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1. General Discussion

1.1 Purpose of Study

The research program discussed in this report is being conducted under

Contract Number AF l9(60h)-5205 for the Geophysics Research Directorate of
the Alr Force Cambridge Research Center. The purpose of the program is to
study methods of conducting an experiment in which ¥¥EEPEAE measurements of
air density and winds at high altitudes are carried out by means of a falling
sphere ejected from a high-altitude rocket. The measurement of density and
winds would be accomplished by measuring the drag acceleration oy the sphere
by means of accelerometers mounted on an inertial platform carried in the
sphere, The.study is intended to establish the range of altitudes and winds
over wnich useful data can be obtained and to recommend the equipment and

techniques to be used in conducting the experiment.

1.2 Significance of the Experiment

to obtain data on
The purpose of the described experiment is/&gaxnxgunnkxxuﬂ density and

wind structure of the upper atmosphere. Existing methods of high-altitude
air density and wind determination have in the past provided useful data,but
are limited in attainable accuracy and altitude range. The investigation
described in this report indicates tnat the proposed experiment promises to
yield relatively accurate data about atmospheric density up to & least 150 k@l X
ard data about horizontal winds up to at least 120 km. (See Sectionjftjifya =
A variety of methods nave been used by otuer investigetors for obtaining information

on air densit%; e
€SIty the upper atmospieri® has been studied by observing meteor

trails (Wiiprle, 1352). A ground based tecihnique of pulsed searchlighting



et al.,

has been used (Frieland gyfX&y 1956). X Rocket techniques have extended

the range of measurements and provided a more direct metnod of attack.

One rocket technique which has been successfully used for determining air
density consists of the measurement of the drag acceleration of a falling
sphere. In the experiment, as being carried out presently (Jones, 195€ &,%b;

et al.,
Jones xadk XXy 1958), tne acceleration of the sphere is measured by a transit

is
time accelerometer, in which a bobbin/periodically clamped and released. When
released, the bobbin is free to travel in any direction until it makes contact
with the inside surface of the housing in which it is carried. The time taken
for the bobbin to maeke contact is measured and telemetered to the ground.
Since no drag acts on the bobbin, the transit time provides information about
However, is obtained
the magnitude of the drag accelerationxxxjn@ information/on the direction of
acceleration. Thus, the telemetered signals do not provide direct information
of _
about the trajectory eitrer of the missile or/fhe sphere after the ejection,
and wind determination is not possible. The range of the experiment is 90 km
et al.,
(Joneg, 1958).
In splte of the great advances in research techniques, the density of the
upper atmosphere has not been sufficiently determined. Thus, at 100 km
altitude, reports of different researchers show a variation by a factor of L

(Nicolet, 1959).

Winds observing
XBOREHEY have been determined by/ the motions of meteor trails (Whipple,

1952 HHA;Robertson mmXet al, 1953). At an altitude of about 80 km, wind
information can be obtained from the movements of noctilucent ciouds (Ludlam,
1957). This technique is limited to high geographic latitudes. Rocket

teciniques for wind measurement consist of observing an artificial sodium cloud



(Edwards, 1956), chaff (Smith, 1958) and propagation of sound from grenades at
high altitudes (Stroud ét al.,, 1958). Of the turee above metaods, only the
sodium method extends somewnat above 100 km.irét tie present the wind information
up to 100 km is rather incomplete, and above 100 km very scanty. The atmos~
pheric wotions above 100 km are of great gurrent scientific interest,/b;gioreti-
cally, since tneir theory hinges upon the characteristics of the atmosphere as
a whole, and more practically, since taey affect radio communication and radio
astronomy. Hines (1959) in his XIIMMXY¥XEY(E article on motions in the iono-
sprere lists almost TO references, practically all recent, dealing with various
aspects of this problem. The opening sentence of his conclusions reads "Perhaps
the most immediate conclusion that can be drawn from all these remarks is that
a very great deal has yet to be learned about motions in the ionosphere".

While the results sought in this experiment are of basic scientific interest,

to the

tliey have a direct application to the flights of ballistic missiles and/study

of effects of explosions at high altitudes.
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/~3 Description of the Experiment

/.3 Method of Data fnalysis

The falling sphere metinod for tie determination of winds and density in

the upper atmosphere consists of measuring tie drag acceleration of a sphere
Jones and Burtman, 1956)
ejected from a high altitude rocket/. The drag acceleration vector a is

related to the drag force vector B by the equation
D= ma 1.1

where I is the mass accelerated by the drag forece. The drag force is a

function of the air density

- Acd_?: ?
b* P""i l! 1.2

where A is the sphere cross-section area, Cy the coefficient of drag and c
. . the

the sphere's velocity vector relative to/ambient air. The coefficient of
generally varies

drag Cd/depends on the Mach number and Reynolds number, but jseabous rather

slowly in most of the range of interest. Thus, if m and A are known, and a

is measured, the density, /0 , can be determined.

Date on winds can also be determined from the same measurements, by
meking use of the fact that the drag acceleration and the velocity of the
sphere relative to the ambient alr are colinear and in opposite directions.
It is shown in Section 2.2 that a solution of the equations representing
conditions existing at any instant during the flignt can be performed to
determine horizontal winds if the assumption is made of zero vertical winds.
This is the same assumption that is currently being used in the data re-

duction .. of the rocket grenade experiment for upper atmosphere temperature and

windsy (Stroud et al., 1956),
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The vertical winds can be determined if the data reduction on both
the upleg and downleg of tne sphere trajectory for a given altitude is
carried out simultaneously. If the density and wind conditions are assumed
constant in the time interval between the upleg and downleg (tnis time
interval will be of the order of 10 minutes))an overdeterminate solution
is obtained and can be solved for the best fit of the data for the density
and the wind components. Alternatively, a determinate solution can be
obtained for a given altitude by assuming that the horizontal winds do

not remain constant.

1. 3, 7 Experimental Procedure

In order to measure drag acceleration, an inertial platform, similar

to those used for the guidance of XXEIE (X ballistic missiles, is

mounted in the sphere., The inertial platform contains three accelerometers

measuring acceleration along three mutually-perpendicular axes, which are
or rotated at a constant rate

maintained fixed/with respect to inertial space.

The experiment thus consists of shooting a rocket cérrying an inflatable
sphere inside which is located an inertial platform. At an altitude of
approximately 50 km this instrumentation system is ejected frow the rocket
and the folded container is inflated to form a sphere with the inertial
platform at its center, the total system weighing in the neighborhood of 120
lbs. The sphere continues on a trajectory which is, except for drag, a free-
fall trajectory. Its peek should be of the order of 250 km.

of thrust and drag accelerations are
The accelerometer data/ B telemetered to the ground throughout the

taey are possibly
flight, wherek | convertes/by means of an electronic computer) into data

'y



on the velocity and position of the rocket and, subsequent to tae ejection,

of the sphere. The computation involves integration of rocket and sphere measured
acceleration due to thrust and drag, and computed acceleration due to gravity, and
conversion from an inertial system of coordinates to an earth system of coordinates.
Seven coordinate systems have been studied; however, no choice has yet been made on
which system to use. Values of the components of acceleration, velocity, and
position can then be used to-rdetermine density and winds as a function of altitude.

The basic equations are derived in Section 2.1.

If radar or optical tracking systems are available at the site of the
experiment, they way be used to supplement the accelerometer data in determining
sphere velocity and position as a function of time. They cannot, however, provide
datd of sufficient accuracy to determine drag acceleration, since the drag is so
small at the altitudes of greatest interest that the deviation of the sphere from

a trajectory without drag would be too small to detect from the ground.

1.4 Threshold Altitudes for Density and Wind Determination

The anelysis given in Section 2.3 provides an indication of the greatest
altitude at which satisfactory data can be obtained on air density. In this
analysis a 12-ft. (3.66 m.) diameter, 120 1b (5 b.% kg.) sphere is assumed to
fall vertically through the atmosphere. The vertical velocity which it must have
as it falls through a given altitude in order to produce a drag acceleration of
lxlO“hg is determined. (This acceleration value is 5 times the assumed accelerometer
threshold error of 2x10'5g.) This veloeity can then be used to compute the required

peak of the trajectory.



hssuming the Model A atmosphere of Kallmanh(1958), the analysis shows that
the densityaemeasuring threshold occurs at an altitude of about 166 km if the
sphere has a velocity of 1500 n/sec, which is equivalent to a trajectory peak
of 166 f 120 = 286 km. Since the accelerometer error is the dominant one at
high altitudes in the determination of density, the density can thus be deter-
nined within about 20%. Assuming the 1956 ARDC standard atmosphere (Minzner

and Ripley, 1956) the density threshold occurs at about 1LT km.

The analysis give%én Section J. provides an indication of the greatest
altitude at which satisfactory data can be obtained on winds. It is assumed
arbitrarily that the wind threshold will occur when the error in the horizontal
wind component is 10 m/sec. The crucial factor in determining the altitudee
limit to wind measurement is the instrument error caused by the accelerameters.
Ls assumed previously, for smell accelerations the accelerometer error is
approximately 2x10"5g. For the Model A atmosphere, the wind measurement thres-
hold tihen will occur at about 120 km)where the density is 6.9:(3.0.-8 kg/m3. For
the 1956 ARDC standard atmosphere the wind threshold will occur at about 116 km.

values used for the the

Thg/%eight of the sphere and the accuracy capabilities o@/inertial package
representp a realistic estimate of capabilities of present day systems. The
investigation thus indicates that the proposed experiment promises to yield
reletively accurate data about afmospheric density up to at least 150 km, and

data about winds up to at least 120 km.
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/cfrlﬁgpigment Considerations

In this section, tue major features of the instrumentation grstem to be
used in the experiment are discussed. Although final decisions have not
yet been reached regarding the selection of components and operating methods,
certain assumptions have been made in this discussion to permit the presenta-
tion of at least a first order design of the system. Further theoretical and

experimentel analysis will be necessary to arrive at the most suitable design.

1,41 Inertial Platform System

The inertial platform system consists of a 4-gimbal stabilized platform,
a group of electronic circuits for controlling tne platform and operating the

gyros and accelerometers, and the necessary power supply.

Accuracy of the accelerometers and the gyros of the inertial platform
determine the obtainable accuracy of the experiment. By teking all possible
precautions before take-off to eliminate bias errors, it is believed that

v
accelerometer errgs can be held to values as low as 2xlO'sg. h DDV 0 B9 500 0

The over-all dimensions and weight of the inertial platform equipment

influence the size of the rocket required to send the sphere into the upper
atmosphere. In addition, size and weight affect the area-to-mass ratio of

the falling sphere and hence the sensitivity of the experiment. The weight
of the inertial platform system, including the batteries ang?iransmitter, is

of the order of 80 lbs. The dimensions of the platform are approximately 10

inches in diameter and 15 inches long.



/}512 Inflatable Sphere

An inflatable mylar sphere of 12-ft. dismeter will be used in the experiment.
a.cked
It will be/fB into a section of the missile with all of the experimental
equipment inside tune folded sphere. Details of ejection meehanisu and equipment
attachment remain to be worked out. However, the techniques heve been used
Various ‘

successfully by/dllllllln groups XXERERAMHHAAY (Jones, 1952; Kenletand Patterson,
1959 - Artiur D. Little Inc., 1958).

Particular attention must be given to the problem of limiting the rates

angular
of angular velocity anq/acceleration of the sphere throughout the flight so
that they do not exceed the capabilities of the inertial platform control system.
sphere

Ldequate roll control of the missile, and avoidance og/%jection transients are

approaches wihich can be used to avoid this difficulty.

The inflated sphere will have an indternal pressure of the order of 2
inches of water. It will therefore begin to collapse at a point in the trajectory
where the total pressure exceeds this value. This will not occur until the
sphere altitude is below the region of interest, and actually under altitudes

which will provide a check point for accuracy of density determination.

In view of the high cost of the inertial platform, it would be very
desirable to avoid destruction of the platform at impact. This could be
accomplished if a parachute could be incorporated into the assembly which would
open automatically at some prescribed altitude. Inertial platformg are reasonably
rugged devices some of which can witlhistand accelerations at high as 20g without
damage and accelerations up to 50g with only minor damage. The possibility of
successfully recovering the platform by the use of a parachute therefore de-

serves further consideration.
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1.5.3 Telemetering Equipment

The form and content of the signal output of the accelercmeters affects
the method of conditioning and telemetering the signal and hence the

accuracy of the data received BJOHE

DEGBE0DIDER on the ground.

The method of 8l&mal transmission assumed in this discussion is based on

the use of an accelerometer which produces an output signal consisting of a
precision current which periodically reverses direction at a frequency of
several hundred cycles per second. The difference in the time duration of
current in each direction is aqéndication of the acceleration. The instants
at which zero crossover occurs can be transmitted to the ground by means of
& 30 kc signal channel with a 30 db signal-to-noise ratio. The received
signal can be converted to a measurement of acceleration by referring it to
& 1 mes clock pilse systém. It is believed that this technique can also be

adapted to an acceterometer having a non-pulsating d-c output.

Thus, the telemetry systeq must provide for three 30 k¢ signal channels
with a 30 db signal-to-noise ratio. This can be provided by means of a
conventional FM/FM telemetry system. A turnstile antenna mounted inside
the sphere can provide a non-directional pattern of radiation, so that

ground reception will not be dependent on the attitude of the sphere.

$8.% nuxiliary Equipment

The sphere must carry a primary source of power for the inertial platfomm
and communication equipment. Nickel-cadmium batteries, which may be con-

servatively assumed to have a rating of 10 watt-hrs per 1b., can be used for

/0
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this purpose. Additional equipment may also be required to convert this

d-c power to a form compatible with the equipment using it.

Power dissipation capabilities of the sphere should also be investi-
gated in relation to the power produced by the enclosed electronic equipment.

Coolant bottles can be used, if necessary, to absorb the excess heat.

4.5.5 Missile Characteristics

No detailed attention has yet been given to the selection of a missile
for the specific application discussed in this report. The primary require-
ments which must be met include the following:

1. The payload will weigh approximately 120 lbs.

2. The payload will have a diameter of approximately 12 inches.

3. The payload must be carried to an altitude of 50 km. and ejected

into a trajectory reaching an eltitude of about-250 km.

Lk, Peak acceleration during powered flight should preferably not

exceed 15g.

5. An eantenna must be provided to transmit drag acceleration data

to the ground.

4,6.6 Ground Based Equipment

As in the case of the missile characteristics, no detailed attention
has been given to the selection of the ground-based equipment required for
this experiment. The functions which must be performed by the ground-based
equipment include the following:

1. Handling and leunching of the missile.

V4
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5
2. Checkout of the ixjtrumentation equimment, and in particular,

aligmment of the inertial platform system.

3. Receipt and conversion of telemetering signals to proper form

for entry into data-processing system.

4, Digital computation. (This function might be performed at a
centralized computing facility, if more convenient. 1In this
case, magnetic tape recording equipment would be required at

the site of the experiment).

5. Radar or optical tracking, if desired, to provide supplementary

trajectory information.

/cé Cost of the Experiment

The cost of the inertial stable platform package with accelerometers ranges
wilmme from $80,000 to $200,000 per unit in small batches. It is suggested thatan
initial series of experiments should provide for three to five rocket shots.

an

A very rough cost estimate for such/imitial series puts the cost at 1.2 to 2.5

.million dollars.

/2



2. Detailed Discussion

all
In/F¥EVIRE section& of tiis report, tne most important results of /investi~

gation into methods of conducting a falling-sphere experiment to determine high~
altitude density and winds nave been discussed in a general manner. The detail-
ed analysis of available equipment and tecliniques and tie derivation of math-

ematical relationships on which the previous discussion was based are presented
tnis section.
in /REEHONGHR

X XX s

The basic equations which describe the motion of a falling sphere subsequent
to ejection and inflation are described in Section . . /. An explanation of the

method of calculating density and winds from these basic equations is included.

The primary item of instrumentation for obtaining the data from which density
and winds are to be computed is the inertial navigation equipment. The factor
of major importance in the selection of this equipment concerns the accuracy
acceleration determined
with which/data can be /S30PUKE; nowever, other factors, such as size, weight,

cost, and adaptability to environment must also receive due consideration.

All of the above factors are discussed in Section 97 @ .

The potential value of the experiment depends on the altitude range over
which useful information can be obtained. A mathematical analysis is presented
in Section .2(_.5_ which results in the computation of threshold of meximum
altitude at which air density can be determined. A corresponding analysis for

wind threshold is presented in Section g 4.

/3



2.1 BASIC EQULTIONS

A set of equations can be written describing the forces and motion of
the falling sphere subsequent to the ejection and inflation, From the

equations, density and winds can be calculated, as explained hereunder,
(drag and thrust:
3¢5 ay; a, East, North, and Up components of/XKiﬂﬂXXIEEB@X
tne
acceleration in/earth—coordinate system,

Vei Vi Y, East, North, and Up components of sphere velocity
relative to the earth-coordinate system,
Coi €43 Cy East, North, and Up components of sphere velocity
tae
relative to the ambient air in/earth-coordinate systen,
We; Wni Wy East, Horth, and Up component of wind,

The basic drag equation is:

: 1
(aé t aﬁ ¢ aﬁ)2 ='al= CaQA (c§:+ cg t cg) 2.1
2m

where Cy is the coefficient of drag, Q the density, A the cross=-section of

R
the sphere and m its massAfﬁ&é drag acceleration and the velocit; of tﬂ;\\

\

J
sphere relative to the ambient air are colinearﬁand in _the opposi@ghauﬂ_——¢--kmk

If tue derodynamlc forces caused by tie spinning of tue sphere are neglected

dlrectlon)/ulllg,res WITSin the following equations: R
TAde
a
bl J
Co = Cp~x 2.2
z
a
c,ze
n ="z 2.3
z



By combination of Equations (1), (2), and (3)

2u &, 2.k

pa=
it

L

carcd [+ Gelag? + (ay/a)?]

The wind component equations are as follows:

a
e
. an

Wy = Vp = Cp =V -y 2.6

4 Z b4 2.7
2.2 tarough 2.7,

In Equatlonsm Ves Vp, V, and ag, a,, a, are known

trajectory data, The equations contain seven unknowns; c,, ¢, €.,

Wey Wp, W,, and Qo .q,thus) the SOluz(i;ng is impossible solely on the upteg

or solely on the downleg without/additional assumption, It is proposed to
use the assumption of zero vertical winds, the same assumption that is

reduction
currently being used in the data/xxxxxaxxux of the rocket grenade experiment

. (Stroud,
for upper atmosphere temperature and winds (ORBEDOBHX 1958).

w =0 2.8

The errors introduced by this assumption both in density and wind

determination are discussed later,

If the data reduction on both the upleg and downleg is carried out
simultaeneously for the same altitude, the vertical winds can be determined
on the basis of certain assumptions, This, of course, is possible only

at altitudes higher than the ejection of the sphere,

)¢~



If the density and wind conditions are assumed constant in the time interval

between the upleg and downleg (t:is time interval will be of the order of
Egs.

10 gi;utes) we Lave at each altitude point 12 equations (eac: of the HUEEIIXE
.\‘d/f i
*

o
*
/a twice) with 10 unknowns; ce, Cps Czy Wey Wny, Wy, and cg, cz; Cz,
* * *
where c¢g, cp, ¢, refer to upleg and c,, c,, and c, to downleg only. This
set of equations is overdeterminate, and can be solved for t..e best fit in
Wos Wpy W, and Q. Alternately, it can be assumed taat the horizontal winds

*
We» Wp do not remain constant. Then two additional unknowns, i.e., Wy and

*
wn,appear and we have a system of twelve equations with twelve unknowns.

A2
Al INERTIAL NAVIGATION EQUIPMCNT

In order to compute tne information required for air density and wind

determination, it is necessary to obtain XX

the components of sphere acceleration, velocity, and/pked
X&cEdoe with respect to a known coordinate system. The primary source of tuis
information is an inertial platforum system mounted in the sphere. It would
be possible to obtain from the accelerometers of this system either the

(and & gravity computer)
components of acceleration or, if integrating accelerometers/are used, tie com-
ponents of velocity. From the accelerometer outputs, all data on accelera-
tion, velocity, and position could be computed in t.e sphere and transmitted
to the ground. Alternatively, only the acceleration data or the velocity

data could be transmitted, from wnich a ground-based computer could compute

the remaining information.

The alternative of computing all information within tae sphere requires
that the inertial navigation system contain accurate computing equipment but

minimizes the accuracy required of the telemetering system. The alternative

/6



of transmitting only.accgleration data to the ground requires a telemetering
system handling only three channels of information but requires high accuracy
(in the neigliborhood of 0.1 percent of the transmitted quantity) in the
telemetering operation. The latter alternative 1s considered preferable,
becgyse of the importance of minimizing size and complexity of the airborne
equipment. The following discussion of inertial navigation equipment is

based on the assumed use of this latter alternative.

In order to determine which inertial navigation system would be most
sultable for the purpose, a number of systems have been investigated. The
following menufacturers have been contacted during this investigation:

Arma Division, American Bosch Arma Corporation

Reeves Instrument Corporation

Ford Instrument Company

Litton Industries

Honeywell Corporation

Autonetics Division, North American Aviation

Nortronics Division, Northrop Corporation

AC Spark Plug Division, General Motors Corporation

Kearfott Company, Inc.

The following paragraphs summarize the information ss #e obtained on
the characteristics of inertial navigation systems which are imﬁortant to

the application under consideration.

a?. J / Accuracy

Accuracy of the accelercmeters and the gyros of the inertial platform

determine the obtainable accuracy of the experiment. Accelerometer accuracies

7
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of 0.1% of the measured acceleration are sufficient to permit computation of
good velocity and position data. No difficulty is anticipated in wmeeting

this requirement with any of the systems investigated. In addition, thres-
hold acceleration errors should be kept as low as possible in order to
maximize the altitude at wnich useable drag data can be obtained. Accelero-
meter errors are in tae form of bias (zero uncerteinty), tareshold, and scale-
factor and nonlinearity errors.Jf%y taking all possible precautions before
take-off, bias errors can be minimized. Moreover, it is believed taat the
bias error can be eliminated through an appropriate correction of after-flight
data, as the following consideration shows. An analysis of the trajectory
indicates that close to the peak, the drag in tie 2z direction should be, under
ideal conditions, epproximately as given in Figure /. Tue time origin in this ’figure

the
corresponds tof peak, as determined by vy = O.

» ! 0.¢ Measured
A AN T*V 67 == Acceleration
Zero i ~% L
o NN o
, Bias S o
“ "
1 [/k ! (’b ‘\,T(» SeC
B e e T (SRIEPY frros ey e
T
“
" True
Y&~ Acceleration
-0, ‘
Figure [

Alternatively,

gguis peek time can be determined alternately by minimum-slope point of the

drag data.) However, in #me case @ zero bias exists, the curve will be lifted
s indicated in the figure.
up or down by the amount of the bias,/ Thus, tie bias can be determined, and
observing
subsequently eliminated by/the z accelerometer readings at tue trajectory peak.

V24



It is thought that the accelerometer data close to the threshold can
contain spurious readings due to the sphere spin. If the cenﬁer of rotation
of the outer body around the stable platform does not correspond to the center
of gravity of the outer body, the stable platform will be subject to sinusoidal
accelerations at the spin frequency. These accelerations can seriously mask
tne drag accelerations at the threshold, and care must be exercised in
balancing the sphere and minimizing the spin. Even so, it is thought that
these sinusoidal accelerations will be present to same degreé, but it is believed
that their relatively steady pattern can be discerned and largely filtered out

by data inspection.
These two considerations, of moving the zero bias and spin effects, present

disadvantages at on-line data reduction by computers during flight at altitudes

of density threshold and wind threshold determination.

/9
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Threshold errors of accelerometers as low as 2110-5g are claimed by more than one
menufacturer, and this value is used in the analysis of errors. 3Scale-factor and

nonlinearity errors can be neglected, insofar as drag and wind measurements are

concerned.

Gyro accuracies are generally given as the sum of several components, some of
which can be elipinated by a preflignt check or by acceleration compensation. The
eliminated I
random error wnich cannot be/axxxaxza tends to be in the neighborhood of 5x10°
radiasns per hour or less. Without acceleration compensstion, gyro drift during the
experiment, which will be about 20 minutes long, is expected to be about .002

radians. It is this value for gyro drift that is used in Sections 2.3 and 2.4 on

density and wind measurement errors.

2.2.2 Size and Weight

The over-all dimensions and weight of tine inertial navigation equipment
influence the size of the rocket required to send the sphere into the upper atmosphere.
In eddition, size and weight affect the area-to-mass ratio of the falling sphere and
hence the sensitivity of the experiment. The weight of the inerti.l platform systeu,
including the batteries and transmitter, can be of the order of 80 1bs. This
estimate is based on information concerning two of the lightest platform systems of
those investigated. One of the smallest platforms is 9.5 inches in diameter and k4.5

inches long. ©Smaller
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systems are under development which would further reduce this space require-~

ment.

>, 3 Spin Capability

The nertial platforms investigated were in all cases four-gimballed
systems. Although the four-gimballed system is heavier and costlier, it
avoids the possibility of gimbal-lock. In addition to avoiding gimbal lock,
the system must be able to withstand continuous tum®ling of the sphere,
without serious degradation of system accuracy. Allowable spin velocities
ranged from 3 to 7 radians per second up to 20, and perhaps 30, radians per
second. Information on angular acceleration capabilities were obtained for
one of the systems. Allowable accelerations ranged from & radians/sec.2 in
pitch to 35 radians/sec.2 in azimuth. It is expected that it will be

possible to maintain spin rates within the magnitudes mentioned, provided

sufficient care is taken during the rocket ascent and sphere ejection periods.

o ) y Signal Output

The form and content of the signal output of the accelercmeters will

affect the method of conditiohing and telemetering the signal and hence the

accuracy of the data received by the ground-based camputer.

Certain mechanizations of the signal conversion and transmission
process appear to be capable of achieving the required accuracy. One method,
which has been completely developed and is in current use, is based on the
use of vibrating-string accelerometers. The output of this type of accelero-
meter consists of two a-c voltages, whose difference in frequency is pro-
portional to the acceleration. It is possible to determine the acceleration

during a short sempling period by a method which counts the integral and

2/



fractional number of cycles of each string to a high accuracy and determines
the difference in these numbers for the two strings. Issentially, this
system is capable of obtaining high resolution by virtue of the fact that

it can determine small fractions of a cycle, that is, fractions of a single
increment of velocity change. It has the advantage that a conventional

FM/FM telemetering system of moderate accuracy can be used.

Another method is based on the use of an accelercmeter which produces
an output signal consisting of a precision current which periodically re-
verses direction at a frequency of several hundred cycles per second.

The difference in the time duration of current in each direction is an
indication of the acceleration. The instants at which zero crossover occurs
can be transmitted to the ground by means of a 30 ke signel channel with a
30 db signal-to-noise ratio. The received signal can be converted to a
measurement of acceleration by referring it to a high-frequency clock pulse

system,

a?. 07; Shock Resistance

The resistance of the system to shock and vibration will affect the
possibility of salvaging and reusing the equipment after each flight. TFor
most systems investigated, available information consisted of ect m..ec of
allowable accelerations. Generally speaking, these systems will all with-

stand at least 20g, and will sustain minor damage at 30g to S0g.

a?' 076 Cost

The cost of an inertial platform system, complete witl pletform

electronics, ranges fram $80,000 to $200,000 per uwuit.

o7 2



2.3 DENSITY DETERMINATION

2.3.1 Threshold Altitude

Assuming a particular sphere size and mass falling through a given altitude-
density distribution, the drag Equation 2.1 can be used to determlne the necessary
sphere velocity to give a minimum measurdble drag acceleration at a given altitude.
The object is to find the maximum altitude at which the necessary velocity is

reaennably low.

Neglecting winds, and assuming a vertically falling sphere, equation 2.1

with velocity as the independent variable is

2 _ 2a,m
v -

Z cafx}s 2.9
Table I is a tebulation of velocity vs. altitude using a 12 ft. (3.66m)
diemeter, 120 pound (54%.4 kg) sphere and assuming the minimum determinable
drag acceleration a, to be lxlO'hg. It is believed that the value of a,
used represents an acceleration that can be determined with an error of about 20%
ClﬂQz;¢cuZ$d> 4%??-cﬁzfé¢<¢gqlé;/la4&¢4u4u¢4/4bﬁk_$§/@g,iang4¢422¢ﬁz¢z¢/
and velocities considered. Thegguivalent free fall distance tabulated in
Table I is the distance the sphere would have to fall to obtain the required

velocity (assuming thet the only force acting on the sphere is gravity).

The equation for the free fall distance is

. h = 5,10

815

where h is the free fall distance and g is the average gravitational

acceleration at the altitudes considered.

Two altitude-density distributions are used for comparison in Table
I; the ARDC model atmosphere (Minzner and E¥ Ripley, 1956) and the Model A

atmosphere of Kzllmam (1959). According to Kallmann the Model A atmosphere

23
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a recent
is a density curve which represents/m smooth fit of rocket and

satellite data.

Assuming the Model A atmosphere, T-ble I shows that the density
meesuring threshold occurs at an altitude of MMM 166 km if the sphere hes
a velocity of 1500 m/sec, which is equivalent to a trajectory peak of 166 ¢

120 = 2@ ku.
'2.3.2 Density Error Analysis

To consider errors in density measurement, notice that equation (k)
Gay ‘
gives density as a function of Cg, cg, az,fand a,. On a probabilistic basis,

the percent error in density measurement is of the form

where € (x) designates the expected ertors in x.

By use of equation (4) this becomes

057 . \2 2 [/ 2
e :’OI’ ~Cq + 2€CZ + (/ 1t 23 € %y
(:‘P‘)Q T3 Cz ( #7) 8,
L

2 2
8o ofn
c € a € a
L v R e S
Z

where
BT (ag/e)” ¢ (ayfe,) .12

(within tue propersorder of magnitude)

For errors near the density threshold, the nominel values of the variables A

may be taken as:

2



Cd‘ 2
c,® 1500 m/sec

hg = 1073 n/sec®

a,= 107
.ae=~2110'h n/sec (high value)

ap= %1074 m/sec2 (high value)

It is unlikely that Cq and ¢y will be larger than 300 m/sec, even if a strong
wind blows in tne direction opposite to Vo O V. From equations 2.2 and 2.3

the above values of ag and a, have been determined by the relations

8e® 8, Cg/c, and ap = a, c /c;

From Zquation 2.7

) - <bvz) 2.13

The state of the art of inertial guidance systems indicates that velocities
can be determined to within 0.5 m/sec, thus Eé'z)z 0.5 m/sec. Assuming that
the vertical winds, w,, encountered will not be larger than 10 m/sec, the use

of the assumption c, = v, implies €(c,) Z 10 u/sec.
’ Z Z Z

The accelerometer errors arise from two sources, the pletform mis-
alignment, and the accelerometer itself. For a small error t@}m platform

alignment the error in the z accelerometer is

em(&z)= az@‘g’u. (aea+ ana)% &%) 2.14

The expected platform misalignment during the short flight duration of the
experiment will be of the order of C:(f): 0.002 radians. Inserting the proper
values into equation 2.14 gives an acceleration error due to platform misalign-

ment of

ém(az)‘ 21077 AT x0T 02 x 1077 m/set.'2

25
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which is smell compared with the accelerometer instrument errors,as

o il
discussed in Section fbese errors are in the form of threshold and lin-

earity errors. The threshold is a'bout/lo > m and the

linearity error is on the order of 10~ a Thus, for the z accelerometer

-
a
’ - o5

o 21074 n/eec® (for small accelerations)

{f,@ ) /‘//‘4'/4' .
By applying equations similar to/ Sl the errors in the n and e

ei(azy 2x10™°g + 10

accelerometers &mmy for small accelerations, 4 w (HWM-«“-TW #e, |

é(an) = %e)‘,"’bcm'u n/ sec®

yrdheshreshodi-enewol Lhgodonimmeeny, These above values are used in

equation/g to calculate the error in density at its threshold of measure-

nent.

An additional error in the determination of density is caused by the
uncertainty in the sphere's altitude. Assuming that the atmospheric
temperature is constant over small changes in altitudes, the percent change

in density as a function of error in altitude determination is

<—‘#§-}J= 100 exp (- €z/1q) -100 - 7./
where€ z is altitude error and Hg is the scale height.

Table II shows the error in density caused by the various factors
discussed above. Tor a typical drag acceleration-altitude profile the

vertical drag acceleration will remain smell until the sphere reaches the
subsegquently

denser atmosphere and then increase to a peak of 5 to 10 g decreasing to a
(Figure o2)e

steady lg/(m The points at which the errors were calculated in
26
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Table IT correspond to a vertical drag acceleration a, of :

1. Density measurement threshold.
2. Wind determination threshold (discussed in next section).
. | it : . . .
3. A lalgq/accelefatlon on the rise of the peak while cz is
still laxrge.
A
L, The lg/acceleration after the peak where c, is small.
The value of c, used for the first three points was 1500 m/sec and a value

of 100 m/sec was used for the last point. These values are smaller than would

actually be encountered$ thus the cz)error in Table II is an upper bound.

A

The altitude error in Table II was calculated from equation Q!|§ us-

ing a value of gz)% 100 m.

So far nothing has been said about the errors in density determination
caused by uncertainty in the drag coéfficient Cd. If the Cd tem in equation
%/ ia not used, the resulting error would be that of the productQCd.

Table II shows that the error in.q Cd then is quite small with the exception
of the high and low altitudes where, respectively, the accelerometer
sensitivity and lack of knowledge of vertical wind Wy cause large errors.

:¢”~~au£§ﬁEPQEEr conﬁ;;mqgg gngsata;g;

e ¥ f ,(r«r l.«»i,«asw»,(é

» e“xmen% The drag coeff*c1ent is a

0 poun# spher¢ drépped

' {&B‘VTﬂ&g)¢z~th calculation were ma on thé gl 650 codpute‘

27



- 13a -

Good data on the drag coefficient is ;ackin% for condjt 10&5 §xist1n
For satellite velocities and altitudee a drag coefficent of

is usually agsumed
during a large portion of t:zis experiment.\ The methiod used to calculate the /r%halll9:gi

drag coefficient depends upon tiae type of flow across the body. The type of

flow is characterized in one of t:ue following taree phases:

1. a free molecular flow region, in wiich the wean free molecular
path of the air molecules is large compared to the sphere

dimensions,

2. a slip flow region, in which the molecular mean free patin is
smell compared to the boundary layer about the sphere, but

not small enough to be neglected, and

3. tae continuous flow region, in which the molecular mean free
tihe medium can be considered as a continuum.

path is very small and/cnirwegiteteinischtamebisoboai.
—

The free molecular flow region can be defined as the region in w.ich
P ‘ number
M {10 f?ere M is Mach/kgx and Re is the Reynolds number. The ratio M is an
Re

,,,,,

1nd1cat10n of the ratio of molecular mean free path to sphere diameter. 1In

this region the drag coefficient is a function of the ratio ¢ wiere €is the

(petersen, 1956)

sphere#® velocity and c; is the mean molecular veloc1tf. Table III shows

i
trajectory data and Mach and Reynolds numbers for a 12 foot diameter, 120

Figure & sipws acceleration and velocity curves
pound sphere drepped from 300km (no W1nds)} The calculations were made on the
IRM 650 computer at the Willow Run Laboratories using the ARDC Standard

Atmosphere. Calculating M from the computer data indicates that the sphere
Re

is in the free molecular flow region for altitudes above 145 km. Petersen (1956)

28
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shows theoretical results of (3 vs. ¢ . Using values of velocity ¢ from
c

i
<he computed trajectory, the drag coefficient varies from 2.8at166 km

L0 2.4 a. 145 km, The error in Cd determinatiorn in this region has been

taken asl0% for use in Table II. Figure 3 shows a plot of M and Re versus
altitude using tne computer data.

For flow regions other than free molecular flow, the dragz coefficient

has been determined mainly by experimental methods. Experimental data
to about ! accuracy,
on(;d[is available for Mach numbers up to 4.0 and Reynolds numbers ranging
19560
from 10 to 10% (Jones and Bartman, X938 ;, May,1957), As shown in TaBEA Figure
3

K the Mach numbers of the sphere are above 4 until the sphere has de-

soaooonaeyX For use in Table II the error in Cd has
been taken as 2% for altitudes below 30 km and as 10% for altitudes between

50 km and 145 km where data on Cy hay’nhot yet been found.
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LRk ehovn thak-Powadtitudes abewe - daledil,. LLE Reyttlgsmmber-is
&Wmﬁthme@@e Mach.number is greater

2.k wind Determination

2.4.1 Wind Error Analysig .. with respect to
Tquation be noﬁanalyzedw the expected errors in

o 5
Ve W determination. The same discussion will hold for wy.

&)= o) e o(e2)" oz {;S) a8 ooy

7'on a deterministic basisg jor on & probabilistic basis;

\ e 4 N 2,
v 44 R
-~ " e,

2 fe (2
evet [Ev? 4 (@ €y (e )]

o)~

== 5 /-
on the assumption that the errors are independent.

The error terms é(ve)andé(cz)will be taken as 0.5 m/sec and 10 m/sec
respectively, for reasons given in the precedding section. Tne second

o ’ ; Il e . - ae
term in equations and NG contalr.;? the ratio z— w..ich will be on the
z

-
3

73
order of 0.2 or smaller (section &). Taus, the total contribution of this

term will be about 2 m/sec.
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The third temm, c, G )is caused by two sources of error, platform
8z
misal gnment,€ @r_): and the accelerometer instrument errors, e(@:}. Limit-
mn
C)
Z

ing the discussion to the east-up plane; if the accelercmeters are perfect

instruments and the platform is in perfect alignment then

[\

S :tan ¢ a9

[

wherefé is the angle the drag acceleration vector makes with the vertical.
Wnen the platform is misaligned by the angleg (¢), the ratio read by perfect
accelerometers will be

2

“e ém a_z :tan(¢+€¢) 430

=
Z

Solving for the error term we have

‘a, - a./a, + tan & g - eg 23]
n 5.; 1 - g tan ¢ @ a,
[ ] az

Section 2.3.2
AEIOOVTI TNV 801 TS €5 )

For C;¢ f 0.002 radians (see/

~.

€' %)2:0.002
-
1\ 2

Assuming c, ;J.SOO,m/sec, the error due to platform misaligrment will be

of the order of ‘3um/sec..

3/
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The cruciel factor in determining tne altitude limit of wind measure-
ment is the instrument error caused by the accelerometers; namely tne term

a . .
Cz €i( e). In section 2.3it was shown that for small accelerations the
e
\ %z
accelerometer error is approximately &lo-sg. Since ae (K1, the uncertainty
T
z

in the numerator will be the dominant factor and the uncertainty in the
denominator could be neglected. Tne accelerometer instrument error will then

be

-5
a 2x10 g
¢, €4 —"a.(: =% Py 2.22

It will be assumed arbitrarily that the wind threshold will occur waen the
error in the horizontal wind componernt is 10 m/ sec. Assuming again the
vertical velocity to be 1500 m/sec, the thresiold of wind meesurement will

occur approximately where

a, = 3x1073g 2,23

Remembering that the density measurement was assumed to occur when

a, = lO'hg, the drag has to increage by a factor of about 30 before winds
[ors T e

can be measured. TFrom tabli/lkche Model A atmosph;@the density measure-

vk

s R

ment thresholdjoccurs at approximately 166 km (assuming c,= 1500 m/ sec))

where the density is 2.3x10'9 kg/m3 ; the wind measurement tireshold then

will occur at about 120 km)where the density is 6.9x10'8 kg/m3. Assuming
the ARDC standard atmosphere the density threshold occurs at about 147 km
(}0,: 2.3x10-9 kg/m3) and the wind threshold wil occursat about 116 km

“( € = 6.9x10-° kg/m?. The computed trajectory in table IIT shows that

32—
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the thresholdsoccur at 150 km and 117 km respectively, which is in good

agreement.

Table IV shows the errors in wind measurement. It should be noted that

the error c, ej(ae)whicn determines the threshold becomes insignificant as

Eant

&,
Z

the altitude decreases. The remaining errors are constant for the points

calculated because of the assumption that cZ and the ratio cg (therefore

c
Z

the ratio &, ) remain constant. The value of c_ (300 m/sec) used is believed
By

to be an upper limit and will be lower in most cases with a proportionate

decrease in the first and third error terms of table IV.

It should be pointed out that the error caused by aerodynamic forces
related to the spin of the sphere are believed small, provided that the spin

rate stays within the limitations of the inertiel platform.

33
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ARDC Atmosphere

lModel A Atmospiere

Altitude| Velocity|Zquiv. free- Density Veloecity | Squiv. free-] Density
fall distance fall distanc

2 v h ¢ v h C
() | (m/sec.)| (i) (kg/,3)  |(u/sec.) (1) (kg/m3)
130 630 ) 1.3x1078 146 1 2.6x10-8
140 1090 6k 4.3%1077 657 oly 1.2610°0
147 1500 120 2.3x1079 830 74 7.5x10-9
150 1695 150 1.8x10-9 920 48 6.1x10"9
160 2l65 342 8.5x10"10 1270 88 3.2x10"9
166 1500 120 2.3x10"9
170 1650 177 1.9x10~9
180 2077 300 1.2x1077

required

TABLE I -x&x v, and hjfto give &, 12 foot dia., 120 pound sphere, & drag

acceleration of 1x10™ g st various. alt tudes




Drag Approx.| Scale o error in density measurement caus- Altitudd % error
Ace. At. | Heigit | ed by corresponding terms in eq. ( Error in.Q
a, z (lam) [Hg (km) é(cd) E(éz) é(az) < B, G;an} q,‘.) (rms)
1x10 g 165 37.8 L 0.4} 237,
31073 | 120 | 1.9 0.1 0.8 10
5¢ 70 6.6 0.02 1.5 10
1g 30 6.8 0.0k 1.5 20

TABLE IT - Drror in density measurement caused by various factors ( lodel A
atmosphere).




B 28%.5

460 mfpee

/80 24638 124

(56 |96 /380
5 15 619

Altitude Velocity Drag. Acc. Maci. | Reynolds Time

2 v ay Iio. 0. t

(1m) (n/sec.) | (m/sec.?) (sec.

150 1660 1x1073 3.6 0.27 161

117 1835 3x1072 5.4 9.6 200

2001 100 1920 2.5x107% 6.3 104 203

65 1859 50 6.0 8. 5x101‘ 226

55 1400 105 b2 1.7x107 232

45 531 40 1.6 2.3x10° 243

% 55 5.8 &g X

TARLE III - Trajectory of a 12 foot dia., 120 pound sphere dropped from

300 ¥m (no winds, AIDC standard atmosphere).

E21




Approx. | Drag Error in wind measurement caused by corresponding KHind
Mtitude | Acc. terms of equation (17). Error
2 a ac & cy €./a c, € [ag v, €
O {E_) . (a_) (o) | €09
(Jan) (g) (ms)
120 3x10°3 | 2 u/sec. 10 m/sec. 3 m/sec. 0.5 m/seq 10.7 m/sec
100 | 31072 |2 1 3 0.5 3.8
70 5 2 0.03 3 0.5 3.6

TAELT IV -

orrors in wind determination.

A atmosphere.

39

Approximate altitudes are for Model



SYMBOLS

A Cross-section area of sphere
B Term defined in Eq. 2.12
Cd Coefficient of drag
c; liean molecular velocity
D Drag force vector
g Acceleration of gravity
h Free-fall distance
%5 Scale height
m Mass of sphere
M Mach number
Re  Reynolds number
Z Altitude
£ (x) Expected error in x
=3 Error due to platform misaligrment
Error due to accelerometer
/7 Atmospheric density
€ 95 Angle of platform misaligmnment

Accelerations

a Drag and thrust acceleration vector in the earth-coordinete system

8¢; ap; a, East, North, and Up components of &

Velocities and Winds

v Velocity vector of sphere in the earth-coordinete system
Ves Vpi V, Bast, North, and Up components of ¥
¢ Velocity vector of sphere relative to the ambient air in the earth-

coordinate system.

Y



SYMBOLS (continued)

Ce; Cps €, East, North, and Up comporerts of ¢
W Velocity vector of wind relative to the earth-coordinate system
Was Wps W, Eest, North and Up components of W

* Refers to downleg of trajectory only
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