CHAPTER 9
INTERPLANETARY FLIGHT

9-1 INTRODUCTION

With the advent of interplanctary flight, man and his machines will
break away from “coastal” navigation and venture onto the “high seas” of
space flight.  If operations in cislunar and lunar space can be likened to
the pioncering journcys of Odysseus and other carly Greek scafarers,
flights into the solar system compare with the accomplishinents of the
Vikings, the Polynesians, of Columbus, Magellan, and Da Gama.  Inter-
planetary explorers are faced with higher energy requirements, a loneliness
never experienced before in the vast space of the solar system which will
reduce their home plunct to a star or, at times, render it entirely invisible.
Above all, they will face much longer flight times which may range from
a significant fraction of a year to a significant fraction of their lifetime,
Reduction of flight time is therefore the key problem of manned interplanetary
fight,  Without its solution there cannot and will not ever be more than
a marginal interplanetary capability, restricting man cssentially to the
inner solar system with occasional expeditions at great effort.  Therewith,
our success in interplanetary flight is irrevocably connected with our
success in developing adequate propulsion systems which offer the best
compromise between sufficiently high acceleration for reducing the mission
period to Venus or Mars at least to periods between 0.5 and 1.5 years and
as high a specific impulse as possible in order to minimize Earth-to-orbit
logistic problems,

9.2 INTERPLANETARY FLIGHT PATHS

In contrast to a transfer between satellites and a lunar transfer, a
complete interplanetary transfer consists essentially of three parts

1. Escape from the departure planet
2. Hecliocentric transfer
3. Capture by the target planet

The first and the last part involve hyperbolic orbits, whereas the inter-
mediate portion, commonly depicted as a heliocentric ellipse, may also
be a heliocentric parabola or hyperbola.
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Escape and capture represent only very small sections of the heliocentric
transfer path (Fig. 9-1). The space region in which the planet, rather than
the Sun, can be regarded as the center body and in which the concept of
the hyperbolic flight path holds with good approximation is given by the
planet’s activity sphere which can be approximated by the relation

K_\ub .
Facr = R;}I(fi) (9-1)

as was shown in Vol, I of Space Flight, Eq. (6-224), p.. 479, The mean
synedic periods are based on the mean angular motions of the planets.
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Fig. 9-1 The Orbits of Venus, Earth and Mars in Correct Proportion and Shape
With the Activity Spheres of Earth and Jupiter in Correct Scale,

The actual synodic periods oscillate around this value, the differences
being caused by the variation in angular velocity due to the eilipticity of
the planet orbits. For Mars, the actual synodic period varies between
2¥ 34% and 2¥ 804, Since 7 synodic periods correspond to nearly 15 years,
Mars will appear every 15 years at the same time of the year in opposition
to the Bun.. The radius of the activity sphere of the planets is listed in
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Tame 9-1n  ABBREVIATED TABLE OF PLANETARY CONSTANTS
Mean Acilvity Sphereb-e Rydist Distance
Sy{né;dlcgiae;;o& Solar rlrﬁ::‘:?:ich
Petiod of Rerahaion v £-Value Attraction
. _— : b a1 given §s 397 of the
Peri- Beren: © Inclinatinn | Measn Chrbitsd Revolution ssmemz) Planet [Planet ot Sun's st
anﬂ'-muinr wais* | holign® Arhc!k‘m“ tricity® | o Ecliptic Velacit {Sidercal} pr Earth | Av et adiun {Rndive Axin Soler Planet’s
Tanct (AL 3 AU e A B I {Jarth Yesnn Years) Monthel Yeers ({n.ml) wi n. k. Ll 1) Cortznt istence
Mercars | 0.287 0.3075 | Gdss7 | D.20%6 | 7 0 147 | 16072 62411 1515 © 3EISI 0318 1 135G] 446 , 1100 | 401-10. 9
Verus || 0723 o7184 | o728 | oiooes I 2 23 363 | 114758 6136 KN TCO BT S S Jus| 992 193350 | oei s | 13h10-0 £ 173
Facth | LOmA)S.H0tnm] 09831 | fole] | 00ie7 s Low7.670 KL sam = | D 4ol 14ab] 9568 [ 092100 | 400104 Hom %
i1l 1.
SRR Lasi4 | 1esss | 00934 | 4 50 508 | 00e 1,884 TR LB EYV O EWC R ST I TWL IRETIRYC RN W YRTOR PYSSTSY Py il ‘e
apiter | 5303 Aosos I sasan §ooodks 1 118 1909 | 04084 1185 o (1201 | 1093 1an752] eq0i7| 241F 100 | 40E- 100 | 2738004 0lod 3338
Saiurn | 9.539 go076 1 100700 | 00857 1 2 29 412 | 23138 2945 et 11243 ) 1033 [3n0)s i NG| 2300 10¢ | 428100 [ R7h-10-4 oot 1460
Tranus § 19,182 182765 | 200873 | 00472 1 0 46 229 | 0338) 340 579 248§ o112 113763 0274 2700500 | S1.7.900 | 165 19~ 3.t 3300
Neptune | 30,058 29800 | 0HES | Goost | f 46 265 | Q3R 1643 1350 1209 1 pon7 | 13499 471e| J685.10¢ | Bek.00 ] 608107 " jo-s 13,340
Prate | 19.518 205919 | 93438 | ed86 47 8 384 | 07591 EYER 1555 1205 1 Lood | (800} | | 1330100 § 339.f0¢ { 372.107 " 6.0 ¢ 107360
® For & more extennive list cf, ‘Tablea 3-1, Vol § of Space Flight.
* Values were rounded off, .
* Computedt from the valiees given foe el fi te "y in A ioal Uinfts, “The value of o for the Earth It
sppiies to the planct ondy,  The sctivity sphere is only :migniﬁ:sn12 enlarped by the Moon. The velues, haaed
ort the relmion ree (A U= KpiKy snd using metrie volues for yield, for the Earth only, rpn =K } o w
6. 185- 10~ ¢ AL and for Eaeth and Moon, ryey = KQQIKO =6, 213- 10 ¢ AL), corresponding in both cases to about
2.5 Moon distantes, -
4 Avernge month = 365 25712 = 30-44 day ; e g, for Mercury, 58157 = 116,179, o
il Vi \
. . g - %
"Tab. 9-1 together with other basic planctary constants. 'The activity
sphere should not be confused with the sphere within which the planet’s ‘ "
gravitational potential perturbs to some relevant degree the heliocentric i i f
path of the escaping or approaching spacecraft. The limit of this region f s
around a planet, that is, the degree of perturbative relevance, depends ¥
somewhat on the navigational accuracy tolerance involved, but may be
taken as the distance where planetary attraction is reduced to 1/50 to ‘ ‘felwv::fs mm!g arbit
11100 of Tocal solar gravitational attraction (cf, Tab. 9.1, last column). 3 2 It 1V '
. + . . ¥ ¥ oy
In the following discussion of heliocentric transfer orbits, the plancto- i v i i
centric portions will, therefore, be ncglected. In order to establish a fipais :
f i i. d f h }. < . ﬁi h» h b 1X == X4 €
systern for the muititude of heliocentric mission proflies which can be I T
X=Xl -]

flown, these have been divided in eight elliptic orbits, the parabolic and
three hyperbolic transfer orbits.  "The twelve orbits are listed in Tab, 9-2,
and shown in Fig. 9-2a,b. 'The upper portion of Fig. 9-2a considers
transfers from an inner to an outer orbit, the lower portion depicts transfer
orbits from an outer to an inner orbit. A one-way elliptic transfer can be
identified by a one-digit number (e.g., ¢ is the Hohmann transfer), a round
trip by a two-digit number {c.g., 00 for the Hohmann mission profile), We
will further agree at this point that in a two-digit mission profile the first
number identifies the transfer path from Earth to target planet (outgoing
transfer), the sccond number specifies the transfer path from target planet
to Earth {return transfer).  Where hyperbolic transfers are invelved, or
in cascs where a round trip involves more than ene target planet, hence,
represents a succession of several transfer orbits, the transfer orbit

it
Fie. 9-2a  'The Nine Basic '_I‘ypes of Eliptic Heliocentric Transfer Orbits,
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numbers should be separated by commas, again counting from Earth
back to Earth.

The transfer orbit classification presented in Fig. 9-2a,b is perfectly
general and independent of ellipticity and inclination of the planet orbits
or any other departure and target orbit. The effects of ellipticity and
inclination will be treated in later paragraphs.

9.3 HOHMANN TRANSFER BETWEEN CO-PLANAR CIRCULAR
PLANET ORBITS o

This obviously represents an idealized case.” The fact that it allows
considerable simplifications without seriously compromising the per-
formance spectrum of most transfer maneuvers has made this approach
the historical starting point of systematic interplanetary mission computa-
tions with Hohmann's first comprehensive study [Ref. (7)]. Therefore
the Class 0 transfer orbit (Fig. 9-2a) has been named in his honor,

Subsequently, the Hohmann transfer will be analyzed first. The
equations involved are well known to the reader of this book and Vol. I
of Space Flight and will therefore be summarized here without further
explanation. The transfer nomenclature is presented in Fig. 9-3. All
other symbols used have been explained many times before and are also
summarized in the list of principal notations at the end of this chapter.
Although the escape and capture orbits will not be considered, the energy
requirement for escape and capture will be included in the analysis of this
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Fig. 9.2b  The Three Basic Types of Hyperbolic T'ransfer Orbits.
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Fi1c. 9-3  Nomenclature of Heliocentric Transfer.

pza;;gzap};. However, the effect of eccentricity and inclination of the
p orbits and of the required transfer orbit inclination on the transfer

energy requirement will be negl i i
oy req glected here. It is reserved for a discussion

Heliocentric departure velocity
Transfer to an outer planet,

VEo/R, AT1 ©-2)

where n=R ,/R ST . '
of the Earthés/ O:bia:d VKo[Rp=VEKy]ag, @y being the semi-major axis

Transfer to an inner planet,

V*l L V*d = ..,m ) (9__3)

where V¥, = 4/ Ko/R, = VRlag.
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Since in a Hohmann maneuver the departure and arrival are cotangential,

it follows o
- V144V = oY (9-4)

so that, for transfer to an outer or inner planet, respectively, it follows
Planetocentric escape velocity -

v¥, = ‘\/ﬂtpa_i:vvw‘.lsf (9-5)
ot, for departure from a circular satellite orbit

Ado*, | = ¥, 0%, = ”‘&.1"‘8‘1‘; Ke/"; (9-6)
o]

Here the asterisk means, like for the capital letter heliocentric velocities,
that they are put in nondimensional form by division by the mean velocity

of the Earth :
Ug = ¥, o ‘\/Kofa&, =V, {5-7)

It is convenient to carry out interplanetary transfer computations in
serms of the mean Earth velocity and of the astronomical unit as unit of
“length. If, in addition, the unit of time is taken as 1/{2#) years, it follows
V, o=1and Kg=1. This is very useful for intermediate computations
or for electronic computer analyses, but the final result is difficult and
cumbersome to use if presented in these units. Table 9-1b lists the mean
velocity as well as the apsidal velocities of all planets in terms of A.U.fsec,
km/sec and ftfsec, whereas in Tab. 9-1a the velocities are given in terms
of the Earth’s mean velocity.
Assuming the spacecraft departs from the vertex of the hyperbola, the
escape period to a distance 7,,, (limit of the activity sphere) follows from

the following equations

3 g

= Um g AR -
e = l+pot 1 9-8)
‘= Ve, 1 ¢-9)
&
cos H = ” (9-10}
1452
M = etan H—In tan (45°+’2—I) (0-11)

- | . . . ) .
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Asymptgte haif angle of the escape hyperbola 7
o8 = -
$ == - (9-13)

The turning angle between : .
geocentric direction at heiigeocentrw hyperbolic departure direction and

; ocentric departure
is [cf. Eq. (4-27)] equal to one-half g (asymptote) after eacape
hyperbalis encounter? one-half the over-all turning angle  at 3

AL s O d o wrey 1
ég 90 é‘—‘sﬂl 2; (9-14)

Th , . .
¢ heliocentric transfer time for the half-ellipse shaped transfer orbit is-

easily computed from

t: = %WX{}?}W
with Kof(A-U.)sfsecf] (sec) (9-15)
2 = ¥R4+Rp) (AU (9-16)
Ko = 3.96529.10-14 [(A.U.)%sec?] (9-17)

The center angle covered by

. E .
transfer is therefore {Fig. 9-3), arth and target planet (pl) during the

dyg =
o = pgt, (9-18) .

™ d’?pi = F‘piti : (9”}9)
¢ departure position angle of the target planet follows to be

Yo = pe~dny = 180°~ 4y, (9-20)
and the arrival constellation

$y = A’?s“’?f = Ay, —180° (9-21)

The last expressions on the ri i
ight-hand side of Eq. (9-20) and (9-
2}?05::}1:}:} transfers only. . ‘Equatioﬁ's- (9-20) agd((9~21)) are é‘:.sirli)oanpgz
o t;}e ol tire‘},&at ';’?"f_” positive means that the target planet is “zhead”
b E1, Pg=positive means that Earth is ahead of ¢
Heliocentric arrival velocity is for transfer to an outer pla?:egtet planet
Re

L
Vi= V0=V (9-22)

4
and for transfer to an inner planet
. _ R
y g - V' - V‘Aﬁf (9"‘23)
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The heliocentric arrival velocity difference is therefore

AV, = vy 4 = Vp—VKla, Transfer (9-24a)
-1 to an
AV*y = 0¥, = Ve av, | inner orbit (9-24b)
AVy = vy 4 = VKoja,— V4 Transfer (9-25a)
i toan
4V*, = g% o= e V¥4 | outer orbit (9-25b)
P a

The capture energy requirement depends on the capture maneuver, the
altitude and the eccentricity of the capture orbit. A single-impulse
maneuver, changing the orbit from hyperbola to an elongated ellipse
requires the least ambunt of energy. A two-impulse maneuver into a
circular satellite orbit (cf. Chap. 4) is more expensive, but under certain
conditions still more economical than-a single-impulse orbit change from
hyperbola to circle. The minimum energy requirement for the latter
maneuver is (cf. Chap. 4)

where ¥ is given for each planet in Tab. 4-1 and also Tab. 9-3 below. In

Tasie 9-3 AUXILIARY DATA FOR TYPICAL STANDARD
CAPTURE AND ESCAPE DISTANCES

Minimum i—Impulse Maneuver at 1,1 Planet
Maneuver ) Radius

K§| r i, e 1.1 ree | Wdrar, (U8} 1, 10
Planet |(n. mi%fsec?] {(n mi) | (ftfsec) | (ftfsec) | {n.mi) | {ftfsec) (ftjsec)

Mercury 3408 (208} | (24,900) | (35,200) 1490 9200 13,010
Venus 51,041 48,100 6260 8760 3680 22,610 32,000
Mars 6754 039 53940 8850 1965 11,260 15,920

Jupiter [19.914.10% | 4,265,000 | 13,130 | 18,550 | 41,500 | 133,100 | 188,000
Saturn | 5.963-10° | 1291000 | 13060 | 18,460 | 34,200 | 86,200 | 114,400
Uranus | 0.91207.10% | 280,000 | 10,960 | 15,500 | 15,100 | 39,500 = 66,700
Neptune | 1.08-10% 433600 ] 9600 13560 | 14,850 | 51,800 | 73,200
Pluto 52,146 3000 | 25,300 | 35.800 | 2000 | 23,400 | 32,800

comparison, a single-impulse maneuver for change into an elliptic orbit
at an arbitrary distance, say, 7p= 1,1r,, where ry, is the radius of the planet,
follows from the following relations,

q = (9-26)
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2K
Vp o ﬂk, g = ...;;2!.'_9@' ‘3’ (9”27)
tan g = Yple, & 9.28
sz/fp (5-28)
€ = secd (9-29)
4%, 3 = U 2~ Up, caprure (9-30a)

Wht?l'ﬁ: Up, capsure 18 the peri-apsis velocity of the capture orbit. If this
orbit is a circle, rp=r,,

du, 4 = v, o~ VE T, (9-30b)
The departure position angle for return along a Hohmann orbit is given by
Py = mydng = —iy (9-31)
Consequently, the capture period, i.e., stay time near the target planet,
; 360~ 25y

opt m . (9—3 2)

The H?h{nann return flight is a repetition in reverse of the outgoing flight.
The mission velocity becomes therefore

Avm: == dv;,' 1 “+ ka’ @ +dU", 4 (9"'33)
if different Earth satellite orbits are used for departure and return, or
dv!o! = Z(Aﬂk’ 1 “*" Aﬂk‘ g) (9"’34)

if identical satellite orbits are assumed.

"I'abie 9-3 presents auxiliary data for typical standard capture and escape
distances, Tables 9-4 and 9-5 summarize the essential orbital and

Tasie 9-4 HOHMANN TRANSFER ORBITS FROM EARTH TO
TARGET PLANET: BASIC BDATA OF TRANSFER ORBIT Nr. 0

Target Heliocentric Velocity at Target
Planet PR Target Distance (I)epartu:z Veioc:% =1}
Mercury 0.44 0.38709 2.58331
Venus 0.16 0.72333 1.38249
Mars 0.20 1.52369 (.65630
Jupiter 0.67 5.20280 0.19220
Satern .81 9.53884 0.10483
Uranus (.90 19.18196 0.05213
Neptune 0.93 30.05773 0.03326
Plito 0.95% 39.51774 ' 0.0283¢

* ¢, = eccentricity of heliocentric Hohmann transfer orbit (transfer orbit Nr. 0).
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520 TRESSL 3 ;5 TasLe 96 HOHMANN TRANSFER ORBI'TS: TIME AND
. sg| $|EEIERERER) || & % ‘ POSITION DATA
o O D e e e D o
= +
ﬁ "QE # '
] | mEunoa s = 4
o . ﬁg Ermaee o 2 5 g ang * From 2y i fop
i é E 5|42 | §ha84s P 2 3 Planes [teglinn)| (O [owd)| (o) | ) ear]_ e | o) dbly (Fliimrm] cremrey
4 o ] Mercary | 4092 55 0.2887 104 432 18G [« 252 -76 I
% 51 |32 TBUSRa 2 & Yemas " | 1602 | 1467 | 03999 14s 234 | 180 | -4 | 30 3¢ |ebp | 0] MR
E "7 §|E5ERARR8 1 1 |5 % e |G| R3S T s e ) Hl Tmen | T
PRORI . 1 : 312 63° | 8281 i . - — ]
< . sSa oe < Baturn | 0.0335 | 2,2087] 603 Séiiw 761180 | 106" 1-103 153 T8
a | A 555 398835 8| 5 ¢ Soa. | S8 i dgE ) de 1) B I | = 188
. - ' * 3 3.2 - —
= |3 5| $|S5IEESRERR B § 3 e oo Jlessd W | GRUEE | 3RS I3 mop | ds
i+ ke S So &=
]
{Xe =3 i st 0 1Y 3% =Y
5 | §| & <|zg, 3izEss g3 locity data for Hoh
e $§ B % 8213505850 o | ¥ B velocity data for Hohmann transfer between Earth and all other planets
g il 8 St R in the solar system, The last two lines show, for reason of comparison,
= % 8 3§§§§§§ B § i the data for a heliocentric escape mission and for radial fall toward the
b &1 9|33 S3decss = | & f& Sun. The heliocentric round-trip mission velocities
I "":" T e bt b :
= . .
< Bl SI33 588888 s | L e AV*oy = AV *, 4 4V *)| (9-35)
. ©h Fead s inan PR ; o
B E 2| *tlge sdsdoso b to the planets show the characteristic pattern (cf. Chap. 3) of reaching
Qg § F §§ iﬁggﬁ%%% § g »g & maximum at 15.8 A.U,, that is, between Saturn and Uranus. This
2 L . ;
E Q ) R §§§§§§2 - % 8 pattern is distorted, but nevertheless recognizable for the combined
5B ey % 5 planetocentric and heliocentric maneuvers,
») s 80 EIRRRES = 8
np= .| §|Ez12in0nss % g dv*, = Adv®,+ dv*,) (9-36)
& @ .
;:g Bl mymTan o g The geocentric maneuvers are based on departure from, and return to, a
P & 518 .:j a8 i§§§§§§° E £ 5 300 n. mi. circular orbit. The planetocentric maneuvers at the target
& 2|3 ket = % planet are uniformly based on minimum single-impulse capture in the
& PEEIAES- %‘3‘»3%‘ g 818 ¢ corresponding circular orbit, ie., on the lowest energy requirement
&g 1 . . . B .
o s & &,f asi2gnaaes = < possible for capture in 2 circular orbit with one impulse and, secondly, on
il AL TIRT T i é a circular orbit at 1.1 the planet’s radius. It will be remembered from
% 2 3 e ggggg 2 bl E Par, 4.4 that (a bar designates minimum I-impulse conditions for circular
sl & 1|88 IRGE833 8 | 4§ ~ capture orbit}, for any planet pl,
3 ] - SSCCTOO 5 £ _ e N
7 g 51 PR %mm@ggw @ £ O = 1/261;_” ZVKpI/’ - {9-373)
4 o » o E Chown wr B prd o + >
S ng isaannay N 5 -
% g DO 0 ko s ot el et 5\ s: ”w - ﬂp - ZKpiii (9"37b)
_ 00 W G0 o0y o v v B8 F A
% % o2 §g§§gg%gm i § g AYJ == f/},”’“'\/Kp’/f (9"‘37{3)
o S D [EneRxagas R so that :
b § e 3 00 -g §ﬁ 7
T oy g0 e P SR
u;: E o5 |BRES n=gn, Sul gy 46 = 8- VE i = VK = 22 (9-37d)
o gl e S mmmeonge © © &f De V32
% §° abadic 2285
o q -
E g LA Therefore, in Tab, 9-3
< - 3 R . B o i * v
= z | B §g.¢gge§§gz,§ ﬁf&i.‘é v¥ e
R |SETSESES5EER | myal Aoy = A%y = —= (9-38)
Rl ey 4 W 9 9 V2
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For Mercury, this capture maneuver is not feasible, since the optimum
1-impulse distance i8 7<ryg . Therefore, the respective values are put
in parenthesis.

The last three columns in Tab. 9-5 summarize the velocity requirement
for escape and capture at Earth and target planet at a distance of 1.Irg,
The mission velocity do*,,, is seen to be considerably higher than for the
minimum 1-impulse case, especially for the major planets. Tab. 9-6
summarizes the associated data on position, flight time and mission
period T.

Figure 9-4 summarizes the energy requirements for lunar flights and
for 1-way missions to various places throughout the entire solar system.
The value 4dv,,, given at the ordinate indicates the ideal velocity required
for all velocity changes, starting from a satellite orbit at 300 n. mi. altitude.
The circular velocity at this altitude is 24,900 ft/sec. The ideal velocity
with respect to inertial space required.to reach this orbit is about 29,560
ft/sec for large vehicles ascending from the surface at about 1.3 g initial
acceleration. For eastward ascent within +23.5° latitude, at least 13060
ft/sec can be subtracted due to Earth rotation, The ideal velocity with
respect to the +23.5° belt of the Earth’s surface, required to attain
circular velocity at 300 n. mi. altitude is therefore v, = 28,200 ft/sec. By
adding this sum to do,, in Fig. 9-4 one obtains very closely the ideal
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\fe.iocigy for which an Earth-launched probe must be laid out to accom-
plish its particular mission. For all planets the hyperbolic passage for
co-planar Hohmann transfer is indicated by a curve. The maximum
valules for circumnplanetary capture (namely, in a circular satellite orbit)
are indicated for Venus and Mars, at a capture altitude of 2000 n. mi. for
Venus and 6600 n. mi. for Mars. From this value on downward, until
planetocentric parabolic velocity is reached, lies the region of elliptic
capture orbits. It may be noted that even 1-way landing operations on
the Moon are more expensive than minimum-energy 1-way nonlanding
and {most} capture operations in the entire inner solar system. It should
also be noted that for dv,,, =28,000 ft/sec all planets of the solar system
can be visited by 1-way probes if launched from a satellite orbit. A
4v,, = 28,000 ftjsec corresponds approximately to the ideal velocity of a
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5500 n. mi. ICBM. In practice, however, the transfer time in minimum-
energy transfer orbits, which is shown in Fig. 9-5, will limit the transfer
of instrumented probes to Jupiter, and even there one will atterpt to use
faster transfer orbits {for reasons of communication, tracking and limita-
tions in operational life of the payload) as will be discussed in the subse.
quent paragraph, ' .
Finally, Fig. 9-6 correlates mission period and mission velocity for
2-way missions along Hohmann transfer orbits. The curve represents
the variation of heliocentric velocity for transfer from one heliocentric
circular orbit to another. The individual points in circles represent the
combination of heliocentric and planetocentric transfer energy, departure
and arrival orbit at Earth being at 300 n. mi. altitude, departure and
arrival orbit at the target planet being thé one for minimum 1l-impulse
capture requirement in a circular orbit. The individua:i points in tri-
angles represent the effect of departure and arrival at circular orbits at
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Fig. 9-6 Period and Total Velocity of Interplanetary Round-Trip Missions with
Hohmann Transfer.
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1.1 r, distance from Earth as well as target planet. The constellational
requifements for Earth and target planet in minimum energy transfer are
the reason for the very long stay times near the target planets of the inner
solar system. These periods are of the same order 23 the transfer period
both ways (Mars) or even larger (Venus). They result in total mission
periods of 2 years (Venus), 2.68 years (Mars),

For any given transfer path the flight schedule to another planet is
rigidly determined by constellational requirements. This means that the
position of Earth and target planet at the time the spacecraft leaves the
Earth must be such that planet and spacecraft meet when the latter
arrives at the planet's orbit. A given position between Earth and target
planet occurs in the average once within a given time period {synodic
period) which is given by the relation

T,

*¥n

1
L
i
where T, is the sidereal period of the planet in ‘Earth years. The
synodic periods with respect to the Earth are presented in Tab, 9.1.
Orbital ellipticity and inclination together cause the transfer conditions to
vary from one constellation to the next (cf, Par. 9-7). This means that
the minimum hyperbolic energy level for injection into the heliocentric
transfer orbit varies and that the period between two minimum energy.
levels may be different from the synodic period. This is illustrated
numerically in Tab, 9-7a, in which the Hohmann transfer conditions
between coplanar circular planet orbits are compared with the approxi-
mate minimum energy transfer conditions between the actual orbits of
Earth, Venus and Mars. The time intervals between the actual minimum
energy launch dates fluctuate about the synodic period. 'The fuctuations
are larger for Mars as target planet than for Venus, because of the larger
eccentricity of the Martian orbit. The differences in hyperbolic excess
energy or velocity are seen to vary considerably for each target planet; the
variation exceeds the difference between the Hohmann transfer energy to
Venus and to Mars. These variations in energy are tied to the variation
in heliocentric longitude of the departure point relative to one of the nodes
of the target orbit with the Earth orbit. For example, a particularly
favorable transfer constellation to Venus offered itself in 1959, permitting
a coplanar transfer from node to node of almost 180° transfer angle, a
condition approaching Hobmann transfer conditions particularly closely
{cf. Fig. 9-61}. During the subsequent constellations the departure point
moves away from the node, leading to steadily increasing energy require-
ments during the launch dates from 1961 through 1964, As the opposite
node is approached most closely (but not quite as closely as in 1959) in

{9-39)
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COMPARISON OF HOHMANN TRANSFER WITH MINIMUM TRANSFER CONDITIONS

TaBLE 9-7a

BETWEEN ACTUAL PLANET ORBITS DURING THE 1960-1971 PERIOD
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for Verus and Oct, 5, 1960 for Mars.
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11967 the energy is a minimum and thereafter climbs again. The longitude

of the ascending node of Venus is about 76°. The FEarth, therefore,
passes the ascending node approximately 76 deg/30 (deg/mo)~2.5
months after 21 September when the Earth passes through the vernal
equinox (Sun in-autumnal equinox), ie., in early December. The
descending node is passed in early June. These are, therefore, favorable
months for co-planar or near-co-planar transfers to Venus. The corre-
sponding months for tranfers to Mars are early November and early May.
Whenever the launch date falls in any of these time periods, the transfer
energy is seen to be comparatively low. Further discussion of the effect
of orbit eccentricity and inclination is presented in Par. 9-5. 'The transfer
angles are in all cases considerably smaller than 180°. 'This too is caused
by the eccentricity and inclination of the planet orbits. It is also possible
to fly along transfer orbits with transfer angles in excess of 180° (¢f. Par,

- 9-5) and these frequently require less transfer energy than the most

economical short transfer orbit.” However, those orbits have a number
of practical disadvantages which include greater error sensitivity and
greater distance between Earth and target planet at arrival of the space
vehicle.

It is not sufficient, however, to gear interplanetary transfer missions
only with respect to minimum energy requirements, since this would offer
only an exceedingly small period, namely, nominally one day, in which the
space vehicle would have to be launched (launch window). 'This concept
is not realistic anyway, since the minimum energy varies so much from
one launch constellation to another that the minimum energy for one
constellation would offer a comparatively wide launch window for another,
Figures 9-46 fI. illustrate this broadening of the launch window with
increasing hyperbolic excess, since the launch window is the time period
between the descending and the ascending branch of a curve representing
a particular transfer period, or between the extreme branches of a group of
curves bracketing a suitable range of transfer periods. Figures 9-7 and
9-8 illustrate more specifically the opening up of the launch window for
Earth-Venus and Earth-Mars transfers during a number of appropriate
constellations in the 1960-70 period. These figures cover a much wider
range of hyperbolic excess energy than will be attainable to the first
interplanetary launch vehicles (Atlas/Centaur and Saturn). It is seen that
for launch windows of the order of 1--2 months, a hyperbolic excess energy
level of the order of 1.6 102 ft¥/sec? is required. Table 9-7b shows the
launch schedule for Mercury, Venus, Mars, Jupiter and Saturn, based on
2-3 weeks launch windows for Mercury and approximately two months
launch windows for the other planets, The transfer periods which corre-
spond to these launch windows are indicated in the second column of
Tab, 9-7b.
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TaBLE 975 Launch Schedule for Féights to Mereury, Venus, Mars, Jupiter and
aturn,
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Fig. 9-7 Variation of Launch Window to Venus as Function of Hyperbolic
Excess Velocity (numbers on curves designate transfer time in days).

The launch windows can be widened considerably if the following two
conditions can be accepted:

(a) The transfer energy is very high and the capture maneuver, there-
fore, still higher;

(b) Planet and probe meet at very great distance from the Earth,
rendering radar andfor optical tracking and data transmission
extremely difficult, if not impossible.

Figure 9-9 provides a few illustrations of possible transfer orbits at
different departure times, leading to greatly differing arrival distances
from the Earth, as well as different energy requirements, accuracy toler-
ances and transfer periods. Differences in transfer periods can have
practical significance in terms of the battery life, fluid storage and prob-
ability of damage by meteoritic material.  Orbit (A) from Earth to Mars is
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Fic. 9-8 Vasiation of Launch Window to Mars as Function of Hyperbolic
Excess Velocity {numnbers on curves designate transfer time in days).
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a close approximation (primarily due to the ellipticity of the Mars orbit)
of a Hohmann transfer to Mars and therefore is close 1o minimum energy
However, due to the length of the transfer period, the
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Fic. 9-9 Effect of Departure Time on Required Transfer Orbit and Distance

from Earth Upon Arrival at Target Planet.
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distance from the Earth, at arrival Mars, is very large (1.8 AU). A
shorter transfer orbit, such as (B), is therefore very desirable and, for
smaller instrumented payloads practically mandatory, for reasons of data
transmission {(i.e,, power requirement as well as directional accuracy
requirement of the transmitter antenna). If one wants to launch a probe
to Mars at a time very much different from those given for Mars in
Tab. 9-6, then a transfer orbit such as (C) may be required. Although
this orbit does not require very much energy (if no Martian capture is
intended; cf. below), this arrival distance from Earth is enormous.
What is almost worse, Mars is close to a conjunction with the Sun,  Radar
transmission quality is therefore likely to be inferior, In the case of
Venus the minimum energy transfer provides good transmission conditions
[transfer orbit (D) which resembles the transfer orbit to Venus as it could
have been flown on June 8, 1959].. Shorter transfer orbits (E) therefore
do not yield the same improvement in transmission conditions as in the
case of a transfer to Mars. In fact the arriving vehicle stands closer to
the Sun, seen from the Earth, than in the case of the minimum energy
transfer, Again for departure to Venus at a date which is considerably
different from the dates given in Tab. 9-7a, a transfer orbit of the type (F)
may have to be taken, resulting in considerably greater distance from Earth
upon arrival.  Flexible transfer capability widens the launch window.

Above considerations apply mainly to instrumented probes, For
independent piloted space vehicles, proximity of the Earth is not required,
accuracy tolerances are less critical because of superior navigational
capability, and energy requirement will be comparatively less of a restric-
tion due to the development of better propulsion systems than those which
will power earlier instrumented probes. Emergency rescue missions into
interplanetary space are another mission type for which few restrictions
are acceptable, outside possibly of the transfer time which should be
short.

9.4 COMPUTATION OF LONG AND SHORT TRANSFER ORBITS,
ASSUMING CO-PLANAR CIRCULAR PLANET ORBITS

It was pointed out in the preceding paragraph that the available launch
window is broadened with the availability of transfer orbits other than
the Hohmann orbit. For l-way missions, short transfer orbits are
especially attractive. An extension of the allowable launching period is
of particular interest for missions 1o Venus and Mars, because of the long
synodic periods of these planets with respect to the Earth,

‘The computation of short transfer orbits between circular co-planar planet
orbits is most conveniently carried out by using the apsidal distances or
the heliocentric departure velocity and departure angle as independent
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variables and determining the transfer time as well as other parameters of
interest as function of these terms. Subsequently, 2 number of com-
putation schemes will be presented for intersecting orbits,

(I} Basic Assumptions
1. "T'he planet orbits are assumed to be circular and co-planar. Inter-
section angles with the transfer paths are therefore 4, defined as
angle between flight direction and normal to the radius vector at
the heliocentric intersection point with the target orbit,
2. Planetary fields of gravitation are neglected, except for determination
of the over-all mission velocity.
3. Unit of length is the astronomical unit (A.U.), defined as the semi-
major axis ag of the Earth’s orbit, Le., g¢=1.0,
Unit of velocity is the circular velocity at 1 AU. distance.
Unit of time is the second.
The above defined dimensionless distances and velocities will be
designated by an asterisk.

{11} Eiliptic Heliocentric Transfer Orbits No. 1 and 4 (Fig. 9-10, Fig, 9-11)

&

Departure from R*, R*,
Independent variable R*, R*p
Alternate independent variable a* = }(R*p+ R*,)
Computation:
(1 _ V*, = VR¥ Ja% V%, = VRY Ja*
(2) S AV =t = Vel [P
R* R*

3 e==f-1 1-=F

_ a*_a‘pl a*""’“a* 3
& cos By = —— o

(5) Eccentric anomaly = E, (deg)~ 180—E, (deg)

{6} M, (radians) = E, (radians)—e sin E,
%S el
(7} 2, (sec) = M, oy % (m+ M,)
cos E,~e
(8a) _ cos 1y = f:“;mw—c;sEg. or
(3b) cos 7, = DI
[
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