T

U.-S. AIR FORCE

PROJECT RAND

, | 'RESEARCH MEMORANDUM

PHYSICAL RECOVERY OF SATELLITE PAYLOADS —
A PRELIMINARY INVESTIGATION

Jo. He Huntzicker -
Ho A. LiQSkO

RH-;1811
26 June 1956

Assigned to

This research is sponsored by the United States Air Force under contract No.
AF 49(638)-700 monitored by the Directorate of Development Plcnmng Deputy
Chief of Staff, Research and Technology, Hq USAF,

This is a working paper. It may be expanded, modified, or withdrawn at any
. A time, The views, conclusions, and recommendations expressed herein do not
necessarily reflect the official views or policies of the United States Air Force.

Declassified and Heigased by the N R G

In Accordance with E. O. 12958

on ~ Nov 261997

2 RAND oo

1700 MAIN ST, & SANTA MONICA o CALIFORNIA e

FOR OFFICIAL USZ GNLY

u‘»\‘\‘:’
4



RM-1811
/ ’ 6-26-56
ii

SUMMARY

Preliminary investigations indicate that solutions may exist for
the major problems associated with the recovery of portions of & recon-
naissance satellite. A method is described for recovering heat-sensitive
items, such as photographic film, and the weight penalties involved are
estimated. A payloed of 50 1lb of film, for example, could be recovered

at a total expense in weight of about 225 1b.
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SIMBOLS

area projected in the drag direction
coefficient of drag
specific heat

eccentricity of the ellipse describing the motion of
a body about the earth

acceleration of gravity at sea level
altitude

conductivity

radius (mean) of the earth

radius from the earth's center to the vehicle and/or
recovery package

temperature

time

velocity

incremental wvelocity added to the recovery package
weight

range nmeasured on the earth's surface from addition
of AV to impact

exponent of the density approximation (o = e-uh)
angle between the velocity of a body and the horizontal

the angle of the incremental velocity with respect to
the orbital velocity

the gravitational constant

ratio of propellant weight to gross weight for a
rocket motor

sea level alr density
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ratio of air density at altitude to that at sea level

angle between the radius vector from the earth!s center
to a body moving about the earth, measured from the
radius-vector to the apogee of the ellipse which de-

. scribes the body's motion,
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I. INTRODUCTION

Development of a method for recovering certain items intect from a
reconnaissance satellite is desirsble for a number of reesons. The amount
of information a satellite could gather would be substantially increased.
Materials (film, living tissue, etc.) could be examined in detail to
learn environmentel effects. Also, photographic coverage of the earth's
surface could be realized prior to the development of a dependable TV
linkage for satellite use. A less direct benefit would be knowledge
derived from working out successful recovery techniques: refinement of
such techniques may be a necessary prelude to serious consideration bf
menned space. flight.

Successful recovery, on command, of a satellite payload is contingent
upon three conditions:

1. The trajectory of the orbiting psyload must be modified so that
it will intersect the earth's surf;ce at a specified time and location.

2. Payload items must be protected from aerodynamic heating during
re-entry into the earth's atmosphere.

3. The payload must be located and retrieved promptly after it
impacts.

This memorandum in%estigates these three conditions and suggests a method

for recovering useful material from an orbiting vehicle.
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II. FLIGHT MECHANICS

The naturel decay of & satellite orbit due to atmospheric drag will
cause the body to returm to the earth., The impact point could be pre-
dicted by observing the body during its re-entry into the atmosphere, but
there would be no control over the location of the impact point. However,
the pglition of the impact point can be selected--to some degree of
accuracy--by changing the velocity vector of the package to be recovered.
This could be done by usj.na 8 rocket to apply thrust to the package after
it separates from the qrbiting body either to change the magnitude, or the
direction and magnitude, of the ielocity of the package relative to the
circular orbital velocity vector. The descent range and the re-entry con-
ditions of the package are & function of the imitial orbital altitude and of
the direction and magnitude of the velocity increment.

The velocity for a circular orbit at any radial distance can be

v -\/ o
orb Torb

vhere p is the gravitational constant and is taken to be 1.41008 x 10

expressed as

16
rt3/uc2.

In general, the magnitude of the resultant velocity of the package is

2 2 ;
Ve J(vorb) + (V)€ + 2v°rb AV cos O

vhere O is the angle of the velocity increment AV msasured clockvise from

the orbital velocity vector as shown in the following sketch.
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AV Y

The angle between this resultant veloeity vector and the instan-

taneous horizontal is given by

AV sin O

vorb + AV cos O

tan y = -

The eccentricity of the ellipsg can be writien as

2 2
e:\/l-(-lﬁ)!_l: cogey
B u
vhere V is the resultant velocity and r is the orbital radius.
The range angle, measured at the center of the earth, from this point

to the apogee of the ellipse is given by

and the range angle from the apogee to the surface of the earth (r = R) is

given by
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Therefore, the total descent range from the point where the velocity

increment is added to the surface of the earth is given by
X =R (¢1 +9,)

for a vacuum re-entry trajectory.
For the case of a velocity increment directed rearward (0 = 180°),

these equations simplify to

V-Vor.b-AV
7=0
e-l-_v.z_f
)
¢1‘=0
Vr r
1--—
v R
condau .
and
X-R¢2' .

The variation of vacuum range to impact as a function of veloeity
increment is given in Fig. 1 for initial orbital altitudes of 150, 300,
and 500 statute miles for the case of a rearvard increment (0 = 180°).

It can be seen that a velocity increment of at least 2000 ft/sec is
required if the descent range is to be less than 3000 n mi for an initial
orbital altitude of 300 mi. The re-entry trajectory of a typical body
will intersect the earth at & point roughly 200 mi short of the vacuum

distance due to the influence of the atmospheric dreg. -
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The effect of varying the angle of the velocity increment O is shown
in Fig. 2 for an initial orbital altitude of 300 mi and a velocity
increment of 3000 ft/sec. Values of © of 90 deg and 180 deg give
approximately equal vacuum descent ranges, but the re-entry trajectories
are somevhat different.

An estimate of the sensitivity of descent range to errors in the
magnitude and direction of the veloeity increment can be obtained from
these graphs. For a 300 mi orbit and AV = 3000 ft/sec with O « 180°,
the slopes are )X/ )AV = - 0.27 n mi/ft/sec and )X/20 = - 27.1 n
mi/deg. If the velocity increment is added at an angle of about 130 deg
from the direction of motion, the slope )X/ 20 is seen to be near zero,
and only & velocity error would contribute to the impact point uncertainty.

The velocity and path angle of the ellipse at a given altitude above
the earth can be found from the following equations. The velocity, at an

altitude h, is

vha-v2+ (-23- 2“>

Th x.orb
and the path angle is given by

(v r cos )

cos 7.
b h 'h

vhere r, = R + h and the term (V r cos 7) 1is evaluated at orbital altitude
after the velocity increment has been added.

The initial conditions for re-entry into the atmosphere at a nominal
altitude of 250,000 ft are prcunte;l in Fig. 3a,b. Figure 3a shows the

variation of re-entry velocity and path angle for three initial orbital
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altitudes and several velocity increments for the case of O = 180°. For
comparison, the re-entry conditions for a 5500 n mi ICBM fired at various
ranges using its full velocity potential are indicated by the nearly
horizontal dashed line. The points on this curve cover the re-entry
conditions for the missile fired on trajectories which vary from the

3000 mi low case through meximum range to the 5000 mi high trajectory.
Thus, ve see that the terminal portions of the trajectories for the
recovery of a package from & satellite in a circular orbit around the
earth are similar to the re-entry trajectories of a 5500 n mi ICBM when
fired at shorter ranges on low non-optimm trejectories.

Figure 3b is included to show the effect of varying the angle of
the velocity increment for the case of a 300 mi orbital altituds and a
velocity increment of 3000 ft/sec. The dashed curve, representing an
orbital altitude of 300 mi with varying velocity increments added at
0 = 180°, is repeeted from Fig. 3a. It is seen that the re-emtry
conditions vary symmetrically around O = 180° while the total vacuum
descent range as shown in Fig. 2 does not. It is interesting to note
that the re-entry velocity resulting from a 3000 ft/sec increment added
at angles of less than about 110 deg or more than about 250 deg is
greater than the local circular orbital velocity.

No re-entry trajectories have been calculated for the initial
conditions corresponding to this package recovery study, but a case
corresponding to the maximm range ICEM point has been used to compute
the temperature history shown in Fig. b.

Reference 1 presents an approximate analytical solution of the

equations of motion during the re-entry. These equations give reasonable
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values for the various trajectory variables until the curvature of the
path becomes large.
The meximum deceleration experienced by the body is given by
) 2

dV> _avo sin 70.
& max . e

and the velocity et which it occurs is approximately

V =« 0.607 vO

wvhere Vo and 7o-8Te the velocity and path angle respectively, at the
nominal re-entry altitude. V
The altitude for maximm deceleration can be found from the equation

for the density ratio wvhich is

1
€ Poo ( I:DI">

©

vhere @ 18 the constant in the exponent in the isothermal atmosphere

approximation ¢ = e @, e value of o e about b x 1077 per foot.
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III. PROTECTION DURING RE-ENTRY

Two steps can be taken to prof.ect the payload from excessive
te-pe'nture rises. The serodynamic heating of the outer shell can be
reduced through control of the re-entry flight peth, and the payload can
be insulated from the outer casing. First, let us consider the problem
of controlling the re~entry flight path.

For "dump ranges" (ranges on the surface of the earth from point of
inpuls.a to impact) of a few thousand mfles the descending trajectory
resembles that of an ICEM. The re-entry heating problems of ICBM war-
heads have been examined in detail by Carl Gazley, Jr. (Ref. 1). His
work demonstrates that as the ratio Vgi'fn_'y' is increé.led, maximunm
deceleration occurs at successively higher altitudes and the total heating
per unit area decreases. The possibility suggeats itself that a large
enough parachute would limit the total heating to such an extent that
conventional parachute fabrics would retain their strength.

This has been investigated by Gazley, in an unpublished work, for
the example of & re-entering warhead attached to a parachute 100 ft in
diamster with & total weight of 3500 1b. Figure b shows the heating
experienced by such a device. The case wvas assumed to be an insulated
skin of 0.05 in. stainless steel. The parachute was constructed of
fiberglas cord and cloth (designed with a factor of safety equal to 2)
and covered with an additional layer of cloth as a shield against the
high transient heating load.

This method of supplying & large drag area is a somevhat arbitrary
choice. To be suitable the device used should be able to expand its linear
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dimensions by one or two orders of magnitude and yet weigh only a
fraction of the total package weight. One might consider such devices as
balloons (the parachutes might use balloons to ensure proper opening) or
structures which telescope or fan out. However, as the design for any
vsuch structures approaches minimum weight it begins to resemble the
design of a foil parachute. The inherent sdvantages of fabric (i.e.,
efficient packaging, non-continucus fracture and heat paths, etc.) suggest
a parachute ofconventional construction.

The behavior of parachutes is known for reasonably dense gases and
for speeds up to lov supersonic Mach numbers (Ref. 2). For estimating
performance in rarified gases at hypersonic Mach numbers a "reasonable
extrapolation” was made. Obviously, experimental investigation will be
necessary before performance can be predicted with confidence.

Peak aerodynamic heating occurs in & region of the atmosphere in
vhich little knovledge has been accumulated but vhere considerable interest
is now being directed. By conventional criterion the flow over the package
will be well within the sll-laminar regime (ignorance concerning transition
will not be critical). The mechanism of heat transfer to the parachute
cannot be well defined until the flow is better understood. The flow
and heat tra.nlre;' have been assumed similar to those for a blunt body for
the tempersture studies in this memorandum.

'mc-shrmxd lines were treated as infinite, inclined cylinders for
the determinstion of heating. The covering fabric on the lines would
probadbly lose no;t of its strength at maximum temperature, but all that

is required is that it hold together for about one minute.

R R
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Figure 4 ipdicates directly howv the temperature of a recevery
package might be controlled. The time-temperature curves could be in-
terpreted as applylng to such s packege 1f the persmeter %’f were
equal for the two cases (frcm Fig. > the angle 7 is seen to be similar
to that for en ICBM).

In the case of the re—entering warhead the parachute would be de—
tached about 30 sec after re-entry t lessen warhead vulnerability to
interception. (The effect on the warhea;d skin temperature of retaining
the parachute is indicated on Fig. 4 by a dashed line.) 'The recovery
package would retain its parachute until touchdown, not primarily because
of tempersture considerations but because a longer descent time and
Power impact velocity (about 17 ft/sec) would aid in the successful
recovery of the package.

The skin tempersture is a function not only of the flight path
(;;?g;—)_,andthe skin properties, but also of the absolute size of the
pl:.ckage (due to the dependence of the heat-transfer coefficient upon the
Reynold's number). This is, of Wu, included in the calculations
appended to this memo but it is actually a second-order effect for
these qualitative considerations.

The payload can be insulated from the heated surface with coaventicp—
al materials and techniques. Due to the transient nature of the heating
the insulating material and the outer casing are more efficient if used in
a number of layers rather than s single layer. (This is in agreemsémt with
the results shown in Ref. 3.)

Figure 5 illustrates the heating of an inner case as a function of
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time for an outer skin raised to a constant elevated temperature. The
distribution of metal between the outer case and successive layers
within the fiberglas insulation is varied as follows: (a) outer and
inner cases only; (b) one intermediate layer; and (c) two intermediate
layers. This figure demonstrates the ability to increase the insulating
effectiveness to allov for increased outer-case temperatures without the
addition of appreciable weight. In essence the heat capacity of the
insulation is increased with no commensursate increase in conductivity.

In reality the temperatures of the outer case will begin to decreease
after the first half minute (i.e., dashed line in Fig. 4). The tempera-
tures of the outer case, interlayers, and inner case are plotted as
functions of time in Fig. 6.

It is worth noting that most of the heat input to the intermediate
layers and the inner case occurs after the outer case has started to cool.
Figure 7 shows the outer-case temperature for the transient condition and
the corresponding equilibrium temperature (determined for the altitude
and velocity as functions of time during descent). It appears that a
possible aid to the protection of the package might consist of the
ejection of the front outer layer after the initial heating has concluded.
The next layer exposed would remain close to the equilibrium temperature
for the remainder of the flight path and the heating probleam would be
correspondingly reduced. This technique is conceptually very simple;
mechanically, it 1np11.u that the C.%A of the ejected layer is less than
that of the remaining package plus parachute (to eliminate interference

with the parachute).
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IV. PACKAGE LOCATION AFTER IMPACT

Although 1t appears quite possible to bring the package through the
atmosphere in an undameged condition there remains the problem of location
and recovery after impact. This.problem is lessened considerably if the
parachute is retained till touchdown. A total descent time from dump
signal to impact of from 40 to 60 minutes allows eample time for the
package to be tracked, its final position predicted, and recovery
proceedings initiated. (A small radio beacon could be included for smmll
cost in weight and it would facilitate tracking.)

The ease with which & package could be recovered is a direct function
of the predictability of its impact point. Figure 2 indicates the
sensitivity of range to the elevation angle of the incremental thrust.

As shown, the effects of errors in this angle are minimized if the angle
is chosen for minimum range. Angular errors of as much as -:20 deg
could easily be tolerated if distance errors of as much as 100 n mi were
acceptable.

Errors in azimith of the incremental thrust will result in
proportional errors on the ground (e.g., for h = 150 mi and AV. =
2000 ft/sec an angulsr error in azimuth of 310 deg results in a ground
error of +35 n mi).

In the unlikely event of a high wind vhich is invariant with altitude
these deviations could be approximately doubled. (This effect can be

eatimated ahead of time.)
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V. SYSTEM WEIGHTS

An estimate has been made of the weight penalties involved if the
equipment necessary for successful recovery were included in a satellite
stage. The components of such & recovery system are illustrated in Fig.

8.

The prime item for which all this effort is being made is assumed
to be exposed photographic film, Total weights derived for this
assumption will be conservative for payload items of greater density and
decreased temperature sensitivity. (The film is assumed to be damaged
1f its temperature exceeds 100°F.) |

The component weights for a film weight of 50 1lb are tabulated in
Table lifor an orbital altitude of 150 st mi and & dump range of 2500 n mi.
The assumptions and procedures for determining these weights are included
in Appendix B, as is the dsf.ernimtion of total package weight as a function

of film weight, altitude, and dump range. This variation is shown in

Fig. 9.
Table 1
___..Hm'l WEIGHT (1b)
Film 50
Reel 5
Beacon (plus power, switching,
etc.) 10
Case + Insulation 45.8
Parachute (plus positive
opening device) 25.8
Solid Rocket 91
TOTAL .6
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VI. DISCUSSION OF RESULTS

The problem of modifying the trajectory of an orbiting body so that
1t will intersect the earth's surface at a specified time and location
appears to yield to simple, straightforward technigues. The method
investigated here, that of using a rocket to change the velocity vector
of the package to be recovered, is particularly suitable vhen the
atmosphere and/or the orbital properties are not known sccurstely.’

Use of & rocket assumes at least a gross control of the body's attitude--
it would be sufficient to be able to point approximately downward.

The problem of protecting payload items from aerodynamic heating
during re-entry into the earth's atmosphere calls for two approaches,
both of vhich appear to be feasible. The payload can be insulated from
the heated surface with conventional materials and techniques; and the
aesrodynamic heating of the outer shell can be reduced through control of
the resentry flight path by means of & double-layered fiberglas parachute.
Fibers with better high-temperature characteristics than glass, such as
quartz, should be investigated. More knovledge is also needed sbout the
behavior of light, high-drag devices in a hypersonic, rarified gas
stream and about the reaction of parachute slements (double-layered or

otherwise) to highly transient heating loads.

—

When sufficient knovledge and control are available, one might con-
sider flying an orbiting body at a critically low tltitudc and commanding
significant increases in drag to effect a return.
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The final problem, that of locating the payload after impact,
does not appear to be of unusual difficulty. A smll redio beacon and,
possibly, flotation gear contained in the recovery package appear‘to
offer & reasomable solution. The long descent times might permit air-
borne units to be in the immediate vicinity vhen the package reaches the
surface.

In conclusion it may be said that the successful recovery of use-
ful material from orbiting vehicles appears to be an attractive possi-
bility. Because of the preliminary nature of this study no conclusive
Judgment can be made of the method outlined here for returning payloads,
but the inherent simplicity of this method suggests that it be given

»

further attention.
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Appendix A

DETERMINATION OF PROTECTIVE CASE TEMPERATURES

The efficacy of an insulating layer when protecting against highly
transient heating losads 18 a function of two of its properties, the
conductivity and the heat capacity. ILow conductivity and high heat
capacity are desirable, but are generally incompatible in & homogeneous
material.

The heat capacity of an insulating layer can be increased by the
insertion of discrete layers of a material of high conductivity and
large heat cepacity. If these layers are oriented perpendicular to the
direction of heat flow, and if the structure of the insulating material
is fine compared to the intervel between layers the conductivity of the
insulating layer will not be increased.

This effect can be demonstrated as follows--a step function is
assumed for the temperature of an outside wall, (i.e., for t <O,

T, = 80°F and for t £0, T, = 700°F). The effectiveness of an insulation,
composed of & total of 2 in. of fiberglas and 0.10 im. of steel, is
investigated for the following conditions: (a) a conventional arrangement
of & 2 in. slab of fiberglas backed by a 0.10 in. skin of steel; (b) 2
slabs of fiberglas, each 1 in. thick, separated by a 0.05 in. sheet of
steel, and & 0.05 in. inner case; and (¢) 3 slabs of fiberglas, each
0.667 in. thick, separated by 0.033 in. steel sheets, and an inner case
of 0.033 in. steel. |

For each of these three conditions the temperature of the inner

case wvas determined as a function of time using the following physical
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properties--
onductivity of fiberglas, h = 0.02k BTU
¢ ’ Ve * . op

specific heat of fiberglas, ¢ = O (assumed)
conductivity of steel, h = w (assumed)

specific heat of steel, c = 0.12

The results of this celculation are plotted in Fig., 5. The definite but
transient advantage of multiple layers is demonstrated.

The insulating effectiveness of category (c) has been investigated
for an outer wall exhibiting the temperature history of an insulated skin
(of equal thickness, i.e., 0.05 in.) re-entering the atmosphere along the
trajectory plotted in Fig. 10. This trajectory was determined for & re-
entering varhead but, as can be seen in Fig. 3, it falls well within the
range of trajectories expected from re-entering orbiting bodies.

The folloving sssumptions governed the determination of the outer
well temperature. It was conservatively assumed that the surface areas
effective in convection and radiation were equal. (The expression for the
convective heat transfer coefficient is based on area projected in the
velocity direction, while that for radiation is based on total area.)
Atmospheric properties were obtained from Ref. 4.

The temperatures of the outer case and of the inner layers are
plotted as functions of time in Fig. 6. It appears possible to protect

a re-entering payload using relatively simple techniques.
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Appendix B

DETERMINATION OF SYSTEM WEIGHTS

The techniques and mechanisms employed in recovering film from a
satellite'can be examined in terms of the orbiting weights that are implied.
Component weights have been estimated for an elementary system (see Pig. 8)
using the following assumptions:

The £ilm and reel and the radio beacon, plus its power, switching,
etc., were assumed to heve over-all specific gravities of approximately
0.5. Witg efficient packaging they might be enclosed within a surfece
area equal to twice that for a sphere of equal volume. Of thie area
three-quarters is covered by complete insulation (an outer case of 0.05
in. steel followed by three equal layers of 0.667 in. fiberglas and 0.033
in. steel) and the remaining one-quarter is covered by the inner 0.033 in.
steel only. The density of steel is taken as 485 lb/ft3 eand that of
fiberglas as 7 lb/ft3.

Starting with an arbitrary film weight, increesing it by 10 per cent
to allow for the reel, and adding 10 1b for the beacon, etc., the total
weight of the insulated package can be determined. The size and weight
of the required parachute can be deternﬂngd directly knowing the package
weight, the area-weight ratio of the parachute, and stipulating that the
ratio, Egﬁ , for the package-parachute combinatf{on should equal L,

(Cp = 1.k, Ref. 3).

Parachute weights were determined for double-layered elemente through-
out and a 100 per cent margin of safety on the inner, load-carrying members.
A ratio of 0.06 lb/ft2 was used. The parachute weights determined in this

fashion were increased by 10 per cent to allow for positive opening devices.
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If the total weight of the package plus parachute is known, the size
of rocket can be determined that is needed to accomplish the specified
deceleration. The specific impulse for & solid rocket vas assumed to be
200 sec and the ratio of propellant weight to total rocket weigat (v )
to be 0.6.2 |

The aforementioned methods were used to estimate total weights as
functions of film weight, altitude and dump rangs. This relationship
is plotted in Fig. 9. Table I itemites the component weights for a
system returning 50 1lb from a 150 mi orbit with & dump range of 2500 n mi.

The weight estimates do not include effects on the design of the
orbiting stage. The structure of the orbiting vehicle should accommodate
the recovery system so that its components would require & minimum of

readjustment before firing.

Q'hese assumptions introduce a considerable degree of conservatisms.
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g =180°

Vacuum coasting range, X,(thousands of n mi)

horp = 500 statute miles

0 ; 1 | | | i I 1
0 | 2 3 4 5 6 7 8
Velocity increment, AV, (thousands of ft/sec)

Fig. 1—Ground range vs velocity increment for package drop from a sotellite
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Vetocity, V, (ft/sec x 103)
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30
h = 250,000 ft
- 0
AV=1000 ft/sec 6:180
2000
25 -
—_— ICBM Re-entry
< \
3000 low
_—— ——————
4000 low Max ronge ZO
5000 iow 5000
6000 high
\aom
20 &
/ horp = 500 mi
300
150
15
0 i
0 -0 -20 -30

Path ongle, y, (deg)

Fig 3a— Re-entry initial conditions
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30
h = 250,000 ft
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_— AV =3000 ft/sec
-b V b
° 120°, 240°
25
g :150° 210°
g :-180°
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20
15
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Path angle, y ., (deg)

Fig. 3b— Re-entry initial conditions
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Fig. 6— Temperoture vs time for an insulated re-entering body
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Film weight

Total recovery system weight

20

6-26-56

Film weight W =
l1o 1o
\ Orbital altitude, h,
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F|g 9—Rat|o of total weight to film weight vs range
for varying altitude and film weight
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