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FOREWORD

This Technical Documentary Report has been prepared in
four volumes, as follows:

Contractor's

Volume Title Publication Number
I Program Development U- 3005
II Operating Instructions U~ 3006
III Programmer's Manual U- 3007
v Operations Summary (U) S-2990

Publication of this technical documentary report does
not constitute Air Force approval of its findings or
conclusions. It is published only for the exchange
and stimulation of ideas.



SPIRAL DECAY AND SENSOR CALIBRATION
DIFFERENTIAL CORRECTION PROGRAMS

ABSTRACT (U)

This document presents the theory, operation, and coding details
of and experience with a computer program for the accurate prediction of
the reentry corridor of an earth satellite undergoing orbital decay due to
atmospheric friction. This program is also useful in the precision pre-
diction of satellite positions for other purposes such as sensor calibration
and weapon systems.
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SECTION 1

INTRODUCTION

This report documents Aeronutronic's approach to the formulation of a
computer program for high-precision orbit determination within the SPACETRACK
computational environment. Although originally intended for terminal decay
corridor determination for satellites executing spiral decay, this program has
evolved, within the limitations imposed by the Spiral Decay Technique Development
Contract, as a highly effective tool for a majority of the high-precision require-
ments of the SPACETRACK center, including spiral decay, weapon command and control,
and sensor calibration. Through an extended period of joint contractor and
SPACETRACK analyst application of this class of programs to the rapidly-changing
spectrum of operational requirements on the SPACETRACK center, a high degree of
analyst proficiency and operational utility have also been developed.

Specifications for the Spiral Decay class of programs are conveyed in
Table I. Two programs are involved:

(1) spiral Decay (SPIRDEC) is an orbit determination and
prediction program, with weighted differential correction
capability for osculating elements and ballistic coeffi-
cient. Current limitations are to non-equatorial
satellites with eccentricities less than 0.9% (no
ballistic coefficient correction) and 0.1 (with ballistic
coefficient correction).

* For the higher eccentricities, lunar and solar perturbations become increasingly
important. These are not included in the current version of the program.




Operating System

Ephemeris Integration

Numerical Integration

Initialization

Geopotential

Atmosphere

Differential Correction

(Weighted)

Sensor Input Data

Observation Capacity

Prediction Capability

Acquisition Capability

Restart Capability

TABLE I. SPIRAL DECAY PROGRAM SPECIFICATIONS

SPS B-3 / Philco 2000
Schedule Tape Mode

Variation of Parameters
Cowell Entry Option

Sixth-order Adams-Bashforth with
Runge-Kutta Start
Automatic Interval Control

SPACETRACK Mean Elements
Osculating (M, N) Elements
Geocentric Position and Velocity

Zonal Harmonics Inclusive of Fifth-
order

Non-zonal Harmonics Inclusive of
Fourth-order

Jacchia-Nicolet Dynamic Model Above
120 Kilometers
COESA 1962 Static Model Below 120

Kilometers

Six Osculating Parameters (M, N
Formulation)

Ballistic Coefficient

Sensor Location Timing and Observation
Biases(Using CALIB Program)

Internally Compiled Table for Biases and
Weights, with Optional Override

Up to 984 Observations; Sorting Internal
to Program

Geographic and/or Geocentric Cartesian
Coordinates

Binary Ephermis Tape for XYZLA Program

Punches Parameter Cards for Both Spiral
Decay and Calibration Programs




(2) Sensor Calibration (CALIB) is a differential correction
program for determining biases in sensor location, timing,
and observed quantities, utilizing a reference orbit
determined from an independent sensor network (normally
either PRELORT or Baker-Nunn data), using the SPIRDEC
program.

The SPIRDEC program has been compiled in both SPS B-2 and SPS B-3 versions to
accommodate the SPACETRACK system change to be installed during January 1965.
Although the operating instructions conveyed with this report reflect a B-3
capability for the CALIB program as well, delivery of a B-3 version coincident
with this report is not planned. In the interim, the SPS A-1 version of the
SPIRDEC and CALIB programs, documented in the Milestone II report,* shall be
available.

In the development of the Spiral Decay class of programs, particular
attention has been paid to those factors considered limiting in a useful spiral
decay and weapon command and control capability. Important considerations which
have influenced the program design include:

(1) Environmental factors which influence the trajectory,
primarily the atmospheric density and gravitational
perturbations, must be carefully considered. Such
considerations lead to the inclusion of a dynamic model
atmosphere and longitude-dependent (tesseral) harmonics
in the geopotential, inclusive of fourth-order.*™

(2) The rational application of statistical weights to ADC
sensor data cannot be made without first providing for
the large known biases in these sensors. The Spiral
Decay program will accept and process both weight and
bias data for sensors and, through the interfacing
Sensor Calibration program, will determine location,
timing and observation biases for selected sensors,
utilizing either ADC or independent (PRELORT, Baker-
Nunn) sensors as a reference network.

% "Spiral Decay and Sensor Calibration Differential Correction Programs -
Milestone II Draft", 31 March 1964, Aeronutronic Publication U-2559.

*% The fifth zonal harmonic is also included. A subroutine is now in checkout
which extends the potential to the ninth-order zonal and sixth-order non-
zonal harmonics. A change note to this documentation will be issued upon
completion.




(3) Since this class of programs will normally provide nearly
real-time support to SPACETRACK spiral-decay and weapon-
oriented requirements, every effort has been expended to
provide a precision orbit capability of the highest
computational efficiency. This is reflected in the choice
of the variation-of-parameters method for ephemeris calcu-
lation, and in the derivation and application of analytical
differential correction equations.”

To accomplish these ultimate objectives while providing a meaningful
interim capability, a series of programming milestones was established. These
milestones, with technical and programming targets, are listed below:

Milestone Technical and Programming Target

I (31 December 1963) Demonstrate the application of the
variation-of-parameters approach,
with analytic correction equations,
to a decaying satellite (object 292)

ITI (31 March 1964) Demonstrate, in the live SPACETRACK
computation and data environment, an
interim capability for Spiral Decay
calculations (objects 632, 707)

III (30 June 1964) Deliver an interim operational (SPS B-2)
capability for Spiral Decay calculations.
Demonstrate an interim sensor calibra-
tion capability (objects 759, 811)

IV (30 September 1964) Demonstrate a weapon support capability
in the SPACETRACK environment.

V (31 December 1964) Deliver "final" operational (SPS B-3)
capability for Spiral Decay and weapon
support.

% This approach has been demonstrated, in the SPACETRACK environment, to exceed

the computational speed of the competitive COWELL approach by a factor of four
or more, with better accuracy.




Highlights in the development of these capabilities include the scheduled visual
confirmation of two satellite decays during the Milestone II demonstration

(See Section 4) and the subsequent scheduling of four additional visual confirma-
tions.

This report documents the Milestone V program status. Subsequent sections
and appendices provide a detailed technical description of the Spiral Decay and
Sensor Calibration programs.




SECTION 2

ORBIT DETERMINATION PROGRAM

Except in the somewhat trivial case of a point mass moving in a pure
central force-field, the so-called "Two Body Problem," it is generally impossible
to derive orbital elements from observations by direct analytical means. The
process usually employed is to create a dynamical model of the motion and then
to adjust the constants introduced into this model until the best possible fit
to the observations is obtained in the sense of least squares. The problem is
very similar to the one faced in classical celestial mechanics; the solutions
discussed here draw heavily from the theory and practice of celestial mechanics.

The principal differences between modern orbital theory of artificial
satellites and classical celestial mechanics theories arise in part from the fact
that the artificial satellite environment includes perturbative forces such as
aerodynamic drag, earth-bulge, and the like, and in part from the availability of
high-speed computing equipment and electronic instrumentation providing range and
range-rate data, as well as angles.

2.1 DIFFERENTIAL CORRECTION PROCEDURE

Reduced to its simplest form, the differential correction technique
involves the following five steps (identified in Figure 1):

Step 1. Raw observation data is corrected for known systematic
errors (biases) as determined from calibration efforts.
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FIGURE 1. SPIRAL DECAY PROGRAM FLOW CHART




Step 2. Beginning with a tentative estimate of the injection conditions
and other "constants'" entering into the equations of motion, an
ephemeris is produced by integrating these equations. At each
time for which an observation exists, this ephemeris is trans-
lated into a "representation'" for those observations available
from the particular sensor.

Step 3. In the absence of unknown observation errors, and for exact
knowledge of the injection conditions and environment governing
the motion, the representations and corrected observations
would be identical. In practice, however, they are not identical,
and their differences, or '"residuals,'" serve as a basis for
differentially correcting the initial constants, as shown in the
following steps 4 and 5.

Step 4. Cause and effect relations between injection conditions and
subsequent observations are highly nonlinear. Where corrections
to these injection conditions and subsequent changes in residuals
are small, the problem is readily linearized. For each observed
quantity, a scalar differential expression relating the known
residual to the unknown changes in injection conditions and other
parameters defining the motion is derived.

Step 5. The system of linear equations, one for each observed quantity
and normally heavily overdetermined, is solved in the sense of
weighted least squares for the differential corrections to the
injection parameters. Some insight into the convergence of the
procedure is available by examing the weighted sum-of-squares
of the residuals, and the variance-covariance matrix of the
differential corrections.

Normally, steps 2 through 5 will be repeated until the weighted sum-of-squares of
the residuals becomes stationary. During this iterative process, observations
which do not fit the orbit may be rejected.

Execution of the foregoing five basic operations is quite involved and
requires meticulous attention to detail. Such items as the atmospheric model,
geopotential, and choice of reference systems must be correctly handled to ensure
the greatest precision.




2.2 PROGRAMMING SYSTEM

To facilitate the eventual application of the Spiral Decay Program within
the ADC Spacetrack Center, yet permit interim experimentation and simulation at
496-L (Bedford, Massachusetts), Aeronutronic and the ADC Spacetrack Center, the
Semiautomatic Programming System (SPS), A-1 version, was utilized in the first
milestone. The successful demonstration of the Milestone II version in the ADC
environment, and the desire on the part of ADC personnel to utilize these procedures,
made an interruptable (B-2) version of this program desirable. Thus, the Milestone
II program was prepared in two versions:

(1) An interruptable (B-2) version of the Spiral Decay module,
permitting application of this procedure during periods
where the ADC computer(s) are providing backup for other
ADC functions.

(2) A noninterruptable (A-1) version of the Spiral Decay and
Sensor Calibration modules, in which the executive system
has been modified to prevent truncation of time. This
latter feature is considered essential to meaningful cali-
bration work.

The operating instructions for both A-1 and B-2 program versions, operating in the
Schedule Tape Mode, were conveyed in the Milestone II draft of the present report.*

The present report applies to programs operating under the control of the
B-3 system, which is interruptable and uses new formats accommodating five-digit
satellite numbers.

2.3 EPHEMERIS INTEGRATION

The ephemeris integration represents a major portion of the computational
burden for spiral decay calculations. Since no satisfactory theory is yet available
to perform this integration by general perturbations (development of the perturba-
tions into series and integrating term-by-term) for orbits highly perturbed by drag,
the special perturbations technique (numerical step-by-step integration) has been
employed.

* Aeronutronic Publication U-2559, 31 March 1964




The coordinates are referred to the mean equinox of a fixed epoch
and the true equator of date. For detail refer to the definitions of
I, J, K, etc., in Appendix VIIT.

Of the several formulations available in special perturbations,
the variation-of-parameters method has been employed for two reasons:

(1) The technique supresses the dominant central
gravitation term in the geopotential by inte-
grating parameters which, in the absence of
perturbative effects, are constant.

(2) The parameters integrated in the variation-of-
parameters method may be related, through scalar
differential expressions, to observed coordinates
at future times, thereby permitting a fully analyti-
cal development of the differential correction.

These factors contribute to computational efficiency by (1) permitting

large integration step size (or fewer derivative evaluations per revolution)
and (2) facilitating communication between the ephemeris and differential
correction modules of the program.

Of the several available formulations for variation-of-parameters,
the a, h formulation* has been used, since it exhibits no zero-eccentricity
singularities.

During the last revolution of a satellite executing spiral decay,
the perturbative accelerations become too large to be efficiently accommodated
by the variation-of-parameters method. A transition to the Cowell formu-
lation of the equations of motion during this revolution is provided.

ark Numerical Integration Method

The variation-of-parameters method leads to seven first-order
differential equations,with time or one of the anomalies as the independent
variable.

* A complete derivation of the equations is given in Appendix VI. The
mathematical steps involved in both ephemeris integration and differential
correction are conveyed in Appendix I.
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Prior to Milestone IV, expediency dictated program compilation with the
Runge-Kutta integration subroutine, a fourth-order technique requiring four (4)
derivative evaluations per step. This self-starting technique permits great
flexibility in specification of time interval, but at the expense of running time.
Comparable precision and stability, however, is available with higher-order pre-
dictor-corrector methods requiring fewer derivative evaluations per revolution.
The final program thus is compiled with such an alternative numerical integration
subroutine, Adams-Bashforth. The Runge-Kutta technique will continue to be used
for starting purposes.

Representation of observations for residual computation demands that
satellite coordinates at arbitrary observation times be calculated. Initially,
and again for expediency, the program numerically integrates to each observation
time. For situations where a large number of observations exist, such as sensor
calibration work utilizing raw data derived from the AF Satellite Control
Facilities, the additional integration step for each observation becomes in-
efficient. To avoid this unnecessary computational burden, a fifth-order divided
difference interpolation procedure has been included, permitting the interpolation
for observation times in an ephemeris table of arbitrary time interval (as
determined by the integration error control).

b. Drag Perturbations

A number of atmospheric models, which include dynamic terms to represent
deviations from "standard" models, are in use. Those dynamic effects which have
been identified from satellite acceleration studies include seasonal and longitude-
dependent terms, as well as those correlated with solar radiation and planetary
magnetic effects.

At altitudes below 300 km., representing the region of interest during

the last few days of spiral decay, the variations in density due to important
dynamic terms are given in Table II.

11




TABLE II. VARIABILITY OF DYNAMIC ATMOSPHERE TERMS*
(orders of magnitude)

Altitude Diurnal Seasonal Solar(FlO) Magnetic(Ap)
150 km 0 0 0.14 0
200 km 0 0.07 0.54 0.05
250 km 0.06 0.10 0.86 0.09
300 km 0.14 0.12 1.00 0.14

At higher altitudes, these effects are even greater.

These considerations have led to the incorporation of a dynamic model
atmosphere in the spiral decay program. The Jacchia-Nicolet model** has been
utilized; this model includes significant geometric and solar radiation terms
above 120 km. The formulation of the Jacchia-Nicolet atmosphere subroutine is
given in Appendix II.

(o Gravitational Model

In the selection of terms to be included in the gravitational model for
the earth, careful consideration must be given to terms which either (1) lead to
secular and/or long period terms which, if neglected, would be aliased into other
effects, or (2) can lead to short period radial displacements with consequential
drag coupling.

Based upon these considerations, zonal, sectorial, and tesseral terms
have been included in the gravitational model. For Milestones I and II, the J 2
term was implemented. A general expression for the earth model permitting the
inclusion of a consistent set of the harmonics through n,m = 4,4 is now used,
The formulation of this earth model is conveyed in Appendix I. The values of the
coefficients of the non-zonal harmonics, which are still undergoing redefinition
by several investigators, are specified by two parameter cards in the program
input.

* H. K. Paetzold, "Model for the Variability of the Terrestrial Atmosphere above
150 km", submitted to COSPAR working group IV, "Reference Atmosphere'", 1962
January.

*%L,. G. Jacchia, "Temperature Above the Thermopause', Smithsonian Inst.
Astrophysical Observatory Special Report No. 150, April 22, 1964.

12




2.4 DIFFERENTIAL CORRECTION

The differential correction involves the formulation of scalar differ-
ential expressions relating observation residuals to corrections to the parameters
defining the representation; these parameters normally include six initial condi-
tions or elements defining the orbit and a seventh parameter related to the
interaction of the satellite with drag environment. Where sufficient observation
redundancy exists to permit the determination of additional parameters, sensor
biases (range, angles, timing) or geometric factors entering into the representation
(such as geocentric coordinates of the observer) may also be determined,

The scalar differential expressions take the following form:

Aoi -

M B
e
>
o

where Oi are observed coordinates and the p. are parameters to be corrected. Two
conditions must be met to solve for the Aij namely:

(1) There must be at least as many observations as parameters
(i>n) to solve the system of linear equations, and

(2) The selected parameters must be capable of being related
to observed coordinates by linear differential expressions,
without singularities at critical parameter values.

The first condition is readily met with modern electronic instrumentation, and the
overdetermined system of equations is solved in the sense of weighted least squares.
This approach assumes that observation errors are statistically uncorrelated, a
reasonable assumption for SPACETRACK observations if the biases can be predetermined.
Under these conditions, the variance-covariance matrix of orbit parameters reveals
the quality of the determination and may be printed out for inspection.

The second condition above implies that the partial derivatives exist for
the complete range of parameter values encountered in the differential correction.
Attempts to differentially relate, for example, the orbit eccentricity and perigee
argument to observed coordinates through linear differential expressions must fail
at zero eccentricity for the eccentricity is, by definition, non-negative and the
perigee argument indeterminate. A number of parameter sets exist which can be
successfully related to observed coordinates through linear differential expressions
at this critical eccentricity®. Some of these sets, such as the M, N pattern

o

* See, for example, Aeronutronic Report U-880.
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utilized in the Spiral Decay Program, may be differentiated to provide a completely
analytical formulation for the differential correction, thereby leading to sub-
stantial economies in computational time.

With the exception of the drag parameter, the M, N form for the differ-
ential correction has been adequately documented™ ., Analytical differential
expressions for the drag parameter have also been derived, and this derivation is
included as AppendixIV to this report.

In addition to the differential correction features cited above, the
Milestone III version was to have included limited differential correction in the
Cowell entry option. It has been demonstrated (see Section 6), however, that the
variation-of-parameters method will accommodate tracking data extending into the
incendiary region of decay. Experimentation has also established the desirability
of including geometric terms in the drag correction equations arising from earth
flattening, which can lead to density variations equivalent to a scale height.
The formulation of these expressions is given in Appendix IV,

*In addition to U-880, sources include the Proceedings of the JPL Seminar on
Tracking Programs and Orbit Determination, 22-26 February 1960, and Koelle,
""Handbook of Astronautical Engineering' McGraw-Hill, 1961, Section 8.112.

14




SECTION 3

SENSOR CALIBRATION PROGRAM

In Appendix V, scalar differential expressions have been developed which
relate observation residuals — in range, range-rate, azimuth and elevation — to
biases in sensor location, time reference and observed coordinates. This theory
has been implemented in a Sensor Calibration Program, designated CALIB, operating
in the Schedule Tape Mode, A-1 system. This Section presents a description of the
procedure; operating instructions are given in Volume II. Results of operational
applications of these techniques are conveyed in the Operations Summary, Volume IV.

The calibration procedure involves the consecutive application of two
differential correction procedures as shown in Figure 2.

The first step involves the definition of a highly precise reference
orbit derived by processing tracking data from sources of high confidence level
and redundancy. The most appropriate tracking system for this purpose is the
network of PRELORT radars operated by the 659%th Aerospace Test Wing (Sunnyvale,
California) in support of AFSC satellite programs. These radars track a co-
operative S-band beacon carried by most AFSC satellites, and the tracking data
rate for this network is in excess of 1500 observations/day even for relatively
low (100 n.m.) satellites. The quality of these data and of the earth and
atmospheric model used to define the satellite motion is demonstrated by the
ability to fit these data, even over relatively long time spans, to the order of
100 meters. To facilitate the utilization of these data within the ADC computa-
tion environment. AFSC has contracted for preparation of a 160A computer program
to translate PRELORT data tapes into SPADAT BCD card format, and to prepare a
standard teletype tape for transmission into SPACETRACK.

15
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Additional data sources can be exploited for performing this calibration
function, either to complement the PRELORT data or to replace it where the satellite
does not carry an active S-band beacon. Baker-Nunn camera data, for example, lacks
the redundancy and intrinsic metric desirable for calibration exercises, but will
strengthen the PRELORT data, where greatest emphasis is placed upon range data.

The design of the Spiral Decay differential correction program provides
for the definition of the reference orbit to the desired precision. The necessary
interface between the SPIRDEC and CALIB programs, as shown in Figure 2, is a
vector defining the parameters of the reference orbit; provision has been made in
the SPIRDEC program to format and print the parameter card images for control of

CALIB directly.

The second step in the Sensor Calibration procedure also involves a
differential correction procedure. Beginning with the reference ephemeris and with
observations derived from the sensor undergoing calibration, a weighted least-
squares determination is made of those sensor properties — sensor location, time,
and observation biases — which lead to the best fit of the tracking data to the
reference ephemeris. This step is performed by the CALIB differential correction
program, which permits the selective determination of any combination of the seven
sensor properties, data permitting. In addition to these biases, CALIB also
determines RMS values for the individual observation types, to be used as weights
in subsequent applications of the sensor data.

Although these procedures could have been assembled as a single program,
the following considerations influenced the decision to prepare two programs with
a simple, program-defined interface:

(1) More flexible use of memory is permitted, particularly in
subsequent B-2 and B-3 versions of these programs, where
certain memory regions are denied.

(2) The simultaneous determination of biases and orbit parameters,
in a single pass involving both PRELORT and ADC sensor data,
may alias the reference orbit parameters unless the freedom
to determine all biases in the candidate sensor is permitted.
Few such data situations will exist.

It is important to note that the earth model and atmosphere constants must be

identical in the two programs, to permit the accurate reconstruction of the
reference ephemeris in the CALIB program.
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The current operational version of the calibration procedure operates in
the Schedule Tape Mode, A-1 version. Restriction to the A-1 operating system was
necessitated by the manner in which time is processed in executive modules of the
B-2 system, where the representation of time since 1950.0 as a floating point
number introduces errors in tens of milliseconds. In the A-1 master tape utilized
at ADC/496L for calibration work, these modules have been modified to represent
time in fixed point and double precision, thereby avoiding this source of error.
These modifications have now been introduced into the B-2 and B-3 executive
modules, paving the way for the subsequent compilation of the CALIB program in
these systems.
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SECTION 4

SPIRAL DECAY EXPERIMENTATION

During the application at ADC of procedures developed under
this study for spiral decay corridor determination, six visual confirma-
tions of decay were successfully scheduled. Four of these represented
Russian satellites which, by virtue of their lower inclinations, were
more likely to decay over the populated middle and equatorial latitudes.
Two of these scheduled visuals (on objects 632 and 707) were made during
the demonstration at ADC of the spiral decay capability in March, 1964,
while a third provided the first visuals on two consecutive revolutions.
These three satellites are discussed in detail in this section.

The visuals described above involved observers in North America
and represent the best documented observations. Additional visuals were
scheduled through the 1127th Field Activities Group, Fort Belvoir, includ-
ing object 834, 1 August, 1964, at Carnarvon, Australia; and object 796,

27 May, 1964, at Maracaibo, Venezuela. The visuals on 911 were made by
both ground observers and SAC aircraft commanders, above the Arctic circle,
and were scheduled through NORAD.

4.1 OBJECTS 632 and 707 DECAY

To evaluate the performance of the Spiral Decay program,
Milestone II version, in the ADC data and computation environment, the
tracking records of two Russian Cosmos Satellites, Spacetrack Objects 707
and 632, were reduced on a real-time basis in ADC centers at L. G. Hanscom
Field and Colorado Springs. Both exercises were successful beyond expec-
tations, resulting in visual confirmation of decay in each case. Equally
gratifying was the performance of the variation-of-parameters method, coupled
with the analytic differential correction technique which (in the case of
Object 632) converged readily on tracking data extending into the incendiary
region of decay.

Object 707 was a cylindrical body of low area-to-mass ratio. The
data reduction for this exercise was performed at L. G. Hanscom Field by
SCAF and Aeronutronic personnel. The success of this venture may be measured
by results presented in Table III. The low area/mass ratio of this object
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TABLE III

CORRELATION OF VISUAL OBSERVATIONS AND EPHEMERIS

SPACETRACK OBJECT 707 DECAY
(Based upon data over 3/26 0208Z - 3/26 2225Z)

TIME POSITION OBSERVER COMMENTS
(Day: Time)
o oo ==
27:01282 440.2N
115 .W
94km
o
27:01292 450.7N O . -
110" . 04
89km
N 27:01302 . 472.0N Finley AF WX Station "Dim object report moving
- 105" .0W Finley, N.D. SW to NE"
82km
27:01312 472.9N Baudette, Minn. "Red-orange object directly
100" .W overhead; pieces falling off."
70.0km
Duluth, Minn. "Three objects; visible trail lasting
(SAGE Direction 5 sec. behind first object; one object
Center, 4 observers) appeared to descent in local area."
27:0132.542 * Madison, Wisconsin "Sparking object, 4%lev., 355°
(Moonwatch) azimuth"

* The ephemeris for object was based upon a single drag coefficient implying structual integrity.
The low W/C_A and confirmed breakup would permit pieces to go beyond the impact area corresponding
to the intact object.




and its shape suggest a collection of dense components (rocket motor,
payload) joined by light structual components and tankage. One would
expect the aerothermodynamic environment to rapidly strip away these
lighter structual components, creating a variety of objects of differing
area/mass ratio, each following an independent course. This speculation
is supported by visual evidence, which verified the onset of high heating
rates (Fargo, N.D.), the breakup of the satellite (Baudette, Minn.), and
the independent decay of at least three objects (Duluth, Minn.). The
correlation between these phenomena and the ephemeris provided by the
Spiral Decay program is excellent, as demonstrated in the Table.

The decay exercise for Object 632 was conducted at Colorado
Springs. The area/mass ratio of 632 was also quite low, as noted in
Table IV. Nine fits were obtained over the last 72 hours of lifetime,
each requiring approximately 10 minutes of computer (Philco 212) time.
Highlights of each iteration are presented in Tablelv; these include
(1) the fact that all fits over the last 72 hours (and probably greater
intervals) defined a decay window of approximately one hour and (2) no
iterations on any fit were divergent.* This latter property of the
Spiral Decay program is readily appreciated when it is noted that, on
fit #1 beginning with SPADAT mean elements, range-rate residuals of
3 km/sec and larger were common on the initial pass through the data.
Visual confirmation of 707 decay in its early stages was provided by
a weather observer in Duluth, Minn.; poor weather over the Eastern
states and mid-Atlantic precluded sightings extending on into the most
probable decay region (extending from the Azores into South Africa).

It is highly probable that 632 decayed in several fragments
as in the case of 707. 1In order to evaluate the possible decay corri-
dor for objects of various area/mass ratios, a sequence of decay
trajectories was integrated, beginning with the visual evidence of
decay over Duluth at 0726Z. In particular, a Moonwatch observation
was reported about 0900Z from the Northeastern U.S. Based upon a fit
including tracking data during this decay phenomenon, an object with
an area/mass ratio even as low as 0.0002 m/kgm would not complete
another revolution. Since it is difficult to visualize a satellite
component with these properties, and since both Moorestown and Prince
Albert radars gave negative reports on this post-decay revolution,
confirmation of this report is lacking.

*Since the observations accepted from iteration to iteration varied,
divergence is arbitrarily defined as an increase in the weighted rms
of five percent or more on successive iterations.
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Data Interval

Fit (Day: Zulu Time)

1 26:0446 - 27:1511

2 27:1758 - 28:1600

3 27:1753 - 28:1732

4 28:0400 - 29:1242

5 29:0351 - 29:1941

6 29:0351 - 29:2113
N7 29:0351 - 30:0016
8 29:0351 - 30:0423

9 29 - 30:0727

: 1701

TABLE 1y

SPACETRACK OBJECT 632 DECAY

PRE-DECAY

ANALYSIS

Decay Time

(Day: Zulu Time)

30:0817
30:0911
30:0856
30:0818
30:0803
ddek
30: 0806

30:0757

Drag P%rameger

Meters” kem

0.

*%(

*%(Q

*%(

*%()

POST-DECAY ANALYSIS

30:0747

*%( .
(6 element fit)

.01631

.01630

.01647

01666

.01694

.01684

.01688

.01698

01746

RMS Fit
(Weighted*)

1

0.

.03

70

.85

.86

.06

<22

.36

.02

.84

Divergent

Iterations

* Generally based upon TIP bias/weight recommendations, as revised by results of the object 759 (1964 March 3-5)
calibration effort

** Beginning with Fit 5, transitional <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>