation between the pressure record and photographs
indicated that a signal was given by the Pirani gauge when the point
on the gauge inlet orifice closest to the shock wave actually came in
contact with the wave. Therefore when the probe was moving forward
the signal was received when the point on the Pirani gauge opening
most distant from the axis of the cone came in contact with the shock
wave from the cone and on the return excursion when the point closest
to the cone axis came in contact with the shock wave. Figures 5, 6, 7
show portions of the Brush records. It should be noted that the above
conclusion is subject to the possible error due to the distortion of the
shock wave by the presence of the probe in the flow field. This error
could change in both sign and magnitude when the direction of probe
motion is reversed. However, it was found that the shock wave angle,
with the probe at its signal-issuing position, checked with the theo-
retical results (with no probe present) within the experimental
accuracy which was in the order of % 0.5°., Hence any possible error
in the shock wave angle due to distortion of the shock wave with this
method should be less than % 0.5°,

Figures 8 to 16 show the Schlieren photos for different probes
at different angles of attack.

The static probe appeared to give smaller distortion to the
shock wave. However, the pressure signals obtained from a static probe
(R4) are not as sharp as those from an impact probe. This is because
the shock wave, hence the pressure discontinuity, can occur only when
the local velocity is supersonic. Due to the existence of boundary
layer in which velocity builds up from zero at the wall to main stream
value at the outer edge of the boundary layer, there is no pressure
discontinuity in a thin layer of flow in the immediate neighborhood of
the static probe.
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5. APPARATUS USED ON V-2 NUMBER 56
5.1 Mechanical

The apparatus used on V-2 Number 56 is shown in Fig. 17.
The nose of the missile was an accurately machined right circular
cone having a 40 degree included angle. It was 33 inches long. The
four probes, placed symmetrically at 90 degree intervals around the
cone, protruded from the cone surface at points 8 inches from the
cone axis and 21.5 inches from the tip of the cone. They moved up
and down in unison through a distance of 8 inches in a line parallel
to the cone axis. The region of travel 9.6 to 17.2 inches from the
tip of the cone was calibrated; making possible the measurement of
shock cones having 25 to 40 degree semi-apex angles.

In order to avoid possible damage to the probes by excessive
heating or turbulance they remained recessed below the bushings which
covered the probe openings until 57.6 seconds after take-off (altitude
85,000 feet). At this time the probes started oscillating with a period
of 3 seconds. After the second cycle the period decreased and varied
between 2.69 and 2.8 seconds for the rest of time during which shock
wave signals were obtained. The speed of the motion (during each half
cycle) was essentially uniform for the calibrated portion of the probe
travel. The acceleration necessary to reverse the direction of probe
travel was confined to the uncalibrated end portions of the motion.

The speed of the rocket varied between 3600 and 4380 feet
per second for the period of time during which shock wave data were
obtained. Thus the shock angle was measured twice in each 10,000 to
12,000 feet of rocket travel.

The nose cone was oriented on the rocket so that the probes
were in line with the rocket fins; that is, probe 1 was in line with
fin 1 (pointing north when the rocket was fired); probe 2, with fin 2
(west); probe 3, with fin 3 (south); and probe 4, with fin 4 (east).

5.2 Pirani Gauges

Two slightly different kinds of Pirani gauges were used in
the probes on V-2 Number 56. Figures 18 and 19 show the probe
construction. The sensitive element in each probe was a very fine
platinum wire (Pirani gauge). Two of the gauges were of 0.0001 inch
diameter wire, .375 inches long; and two were of 0.0002 inch diameter
wire, .75 inches long. The tip of each probe had a circular opening
«094 inches in diameter.

The pressure of the air inside of the probe cavity, i.e.,
of the air surrounding the Pirani wire, is essentially Pitot tube
pressure during flight. (The term "Pitot tube pressure" is used for
the stagnation pressure behind the normal shock which exists in front
of the probe tip). Stone's theory shows that the Pitot tube pressure
is smaller in front of the shock wave than it is behind the shock wave.
When the tip of the probe passes through the region in which the Pitot
tube pressurechange takes place, the change of pressure inside of the
probe cavity is accompanied by a change in resistance of the Pirani wire.
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Fig.
Apparatus Used on V-2 Number 56
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Each wire was operated in series with a battery and
resistance as shown in Fig. 20. Thus the change in resistance of
the Pirani wire caused a change in the voltage across the Pirani
vire. This electrical signal was amplified and applied to the
recording systems.

The static characteristic curves of the Piranis are shown
in Fig. 21. The data were obtained in the following way. The
Pirani was mounted in a cavity similar to that used on V-2 mumber 56.
The cavity was connected to a vacuum system and the Pirani was
connected into the circuit of Fig. 20. The pressure of the air
surrounding the Pirani was decreased in steps. Under equilibrium
conditions at each step, the pressure was measured with a Me Leod gauge
while the Pirani voltage was determined with a Leeds and Northrup
type K-2 potentiometer. From the curves it can be seen that the
greatest sensitivity was obtained in the range of pressures between
0.5 and 100 mm. of Hg.

The Pitot tube pressures theoretically encountered on & typlcal
flight and the corresponding expected Pirani signels are shown in
Table 2. These calculations were made for a flight with 120 km.
(394,000 feet) peek altitude. The peak altitude on V-2 mumber 56
was 405,700 feet.

The time constant (defined as the time required to complete
63% of the voltage change csused by a rapid change in air pressure)
of a Pirani gauge of the type described above is determined by two
factors; the time required for the pressure change at the tip of the
probe to propagate into the cavity, and the time required by the hot
wire to change its resistance after the air pressure inside of the
cavity has changed.

The time constants of gauges similar to those used on V-2
number 56 were investigated experimentslly in two ways. In the
firgtmethod a solenoid operated bellows was used to produce a
pressure change at the opening of the probe. The resulting change
of voltage across the Pirani was recorded with a Hathaway oscillo-
graph through a cathode follower circuit. (See Fig. 22). Because
the mechanical system itself required 17 to 33 milliseconds to
operate, the time constents determined with this method are higher
than the true velues. A lower limit for the gauge time constant
was arrived at with a second method. This consisted of applying a
square wave of voltage to the Piranil wire and observing the change
in Pirani current on a cathode ray oscilloscope. The time constants
determined with this method are smaller than the true velues because
that portion of the time constant due to propagation of the pressure
change into the cavity has been neglected.

The average values of these measurements are plotted in
Fig. 23. The measurements were made for Pirani gauges 0.5 inch in
length. The investigation also showed that for a given diameter of
wire increasing the length decreased the time constant, whereas
decreasing the length increased the time constant. The 0.0002%
diemeter wires which were used on V-2 number 56 were .75 inches long.
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The time constant of one of these gauges would be slightly less than
that of a 0.5 inch gauge. The 0.0001" diameter wires were .375 inches
long; the time constant of one of these would be somewhat greater than
that of a 0.5 inch gauge. It is believed that the true values of time
constants of the Pirani gauges used on V-2 number 56 lie in the range
indicated by figure 23.

The accuracy of determination of the position of the probe
at the instant it intersects the shock wave depends upon the time
constants of the gauges used. We assume that the accuracy of signal
determination corresponds to the time (Tg,3) required for the Pirani
gauge signal to complete one-tenth of its total change. The probable
range of values of Tg,j for the gauges used on V-2 number 56 are also
shown in figure 23.

5.3 Pirsni Amplifier and Other Instrumentation

The schematic diagram of the amplifier used on V-2

Bumber 56 is shown in figure 24. The amplifier gain was made to
depend upon the amplitude of the signal input by inserting a non-
linear resistance (thyrite) in the grid circuit of the output stage.
The gain was greater for small signals than for large signals. The
characteristic curves of the amplifier are shown in figure 25. The
gain of the amplifier waes made to drop-off rapidly at frequencies
greater than 600 cycles in order to discriminate against high fre-
quency noige components while still permitting the accurate deter-
mination of the time at which Pirani signals occurred. The magni-
tude of the amplified expected Pirani signals are shown in Table 2.

Data were recorded on two systems. The primary unit was
the Naval Research Laboratory Pulse Matrix Telemetering system. The
secondary unit which was flown to insure that data would be obtained,
was a Cook Research Laboratories 13 channel magnetic tape recorder.
The unamplified signals of each probe were recorded on one channel
in each system. The amplified signals of each probe were recorded on
two telemeter channels and on one Cook recorder channel. The probe
position was recorded on two channels in each system.

The probe position was recorded as follows. Phosphor
bronze wiper arms attached to each probe rod made electrical contact
at five calibrated points along the length of travel of the probe.
The signals obtained were applied directly to the recording systems.

DOVAP (doppler velocity and position instrumentation) pro-
vides the most accurate determination of velocity. However, because
of interference with the telemetering system, it was not used on V-2
Bumber 56. The askania camera velocity and position data were used
for temperature calculations. Mitchell Theodolite and radar velocity
and position data were also obtained.

Rocket attitude datawere obtaeined by tracking telescopes
and the modified X-25 camera flown by APL on this missile.
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6. CALIBRATION OF THE EXPERIMENT

6 .1 The Nose Cone

Because the included angle of the shock wave cone depends
critically upon the apex angle of the nose cone of the rocket, it
was necessary to have the nose cone machined very accurately. After
machining, the diameter of the cone was measured at one inch
intervals for 16 inches back from the tip of the cone. The measure=
ments showed that the top two inches of the cone curved in slightly
from a true conical surface. It is not known what effect this
curved tip had on the position of the shock wave 12 to 16 inches
back from the cone tip (all data on V-2 Number 56 were obtained in
this region) however, it is assumed to be small.

For the purpose of calculating the shock wave angle, a
conical surface was fitted to the measured values of cone diameter
in the following manner (see Figure 26). The method of least squares
was used to calculate the coefficients for the line:

x:a«l-bZ (9)

In which Z was the distance back from the cone tip and x the
radius of the cone at this distance back from the tip. It was
assumed that the probable error in the measured values of xj was
much greater than the probable error in the measured values of 2
(R16). The results are shown in Table 3. Comparison of measureé
diameters with the corresponding fitted values show excellent
agreement.

6 .2 The Probes

It has been noted that the motion of each probe was
measured by electrical signals obtained at five calibrated points.
The calibration was made in the following manner. The probes were
moved by manually turning the drive shaft. Starting with the
probes in their lowest position, the probe was moved slowly up to
the first point at which the wiper arm made electrical contact.
This was indicated by the lighting of a lamp connected into the
signal circuit. The distance from the top surface of a carefully
ground cross ber to the top of the probe rod was then carefully
measured with a depth gauge as shown in Pigure 27. The distance
from the tip of the probe to the tip of the nose cone was cal-
culated from the relation:

Z = 2,4 Zg - 3¢ + 23 +2p - gg (10)

where the auxiliary dimensions are as shown in Figure 27. These
auxiliary dimensions were measured with micrometer type gauges.
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FIGURE 26. METHOD OF FITTING GONICAL SURFACE TO NOSE
CONE USED ON V-2 NUMBER 56.

!
2, AN
T -X=————/—"37 F
Z, 7
"t
| o} f,
|
!

FIGURE 27. CALIBRATION OF LONGITUDINAL
DISTANGE OF PROBE.
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Each signal point on the cycle of each probe was calibrated in this
menner. The results are shown in Table 4.

The lateral distance from the center line of the cone to
the center of the probe was measured as indicated in Figure 28.
Xg, the lateral distance for the probe at the lower end of its travel
vas taken to be one-half of the center distance of diametrically
opposite probes. The lateral distance at the upper end of the
travel X, was obtained from:

! %
hEg st g (11)

vhere the distances involved are as shown in the Figure.

Lateral distances corresponding to a given vertical
distance from the tip were calculated on the assumption that the
probe traveled in a straight line between these two points. Thus
the lateral distance for a point at a distance z from the cone tip
was obtained from the relation:

(%1 - %)
X = Xyt ‘(’zl—:‘;;)— (%) - %) (12)

where zo and 2z are the vertical distances from the cone tip to the
probe tip at the lower and upper ends of probe travel, respectively.

FIGURE 28. CALIBRATION OF LATERAL DISTANGE
OF PROBE.
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7. DISCUSSION OF THE CALCULATIONS

7.1 Probe Position

The excellent telemeter records obtained on the flight
contained the following information necessary to the calculation of
upper atmosphere ambient temperatures: a record of probe position
against time, and a record of shock wave signals against time. A
sample of the telemeter record is shown in Figure 29. The vertical
dotted lines are half-second timing markers. This is the zero time
base used as a standard of reference for all data obtained on the
flight. The amplified probe signals are shown in chamnels 1, 2, 4, 5;
the probe position signals are in channel 3.

The amplitudes of some of the signals obtained are shown
in Table 2 for comparison with the expected signals. At low alti-
tudes the signals obtained were of larger amplitude than expected as
illustrated by the signal at 60,900 feet. Above 153,000 feet the
signals obtained were smaller than expected. The signals at low
altitudes also differed in pattern from what was expected, whereas
the pattern of signals at high altitudes was as expected. The
patterns of signals obtained are shown in Figure 30. This evidence
indicates that the method used to predict shock wave signals
(Section 5.2) is valid only qualitatively. The above data can be
-used, however, as an empirical guide in predicting signals for
future rocket flights.

A graph of probe position (distance from tip of nose cone)
against time was plotted for each half cycle of each probe. The
time of a given probe position signal was obtained from the telemeter
records by interpolating linearly between the nearest one-second
time markers, as shown in Figure 3la. The graphs show that the
speed of the probes was essentlally constant over the entire length
of probe travel.

The time of a shock wave signal was obtained from the
telemeter record by the same interpolation method (see Figure 31b).
The probe position corresponding to a shock wave signal was obtained
from the graphs of probe position against time. The lateral distance
for each signal was obtained from the formula (12) of Section 6.

The data is given in Table 5. The co-ordinate system used is ex-
plained in Section 7.3.

7.2 The Shock Cone is Assumed to be a Right Circular Cone

In the following calculations the shock wave is assumed
to be a right circular cone. In Section 2 it was stated that this
is approximately true for angles of yaw less than two degrees.
Figure 32 contains a plot of rocket yaw (the angle between the rocket
trajectory and missile axis) obtained from the APL modified K-25
camera. We are actually interested in the angle € between the nose
cone axis and the free stream velocity vector of the air. In order
to obtain this angle €, it is necessary to correct the observed yaw
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FIGURE 30 PATTERNS OF SIGNALS OBTAINED
ON V-2 NUMBER 56
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data for winds. Some wind datawere obtained from the bursts of four
grenades ejected from the missile during flight. (R17). These wind
dataare plotted in figure 33 along with an average wind veloecity
curve for middle latitudes bzsed on other kinds of observations. (R8).
The APL attitude datahave been corrected for wind velocities in the
range of 70-83 seconds (134,000 to 184,000 feet). In doing this it
was assumed that the direction in which the wind was blowing was due
east. The calculations are shown in Table 6. The angle € is small
except after 67 seconds (121,000 feet). The amount by which the
shock cone varies from the true right circuler cone was shown in
Section 3.2, Table 1. This effect has been neglected in the
calculations.

7 «3 Equation of the Shock Cone

The general equation of a right circular cone in terms of a
rectangular cartesian coordinate system x, y, z with origin at the
cone tip (see figure 34) can be written as:

x2+2hxy+cy2+2dxz+2eyz+f22 = 0 (13)

If the 2z axis of the coordinate system coincides with the longitudinal
axis of the cone (no yaw) this equation reduces to the relation:

x2+y2+ £3° = 0 ' (14)
in which the tangent of the semi apex angle of the conme is:

tan Oy = v‘:f_ (15)

Thus, in the non-yawed case, we can calculate if we measure the
coordinates of one point on the cone surface. e general case,
equation (13), can also be written as:

xh+yB+2C + Y4 P+t 0 16

with

A - sin ¢ sin § sec Ow
B = sin ¢ cos g sec Qw
C=

cos ¢ sec Q

sec 0, = /4% + B2 + ¢

(17

b-=¢-5=€0-«)

(18)
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where

¢ = the angle of yaw between the cone axis and the
z axis of the co-ordinate system.

Yy
]

the azimuth angle between the normel to the
plane of yaw and the x axis of the coordinate system.

the semi apex angle of the cone.

il

oy

If we measure the co-ordinates of three points on the cone surface,
we can solve for A, B, C in equation (16), and for Oy using equation (17).

7 .4 Calculation of the Shock Cone Angle

On V-2 number 56, data were obtained from four probes
during the period 58 to 72 seconds; from three probes in the range
72 to 75 seconds; and from two probes between 75 and 96 seconds.
After 96 seconds, Pirani gauge signals were not clear enough for
accurate determination of the corresponding probe position. The
details of shock angle calculations are covered in the next three
sections.

7 .41 Four Probe Data

During this period of time, we have independent measurements
of four points on the surface of the cone for each encounter of the
probes with the shock wave. Figure 32 shows that the yaw ( € ) was
small; the angle ¢ , approximately 0.2 € is also small. Therefore as
an initiel calculation, four velues of Ow were calculated for each
set of data using equations (14) and (15) which apply in the non-
yawed case. The average of the four angles was found. The data are
shown in Table 7. The results of this calculation confirmed the fact
that yew is small, for the individual vualues of Oy in each set agree
fairly well.

Since the coordinates of three points on the surface of the
cone and equations (16) and (17) will determine the shock cone
uniquely, the cslculations were next made in this way. There are four
combinations of four things taken three at a time. A calculation was
made for each of the four combinations end an average was then found.
These data are also shown in Table 7. The average values are almost
identical with the velues obtained by the first method.

Since we have more than the minimum data needed to calculate
the shock angle, the data can be adjusted statistically using the
method of least squares (R16). Starting with approximate values of
A, B, C and the (experimentel) velues of the coordinates of the four
points, we find adjusted values of A, B, C and the coordinates such that
the square root of the sum of the squares of the residuals of the
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coordinates is a minimum. This was done for several points. The &
obtained in this way for these points was the same as that obtained
by the other calculations. It is assumed that the results would be
the same for all of the four probe data. This will be checked at
the first opportunity.

7.42 Three Probe Datae

Independent measurements of three points on the cone's
surface were obtained. Yaw was larger than for the period of four
probe data. Calculations were made by the second method deseribed
in Section 7.41 (using equations (16) and (17)). The results are
shown in Table 7.

7.43 Two Probe Data

Independent measurements of only two points on the cone's
surface were obtained during this period. Yaw was lerge so that the
first method (Section 7.41) could not be used. The second method
(Section 7.42) requires the coordinates of three points on the cone's
surface. Thus additional data were needed for the calculation of
shock angle in this region.

Missile attitude data were obtained from the APL K-25
camera film (R22). These were used with askania trajectory data (R18)
and the wind velocity data to compute yaw € and the azimuth angle &
Although these data had fairly large probable errors they were used
with the probe data to calculate shock angles by the method 3 of
Section 7.41. The approximate values of A, B, C needed for this
statistical adjustment were obtained as follows.

A Mach number was assumed; the factor & was obtained from
R13, ¢ vas calculated from equation (18). @ , & , and the coordinates
of one point on the cone surface were used to calculate A, B, C from
equation (16). Another set of values of A, B, C were obtained from
ecuation (16) using ¢ , & , and the coordinates of the second point.
The averages of these two sets of values were used as the approximate
values of A, B, C. In these calculations it was necessary to find by
successive approximations the proper vzlue of Mach number to use.

The results of this calculation of 8y by the least squares
method are also shown in Teble 7. Missile attitude was not available
in the time range of 83 to 96 seconds. The APL camera was pointing
at the sky during this time and tracking telescopes also failed to provide
attitude data during this period. Thus 6y was calculated from two
probe data only up to 83 seconds (183,000 feet) although signals were
obtained from two probes up to 96 seconds (230,000 feet).

7.5 Calculztion of Temperature

The free stream Mach number corresponding to each of the
shock angles 6y of Table 7 were obtained from R12. The corresponding
ambient air temperatures were then calculated from the relation for
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the speed of sound in a gas (R19)

a2= JR ¢
To (19)

vhere
| a is the speed of sound.
7 is the ratio of the specific heats of the gas.
R is the absolute gas constant.
m, is the gram molecular weight of the gas.
T is the temperature of the gas.

this relation can be written as

2
T=lJY
65.9M (20)
in which

T is the smbient temperature of the air, degrees Kelvin.

V is the speed of the missile with respect to the air,
feet per second.

M is the free stream Mach number.

The results of the temperature calculations are shown in Table 7

and are plotted against altitude in Figure 35. Also shown in Figure 35
are the NACA "tentative standard temperatures" (R20) and a curve due to
Whipple (R21). The experimental points lie consistently below the

curves of whipple and NACA. Note that the points marked with a cross
(obtained when the probe moved up through the shock wave) are all

above those marked with a square (obtained when the probe moved down
through the shock wave). This discrepancy has not been resolved as yet.
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8.  ANALYSIS OF ERROR

8 .1 Sources of Error

The sources of error in this method of determining upper
air ambient temperatures are conveniently divided into two groups;
errors in applying the aerodynemic theory and experimental errors.

8 .11 Errors in Applying thelerodynamic Theory

The second of the five assumptions made in applying Stone's
theory, that alr is non-viscous, may not be valid at high altitudes,
and thus may introduce error. However, the magnitude of the error
due to air viscosity cannot be estimated until further tests are
made (see Section 10).

The equation of a right circular cone was used in ecalcu-
lating the shock wave angle from the data. This is a first order
approximation to the true shock wave shape. The effect of yaw on the
shape of the shock cone (according to the second order theory) is
shown in Table 1 of Section 3 .2. The range of yaw angles and the
corresponding possible range of error im the shock angle is given
in Table 8 . It is to be noted that the yaw data used in these
calculations had a large probable error. However, the possible
existence of systematic errors as large as shown above must be
investigated (see Section 10.)

8 .12 Experimental Errors

One of the conclusions of the model test of this experi-
ment was that the Pirani gauge signal was obtained at the moment of
the first contact between the tip of the gauge and the shock wave.
This conclusion is subject to the possible distortion of the shock
wave due to the presence of the probe in the flow field. In the
model test, the distortion was shown to be negligible within the
accuracy of the experiment which was + 0.5°,

Although the rocket cone was machined accurately, there
was some deviation from the true conical shape (Section 6.1). It
is not known what effect this had upon the shape of the shock cone
in the region measured by the probes, however, it is certain to be
small compared to other possible errors.

The error in the coordinates of a point on the surface of
the shock cone (corresponding to a given probe signal) had two sources;
the process of recording data and subsequently obtaining data from the
telemetering records. The relation between the error in coordinate
data and the errors of the two sources was obtained by applying the
theory of propagation of independent errors to the equations and
graphical method which were used to obtain coordinate data from the
calibration data and telemetering records.
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TABLE 8

POSSIBLE RANGE OF ERROR DUE TO ASSUMPTION THAT SHOCK
WAVE IS A RIGHT CIRCULAR CONE

Period Time Yaw Aoy
Seconds Degrees Degrees
1 58.0 to 69.3 1° to 5.69 .01° to 0.3°
2 Tk to 74.8 0° to 5° 0° to 0.3°
3 76.8 to 82.4 1.5° to 7.5° .02° to 0.8°
TABLE 9
PROBABLE ERRORS BASED ON EXTERNAL CONSISTENCY
Cycle W
7V 0.001 Deg.
gh 0.010
gV 0.007
94 0.019
9V 0.003
TABLE 10
VALUES OF gw
Ow M _g.g: M 1
' doy M
38° 2 069 0345
29.7° 3 .233 0777

26.5° 4 476 119
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The calibration of probe position was carried out care-
fully. It is felt that any systematic error in the calibration is
negligibly small. An estimate of the probable error in calibration
was obtained by making a large number of measurements similar to
those made in calibrating the equipment.

The telemetering system had a sampling rate of 312 cycles
per second. Thus when a signal was obtained one was certain only
that the start of the signal occurred in the previous 3.2 milliseconds.
Since this applies to both the shock wave and probe position signals,
we cen assume that no systematic error is involved but that we have an
uncertainty equivalent to a statistical probable error of ¥1.6 milli-
seconds. In addition the accuracy of measuring the position of a signal
on the telemetering record was found to be T 1 milliseconds.

The probable error in the lateral components of the coordinate
data was found to be ¥ 0.001 inches; the error in the longitudinal
component z, ¥ 0.026 inches.

8.2 The Error in Sy

In the previous section it has been noted that large system-
atic errors in Oy may possibly exist. The main contributions to this
systematic error are: assumption of non-viscous medium (magnitude not
known), assumption of right circular conical shock (  0.5°), correla-
tion between signal and probe position and distortion of shock wave by
probe (less than ¥ 0.59).

The estimate of experimental probable errors veries somewhat
with the method of calculating O, from the coordinate data.

8.21 Method 1

For small angles of yaw equations (14) and (15) of Section 7.3
were used. Thus, for either x or y equal to zero

_ X
ten Oy === (21)

the relation for the propagation of independent errors is (R16).

2 2 £12 2
T v B S

where
£ = £(x,¥y eee)
thus we obtain cos? 0
P, = hd sz P2+ x° P, radiens
22 (23)
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In a typical case (point 1 % ) we have @, = 27.72°, x = 8.054",
z = 16.444"; and since Py = T 0.001" and P, = ¥ 0.026",

P. _ * 0.035 degrees.
gw = gr

If we average the angles obtained from the coordinates of four points
on the conical surfsce then

P%v = ¥ =1 0.02 degrees.

8.22 Method 2

The coordinates of three points on the cone's surface were
used to calculate A, B, C from the three simltanecus equations
obtained from equation (16)

X A+ yB+ 20 +Vx121- n*+ =0

2
xoh + 7B +2,0 +| %P+ yoo 4 5,5 = 0

x3h + y3B +23C + VxBZ y32 232 =0 (168)
O, 18 then found from the relation (17)
cos &, = 1
a2+ 82+ c? (178)

The exact re lation for POW in this case is quite a long expression.

However in a typical csse A end B are negligibly small compared to C;
three of the six velues of x and y are zero and the other three are
approximately equal; and C is given by:

c:COSQ

cos By

where cos¢ is approximately unity. With these considerations
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an approximate relation for PQw is found to be:

where

and

cos?‘Q"
e,

—~———— P
¥ sing, ¢

B¢

P

%4
P27 2+ 22} (Zﬁ = (4, T ) i
(2 + 22)2 | ®

L1 =Vx? + ;% + 212

In a typical case (point 5¥ ) we have:

(xl, yl, zl) - (70963, 0, "15063), gw= 26.70

(x2, YZ, 52) - (0, 7.960, -16.00)

(x4, ¥4 24) = (0, -7.957, -15.70), P, = ¥ 0.026"

we find

8 .23 Method 3

=+
Pg,= T 0.027°

(24)

The statistical adjustment of data gives a probable error
based on external consistency, i.e., based on the "fit® of the

adjusted conical surface with the observed data.
for the "two probe" data for which this type of calculation was

made are shown in Table 9.

The values obtained
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8 .3 The Error in Temperature
Ambient air temperatures were calculated from the relation:

2
T = ( v ) Degrees Kelvin

65.9M (20)

The M corresponding to a given value of Oy was taken from
the tables of (R12) Applying equation (22) for the propagation of
error we find:

2
Py 2 . Pay
Py = 2T |[l—] + (S —

iecal values of oM are shown in Table 10. Values of P
29v T

corresponding to the experimental errors in @, are shown in Table 7.

The error in temperature due to one of the systematic
errors that may exist is large. Neglecting error in velocity in
equation (25), we find the error in temperature due to a systematic
error in Oy to be:

P= 2T M p
T 757 Q" (253)
For point (5%): T =255, M= 3.988, ng 0.476.

if P~ 0.5°, then

= 1309
PT 30
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9. FUTURE PLANS

9.1 V-2 Number 56 Data Will Be Re-analyzed

The calculation of 6y in this report is based on the
assumption that the shock cone was a right circular cone. The
angles will be recalculated using the elliptical cone of the second
order theory.

9.2 The Assumption That Air is Non-viscous Will Be Investigated

In Section 3.12 it was noted that the assumption of zero
boundary layer thickness is no longer valid when the air density
decreases to a very low value at high altitudes.

Theoretical predictions of the effect of viscosity (reduced
density) on conical flow theory is extremely difficult because the
differential equations that describe the viscous flow are non-linear.

The most direct and accurate method of finding out the
effect of reduced density on conical flow theory would be a model
test in an ideal low density wind tunnel. Flight conditions at
high altitudes would be simulated in such a wind tunnel. An
experiment using existing facilities is being planned and will be
carried out in the near future.

The effect can also be investigated on a rocket flight.
A more elaborate system of probes will be used. Four probes which
lie in the same plane, two on each side of the missile axis (see
Fig. 36) will be used. It has been estimated from the theory (R22)
that curvature of the shock wave is a consequence of low density.
The probe configuration described above will be able to detect such
curvature. If significant curvature is found, the present conical
flow theory is not valid.

9.3 A Check Will Be Made on the Position of the Pirani Gauge Relative
to_the Shock Wave at the Time a Signal is Obtained

The model test described in Section 4 showed that the
Pirani signal was obtained when some part of the tip of the probe
first made contact with the shock wave. The accuracy of this
experiment was estimated to be ¥ 0.5° (in terms of &,). This
test will be repeated and an attempt made to improve the accuracy.

9.4 The Next Trial of the Method

The probe method will next be tried on an Aerobee rocket.
Investigation of the stability of previous Aerobees was inconclusive.
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As reported in (R5); "APL round A-10 had zenith angle not greater
than 100 up to 234,000 feet, and less than 15° to 274,000 feet
above msl." The effect of yaw would be considerable; second order
theory would be used to calculate the resulting temperatures. It
is plenned to use more probes so that the elliptically shaped shock
cone can be calculated accurately (see Fig. 36). The probe array
will include those necessary for the measurement of curvature in the
shock wave.

It is planned to fly a Doppler system similar to that
used on V-2 Roekets, so that accurate velocity informstion will
be available. The Pirani gauges and amplifier will be similar to
those used on V-2 Number 56. Data will be recorded on magnetic
tape with parachute recovery of the equipment.

There is considerable chenge in the mechanical design of
the equipment because the Aerobee is a much smaller missile than
the V-2 [
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FIGURE 36. ARRAY OF PROBES TO BE USED ON
NEXT TRIAL OF THE METHOD.
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10. GENERAL DISCUSSION
10.1 Increased Precision at Lower Mach Numbers.

On V-2 Number 56 temperatures were measured for missile
speeds in the range Mach 3.4 - 4.2. For a given error in Oy, the
error in temperature will be less for a lower speed missile such as
the Aerobee. This can be checked with equation 25 and the values of

1. of Table 9. Velocity, obtained by Doppler, will have very

0, M
small error, thus the error in temperature will be due mainly to the
error in O.. Equation (25a) will apply, thus:

= M 1
P, = 2T P

and at a given temperature (for a given error in @,) the error in
in temperature at Mach 3 is .65 times that at Mach 4; at Mach 2, only
0.29 times that at Mach 4.

10.2 The "Up<Down" Discrepancy

In Section 7.5 it was noted that the temperature points
obtained when the probe moved up through the shock wave were consistently
above those obtained when the probe moved back down through the shock
wave (see Fig. 35). The reason for this is not known. It may be due to
the assumption that the Pirani signal was obtained when some part of
the probe tip first meets the shock wave. This assumption is to be
checked by another wind tunnel test (see Section 9.3).

From Figure 35 and Table 7 we see that the discrepancy was
smallest for the pair of points 3 | and 4 4 , which are the points having
the largest Mach number. At smaller Mach numbers and at higher sltitudes
the discrepancy is greater.

On the Aerobee, with smaller Mach numbers the discrepancy
will not necessarily be larger, however, because of the increase in
precision in temperature for a given error in 6, (discussed in Section 10,1)

The discrepancy may be decreased by a change in the probe design
(see next Sectiom, 10.3)

10.3 Probe Development

It should be noted that there has been very little develop-
ment work on probes for use in detecting the shock wave. Since the
experiment is rocket borne it is difficult to reproduce in the labor-
atory the conditions which are met in flight. Development of the
probes thus follows each flight. For example, the Pirani gauges used
on V-2 Number 56 were made to be more rugged than those which failed
on V-2 Number 50.

Several changes in the probes have been suggested by the
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experience gaihed on V-2 Number 56. The tip of the gauge is to have
a diameter only two-thirds that of the gauges used previously. This
may reduce the "up-down" discrepancy discussed above. The Pirani
gauge circuit will be modified so as to increase the sensitivity at
low pressures at the expense of the sensitivity at high pressures.
It is hoped that this will result in signals above 230,000 feet
altitude (the altitude of the last signal obtained on V-2 Number 56).

10.4 Meagurement of Winds in the Upper Atmosphere.

It is interesting to notice that with several assumptions
the probe experiment can be used to measure winds in the upper atmos-
phere. The assumptions are:

() The wind is horizontal
(b) The attitude of the nose cone of the missile with
respect to earth can be accurately determined.

In Figure 37 we have a right cartesian coordinate system
(%,¥,2) in space with the xy plane parallel to the plane which is
tangent to the earth at the launching site. The vector A, with
components (A;, Ap, A3) is the tangent to the trajectory of the
missile at a given point in space, that is, the velocity vector of
the missile with respect to earth. The vector B represents the axis
of the nose cone, having direction cosines (4, 8,4). If C is the
free stream velocity vector of the missile, i.e., the velocity vector
of the missile with respect to the air, then A-C is the wind velocity
vector. The angle € is the angle of yaw between the nose cone axis and
the free stream velocity vector, while ¢ i1s the yaw angle between the
nose cone axis and the axis of the shock wave. 7» is the angle between
the x axis and the line in which the plane of yaw intersects the xy plane.
In the following (7,7, %) are the direction cosines of the vector C.
(i, j, k) are unit vectors in the (x,y,z) directions respectively. The
points A, B, C lie in a horizontal plane.

Analysis of the probe data will yleld an angle of yaw
(between nose cone axis and shock wave axis) as well as the shock wave
angle Oy. The orientation of the plane of yaw and thus ) can be found
if the attitude of the nose cone (direction cosines (g, f,, £;) and roll
of the missile) is known. € can be found from the relation

€= 5% (18)

where A is a function of the Mach number. Mach number and thus £ are
found from (R13) when @ is known. Then:

COS€ = BT A1y 1F5 T (26)
or

b-cos € 46,75 -6 2t
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ILLUSTRATION OF METHOD OF MEASURING UPPER
ATMOSPHERE®™ WINDS.
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vhere 5
/C/ = Vc?+02+ 032 (27)
also
tan ? = ‘_S.'f._
gl (28)

From these relations and the fact that Ay = 03 we can solve for Cl
and 02. We find

(B-cos*e) sec?y

+-.1

+
o= |27 (BB 4
Cos*¢ sec’y
—(B +B, Tan
{,é; + 6, 7’0/?)2} ('6; % 7) (29)

and

C,=Cy tan) (30)
The wind vector is:

C-4=(C -a)i+ (Cp - Ay (31)
with magnitude

/W/ = V(Cl - A]_)zf (Cy - A2)2 _ (31a)

It is estimated that € can be measured accurately enough
to insure that it will contribute only a small amount to the error in
wind velocity. It will be necessary, however, to obtaln very accurate
missile attitude data if a reasonably accurate measurement of wind
velocity is to be made.
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