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VCG‘ = .121 EMOS

The escape velocity, Vﬁ, is simply related to'the circular

satellite velocity, VS"
o B P " ‘s g [Be2)

By using vs and Vﬁ instead of T all the main character-

istics of the general hyperbolic moﬁion are described by

two equations.

(AR oAl
/i 1 ‘. g
v

If the conventional parameters are réquired they can

‘be obtained from the velocity parameters using Equatilons

(8.5) - (8.7).

En 1 ;(%) - L AR
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2
\'J
p = a(e® - 1) (8.7)

- -8.3 Direct Ascent or Descent

T

The problem here is usually to find the veloclty at
which a vehlcle enters the planetary atmosphere knowlng 73
the hyperbolic approach velocity, Vy, from the interplane;
tary trajectory analysls. Assuming that the vehicle
'epters the atmosphere near the periapSe, the atmospheric
_entry veloclty 1s given by V. in Equation (8.3) where

Vg 1

top of the atmec-sphere. Little error is introduced by

is determined by knowinv the radial distance of the .

assuming the top of the atmOSphere to be at one planet
' radiﬁs. ' Equation (8. 3) is piotted in Figure 12.  The
figure also includes a menory aid for Equation (8.3) plus

approximate values of Vt for Eartn, Venus and Mars.

8.4 Parking Orbit

iy parking orblt is a GETEUIAR WEBLE UeAd B8 un ARteT
mediate transfer point when arfiving or departing a planet.
The plane of the parking orbit for Earth departure muet
contain the hyperbolic depertﬁfe velocity vector,'Vh. THe
plane of the parking orbit at Mars must contain both the |

hyperbolic departure and arrival vectors and 1s therefore
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determined by the choice of interplanetary traJectories;
The plane of both parking orbits'will need to be_adjustéd
slightly for orbitai precession due to planet oblateness.
The velocity increment required, AV, to arrive or depart

the parking orbit 1is Just the difference between V and vs
AT E W e Ve Lo T s Tl (808

Av H

A plot of Yo VB is given in Figure 13 together with

S S %
the values of V for Earth, Venus and Mars at nominal park-

- ing orbit radii of 1. 1 de 1, and s 3 respectively. In

working with interplanetary trajectories the velocities
being considered are the hyperbolic approach and departure
velocities at the planet; The velocity which a rocket

would actually be required to deliver is the-tiV'veiecity.

In order to keep in mind°what a Vy "costs" in terms of a

Av 1t is a useful guide to note that the ratio

VH' ; ] i
AV = 1 -.When' .VH = = i

For hyperbolic velocities less than half the circular
satellite velocity the "cost" 1is greater than one for one.
For larger hyperbolic velocities the "cost" 1s less than

one for one.




- 8.5 Flyby Maneuver

. The flyby maneuver consists of an inbound and an out-
bound hyperbola that are Jjoined by a common periapse. Trans-
fer from the 1nbound'to the outbound'traJectory is accomplished
by a veloéity'impulse, ANV, applied at the perilapse. The
plane of the motion is determined by the plane'of the inbound
Tand outbound'hyperbolip velocity vectors. The advantage of
the manéuver is that in addition to the rotation of the-rela;

tive'velocity vector a large hyperboliec velocity change can

~~ be generated with a small velocity change at the periapse.

The maneuver is shown schematically in Figure Lu )

The general problem is to find the two hyperbolaa and
the assoclated AV, given the two hyperbolic velocity vectors
_.the_angle between the vectors VﬁI and Vho

T and Vho from the interplanetary anéljsis. Iet A be

o, V. -V s 2
A = arc cos _VEI vﬁo (8.9)
: < 3 HO :

HL .

The two hyperbolas can be determined by the simultaneous

solution of Equations (8 10) - (8. 12) for VS._

in & | 2 . A (8.10)
sin = - .
I - +(VHI) i .

IFA\', Qi
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(8.11)

5 5 § o e o, ew T (8.12)

Knowing Vg, V ; and V,, can be found using Equation (8:3):

The velocity increment, AV, is given by

ﬂV = Vno — VnI ) _ (8'13)
Equations“(B.lo)'g (8.12) are a transcendental set ana
require an iteration for an accurate solution. A very
; :good'appfoximétion for Vg 1s given by Equation (8.4) 1ir
Vy 1s taken as the average of V,, and V., and § is taken
aa-% i ' '

A special case of the general flyby maneuver occurs

when the velocity increment, AV, is zero,;sq that'the
- planetary encounter impérts only é:directionéi change to
thé.hyperbolié velocity.' Most of the agencies studylng
."flyby misSions".have restricted their analysi to this
special case(l)(h) =

As noted in Section 8. L, 1t 3s convenient to know the

"cost" of a hyperbolic velocity change in terms of the actual
: - . AV 2
velocity increment applied, i.e. the ratio zr% . For this

type of maneuver the "cost" 1s always less than one for one.




A T

56
The cost approacheslzero as Vh appfoaches zero. In general,
the smaller r_, the smaller the "cost". To a first approxi-
mation Py is detérmined by the size of the angle, A. The |
larger the angle; A, the closer the ﬁehicle must pass the
planet. S:Lm:e_):',jt must be greaterthah ohe‘to avoid a col-
lision with the planet, there is an upper limit on the angle'

through which the hyperbolic_veiocity vector may be turned.,

When " ' thI = | Tyl - Vé. | then A = 60
~ degrees. ' _ s _

Tbié gives a rule of thumb‘that-the‘turn angle, A, cannqt be’”
'greater than 60 degreés.if thé hyberboiic approach ve1oc1ty
is greater than the circular satellite velocity, Vs at,the

planet's surface.
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CHAPTER 9

ATMOSPHERIC BRAKING

3

9.1 Nature of the Problem

 When a vehicle arrives at a planet after an interplane-
-tery voyage it must dissipaﬁe’part of i1ts high approach ve-

locity in order to enter a parking orbit or to descend for

"Q_landing. This velocity change could be accomplished with .

'rocket thrﬁst but in most cases 1t 1s more economical to

_ eﬁter the.pianet'e atmosphere and dissipate the energy in
'_the form of heat through atmospheric braking.  Once the
vehielé has been slowed to circular satellite speed 1t may
'_either exit'phe atmoephere into a parking orbit or continue
deceleratidn to e.difect landing on the surface. . For the
'_:girsi.menned expedition to Mars 1t will be necessary to
_FestabiIEh'a ﬁarking'orbit before descending to the surface
_.1n order to map the. terrain, select a landing site and
_verify that there is no unforeseen,hostile environment
which, might preclude e landing on the surface. Upon return

to Earth a direct descent to the surface 1s feasible.

The primary reason for using aerodynamic braking 1n-

stead of thrust-braklng 1s that the mass ratio of the initial

-
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maés to the finél mass_is smaller using aerodynamic bfaking.
Therefore_thé majof dbjeptive of the analysis for mission
pléﬁning pﬁrposes is to_obtain some epre3aion of the ré-
quired mass ratio for aerodynaﬁic braking as a fﬁnction of
the appfééeh velocity. - The secondary obJective'of the
hnalyais is to thain.é gener31 understahdiné ol the prbblems
of aérodynam;c braking. The authof_intends no contribution.
+ . to this area of tgchnology, bﬁt ins?eadhis reporting on.a
study of the'subject fdf appiication to mission planning.

59.2 _Thermodynamic Considerations

"Hhéanhe vehic¢le enters a planétapy atmosphere at.

supercircular speed 5 shock waQe 1s formed shead of the

véhiclé.” Tpe stagnation temperature 1s suffic;ently high
| to ionize the gaa behind the shock wave, direcfiy 1n'front
~ of the veh{cie. Heat is transferred ts“the vehicle by
cohivection thrbugh the boundary 1ay¢r‘and alaésby radiation
direcﬁly from fhe hot, ionizedlgas. - At eﬁtry speeds'below
about 0.l45 EMOS cbnvective'heatihg pre@ominﬁtea and ;t;ié
minimized by a bluht vehicle which creates a strong detéched'
shock ﬁavé well ahead of the vehicle, __The capéuies‘de-
signed for the\Meréuf&, Geminl and Apollo éfograms.all'ﬁavé
this configuration. At speeds above O.h5 EMOS radiative
-heating predominates and it is.minimized.by-a sharp-nosed
ﬁehicle which creates a weak shock. The heating rate due

to radiative heating goes up extremely rapldly with increase&

&
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velocity and becomes a big problem if not the limiting factor
at high speeds. :

For radiative heating the_étagnation temperature increases
- with increasing velocity and increasing air density.. The actual
vehicle temperature at the stagnation point mayl differ greatly
from the stagnation température due to configuration, real gas
effects, materials' properties, and exposure time,_l but the trend
of mé-rea.s;ing temperatures for higher velocities and air density
is the- same. A typical temperature as given by Lookheed‘sg) :
is about 1400 degrees Fahrenheit at an altit._u.de' of 50 nautical
‘'miles in the Earth's atmosphere at a velocity of 0.45 EMOS.
It rises to about 2100 degrees Fahrenheit at 45 nautical miles
altitude at the same velocity. A temperature of 1400 degrees
Fahrenheit is about the service limit for mdgt common metal
alloys. A temperature of 2100 degrees Fahrenheit- _is abové the
service .limit for the best high temperature metal all_oyé and
molybdenum or ceramics are | required.' ‘The vehicle 'may- be
protected from the heat that is absorbed by insulation with an
ablative, fibr'e-glass_ ma_terial that chars, mélté and vaporizes.
The ablative weight is usn._lally less than 15I per cent of
the - totall vehicle weigilt. If the wvehicle temperature' cén
be kept lovﬁr eno'ugh the absorbed heat can be dissipated
by dir'ect'_ rerad‘iétionl from the vehicle surface: ﬂormallj,
ablation would be accomplished at a -lbwer_ altitude, .say'
40 miles in the Earth's .atmosphere. The heating rate
would be ~high = but the deceleration period would be short

<o the total heat absorbed would be small. Reradiation
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would be acccmplished at a higher altitude, say 50 miles

in the Earth's atmosphere. The heating rate would be
lower, but the deceleration period would be longer so that
the total heat absorbed 19 larger. In general, the flight
-‘path with the minimum total heat 1nput 1s the one with the

highest allowable deceleration ("G" load).

9.3 Aerodynamic Considerations

' In crder to arrive at the proper altitude for atmos-
pheric braking the periapse of the hyperbolic approach
trajectory must lie close to the deceleration zone. . The
_ acceptable limits of the periapse pcaition determine the
“;atmospheric braking corridor which 1is shown 1n Figure 15.
Vehicles which arrive below the undershoot boundery will
\'e¥ceed the acceptable deceleration limit (nominally'lo "a")
or thg,decigned heaf&ng rate. Vehicles which arrive above
the cvershcot boundary will not be decelerafed sufficientlj
to effect a proper capture by the planet's gravitatioﬁal
field. Ivehicles arriving wifhin %he corridor but near
the undershoot ccundary need to direct the'lift vector
cadiailf outward tc_aerive in the proper deceleration zone.
The entry 1is characterized'by_high deceleration and high
‘ heating'rate, but low total heat is absorbed. Vehicles
- arriving w;thin the.corridcr but near.thé overshoot bound-
ary need tc direct the 1ift vector radially.inward to arrive
in the proper deceleration.zcne. This entry is character-

1zed by low deceleration and low heating rate, but high total
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heat 1s absorbed.

Followihg Chapman(ag)the corfidor width 1s defined
- as the.diffebence_in the radial distance to the periapoe
‘of each of the two boundary trajeotories. In general, .
the use of aerodynamic 1lift increases the corridor width.
-The size depends on.the aerodynamic techoiqoe used, 1.6;
oonstant altituoe, constant angle of attack, constant de-
celeration, etc. Corridor width also increases with
sloﬁer approaches, higherlaliowable decelefations,_and
lower atmospheric density.gradiéhts. Smail cor;idor
- widths require greater navigational accuracy.‘ |

If the vehicle 1is to descend for a landing the use
of aerodynamic 1ift gives'more control over the 1anding
point. The 2ift vector 1s_maneuvered in a ménner similar

to the operation-of'a glider. The footprint for a vehicle

with L/D = 1 1s about as large as the softineRtal Unttea

States.

9.4 ‘Work That Has Been Done

_ @hé‘references used 1n the étmospherio braking study
_wiil be mentioned in this section. They are representa-
tive of work that has been done but they by no means ex-
haust toe field. | |

Eggers et a1(23)have developed equations for ballistic-
type vehicles which enter the atmosphere at sufficiently

‘steep angles that the gravitational and centrifugal forces

can be dlsregarded. This assumption 1s not valid for

i g A o PR i R A2 4 b
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atmospheric braking although some of the analysis 1is help-

ful. The most useful analytical contribution has come

from Chépman(zu)(zg). His basic assumption 1is that the

percentage change in radlal distance 1s small compared to
' the percentage change in velocity. The resulting analyti-
cal expressions are quife valid at speeds above circular
satellite velocity and apply readily to the problem of at-
mospheric braking. By using dJdimensionless parameters he
makes the results applicable to any planet. He points
ouc that the smallhgianet size and the low density gradient
make Mars one of the easlest planetary atmospheres to enter.
Several plots included in Reference (25) allowfcuick deter-
mination of corridor widths. Luidens has investigated
thé corridor widths associatcd with specific acrodynamic
'techniques(as)and specific vehicle geometry(ZT). The.
._latter.reference concidered a delta-wing vehicle with
high L/D ratio of about one or two. He concluded that
the constant-G path with total deceleration at the vehicle-
limit provided the minimum total heat absorption. Working
with Himmel et a1(9)on the ctudy of a manned nﬁclear-rocket
mission to Mars he_reccmmended the use-E; a delté-wing_
vehicle for Earth re-entry. For a dclta-wicg configura-
tion, he concluded that the low vehicle density"at_mcrs,
due to lérge amounts of stored hydPOgcn propellant,_caﬁsed
high structural welghts and offered no saving over thrust-
braking. He did not consider other_configurations for
i

\--
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atmospheric braking at Mars. Ford Aeronutronic has made

a comparative study of three re-entry vehicles, a drag
brake, a high L/D vehicle, and the Apollo capsule for Earth
re-entry from specific interplanetary flyby missions(l).
They eonciuded that the three vehicle types afe competitive
for their mission in that no single one varied more than

20 per cent in welght from the others. _

'_Two interesting and promising drag brake configuratiohs
‘have been proposed although less work has been done on the
drag brake than the other configurations. The first of
these 15 the Avco drag brake which varies its frontal area
like.an umbrella. Ha&es and Vander Velde(zs)have presented
a landing control-system which modulates the drag on the
baeie"of measured deceleration. Their workihas also eug_
gested the use of modulated drag in conjunction ﬁith a
lifting vehicle in order to také advantage of the good
featuree of both 1lift and drag control.

The second drag brake configuration has béen oropoaed
by iockheed It user rockef thrust fo produce a component
of 1ift directed vadially 1nward toward the planet. The
artificial 1ift created by the rocket allows the drag brake
to.enter the atmosphere at high velocity near the overshoot
boondary. Ragsaé;ﬁnd Titus(zg)of Lockheed in eeporting a
‘technique foy the local optimization of interplanetary mis-
slons have assumed the use of a drag brake with a propulsion

system to augment vehicle 1lift for atmospheric braking at
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both Earth and Mars. Plots are given of the vehicle
welghts as a function of approach velocity. They limit
- the atmospheric entry velocity at Earth to 50,000 feet
per second and at Mars to 40,000 feet per second.

9. 5 Specific Vehicle Types

. The three representative vehicle types for atmos-
pheric braking and re-entry are the drag brake, phe
Apolio—type vehicle, and the hypersonic glider with a
high 1ift to drag ratio. A comparisen of their repre-
sentative characteristics for aﬁ Eartﬁ_re—entry_ia given
in Table 9.1 Any specific vehicle type'will'brobablﬁ'e
' be'one of these threeior a combiﬁation of these with
rocket thrust. All three vehicies can make a direct
deseent to a landing at Earth without rocket augmenta-
tion at atmospheric enﬁry speeds of up to 0.45 EMOS with
competitive vehicle weights.
. The technique of multiple braking passes 1is a poesible

method of atmospheric braking which allows the vehicle to )
_ coel_between_passes. | It 1s not censideeed for the manned
_ Mars mission for the fellowing reasons. Multiple passes
at Earth cause repeated exposure of the cﬁew-ﬁo_ﬁhe Van
KNiden pidtation Heits, In sddicion, st Mang, the velosity
increment required for circular satellite velocity is not
that much larger-than the velocity increment required for
capture to offer much saving.

The most attractive vehicle for atmospheric braking
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Table 9.1‘ Comparison of Re-entry Vehicles

/
s

Drag Brake | Apollo Vehicle Hypersonic
H' Glider
Max, Lift to
Drag Ratio
L/D Gl 5 2
Altitude 50 - | 40 4o
o naut, mi. naut. mi. naut. mi.
G Level 6 8 4
Heat Reradiation|  Ablative  Ablative
Protection ' - Shield Nose
Ballistic
Coef. ‘
CHA S psf 50 psf - 500 psf

Rll figures are approximate.




