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FOREWORD

This study was conducted for the Langley JT:{esearch Center of
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Reporté produced as a result of this study are:

Vol, I - Summary Report

Vol., 1II - Technical Report

Vol, IIT - Conceptual Design

Vol. IV - Technology Development Plan
Vol. V - Program Development Plan

Volume I is an‘overview of the project listing results and

conclusions,

Volume II is the complete report on the project containing

all of the technical analysis.

Volume III is the conceptual design which details the recom-

mended sounding system.,

Volume 1V is tﬁe Technology Development which is an orderly
description of the remaining technical problems that need to be

"resolved prior to system procurement,

Volume V is the Program Development Plan which is an overall
plan for the implementation of the system for Upper Atmospheric

Sounding,
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I. MISSION REQUIREMENTS
AND SPECIFICATIONS

The overall mission requirements determine the characteristics
of the sounding system. The envelope of possible launch configura-
tions is set by the mission specifications for the launch system, some
of which are derivable directly from overall mission requirements,
some of which arise from the evolving characteristics of other

subsystems, in particular, the payload.

Requirements and specifications are presented in this chapter,
first in the form of a general description, and then by discussions

and listings of specificationg and constraints.

1, GENERAYL DESCRIPTION

The synoptic sounding system, as conceived, will operate on a
worldwide basis from about 1974 to 1984. The objectives of the prin-
cipal payload are to measure temperature, density (or) pressure, and
wind vector velocity. It is expected that the net payload weight will
be 5 to 10 pounds. Occasionsdlly, ozonesondes may be launched by.*
the vehicle used for the prime measurements although remote sensing

may prove more effective.



An analysis to determine the number of launch sites, their loca-
tions and rate of launches from each site was not included in the scope
in this study. However, in order to provide a baseline for sizing and
costing this system, somewhat artificial quantities were agreed upon
after discussion with potential users and with the LRC. These are;

100 sites, collocated with the approximate number
of rawinsonde sites existing in the Northern
Hemisphere

100 launches per site per year

. 10-year operating lifetime.

On a worldwide basis, many of the sites will be located in
foreign countries and manned by foreign nationals. Some locations
will be rer.note‘and personnel available may be trained’ to a low per-
formance level relative to U. S. range personnel. At the same time,
launch locations near populous areas may also be desired. The sys-
tem will be civilian controlled and operated, including the launch

vehicle logistics and data handling,

2. PERFORMANCE AND OPERATIONAL SPECIFICATIONS

Based on the above general description, a set of mission speci-
fications has been prepared. It is subdivided into two areas —

performance and operational — as shown in Tables I-1 and I-2, The



Table I-1

Periormance Specifications for Launch Systems

tem

Specification

Maximum Altitude

Net Payload Weight
Trajectory .

In-Flight Stability

Altitude Dispersion

Impact Dis'persion

Off-Design Operation

The nominal, maximum altitude shall
be 130 km.

The range of net payload weight 1o be
considered will be from 5 to 10 lbe.
with a nominal value of 7 1bs.
established.

The velocity and position trajectory
of the vehicle will be essentially the
same for each launch

The vehicle must be stable, either
aerodynamically, or spin stabilized,
during the portion of flight when the
payload is attached to the vehicle

No specification currently established
No specification currently established

No specifications have been estab-
lished for the effect of payload or
maximum altitude requirement
changes during operational use of
the system.
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Table I-2

Operational Specifications for Launch Systems™

Item

Specification

Time Frame

Operational Date

Length of Service

The system shall become operational
during the period 1971 to 1977. 1974
has been established as a norninal date

The system will be operational for
approximately ten years

Site Considerations

Numb er of Sites

Worldwide Site
Liocation

Site Mobility

Other, On-site
Launch Operations

Site Area Reguire-~
ment

Approximately 100 launch sites will
be established

Sites will be located, on land, includ-
ing foreign territory. The sites may
be remote and/or easily accessible.

Site locations will be fixed for the
length of service of the system

Rawinsonde sites will be collocated
with launch sites

The land area required for launch
should be a minimum, subject to the
other mission specifications (parti-
cularly the mass hazard specifi-
cations}

KR !

"These specifications were established to permit system design and
sizing. LRC will not be involved in system operations, only in the
development of the system.
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Table I-2 {(Continued)

Hem Specification
Measgurements
Parameters The payload sensors will measure

Altitudes for
Mezasuramenis

Measurement
FPhilosophy

temperature, pressure {or density),
and wind vector velocity. Ozone
measurements will be made as a
separate payload on the same launch
vehicle

Mezsurements will be made in sito
essentially continuously from 30 fo
180 kmn

Measurements will be made via de-
vices placed in situ at the altitude
being measured

Launch Timing

Number of Launches
Per Year

Time Between Launch

Launch Synchronization

Approximately 100 probes will be
launched per year at each site {2
per week, nominal)

Occasional, closely-spaced launches
should be possible at each site (inter-
val of 10 to 30 minutes)

Launch should be possible from all of
the worldwide sites at essentially the
same time (+ 30 minutes)

Safety
Falling Masgs Hazard

The launch system shall not pose a
falling mass hazard



Tablé I-2 {Continued)

Item

Specification

Safety (cont. )

Airborne Mass Hazard

Directional Range
Aiming

Misfire

Storage and Handling
Hazard

Loading and Arming
Hazard

Launch Hazard

Unspecified (will be considered in
hardware design, and can be resolved
through operational consideration)

The launch system will be traversable
as launch range geometry so dictates

It shall be possible to terminate
launch operations during launch prep-
arations and remove the vehicle from
the launcher, if necessary

The launch system shall not pose a
hazard from fire, explosion, radia-
tion, or toxicity, such that it cannot
be handled, stored, and shipped by
civilian, commercial methods

The launch system will be developed
such that during loading and arming
operations, a personnel error, a
deficiency or inadequacy of design,
or subsystem/component failure will
probably not result in fatal personnel
injury or substantial damage to the
system

The launch system will be developed
such that during launch operations, a
personnel error, a deficiency or in-
adequacy of design, or subsystem/
component failure will probably not
result in fatal personnel injury or
substantial damage to the system
{other than the vehicle)



Table I-2 {(Continued)

Item

Specification

Reliability &
Maintainability

Reliability

Maintainability

The launch system reliability will be
such that the probability of attaining
desired altitude will be between 90
and 99 percent (nominal value of

95 percent)

The launch system will be designed
for simple, go-no, go pre-launch
checkout, for a minimum of on-site
vehicle and ground support equipment
maintenance and checkout

Staffing

Crew Size

Personnel Training

Total on-site staff requirements will
be between two and five men

The system will be capable of opera-
tion by relatively untrained personnel
of a technician level, including foreign
nationals

Operation The system will be compatible with
worldwide vivilian operation and
logistics )

Other

Shelf Life The launch vehicle (system) will have

Export Category

a shelf life of at least three years

The launch system will be non-
military hardware such that it can be
operated and controlled by foreign
civilian nationals,



performance specifications indicate the basic launch vehicle charac-
teristics that are required. For example, the specification on tra-
jectory states the necessity of meaguring at essentially the same
location on each launch. Many of these specifications are derived

from.the contractual Statement of Work.

Such gpecifications are affected by expecte& variations in
measurements, For example,— it has been postulated that there are
gravity waves at 100 km level with horizontal amplitudes ranging from
100 to 1000 km.and vertical changes taking place in distances ranging
] from 1 to 10 km (Reference 1), On this basis, trajectory differences
in the horizontal on the order of 10 km might be acceptable, whereas

100 km would not.

Operational specifications were derived from the Worldwide.
nature of the system. The falling mass hazard requirement is estab-
1ighed to indicate that (1) either sufficient launch range land must be
acquired or (2} the system must be frangible and consumabie in such
a way that people and property are not endangered by firing. It is
recognized that it is not practical to remove the airborae mass

hazard compleiely.
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Operational practice will require the close coordination with’
possible air traffic in the firing corridors to eliminate chances of

interference between launch operations and possible air traffic.

Operational sites will be established in a worldwide network
although curreni provisions do not include establishment of shipboard
launch sites, It is desired, however, that the operaﬁi.onal problems
related to water launch be relatively minimal so thal these gifes can

be included in the future.

Worldwide use of the system by relatively untrained persounel
indicates that new concepts in launch reliability are required. I is
suggested that industrial reliability concepts of continuous operation
for vears with reduced tolerances and litile maintenance is more ap-
propriate to this system than conventional aerospace practice of high

tolerances, redundancy, and high maintenance costs.

3. ENVIRONMENTAL CONSTRAINTS

The environmental constraints established herein are derived
primaxrily from the requirement of being able to launch each of the
100 probes at essentially the same time. The goal is to remove incle~
ment weather as a deterrent to launch (though recognizing that under

extreme weather conditions, timely launch is improbable).



Requirements are that the system can be launched in rain, high
winds, and foggy conditions with very little slippage due to weather.
From a design point of view, the launch wind requirement can be im-

portant in some systems, as will be discussed in a later section.

Environmental constraints also include requirements on the
storability of the system. The underlying philosophy for storage is
that the vehicles and payloads will probably be stored on site for some
| period of time before launching., Also, the launch sites will be
- widely dispersed in terms of climatic environments, necessitating

a wide range of storage environment capabilities.

Environmental consiraints are listed in Table I-3.
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II, SENSOR ANALYSIS

1. INTRODUCTION AND REQUIREMENTS

The objective of the overall study being carried out by Booz,
Alien Applied Research was to produce a conceptual design for a
sounding system which would be low-cost, highly reiiable, simple,
and synoptic. Within that system, t;:ze sensors are the basic, daia
acquisition subsystem, and must have similar requirements. Further,
the sensors, together with the ove;*all mission requirezﬁents, set the
boundaries from within which suitable sounding systems must be

chosen. Thus, the sensors are, at the same time, constrained as

to approaches and very important to the overall system.

The sensors must provide measurements of wind speed and
direction, temperature, and pressure or density as a function of
altitude from 30 kilometers to approximately 100 kilometers. Corn-
sidera;ticn was given to the feasibility of taking measurements during
the ascent as well as the descent stage of the flight, Initially, limited
study was made of the feasibility of measuring water vapor and ozone

content; later this was changed to ozone only.



Table 1-3

Environmenial Constraints on Launch Systems

Item

Specification

Rainfall

The launch system should be operable in rain-
fall up to 4 inches per hour, Exposure to that
rain intensity for up to 30 minutes prior to
launch should not degrade performance,

Winds

The system should be capable of holding, ready
for launch in 53 knot winds. ZLaunch (wind
weighted) should be possible in 35 knot sur-
face winds, )

Visibility

The system should be operable with 100 foot
ceilings and 1/10 mile surface visibility.

Temperatures

The launch system should be storable (up to
8 months) and operable in temperatures from
-40 C to +50 C.

Humidity

The launch system should be storable (up to
8 months) and operable in humidities up to
95 percent,

Salt Spray

The launch system storage (up to 6 months} or
operation should be unaffected by salt sprays
up to 20 percent (by weight) solution.

Shelf Life

Three years in a controlled temperature,
humidity environment.
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II. SENSOR ANALYSIS

1. INTRODUCTION AND REQUIREMENTS

The objective of the overall study being carried out by Booz,
Allen Applied Research was to produce a conceptual design for a
sounding system which would be low-cost, highly reliable, simple,
and synoptic. Within that system, the sensors are the basic, data
acquisition subsystem,; and must have similar requirements. Further,
the sensors, together with the overall mission requirements, set the
boundaries from within which suitable sounding systems must be
chosen. Thus, the s.ensors are, at the same time, constrained as

to approaches and very important to the overall system.

‘The Ssensors must provide measurements of wind speed and
direction, temperature, and pressure or density as a function of
altitude from 30 kilometers to approximately 100 kilometers., Con-
sideration was given to the feasibility of taking measurenﬁents'.during
the ascent as well as the descent stage of the flight. ) Initially, limited
study was made of the feasibility of measuring water vapor and ozone

content; later this was changed to ozone only.
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The desired accuracies of measurement are:

Temperature + 2°C rms at 30 kilometers, and not
exceeding + 5°C rms at 100 kilometers.

Wind velocity + 5 percent rms, vector error.

Pressure and density accuracies should be consistent with tempera-—
ture accuracies. No detailed tuning or calibration is to take place

at the site.

The fact that sensors are part of a payload which, in turn, is
part of the overall system, affects sensor choice. For example,
sensor choices can be affected by the requirement that tracking and
data a:cquisition equipment be relatively low in cost, reliable, and
semi-permanently located. BSimilarly, if a sensor requires costly
ground support equipment, the sensor cost cannot be divorced from

the cost of the support equipment.

2. CHARACTERISTICS OF THE ENVIRONMENT

The major requirements on the sensors are to indicate the
magnitudes of density (or pressure), temperature, and wind veloci-

ties. (References 2, 3, 4, and 5)
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Pressures and densities decrease markedly over the altitude
range. For example, the pressure decreases by 2 orders of magni-
tude between ground level and 30 kilometers, and decreases by more

than 4 orders of magnitude between 30 and 100 kilométers._

Winds and temperatures do not change so grossl'j,r over this alti-
tude range. The maximum mean wind is about 125 knots. Minimum
and maximum mean temperatures extend from about 165 K to about
325DK. At the highest altifudes, however, the atmosphere is so dif-
fuse that temperatures do not have thé same implications in terms of

effects as they do at lower altitudes.

(1) Some Pressure/Density Characteristics

Based on the preceding discussion, it can easily be
seen why conventional ground-level barometers will not Wc‘>rk
at high altitudes, and why many sensors which will work over
some range of altitudes will not cover the complete 30~100
kilometer range. Similarly, many density effects also drop

off very rapidly with increasing altitude.

Table 1I-1 shows changes in density and pressure with

altitude, as well as the change in certain associated parameters.
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Table Ii-1
Densities and Pressures and Some Resulting Characteristics

5x 10" %

Parameters

. . Buoyancy Effect per - Force ona 10 Cmn | Mean Free
Altitude |  Density | Pressure Cubic Meter ( 4 in) Dia. Disk Path
Km g/m3 Millibars g Lb Dynes Lb Cm

0 1.2 x 105 1x10° [1.1x108 | 2.4x100 |7.9x 10" [1.77x10? | 6.6 x 1076

30 1.8x10l [1.1x 10! 1.8 x 10! 4x10% [8.6x10° )| 1.9x100 | 4.5 x 104

40 4 x 107 3 x 10° 4x10° |8.8x107% |2.4x10° |5.2x1071 | 2.0% 1078

60 2.2x10°1 | 2x10°! 2.2x 10! | 4.8x10°% | 1.6 x10%* | 3.5x10°2 | 2.7x 1072

80 2 x 10-2 1x10°2 9x10-2 |[4.4%x10°5 | 7.0x10%2 | 1.8x10°3 ) 4.1% 101

100 5% 104 3x 10-% 5x 104 |2.4x10l [5.2x10°%}|1.6x10l




For example, it lists the force which could be exerted on a
10-cm disk such as might be used in a large aneroid-type

instrument,

(2) Temperature Characteristics

As‘ already noted, the lowest value for the coldest mean
temperature is about 165 K. This is found between altitudes
of 80 and 90 km. The highest value for the warmest mean is

about 325°K, at ground level.

Of more interest, however, are the lapse rates (negative
of the rate of change in temperature with altitude) and the lapse
rate reversals. These can be clearly seen in Figure II-1 which

shows a composite standard temperature versusg altitude curve,

Temperatures also have very interesting horizontal
gradients, It is expected, however, that these will be derived
from multi-shot soundings, rather than being pertinent to the

sensor requirements of individual vehicles.

(3) Winds

As noted, the value of the maximum mean wind is about

120 knots., (See Figure II-2) However, a wind sensor is
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FIGURE II-1
Temperature versus Altitude
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FIGURE II-2
Wind versus Altitude
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obviously useless if and when it is flown in a wind too violent

for sensing. Therefore, a maximum expected wind speed line

is also shown.

(4)  Gravity Waves

In addition to the mean atmospheric structure and varia-
tions discussed above, dynamic oscillations occur and their
measurement promises to be an important goal of future sound-
ing systems. These oscillations are known as gravity waves.
They are caused by the gravitational restoring force applied to
large-scale perturbations (diurnal thermal tides) and small
scale perturbations originating from cyclonic disturbances,
fronts, jet streams, winds over mountains and planetary

Rossby waves. (References 6 and 7)

These gravity waves of horizontal character can and will
propagate upward depending upon the wind field above, In the
winter, waves originating from fixed sources usually reach the
thermosphere, but are not particutarly energetic, In the
summer, stratosphere wind reversals tend to nullify all such
waves. The planetary Rossby waves, which are energetic, can

propagate upwards to the thermosphere in winter when a
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breakdown of the westerly flow around the pole occurs. This
action has been observe-d by several experimenters and is ac-
companied by heating and turbulence in the lower thermosphere.
This propagati.on accounts for major energy interchange in the
vertical structiure and is a key, not well understood, to at-

mospheric circulation.

Potentially, even more important is the suggested mech-
anism that thermospheric turbulence is responsible for carry-
ing ionizable components of the E-region down to the D-region
and creating a temporary, large increase in electron density.
The simultaneous effects of sudden thermospheric warming,
wavelike turbulence and D-region radio wave anomalous absorp-
tion has beenldocumented recently. If the mterrelatior‘lship of
the ionosphere and neutral stratosphere and mesosphere is
thus (or similarly) established, a tremendously increased in-
terest will be focused on the results of the present sounding

system study.

Because of the short time period and small scale of
gravity waves (excepting tides), they have not been properly

observed or understood. Only with a very cost~effective

11-9



system can we afford to make sufficiently dense observations in
space and time {o give a:n adequate description of this impor-

tant phenomenon.

3. THE EVALUATION OF PRESENT AND PROPOSED SENSING
TECHNIQUES WITH RESPECT TO THEIR APPLICABILITY

_All known sensing techniques which have been developed, are
being developed, or are proposed, and which have potential for sensing
winds, temperaiure, density, or pressure in a substantial portion of
the 30-100 km region have been considered in the evaluation. Included
also are two suggested methods which have not been formally proposeél
but which analysis indicated most logically to be considered for pos-

sible feasibility studies,

. All techniques were evaluated on the basis of their present
state of development, on the basis of their expected staie of develop-
ment in 1975 if the currently funded or proposed programs are con-
tinued, and on the basis of their potential state of development in 1975
if the recommendations of this study are implemented. Techniques
_for the measurement of water vapor and ozone are not included. Due
largely to the low accuracy required, these constituents will probably
be measured remotely from satellites by 1974. If not, the required
frequency of observations will be low enough to permit a separate

package to be developed and flown,
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(1)

(2)

Techniques Evaluated

Winds

Passgive Sphere
Grenades
Parachute and Ballute
Chaff
Tri-Methyl Aluminum Trails
Meteor Trails
Speed of Sound
*Ion Wind Techniques

Density

Active Inflated Sphere

Active Solid Sphere

Passive Sphere

Spinning Wire

Meteor Trails

Molecular Fluorescence
Densitometer

Beta Ray Densitometer .

Laser Backscatter

Speed of Sound

Pressure

Pitot & Pitot Static Gage

Cryogenic Crystal

Solid State Pressure
Transducer

Temperature

Grenades
Thermistor
Molecular Fluorescence
Densitometer
Speed of Sound
*Active Inflated Sphere
*Active Solid Sphere
*Passive Sphere
*Beta Ray Densitometer
*Spinning Wire
*Meteor Trails
*Laser Backscatier
*Pitot & P. Static Gage
Cryogenic Crystal

b
Derived from another parameter.

Technigues Rejected

1. Grenades

This is currenily a valid technique which is costly

from every standpoint.

Its merit is primarily the lack of

competitive temperature measurements in the 85-95 km

altitude range,

breakthroughs are anticipated.

II-11
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Its drawbacks, in addition to cost, are its suscep-
tibility to vertical winds in the upper altitude range, and
the fact that only average layer temperatures can be de-
duced, thus preventing good vertical resolution.

2. Vapor Trails

The visual observation of smoke and vapor trails
is a valid present technique for winds and is particularly
valuable for fine vertical resolution. (References 11, 12,
and 13) Such trails are, however, restricted to certain
times of day and proper seeing conditions. As such, the
technique is not capable of synopticity.

3. Active Inflated Sphere

The accelerometer-instrumented, inflated sphere
was developed for the express purpose of extending the
falling sphere technique to higher altitudes. (References
14 and 15) As such, the heart of the instrument (a sys-
tem of three single-axis accelerometers), was chosen to
work at low accelerations and does not exhibit large dy-
namic range capabilities. The experimenter claims to
<have measured 140 km densities by this method, and ac-
knowledges that the design is particularized for altitudes
above 100 km.

This technique is costly because of its construction
characteristics and because of the requirements for ejec-
tion and inflation, as well as the excess rocket altitude
needed to give measurable drag deceleration. The exten-
sion of this method to cover the 30 to 100 km range is
considered unattractive due to an ultimate cost which is
too high, .

4, Active Solid Sphere

This falling sphere technique requires a very sensi-
tive accelerometer due to the unfavorable mass/area
ratio. This pluse the high cost of the sphere itself,
ejection, excess altitude requirement, and inability to
accurately obtain data at the highest altitudes is the
cause of rejection as a synoptic tool. (References 1 and
16). '
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0. Beta-ray Densitometer

This technique uses a radioactive source which per-
mits electrons to be forward-scattered by air nuclei to a
collector ring of Geiger-Muller counters. (Direct transit
between source and counters is prevented by mounting the

source next to a small, properly shaped lead shield. )
(References 17 and 18)

The accuracy of the density.inferred from scatter-
ing measurement is not presently acceptable, though im-
provements in theory and additional testing may overcome
this problem. The instrument as presently conceived is
ultimately expensive as a synoptic tool and the carrying
of radioactive materials, even in small amounts, is not
acceptable worldwide,

6. Alpha Particle Densitometers

Other techniques are possible for measuring gas
densities by means of radioactivity. One involves meas-
uring the energy degradation in energy alphas from a
monoenergetic alpha source, Another involves determin-
ing a count rate for alphas from a source with a broad
spread in energy. Both technigues use alphas because of
their high interaction rate. Again, the instrument does
not seem acceptable .on a worldwide basis because of the
radicactivity involved.

7. Solid State Pressure Transducer

A current effort is underway by Research Triangle
Institute to develop a sensitive pressure transducer for
atmospheric pressure measurement. A design objective
is the capability of measurement from sea level to 1079
or 108 atmospheres {approximately to 100 km).

The transducer is characterized by a piezo function
effect. The unigue feature of the transducer is the silicon
needle sensor--a p.n. function fabricated in the apex of
a silicon needle.
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The present effort has indicated the high precision
required to machine and assemble these components of
the gensor, its temperature sensitivity, and its lack of
repeatability at the lower pressure ranges,

Thege limitations may be correcied by additional
effort, however, the technique is considered to be very
early in its research stage and a review of the develop-
ments do not make it a realistic candidate for an operational
system in the time frame being considered.

8. Cryogenic Crystal

This technique uses an extremely cold crystal
exposed, within a tube, to incoming ambient air. The air
condenses on the crystal and changes its characteristic ~
frequency. (References 19 and 20) Ultimately, such a
technique may be useful for very high altitudes. Because
of the many technological and theoretical problems
involved, it is not believed that this method can be used
for this application.

9. Electric Discharge Techniques .

A number of techniques can be listed under this
category, including several quite useful for laboratory
measurements. They include the cold cathode-type ion-
ization gage, the Alphatron, the hot filament (Bayard-
Alpert) gage and the Rofe arc discharge gage. All of these

" discharge techniques depend upon the fact that the current
between plates or belween a filamnent and a plaie is a
function of the amount of ionization produced which is a
function, in turn, of air density. (References 21 and 22}

An example of the cold cathode technique is the ion
pressure gage-built for ALSEP. (References 23 and 24)
In this type, ionization.is produced by a high voliage field
(4,500 v,d.c.). A high magnetic field (magnetron) is
used to lengthen the electron path and consequent ionization.
This configuration is not expected to be practical for alti-
tudes less than about 80 km and the cost, -even in quantity,
is expected to be greater than $1, 000 per unit.
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A different approach to increasing ionization is to
use a radioactive -source as with the Alphatron. (Refer-
ence 22) This device does have adequate altitude range
capability. The Alphatron is judged to be too expensive
and would be rejected in any case because of the radio-
activity involved,

Tonization can also be supplied by means of a hot
filament as with the Bayard-Alpert type gages. In order
to prevent burn-up of the hot filament, its operation is
restricted to altitudes greater than 90 km.

(References 21 and 22) X is also expected to be expen-
sive because of associated electronics.

Another approach is the arc discharge, as proposed
by Rofe of Australia. (Reference 25) Complete details of
this instrument have been requested but not yet received,
It is believed that this gage is very sensitive to the ambunt
of natural ionization existing at the higher zaltitudes.

One problem common to all such gages is that of
mounting it such a way as to sense truly ambient conditions.
Corrections can, of course, be made; however, such
corrections imply the possibility of error.

10, Parachute and Ballute

The tracking of parachutes has proved valid as a
wind technique in the 50 km region and below. The para-
chute techniques are limited with respect to altitude range
because the fall rate cannot be optimized over large ranges
of density. Ballutes and other nonaerodynamic deploy-
ment devices.are successful in extending the useful alti-
tudes upwards, but have little effect on the altitude range.
Because of their adaptiability and low cost, they remain
candidates for a system employing a combination of
sensors, (References 26, 27, and 28)

11, Speed of Sound Devices

It has been proposed that a measurement -of speed
of sound in-situ be made by a device carried aloft and
having both source and sink. Grenade techniques presently
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used have the sink located on the ground. A transmitter
and receiver operation would measure the transit time of
an acoustic wave between them., Analysis shows that such
a device would probably have weight and volume dimen-
sions far too large for consideration if measurements at
less than 1 torr were attempted.

A device was testing several years ago which oper-
ated on a principle of acoustic loading the sound receiver
by generating a standing wave between source and sink.
By varying the frequency, which alters the sound speed
and allowing close spacing between transmitter and re-
ceiver, the acoustic loading on the receiver was found
maximized at the anti-resonant frequency of the receiver.
By measuring the receiver output versus frequency and
knowing the spacing, the sound speed was deduced. The
transmitter and receiver were on the order of 1-1/2 inch
diameter and spacing was 3/2 wavelength at about 28 KHz.

A feasibility study was completed in 1962 on the
interference device described. The study showed, with
the equipment then utilized, that errors due to aerodynam:
effects of wind, acoustic noise due to wind, energy losses,
phase velocity effects due to wind, thermal effects of the
boundary layer, radiation, and expangion, could all be
eliminated or minimized by proper design. The study con
cluded that the device was feasible to 65 kin, Extrapola-
tion of the basic quantities to higher altitudes indicate that
the size and power requirements become unmanageable,
Follow-on development for an opérational system was not
undertaken.

While this and other speed of sound devices appear
accurate below 70 km, their basic complexity makes them
uneconomical in competition with other systems, such as
thermistors,and, therefore, of little interest. Above
70 km, the generation of measurable acoustic energy re-
quires too much power for applicability to small rocket
or gun-launched vehicles.
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Several ground-based systems were investigated
and are discussed helow.

12, Meteor Trail Radar

When a meteor enters the earth's atmosphere, a
trail of ionization is produced that may be 10 to 40 km
long at an altitude of 80 to 120 km. TUnder certain condi-
tions, this ionized trail will scatter electromagnetic radi-
ation with sufficient intensity to provide detectable signals.
The most favorable case for reception occurs when
specular (i,e., mirror) reflection is possible within the
geometry imposed by the trail and receiver/t{ransmitter
anterma orientation. If the receiver and transmitter are
collocated, this will occur when the trail is perpendicular
to the radiated beam, in the same fashion as ordinary
radar detection, Of the large number of meteors entering
the volume under radar observation, only a small portion
will at some point on the trail have the proper orientation
for a strong reflection (Figure II-3), However, the
number’ of occurrences is still sufficient for measurements
of some upper atmosphere parameters (200 to 20, 000 per
day depending on equipment used). (References 29
through 33). :

Wind velocity is measurable as a result of the Dop-
pler shift related to the motion of the trail, This Doppler
shift corresponds to the radial velocity of the trail rela-
tive to the observing site. Thus, the measured velocity,
V,, is the component of the wind vector along the axis of
the radar beam as shown in Figure I1-4. To convert this
radial velocity to a horizontal velccity, assumptions must
be made about the vertical component. Normally, it is
assumed that the vertical component averages to zero over
the time period during which an average radial velocity
has been determined (typically, 1/2 hours to 24 hours).
Then, the horizontal velocity Vi, is just Vy multiplied by
the cosine of the radar's elevation angle, However, we
still only have the component of the wind in the direction
of the ground track of the radar. To convert this compo-
nent to the true wind direction, it is necessary for a single
station to make measurements on two orthogonally located
meteors, and take the sum of the squares of the two
measurements.
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FIGURE I1-3
Meteor Trail Radar
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A variety of standard radar techniques have been
applied to meteor measurements including pulse/Doppler,
continuous wave, and pseudo-random noise coding. Be-
cause the reflection coefficient and maximum altitude for
detection are inversely dependent on frequency, the ex-
perimental work has been done at the lowest frequencies
congistent with directional antennas and low manmade in-
terference levels. Most commonly used are the frequen-
cies between 25 to 75 MHz.

Several stations in current (or recent) operation are
listed in Table II-2. All of these stations are capable to
some extent of producing wind data, but are primarily
tools of broader research programs. In each case, data
reduction involves highly-skilled personnel for prepro- .
cessing before automatic data reduction, although the
Havana station does use some pattern recognition techni-
ques to reduce this preprocessing. None meet the normal
criteria of an operational sensor for day-to-day use.

At first examination, radar echoes from meteor
trails appear an ideal solution to a problem with only
limited alternative solutions. This is because the pri-
mary sensor is available -at no charge and is continuously
in the region under consideration, However, the com-
plexity of the ground eguipment and sophistication re-
guired for operation more than outweight the advantages
of a free sensor, If winds are to be measured in stratas
of 5 to 10 km and averaged over periods of 15 minutes to
an hour, high-powered transmitters, elaborate antennae
systems, and remote multiple receiver sites linked with
real-time data processing are required. The equipment
cost to provide coverage from 80 to 100 km synoptically,
with respect to a 15~minute time span, would exceed
$750, 000 per site, and require development of equipment
and techniques more suited to operational measurements,
The usefulness of such a system would still be question-
able, since vertical movements are ignored and measure-
ments are averaged over a 5-10 km strata, Overall
accuracy would be in the range of 10 to 50 percent. Thus,
the technigue does not currently provide sufficient cost
benefit ratio to warrant incorporation.
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Table I1-2
Stations in Current Operation

Organization

Liocation

Type

Freq.

Rate/Hour

Height Accuracy

Cost

AFCRL

Lexington/
Dartmouth

Pulse/
Doppler

36. 8 Mhz.
73. 6

+5 km.,

$100K

Stanford U. {AF}

Stanford, Calif.

Coherent
random
noise

coded pulse
Doppler

30/ 14

20

+2.5

350K

Smithsonian (AF)

Havana, Ill.

Coherent
multistation
pulse/Dop-
pier

40.92

500

$1, 000K

C.N.E.T.

Garchy, France

CW inter-
ference

30

10-20

$150K

U. of Adelaide

Adelaide,
Australia

CW or
pulse/
Doppler
maulti-
station

30°

$200K

Sheffield U.

Yorkshire,
England

coherent
“pulse/
Doppler-
building
multi-
station

25

20

?

{calibrated by
decay rates)

$30K




(3)

13. Ion Wind Techniques

Ionospheric investigators have developed several
methods for tracking ionospheric motions in conjunction
with other measurements such as electron density.
(References 35 and 36), In the lower ionosphere
such motions are fairly well related to the neutral winds.
However, because of the expense of these methods in
general, their limit to the upper portion of the altitude
range and the competition afforded by Meteor Trail Radar
(discussed previously), these technigques were rejected
from further consideration.

14, lLaser Backscatter

This method is valid. and inexpensive on a per
measurement basis, (Reference 37) The inference of
density from backscatter is not sufficiently accurate at
present, but may be improved in the next few years.
While this method is one which probably will have con-
siderable future importance, it requires clear skies

~ with little or no cloud cover to operate and is therefore

not suitable as a synoptic technique.

Techniques Found Acceptable

1, Falling Spheres

The falling spheres included in systems studied in
this report are made of half mil mylar and are filled with
isopentane. Sphere sizes range from less than a meter
in diameter to several meters. Spheres are carried in
the vehicle collapsed and are inflated at ejection. They
are generally carried packed within a cylindrical container
having a length to diameter ratio consistent with the
type of vehicle.

For the system under consideration, the sphere
descent begins at an altitude above which data is desired
in order for the sphere to attain sufficient velocity for
drag to affect the sphere and to provide sufficient density
for integration for temperature data calculations. (Refer-
ences 38, 39, 40, and 41).
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All of the techniques involving falling spheres use
the net deceleration of g freely falling sphere to indicate
drag, and from drag, infer atmospheric dengity. The dif-
ferences in fechmiques result from different approaches to
the problem of measuring deceleration.

There are basically three approaches, which are:
. Tracking by radar {passive sphere}

. The use of ¢ receiving/transmitting trans-
ponder (transponder sphere), and

. The use of accelerometers and a radio
transmitter (active gphere).

For our somewhat specialized requirements, we
have studied applications of the passgive sphere, but not
the active sphere. In addition, we have analyzed the use
of a transponder sphere.

In general, the passive sphere characterigtics are
consistent with the deseriptions already given for falling
spheres. In addition, the mylar surface is aluminized
or an internal corner reflector is incorporated in order
" to provide a better radar target,

The development of the sphere itself has benefited
from a number of years of study and has probably pro-
gressed about as far as possible, Packing and ejection
schemes for specific reguirements will require additional
development. There is a need for acrogs-the-board re-
search on applicable drag coefficients. The chief
requirement, however, is for extensive radar development.
This will receive additionsl discussion in a later section.

Some typical value of pertinent characterisgtics for
passive spheres of today are listed below.
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Diameter

Weight of sphere
(including filler

and filler container)
Payload weight (in~
cluding casing and
ejector)

Payload volume

Resistance to g
loading

Storability

Cost

Diameter of sphere
Weight of sphere (in-
cluding filler and
filler container)
Payload weight
(including casing

and ejector)

Payload volume

Resistance to
g loading

Storability

Cost (10° lots)

1I-24

.66 - 2 meters

50 - 515 grams

1360 - 2000 grams
18 - 90 cubic inches

Some. spheres have
been gun-boosted

Adequate
Varies. In $1, 000

range for one-at-a-
time research items.

Some typical values of pertinent characteristics
for the postulated passive sphere to be used are:

1 meter

130 grams

1360 grams .
(3 pounds)

40 cubic inches

Hardened loads can be

routinely gun-boosted
Adequate

$85



Fdlling spheres, carried aloft in rockets, have been
used hundreds of times since 1952 to measure density,
temperature and winds in the upper aimosphere, The
fundamental equation of the experiment is the familiar
one of aerodynamic drag:

Fp=map=1/2, V2 Cpa

where

Fp = drag forces
(Reference 9)
m = sphere mass

ap = drag acceleration
p = ambient density
V = sphere velocity
Cp =-coeificient drag
A = sphere cross-sectional area.
Value for the Cpy as a function of Mach number and Rey-
nolds number are established from ground measurements
carried out in wind tunnels and ballistic tunnels, (Refer-
ence 38) Having measured density as a function al alti-

tude, the equations of-state and of hydrostatic pressure
aré combined to permit the calculation of temperature.

Z
1 M
T, =— .....f - pgdz + o, Ty
Pr | Rz ‘

where
T, = ambient temperature

z = altitude
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N
o}
i

stariing altitude

B

gram molecular weight, known
from other measurements

R = universal gas constant

g = acceleration of gravity
po = ambient dengity at z,
Ty = ambient temperature at zg

Typically the integration of density proceeds downward
from the starting altitude zy which is the altitude of the
highest valid density data. The arbitrary choice ofg,

and T, at this point may introduce an error in the calcu-
lated temperature which, however, decreases and becomes
negligible by comparison with other errors at a point

about 15 km below the starting aititude.

Horizontal wind velocities can be determined from
ground-tracking sphere motions. The winds can be com-
puted from the equations of motion, or more simply but
less accurately, be taken as equal to the projections of
the sphere velocities. Vertical winds are neglected.
Some work has been done on the effects of vertical winds
and on the small effect of negleciing them. Also, it has
been shown that vertical winds might be measured by ob-
serving simultaneously two spheres of different mass-to-
area ratios. The method, however, has not been fully
developed. The upper limit of wind data is dictated by a
combination of radar tracking errors and the sphere fall
rate. An improved system may be capable of extending
the upper limit to considerably above the present com-
monally accepted 70 kilometers level.

Insofar as the sphere itself is concerned, operations
are quite simple, consisting of merely ejection and
inflation. Obtaining rates of deceleration, however, re-
quires quite careful measurements using a very sophisti-
cated radar system. Whereas the sphere is a very low-
cost item, an adequate radar is apt to be a very high-cost
item.
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Extensive experience has been attained in the fabri-
cation and use of spheres. There is little expectation
of any major gains, with regard to the sphere itgelf,
Better drag coefficients are a possibility and research
leading to them is desirable. More experience in the use
of radar in sphere experiments is not expected to be
particularly helpful. Directed development, aided by the
normal improvement in the state of the art, will be needed

The use of an aluminized mylar corner reflector
within the sphere surface would increase the radar target,
leading possibly to a.somewhat cheaper radar. It would,
however, increase the weight and cost of the sphere, On
balance, it seemed better in decreasing the requirements
on ground-support to go a good deal further and consider
the use of a transponder sphere, discussed in the next
section.

Vertical wind effects have been cited as a disad-
vantage in the use of spheres, However, vertical winds
have little effect on density data above 73 km. Below
73 km, the effect is subject to considerable smoothing and
_ is unimportant in most cases. In any case, vertical winds
cannot be measured by a single sphere technique. As
compared with other sensors, spheres should be less
affected at high altitudes than grenades (not a system
considered in this report). Piitot systems would be ad-
versely affected during the low-speed portion of their
flight.

There is little operational experience in the use of
spheres as payloads for gun-boosted vehicles. There
seems to be no inherent reason, however, that spheres
and related equipment could not be hardened and used
routinely.

Based on a ten-year storage experience with mag-
netic tapes, and the six years experience of the Echo
satellite in space, the storability characteristics of
mylar should be adéquate.
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2. Passive Sphere with Transponder

Transponder sphere characteristics are consistent
with the degcription already given for falling spheres in
general, except that, in addition, a transponder is at-
tached to the mylar surface and some type of antenna is
required, '

A transponder sphere system is a new, proposed
technique so that experience with the system as a whole
is lacking; however, a great deal of the experience ob-
tained with passive spheres is relevant. Particularly,
this includes general experience in drag effects, packing
and ejection.

If it is'not obtained as part of the on-going research
effort on passive spheres, there will be a need for across-
the-board research on applicable drag coefficients.
Packing and ejection schemes for specific requirements
will require additional development. Finally, there will
be a requirement for the development of tracking equip=
ment with characteristics specifically aligned to the
requirements of the transponder sphere. This will re-
ceive additional discussion in a later section.

Some typical values of pertinent characteristics
for the postulated transponder sphere to be used are:

Diameter of sphere 2 meters '

Weight of sphere (includ-
ing filler, filler container

and transponder) 960 grams
Payload weight (includ- 2,725 grams
ing casing and ejector) (6 pounds)
Payload volume 120 cubic inches
Resistance to g Hardened loads
loading can be routinely

gun-boosted
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Storability Adequate (but see
© discussion)

Cost (10° Iots) $535

As with the passive sphere, the transponder sphere
should have the capability of measuring density from
30 km to an altitude in excess of the 100 km required.
It should have the capability of measuring winds from
30 to 70 kilometers, or a little less. It also is an in-
direct sensor.

Ejection and inflation should be nearly as simple
for the transponder sphere as for the passive sphere.
Activating the transponder presents an additional prob-
lem but not one which is inherently and extremely
difficult. As compared with the passive sphere, the
transponder sphere permits somewhat lower cost ground
equipment at the expense of a larger, more complicated,
heavier payload.

It would be degirable to have the same weight-to-
area ratio for the transponder sphere as is used for a
passive sphere., This is not possible. (The mylar skin
area and weight increase with D2 as does the frontal area
and the weight of the isopentane increases with'D3,) The
diameter at which the weight-to-area ratio is a minimum
could be found by solving the equation

D _[2r\?
DO IO

T = Transponder weight

L

where

I, = Weight of isopentane in a sphere diameter D,

In fact, a practical, near-optimum size of 2 meters is
assumed.
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Most of the fabrication, storage, and operational
problems added by the use of a transponder involve con-
nections between sphere, transponder, and antenna.

The problems can be more subtle than is obvious initially,
but they are techndlogical problems which are solvable.

Liocating the transponder on the inside and outside
surface of the sphere have both been suggested. The ex-
ternal location has obvious advantages for maintenance,
pre-flight adjustments, and battery replacements. It
does leave unresolved doubts as to possible effects on
drag coefficients. Some authorities have considered that
locating the transponder within the sphere would be very
difficult because it affects the integrity of the sphere.
The routinely-fired Australian 2-meter spheres, however
have a hole approximately 3 inches in diameter at each
pole, one of which removable and replaced by an isopen-
tane canister before firing.

If it is undesirable to mount the transponder exter-
nally or to make provisions for last minute attachment,
a dry-packed, liquid electrolyte battery could be used
with a diaphragm which would be ruptured mechanically
or magnetically from outside the sphere, This arrange-
ment provides no means for maintenance or adjustment.

The antenna could be a metallized surface on the
inside of the sphere, Another approach would be to use
short wire dipoles. The wire could protrude through the
skin and remain sealed througli ejection, inflation, and
operation,

With a mass of one pound fixed to the surface of a
Z2-meter sphere, attempted orientation and severe un- -
damped pendulation should occur at high altitudes., This
should have little or no effect on the drag coefficient.
When passing through the transition to subsonic flight at
about 73 km, ,one would expect a minor effect on drag
coefficient, but as drag coefficients near Mach 1 are
rather unreliable anyway, this will not degrade system
performance, In the subsonic regime, no effect is
anticipated.
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Below 70 km, the difference of pressures inflating
the sphere gradually diminish until the sphere collapses
usually at 30-40 kilometers. The acceleration in this
regime is about 1 g, The sphere will suffer distortion
sufficiently severe to alter the drag coefficient for only
a few kilometers above collapse. This distortion is not
considered to be a problém.

3. Spinning Wire Densitometer (SWD)

The Spinning Wire Densitometer, like the falling
sphere, measures the effect of drag in order to infer
density. The instrument consists essentially of a cylin-
drical center body, containing a radio transmitter and
two radially aligned wires attached to opposite sides of
the center body. It is spun up to a high rpm before being
released from the vehicle. Any number of devices can
be used to produce the spin; the original concept involved
a pyrotechnic motor. (A current version uses a series
wound DC motor. }

Originally, the wires were to double as antenna and
high-drag components. (The modulated signal generated
by the rotating antenna was to have provided a direct in-
dication of rpm.) As it turned out, the signal/noise ratio
. of available 1600 Mhz transmitters was found to be
insufficiznt. The center portion must now include some
means of measuring rotation, as by sensing a changing
light intensity or cutting the earth's magnetic field with
a magnetometer coil. (The magnetometer approach
would provide a 24-hour-per-day capability. )

The present payload consists of two portions: first,
a spin-up device—DC series would motor and its asso-
ciated battery and second, the center body consisting of
a battery, a transmitter and either a photo-optical
sensor or magnetometer device, and the thin wires
(5-7 mil diameter) wrapped around the center body.
At an altitude of approximately 80 kilometers, the nose
cone is separated and the DC motor is energized to
spin-up the device to approximately 10, 000 rpm which is
achieved at about 120-130 kilometers apogee. At that
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ALTITUDE

time, the motor-battery portion separates from the re-
mainder of the payload and the spinning device begins
free-fall trajectory. Laboratory research indicates that
the spin rate will decay approximately as shown below:

140 km ~

100 km |-

60 km |

20 km L.

1 ) I ] 1 1
0 2000 4000 6000 ~ B0QO0 10, 000
RPM

The sensing device will measure the period of
rotation, thus providing an.indication of rpm at the end
of the spin-up phases for an initial point in the sequence
of slow-down due to drag.

The results described above represent research
and development which has been going on for several
years. Several flight tests have been flown; resulis have
not been obtained due to telemetry and tracking failure.

The pertinent characteristics of the present model
of spinning wire densitometer are listed below:

Length and diameter of , 5-6 in. x 1.5 in,
central cylindrical body diameter

Length and diameter 14 in, x 5-7 mil
of wires diameter
Spin rate measurement Sun sensor
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Spin-up device and rpm  DC motor to

10, 000 rpm
Payload weight =6 1b.
Payload volume &6 cubic inches
Cost (lots 109) ~3$300

The sensor system has a good cost potential. The
payload itself should be inexpensive ($200 to $300). Be-
cause of the method of determining drag (i.e., angular
deceleration), an expensive high-precision radar is not
required. However, the omission of an expensive radar
is based on the assumption that trajectories can be made
repeatable.

As compared with falling sphere methods, it should
be easier to measure decelerations because the techniques
for measuring periods of rotation can be made (theoreti-
cally) very accurate. However, because of the differences
in linear speeds near the tip and near the base of the
spinuing wires, interpretation is apt fo be more difficult,
Further, while experimental verification of spin-down
rate should be possible, the inclusion of effects due to
the fall of the sensor through the atmosphere, would be
extremely difficult to analyze.

The possibility of precession, due to winds and
misalignment at separation and the effect of this on ac-

curacies, have not been determined.

4, Molecular Fluorescence Densitometer (MEFD)

This atmospheric density measuring device is
characterized by making measurement of density as con-
trasted to those devices making measurement of the
effects of the aimosphere on measuring devices; i.e.,
falling spheres, spinning wire densitometer. A descrip-
tion of the device and the principles of operation are
described in reference 42. (Also references 43, 44, and
45.)
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The system has heen flown; however, the experi-
ment was only partially successfully due to telemetry
failure. One important result of the experiment was an
indication that sufficient secondary emission of electrons
took place so that the flight package retained a neutral
charge (rather than going highly positive, due to the
emission of electrons into space, leaving the vehicle with
a net positive charge).

The immediately scheduled flights for this prototype
device are:

Two flights scheduled for late in 1968,
sponsored by J. F. Morrissey of AFCRL

One flight scheduled for January 1969,
sponsored by W. Vaughn and R. Smith for
NASA/Marshall Space Flight Center with
the University of Michigan.

The present device has the following physical
characteristics:

Weight - approximately 20 pounds

Volume - 6. 3 inches diameter x
23 inches long

Acceleration - 100 g's or less

Storage characteristics - (1) approximately
four weeks without standby electric power
(electric power for ion pump to maintain
vacuum for electron gun); (2) approximately

six months with electric power (110 volts).

Cost - approximately $20, 000 each
(prototypes).

A presented system is estimated to have the following
characteristics:

Weight - approximately 7 pounds
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Volume -~ 4 inches diarneter x
20 inches long

Acceleration - 100 g's or less

Components - (1) substitution of a logarithmic
amplifier for range switching of the photo-
maultiplier amplifier to reduce complexity

of the electronics; (2) use of a magnetically
deflected electron beam to allow axial align-
ment of electron gun and associated focusing
and accelerating electronics to reduce
diameter; (3) elimination of cryogenic
pumps (for the electron gun), if the system
remains sealed (i.e., not operational)
below 60 km.

Cost ~ not likely to go below $1,500 each,
as a result of cost reduction program and
large production quantities.

Major cost reductions are dependent upon a low
cost photomultiplier tube, logarithmic amplifier, 20 kilo-
volt power supply, storage batteries (28v, approximately
4 amps 1/2 hour). :

In order for this system to operate synoptically, a
means te prevent sunlight from exciting the photomulti-
plier tube must be provided—a sun sensor and a mechanism
(either a electromechanical shutter or elecironic switch-
ing of the photomultiplier)}.

This sensing system has a common complexity with
the pitot system, i.e., the device must be evacuated and
the vacuum maintained in the electron gun compartment
below 107° torr (120 km) before flight.

The device itself is sensitive, both in the physical
construction, i.e., filaments associated with the electron
gun and the photomultiplier tube, and the precision of the
measurements required, i.,e., photomultiplier current.
Alignment—optically and mechanically—must be precise.
The potential requirement for a collection of the electron
beam current may be difficult fo achieve.
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In addition, the composition of the gas being meas-
ured will affect the measurement; a question exists as to
the applicability of this technique in the ionosphere.

5. Pitot Sensor System

The conventional pitot technique uses the difference
in static and dynamic pressure experienced by a probe
moving through a fluid to compute the relative velocity
between probe and fluid. The pitot technique discussed
here uses a pitot system to measure the dynamic pres-
sure with an on-board gage. The probe velocity is meas-
ured with a ground-based radar and computes a static
pressure trace as the probe passes through the atmosphere
in its.flight,

For sounding systems, in general, radioactive ioni-
zation gages, thermistor gages, and hot wire ionization
gages are all possibilities for measuring chamber density
or pressure. Additional instrumentation is also needed
to measure air temperature within the tube and monitor
the flight eperational aspects. '

For the measurement of atmospheric structure, the
radioactive ionization gage has been flown frequently over
the last decade. This gage, when accompanied by proper
supporting instruments, has made accurate atmospheric
structure measurements over the entire 30 to 100 km
region. However, due to the necessity of carrying a
radioactive device of long half-life handling, storage and
political requirements of a worldwide system cannot be
met and the device is not applicable to the present study.
A thermistor gage which measures chamber density is
available for use with pitot sensor sounding rockets, but
as with all thermistor devices, its accuray is degraded at
low pressures by errors caused by thermal conduction
and radiation. Despite the higher-than-ambient pressures
in the chamber, the pitot system with thermistor appears
to have small potential above 70 km. (Below that altitude,
less complex and comparatively less costly systems can
be used. ) A thermistor gage, therefore, is not proposed
for use with the pitot system for this application. (Refer-
ences 46 through 50.
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The one pitot device which appears to have the
potential for development and which would permit an
economical and accurate method for density measure-
ment between 70 and 115 km (or more) is the hot-
filament ionization gage. With this gage, the ram-
compressed ambient gas is ionized by an electrically
heated filament precisely located with respect to a cylin-
drical (or other configuration) electrode. The ion-
current obtainable between filament and electrode is a
function of the density in the chamber. A typical ion-
current is 5 x 1¢~10 amp for 5 x 10-9 torr which is
essentially linear to 10~9 amp for 0.5 torr. A high
quality amplifier is used to convert this small current
to a telemeter input. Because of the wide dynamic range
inherent, swiiching is required. A tracker and a telem-
etry receiver on the ground provides the data for recording,

Although ionization gages have been used for many
years, the hot-filament gage is a fairly recent develop-
ment for the purpose of increasing sensitivity and altitude.
It has been under flight development for two years and
several have been flight tested. Most testing, however,
has been in conjunction with a radioactive ionization gage
for comparison and in-flight calibration. Considerable
development remains fo be done. The present develop-
ment work is not aligned with the requirement of the
synoptic system of this study, but mainly for maximum
precision at higher altitudes.

Unlike the thermistor-pitot sensor, the pitot with
a hot-filament gage is severely limited to minimum
altitudes, due to filament burnout at high pressures.
Seventy kilometers appears to be an absolute lower limit.
The instrument is basically fragile and gun-launch is
considered impossible,

Because of the use of different gages and flight
operations, it is difficult to list "typical"' characteristics.
One set of characterigtics, based on one version of a
University of Michigan pitot system using a radioactive
ionization-gage, is given below.

Length - 6 feet
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Diameter - 3.5 inches diameter forward
7 inches diameter aft

. Weight - 60 pounds

. Primary Gage - ''Densatron' radioactive
tritium ionization gage

. Other gages - Wall temperature thermisior
(for gas temperature in chamber); Solar
aspect system (measures sun angle to pro-
vide rocket angle of attack needed for data
reduction)

. Tracking - DOVAP with on-board transponder

. Operational Considerations - Useful data
acquirable only on up-leg portion of flight

. Resigtance to g loading -~ Not suitable for
use with guns

Storability - Adequate

. Cost -~ as a single item produced by a re-
search group and containing unseparable
R&D costis, about $40, 000,

Some typical values of pertinent characteristics for
the postulated pitot system using a hot-wire filament gage
are:’

. Length - 33 inches

. Diameter - 4,5 inches maximum

. Weight - 16 pounds

. Primary Gage - Hot-filament gage

. Other Gages - Wall temperature sensor
{type not yet specified)
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Tracking - DOVAP type with on-board
transponder

Operational Considerations ~ Useful data
acquirable only on up-leg portion of flight

Resistance to g loading - Not suitable for
use with guns

. Storability - Adequate
Cost (lots of 10%) - $1,500.

When working backwards from data, in order to
establish atmospheric structure, many complications
appear which degrade the precision of the results from
pitot sensors. To infer the ambient pressure or density,
it is necessary to know the welocity of the pitot gage rela-
tive to the longitudinal axis of the instrument.  This re-
quires fairly precise rocket tracking. It alsc requires
fairly precise rocket attitude information and, if the
trajectory angle is not near the vertical, fairly precise
wind knowledge. Thermal effects within the gage must
be taken into account and the position of the filament
(for hot-filament ionization gages) must be precise.

The pitot system may well be inherently expensive,
In any case, there has been little effort toward cost
reduction, As a result, the system is, in fact, quite
expensive in its present form, and extensive development
would be needed fo reduce costs if the pitot sensors were
selected for the synoptic system of this study.

Future developments which might be effective in
cost reduction are:

Use a transponder with single commutated
channel for fracking and telemetry instead
of the present multi-channel telemeter

Eliminate the use of an attitude sensing
device (magnetometers or lunar/solar
sensor) and trust to a prior knowledge of
rocket attitude
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Use a low-quality amplifier rather than
the best available

Convert to a solid-state range switching,

It is noteworthy that all but the last item could lead
to a degradation of data which might be substantial, yet
the cost cuts are essential if the hot-filament gage ver-
sion of the pitot sensor is to be cost-competitive. Thus,
while the costs projected in the cost analysis presented
elsewhere are realistic, there is skepticism on the part
of many pitot gage investigators that the device which
could be built for such costs would be sufficiently accurate
to meet the study requirements.

Also of present concern are the requirements for
pre-launch checkout. A vacuum system prevents filament
destructions and a calibration of some type is required.
Storage must be in a controlled environment and protec-
tion on the launcher in the form of an ejectable cap must
be provided. A cost penalty in the form of excess rocket
capability must also be paid, since apogee must be above
145 km for valid density measurements at 115 km (which
are required for temperature at 100 km). All of these
factors combine to make the cost versus accuracy picture
crucial to the technique's applicability.

6. Thermistor and Parachute

The thermistor and parachute system is a widely
used method of measuring both winds and temperatures
in the upper atmosphere. (References 51 and 52) Tem-
peratures are measured by a bead-type of thermistor,
usually of . 0l-inch diameter and are telemetered to a
ground-based receiver-recorder. The electrical proper-
ties (resistance) of the thermistor vary logarithmically
with temperature. It is this variation of the thermistor
properties which is recorded and compared with a cali-
bration of the device to obtain temperatures. The bead
is coated and shielded to reduce the influence of solar
radiation. It is also thermally insulated from its support.
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- Wind velocity is measured from the motions of the
parachute and thermistor during its descent. The meas-
urements are made either by ground-based radar or by a
telemetry receiver-transmitier, when a iransponder is
included in the lauvnched payload. When radar is used,
the parachute is aluminized to act as a reflector, Azimuth,
elevation and range are recorded by conventional radar
techniques., When the transponder and telemetry are
used, the azimuth and elevation are recorded from the
antenna-theodolite and range is determined from the
transponder information.

The parachute is sized so that it provides a signi~
ficant drag on the device. The payload, then, moves
freely with the horizontal winds. Although the device can
be ejected either during ascent or at peak altitude, it is
commonly ejected at or near apogee. In most cases, a
small explosive charge separates the device from the
nose cone, The parachute is then inflated by ram air.

The thermistor has benefited from several years
of study. Significant reductions in size and weight as
well as increases in performance have occurred, Some
typical, current values of pertinent characteristics of
the thermistor and parachute are listed below:

. Parachute diameter {deployed) - 7-13 feet

. Parachute volume (packed) - 15-100 cubic
inches

. Thermistor payload system volume (with

radio and hatteries) - 22-135 cubic inches

. Thermistor payload system weight {with
radio and batteries) - 0. 76-~4, 5 pounds

. Resistance to g loading -~ currently about
250 g's, appears possible to harden to
$50, 000 g's

Storability - requires some environmental
« control :

Cost ~ varies $100 - $1, 000 in smaell lots.
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The values of pertinent characteristics for the
thermistor and parachute system using a dart vehicle
which is used in this study are:

Parachute diameter ~ 8 feet

Payload weight (including ejector, staves,
piston, etc.) - 3 pounds

Payload volume - 50 cubic inches

Weight of parachute and thermistor -
1.1 pounds

Resistance to g loading ~ 30, 000 to 50, 000 g's
Storability - some environmental control
Cost (10° Lots) - $40.

No significant changes in these characteristics are
anticipated. An anticipated change in telemetry frequency
will tend to require an increase in size and weight, It is
expected that a reasonable development program will be
successiul in reducing the size and weight to about cur-
rent value by 1975.

The major remaining problems appear to be the
influence of aerodynamic heating on the temperatures
which are sensed and the accuracy of wind data which is
derived from the device, These problems are discussed
in the next section.

The parachute and thermistor are a well-developed
combination of sensors which are capable of measuring
temperature and winds from sea level to a maximum of
70 km. The payloads, including shielding, sensing
devices, transmitter, and transponders, have undergone
extensgive development and, thus, are available in several
sized packages for different vehicles. Ejection of the
payload can be accomplished simply and the device ap-
pears amenable to hardening for gun launch. The device
can be sealed for storage environments compatible with
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rocket or gun projectiles and can be relatively low-cost.

Cn the other hand, little work has been done to data to
accommodate the transmifier or fransponder to the anti-
cipated changes in the assigned meteorological frequencies,
The totsl effect on payload size and weight is somewhat
hard to determine, but with a reasonable development
effort, will probably be negligible by 19%5.

The major problems which affect the thermistor and
parachute are related to the accuracy of the data which
they provide, The estimated accuracy of wind measure-
ments is about + 10 mps at 70 km and + 5 mps below
60 km (after correction for the fall from 70 km). The
wind measurement accuracy is related to the fall rate;

a high fall rate implies low accuracy. Since the fall rate
is inversely proportioned to dengity, and since density
decreases with altitude, the accuracy will tend to deteri-
orate as altitude increases, Extension fo higher altitude
requires a larger parachute or increased sensor
sophistication. Currently, either technique rapidly
reaches the point of diminishing returns; significant
altitude increases dc not appear feasible.

The same altitude limitation also applieg to the
thermistor. This device requires sufficient density to
allow convection to predominate over radiation or con-
duction in the effect on the thermistor, Present thermis-
tor results between 55 and 65 km ave being questioned
and a definitive study has established 70 kxn as an ulti- -
mate limit. {(Reference 50}

The density also affects aerodynamic heating through
itg influence on fall rate. Aerodynamic heating is cur-
rently congidered to be the main source of inaccuracy
for the device. This problem does not appear amenable
to simple corrections because of wide variations from
launch-to-launch in the temperature and density in the
upper atmosphere, This variation has been estimated to
be greater than 30 percent between flights.

The current estimated temperature accuracy is
about + 2 percent below 60 km with appropriate corrections.
Because of the combination of the usugl rate of fall
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(greater than 100 mps) above 50 km and the thermistor
time constant, the device cannot be used to obtain data
on small-scale temperature variations.

7. Chaff

Chaff is any form of material which can fall com-
paratively slowly through the atmosphere, spread out into
a relatively large ''cloud’ in order to provide a better
radar target. ' There is also a necessity for packing or
compressing the chaff into a small package for delivery
to the desired altitude.

The forms of chaff which have been used include:
. Short lengths of small diamett:-:r wire
Nylon chaff (. 008 inches diameter)
Glass chaff (. 001 inches diameter).

At the higher altitude ranges being investigated, the mass/
area ratio of the chaff should be lower. If a multiple
ejection scheme is used, different configurations (chaff
diameter) would be required at the different altitudes.

Chaff has been used as a payload with both rockets
and gun-boosted vehicles. Although chaff was relatively
popular about 5 years ago, its use has-'fallen off in this
country. At the COSPAR XI Plenary Session in May 1968,
the Russians reported considerable success in obtaining
wind measurements with glass chaff af altitudes up to
90 km. They used muliiple packets of 600 grams each in
order to overcome the disadvantage of rapid dispersion
which results in a poor radar target. They also used a
continuous spiral scan observing at the same time all of
chaff clouds simultaneously. (References 52, 53, and 54)

Some typical characteristics of the Russian opera-
tions are summarized below:

Material - aluminized glass fiber

Fiber diameter - 45 microns (., 002 inches)
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Fiber length - 5 cm (1. 97 inches)

Weight per packet ~ 800 grams plus pyro-
technic, timing, and ejection devices

. Total payload weight for 3 packets - 1800
grams plus pyrotechnic, timing, and ejec-
tion devices

. Type of scanning - spiral,

Some typical values of pertinent characteristics for
the postulated chaff payload to be used are:

Material - aluminized glass fiber

Fiber diameter - 45 mk (. 002 inches
minimum}

. Fiber length - 5 cin

. Weight per packet - 454 grams including
pyrotechnic, timing, and ejection devices

Total payload weight for 5 packets -
2,270 grams {6 pounds)

Type of scanning ~ continuous scanning
using phased-array radar,

For altitudes above 70 km, the only feasible wind
measurement techniques are chaff, meteor trails, smoke/
vapor trails, and possibly spheres, Smoke and vapor
trails are not synoptic., Meteor trails give relatively
long-time and volume average wind and require a totally
different type of radar than that which might be required
for sounding system payload. While 90 km seems {0 be
the limit for present chaff applications, it is believed
that the maximum altitude can be pushed {o 100 km.
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Chaff-derived wind data is ordinarily presented
without stated sccuracy limiis. This appears to be due
to the imposgibility of "calibrating' chaff and the inability
to define what portion of the cloud is being fracked. At
lower aliitudes, chaff falls faster than parachutes;
therefore, chaff is preferable at lower altitudes.

4, PAYLOAD CANDIDATES

The sensors deseribed previously have been grouped into s.z':x
payload systems, whose launch vehicle requirements. are similar,
These six candidates are shown in Table 1I-3, Candidate 1 is the
Paagive Sphere with the minimum weight and volume requirement
of any payload system. The sltitude requirements for this candidate
system are approximately 140 kilometers and it is not launch
aceceleration-limited. Candidate 2 is the Transponder Sphere which
hag the altitude requirements, no acceleration limits, and approxi-
mately twice the weight of the Passive Sphere, Candidate 3 is the
Passive Sphere plus one chaff package to measure winds a})ov'e
70 kilometers, Ii is approximately the same weight and volume as
Candidate 2. éandidate 4, incorporating the Spinning Wire Densitom-
eter, weighs approximately 15 pounds, has a volume of 245 cubic
inches and is not acceleration-limited. Candidate 5 is of the same
weight, but 435 cubic inches volume, is acceleration-limited.

Candidate 4 requires a minimum altitude of 120 kilometers, while
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Table 11-3

Basic Payload Candidates

Minimum

No. | Diameter Description Altitude (km) | Weight (lbs) | Volume (in3) Accelgra}tlon—
Limit
(Inches)
1 1.5 Passive Sphere 125-140 3 40 None
2 2.5 Transponding 125-140 6 120 None
Sphere
3 1.5 Pagsive Sphere
& Chaff . 125-140 7 90 None
4 4.0 Spinning Wire
(SWD) :
Thermistor & 120 15 245 . None
Chaff
5 4,0 MFD, Thermistor
Chaff 100 16 435 100-150 g's
"6 4.5 Pitot, Thermis-~
tor & Chaff 120-145 25 660 100-150 g's




5 does not require altitudes in excess of 100 km. Payload Candidate
6, with the pitot probe, is the heaviest (25 pounds) and has the
greatest volume (660 inches). ‘Ij: is acceleration-limited to approxi-
mately 150 g's and has a minimum altitude requirement of 120

kilometers.
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i, LAUNCH VEHICLE ANALYSIS

1. THE CONCEPTS EXAMINED

The numerous launch systems which exist represent, to a great
extent, the resulis of the different approaches to meeting the problems
of altitude, low-level drag, wind-at-launch, and, of course, cost.
For example, rockets have been carried aloft by balloons and air-
planes to minimize the altitude requirement, Thrust versus time
rocket firing patterns have been specially tailored to minimize drag
effects. Gun-boosted vehicles and rocket-launched "darts' have been
designed with small frontal areas to minimize drag. Wind-at~launch
constraints may make it desirable to examine boost concepts (such
as catapults) which might, otherwise, be of less interest, and may

. —
affect the launcher design and the thrust pattern of concepts picked

for further study.

A number of concepts with some apparent potential were identi-
fied and examined in a systematic manner. First, in order to
minimize the probabilit'y of omitting possible candidates, propulsion

methods were categorized according to energy source and according
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to conversion type (as rocket, gun, gun-boosted, etc.). Then the
resulting launch concepts Wer;a measured against the appﬁéable
misgion specifications, item by item, until the launch concept was

either rejected, or determined as suitable for detailed optimization

and comparigon,

Launch concepts representing the many launch systems are
shown and defined in Table III-1. Note that many systems based on

these concepts are, or have been, used for sounding work.

2. LAUNCH CONCEPTS REJECTED

Balloon and airplane-borne rockets were rejected on the basis
of complexity and cost. Gun-boosted ramjets were rejected on the
basis of development status and probable complexity. Catapult per-
formance is not commensurate with size, weight, complexity and
cogt. The direct use of satellites is not consistent with the 30-100
km altifude range; satellite-borne probes would be tco cosily a

soluticn.,

(1) Balloon-BRorne Rockets

1. Performance Characteristics

An example of this concept might be a rocket-hoxrne
aloft, suspended from a 30 to 50-foot diameéter, polyfilm,
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Table I11-1
Liaunch Concepts

CONCEPT

DEFINITION

Rejected

Balloon-Borne Rocket

Airplane-Borne Rocket

Gun-Boosted Ramjet

Catapult-Boosted Rocket

Satellite and Satellite-
Borne Probes

Require Further
Consideration

Single-Stage Rocket

Multi-Stage Rocket

Gun-Boosted Flight
Vehicle

Gun-Boosted Rocket

A single or multi-stage rocket which is
initially lifted to an intermediate alti-
tude by a gas-filled balloomn.

A single or multi-stage rocket which is
initially lifted to an intermediate
altitude by a conventional airplane.

An airbreathing, ramjet powered, pay-
load carrying projectile which receives
its initial momentum from a gun.

A single or mulii-stage rocket which is
initially accelerated by a catapult device.

A satellite used either as an in situ
(low zltitude) device or to carry re-
entering probes.

A single-stage, solid or liquid rocket
with either single or dual thrust level
(Includes dart-type vehicles).

A rocket with more than one thrusting
stage.

A payload carrying projectile which is
accelerated to sufficient velocity by a
gun to attain the desired altitude.

A single or multi-stage rocket which is
initially accelerated by a gun.

IIi-3




(2)

helium-~filled balloon. At an altitude of about 20, 000 to
30, 000 feet, the rocket is fired upward through the
balloon. Balloon-launched rockets have been used in
several experiments to launch small payload-carrying
rockets. (Reference 55)

2. Advantages and Disadvantages ’

This approach decreases the size of the rocket re-
quired by decreasing the amount of altitude fo be covered,
and also by reducing drag losses (since the balloon rises
above the denser part of the atmosphere).

Balloon-launched rockets have two major drawbacks.
The first is a stability problem—the rocket tends to
swing (oscillate) under the balloon. The second problem
is the distance that the balloon drifts during its ascent
to 30, 000 feet.

In a typical wind profile, the balloon will drift more
than 50 km during ascent (30 meters/sec ascent velocity).
In order to control the launch so that essentially the same
trajectory (or at least, apogee) occurs for each firing,
an elaborate control system would have to be carried on
the bailoon.,

3. Conclusions
The requirement for an elaborate conirol system

outweighs any advantages. The concept has, therefore,
been rejected. :

‘Airplane-Borne Rockets

1. Performance Characteristics

In the aircraft-borne rocket concept, the rocket is
carried to an intermediate altitude by a conventional air-
craft (Reference 56). Launch from the aircraft is usually
accomplished during a pull-up or climb., In the current
application, the rocket could, for example, be carried by
a light airplane to an altitude of 15, 000 to 25, 000 feet,
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(3)

2. Advaniages and Disadvantages

As in the case of the balloon, the energy imparted
to the launch vehicle by the aircraft allows the use of a
smaller, less expensive rocket, However, aircraft
operationsg are severely restricted by adverse weather.
In order to meet the visibility and rainfall specifications,
sophisticated electronic equipment is required on the air-
craft and at the airport, for take-offs and landings. Such
electronic equipment is now undergoing development, but
its operation and maintenance is not compatible with the
personnel specifications of this study.

3. Conclusions

This concept has been rejected due to the relative
complexities and cost associated with its operation.

Gun-Boosted Ramjet

1. Performance Characteristics

In this concept, a gun is used initially to accelerate
a ramjet-powered vehicle., The ramjet is then ignited
and propels the projectile to a velocity sufficient to reach
100 k. The fuel is usually assumed to be a liquid, al-
though this is not necessarily true. As with a conventional
rocket, the vehicle could move essentially vertically
through the atmosphere. The ramjet might be wrapped
around a center body which could contain both fuel and
payload; tail-fins could be placed on the wrap-around
shroud.

2. Advantages and Disadvantages

The specific impulse of &2 JP-4 fueled ramjet is 5
to 10 times that of a conventional rocket (Reference 57)
On this basis, the amount of fuel required would be less
than for a rocket and no oxidizer is carried. The vehicla
fuel cost, as well as tankage weight, of this concept
would be significantly less than those of a rocket.
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On the other hand, a ramjet is a poor accelerator
at Mach numbers less than about 1.5. It would, therefore,
have to be accelerated to about that velocity by a gun or
rocket. The incoming air flow changes rapidly as the
altitude and velocity change, requiring corresponding
changes in the fuel flow rate by factors of between 1.2
and 3 (Reference 58), requiring some sort of control
system such as proportional valving (Reference 64). In
any case, the system as a whole is not developed although
some development was accomplished in the early 1960"s.

3. Conclusions

This concept has been rejected because it is doubt-
ful that the system can be state of the art by 1974 and
because of the attendant probability of a complex, high
cost system not compatible with mission specifications.

Catapult-Boosted Rockets

1. Performance Characteristics

A catapult is a device which uses some type of
energy to accelerate one of its components, which, in
turn, pulls or pushes the vehicle to be boosted. Hydraulic,
explosive, and steam catapults have all been used for
boosting aircraft to relatively low velocities using fairly
low accelerations.

Catapulis were examined as part of an effort to
maintain completeness of coverage. For the same rea-
son gas and even spring actuated catapults were examined
briefly. The possibility that the wind-at-launch specifi-
cation might imply significant velocities prior to launch
release was also a factor in examining catapults.

2. Advantages and Disadvantages

Catapults might be considered safer than the direct
use of chemical explosives in guns and launch tubes,
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Catapulis require components, such as valves,
actuators, accumulators, etc,, which lead to size,
weight, complexity and cost. The requirements on
catapult design of a high velocity boost are excessive.

3. Conclusions

This concept has been rejected due to size, weight,
complexity and cost not commensurate with performance.

Satellite and Satellife-Borne Probes

I. Performance Characteristics

Direct measurements by sensors on satellites is
not practical considering the 30-100 km.altitude require-
ments for making measurements. )

A remaining possibility would be the use of probes
fired downward from orbiting satellites.

2. Advantages and Disadvantages

Satellites offer the potential of serving a number
of data acquisition sites, while requiring only a single
launch site. Such a single launch site could alter the
personnel requirements derived from the implicitly as-
sumed requirement of multiple launch sites, The fact
that probe trajectories would not normally be vertical
does not contraindicate the concept; consider the use of
"GHOST" balloons.

Each satellite would need to carry a number of
probes. Even so, the specification that ""Launch should
be possible from all worldwide sites at essentially the
same time' would require the existence of a number of
satellites in orbit at the same fime.

3. Conclusions

This concept has been rejected on the basis that
it would be excessively expensive,
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The previous analysis grouped the acceptable launch ve-

hicle candidates into the following four categories:

. Rockels (single and multiple stages)
. Rocket-boosted darts
. Gun-boogted rocketls

. Gun~launched projectiies,

This grouping is ordered according to maximum accelera-
tion levels encountered. The design capabilities,; limitations
and estimated costs of these vehicle families are presenied in

this section of the report.

The sensors described in Chapier II are grouped into six
basic payload packages, each of which has its unique launch
vehicle requirements, Launch vehicle candidates compatible
with each payload have been sizgd. The falling mass hazard,
which is potentially so important for a worldwide synoptic
gounding system, is discussed from a launch vehicle standpoint.
The payloads which present a significant falling mass hazard,
already have provision for parachutes to reduce the impact

velocity.
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A brief vehicle cost summary is presented with a detailed
system cost analysis given in Chapter VI. Finall;;.r, conclusions
with respect to launch vehicle payload compatibility are given

in the last section.

(6) Single-Stage Rockets

Single-_stage rockets are inuse in a variety of sounding
systems. Several types can be identified, repre:senting, toa
considerable extent, different approaches to the problem of
minimizing the requirements for extra propellant (and cost) in

overcoming low-level, aerodynamic drag.

The first type uses relatively slow-burning propellant
{or low-fu€l flow) and, after burnout, remains attached to the
payload until apogee. (The slow burn keeps the velocity and
drag relatively low through the dense atmosphere in the early
portion of the trajectory.) This type of exemplified by the
ARCAS vehicle, A further refinement in this-approach is the
dual-thrust, single-stage rocket, a somewhat newer type. .
(Reference 59) Basically, it is similar to the slow-burning
rocket, except that two thrust levels are provided by a single

rocket motor.
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The thirr_:l type of rocket uses fast-burning propellant, but
the flight vehicle separates from the rocket case at burnout and
coasis to apogee, unhindered by the relatively high-drag rocket
case. (The flight vehicle is much smaller in frontal area than
the rocket, and shaped to minimize drag.) This type of system
is exemplified by the "Dart," systems such as the Loki-Dart

and Judi-Dart. (Reference 80D).

A number of studies of the single-stage concept for var-
ious sounding rocket missions are available, (References 61 |
through 67.) These studies consider solid propellants,
pre-packaged liquid propellants, and hybrids (either liquid fuel
or liquid oxidizer). These studies also illustrate several of

the major advantages of the single-stage concept:

. Significant design and operational experience
Single, package launch vehicle

Relatively simple launch operations,

Experience in the design and operation of rockets as part
of instrumented sounding systems dates to the late 1940's.
Currently, the state of the art has progressed to the point

where the entire launch vehicle can be prepared at the factory.
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As far as the launch vehicle is concerned, field operations
need not consist of much more than placing the vehicle on
the launcher, making relé.tively simple electrical circuit tests,

and firing.

Typical characteristics of a number of single-stage
sounding rockets are presented in Figure III-1. The figure
presents variations of burncut altitude, burn time, and mass
fraction as a function of initial thrust-to—weié‘ht ratio, The
data indicate that normal lift-off thrust-to-weight ratios for
current single-sgtage rockets which separate near apogee are
on the order of b to 10, Burn times are on the order of 20 to
30 seconds. Despite the possibility of higher mass fractions,
the typical value for vehicles such as this fall in the range
between .5 and .7, Initial weights of 100 to 300 pounds may
be expected, depend:}.ng on the choice of propellant. Burnout

altitudes are on the order of 30, 000 to 50, 000 feet.

Data for a number of Dart-type vehicles are also pre-
sented in ngure IIi-1, The thrust-to-weight ratio of these
vehicles iz on the order of 100-15 0.- Burn times are 1 to
3 seconds and burnout occurs between 5, 000 and 10, 000 feet.

Weights and mass fraction are about the same as those for the
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type of vehicle which separates near apogee. Typical data for
a dual~thrust, single-—st‘age rocket are also ;i.ncluded in Fig-
ure I1I-1, {These data were obtained from Reference 59.)
The characteristics are very similar to those for the single-

thrust level rockeis.

Significant design differences exist between the single-
stage rocket which separates near apogee and the Dart vehicles.
The aerodynamic heating and str{xctural loads on the Dart ve-
hicle are significantly greater than those on the lower thrust-

" to-weight ratio vehicle, because the Dart achieves high velocity
at low altitude. On the other hand, the short range of the
booster rocket for the Dart causes it to fall near the launcher,

thereby reducing the problems of falling mass dispersion.

A rough compariscn of the cos‘t of several types of single-
stage sounding rockets is indicated in Table 1II-2, derived from
several sources. For this table, the cost of payload, including
instrumentation, was removed, so that comparisons can be

made on the basis of propulsion costs alone,

Typically, the cost per launch of sounding rockets which

achieve a 85 km altitude with a nominal 5 to 15 pound payload
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Table I1I-2
Typical Cost per Launch of Single-Stage Sounding Rockets

Concept CX?:IEifleer Basis Reference
Loki-bart $ 500 100 units 62
Liguid - Separation at Apogee| §$§ 755% 5000 units 67
Solid - Separation at Apogee $ 500- 1000 units 59
Solid - Dual Thrust $1Zgg 1000 units 59
Solid - Separation at Burnout | - $1320 1000 units | 59
ARCAS $1850 1000 units 62

* Rocket at conceptual design stage as of this report.
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is on the order of $1,200 to $2, 000 per launch. Note that the
Judi-Dart carries a maximum of only 6 pounds, gross (Dart

and payload) to 60 km.

The cost of $755 for a liquid rocket is within a range sug-
gested by TRW for a rocket now under study which uses a new
controllablie thrust motor. A rocket for a comparable mission
has not yet been completely designed but the motor has under-

gone proof-of-principle firing tests. (Reference 67)

Reliability information on typical single-stage vehicles
of both the Dart and separation near apogee designs are in-
cluded in Table III-3 (Reference §8). The reliability data indi-
cates that the most common cause of failure is the lack of
correct expulsion of the payload when apogee is acf'nieved.
Reasons for this failure include both manunfacturing pl.?oblems—--

payload mating-—as well as expeller design problems.

The characteristics of some solid and liquid rocket pro-.
pellants which might be used in some of the rockets described
are shown in Table I1I-4 (Reference 59). The data are
representative, considering both.the migsion and specification

that the vehicle must be exportable. (Advanced, classified
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Table II1-3
Typical Reliability Characteristics of Single-Stage Rockets

Functi_on
1. . Pavyload P
Stage Aerodynamic ay-oa ayloe.ld
Concept . s Separation Explusion
Firing Surfaces
from Motor | from Nosecone
Separation
Near . 967 .985 .995 . 950
- Apogee
{Solid)
Separation
at . 967 .970 .995 . 943
Burnout
(Solid)
Dual
Thrust . 960 .985 .95 950
Level
(Solid)
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Table I1i-4
Typical Propellant Characteristics

Propellant Density Delivered | . Burn Rate
(Ibs/ in.3) Specific (in. /sec.)
Impulse
(sec)
Arcite 402 0.0640 232 0.40*
Arcite 368 0.0620 237 2.60,
Arcite 373 0.0640 242 1.90
TRX-G415 0.0624 240 0.277
TRX~HG609 0.0638 2386 0.340
TP-G3014A 0.0625 235 0.270
TP-HI1001 0.0638 237 0.320
ANP-2864HG - ¢.0637 243.7 0.365
ANP-2862JM 0.0635 243.2 0.28
ANP-2803HG 0.0635 251 0.31
ANP-2716 HL 0.0619 241 0.285
ANP-2805HY 0.625 240 0.34
DDP-80 0.0644 250 1.00
CY1 0.0635 247 0.55
EJC 0.0654 254.5 0.62
EFR 0.0658 2562.5 0.78
PFGS 0.0682 | =~a-- .60
RDS-501 0.0830 247 0.33
RDS-502 0.0650 247 0.40
RDS-504 0.0630 245 0.65
RD5-505 0.0666 248 0.32
LPC-547 0.0628 244 0.87
LPC-549 0.0636 T 247 0.32
LPC-1003A 0.0616 246 0.86
LPC-1005A 0.0628 250 0.47
LPC-1008A 0.06870° 255 0.40
CLF3 + N2H4 0.0442 251 N/A
1\7204 + N2H4 0.0432 . 249 N/A
RFNA + N2H4 0.0442 240 N/A
N,0, + UDMH ! 0.0435 | 250 N/A

*Silver-wire imbedded in grain
Sea~-Level conditions and chamber pressure = 1000 psia
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propellants cannot be considered since they are not, in general,
exportable. ) Typically, delivered specific impulses might
range from 220 to 280 seconds,' propellant densities from

0. 06 to 0. 07 pounds per éubic inch. Burn rates might vary

from 0. 26 fo Z. 60 inches per second for solids.

The wind-ai-launch specification is of more interest for
the single-stage rocket that for any of the other candidates
since it could have the most eifect on the single-stage rocket,
For example, a wind blowing down or up rr;mge could change
the angle of the rocket and cause an increase or decrease in

apogee altitude,

. The various analyses of the effect of wind on different
vehicles differ in their results. An analysis of several designs
indicates the need for a vehicle velocity of 500 to 800 feet/
second before leaving the guidance of the launcher (Refer-
ence 99). Such a requirement could have serious effects on
launch vehicle design., Other analyses of the heffect of wind on
the Tomahawk could lead to the conclusion that zero-length

guidance might be quite adequate (References 68 and 69, )

]
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Some of the differences could be due to different assump-
tions on wind profiles above the ground (Reference 5), some to
differences in vehicle characteristics. Setting the intial boost
characteristics (travel on, and velocity off the launcher) must
proceed as part of the process of sefting an optimum rocket

design for the specific mission.

In conclusion, the single-stage sounding rocket system
offers a number of advantages and must be considered a
candidate, including all the variations of launch concept and

type of propellant.

(7)  Multi-Stage Rockets

As with single-stage rockets, a number of multi- stag;a
rockets are in use for sounding systems. Typically, these
systems contain two stages, with each stage having a different
thrust level. Functionally, the first motor provides initial
acceleration to the vehicle. After separation of the first stage,
the second (or sustainer stage) continues to supply thrust and
acceleration until the desired velocity is achieved. The types
“of propellants which are used include (as with single-stage
rockets) solids, hybrids, pre-packaged liquids, and solid-

liguid combinations.
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A number of current studies (References 59, 63, 64, and
66) have been conducted.for sounding systems of this type. The
advantage of the multi-stage rocket, as compared with most
single-stage rockets, is that its thrust versus time firing pat-
tern can be made more efficient. As with single-stage systems,
there is an extensive background of experience, and the rocketis
are not particularly dangerous or difficult to handle. Fo.r
handling and shipping, a one-package, or at most, a two-package

approach can usually be used,

Typical design data for two-stage sounding rockets are
presented in Figure III-2 in which the second stage thrust-fo-
weight ratio, total burn time, and total mass fraction, are
presented as functions of initial thrugt-to-weight ratio.
Typically, the two-stage rockets appear to fall in classes
where the first stage has a 20 to 1 thrust-to-weight ratio
and the second stage has a 3 to 1 thrust-to~weight ratio or

where the initial thrusi-to-weight ratio is abcut 10 to 1 and

final thrust-to-weight ratio is about 3 to 1. Burn times for
each stage are generally shorter than for the single-stage

rocket but the total of the burn times for the two stages is
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usually longer. Weights of approximately 100 to 300 pounds
can be expected with total mass fractions of about 0.5 to 0.7,

Again, burnout altitudes are 30, 000 to 50, 000 feet.

The costs of a number of current ::md proposed two-stage
sounding rockets are $1, 460 per launch, based on 1, 000 units
(Reference 59). As in the case of the single-stage systems,
typical costs are about $1, 200 to $2, 000 per launch for com-

parable missions.

Reliability data (Reference 59) for some typical vehicles

are:

Firing, either stage - , 964
Aerodynamic surfaces - . 970
Payload separation (from rocket) - . 995

Payload expulsion (from nose cone) - . 950,

For this concept the most common cause of failure is

payload expulsion,

As in the case of single-stage rockets, wind conditions
could pose design constraints on the two-stage vehicle, The

first stage, however, can be designed to provide the initial
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thrust. Drag, heating, and aerodynamic loads need not be

severe if the first stage burns for 20 to 30 seconds at a thrust-

to-weight ratio of from 3 to 7.

Clearly, the two-stage rocket concept can be designed to

meet the wind requirement and offers several advantages as a

launch vehicle.

(8) Gun-Launched Payload

High-performance guns aire currently in use to launch
meteorological probes on an experimental basis (Reference 70).
In applications of this launch concept, a gun with a bore of
5 inches or greater accelerates a finned projectile to the veloc~
ity necessary to reach the desired altitude. The gun is smooth
bored to prevent excessive spin and its attendant lateral
accelerations. The projectile is much smaller in diameter
than the bore to reduce aerbdynami‘c drag. Sabots are used
between the projectile and the gun to prevent gas leakage, These

fall away after firing in the near vicinity of the launch site.

Currently, the systems consist of military hardware which
has been modified for a meteorological application. Five-,

seven-,- eight-, and sixteen-inch guns are currently in use.
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Typically, the barrel is extended by a distance equal to about
75 calibers to attain the desired performance. A number of

studies (References 70 through 73) have been made of the concept.

The gun concept requires careful consideration, both be-
cause it is important by itself, and because there have been
misunderstandings and conflicting claims as to its advantages
and disadvantages. beveral characteristics of guns which are
not widely realized are:

. Payloads tend o be less weight-limited than
volume-limited. (This makes it difficult to
generate parametric comparisons of guns
and rockets. )

The extremely high accelerations experienced
by the payloads are no real handicap for telem-
etry and impose only moderate difficulties for
some types of sensors. (Some sensors,
however, will be intrinsically unsuitable. )
There is appreciable bore wear per shot,
except for the 5-inch gun, for which methods
have been implemented to reduce the problem.

Some of the gun's advantages and disadvantages are discussed

below.
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Advantages

Guns are much more consistent
and accursate in their trajectory.

Because of their resulting, very
small impact area (about 3 miles
diameter for the 7-inch gun) they
are much safer than rockets
when fired near inhabited areas.

They seem to have a presemnt
cost advantage of a couple of
hundred dollars per shot.

High wind environments have
little effect on the projectile
(on the order of 0.3 miles in
a 3-mile dispersion region),

Disadvantages

They have a certain lack of
flexibility both as to operations
and as to payload. (Scheduled
sequency of loads is now re-
quired, for example, )

Because of their extremely loud
noise at firing, their apparent
danger and actual nuisance value
are much higher than for
rockets. (A great deal could
probably be done to muffle

this noise. )

This advantage may not last, In
any case, it requires a certain
minimum number of shots per
gun if the higher capital cost is
to be amortized. It is not true
when compared to Darts.

The present use of powder in
bags can be affected by tempera-
ture variations and rain,

Payload and altitude performance characteristics of some

typical gun systems are presented in Figure III-3,

(Refer-

ences 70, 72, and 76) Curves are presented for 5-, 7-, 8-,

and 16-inch guns,

The 5~inch gun is not capable of carrying a

10-pound payload to 100 km, The 16~inch gun, on the other

hand, has a capacity far in excess of the requirements. The

7- and 8-inch guns, then, are the candidates for this mission.
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Figure III-4 presenis the cost per launch of a 7-inch gun
probe as a function of number of launches. The data for this
curve Weré obtained from Reference 70, and includes a
$64, 000 of initial costs, $10, 200 of other costs requiring
amortization, and $550 for projectile and powder (but not in-

cluding sensors or telemetry).

Based on an estimated total of 1, 000 launches (over 10
years) from each site, the estimated cost per launch is $600
to $700. Compared with current rocket launch costs, this
range of launch costs represents a significant savings, except
when compared with Darts, or the projected cc)‘sts‘of the to-be-

developed TRW liguid fueled rocket concept.

The dispersion of the gun-launched probes is quite low
relative to typical rocket vehicle_s. As indicated in Figure I1I-5,
the hits can be contained within a three to four mile diameter
circle, as opposed to 20 or 30 miles for a typical rocket vehicle,
Wind has a . negligible effect (.é miles) on the gun vehicle's

trajectory. (Reference 70)

Operationally, several steps are involved in launch, The

primary one involves insertion of the projectile into the barrel
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with a powered ram. Loading is not particularly difficult, but
does require the assistance of a crane, on site, to lift the

loading device in current applications (Reference 74).

The firing reliability of the gun-launch concept is
satisfactory. Iowever, two specific problems remain. The
first of these is a functional problem with the pyrotechnic
timer—payload separation currently occurs at + 40 seconds of
desired time, The second, somewhat more serious problem,
involves barrel erosion. Currenily, the 7-inch barrel must be
rebored after 30 shots. Technigues which solved the same
problem with the 5-inch gun have not been successful with the

T-inch gun.

A number of factors influence the erosion problem; they
primarily appear to revolve around the high pressur;as and
temperatures that occur during firing. In designing for this
mission, it may be advisable to use a larger bore diameter and
lower pressures, Finally it appears that the propellant nor-
mally contained in silk bags is very senéitive to changes in

ambient temperature or to humidity.

In their current configurations, the guns' major payload

related restriction is the available volume and diameter, For
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the 7-inch gun, the payload volume is about 60 cubic inches and
the diameter ig about two to three inches. By way of reference,
a typical rocket's payload volume is 370 cubic inches with a
4.25 inch diameter (Reference 75). The current volume and

diameter restrictions may be amenable to design improvements.

Even in the current state of development, the gun launch
concept has a number of apparent advantages. "The current
problems appear amenable to degign or develop;nent solutions
and a cost advantage is currently apparent. For these reasons,

the gun concept continues to be a candidate system.

(9) Gun-Launched Rockets

The use of chemical explosive charges to accelerate
sounding rockets has been widely accepted. Basically, two
methods of employing the concept have been advanced. The
first of these, typified by the ARCAS system (Reference 75)
amounts to the addition of a small charge to a relatively simple
launcher. The charge is ignited at essentially the same time
as the rocket and provides an additional initial impulse to the
vehicle, Nominal launch velocities of 200 to 300 feet per second
are currently achieved. The method may be applied to the

entire spectrum of propellants and stage combinations.

111-31



The second method, typified by the HARP Project (Refer~
ences 70, 71 and 76), involves the addition of a rocke;c motor to
what is essentially an artillery projectile. The rocket motor
is ignited after the projectile leaves the launcher. Muzzle
velocities of 1, 000 to 3, 000 feet per second is typical. In addi-
tion to the 16-inch HARP guns, rocket boost is being widely
applied to a variety of projectiles (References 73 and 76).
Usually, with this method, the rocket is a solid propellant,
single-stage device because of the high accelerations and the

lack of need for multiple stages.

Some performance characteristics of gun-launched rockets
are presented in Figure III1-6. The figure indicates the varia-
tion of change, Weiglit, maximum pressure, and peak accelera-
tion with muzzle velocity for an 80-pound projectilé in a 7-inch
gun. The projectile weight was picked as being typical of the
required projectile weight (References 67 and 76). Pressure
and acceleration tend to increase logarithmically with muzzle

velocity,

A major advantage of gun-launched rocket concept is that
a gignificant muzzle velocity can be achieved with relatively

low accelerations of a vehicle, as compared with a gun
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projectile {(on the order of 600 - 6, 000 g's), which can attain
100 km and is not particularly sensitive to surface wind
conditions. The costs of‘the ARCAS-type (low-velocity boost)
system are essentially the same as for a single-stage rocket.
Some difference in development cost might be expecied, but

these are probably not significant.

The artillery concept undoubtedly will be more expensive
than the pure gun-launch payload due to the addition of the rocke
which has been hardened for high launch accelerations. Cost
estimates for the application of the artillery boost method to
this mission have not yet been made due to the early state of

development of the concept.

The dispersion of gun-launched rocket is, in all cases,
greater than that of a pure gun due to small misalignments of
the rocket motor, fins, ete. (Reference 76). However, the
concept is capable of mitigating the wind effects on the

trajectory (References 59, 70, and 76).

The primary reliability consideration with this concept is
the structural integrity and ignition of the first stage of the

rocket, The problem is not acute in the ARCAS-type system,
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in Whi;:h the rocket and charge fire simultaneously. However,
the accelerations i;rnpos_ed by the artillery boost concept pose a
difficult design problem for the rocket motor and igniter, Solu-
+ions are available (References 87, 70, and 76), but careful

development will probably be:necessary.

Lockheed Propulgion Company has done consgiderable de-
velopment work on full caliber gun-launched solid-fueled rockets
Fxssing an external liquid jacket and a liquid-filled interior to
withstand the high launch accelerations. The exterior liguid
encased in a frangible container serves as an efficient obturator
and eliminates the need for a tight-fitting sabot. Gun barrel
wear is also significantly reduced. The primary advantage,
however, of this cor;cept is to .pex'mit higher mass fraction
rockets to be utilized, This advantage can be substantial for
large vehicles, but is lost for the small vehicles under
consideration. Thus, the weight comparison presented pre-

' viously showed little difference in the gross weights of the
rocket and the gun-launched rocket. The primary features,
then, of the gun-launched rocket are high launch velocity,
minimum dispersion and moderately high (500-5, 000 g's)

accelerations.
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LAUNCH VEHICLE CHARACTERISTICS

(1) Acceleration Levels

Figure III-7 shows the range of accelerations expected to
be encountered by each of the launch vehicle candidates. The
pure rocket vehicle with constant thrust typically has a low-
launch acceleration (5-10 g's) and a burning time of 20~30 sec-
onds to achieve maximum altitude. Maximum acceleration
occurs at motor bﬁr.nout. Typical values of vehicle mass ratio
are 3 to 4, yielding a burnout acceleration of 3 to 4 g. If the
payload is small enough to permit its being packaged in a nose
cone significantly smaller in diameter than the booster, then a
dart vehicle becomes advantageous to minimize the total drag
velocity losses. The booster burns for several seconds
{(typically 2-4) and then separates (at .5, 000 - 10, 000 feet} allow-
ing the low-drag, high ballistic coefficient dart to coast to
apogee. Accelerziion levels are substantially higher than the
pure rocket, ranging from 100 to 300 g's for dart designs to

achieve altitudes of 75 to 140 kilometers.

Figure III-8 shows the general bounds of available payload

volume as a function of vehicle acceleration level. The ordinate
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is given as payload volume (in. 3) per pound of vehicle gross
weight. Rocket systems provide up to 2.50 in. 3 per pound of
vehicle gross weight while gun-launched projectiles only pro-
vide aboui . 25 in, 3 per pound of gross weight, Note, however,
that for consistency in comparison, the gross weight of the gun
projectile includes the weight of the_ sabot and propellant charge,
neither of which is a part of the flight vehicle. Bc;th the gun-
launched rocket and dart vehicles are also substantially volume-
limited-—the dart because its diameter must be smaller than
that of the booster, and the gun-launched rocket for the same
reasons as the projectile. Thus, if payload volume require-
ments are large, the rocket can be expected to show a consid-

erable gross weight advantage.

The gun-launched rocket uses a gun barrel to coniribute
from 1, 000 to 3, 000 feet/second velocity to a rocket vehicle,
allowing the rocket flight vehicle weight to be substantially
reduced. However, because the velocity supplied by the gun
during.the short time the vehicle is in the gun barrel, result-
ing acceleration is considerably higher than the rbcket/ dart
vehicle and ranges from about 600 to é, 000 g's, depending

upon the fraction of the total velocity which is supplied by
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the gun. Finally, the pure gun system must impari the

total required velocity to its projectile while in the gun

barrel and accelerations of 10, 000 to 60, 000 g's can be

encountered,

(2)

Payload Weight and Volume Capabilities

i, Rockets

The payload capability of pure rocket vehicles can
be described by the payload « defined as follows:

_ Rocket gross weight
. Payload net weight

This payload characteristic for the pure rocket vehicles
as a function of altitude as shown in Figure III-9 ranges
between 15 and 20 for the altitude regions of concern for
this study. Therefore, the minimum payload weight of

3 pounds would require a rocket vehicle of approximatel;

~ 90 to 60 pounds while the largest payload of 25 pounds

would require a rocket vehicle in the 400 to 500 pound
gross’'weight class.

20+ ~
3
=
s -
o 10=
«
S
>
[
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Altitude (km)

FIGURE III-9
Rocket Payload Ratio as a Function of Altitude
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2. Darts

The dart vehicle is volume-limited because of the
desire to minimize the dart diameter and the atmospheric
drag losses. Daris currently in use for chaff and balloon
payloads range in diameter from 1-7/16 inches to 2 inches.
Assuming that the darts will maintain a constant length to
diameter ratio, the payload volume available is propor-
tional to the cube of the diameter—the constant of pro-
portionality being about 7-1/2 to 8. Thus, the payload
volume available as a function of dart diameter is approxi-
mately as shown in Figure III-10. Because it is necessary
that darts have a high ballistic coefficient (or weight to
drag ratio) they also have a high density and generally
require ballast in addition to the payload. Thus, the
payload weight is not a limiting factor in the selection of
the minimum dart diameter.

3. Gun-Boosted Rocket

The gun-boosted rocket can also be described by
a payload ratio which is congiderably lower than the cor-
responding payload ratio for the pure rocket vehicle
because several thousand feet-per-second of velocity is
provided by the propellant in the gun barrel.

The approximate payload ratio characteristic of
the gun-launched rocket as a function of altitude is shown
in Figure IlII-11., This payload ratio is approximately
4 to 5 in the altitude region of concern. Thus the maxi-
mum payload weight of 25 pounds would require a rocket
flight vehicle weight of approximately 100 to 125 pounds.
Such a vehicle could be designed for a 5-inch or a 7-inch
gun depending upon the payload volume requirements. In
smaller gun diameters, payload volume avaijlable would
be quite limited and consideration for this study has been
primarily limited to the 7-inch gun.

II1-41



Payload Volume ( in3)

500

400

300

200

100

FIGURE III-10
Dart Payload Volume Available

II1-42



4 /
=

Payload Ratio «

0 50 100 150
Altitude (km)

FIGURE 1Ii-11
Gun-boosted Rocket Payload Ratio as a Function of Altitude

4. Gun-Launched Projectile

To achieve the altitudes of interest, any gun-
launched projectile must be a sub-caliber projectile with
a sabot, Only in this way can sufficient acceleration be
developed in the gun barrel to achieve the required muzzle
velocities, and at the same time, keep the ballistic co-
efficient of the projectiile within satisfactory limits, Thus
the same volume limitations of the rocket-boosted dart
are inherent in the gun-launched projectile. The volume
ratio, a4, appears to be between 1.0 and 1, 1 pounds per
cubic inch for sub-caliber projectiles launched from a
7-inch gun. This is relatively independent of altitude
bétween 100 and 150 kilometers. The maximum payload
volume available in a 7-inch gun projectile designed to
reach 130 to 140 kilometers is 60 cubic inches, and with
a payload ratio of approximately 1.1 pounds per cubic
inch, this projectile weighs about 65 pounds.

Higher volume payloads could naturally be accom-

modated by making use of larger guns. Assuming that
the projectiles maintain constant ratios of projectile area
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to gunbore area and length-to~diameter, the payload
volurne available is proportional to the cube of the bore
diameter, Thus, the payload volume available, as a
function of gun-bore diameter, is approximately as
shown in Figure 1II-12,

4, DESCRIPTION OF CANDIDATE VEHICLES

Figare I11-13 shows a matrix of basic payload-launch vehicle
compatibility, Since the Molecular Fluorescence Densitometer and
" Pitot Sensors are acceleration-limited, they are not compatible with
the gun-boosted rocket and gun systems. The 7-inch éu_n system,
because it is extremely volume-limited, is capable of handling only
the passive sphere payload. Finally, the gun-launched rocket, he-
cause of its relaiively high cost is not considered for the first three
payloads, where less-expensive gun, dart and rocket candidates are

available, -

Thus, the first screening of the 24 possible launch vehicle pay-
load combinations reduces the candidates by 10. The remaining 14
have been carried through preliminary sizing and costing studies.
Rocket vehicle sizing was done using the payload ratio characteristics
discussed in Section 3 and similarity with specific VEh.:].C].e designs

provided by members of the rocket industry, Dart vehicle sizing
: W

CpA

was accomplished, assuming a constant value of for the darts
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of 4,200 1b/ft2 (the figure for the super Loki-dart). Assuming a
booster burnout altitude of 5, 000 feet, the dart velocity requirements
to reach the prescribed altitude were determined using the following
closed form equation relating velocity and altitude of an unpowered

vertical probe previcusly deveioped (Reference 77).

2 -
VO e 7Po 1 (TJPO)Z
S = ere——— . — neg -
2g 8 2

S5 = Altitude

Vo = Initial Velocity

P, = Density at initial velocity
B = Density gradieut coefficient (% = 20, 000 feet)
CnA
7 z ZDT
W

Cp = Drag coefficient (average for dart)

W = Dart weight.

Table III-5 summarizes the size and weight characteristics of

the remaining fourtieen candidate systems. For payload 1, * the rocket

3

See Table II-3 for payload definitions.
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Table TI-5_
Launch Vehicle—Payload Design Characteristics

PAYLOAD CANDIDATES

Transponder

Passive Sphere

Passgive Sphere Sphere & Chaff SWD M¥FD Pitot
1 2 3 4 2 G

Payload Characteristics
Weight {lbs) 5 8 8 14,8 15.8 25.5
Volume (in3) 40 120 90 245 435 660
Diameter (in) 1.5 2.5 1.5 T 4.0 4,0 4.5
Altitude (km) 130 130 130 120 100 120
ROCKETS
Total Vehicle weight (lbs) 80-100 120 180 300 250-275 ] 450-500
Motor diaméter {in) 4.5 5 5,25 8.75 6,5 8
Vehicle length (in) 86 120 95 160 155 1826
DARTS
Total weight (Ibg) 100 320 160 550 475 650
Motor diameter {in) 4,75 6. 25 6,75 ° 8.25 7.75 8,75
Dart weight {(Ibs) 20 45 20 125 125 155
Dart diameter 2 3 2 5 5 5.5
Vehicle length (in) 140 210 140 310 300 340
GL ROCKETS ~ 7" Gun
Flight Vehicle weight {(ibs) o - -—- 125 -—- -
Rocket diameter (in) -—- - ——— 8.5 ——— -
Rocket length {in) -—- - - 80 . _——— ———
Powder weight (Ib) - - --- 20-4 --- -
GQUN - 7" (3" projectile)
Projectile weight {lba) 45 . -— - als ——- -
Sabot - weight (lbs} 20 - -—- -—- --- -——-
Powder weight (lbs) 100 ——— ——— - - -
Projectile length (in) 55 - e - “~nn —ee




and dart systems are approximately the same size, though it should
be noted that the dart system weight is very sensitive to dart
diameter. Payload 2 requires a volume of about 120 in. S and Pay-
load 3 about 90 in. 3. Since 2 has a 2-1/2 inch minimum diameter,

a 3-inch dart would be required, and this in turn leads fo a total
launch vehicle weight of approximately 230 pounds. Payload 3 might

be accommodated in a 2-inch dart with a reduction in vehicle size.

Payloads 4 (spinning wire densitometer) and 5 (molecular
fluorescence densitometer) are both the same Weigh’; and have a
4-inch diameter requirement. A rocket system to carry this pay-
load is estimated to weight 250-300 pounds;, depending upon the alti-
tude required, while the 5-inch dart required resulis in a dart system
weight of 475-550 pounds: Thus, the diameter requirement resulis

in the dart system being substantially heavier than the rocket.

Finally, candidate system 6 has a payload of 4-1/2 inches in
diameter which requires a still larger dart resulting in a system
weight of about 650 pounds, comparable to a rocket vehicle of 450~

500 pounds.

The gun-launched rocket was considered for payload 4 (spinning

‘wire densitometer) since this payload is not acceleration-limited.
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Based on preliminary design data furnished by l.ockheed Propulsion

Company, it appears that a 7-inch caliber rocket vehicle, with a

flight weight of about 125 pounds, would be capable of meeting the

altitude requirements.

5.

DISCUSSION OF THE FALLING MASS HAZARD

(1) Introduction

A problem of major concern for the worldwide Sy:nopt::Lc
sounding network is that of falling mass hazards associated with
the launch vehicle and the payloads. Provision has been made
in each .of the candidate payloads for a parachute to return any
hazardous payload to earth at a velocity of 15-20 ft/sec. It thus
remains {0 determine how best to minimize the hazard for the
various launch vehicle candidates, The simplest choice from a
vehicle standpoint is to provide a range area for impact of the
vehicles. This is the procedure that is used in rocket test
ranges today. There are at least 25 such world-wide ranges
today which use the Arcas vehicle, most of which fire over water.

However, if the grid for a synoptic sounding system were to

_require several hundred sites if would not be practical to provide

the required land or water impact zones to minimize the falling
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mass risk, Several development programs have been or are
currenily being carried out to develop alternatives for providing

large range areas. These alternatives are discussed below.

{2) Alternatives

Four basic alternatives exist to minimize the falling mass
hazard from synoptic sounding vehicles, including the possibility

of providing a range impact area, These alternatives are:

Range Impact
Parachute Degcent
Frangible Vehicle
Consumable Vehicle.

Table III-6 indicates the compatibility of these possible solu-

tions with four candidate launch vehicles under study.

Typical impact area requirements for each of the candi-
date vehicles are shown in Table III-7. It can be seen that,
even for the gun-launched projectile, the impact area require-
ments are probably larger than could be met in many world-

wide sites.

Parachute recovery of any of the launch vehicle cgndidafe

systems requires congiderable additional payload weight and
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Tahle III-6
Compatibility of Launch Vehicles with Methods
of Combating the Falling Mass Hazards

VEHICLE
Rocket Dart Gun/Rocket
. Gun
SOLUTION Projectile
Motor Nose Motor Dart | Motor Nose
Cone Cone
Range b4 b4 x X X X x
Impact ;
Parachute X X X x X X X
Descent
Frangible b4 X p:4 X ? ?
Vehicle
Consumable X X ?
Vehicle
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Table III-7

Typical Impact Area Requirements

LAUNCH VEHICLE

3 ¢ DISPERSION

IMPACT AREA

SYSTEM (NM) REQU;RED
(M)
Dart Booster 2-3 25
Dart i0-15 800
Rocket 12-20 1000 -
Projectile 4-6 100
*Radius

**Baged upon acquisition of rectangular land mass.
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volullrne to carry the Para'chute. Depending upon the payload
chosen, a 6 to 20 pound ’parachute, requiring a-packing

volume of 260 to 800 cubic inches, would be required to land the
combination payload and rocket vehicle at a velocity of one foot
per second. The additional weight and volume requirements of
the parachute would be reflected directly in the additional size
and weight of the launch vehicle required. This additional weight
detracts from the design goal of a minimum size launch vehicle

for ease of handling.

Several studies have been sponsored by NASA and the A.ir
Force in recent years to develop concepts for frarigible and
consumable launch vehicles. Several methods of fragmenting
vehicles have been identified, The first requires the use of sheet
explosive or shaped charges to fragment a paper or fiberglass
vehicle case into pieces small enough so that they do not present
a falling mass hazard, The tef:hnical feasibility of this method
has been demonstrated. However, it does introduce an explo-

sive hazard which requires additional evaluation.

A second method of fragmentation incorporates a very,
high-sirength, but brittle, ceramic developed by Corning Glass

Works. A vehicle constructed of this material can be fractured
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or 'diced" by use of an electrically actuated dimple motor,

This method, if fabrication costs are not excessive, _offers an
attractive alternative to the explosive fragmentation method.

An additional design concept using a wire wrap is being explored

by Rocketdyne, but detailed data was not available,

Several methods for designing consumable cases have been
proposed. One, proposed by Rocket Research Inc., uses an
aluminum foam as the base for the solid propellant, The
feasibility of this system has not yet been demonstrated, but it
would offer an attractive alternative to the explosive
fragmentation method. A second method utilizes a veh_icle
structure fabricated from a combustible nitro-cellulose material.
The technical feasibility of this method has not as yet been success:

fully demonstrated.

(3) Discussion

Of the above four proposed alternatives to the falling mass
hazard, providing sufficient range impact area is by far the
simplest and represents the minimum technological challenge.
However, because of the high cost of real estate, it is unlikely
that this solution would either be practical or possible. Of the

other concepts, the frangible or consumable vehicle cases would
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be desirable, providied that the vehicle performance penalties

are not too great and 'the cost penalty is acceptable. If neither

of these methods should appear to be promising, then the use

of a parachute to return the spent rocket case to earth would be
required, An additional detailed study of these alternatives would

be required before such & decision could be reached.

6. LAUNCH VEHICLE COST ANALYSIS

A detailed systems cost analysis is presented in ChapterVL
The major aspects of launch vehicle costing are summarized here to
reflect the primary cost factors involved in the selection of the launch
vehicle alone. The final selection of a candidate system (or systems)
is dependent on overall cost considerations ar-ld trade-oifs between

flight vehicle and ground bsystems costs.

Figure I1i-14 shows the range of estimaled cosls as a function

of weight for all types of rocket motors. Thig curve encompasses all

motors reviewed for this study. Tt reflects a broad range of costs for
the motors less than 100 pounds, where the dart vehicle boosters have
shown a substantial cost advantage over longer burning time rocket
motors, However, for motors of several hundr:e& pounds up to about
1500 pounds, the spread narrows and projections for the cosis of exist~
ing vehicles in the 10, 000 per year quantities seem ’;o agree guite

well regardless .of motor type.
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Using Figure I1l-14 ag a basis for motor costs, the rocket and
dart vehicles, a range of launch vehicle costs {exclusive of payload)
has been established. For the dart vehicles, the cost of the dart
body must be added to the motor cosis. Costs of the gun projectile
are estimated, based on consultation with the Army Ballistic Research
Laboratories and projections from current Army quantity procure-
ments of artillery ammunition. Cost estimates for the gun-boosted
rockets do not have a firm base, Our estimates are based on dis‘—
cussions with indus-try proponents of these vehicles, and ou;‘ best
efforts to extrapolate costs from conventional rocket vehicles to the

vehicles designed for the high acceleration environment of the gun

barrel.

The range of launch vehicle cost estimates is given in

Table III-8.
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Table II1-8

Launch Vehicle Cost Summary

LAUNCH VEHICLE COSTS

PAYLOADS | LAUNCH VEHICLES | EXPENDABLE | NON—EXPEND.| TOTAL
1. ROCKET 500—600 — 50&'}600
P. SPHERE |DART 350—550 - 350550
GUN 270—400 20—70 290—470
2, ROCKET 550 - 550
T. SPHERE |DART 850—1000 — 950—1000
3. ROCKET 600 - 600
P. SPHERE |DART 950—1000 — 950—1000
& CHAFF
4, ROCKET 1200 - 900—1100
SWD DART 1800—2200 - 1800—2200
GL ROCKET 1000—1800 20—50 1020—1850
5, ROCKET 9001100 - 800—1100
MFD DART 1600—2000 — 1600—2000
6. ROCKET 1700—1800 — 1700—1800
PITOT DART 2200—2600 - 2200—2600




7. CONCLUSIONS

The following general conclusions are reached with respect

to launch vehicle selection:

. For the passive sphere payload {#1), both the dart and
gun-launched systems are cost-competitive. The gun
system subjects the payload to higher acceleration and
presents a greater falling mass hazard because of its
high densityi

't For payloads 2 and 3 (transponder sphere and passive
sphere plus chaff) the rocket vehicle is lighter in weight
than the dart, but a competitive procurement is recom-
mended Fince dart vehicle costs in the past have been
somewhat lower than competitive rocket systems.

. Rocket systems show a clear cost advantage for the three
larger payloads. However, the gun-launched rocket has
potential for the non-acceleration limited spinning wire
densitometer payload, and it is recommended that design
and cost studies be sponsored on this vehicle to establish
its performance capabilities and cost,

The falling mass hazard problem may be severe if the
proposed launch site density is high (i.e., greater than
100 worldwide sites). Frangible and consumable vehicle
concepts presently in development would then have to be
adapted to the vehicle designs proposed here.
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IV. TRACKING SYSTEM ANALYSIS

1. INTRODUCTION

Investigation of sensing techniques for atmospheric structure
measurements has led to the conclusion that the passive falling
sphere device is the lightest and least expensive satisfactory payload
which can be foreseen. The aitendant support equipment, which in-
cludes an expengive high-accuracy tracking radar appears incompatible
with a synoptic sounding system. In the past, radars suchas the
FP3-16, FPQ-8, and TRADEX have been used successfully to track
passive spheres, although none was designed for su_ch a purpoée.
The specifications of sphere-tracking-radar parameters are dis-
tinctly different from, although largely compatible with, those for
universal missile-iracking. The cost of large missile~tracking
radars is well in excess of $1 million and ranges up to $30 million.
Yet, not only are they less-than-optimum devices for sphere-iracking,

in some regimes they even fail to.meet the minimum requirements.

An investigation was conducted to define and cost a passive-

sphere tracking radar system using phased-array techuology and



modern manufacturing and packaging techniques and a CW tracker

to be used with a transponding sphere.

2. REQUIREMENTS

The basic tracking problem is to develop a time/position trace
of the sphere during its passage through the region of interest. This
time/position trace can be converted into a wind vector profile and an
air densgity profile. The air density profile can be further reduced to
produce a temperature profile, The primary tracking system design
problem is then sphere position accuracy requirements imposed on
the tracker by the density/wind vectior measurement accuracy goals
of the sylstem. System desgign is directed toward defining a system

which will meet these goals,

This tracking situation is dynamic. The time/position trace
will consist of discrete measu‘rements of elevation angle, azimuth
angle, range or distance of the sphere from the tracker and a rate of
change of that distance or range rate, See FigureIV-l. These
quantities are designated «,8, R, and R. « and g are the orthogonal
angles which define the line-of-sight to the sphere with respect to the
centerline of the field of view of the tracker. R is the distance of the

sphere from the tracker and R is the rate of change of that distance.
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Because of the extreme accuracy requirements placed.on
the system and the differences in achievabie accuracy associated
with each of the four variables, an absolute statement of requisite .
accuracy for each variable is not practical. The required overall
accuracy is the result of frade offs between variables as well as
data reduction techniques. A useful set of accuracy statements has
evolved from the-analysis of typical trajectories (See Appendix B)
and from the results obtained using conventional electromechanical
trackers. Electromechanical tracking systems have generally'
been fbund inadequate (See Appendix A). The AN/MPS-19 is
ina.ldequate for this application. The AN/FPS-16 produces useful
results for the ascent leg of the trajectory, however, due to
inadequate signal-to-noise ratio at the receiver, its accuracy falls
far below requirements when the slant range exceeded 75 kilometers.
The AN/FPQ-6 exhibited somewhat better performance. The
TRADEX system, however, produces useful data over t_he entire
trajectory. ’I‘.his system has two possible advantages over the
other systems; vasily increased power at the transmitter and an

integral doppler velocity readout.
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Considering the specific flight profiles shown in Figures IV-2
and IV-3 it becomes apparent that measurements of angular motion
as seeﬁ from the t'racker predominates during mid-trajectory,
whereas the measurement of radial motion dominates the earlier
and later parts of the trajectory. In addition, the absolute velocity
of the sphere variés widely from that of the launch vehicle just
after inflation, to a relatively low value at apogee, then to super-
son:ic speeds during fall, and finally to a low subsonic speed just
prior to collapse. If one were to specify the customary radar
parameters and readout accuracies for each of the regimes, the
result would be several radars operating at various pulse repetition
rates, various pulse widths, and with significantly differing angulaxr
resolution capabilities. The solution to this dilemma is a semi-
adaptive radar operating under preprogrammed control. The
traditional electromechanical tracker uses a multiplicity of special
purpose analog subsystems which are not flexible. By way of
contrast, many of these functions in a phased-array sys.tem are
executed by a general-purpose digital computer. The flexibility
of the phased-array system is limited by the ingenuify of the

programmer.

The parameters ito consider include:
Transmitted power (peak)

Pulse width

TV =R



9-Al

"ALTITUDE (KILOMETERS)

20° LAUNCH

. [
UP RANGE WIND e | =i D OWN RANGE WIND
%0
80 o IL
Voo %
70 \ /
» S, \ /.,,lﬁ’ u\\ y 7 4
9, o
\‘ \e\\f' & %Q' ‘\s%b / éb/
.80 A) oS, £ % Jox 7/
\(00 1\ o7k \ o\f N / Q’Q £ o //
50 ~ N & ?‘“ > /‘P/
/ ™ S / d ”~
40 |rmw] N & " \ £ . ",
N \ -
3¢ N\ 'S W p.d
~
~ N ‘ H .7 L7
. b
N N Vs
20 \_‘ - A Y i
4 \\\ //J,’
N\ /74
10
TRACKER AND
LAUNCH SITE
0 .
=140 =120 =100 =80 =60 w40  —20 o 20 a0 60 80 100 120 140

RANGE (KILLOMETERS)

FIGURE 1IV-2, Flight Profile - Vertical Launch



L-AX

ALTITUDE {(KIH.OMETERS)

80°% LAUNCH

190 UP'RANGE WINBW . -—--’-EOWNIRANGE': WINS
/ \ ,
g0 3 7
/
80
87
70 ! z /
50 H/ /
4 \\ . &
/ / v
50 \ 7 \fé’g'Q \
\ @of“’ﬁ' VA &q{' \4 o
© - st ok P \?@ \95 "o
v L A VA e

30 jn e - / LYE® |- \\_

Ne \ / 1/ e

\ y /F /

2 Ay gl

NN / ,/ s
H: \\‘1\ i,’ L /

N\ 7%
° TRAGCKER AND
L.AUINCH E'i-ITE

—BD

-a0 ~20 0 (70 40 60 80 100 120 140 oo
RANGE (KILOMETERS)

-

FIGURE IV-3., Flight Profile - Inclined Launch

180

200

220

40



. Pulse repetition rate
. Beam width

. Beam splitting resolution.

Certain other parameters will exhibit interlacking relations with the

above, but are subsidiary considerations. These include:

. Operating frequency
. Antenna size
. Receiver noise figure.

The first requirement is to guarantee an adequate signal-
to-noise ratio over the portion of the sphere trajectory which is

measured. The classical radar equation in simplified form is:

2
) PtG‘tGI‘A o

5 .
N R4BFOL

where
Pt = Power in watts
Gt = Gain of transmitting antenna
Gr = Gain of receiving antenna
A = Operating wavelength in cm
R = Slant range - nm
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. . 2
¢ = Sphere cross section in m
T

B = Receiver bandwidth in Hz
Fo = Receiver noise figure
L. = System losses.

Assuming operation at S-band frequencies, the following values may

be realized:

A2 = 10db
o = 0db
R4 = 48 to 80 db (from 15 to 100'nm)
B = 63db(withBr=1.4and r'= I microsecond)
F = 44db
O
L =

10 db.

Thus, for a signal-to-noise ratio of 20 db, the transmitted power,
transmitting antenna gain,” and receiving antenna gain must total

167 db. If the transmitter power is assumed-to be one megawatt, the
requigite antenna size (assuming equél area for transmitting and re-

ceiving) becomes 12 meters in diameter.

However, there are trade-offs available to the designer. Re-
ceiver bandwidth may be materially reduced by increasing the trans-
mitted pulse width. The price is an increase in average transmitter

power and a reduction in the accuracy of the range readout. The

9
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increase in average power is not a severe problem unless carried
to extremes; while the reduction in ra;nge accuracy might, for this
application, be more than compensated for by the resulting enhance-
ment of pulse doppler processing to obtainradial range rate data.
Another possible trade-off lies in the transmitting and receiving
antennas, The basic function of the transmitfing antenna is that

of ililuminating the sphere, therefore, its beam shape and beam
steering resolution are not critical, By contrast, the resolution
and accuracy of the angular readouts are largely dependent upon
the bea_m diameter, beam shape, and beam forming increments of
the receiving antenna, ' Thus, a recelving anten.na somewhat larger
than the transmitting antenna could he used to maintain the signal-

to-noise ratio and at the same time enhance the angular accuracy.

The relatively lower cost of the receiving elements, as compared

to transmitting elements, makes this concept attractive.

A basic centerline accuracy in angle determination of 0, 2
mils is considered adequate. This basic accuracy can be realized
over a steering region up to 45 degrees off the centerline along
either axis. See Figure [V-4, Adequate performance with degraded
accuracy will be realized out to 60 degrees, and tracking capability

with further reduction in accuracy, extends to 70 degrees.
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Raﬁge readout accuracy of 25 yards ia apparently adequate, but
may not be required when range rate data is available. This data
may enhance the quality of the meteorological data output to the

" point that it is possible to relax range measurement accuracy.

3. DATA ACQUISITION/TRACKING SYSTEM DESCRIPTION

Figure IV-5 is a function block diagram of the data acquisition/
tracking gystem. The heart of this system is a general-purpose
digital computer. The system functions in the following manner.
Upon receipt of a lift-off signal from the launcher, the computer
will energize the transmit array in such a way as to illuminate
a sector to intercept the ascending vehicle at a predetermined
altitude. The pulse repetition rate will be such as to permit un-
ambiguous ranging on the vehicle. Simultaneously, a cluster
of receiving beams will be formed in the same sector. Automatic
angle tracking of the vehicle will be initiated when a predetermined
number of sequential receiver pulses cross the 10 db threshold.
Deployment of the sphere from the launch vehicle will produce two
targets for the trackers, each with markedly different reflective
characteristice. A pair of displays will permit the operator to select
the one corresponding to the sphere, and range tracking (along with
velocity determination) will be initiated. This function might well ‘
be accomplished by using the computer to make the decision based
on a priori drag data.
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The computer will continue to steer the transmitted beam in
s‘u.ch a direction as to keep the sphere illuminated. It will simultane-
ously form a monopulse quad beam at the receiver to ascertain the
instantaneous line-of-sight to the sphere. Beam splitting techniques
will be used to increase the angular resolution by 20:1. The interval
between pulses will be gradually increased as the range increases to
ensure nonambiguous readings, As the sphere velocity becomes very
low, the redundancy in readings will become considerably in excess
of that which is useful in achieving requisite accuracy in density pro-
file and wind vectors, so the pulse spacing may be still further in-

creased.

The tracker will be houged in a one-;s.tory building with the
planar antenna lying flush on the flat roof. The roof will have
sufficient tilt to optimize coverage. The sfoecific angle of tilt
will be a function of the laimcher's nominal inclination and possibly
of prevailing winds. The arrays themselves will be solid-state,
integrated-circuit units assembled on automz-ated assembly lines.
The transmitter units will include the final power amplifier, the
steering elements, and the radiating elements. The receiving units
will include the radiating elements, the low-noise receiver front
ends, and elements of the beam-forming matrices. The range

tracker will be an early-gate/ iate—gate, golid-state digital tracker.
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The circuitry is such as to lend itself to mass production

techniques and to complete assembly and checkout in the factory.

The on-site activity will be limited to installation, plug-in, and

calibration.

The design will include full maintenance and

calibration routines under computer program control so as to

permit operation and maintenance by personnel of minimal skills,

The most critical part of the tracker is the receiving array.

Tt will contain about 10, 000 identical elements packaged into

convenient modular subassemblies.

éo

PERFORMANCE SPECIFICATION,

Tracking -

Accuracy -

Range -
Coverage -
Operation -

Characteristics:

Multiple (1-5) targets tracked simultaneously,
acquisition of rocket before separation

(20 square meter target at 5 km), all targets
within same 20° cone of total coverage.

+ 0. L milliradian angular, + b meters range
{1 values, + 20% of bore51ght 1 hit, 160 km
range, data rate of 1 point per 2 milliseconds,
1 square meter target),

200 km maximum

60° cone around a fixed boresight

All-weather, minimum technical attendance

S-band, phased-array, one face

High-duty cycle - 40 percent
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Pre-packaged for simple on-gite installation
with minimum checkout and test

Solid-state, modular automatic fault isolation for
plug-in maintenance

Built-in, general-purpose digital computer

Initial on-gite calibration may require apprec1able
use of equipment and personnel

Routine calibration fully automated.

5. COST

There are three distinct kinds of costs which will be encountered

in the evolution of the tracker. They are:

. . Feasibility model
. Development
. Production.

Using current technigues and know-how, a single feasibility model
will cost at least $2, 500, 000, and may well run as high as $3, 000, 000.
Development costs of a production model could run anywhere up to
$20, 000, 000. There are currently various studies under way,
particularly at Li-band and at S-band,frequencies, which should

reduce these development costs. In several cases the ultimate

goal of the study is the development of integrated circuit .phased-

array elements for automated assembly. The break point in the cost
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versus quantity curve for automated fabrication of integ::‘e[ted
cireuits is estimated at 40, 000 units. Since a production run of

100 trackers will require about 1, 000, 000 elements, the full cost
benefits of automated fabrication may be realized. The best
estimate for the total FOB factory px:ice of this tracker in quantities
of 100 is §700, 000 apiéce. " The uncertainty is about plus or

minug §200, 000,

6, PHASED-ARRAY SYSTEMS

A phased-array tracker offers two inherent advantages over
an electromechanical tracker. Acquisition is far less of a problem
since scan patterns may be implemented in microseconds in lieu
of seconds, and multiple target tracking is much more readily
attained. Both characteristics are useful in the synthesis of a
Syfloptic sounding system. The facile acquisition capability
minimizes the need for skilled operating personnel and the need
for backup vehicles. The multiple target tracking capability eases
the transfer of track from the aerodynamic vehicle to the inflated
sphere, thus, further minimizing the need for skilled operators

and backup vehicles.
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A brief examination of how a phased-array system functions will
show how these characteristics arise. They may then be related to.
the operational zspects of the'sounding system. A simple linear dipole
has a relatively broad directional pattern as shown in Figure IV-6,
Locating two or more radiating elements close to each other will result
-in an effective adding of their radiated power in the far field; that is,
at some distance from the antennas. If all antennas are driven in phase,
the effective beam width is narrowed in proportion to the number of
antennas. See Figure IV-7. If, however, these antennas are driven
not in phase, but rather with an integral incremental phase shift, the
beam will tend to retain its narrowed contour but be reoriented off
the axis of the array. A practical method of steering such an array is
shown in Figure IV-8. A tapped delay line provides the uniformly in-
cremental phase shifts to .be inserted between the transmitter and the
antennas, The amount of shift and the size of the angle steered off
axig is determined by the steering frequency since the phase shift of
a real delay line is a function of frequency. The steering frequency
itself is removed from the transmitte.r frequéncy by post-delay line
mixers, thus permitting narrow band operation. Antennz reciprocity

permit comparable beam forming on received signals.
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FIGURE IV-6
Simple Dipole
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FIGURE IV-8
Typical Steering Techrigue
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Since a stable frequency synthesizer operating under the con-
trol of a digital computer can steer transmitted beams to any point
within the tracker field of view at a speed limited only by the Input/Output
capabilities of thé computer, illumination of widely varying sectors
can be accomplished at will, reducing the acquisition problem to a
trivial one. The fact that two or more such sectors may be-illumi-
nated in sequence at a rate which produces the effect of simultaneity
permits received beams to be formed on two or more targets with
simulitaneous readouts. Thus, track of all compopents of the airborne
vehicle may be maintained until positive identification of the sphere

is established.

During the tracking operation some degree of adaptive conirol
pulse spacing and real-time pr_ediction and data smoothing will be
performed by the computer. After flight termination the recorded
tracking data may then be batch processed by the same computer to
éxtract the requisite meteorological data: pressure, temperature,
wind velocity, and wind direction. These data may then be formated
for facile transmissipn, and actually transmitted to the control center

for synoptic use.
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7. ERROR ANALYSIS

Investigations of accuracy in density, temperature and wind
measurements, as determined by the ROBIN/FPS-16 System, have
been reported in the literature (Reference 78 and 79).

This analysis is intended to gain additional insight into the relation
between independent error components in the tracidng system and

the resulting quality of the meteorological data. In particular, the
possible enhancement of these data by use of the Doppler measgure-
ments to supplement or even supplant the basic range measurement

is of interest,

Previous authors estimating the errors in the meteorological
parameters using sphere techniques have approached the problem by
assuming published radar error estimates. But they have ignored
the fact that these are valid only over a defined range of signal-to-
noise ratios, and that the sphere's effective cross-section was
inadequate to maintain this ratio over the entire trajectory. There-
fore, when predicted errors were compared to those obiained
experimentally, discrepancies often appeared. Further investigation
confirmed the fact that the radar was being used in a manner that
invalidated the assumed radar error values, As a resull, much
of the published meteorological parametric error data is o.pen ’Eo

question.
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The following series of fundamental relations will serve as a

guideline in constructing the error snalysis.

. The density deviation of the falling sphere technique
is a function of:

- vertical accelerations and velocitieg
gravity
- drag coefficient.

.- Wind deviation is a function of:

- horizontal accelerations and velocities
- vertical accelerations and velocities
- gravity.

. Errors in density and wind can be given as a function of
errors in:

- range

- elevation angle

- range rate

- elevation rate

- range acceleration

- elevation acceleration.

. Direct measurement can be made of.
- range

- range rate
- elevation angle,

. Mathematical fitting techniques will be used to derive
estimates of: )

- range acceleration
- elevation rate
- elevation acceleration.
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. Errors in derived parameters can be expanded as func-
tions of errors in measured parameters, if assumptions
are made concerning:

- function of data points
- fitting functions
~ data measurement frequencies,

. Errors in density and winds can then be given as functions
of errors in the measured parameters:

- range
- range rate
- elevation angle,

. By specifying error requirements for:

- density
- winds

and assuming state-of-the-art errors for

- range
- range rate

design requirements. for errors in elevation angle can be
specified,

In the development of a falling sphere/radar system, the
problem by radar error type was identified. Most experimenters,
using this sounding technique, have developed the opinion that the
FPS5-16 radar is often not adequate to produce the required accuracies.

This investigation represents an initial attempt to answer the question:
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How good does the radar have to be to produce meterological parameters
with given error estimates? The advantage of developing a radar
system for a specific task is that the designer can specify the radar
parameters to be measured, and thus, reduce the number of critical

parameters that must be derived from basic measurements.

The falling sphere technique is sensitive to errors in the first
and second time derivations of the coordinates, as well as errors
in coordinate parameters themselves. 'In light of this, if the range
rate and elevation rates could be measured directly, the errors
introduced by thé mathematical smoothing technique to produce these
parameters could be elimin}ated. If the errors in the measurements
can be kept smaller than the derived value errors, the accuracy of the

meterological parameters will be enhanced.

Most falling sphere, data-reduction techniques are based on
Cartesian coordinate data derived from spherical radar coordinate
data. As a result, the error equations developed for the méteorological
parameters are expresse:d in Cartesian parameters. For the purpose
of a radar des_.ign exercise, the relationships between the meteorological

parameter errors and the radar parameters must be known.

For ease of analysis, the normal two-dimensional balloon flight

profile was assumed. This is a reasonable assumption when the
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sounding rocket is launched in the direction of the prevailing wind

from a location directly downwind (or upwind) from the radar site,

The error in a parameter {density or winds) is 2 function of the
errors in range and elevation, and the errors in the firgt and second

derivatives of the range and elevation.

If the first and/or second derivatives are obtained by fitling a
function to the data points and taking the derivative, the error can be
separated into two parts. One part is the error due to noise in the
data, the other due to lack of fit by the function o the physical laws

that produced the dala points.

The ervor due to noise is a function of
. fitting length (number of points)}
data frequency
- noise in measured parametier
method used (polynomial and degree, etc.).
The error due to lack of fit is a function of
fitting length {number of points}
data fregquency
pnumerical characteristics of the function that produced the
data points
methods used {polynomial and degree).
In the trade-off study of radar design only the errors in measured
parameters are subject to manipulation. Therefore, only the error due
to noise in the measured parameters will be considered here. The

error due to lack of fit is properly addressed in the analysis preceding

the design of the data processing.
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(1Y Density Error

The expression for the percent error in density as presented

is: (Reference 789)

2
) -(5%) ~(55%) ;)
' +(_A% _2AE ACD)

Z "j/ Z-Wz Cop
where G- % is the variance of the random error in paramt?ter q
A% is the bi.as error in the parameter g
? is the density
Co is the drag coefficient
\A)% is the vertical wind
3.5. is the vertical velocity
'?:. is the verticgl acceleration

%r is the acceleration due to gravity.

The vertical winds and their variance can be estimated
independently and their contribution to the percent error in

density will be included in this analysis.

The bias error is the error due to lack of fit and will not

be considered at this time.
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The error in density due to the error in drag coefficient
is discussed under problems to be solved, but it is not germane
to the tracking error problem. Rewriting the equation for
percent error 1n density, neglecting the terms eliminated by

the assumptions gives:

?

2 A& 1 2 4
Gf _ G? "_._——_"_,'__ G-n- ) - GZ *
(_S"-) (Z-w:)® N (Z"%Y 2T (E-wg) e

(2)  Wind Error

The expression for a horizontal wind in the above notation is -
\J — ;( __XZE .

2T

If the assumption concerning bias error is again made, the .

variance in the wind, as obtained by the application of the normal

error variance technique is

2 2 Z \2 2 X V.2
S O ()& ) o

IvV-29



(3) Coordinate Transformation

The normal equations used to transfer Cartesian coordinates

to spherical coordinates are:”

=R e ©
2= R p~©
where X = down range distance
Z = vertic;al distance
R = slant range
E = elevation angle between horizontal and slant range.

The first and second time derivatives are

AX—ARQ;;E - RS

= >oan T
Jt 4t At .
ii:j‘; (SO -\-R-‘i% - &
X LR R € gt
MEC ol el el

M—- st - R et

%2 %R AR 4E
e = l’tz e T +2<;\°L T at
A?E A
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Written in more compact notation where

‘?.

% “i% C% c\JQZ

the derivatives become
j'( = \.{ cey. © - RE YO
2= R ~% * RE

= R caf - 2RE MWE-RE pm - REZCE

[ U4

o - » .o -2 B
= R pmE ¥+ 2ZRE cad ¥ + RE b - RE ok
An application of the normal technique to produce error

variances equations for the first and second derivative yield
2 2 2 R . )7‘ 6\'2.
C\‘i= CAr B Q‘& ‘\"(RME“"REQ&#E— €
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(4) Simplification of Equations

The coordinate transformation section has produced the
necessary, if unwieldy, tools for the expression of the errors

in density and winds as functions of spherical parameters.

Further algebraic manipulation is required to complete the
expressions of the errors in the radar parameters and errors.
To simplify this task, the following factors will be defined in

Table IV-1, F Factors.

It should be noted that all of the factors are functions of

trajectory parameters and contain no error terms. .

Substitution of the factors into the 'Cartesian derivatives

and their error yields

X% = Fo% X*= YOI
2% - vob Z%=70%

kﬁ-%2=FB.
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Table IV-1
F Factors

Fol= Dt T

YOL= ¢ ©

TYo3= R exd™T

Fok= 2 pimiE

Fo5= (Rom® ~RE gmE )

Fob= (R pimE4RE Q%E}lz

Fol= (f cwu-208 B &~ RE gk = REF c«&\fz
Fos= (R UmE X 2RE B+ RE ¢ € —R\'E"‘MMEY
Fol= E2 e ©

Fro=g? pwlE

FU = (8 pmE- B cn® )

Fin s (28 seE- 2RE cuE )

F3= (€ cot - B2 pimE )

Y= (2R - 2RE BwE)

Fis = (\2 Ok + LRE cn© YRE uﬁ‘\l\::‘."wﬁi-ca\?—
Fle= (R pnE +RE cwE “\?\)‘132
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Substitution of the Cartesian derivatives and their errors

into the density and wind error equations yield
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It again becomes obvious that further simplification is
necessary to continue manipulation. The following factors are

defined in Table IV~2, G Factors. It should be noted that these

factors contain only trajectory parameters and do not contain

error terms,.
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"Table IV-2

" G Factors
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(5)- Typical Balloon Trajectories

The estimation of errors in the meteorc;logical parameters
are dependent on values of the balloon trajectory parameters.
A two-dimensgional trajectory program was written and operated
oit an SDS 940 computer., The output was a fable of the
spatial distances, velocities, and accelerations at even
10, 000 meter altitude increments extracted from the total
trajectory computed at a time increment of 1 second, The
program was operated from a remote terminal in a time-
sharing system so that the input parameters could be varied

quickly-and their effect on the trajectory be seen immediately.
The necessary input parameters to the program were:
The 1965 Standard Atmosphere - temperature,

and density

: A Robin drag table (Reference 78)

* Wind profiles used previously in vehicle dispersion
calculations
: Balloon characteristics and trajectory starting

data.

Five trajectories were computer, one each for the

-98%, -50%, 0, +50%, and +99% wind profiles.* All other

* Minusg (-), Plus (+) refers to up and down renge direction.

Iv-37



input parameters such as apogee, balloon area/mass ratio,

drag table, standard atmosphere were held constant,

The purpose of five trajectories was to determine how
sensitive to variations in balloon flights the final meteorological

errors are,

(8) Data Frequency

The number of data points produced by the tracking
device is a function of the glant range to the sphere. Table IV-3

lists a typical altitude~range profile.

The pulse period in sec is given by this express‘ion
Pulse period = 100 + 2R (12, 5)
where R is the slant range in nautical miles, The Repetition
Rate is the inverse of the Pulse Period and is also given in the
table, The mi.nimun.l Repetition rate is about 600/second so a
nominal value of 500 points/second will be used in the

remaining analysis.

(7) Computation of Measured Radar Parameter Errors

The errors in the measured parameters in the radar

system can be given as

o= Somrm— > Geomo— 5 Ch= ooaer
CIEA TR KT A
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Table IV-3
Radar Repetition Rate

Typical
Altitude Range Pulse Rep. Rate/
Km Meters Period Second
130 138015 1029. 7 p sec 871
120 146307 1100.0 909
110 148560 1115.4 897
100 14954786 1121, 7 892
90 149640 1122.8 891
80 149925 1124.7 889
70 155249 1161.1 861
80 162024 1207. 4 828
50 184263 1359:5 736
40 208910 1527.9 654
30 ) 224524 1634.7 812
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where ‘7 is the pulse length in 1 sec and Vs /n is the signal
. to noise ratio in energy units. For a phased-array radar
the s/n for the range and elevation are given by

s/ngp =116 - 40 log  (Range meters/1852)
and for range rate

s/ng, =130 -40 log10 (Range meters/1852)

a 40 p sec pulse length was used for computations.

(8) Mathematical Fitting Techniques

Itisa s;tandard procedure to fit a low order polynomial
to the data points to obtain the velocities and accelerations.
In general the two me'thods that yield a second derivative are
a polynomial of at least the second degree and two successive
first derivatives of either finite differences or low order

polynorriials.

It can be shown that the errors in velocities ar‘1d
accelerations are smaller when a quadratic polynomial is
used than when two successive linear polynomizals are used
to estimate acceleration. Therefore, in succeeding analysis,
a quadratic polynomial will be fitted to the data points, and
the velocity will be estimated from the first derivative,
while the acceleration will be estimated from the second

derivative,
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The error in the first derivative as a function of the

error in the parameter is given by

2 2 2 piar
qu NN+ ) UNY2) A2 Q‘%«, D‘@Qb

the error in the second derivative is given by

6\3 _ T20 QQ
4 IN-IN(NEYN ) (NY) Atd Sy

(9) Selection of Radar Parameters to be Measured

2

The basic radar parameters that can be measured are
elevaiion angle and slant range, In additioﬁ, use can be
made of the doppler shift phenomena to measure the range
rate which is the first time derivative of range. There
are, therefore, two methods of obtaining estimates of range
rate; by direct measurement, or by mathematical derivative

of the range.

The ratio of the smoothed error to the measured error
is only a function of the smoothing interval, n. The point
at which it is better (lower error) to smooth than to measure
can be determined from this ratio. Usiﬁg the computation of
a Repetition Rate of 500 points/second and the knowledge of the
app;’oximate smoothing interval for elevation angle it can be
shown that for this problem, less error is made by smoothing

R to get R than if R were measured directly by the doppler shift.

Iv-41



(10) Vertical Wind Effect on Density Error

’ The error’ in density was previously derived and shown
to be dependent on both the error in Vertical Wind (WZ} and
the magnitude of Vertical Winds, Numerous experimenters
have both measured and inferred the magnitude of Vertical
Winds, Unfortunately for our analysis, these estimates have a

very large variation, as well as almost undetermined

confidence levels {error estimates).

Rather than use a single estimate for either the
Vertical Wind or its error, a matrix of ranges of values were
used for vertical winds., The error in the values were

estimated as percentages of the winds rather than a constant

amount.

The errors in the meteorological parameters were then
computed for each element in the Wind/Wind Error matrixz.
The results confirm the intuition that the magnitude was not

as important as the estimate of the error, (See Appendix B).

{11) Final Development of Error Model

The final result of the preceeding section on Simplification

of Equation yielded expressions for the error density and error
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in horizontal winds as functions of the variances of : range,
range rate, range acceleration, elevation angle, elevation

rate, elevation acceleration, and Vertical Winds, as well as
values dependent on the trajectory, smoothing interval, and

Vertical Winds,

A preceding section indicated that only the range and
elevation angle should be measured with the rates and
accelération being derived mathematically, The section on
Mathematical Fitting Techniques contains the expression for
the errors in rates and accelerations when these ql;antities
are derived. The model can then be modified by substituting
for the variances of fi, i%-’,, E‘}, and :E The model now
becomes:

(=6 Doy +Gapied + 62 D6E
+GhBIEE +G5 0 +G6 TF + GO §F

GE = GTDISL +GEDIR & GA-MTY
AGlot2 6 +G\ S v GRS

and can be simplified to be functions of the measured

parameters, E and R.
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The final model, the one used in the parametric study,

then becomes
2. )
(%) - miak +n2e; rGo o,
Q% = HAGS +15 QJE'

where the H factors are functions of the G factors, and DI and

D2, the smoothing factors.

For the p;.rametric study, all quantities except the
smoothing interval were specified for the density error
expression. The smoothing interval necessary to balance
the equation was then computed, The same interval was then
used to estimate the error in the horizontal wind. The
number of data points, and therefore, the time was multiplied
by the fall velocity to determine the spatial interval over
which the estimate of the meteorological parameter was

made,

8. THE CONTINUOUS WAVE TRACKER DESCRIPTION

The presence of a transponder on the sphere would permit
two significant changes to be made in the fundamental structure of

the system. First, the system could operate in a fairly simple
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continuous wave (CW) mode, thus avoiding having to produce High—
‘powered, short-duration pulses (and, subsequently, processg return
pulses). Second, an on-board transmitter means that propagation
power losses are proportional to the square of the distance rather

than to its fourth power signal. The overall block diagram is shown

in Figure IV-9.

For simplicity of operation, an interferometer would be chosen
for measuring the two angles defining the line of position to the lofted
package. This may be implemented with five receiving antennas,
three on each of two orthogonal baselines (one antenna being common
to both baselines). An offset transmitting antenna is commonly
employed. The length of the baseline (the distance between outer
antennas along the baseline) is determined by the number of wavelengths
neéessary to achieve the required angular accuracy. The third is
located to permit resolution of the ambiguous angle determined
from the first two. Both the receiving antenna configuration and
the offset transmitting antenna’ will introduce errors due to parallax _

which can be computed and offset.

The transmitted signal is continuous wave, modulated with a
series of tones. The double slant range is directly proportional to the

phase shift on each frequency and is determined by direct phase
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comparision of transmitted and received tones. The highest frequency
used is dictated by the accuracy with which the phase shift may be
measured to obtain the reduired range accuracy. The lower frfaquenw

cies are used to resolve the range ambiguities,

The {ransponder in the lofted package must perform three functions:

Receive the ranging tones on the up-link
. Maintain a constant phase shift on these tones
. Transmit the ranging tones on the down-link
Since two carrier frequencies are involved, the transponder must
originate one of them. There are three general possibilities:
A free-running oscillator ai the transmifter frequency
. A frequency offset oscillator
. A frequency multiplier
The specific configuration will be dictated in part by the
location of authorized channels in the frequency spectrum. Several
current systems use up-links around 400 MHz and by selecting a
down-link in the 1800 MHz telemetiry band which is an exaci fourth
harmonic of the up-link may use a frequency quadrupler. In order to
reduce propagation anomolies which vary with the inverse square of

frequency, it would be desirable to select an up-link in the I.-Band,

and iis second harmonic in the S-Band as the down-link.
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The antenna field layout is ghown in ¥igure IV-10. The
overall block diagram is shown in more detail in the ground station
block diagram, Figure IV-11 and the transponder block diagram,

Figure IV-12,

The accuracy requirements on this tracker are identical to
those on the previously described phased-array. However, the cost
in ground equipment to achieve these accuracies is significantly

reduced by the following considerations:

-

Transmitter power is provided continuously so that peak
power equals average power.

Pulse shaping networks are not required.
Antenna-array steering subsystem is not required.

No target identification is required at the receiver.

Doppler measurement is continuous, not sampled.

" Receiver bandwidths may be much narrower.

One offsetting complication does exist. If high-gain antennas
are used in ground station, they must be steered and angular accuracy
is degraded due to shifting of phase centers on the baseline. If wide
angle antennas are used, significant increases in power on both up-
and down-links are required. A reasonable compromise is possible

by using a relatively powerful ground station transmitter with a broad

Iv-48



FIGURE 1V-10

Antenna Field Layout

B AXIs

e

81

Raﬁ

ol

al

R — RECEIVING ANTENNAS

T - TRAMNMSMITTING ANTENNA

a AXIS

Iv-49




05~Al

TRANSMIT TRAGCKING ANGLE R, o R
ANTENNA ANTENNA SERVOS e
A A A
L—~BAND Af S—-BAND af S~BAND af S—BAND
o= RGCVR e RCVR — RCVR
TRAMEMITTER 1 KC 1 KG 1 KC
¥
»
S-BAND
RANGE
RECEIVER
300 KC
< Ml PHASE g ol PHASE L,
MOBULATOR DOPDLER 4 o PN o Meoume, [
A l
N vy J
L 2 .
= AMBIGUITY
RESCLUTION
FREQUENGY PHASE
SYNTHESIZER GOMP ARATOR
* PHASE COMPARATOR [* ;
A &
R % €
8 o ANGLE . o
AMBIGUOLS ANGLE | COMPMTER AMBIGUOUS ANGL.E

AR EN

AMBIGUITY RESOLUTION

FIGURE IV~11, Block Diagram--Ground Station




FIGURE IV~12
Block Diagram--Transponder

]
FREQUENCY - S—BAND
DOUELER > AMPLIFIER
A
¥
L-BAND BAND PASS
RECEIVER FILTER
A
¥
BAND PASS -
FILTER > DUPLEXER
F.3
Y
ANTENNA,

wv-51



beam antenna to provide 20 db S/N at the lofted receiver, and by using
a composgite antenna system for the ground receivers. Since the
ranging tones require a 300 IéHz bandwidth,. a narrow-beam, high-gain
antenna is required and a tracking antenna is unavoidable. However,

a 1 KHz bandwidth tracking rec'eiver is adequate to pass the carrier
when the receiver center frequency follows Doppler shift. Thus,

the dilemma on received signal-to-noise is resolved by slaving the
range antenna to the angle resolver, and the interferometer receivers

to the Doppler loop.

9. COST TRADE-OFF

As shown in the preceding section, there is a complete family
of solutions to the tracker/data processing requirement. Appendix A
shows the results of allowing the density error to assume a series of
limits., Appendix B is a set of parametric studies designed to show
the relative system sensgitivity to variations in selected parameters
and their limits. From a cost consideration, the allowable angular
error is the critical‘ factor, but the cost versus accuracy curve is
far from linear, 'The fundamental accuracy limit is a direct function
of the beamwidth and an inverse function of the signal-to-noise power
ratio, For reliable, predictdble data, the latter must be held above

some discrete limit, but the former is subject to more complex
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manipulation. There are at least four ways in which significant cost
reductions may be realized with some concurrent degradation in

angular accuracy:

. Paragitic elements in the array

. Power splitting to feed subarrays

. Fewer elements in the array

. Lower precision in element alignment.

All of these can, to some extent, be compensated by:

. Redundancy in raw data

. Adaptive smoothing routines

. More sophisticated calibration routines

. More specific delineation of the density versus

altitude curve requirements,

With a given block of data the apparent accuracy of the calculated
density can be raised to successively higher levels but with a con-
current degradation of the accuracy of the concomitant altitude.
Therefore, a more detailed knowledge of the significant altitude in-

crements is in order,

Of the four identified methods of reducing array costs, lower
precision in element alignment is perhaps the most difficult to com-

pensate since it would require the use of fixed camera data with its
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consequent expengive processing. In those cases where the misalign-
ment is r;ot stable with time, célibration would tend to be ineffective,
The other three methods all result in some degradation of the beam
shape, but are amenable not only to compensation by calibration, but,
if properly designed, to subsequent upgrading of raw data qualiiy by
hardware additions. Use of parasitic elements is an attractive method

of holding down costs, since the cost of an active element is 100 times

that of a dummy and later substitution of an active one is readily
accommodated, Power splitting can be accomplished in several
ways, some of which need not degrade accuracy, but those which are
most effective in reducing costs will lead to some degradation in
beam shape and in uniformity of steering increments, Some compen-
sation by calibration is again possible., The most attractive method
would be to design for the full array using parasitic elements and/or
power splitting, but initially implementing only a selected segment of
the array. Operation would then be possible with degraded acouracy,
and the quality of the array upgraded as additional funds became

available,
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The '.funding requirements are based on a tracker/data processor
having a range uncerta-inty of 5 meters, an angular uncertair.xty of
0.2 milliradians, and the data processing required for calibration,
operation and data manipulation. Initial implementation with 25% of
the array modules would result in a rouglk.lly comparable degradation-
in accuracy which would be fully recoverable at a later date. The

cost saving would not, however, be proportional,
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. V. CANDIDATE SOUNDING SYSTEMS

The previous chapters have provided discussions of each of the
various subsystems (’sen'sors,- launch vehicles and telemetry/tracking)
that constitute the major portion of a sounding system. An analysis
in Chapter IIl - Launch Vehicle Analysis, advances the rationale for

various combinations of payloads and launch vehicles.

This chapter describes six candidate sounding systems made up
of six payloads and three launch vehicle combinations and the attendant
group equipment, i.e., telemetry/tracking system that have received

detailed cost analysis.

These candidate systems are:

(1) A passive l-meter sphere, a gun projectile launch
vehicle (7-inch gun bore, 3-inéh subcaliber projectile),
a phased-array tracking radar. (See Figure V-1)

The projectile containing the sphere and inflation/ejection
mechanism will be launched with sufficient velocity in order that
the sphere, which is-inflated/ejected at 5.35 kilometers on the
up-leg of the flight, will coast to an apogee of 12‘0-130 kilo-

meters, The sphere will be tracked from 85 kilometers to apogee
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and on the down-leg to collapse near 30 kilometers. The track-
ing data will provide density/pressure and temperature data
over nearly all of the 100-30 kilometer range. Wind data will
be available for the range of approximately 85 to 30 kilometers,
(2) A 2-meter pagsive sphere with a transponder, a rocket-

boosted-dart vehicle, an interferometer-type iracking
system. (Figure V-2)

This candidate system differs from (1) in that a trans-
ponder is available in the sphere to reduce the requirements of
the tra-a.cking subsystem and (2) the launch vehicle is changed
from a gun to a rocket-boosted dart.

(3) A passive sphere, one canister of chaff, a rocket
vehicle, a phased-array tracking radar. (Figure V-3)

The sphere provides the same capability as in candi-’
date (1), The chaff provides wind measurement in the 80-90
kilometer region using the same radar as to track both the
chaff and the sphere.
(4) A Spinning Wire Densitometer (SWD), a thermistor/
parachute and chaff, a rockei-launch vehicle, a phased-

array radar and two telemetry ground stations.
(Figure V-4)

This alternative uses the SWD to make density measure-

ments from approximately 100 km down to 50 km on its free-fall
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descent to earth. Skin tracking of the SWD takes place on the
upward leg to apogee and the down-leg altitude versus time
profile will be determined empirically; therefore, radar track-
ing during descent is not ;:-equired. The thermistor/parachute
i ejected at approximately 60 km to measure/telemeier tem-
perature data on iis retarded descent to earth. The chaif is
uged over the entire range {30-90 km) as in slternative (4).
{3) A molecular fluorescence densitometer (MFD), a ~
thermistor /parachute, chaff, a rocket-launch vehicle,

a phased-array tracking radar and two telemetry ground
stations. (Figure V-5)

In this alternative, the MED becomes operational at about
60 km altitude on the ascent and makes density measurements
to above 100 km, The pa.rachute/thermistor device is ejected
at this same 6(; km altitude and makesg temperature measure-
ments ahd telemeters the results on its descent to earth (wind
measurements are not made on the parachute /thermistor
package). These two sensors then cover the range (30-100 km)
for density/pressure and temperature data. Winds are ob-
tained over the 30 to 90 km range by releasing chaif at five
sltitndes (nominally 30, 45, 60, 75, and 90 km) on the ascent

leg and tracking the chaff cluster with the phased-array radar.
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The radar also skin tracks the thermistor's parachute for alti-
tude information and skin tracks the payload on the up-leg for
altitude for the M¥FD measurements,

(6) A pitot system, a thermistor/parachute and chaff, =

rocket-launch vehicle, a phased-array tracking radar
and two telemetry ground stations. (Figure V-86)

In this alternative, the pitot system makes density
(pressure) measurements on the ascent-leg from approximately
70 to greater than 100 km. The thermistor/parachute is |
ejected at about 70 km and telemeters temperature data on its
retarded descent to earth. Chaiff is used over tile entire range
for wind measurement as in alternative (4). As in alierna-
tive (4), the altitude of the thermistor/parachute and pitot
system (during its up-leg sensing) are determined by the

phased-array radar,
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VI, COST ANALYSIS

1. COST ANALYSIS

The purpose of this analysis is to provide cost data for each of
the six sounding systems discussed previously in order to give visi-
bility to differences in costs between techniques. These cost differ-
ences will be used in a trade-off analysis to assist in identifying the

optimum system(s) in terms of cost and performance.

Figure VI-1 depicts a typical organization for the meteorological

sounding system. This didgram shows field installations below the
dotted line and administrative and support facilgities above the line.
The alternatives being considered are all variations in sounding
techniques at the figld installation level. The administration and
support requirements are assumed to be the same for all options.
The cost analysis, therefore, addresses only below-the-line {or
fielti installation) costs. The above-the-line costs are not relative

to the trade-off analysis and have not been included.
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2. METHOD OF ANALYSIS

Each sounding system option has been analyzed from the stand-
point of three categories: R&D Costs, Acquisition (or Investment)
Cost and Annual Operating Costs. All costs which are traceable to
the field installation level are covered under one of these categories,
Costs have been computed based on a program of orderly development

and procurement and 10 years of system operations.

R&D Costs are based on the current state of the art, They are
incurred during FY1, FY2, and FY3 of the program. This recog;'lizes
the present level of technological development, upon which the postu-
lated development programs will rest, R&D costs have been developed
for the Tracking systems, Launch systems, and Payload systems,

These cost estimates are based on several assumptions,

(1) NASA will develop a single complete meteorological
sounding system inc‘luding all of the elements of a cohesive,
integrated system, This is opposed to a piecemeal develop-
ment of a payload system and/or a separately funded launch
system., DPiecemeal development will result in a higher R&D

cost and a less effective overall system.
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(2) R&D work is assumed to be accomplished prior to the
congtruction and activation of the operational system. This
is essential if NASA is to design the most effective overall
system and to effect smooth system implementation, The
acquisition schedule, Figure VI-2, assumes an orderly and

planned system installation and activation,

Acquigition Costs are those expenditures necessary to build

and equip the launch sites, These costs have been subdivided into
two categories: Common costs, or those costs which are common
to all operations, such as land, site development, eté. , and Non-
common costs, which are costs peculiar to a particular option,

Acquigition costs are incurred over a 2-1/2 year period from FY4

through the second quarter of FY®6.

Annual operating costs (or Recurring) are those costs incurred

in the normal operations of the system and include such-items as
personnel and administration expenses, additional supplies of launch
vehicles and payloads, These costs begin in FY4 and continue

throughout the life of the program,

Figure VI-3 shows the cost model which has been used to estab-
lish the methodology for developing cost estimates for the candidate -

sounding systems. The model is constructed to provide R&D costs,
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investment costs, and operating costs. These three cost categories
are then summarized to present the total program funding require-
ments for each sounding system, In addition, they are used in relax
tive cost analyses which give an in-sight into the amortization of in-

vestment costs and the significant cost-benefits of each system,

Total program costs are computed for each option by summing
R&D costs, total acquisition costs, and the total operating expense

incurred over the life of the program.

3. COST ANALYSIS SUMMARY

Figure VI-4 is a cost comparison of the total program costs of
each option over a 13—-yea:‘c program period—three years of R&D and
10 years of operation, The gun-launched/passive sphere system
(Option 1) hag the lowest estimated program costs of .$279 million,

The transponder sphere/boosted dart system (Option 2) and the passive
SPhere-/ chaff/rocket system (Option 3) have program costs of approxi-
mately $359 million and $303 million, respectively. ‘Option 4 which
uses chaff, . spinning wire densitometer, a thermistor/parachute and

a rockei; has a program cost of approximately $438 million, Option 5
which rep‘laces the spinning wire densitometehr with the molecular

fluorescence device hag a program cost of approximately $541 million,

VI-T
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Option 6 is the same as Option 4 except the spinning wire densitometer
is replaced with a pitot sensor. Option 6 has a program cost of

approximately $618 million.

Using these costs as a basis, the cost of a gingle sounding .

using Option 1 (with R&D and acquisitiqn amortized over 100, 000
launcl;ings) over the 13-year program is $2, 788 as compared to the
per shot cost of Option 6 of $6, 177. Table VI-1 is a summary of
amortized costs which shows the cost-per-sounding over the full
13-year program,' and the cost-pér-sounding based on steady-state
operation.s. The latter cost is applicable {0 a f'ully amortized system,
_and it represents full system steady~state‘operating. costs divided by

10, 000 launchings per year. These costs are shown graphically in

Figure VI-5,

Table VI-2 ig a summary of the estimated unit costs for

launch vehicles and payloads by option.
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Table VI-1
Cost Per Sounding

Launch Cosis Basged

Launch Costs Based

OPTION* on Annuszl Operations | on Total Program
%} Coste ($)%*
1 1,483 2,788
2 2,545 3,586
3 1,835 3,031
4 3,084 4, 384
5 4,114 5,407
6 4, 887 6,177

*See Chapter V for definition of options
#¥Includes total R&D, Acquisition and Operating costs
for a 13~year program
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FIGURE VI-5
Cost Comparisons for
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T o~ PROSRAM COST/SHOT (13 YEARS)

THHHIH  Assuan oPERATING COST/SHOT (10 YEARS)
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Table VI-2

Unit Costs for Launch Vehicle and the Payload by Option (§)

OPTION*
ITEM

1 2 3 4 5 ]

T.aunch Vehiclas | 347 995 612 ] 1,224} 1,020 1, 785

Payload 81 530 170 755) 1,979 1,999

Total Expendable
Cosgt/Launch 434 | 1,525 782 1,979 1 2,998 3,764

A peview of Table VI-2 shows that there are large differences
in launch and payload costs. The payloads for Options 5 and 6 cost
"approximately 20 times more than the payload for Option 1. In terms
of annual costs, at the rate of 10, 000 soundings per year, Options 5
and 6 have a payload incremental cost difference of $18. 9 million
above Option 1. In terms of launch vehicles, the annual incremental
cost difference above dption 1 is approximately $8.8 million for
Option 5, and $6.8 million for Option 6. With each launch vehicle/

payload differ&ntia’i of $100, the annual cost difference is $1, 000, 000,

The total expendable row of Table Vi-2 shows the absolute minimum
cost which can be associated with a sounding for each option, It will
be observed that Option 8 ig approximately five times more expen-

give than Option 3 and nine times more expensive than Option 1 from

%See Chapter V for definition of options



the standpoint of consumables per shot.

A review of the table shows

that these costs come clogser together as ground equipment, R&I) and

gite operations are amortized over each shot.

Pasggive sensors

(Table VI-3) require pulsed radars, which have relatively high R&D

costs when compared to the active devices (such as the transponder

sphere, Option 2).

Table VI-3
Tracking System R&D and Units Cost Per Option
OPTION {x $1, 000)%*
ITEM
1 2 3 4 5 8

Tracking System 22,300| 8,000 ]22,300}| 22,300 | 22,300 | 22, 300}
R&D

Tracking System 700 700 700 800 800 800
Unit Costs

*See Chapter V for definition of options

Figure VI~6 is a graphic presentation of estimated annual oper-

ating costs by option.

Tables VI~4 through VI~9 are the detailed developments of total

program costs for each option, showing estimated annual R&D,

acquisifion, and operating expenses.
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Gun/Sphere (Option 1)

Table VI-4

Preliminary Cost Estimates by Option

COST ELEMENT

THIRTEEN-YEAR PROGRAM COST ($ X 1000)

i

FYyi FY2 Fvys Fva FY5 FY6 FY? -F'|Y8 Fy9 FY10 Fril | Fyiz Fyi13
R&D 9,872 | 9,872 | 4,933 - - -- -- - - -- - - .
Acgyuisition - -— |, - 48,303] 47.,212| 23,608 -- - -- -- - - -
Operations “n .= -- 5,897| 10,663 14,534 14,832 14,832] .14,892| 14,832] 14,832 14,832] 14,832
Annual Total 9, 872 9,472] +4,943| s4,200| 57,875 38,140| 14,832] 14,B32| 14,832| 14,832| 14,832 ' 14,832| 14,832
Cum. Total o, 872 | 19,7441 24,677 78,967 18.6,&12 174,982 | 189,814| 204 ,646] 219,478| 2834 ,310] 249 ,142| 263,574] 278,806
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Table VI-5
Preliminary Cost Estimates by Opiion
Dart/Transponder Sphere {Option 2)

COST ELEMENT

THIRTEEN—YEAR PROGRAM COST {5 X 1000)

FYt Fvy2 FY3 ' FY5 FY6 FY7 FY§ 1 53's:] Fy1a | PYnt Fytz | FYI3
R& D 4,104 | 1,104 | 2,055 - - -- -- . -- - - - -
Acyuisition .- -- -- 48,520] 47,336 23,668]  -- - -- - e -- -
Operations - - -- &,334 17,45.? 24,881} 25,453) 25458 25.453{ 25.498] 25,453} 25,453 " 25,453
Annual Total 4,104 | 4,104 2,055 5&.854| 64,800 48,549 25:453 25 ,453%| 25,453] " 25,453] 25,453| 25,453 25,453
Cum. Total +,104 | 8,208 | 10,284 87,137] 131,917] 180,466 231,372} 2%4,825| 282,278 307,731] 333,184} ‘958,637

R05 51y
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Table VI-6

Preliminary Cost Estimates by Option
Rocket/Passive Sphere/Chaff (Option 3)

THIRTEEN~YEAR PROGRAM COST (§ X 1000)

COST ELEMENT
Fvi FY2z Fva FYa FYS5 FYE Fy¥7 Fv8 fa's: FY1o Fyit FYta FY13
R&D 2,567 5,387 | 4,784 -- -- - -— -- e - .. - -
Acquasition -- -- o 45,883| 44,764] 22,882 -- -- -— - - - .-
Operations - -- - ‘s,auz 12,960f 17,963% 18,347{ 18,387{ 18,347} 18,347} 18,347] 18,347} 18,347
Annual Total 5 567 9.567§ 4,784 52,685] 57,724} A4C,345] 18,347) 18,347F] .18,347] 8,347 18.347] 18,347] 18,347
Cum. Total 9,567 | 19,134 | 23,918 76,608} 134,327} 174,672] 193,019} 211,366] 220,713] 248,060| 266,407] 284 ,754| 303,101
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Table VI-7

Preliminary Cost Estimates by Option

Spinning Wire Densitometer / Thermistor/
Chaff/Rocket/Parachute (Option 4)

COST ELEMENT

THIRTEEN—YEAR PROGRAM COST (§ X 1000)

F¥1 Fvy2 Fv¥3 FYy4 F¥s5 FYé FY7 Fvys Fvy9 FY10 FYi1 Fyi2 FY13
R&D! 9,648 9,648 4,822} -- -- - -- - - - .- . -
Acquisttion -- -- - 58,506 54,152, 27,076 -- - _—— - - - -
_Operations -- -- -- 10,314| 21,280| 30,153 30,837 | 30,837 30,837] 30,837 | 30,387,| 30,387 ’30 ,387
Annual Total 9,648 9,648 4,822] 65,820y 75,412t 57,229| 30,837 | 30,837] 36,837| 30,837 30,837 30,837 30,8371
Cum. Total 9,648 | 19,-96] 24,118 89,s38{ 165,350 | 222,579 253,416} 284 ,253| 315,090| 345,927, 376,764 | 407 ,601.{ 438,438
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Table VI-8
Preliminary Cost Estimates by Option

Molecular Fluorescence Densitometer [Parachute/
Thermistor /Chaff/Rocket (Option 5)

THIRTEEN-YEAR PROGRAM COST (§ X 1000)

COST ELEMENT
FYt FY2 Y3 FYs FYS FYs Fv? FYB Y9 FYio EYlt Fy1iz FYI13
R&D 9,820 | 9,820 4,908 -- - - - - - - - - e
Acquisition - - - 5¢.608f 58,232 | 29,116 - - - - - - -
Cperations -- . i 12,966| 27,992} 40,200| 41,139 4::135 41,1391 41,139 41,139{ 41,139] 41,139
Annual Total Q9,820 g, 82O 4,998§ 7% ,654 as,z?.; 69,316 41.tas] 41,1397 4,138] 41 r39] 4r,198] A1,139) 41,139
Cum. Total 9,820 | 19,640F 24,548 97,202 183 426 | 252,742,293 ,881|.935 ,020| . 376, 150| 417,298).458 437 |.499,576] 540,715
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Table VI-9

Preliminary Cost Estimates by Option

Pitot/Parachute/Thermistor/
Chaff/Rocket (Option 6)

THIRTEEN—-YEAR PROGRAM COST ($ X 1000)

COST ELEMENT
Fv1 Fy2 FYS Fyd FY5 FY6 FY7 Fvy8 Fv9 FY10 Fyil FY12 FY13
R&ED 10,048 | 10,048 | 5,022 -- - - - .- - - —— -— -
Acquisition -- -- -- az.szé \Sl ,292{ 30,646 -- - - - - - _
Operations . - -- 14 '95.5 3'.;:.04 1| 47,735| «B,8e6| 48,866] a8,866] a8,866] 48,866 48,666 48,866
Annual Tatal 10,048 {10,048 | 5,022 77,780| 94,333| 78,381 48,866| 48,866 48,866] 48,866] 48,866] 48,866] 48,866
Cum, Total 10,048 | 20,096 | 25,118 | 102,898| 197.231| 275,612] 324,478 422 210] 471,076] 519,942

373 ,344l

ssa,sosl 617,674




4, R&D COST ANALYSIS

Research and development (R&D) costs will be incurred for all
of the candidate sounding systems, The magnitudes of these costs,
as presented in this section, are based upon the following criteria,

. It is the intent of NASA to develop a meteorological
sounding "system' which, as a system, has been fully
developed and tested prior to the delivery of opera-
tional equipment and launch site hardware. Accord-
ingly, the program schedule and cost estimates reflect
the time and money necesgary to meet thig objective,
Sunk costs have not been considered for any option.

. An engineering analysis has been performed to correlate
the current technological status of system hardware with
the estimated.-degree of advancement that must be achieved,
The costs that will be incurred in the development of an

effective sounding system from this baseline has been
calculated for each option,

In order to present a comprehensive -picture of R&D require-
ments, each affected end-item is subsequently discussed in terms of
its schedule, cost elements, and costing logic, Tables Vi~1l through
VI-13 reflect this information for all major system equipment asso-

ciated with each option,

-R&D costs are summarized in Table VI-10, These cost factors
reflect the total estimated R&D investment required to bring the indivi-

dual subsystems to the production level of development. In the
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Table VI-10

R&D Cost Development
{R&D Costs x $1, 000)

TLM TOTAL
LAUNCH |aND . PER

OPTION* SYSTEM |TRACKING | PAYLOAD | OPTION
1 2,277 21, 500 900 24,677

.2 1,413 g, 0600 850 10, 283

3 1,413 21,500 1,005 23,918

4 1,413 21, 500 2, 205 25, 118

5 1,413 21, 500 1, 635 24, 548

6 1,413 21, 500 9, 205 25,118

S

>

%See Chapter V for definition of options
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analyses of program costs, these costs are expensed at a straight-
line rate-over ten quarters during a 3-year period, from FY1 through
the first two guarters of FYé. The last two quarters of FY3 are-avail~
able t(_) set up production, ,so that the first operational sites can be

~completed at the clogse of the first quarter of ¥Y4,

Table VI-11 is a breakout of estimated R&D costs for the
tracking systems, Table VI-12 is a cost breakout for Payloads sys-
tems by Option. Launch system R&D costs are summarize-d in
Table VI-13 which is a detailed de;relopment of Rocket and Gun systems
R&D costs. It is reasoned that R&D costs for all systems using rocket
motors is the $1, 413 million shown iI-l Table VI-T, 'I'hué, this cost is

used for launch system R&D for Options 2, 3, 4, b5, and 6,

5, ACQUISITION COSTS

Acquisition costs are based on a total system requirement of
101 Jaunch sites (100 operational sites plus one training site). Each

gite ig assumed to launch 100 soundings per year,
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Table Vi-11
Tracking System

R&D Costs

PULSED RADAR SYSTEM (Option 1,3,4,5,6) | COST ($ x 1, 000}
Development . 10, 000 + 1,000
Preli;'ninary 'Dezsign ) . 1,500 + 200
Proiotype Fabrication | 4,000 + 300
Prétotypm;, Evaluation ‘ 1,000 + 200
Final Design 1,000 + 200
Production Engineering 4,000 + 300

Total 1 21,500 + 2, 200
== SR— —— s

CW RADAR SYSTEM (Option 2) COST (3 x 1, 000)
Development . | 3,000 + 400
Preliminary Design . 1,000 + 200
Prototype Fabrication 2,000 + 200
Prototype Evaluation .1, 000 + 200
Final Design . 1,000 + 200

Total 8, 600 + i, 200
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Table VI-12
Payload R&D Costs

JOPTION=* DESCRIPTION COST {$1, 000)
1 Passive Sphere (Gun) 500
2 Transponder Sphere (Dart) 850
3 Passive Sphere {Rocket) 650 1,005
Chaff . 3556

4 Chaff 355 2, 205
Spinning Wire 1,750
Thermistor 100

5 Chaff 358 1,635
Molecular Fluorescence 1,180
Thermistor ~ 100

6 Chaff 355 2, 205
Pitot 1,750
Thermistor 100

#See Chapier V for definition of options
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Table VI-13
Launch System

R&D Costs
GUN SYSTEM DEVELOPMENT COST {x 81, 000)
Preliminary Design 126
Prototype Fabrication 375
Test Firings 20
Design 126
Production Engineering 80
Payload Integration ig
Handling Equipment . 62

Subtotal - 807
Documentatiion 18
Tesgt and Checkout Equipment 202

Subtoial 1,027

Contingencies - 50% ) 500
Company Expenses - 50% 750
{(G&A, P & OH)
Total R&D Cost 2, 297
WW
ROCKET SYSTEM DEVELOPMENT COST {x $1, 000)
Preliminary Design (Motor) 72
Prototype Fabrication - 50
Tegt Firings 80
Design 40
Production Engineering 64
Payload Integration 12 .

Subtotal 288
Launcher and Handling 100
Documentation 18
Test and Checkout Equipment 212

Subtotal ] 628

Contingencies - 50% 314

Company Expenses - 50% 471
(G&A, P & OH)

Total R&D Costs ) 1,413
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Acquisition costs have beer; computed on a turn-key basis,
That is, the acquisition cost for an individual site not only includes
the land, construction and equipment costs, -but also a compiete
stock of spares and a l~year supply of launch vehicles and pay~
loads. The site acquisition cost covers all of the elements of a fully
stocked site, requiring only a crew to put it into operation. As soon
as a launch site becomes operational, the consumables (launch ve-
hicles, pé,yloads, spares, etc.) become an operating expense and

are carried in the annual operating cost estimate.

.T'able VI-14, Launch Site Acquisition Schedule, shows all of the
elements of system acquisition and displays the number of each re-
quired by quarters over the acquisition period. A review of Table
VI-14 reveals that construction is planned at the rate of 11 gites for
the first quarter and 10 sites each quarter thereafter. Th'e final site

will become operational at ;’:he close of the second quarter of FYS,

Method of Analysis

For the purpose of this analysis, acquisition costs have
been broken into two categories; those which are common to
all options and those which z;re peculiar to a particular option.
The common costs, such as land and site development costs,

are shown in Table VI-15 (common item acquigition cost factors).
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Table Vi-14
Launch Site Acquisition Schedule

- FYa FYs F¥e
1 2 3, 4 5 8 7 8 o 10
LAND (ACRES) 110 100 100 100 100 100 100 100 100 100
SITE PREP & UTILITIES (ACRES) 110 160 100 100 100 ! 100 10Q 100 1Qd 100
CONSTRUCTION
BUILDINGS (S£) 15,400 § $4,000 {14,000 § 14,000 | 14,000 |t4,000 | 14,000 { 14,000 | 14,000 |ed,000
LEADMCH PAD {EACH) 1 10 ie o 10 10 10 0 i 10
ROADS & PARKING (M) 11 10 10 5] 10 10 10 16 10 10
SECURITY FENCE {(LINEAR FEET) 29,700 {27,000 27,006 j27,000 | 27,000 {27,000 {27,000 } 27,000 [ 27,000 |27.,000
ESQUIPMENT
LAUNCH VEHICLE (EACH) 1,100 ] 1,000 {,1,000 [ 1,000 | 1,000 | 5,000 1,000 1,000 1,000 | 1,000
DATA ACQUISITION 11 a 10 10 10 10 10 10 10 10
TRACKING (EACH) 11 10 10 10 10 10 10 10 10 0
.AUNCHER (EACH) 11 10 10 10 10 10 10 10 10 10
PAYILOAD (EACH) 1,100 t,000f 1,000 | 1,000 | §,000 | t1,000{ 1,000 1,000 }f 1,000 [ 1,000
SUPPORT "
MISCELLANEOUS (EACH) 11 0 10 10 10 10 10 10 10 10
SHOP EQUIPMENT (EACH) 11 10 10 10 10 10 10 10 10 10
INITIAL SPARES (EACH) 1" 10 10 10 0 10 10 10 0 10
ENGINEERING SERVICES —_ —— _ —_ — —_ —— o —_— ——
DESIGN {PER SITE) (SEE NQTE 2}
SioH (PER SI1TE) {SEE NOTE 3}
ESCALATION FACTOR 7.5 PERCENT —_ o _ _ o —— _ —— —— —_
. (5 PERCENT/YEAR FOR 1=1/2 YEARS)
CUMLLATIVE SITES OPERATIONAL 1 21 3t a1 51 61 71 84 91 101
NOTES
(1) FIRST QUARTER INQLUDES ONE TRAINING SITH
(2) DESIGN EQUALS 6 PERCENT OF SITE PREPARATION AND UTILITIES COST PLUS CONSTRUCSTION COST,
(3) SI0H EQUALS 8 PERCENT OF SITE PREPARATION AND UTILITIES CQST PLUS CONSTRUGTION COST.

€] SITE AGREAGE ASSIUMES SAME LAND REQUIREMENTS FOR FIRING LIQUID OR SOLID~PROPELLANT VEHICLES.




Table VI-15
System Acguisition Cost Factors
Common Items
{Ref Appendix A)

ITEM umr | cost | o

Land Purchase acre |3 2,500 10
Site Preparation and Utilities each | 40, 000 -
Construction

Buildings sd. ft. 25 1,400

Lauﬁch Pad each 1, 200 —

Roads and Parking each 7, 800 -

Security Fence : Iin, I, g 2, 700
Equipment

Miscellaneous each 1 3,500 ——

Shop each | 606,000 ——
Engineering Services

I}esign‘ {5%}(1) each 8, 000 ~—

Construction Supr., { 8%}(2) each 8, 000 e
Escalation(s} each | 15, 200 -

{1) 8% of Site Preparation, Utilities and Construction.
{2) 8% of Site Preparation, Utilities and Consiruction.
(3) 7. 5% of Total Acquigition Cost (1968 Dollars).
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Thisg table lists unit cosis for each commeon line item. Table
VI-16 ig a tabulation of common item costs, which are com-
puted by applying the appropriate cost factor from Table VI-15
to the guantity requirements shown in Table VI-14, For ex-
ample, 110 acres of land are required in the first quarter of
FY4 {Table VI-14) at a cost of_'$2, 500 per acre (Table VI-15),

which represents a dollar value of $275, 000 {Table VI-18),

Table VI-17 is a tabulation of noncommon acquigition
items. Table VI-18 ig the development of launch system unit
costs for Table VI-17, Tables VI-18 through VI-25 are fotal
acquisition costs by option. Line item acquisition costs are
computed by multiplying the number of items required (Tablé
VI-14) by the appropriate cost factor {(Table VI;15) ; common

item ecosts are entered from Table VI-16,

Tables VI-18 and VI-19 show the addition of transportation

and installation to the payload and launch system costs.

8. ANNUAL OPERATING COSTS

Each launch site will incur annual expenses for services and
material required to conduct lautich operations during the program

time period. Some of these costg, such as personnel, will remain

Vvi-30
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Table VI-16
Launch Site Acquisition Costs
Common Items

QUARTERLY ACQUISITION COST*  ($1,000)
ITEM (1973} (1974) (1975)
] 1 2 3 4 1 2 3 4 1 2
LAND 27s 250 250 250 250 250 250 250 250 250
SITE PREPARATION & UTILITIES 440 400 400 400 400 400 400 400 400 400
CONSTRUCTION
BUILDINGS 388 350 350 350 350 350 350 350 350 aso
LAUNCH PAD 13 12 12 12 12 12 12 12 12 12
ROADSE PARKING 86 78 * 78 . 78 78 78 78 78 78 78
SECURITY FENCE 178 162 162 162 162 162 162 162 182 162
EQUIPMENT (SURPORT) ‘
MISCELLANEOUS 39 35 35 35 35 33 35 35 35 as
SHOP 660 600 &00 600 600 800 600 600 600 600
ENGINEERING SERVICES .
DESIGN — 6 PERCENT 66 []4] 60 60 60 60 G0 60 [<]v] &0
. CONSTRUCTION SUPER- .
VISION — 8 PERCENT 88 B0 80 80 80 80 a0 | 80 80 80
ESCALATION — 7,5 PERCENT
5 PERCENT/FOR 1-1/2 YEARS ~ 167 182 152 152 152 152 152 152 152 152
TOTAL QUARTERLY COST 2,397 2,179 2,179 2,179 2,179 2,179 2,179 2,179 2,179 2,179

COMPUTED AS PRODUCT OF NUMBER REQUIRED (TABLE VI-14} AND COST FACTOR {TABLE VI1-—15).




Table VI-17
System Acquisition Cost Factors
Noncommon Items

OPTION* %%
ITEM
1 2 3 4 5 6
Launch Vehicle 347 | 995 | 612 |1,224 |1,020 1,785
{($ each)
Launcher and Handling Equip [114 8 8 8 8 8
($ each x 1, 000)
Tracking and Telemetry* 700 [700 | 700 800 800. 800
($ each x 1, 000)
Payload 87 |530 [170 { 755 [1,979 1,979
($ each)
Support Equipment
" Initial Spares 105 |105 j1l05 120 120 120
(15% investment)
Special Test & Checkout ik %k 10 10 10 10
($ each set)

* Transporiation and Installation Expenses are included in the
Primary Cost Estimate and have not been added separately.
Military Air Transport is assumed to be primary mode of
delivery.

¥% Special Test and Checkout Equipment associated with rocket
systems only.

#*% See Chapter V for definition of options
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Table VI-18
Launch System Unit Costs

LAUNCH VEHICLE SYSTEM | LAUNCHER & HANDIING EQUIP
OPTION=* i - . i -
Item Unit Tran-s Total Unit 'I‘ran.s Installation] Total
Cost |portation Cost |portation
1 Gun 340 7 347 T4 2 38 114
2 Dart 975 20 895 5 - 3 8
3 Rocket] 600 12 612 5 --- 3 8
4 Rocket|l, 200 24 1,224 5 - 3 8
5 -[Rocket |1, 000 20 1,020 5 - 3 8
6 Rocket |1, 750 35 1,785 5 --- 3 8

*See Chapter V for definition of options
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Table ViI-19
- Payload Unit Costs

TOTAL {TRANSPOR~
OP T ION) DESCRIPTION UNIT TATION TOTAL
COsT (2%)
1 Passive Sphere 85 2 87
2 Transponder Sphere 520 10 530
3 Pagsive Sphere 165 5 i70
1 canigter of chaff
4 5 canisters of Chaff 740 15 755
SWD
Thermistor
5 5 canisters of Chaff {1,940 38 1, 879
MFD
Thermistor
3] 5 canisters of Chaff i, 940 39 1,979
Pitot
Thermistor

*See Chapter V for definition of options
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Table VI-20
Total Equipment and Facilities Acquisition Cost
Gun/Sphere {Option 1}

GUARTERLY ACQUISITION COSTS (THOU, DOLLARS)

ITEM Fy4 Fys FY&
1 2 3 4 1 2 3 4 1 2
Launch Vehicle® 382 347 357 337 337 347 247 347 347 347
Datz Acquisition and 7,760 7,000 T, 000 7,000 7,000 7,000 7,000 7, 000 7, 800 7,000
Tracking Equipment
Launcher & Groundhandling 1,254 1,140 1,140 1,140 1,140 1,140 1,140 1,140 1,140 § 1,140
Payload#* 96 87 87 87 87 87 87 1. 87 87 87
Support '
Imitial Spares*(18% of Data
Acqg.) 1,155 1,050 1,050 1, 050 1,050 1, Q50 1,050 1,050 1,050 1,050
Special Test & Ckt. Equip. - - - - - - - - - -
Sub Total 10,587 9,624 9,824 9,624 9,624 8,624 8,624 9,624 9,624 . 8,624
Total Common Acqg. Cost t 2,387 2,178 2,179 2,178 2,178 2,179 2,178 2,178 2,178 2,178
Grand Total Acquisition Cost l 12,988 | 11,808 11,803 11,803 11,803 | 11,803 11,803 11,803 1 11 303 11,803
Cumulative Acquisition Cost 12,984 | 24,787 | 3,980 | 48,383 | go,96 | 71,899 | 83,002 | 95,605 107,408y 118,211

*Thege costs appear under operating cosis after the second guarter of Fvs.




9e-IA

Table VI-21
Total Equipment and Facilifies Acquisition Cost
Dart/ Transponder Sphere (Option 2)

QUARTERLY ACQUISITION COSTS (THOU, DOLLARS)

I
ITEM L' FYs FYe
B 1 2 3 4 1 2 3 4 1 2
Launch Vehicle* 1,00 95 595 095" a95 995 998 2995 995 995 995
Data Acquisition and 7,7007 7,000] v7,000{ 7,000f 7,000 7,000] 7T,.0001 7,080} 7, 000§ 7,000
Tracking Equipment
Launcher & Groundhandling a8 80 80 20 80 8¢ g0 80 80 30
Payload# I 588 530 530 B30}, 530 530 530 530 530 530
Support l
Init};f.clqﬁffgares*{lﬁ% of Data 1,155} 1,050} 11,0601 11,0501 1,080f 11,0807 1,050] 1,050) 11,0501 1,050
Special Test & Ckt. Bquip. - - - - - - - - - -
Sub Total 10,621 9,655 9,655 9,658 ¢,655 9,655 ‘ 9,655 { 9,655 9,655 9,658
Total Common fcy, Cost I 2,397 2,179 2,179 2,1%9 2,179 2,179 2,179 2,179 2,179 2,179
Grand Total Acquigition Cost 13,018 11,834 11,834 11 ,34:'3- i1,834 11,833 11,834 :;.834 £1,834 11,834
Cumulative Acquisition Cost 12,018 | 243,852 26,686 | 48,520 g0,358 | 72,188 '| 24,022 | 95,856 107,698 | 119,324

#*These costs appear under opérating costs after the second quarter of Fys.
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Table VI-22

Total Equipment and Facilities Acquisition Cost
Rocket/Passive Sphere/Chaff (Option 3)

QUARTERLY ACQUISITION COSTS (THQU. DOLLARS}

ITEM Fya FYs Fye
1 2 3 4 1 2 3 4 1 2
Launch Vehicle* 673 612 612 612 612 612 612 612 §i2 .6.1,2;
Data Acquisition and Tracking 7,700} 7,000] 7,000| 7,000{ 7,000{ 7,p00| 7,000] 7,000] 7,000} %, 000
Equipment
Launcher & Groundhandling 88 80 80 80 80 80 80 80 80 80
Payload#* I 187 170 170 170 170 170 170 170 170 170
Support I
I“igi.s)pares* (15% of Dataf 4 y55] 1 os0| 1,050 1,050] 1,050] 1,050! 1.050] 1.050] 1.050] 1.050
Special Test & Ckt. Equip. 110 100 100 100 100] ° 100 100 100 100 - 100
Sub Total 2,913 9,012 9,012 9,012 9,012 9,012 5,012 9,012 2,012 9,012
Total Common Acquisition Cost 2,397 2,179 2,179 2,179 é, 179 2,179 2,179 2,179 2,179 2,179
Grand Total Acquisition Cost 12,488 11,181 11,191 11,191 11,191 1,191 11,191 11,191 11,191 11,191
Cumulative Acquisition Cost 12,310 23,501 34,692 45,883 57,074 68,265 | ! 79,456 96,547 101,838 113,029

#*These costs appear undel operating costs after the second quarter of Fvs.




. Table VI-23
Total Equipment and Facilities Acquigition Cost
Spinning Wire Densitometer /Thermistor/
Chaff/Rocket/Parachute (Option 4)

QUARTERLY ACQUISITION COSTS (THOU, DOLLARS)

88-IA

FTEM - B Fys FYS
1 2 3 4 | 1 2 3 4 1 2
Launch Vehicle® 1,348 1224 1,224 1,224 1,224 1,224 1,224 | 1,224) 1,2200] 1,224
Data Acquisition and Tracking 8,800 8, 000 8,000 8, 000 8, 000 8,000 8, 000 8,000 8, 000 8, 000
Equipment
Launcher & Ground Handling 88 80 . B8O 86 g0 8¢ 80 &d 80 8¢
Payload® 831 755 758 755 755 755 755 755 7585 755
Support I
Initial Spares {15% of Data
Acquisition) 1,320 1,200 1,200 1,200 1,200 1,200 1,200 1,200 1, 200 1, 200
Special Test & Checkout 110 160 100 100 100 100 100 100 100 100
Equipment
SUBTOTAL 12,495 L H,350 . 11,359 11,3589 11,359 :1_.359 11,359 11,359 11,359 11,359
Total Commeon Acguisition Cost 2, 397 2, 179 2,178 2,179 2,179 2,178 2,179 2,179 2, 1'-?9 2,179
Grand Tetal Acguisition Cost .85 § 13,588 | 13,538 13,538 | 13,538-) i3.538'] 15,53 ] 13,538 1 13,528 13,538
14,892 {28,430 0 .41,068.] 59,508 69,044 a2 582 vg,120 | 109,658 123,19 136,734

Cumulative Acquisition Cost




BE~IA.

Teble Vi-24

Total Equipment and Facilities Acquisition Cost
Molecular Fluorescence Densitomeier/Parachnte/
Thermistor/Chaff/Rocket {Option 5}

QUARTERLY ACQUISITION COSTS (THOU, DOLLARS)

ITEM FY4 FYys FYe
1 2 3 4 . 2 3 4 1 2
Launch Vehicle¥ 1,122 1,020 1,620 1,020 1,020 1,020 1,020 ' 1,020 1,020 1,020
Dagz&;glgﬁtt‘°“ and Tracking 83,8001 s8,000] 8000 8000 8 000f 80000 s,000f 8000 8, 000] 8,000
~Launcher & Ground Handling 88 8¢ 80 80 806 80 80 80 80 a0
Payload# 2,177 1,979 1,973 1,979 1,979 xs.ms ‘1,579 1,879 t,979 1,978
Supyport
Initial Spares {15% of Data .
Acgmsition)* 1,320 1,200 1,200 1,200 1,200 1,200 1,200 1,260 1,200 1, 200
Special Test & Checkout
Equipment 110 100 100 100 100 1090 100 100 100 100
SUBTOTAL 13.(3"‘&'? 12.379 ‘!2,.‘..379 ;2 +379 !2,379’ 12,379 12,3879 12,379 12,379 12,379
Total Common Acquisition Cost 2,399 2,179 2,1%9 2,179 2,179 2.1%9 2,179] 2,173 2,179 2. 179
. z
Grand Total Acguigition Cost 116,014 | 14,5sg, ] 14,5581 4,559 4,588 { 14,9587 14,558, M4.558) ,558] 14,558
Cumulative Acquisition Cost L16,813 | 30,572 45,130 | se.esp’| 74,2461 88,804 { 103,362 117,820 132478 147,086

#These cnats arnnear undar Maratine Costs afler the Second Quarter of =va.
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Pitot/Parachute/Thermistor/

Table VI-25
Total BEquipment and Facilities Acquisition Cost

Chaff/Rocket (Option 8)

QUARTERLY ACQUISITION COSTS (THOU, DOLLARS)

ITEM ! Fyd EYS FY6
1 2 3 4 1 2 3 4 1 2
Launch Vehicle* 1,964 1,785 1,785) 1,785 1,788 1,785 1,785 1,788 1,785 1,785
rData Acquisition and Tracking
Equipment 8,800] 8,000] 8,000f 8,000 8,000} 8,000 8,000} 8,000 8, 000 8,000
Launcher & Ground Handling 88 80 80 80 80 80 80 80 80 80
Payload¥ 2,177 1,979 1,979 1,979 1,979 1,579 1,979 1,979 1,979 1,979
Support
Initial Spares (15% of Data .
Acquisition)* 1,320 1,200 1,200 1,200 1,200 1,200 1,200] 1,200 1,200 1,200
Special Test & Checkout
Equipment 110 100 1C0 100 100 100 100 100 100 100
SUBTOTAL 14,459 13,144 13,144 13,144 13,144 13,144 13,144 13,144 13,44 , 13,144
Total Common Acquisition Cost 2,397 2,179 2,179 2,179 2,179F  2,1%9¢ 2,179y 2,1781 2,179 2,179
Grand Total Acquisition Cost 16,856 15,323 15,323 15,323 15,323 15,323 15,323 | 15,323 15,323 18,323
‘Cumulative Acquisition Cost 16,856 | 32,179 | 47,502 | 62,825 | 78,148 93,471 | 108,784] 124,117 | 139,440 | 154 763

*These costs appear under Operating Costs after the Second Quarter of Fvs.




constant with each launch system option, while others, such as

launch vehicles, can vary between alternates.

This section presenis a summary of operating costs for each

launch system option, There are four major cost categories:

Personnel and administration costs are expenditures
required to cover anmual personnel salaries and benefits,
and the overhead costs related fo personnel adminisira-
tion and record-keeping.

Building maintenance and utilities are thoge annual costs
incurred to provide basic utilities and supplies and equip-
ment for maintaining buildings and grounds, Labor will
be provided by the launch crew.

Consumable costs encompass launch vehicles, payloads,
and spare parts. These are annual costs incurred to
replenish equipment which is consumed as a result of
conducting routine launch operations.

Update and modification cogts are those annual expendi-
tures necessary to perform field modifications on ground

equipment, or return it to a depot or manufacturer to
have current changes incorporated.

Table VI-26 shows the planned operating schedule during the
construction period. Table VI-27 simmarizes these operation figures
on en annual basgis and extends operations over a l0-year period.

For example, the personnel and administration column of Table VI-27
shows crew sirength to be 28 crews during FY4. This figure is the

average of the four quarterly estimates shown in Tables VI-20 through

VI-26, The annual operating cost factors are shown in Table VI-28,

Vi-41



er-IA

Table VI-26
Quarterly Operating Schedule
During Acqguisition

Y E AR
ITEM FY4 Y5 Y6
; QU ARTER
1 2 3 4 1 2 3 4 1 2
Personnel and 11 21 31 41 51 61 71 81 91 101
Administration
{crews active)
Building Maint. & [15,400 | 29, 400[ 43, 400] 57, 400] 71, 400| 85, 400} 99, 400{113, 400 {127, 400 | 141, 400
Utilities (sq. ft.
active)
Consumables
‘Launch Vehicles] 13%7.5 262.5 | 387.5 | 6l2. 5 637.5 | 162, 5 887.5 |1,012,5)1,137.5 |1, 262,5
Payloads 137.5 | 262.5 | 387.5.|512.5 | 637.5 |762.5 | 887.5 |1,012.5 |1,137.5 |1, 262.5
Spares (sets) 11 21 31 41 h1l 61 71 8l 91 101
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Table VI-27
Amnual Operating Schedule

YEAR
ITEM
FY1 FY2 FY3 BY4’ FY5 FYe6 FY7 FY8 FYS FY10

Personnel and - —— -—-- 26 66 98.5 101 101 101 101
[Administrative
(crews active-avg)
Building Maint. & —-——— kel --- 36,400 | 92, 400 |137, 900 | 141, 400| 141, 400] 141; 400} 141, 400
Utilities
(sq. ft. active)
Consumables

Launch Vehicles| --- --- - 2, 600 6, 600 9, 850 10, 100| 10, 100| 10,100f 10,100

Payloads —— --- - 2, 600 5, 600 9, 850 10, 100| 10,100] 10,100 10, 100

Spares (set) - -—— --- 26 66 98.5 101 101 101 101




Table VI-28
Annual-Operating Cost Factors

ITE M P TION
1 2 3 4 5 8
*Pergonnel & Admin- .

istrative ($ ea, site) | 74,190 { 74, 190 { 74,190 | 74, 180 |74, 190 |74, 190
#=Building Malntenance

& Utilities ($/sq.ft. )| $1.10] $1.10 | $1,10 | $1,10 $1,10 $1. 10
Consumables

Launch Vehicles 347 995 612 1,224 | 1,020 1,785

Payloads 87 530 170 55 ¢ 1,979 1,979

Sf)ares for all optiong == "= - - - ==

Initial gpares 15% data acquisition and tracking equipment.
Follow-on spares 4% data acquisition and tracking equipment,

(1)

*Personnel and Administration Computation

Total Compengation

Crew ?ég;}e Qty Salary 'Extensim_l
Supervisor 12 1 12, 989 12, 989
Sr. Technician 11 2 10, 945 21, 890
Technician 11 -2 7,634 15,268

Total Crew Salary 50, 147
Eight percent benefits 4,012
TOTAL COMPENSATION 54,158

73% of P&A costs.

P&A = 24179 - 94 190
0.73

**Based on current costs for new constructior covering all ordinary M&US--

HVAC - 15¢/SF, ordinary repairs - 40¢/S¥F, utilities (gas, water) - 20¢/SF,
electricity - 35¢/SF.
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Anmual operating costs are shown in Tables VI-29 through VI-34,
Operating costs are computed by multiplying scheduled quantities by

‘he appropriate cost factors.
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Table VI-29
Gun/Sphere {Option 1)

ANNUAL OPERATING COSTS (THOU, DOLLARS)

ITEM, i
R ' FYs Y8 FY7 Fv8 FYa FY10 Fyil Fyi2 F¥13
Personnel & Administration 1, 928 4,897 | 7,308} 7,493 | 7,493} 7,493 | 7,493 | 7,493 1 7,493 ] 7,493
Building Mam. & U.S5. “ 40 102 152 156 156 158 158 158 158 156
Consumables
Launch Vehicles 202 | 2,280 3,417 3,505 3,505 3,509 3,503 3,505 3,505 3,508
* Payloads 226 574 858 878 878 878 878 878 878 878
Follow-on Spares (4%} 2,800 | 2,800 2, 800 2, 860 2, 800 2, 800 2, 800 2, 800 2,800 1 2 800
Total Annual Op. Cost 5,897 | 10,663 14,53 14,852 14,892 14,832 | 14,832 14,832 | 14,832 14,832
Cumnulative Op. Cost 5,897 | 16,560 31,094 45,928 60,758 75,590 | 80,422 105,254 | 120,086 134,918
‘ i{

%Includes update and modifications costs.
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Table VI-30
Dart/Transponder Sphere (Option 2)

ANNUAL OPERATING COSTS (THOU, DOLLARS)
ITEM
FYa F¥s FY6 FYy7 FYs8 FYso Fy10Q Fyiy Fyiz Fyi3

Personnel & Administration 1,929 4, 897 7,308 | 7,493 | 7,493 | 7,493 | 7,483 | 7,483 | 7,493 7,493
Building Main. & U.S. 40 102 152 156 156 156 156 156 156 156
Consumables

I_;aunch Vehicles 2,587 6,567 9,801 10,050 10,050 10,080 10,050 19,080 10,050 10,050

Payloads i, 378 3,498 | 5,220 | 5, 354 5,354 | 5, 354 5, 354 5, 354 5, 354 5, 354

Follow-on Spares (4%)* 2,400 2,400 2,400 | 2,400 | 2,400 | 2,400 2,400 2,400 | 2,400 ] 2,400
Total Annual Op. Cost 8,334 17,464 24,881 | 25,453 | 25,453 (95 2§5] 25,453 | 25,453 25 453 25,453
Cumulative Op. Cost 8,334 25,798 50,679 76,132 | 101,585 127,038 152,491 177,844 | 208,307 228,850

™
iL

*Includes update and modifications costs.
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Table VI~31
Rocket/Passive Sphere/Chaff (Option 3}

ANNUAL OPERATING COSTS (THOU, DOLLARS) .

TEM
Fya FY5 FY6 FY7 Fva FYe Fyto Fy11 Fyiz FYi3

Personnel & Administration 1,929 4,897] 7,308) 7,493) 17,493| 7,493| 7,493| 7,493} 17,493| 17,493
Bu11.ding Main & U. S, 40 102 152 156 156 156 156 156 156 156
Consumnables

L.aunch Vehicles 1,591 4,039 6,028 6,181 - 6,181 6,181 §,181 6,181 6,181 6,181

Payloads 442, 1,122 1,675 1,717 1,717 1,717 1,717 1,717 1,717 1,717

Follow-on Spares (4%})% | 2,800{ 2,800} 2 800] 2 ,800] 2 800;j 2,800] 2 800)] 2 ,800f 2 800] 2 800
Total Annual Op_ Cost 6,;302 12,860 |7,9‘63 18,347 | 18,347 18,347 18,347 18,347 ' 18,347 18,347
Cumulative Op Cost !L §,802 19,762 87,723 56,072 74,419 92,766 111,113 129,460 i47 807 166,154

+
M

*¥Includes updaté and modifications costs,
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Table VI-32
Spinning Wire Densitometer /Thermistor/
Chaff/Rocket/FParachute (Option 4)

ANNUAL OPERATING COSTS (THOU, DOLLARS)
ITEM
Fy4 ¥FYE FYé Y7 FYE FYs FY1iQ FYi1i Fyiz FYI3
Personnel & Administration " 1,920} 4,807 7,308 7,493] 7,493) 7,493] 7,403%1 7,493]| 7,493| 7 403
Building Main, & U. S, “ 40 102 152 156 156 156 156 156 156 156

»

Consumableg

L.aunch Vehicles 3,182 8,070 8,078 12,056 |. 12,382 12,262 12,362 12,362 12,362 12,362

Follow-on Spares (4%)% 3,200 | 3,200] 3,200] 3,200] 3,200] 3,200] 3,200] 3,200} 3,200 3, 200

Total Annual Op. Cost

10,314 a1,260 20,153 30,837 20,837 a0 ,.837 36,837 30,837 30,837 30,837

Cumulative Op. Cost 10,314 31,574 | gy,727 ga,s84 | 123401 | 154,238 | 185,078 ] 215,912 | 248,749 | 2V7,586

Payloads l 1,963 4,883 7 A37 7,626 7 626 7 626 7,626 7,626 7,626 7,526

*Includes update and modifications cosis.
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Table VI-33

Molecular Fluorescence Densitometer/Parachute/
Thermistor /Chaff/Rocket (Option 5}

T
ANNUAL OPERATING COSTS (THOU. DOLLARS)
ITEM
Fva Fys Fve FY7? =va Fyg FY Fyit Fyiz Fyi3
Personnel & Administration 1,928) 4,887! 17,3081 7,403] 17,4881 7,493| 7,483} 7,493 7,483] 7,493
Building Man, & U.S. 49 102 152 1586 156 158 156 156] 156 156
Consumables
Launch Vehicles 2,652 §,732 § 10,847 ¢ 1p,302 | 10,302 19,302 10,802 10,362 19,302 10,302
Payloads 5,145 | 13,06t 19,493 19,988 '] 19,968 19,088 .| 19,988 19,988 ,} 19,998 3| 19,008
Follow-on Spares (4%)%* 3,200] 3,200f 3,200f 3,200f 3,200 3,200] 3,200f 33,2000 3, 200 3, 200
Total Annual Qp. Cost L 12,966 27,992 ;] 40,200 41.139' 41,139 41,139 4} 47,138 3] 41,138 41,139 )0 41,139
. ; :
Cumulative Op. Cost 12,966 | 40,058 81,158 | 122,207 | 163,436 | 204,475 § 245,714 | 286,853 327,802 § 389,1%
$i3

#Includes update and modifications costs,
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Table VI-34
Pitot/Parachute /Thermistor/
Chaff/Rocket (Option 6)

ANNUAL OPERATING COSTS (THOU, DOLI.ARS)

ITEM
Fva FYs FvYe Fy7 FY8 Fys | Fyio FYit Fy1z Fy13
Personnel & Administration “ 1,929 4, 397 7,308 7, 493 7,493 7,493 7,493 7,403 7,493 7,493
il

Building Mawm. & U.S. 40 102 152 156 156 156 156 156 156 156
Consumables

Launch Vehj_cles 4,641 11,781 7,582 \ 18,029 ’ 18,028 18,029 18,029 18,029 18,029 18,028

Payloads 5,145 12,061 19,493 | 19,988 12,988 19,988 19,968 19,900 | 19,988 19,988

Follow-on Spares {4%)% 3,200 3,200 3,200 3,200 3,200 3,200 3,200 3,200 3,200 3, 200
Total Annual Op. Cost 14,955 | 33,041 47,735 48,866 | 48,866 48,866 48,866 48,866 | 48,866 || 48,866
Cumulative Op. Cost 14,955 | 47,996 95,781 | 144,597 | 193,463 | 242,329 | 201,185 | 340,061 | 388,927 | 437,793,

*¥Includes update and modifications costs,
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VII, CONCLUSION

Six candidate systems have been described and discussed in
previous chapters. Their respective capability to obtain synoptic
measurements of wind speed and direction; temperature, and pressure
(or density) over the range of 30-100 kilometers has been described.
This is the prime criteria which enables them to be considered as
candidates. The next criteria is the establishment of their compati-

bility with respect to reasonable development risk and operational

constraints (i.e., world-wide use, .civilian operation, falling mass
hazard insurance, potential 0peré.tion over ocean greas). The final

. criterion for candidacy is ‘a system characterized‘by simplicity and
reliability which can be categorized by considerations of cost for
research, development, test and evalua_tic;n, investment or capital
equipment acquisition and by operational — expendable items — spare

and replacement equipments, utilities, personnel wages and asso-

ciated support requirements.

The candidate systems have been described previously. It is

convenient to briefly re-identify them here:
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(1)

{2}

(3}

{4)

(5}

(6)

Pagsive sphere, T-inch gun-launch vehicle, phased-array
tracking radar

Passive sphere with transponder, rocket~boosted 3-inch
diameter dart, interferometer tracking system

Passive sphere, 1 canister of chaff, rocket or rocket-
boosted dart vehicle, phased-array tracking radar

Spinning wire densitometer {SWD)}, thermistor/parachute,
9 canisters of chaff, rocket-launch vehicle, 2 telemetry
ground stations, phaged-array tracking radar

Molecular fluorescence densitometer (MPFD), thermistor/
parachute, 5 canisters of chaff, rocket-launch vehicle,
2 telemetry ground stations, a phaged-array tracking rada:

Pitot system, thermistor/parachute, 5 canisters of
chaff, I'oclget-launch vehicle, 2 telemetry ground stations,
a phased-array tracking radar.

1. RECOMMENDED SYSTEM

The passive sphere, one canister of chaff, the phased-array

tracking radar and the rocket or rocket-boosted dart vehicle con-

stitutes the recommended. system,

The following paragraphs summarize the development risks

and the operational considerations of the various candidate systems;

Chapter VI contains detailed cost analysis of the candidate systems.
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The recommended system is not the lowest cost system,
however, its capability to measure a greater altitude range of hori-
zontal winds, its lower development risk and greater operational

compatibility outweigh the siightly greater costs.

A complete description of this system. is contained in previous
chapters. Volume III, the Conceptual Design, countaing a full system
description under a single cover, Volume IV, the Technology Plan,
presents the technological problems to be overcome and an orderly
plan for their solution prior to the implementation of the system.
Volume V, the Program Development Plan, is an orderly plan for

the system implementation.

2, DEVELOPMENT RISK

Payload

1. Tracking System

All sounding systems considered have a require-
ment for a tracking system-—either a phased-array radar
or an interferometer-type system-—which does not exist.
Five of the candidate systems (all except the system with
the transponder /sphere payload) require essentizally the
same tracking system, therefore, there is no relative
difference in risk/cost between them. The transponder/
gphere system requires the development of an
interferometer-type tracking system (somewhat like
the "single station DOVAP") and its development rigk/
cost ig somewhat less than the other five, a situation
which is offset by the necessity to develop a suitable
transponder/sphere system.
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2, Pavyload Systems

The passive sphere constitutes two of the candidate
payloads and is the minimum risk payload with the excep-
tion of the "hardening' requirement for the gun projectile
launch concept which is not considered excessive.

The transponder/sphere constitutes the next payload
on the risk scale; however, a technological breakthrough
is not required. It largely is a matter of a packaging
challenge,

The payloads which contain the spinning wire densi-
tometer (SWD), the molecular fluorescence densitometer
(MFD) and the pitot system are all high risk concepts.
Both the SWD and the MFD are very early in the develop-
ment cycle, each having "flown' several times with very
limited success. The pitot systems, which have been in
use for a long time, represent a risk to bring the weight
and cost down to acceptable levels without a sacrifice in
performance,

3. Launch Systems

None of the launch systems represent a development
risk. All three types — T-inch gun, 3-inch darts boosted
by a rocket and the rockets themselves — have a long
history of satisfactory performance. The risks on the
launch vehicles lie in the projected cost of production.

3. OPERATIONAL CONSIDERATIONS

The attached chart, Figure VII-1, indicates the various degrees
of conformance of the candidates against the Falling Mass Hazard
situation, surface wind conditions, on-site calibration req.uirernents,
handling and shipping considerations, potential for sea-based launch,

and versatility-adaptability of the system.
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' FALLING SURFACE SEA-BASED HANDLING VERSATILITY
— FaLLn " ON=SITE AND & ADARTABILITY
1D LAUNCH CALIBRATION SHIPPING OF LAUNCH
i HAZARD CONSIDERATION COMPATIBILITY WEAGHT SUBEeaTEn
PASSIVE SPHERE, 7" GUN » LEAST IMPACT AREA NO PROBILEM HIGH INVESTMENT]  NONE PROJECTILE & POWDER SEFARATE, | VERY RESTRICTED
* PROJECTILE POSES A COST PER + 45 L8 PROJECTILE
POTENTIAL PROBLEM INSTALLATION + 120 LBS POWDER
TRANSFONDERED SPHERE, ) o SMALL IMPAST AREA ACCEMMODATED LAUNCHER 1S TRANSPONDER | ABOUT140LBS TOTAL VERY
DART (ROCKET) + TRANSPONDER DISPOSAL | WITH A SHORT RAIL SMALL & EASILY |  cHECK VERSATILE
IS A PROBLEM LAUNCHER INSTALLED
PASSIVE SPHERE. +POSSIBLE SMALL| ACCOMMODATED LAUNCHER IS NONE ABOUT 160 LLBS TOTAL VERY
CHAFF; ROCKET OR IMPACTIAREA WITH A SHORT RAIL SMALL & EASILY VERSATILE
ROCKET-BOOSTED DART o« LOWEST WEIGHT | LAUNCHER INSTALLED
PER IMPACTING
ITEM
MOLECULAR #LUORESCENCE DENSITOMETER, + LARGE IMPACT AREA ACCOMMODATED WITH | MEDIUM SIZED EXTENSIVE ABOUT 300 LBS TOTAL HIGH

THERMISTOR PARACHUTE CHAFF,
ROCKET-LAUNCHED

SPINNING WIRE DENSITOMETER
THERMISTOR PARACHUTE, CHAFF,
ROCKET-LAUNCHE®

PITOT DENSITOMETER THERM!STOR/PARACHUTE
CHAFF, ROCKET-LAUNCHED

* MEDIUM WEIGHT PER
IMPACTING ITEM

* LARGE IMPACT AREA
« MEDIUM WEIGHT PER
IMPACTING ITEM

* LARGE [MPACT AREA
= HIGH WEIGHT PER
IMPACTING ITEM

DUAL=THRUST ROCKET

ACCCMMODATED
WITH DUAL—THRUST
ROCKET

ACCOMMODATED WITH
DUAL=-THRUST RCCKET

LAUNCHER

MEDIUM SIZED
LAUNCHER

LARGE LAUNCHER
REQUIRED

* SPIN MOTOR
« SENSOR
¢ TELEMETRY

EXTENSIVE

ABOUT 260 LBS TOTAL

450 TO 500 LBS TOTAL

VERY VERGATILE

HIGH

FIGURE VII-1. Operational Compatibility
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APPENDIX A

ERROR ANALYSES OF SELECTED ASPECTS OF
CURRENT METEOROLOGICAL TRACKING DATA

The current falling sphere techniques use existing instrumenta~
tion radars to construct a time/position trace of the falling sphere.
The error characieristics of the meteorological data has been in-
ferred from the design specifications of the radars. Unformn;.tels;,
some of these data have been acquired with an operating signal-to-
noise ratio below that at which the accuracy was defined, Since the
limit of accuracy is an inverse function of the S/N (for 3/N much
greater than one}, the quality of these data..is n{;t as higl-l as is

currently assumed.

Two fundamental questions always arise in considering errors
in a system which has evolved through use of equipment designed for
other purposes:

. What are the errors in the finai. data?

. What would these errors be if-a specific instrument

parameter took on a set of cost-related error limits ?

This analysis considers the effect on data errors of varying

the angular accuracy which is the most cost-sensitive parameter



APPENDIX A (2)

of the instrument (aside from attaining a workable signal-to-noise
ratio). The relations between the meteorological parameter errors
and the instrument parameter accuracies have been developed. It
should be recalled that the relations are also dependent on the smooih-

ing technique, the estimate of vertical wind, and the sphere trajeciory.

The rationale for assuming a quadratic fitting polynomial was
developed in the body of this report, The vertical wind and its error
were both assumed to the zero. A trajectory was computed based on

these initial conditions:

Altitude 140 km
Horizontal Displacement 40 km
Horizontal Velocity 200 meters/sec
Gravitational Acceleration -9.8 meters/sec
Area/Mass Ratio 5. 4

Radinsg of the Barth 6, 378, 388 meters

The +50% wind profile was used.
The trajectory itself is listed in Table A-1:



Table A-1

Horizontal Horizontal Horizontal Vertical Vertical Drag
Time Altitude Digplacement Velocity Acceleration Velocity Acceleration Speed Coefficient

6 140,000 41, 200 200 -. 009 -56 -9,387 208 1.600
47 130,000 49, 384 199 -. 052 -439 -9.288 482 1.8600
66 120,000 53, 151 197 -.165 -613 -8.920 644 1.600
81 110,000 56, 076 181 -.778 -734 ~6,485b 759 1.600
94 100, 000 58, 445 167 -3.415 ~-T586 5.918 774 1.600
110 80, 000 60, 493 82 ~-5,5756 -472 22,554 479 1.800
156 80,000 61, 686 i1 . 055 -112 1,457 112 1.600
236 70,000 63, 065 25 . 183 -93 . 8586 83 . 500
389 80,000 68, 279 C 4l 075 -49 . 147 49 . 440
677 50,000 82,110 48 -. 0386 -28 , 042 26 . 440
1,240 40,000 104, 873 34 - 017 ~13 . .012 . 13 . .428
Parameter Units
Time seconds from apogee n
Altitude meters
Displacement meters from a vertical axis through launch site
Velocity meters/second
Acceleration meters/ seconéz

Speed meters/second with respect to surface of earth

(£)v XTIANEddV -



APPENDIX A(4)

The method of analysis was to assume a slant ranée erroxr of
5 meters and to compute the smoothing interval when the elevation
angle error was 0,05 mils and the density error was 2%. The density
error limit was then increased to 3% and various values of elevation
angle error were tried until the resulting smoothing interval was |
approximately equal to the 0.05 mils/2% result. The process was
repeated for density errors of 4 and 5%. The corresponding wind
error was comptied at each altitude level, for each combination of
elevation angle error and density error. The complete profiles are

given in Tables A-2 through A-5.

The following combinations of density error and elevation
error yield approximately equal smoothing intervals. The maxi-

mum horizontal wind error for each combination is also given.

Elevation Density Wind
o (mils) P/ P (%) o (meters/ sec)
.05 2 20
, 10 3 37
.15 4 b4
.20 5 70
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Table A-2
O'E = 0,05 mils O'p/p = 2%
Altitude Wind Error Smoothing Interval Number
(Kilometers) {(meters/sec) (meters) of Data Points
100 18.9 6432 : 3734
90 18.9 3191 1768
80 15.2 1787 . 1197
70 6.1 915 1494
60 3.3 H86 1808
50 1.8 322 1869
40 0.8 152 1901
- 0.4 37 1880
Table A-3
o = 0.05 mils op/p = 3%
Altitude ‘Wind Error Smoothing Interval Number
(Kilometers) (meters/sec) {meters) of Data Points
100 | 37.0 6249 .3628
90 34.7 3135 1737
80 26.1 1772 1187
70 9.6 919 1500
60 4.5 598 1844
50 2.1 336 1951
40 2.8 164 - 2046
30 0.3 97 2198
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Table A-4
g = 0. 15 mils o'p/p = 4%
Altitude Wind Error Smoothing Interval Number
(Kilometers) (meters/sec) (meters) of Data Points
100 53.9 6272 3641
90 49,86 3182 1752
80 386.5 1796 1203
70 13.1 935 1527
60 5.9 612 1887
50 2.6 346 2012
40 0.9 170 2128
30 0.3 101 2305
Table A-5
) o-E = 0. 2 mils o'p/p = 5070
Altitude Wind Error smoothing Interval Number
(Kilometers) (meters/sec) {meters) of Data Points
100 69.9 6323 . 3671
90 63.8 3195 1770
30 486.5 1819 1218
70 16.5 949 1549
60 7.3 622 1919
50 3.2 353 _ 2052
40 1.1 174 2177
0.4 104 2368

30
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SELECTED PARAMETRIC STUDIES

A series of parametric studies were conducted to explore the
effects of varying one.: parameter or its uncertainty over a discrete
range while holding others at precisely stated values., These analy-
ses were made to explore the sensitivity of the dengity measurement

to selected uncertainties, which included:

. Elevation angle error

. Altitude error

. I-}:'orizontal wind profile

. Vertical winds and their uncgrtainties.

DENSITY ERROR VS, ELEVATION ANGLE ERROR

In allowing the elevation angle error to agssume successively
larger values, the only other parameter which was allowed to change
as a consequence was the smoothing interval, This hag the net effect
of increasing the uncertainty as to the altitude at which the computed '
density was valid' and, thus, results in a net uncertainty as to the

density profile, The data are listed in Tables B-1 through B-4,
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Table B-1
o = .05 mils opfe = 2%
Altitude Smoothing Interval Number
(Kilometers) (rneters) of Data Points
100 5421 3147
90 2728 1511
80 1547 1036
70 804 . 1312
60 : H25H 1618
50 296 1719
40 145 1808
30 85 1936
Table B-2
aE;.lmils aplp = 2%
Altitude Smoothing Interval ‘ Number
(Kilometers) (meters) of Data Points
160 6852 3978
90 3467 ' 1921
80 1975 ’ 1323
70 1032 1685
80 677 2090
50 385 2238
40 1981 2384

30 115 2613
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Table B-3
om = .2 mils of fp = 29,
Altitude Smoothing Interval Number
(Kilometers) {meters) of Data Points
100 8932 5186
20 4528 2509
80 2584 1?31
70 1352 2208
60 889 2744
50 508 2950
40 2h4 3130
30 158 3594
Table B-4
crE=.51nils opfp = 29,
Altitude Smoothing Interval Number
(Kilometers) (meters) of Data Points
100 12,841 7456
90 6514 3610
80 3720 2492
70 1849 3183
60 1283 3960
50 736 4280
40 378 4730

30 251 5708



APPENDIX B(4)
Congtants

"Wy, = Wy = 0 (no vertical wind)
“R = 2 meters + 50% wind profile

2% density error
Discussion

Four values of the elevation error estimate were usged:

(1) .05 mils, (2) .1 mils, (3).2 mils, and (4) ,5 mils,

The purpose is to examine the effect on smoothing inter-

val as lower quality and, therefore, cheaper radars are used,
Results

As expected, a poorer radar requires drastically in-
creased smoothing intervals. In general, as elevation_ error
degrades from .05 mils to .5 mils, the smoothing interval in-
creages by between 200% and 300%. For example, at 90 km
altitude, the smoothing interva‘.l for 2% density error goes from
2.7km to 6.5 km when the elevation error is relaxed from

. 05 mils to .9 mils,
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DENSITY ERROR VS, ALTITUDE ERROR

,As shown previously, a relaxai;ion in the quality of d'ensity data
permitted ‘a relaxation in tracker performance. However, for a given
tracker, this relaxation affects the .requisite smoothing interval and
consequently.the precision with which the altitude component of the
density vs, altitude profile is known. These data are listed in

Tables B-5 through B-8,
Constants

"Wy, = Wy = 0 (no vertical wind)
og 2. 05 mils “r = 2 meters

+50% wind profile
Discussion

Four values of density error were used: (1) 2%, (2) 3%,

(3) 4%, and (4) 5%.
Results

The'effect of increasing the smoothing interval is to re-
duce noise errors, When the density errors are increased, the
noise errors are allowed to increase, thus decreasing the

smoothing interval. In general, when the density error is
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Table B-o
7 = . 05 mils apfp = 29

Altitude Smoothing Interval Number of
(Kilometers) (meters) Data Points

100 5421 3147

-90 2728 1511

30 1547 1036

70 304 1312

60 525 1618

50 298 1719

40 145 1308

3¢ 85 1936

. Table B-6
op = .05 mils cpfp = 3%

Altitude Smoothing Interval Number of
(Kilometers) (meters) Data Points

100 4610 2676

90 ) 2320 1285

80 1314 330

70 684 1116

60 446 13758

50 251 1461

40 123 1533

30 72 1630
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Table B-7
®m = . 05 mils oplp = 4%

Altitude Smoothing Interval Number of
(Kilometers) (meters) Data Points

100 4109 2385

90 2067 -1145

80 1171 784

70 609 994

60 398 1226

50 224 1301

40 108 1364

30 64 1445

Table B-8
’m = .05 mils opfp = 5%

Altitude Smoothing Interval Number of
(Kilometers) {meters) Data Points

100 3757 2181

90 1891 . 1047

80 1071 77

70 557 909

60 364 1121

50 205 1190

40 100 1246

30 58 1317



APPENDIX B(8)

increased by 250% (from 2% to 5%) the smoothing interval is de-
creased by about 30%, but the change is not linear. The split is
approximately:
Density 2—>3% Interval - 15% of 2% 15% of 2%
3—>4% Interval - 11% of 3% or 9% of 2%
4—>5% Interval.- 9% of 4% or 6% of 2% .
: 30%

Thus, an overall degradation of data results from such a trade-off

in favor of altitude precision,

HORIZONTAL WIND PROFILE

The fact that the sonde is rocket-launched means that a signi-
ficant horizontal veloci'ty component independent of winds exists
throughout its descent. The interaction of this component with gen-
eralized wind profiles and the tracker geometry produces an asym-
metry which was investigated. These-data are listed in Tables B-9

through B-13.

Constants

"Wz = Wz = 0 (no vertical wind)
or > .05 mils . °R 2 2 meters

Density error 2%
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Table B-9

°m = .00 mils  opfp = 2%

Altitude Smoothing Interval Number of

(Kilometers) {meters) Data Points
100 5421 3147
90 27728 1511
380 1541 1033
70 787 1338
60 506 1569
50 262 : 1522
40 111 1390
30 54 1419
Table B-10

=, 05 mils opfp = 2%

T,

E

Altitude Smoothing Interval Number of
(Kilometers) {meters) Data Points

100 h421 3147

a0 2728 1511

80 1544 1035

70 7956 1342

60 517 1596

50 281 1630

40 127 1588

30 . 63 1508
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Table B-11

om = .05 mils opfe = 2%

Altitude Smoothing Interwval Number of

(Kilometers) {meters) Data Points
100 ’ 5421 3147
80 2728 1511
80 1544 1035
70 803 1311
60 521 1607
50 288 1675
40 136 1698
30 69 1735
Table B-12

m = .05 mils opfp = 29,

Altitude Smoothing Interval Number of
(Kilometers) (meters) Data Points
100 5421 3147
90 2728 1511
80 : 1547 1036
70 804 1312
60 ' 525 1618
50 296 1719
40 145 1808

30 ) 85 1936
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Table B-13

om =, 05 mils oplp = 2%

Altitude Smoothing Interval Number of
(Kilometers) . {meters) Data Points
100 5421 3147
80 2728 . 1511
80 . 1549 1037
70 807 1314
60 531 1647
50 315 1831
40 165 2060
30 127 2886
Discussion

Five trajectories were computed with & different wind
fields: (1) -99% wind profile, (2) -50% wind profile, (3) 0 wind,

(4) +50% wind profile, and (5) +99% wind profile. *

The physical effect is that as the % wind profile increases
(from -99% to +99%) the sphere is moved farther down range at

the Jower altitudes.

Results

All effects are below 50 km. The smoothing interval

changes from a very small interval to a larger (but still very

*Plus (+) or Minus (-) refer to down range or up range direction.
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small) interval. Therefore, a different trajectory produced by
varying the wind field does not produce significantly different

results.

VERTICAL WINDS

Probably the most serious problem in tﬁis system 1is its inherent
inability to distinguish between vertical winds and aberrations in
density. Tr:» explore the quantitative effects of vertical winds and/or
uncertainties in the magnitudes of these winds a range of wind mag-
nitudes, and the smoothing interval computed holding density error

to 2% where possible,
Constants

o = . 05 mils op = 2 nteters

50% wind profile 2% density error

Discussion

The following matrix of values was used for vertical

winds and their errors, in meterg per second.

WZ
0 3 10 30
7w, =0 0 0 0
1 .5 1 3



APPENDIX B(13)

The purpose is to determine empirically the effects of vertical winds
on density errors. A constant verticai wind error was used for all
altitudes. This is probably not realistic since vertical winds should
vary exponentially with altitude to conserve momentum. As a result
combinations of values are comparable for the same altitude, but

different altitudes for the same combination should probably not be

compared,

A density error of 2% was achieved whenever possgible, When
the error in vertical wind is large, it is often not possible to achieve
2% density error, since the contribution to density error by vertical
wind error is greater than 2%, Whenever this occurs, the contributio:
to density error by the error in vertical winds is reported in lieu of
the total density error, In these cases, it‘is impossible to compute a

smoothing interval, and therefore, a wind error cannot be reported.

Results

The computztions verify the intuitive notion that no matter
how large the vertical wind is, as long as the value is known
with good accuracy (low error), the effect on density error and
therefore, smoothing interval is negligible., The problem oc-
curs when there is a large uncertainty (error) in the vertical.

wind.,
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When the uncerfainty is about 10% of the vertical wind,

the result is not too different than when the uncertainty is zero,
Also when the uncertainty is 10%, the smoothing interval is about
the same, no matter what the vertical wind is, The differences
that occur are at the low altitudes where an interval cannot be
computed, The larger uncertainty (though percent-wise constant)
causes the error contribution to rise much more quickly so that
as the uncertainty increases, fewer of the lower altitudes can

have dengity errors of legs than 2%,

When the uncertainty is about 50% of the vertical wind,
more of the altitudes have density errors greater than 2%.
However, for those that have density equal to 2%, and there-
fore smoothing intervals, the lengths of the intervals are sur-
prisingly constant. In fact, they do not differ greatly from the

WZ = "'WZ = 0 case,

When the uncertainty and the vertical wind both get
large, the result on density error is disastrous., For example,
when eW, = 15, Wy = 30, op/p = 57,7% at 30 km, (but the same '

conditions at 90 km give op/p of only 3. 3%).

The data are listed in Tables B-14 through B-26,
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Table B-14

E = .05 mils oplp = 2%

W, =0 cWZ =0

Altitude Smoothing Interval Number of
{(Kilometers) (Meters) Data Points

100 5421 3147

90 2728 1511

8o 1547 1036

70 804 13’12

60 525 1618

50 296 1719

40 145 1808

an ‘ 85 1936
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APPEN
Table B-15
op = .05 mils apfp = 2%
Wy =3m/s oy =0
Z
Altitude Smoothing Interval Number of
{Kilometers) (Meters) Data Points
100 5421 3147
90 2728 1511
80 1547 1038
" 70 804 1312
60 525 © 1618
50 296 1719
40 144 i805

30 85 1921
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Table B-16

UE=.05mils UP/P:2(70

W, =10 m/s uWZ=0

Altitude Smoothing Interval Number of
(Kilometers) _ (Meters) Data Points

100 5421 3147

20 2728 1511

80 154% 1036

70 804 1312

60 ) 223 1618

50 296 : 1719

40 144 1801

30 84
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-Table B~17
om = .05 mils  opfe =29
W, =30 m/s W, - 0

Altitude Smoothing Interval Number of
(Kilometers) (Me’gers) Data Points

100 5421 3147

a0 2728 1511

80 1547 1036

70 804 1312

60 525 . 1618

50 296 1718

40 144 1796

30 83 1880
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Table B-18

op = . 05 mils oplp = 29

W, =0 aWZ=O.1 m/s

Altitude Smoothing Interval Number of
(Kilometers) (Meters) Data Points

100 5421 3147

20 2728 1511

80 1547 1036

70 304 1313

60 h25 . 1619

50 297 1724

40 147 1 83:2

30 80 2035
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Table B~19

om = .05 mils oplp = 29

WZ=3m/s chZ=0.5 m/fs

Altitude Smoothing Interval , Number of
{Kilometers) (Meters) Data Points

100 5426 3150

80 2729 1512

80 1549 1037

70 808 1319

60 535 1650

50 319 1856

40

30
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Table B-20

op = .05 mils opfp = 2%

szlo m/s G'WZ=1.0m/S‘

Altitude Smoothing Interval Number of
(Kilometers) (Meters) Data Points
100 5436 3156
90 2735 1515
80 1552 1039
70 821 1340
GO 570 1758
- 50
40

30



Altitude
(Kilometers)
100
90
80
70
60
50
40

30

Table B-21

op = .05 mils apfe = 2%

W, = 30 m/s chZ=3m/s

Smoothing Interval
(Meters)
5553
2789
1598

1108

APPENDIX B(22)

Number of
Data Points
3224

» 1545

1070
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Table B-22

o = .05mils %p/p= 2%

W =0 °W = 0.5m/s
7z Z

" Altitude ' _Smoothin;g Interval Number of
(Kilometers) (Meters) Data Points
100 5426 3150
90 ' - 2729 1512
80 1549 1‘037
70 808 1320

. 60 535 . 1651
50 321 i868
40

30
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Table B~23
o_ = .05 mils 0lp = 2%
E
W =0 "W = 5m/s
Z z
Altitude Smoothing Interval Number of
(Kilometers) ' {(Meters) Data Points
100 ' 5888 3418
90 2935 1626
80 1743 1187
70
60
50
40

30
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Table B-24

v = ,05 mils Up/p= 2%

W = 3m/s W = 1.5m/:
z 7

Altitude Smoothing Interval Number of
(Kilometers) (Meters) Data Points
100 5454 3 166
90 2’744 1520
80 1559 1044
70 848 1?3 85
80 745
50
40

30
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Table B-25
[ = ,05 mils dplpz 2‘%
E
W = 10mfs °W = 5mfs
Z Z
Altitude Smoothing Interval Number of
(Kilometers) (Meters) : Data Points
100 5874 3410
90 2930 1623
80 1735 ) 1162
70
60
50
40

30
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Table B-26

GE = .05 mils %, /,= 2% .
W, = 3m/s “W_= 15m/s
Altitude Smoothing Interval Number: of
(Kilometers) (Meters) Data Points
100 none

90

80

70

60

50

40

30
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