Earth-Venus-Mars 1968-9

The advarced earth-venus-mars free-fall trajectceries of this period require
relatively clese verus pessing distances. Thus the calculations were a2imed =t
determining the maximum distances of closest zpproach. It wes found that these
trajectories could be determined reasonably well from the fine net calculatiom.

The results zppear in Table 11. These meximum venus passing distance trajectories
require approximately 6% to 12% more launch energy then the minimum (which occures
when the venus closest approach distances are all zerc). It is interesting to note
that the distances of closest approach together with the required launch energies
decrease monotonicelly as one proceeds througi the launch pericd. We also rnotice
that the earth-vernus trznsfers are Type I reguiring only about 100 days but the
venus-mars transfers are Type II and require sbout LOO days. Thus the total missior
flight times are approximately 500 dszys.

Let us now refer back to Table 3. We firnd that the launch dates for our
advanced trajectories occure approximetely 2 months before the launch dates for
direct earth-mars 1569 Type I trajectories and occure about 2% months before the
Type II trajectories. The mars intercept detes fcr the advanced missions occure
8 to 9 months after the Type I direct flight intercept dates and about 3% to 5
months after the Type II trzjectories. Consequently we are forced to conclude
that if the primary objective is to rezch mars during the time interval under
considerstion, the direct flight trajectories of 1969 should be employed. This
is also evident by the fact that a vehicle avproaching mars on an advanced trezjectory
will have arproximztely 9 times as much energy relative to mars than the minimum
approzch erergy of the direct flight trejectories. Thus we present these trajectories
with the opinion that their use will probably be more veluable in the perfection
of the extremely acﬁurate vlanetary eoprcach guidance system necessery to perform

these advanced missicns.
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Table 11
EARTH-VENUS- MARS
1968-9
-3 A e S
LANGH  HEV) T, e, BT BR HE, TSI DOCA VAGA DA Ty 8y HE, T
Dece 22 L.98 114,55 119.78 =10580. =-1685. B8.45 1.6k 989, 12,77 L6.03 389.98 240.56 10.97  50La53
2h  LJ.SL 112,75 118,08 -10435. -1707. 8,52  1.63 908, 12486 L5.86 391,52 241,08 10.99  50L4.28
26 L.86  111.35 117,01 -10356. =-1743. 8,50  1.63 830, 12489 L6.31 392,51 240,89 10,98 503487
28 LJTT  109.96 115.94 =10280. =1775, 8,49  1.64 7560 = 12,91 L6,T5 393,48 240.69 10.98 = 503.L3
30 4oL 108436 114455 -10181. -1797. 8,51  1.63 685, 12497 L6,90 394469  2L0.83 10,98 503,05
Jan. 1 L63 106,96 113.48 =10116. =182h. B.u9 1.6k 617, 12,99 L7435 395.60 2L40.59 10.98 502,56
3 L.57T  105.36 112,08 -10028, =-1841, B8.51  1.63 553, 13,04 L7.50 396,77 | 240,70 10,98 502,13
5 452 103,77 110469 =994k. =1657. 8,53  1.63 192, 13409 | L7.6L 397.91 240.BO 10.99 = 50167
7 Lul 102,37 109.62 -9896. -1878. B8.50  1.63 435, 13,30 L8.11 398,73 2L0.51 10,98 501,09
9 boll  100.57 107,91 -9793, -1886. 8.56  1.62 381, 13,7 47,94 400,11  240.95 110.99 ' 500.68
11 La3b o 99.17 106084 =9757. ~190k. 8.53  1.63 331. | 13,18 ' LB.4O h00.86 | 240.63 10.98 500403
13 L300 9T.57 10505  -9696. -1517. B8.5h  1.63 285, | 13.21 L4B.55 L01.89 ' 240.67 [10.98  L99.L6
15 Le26  95.98  10Ls06 | =96L0. -1929. 8.5k  1.63 b3, | 13.24 | LB.69 102,88 | 240,69 '10.98  L98.85
17 L2l 9458 102,98 | =9622. ~1945. 8,50 1463 205, | 13.24 49,16 L403.51  2L0.31 [10.97  L98.09
19 49 92,98 101.59 | =9579. -1958. B.51  1.63 171, | 13.27 | L9430 LOL.k 240,30 |10.97  h92.L2
21 L.8 91,38 100,20 | -9543. -1971. 8,51  1.63 Ul. | 13.28  L9.hl L05.33 - 240,27 110,97  L96.T1
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Planetary Configuration For Earth-Verus-Mars 19689
(Jan 1 Trajectory)
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The planetary configurstior for this periocd sppezrs in figure 25, The
earth's distance at the vermus and mars encounters is approximately .34 A.U. and
2.S_A.U. respectively. Figure 26 describes the Jan. 1 trajectory in the immediate
vicinity of venus.

Earth=-Venus Mars 1970

The 1970 earth-venus-mars trzjectories were found to be much more attractive
than those of the previous pericd. An extrz fine net was celculated tc accurately
determine the minimum launch energy trziectories., These minimum energy trajectories
are given in Table 12, Ore immediately finds that the earth-verus transfers are
almost optimum trajectories described in Tsble 1. The distences of closest approach
are well outside venus's etmoschere. Turning to Teble 3 we notice thet these
trajectories have flight times only zbout 2C-LC days longer than those required
for optimum Type II earth-mars trzjectories fer the 1971 launch pericd. We also
notice that the launch end mers intercept dates for these advanced trajectories are
almcst half way betweer those of the optimum earth-mars 1969 2nd 1971 trajectories.

The planetsry configuration for this launch period zppesrs in figure 27. The
earth is epproximstely .5 A.U. way [rom the vehicle at the venus encounter and
aporoximztely .62 A.U. awey during the mars encounter. The trajectories with

launch date August 12 in the vicinity of venus is shown irn figure 2€.

Ezrth-Venus-Mars 1972

Adverced trajectories for this period 2re given in Teble 13. It was found
thet the Mey 11 through Mezy 25 trojectories yield minimum laurch erergy when the
verus closest zpproaches zre zero. Thus these trejectories appesring in the table
were choseor con the baeis of low lezunch creroy together with safe distances of
clccest approach. The May 27 - June 6 trejectories were found to have minimum
energy wher tne distances of closest znnrocch were rot zerc. Thus these trejectories
ere minimum lezunch enerzy trejectories. The trezjiectories eppearing ir the table

were found from 2 net with grid .& tv 2, doys.



TABLE 12
EARTH-VENUS-MARS
1670
N I o T oR ' HEV TFT
LgATgH HEV, %, CI BeT BeR HEV,, TIST DOCA VACA DA T,y Oy B,

) | P T

I
July 23 3.52 | 142.17 1159.33 !|-12927. | 19125. ?5.91 i 2430 ! oLg0. 8,75 | 43.87; 196,21 1189.98 16,05 | 338439
25 3,48 | 140,50 158,43 ' -14121.| 19323, 5.87 : 2,31 ! 10191. @ 8.62 ! 43.03| 196.99 ;189.82 15,68

27 3.4 0 139.45 157,57  -15LO7.. 19537, 5.62  2.33 ! 10986, % 8.L8 % 42,091 198,97 ?190.36 15.87

29 3.0 138,13 156,77 -16592. ' 19722, 5.78 2.3l E 11733, 8.3 | 11.28| 201,55 191.L7 5.7k ' 340,09
B 7 136,36 156,00 1755 19080, 505 2.5 | 12355, | 8.26  L0.6T| 2055 192.85 'S.62 3233
Aug. 2 3,35 ' 135.69 155.45 =-105Th. 15577, 5.72 2,36 5252.  9.48  55.6L; 180.00 176.71 .6.94  315.69
L 3.32 13.3L 15L.57 -10L96. 152h0. .66 2438 { 1869, | 9.55 57.361 180,00 176,05 6,91 314432

6 3.29 | 133.00 153.75 -10496. 1U956. S5.61 2440 % LST1. & 9.61° 58.86 180,00 :175.36 j6.8? 313.00

8 3.28 | 131.71 152,98 -10538. 14705, 5.56 - 2.42 4321, 9.66  60.22 180,00 ;17h.63 6481 311,71

10 3.27 | 130.47 152,29 -1058L. - 1455,  5.52 2.3 - Los2. 9471 61.55 180.00 §1?3.85 %6.79 310447

12 3.26 | 129.28 151.68 _-10636.: 12064 .47 ¢ 2.5 | |

I

3850, 1 9476 | 62,87 180,00 | 173.01
%03, | 9.82 | 6L.21 180,00 172,11 |6.70 | 308,15

6.75  309.28
14, . 3.286 128,15 151,18 -10651. 13939, | 5.3 2.7

-
o
)

.30 | 127,11 150,80 5-10639.: 13650, | 540 2.48 | 3335, | 9.90 E 65 .61 1180.00 272,33 56.65 ' AOTT1
18 . 3.3 | 126, 150.56 110577, 13328. 53T | 2.9 | 30%6. | 9.99 ¥67.06 /180,00 | 170,07 26.59 306414
; ;_ ; ! . é !. f ! :
2C | 3.39 | 125.29 150.48 =-10LLT7. ' 12963, E5.35 . 2.50 | 2698, @ 10,12 i68.59 ;180.00 1168.89 | 6,53  305.29
| f : ' [ i

! | i :
2305. | 10.29 | 70,20 il80,00 1167459 | 6.6 20455

! ;
1166416 {6439 . 303.95

l
t

22 3,47 1 120,55 150,61 :=10226, | 12540, %S.au | 2,50
{ -9498, §12059. %5-36

. | l ;
2h | 3.57 ' 123,95 150,94 2,49 | 1862, }10.50 71.85 {180.00

! ' ; i I i | i
26 3,70 . 123,50 151.51 | -9LLS. 11518, {5.0 | 2,47 | 1367, 110,78 | 73.50 '180.00 164,58 (6432 | 303.50

. : ! + t !
28 3.86 123,18 152,29  -866L. | 10931,  S.48 | 2.ub i 835, 11,12 |75.06 180,00 162,86 i 6.2Lh 303,18
: 1 : i i : | 1
{

i

] | |
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Planetary Configuration For Earth-Venus-Mars 1970
(August 12 Trajectory)

~——

- Earth at Venus o “\
encounter
y Venus encounter l
— N
H\ B
) ~ e - ‘\\. \\
5 ~— oo AN \
/ ~
i o & ~. & \ b
/ s k8 \\ \
/ / g \\ K 3
: \
N \
\ !
// SN \\l
/ v
/ \ ,
_x" \: 3
/ \ \ |
/ I I_ l i
/ ! - !
[ i !
7 ,l
.
I fr

"
.
& " Earth at Aug. 12

Mars encounter

Figure 27



87

.approach
symptote

departing
asymptote

Figure 28



-38-
Table 13

EARTH-VENUS=-MARS
1972
nglTugH HEV, Tos O BeT BR TISI  DOCA  VACA DA T, 8, HEV, TFT
May 11 L33 183.50 ?269.68 9991, = =T5.  1.59 | 490.  13.21 gbé.aé !113.31 | 108.78 113.2& 29681
13 Le22 181,00 266,94 10176, =150,  1.61 581, 13,07 'h6.86 1145 | 10949k !13.09 :295.us
15 L0 178,00 263.39 10041, -261. 1.6 3%h.  13.09 49.10 114.87 & 111.25 13,18 . 292,87
17 LbaOL  175.50 260,65 10076 =30 1.66  325.  13.05 1996 155.50 | 112,13 13.14  291.00
19 102 173.50 25873 10302.  -k02.  1.67  S07.  12.92 L9439 11643k 112,58 12,97  289.84
21 403 172.00 257.62 1079k, =bShe 1,66  966.  12.67 47.26 117.70 < 112,77 12,61 289,70
23 bk 170,00 255,70 10958, =533,  1.67 1103 | 12.59 16,86 118.31 113,10 12,49 288,31
25 440 16.0 25 X -6 1.6 12 11 113 1 28
27 | Ll 165.50 251.05 10757, =710,  1.68 887,  12.66 LB.21 117.98 ; 11347 12,64 283.L8
29 b6 165.50 252438 12590, -817.  1.65  2691.  11.98  L0.52 123.47 114.29 111.29 288,97
3| L2 165,00 252,91 14802, -875.  1.6h  LB69.  1l.bh  3h.OL 132,56 117,70  9.66  297.56
June 2 ' Le2T 165,00  254o2L 18083, =220, 1,61 8123, 10,94 27.27 152,76  127.05  T7.25  317.76
L E L2 165.00 25557 19229, 1138,  1.59 9383,  10.89 2483 170.13 13517 6.9  335.13
6 | 43T 165,00 256,91 19022, 2470, 1.56  9413.  11.00 182,72 5.96  3U7.72

2l o1L

- 140469
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Planetary Configuration For Earth-Vermus-Mars 1972
; (May 21 Trajectory)
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Refering to Table 3 ore finds that this lszunch opvorturity falls very
conveniently right between the 1971 and 1973 earth-mars trajectories. Indeed we
notice that they are even better than the Type II trajectories for 1973. Figure
29.shows the over-all geometric 2spect of these trejectories while figure 30
describes the May 21 trejectoryv in the immediste vicinity of venus.

The numerical results given in tables L through 13 definitely indicete that
space vehicles equipted with a2 highly zccurste plsnetary epprosch guidance system
can play zn importesnt roll ir the ummarned exploratien cof mercury and mars.

B. Initiel Intcrplenetsry Missions by Manred Vehicleass

We now ccnsider vossible eppliceticrs of advsnced free-fall trajectories to
manned interplaretary spzce flights. Perbapes the first mernred interolanetery
voyages will be simple reccrraissance missions of venus and mars without sctually
landing or going into orbit aboubt these planets. 3irce cur study is confined to
the decade beginring in 1965 we <hall confire ourselves tc the period 1970 to 1975.

Let us row turn to the first of tucse twc types of reconnaissance miscions.

ae Zarth-Venus-ZBarth 1970-197l

The earth-Venus-eorth missions were found tc be much more ressonable than the
2arth-mars-esrth missions. It wes disccvered thct the former have launch periods
(for the favereble trajectorizs) which 2lmo=t spends the ertire 1lsunch pericds for
the ore way eesrth-venus trajecteries given ir Teble 1. Thus relstively coarse nets
were found suflicient to obtcin 2 general idez of the characteristics of the most
favoreble trajectories for zach pericd. Teble 13 is a selection of 3 traje~tories
from the 3 lewnch meriods in 1570-1975. They were chosen on the bssis of short
flight times, low laurclh enzrgzy and of course =afe distunces of closest aporoaéJ.
The first was obtzired from a2 2 by 2 dsy net, while the second 2rd third ceme from

6 Ly 6 day nets.
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Now the Nova launch vehicle whichk may be resdy by 1970 is expected to be
sble to place 248k or 228k on esczpe trejectories hevirg hynerbolic excess
velocitites of approximstely 3 and L4 km/sec respectively. The 2rpollow space
vehicle is expected to weigh sbout 25k. Thus the trajectories given in Table
13 show that it may be possible to carry out these manred verus reconnaissance
missions using the Novaz launch vehicle. This possibility will be taken up later.

We turn now to the marned esrth-mers-carth recornaisssrce missiocrns.

b. Ezrth-Mars-Earth 1970-197L4

There are only 2 earth-mars 1éﬁnch periods in 1970-1574, These occure in 1971 ard
1973 (see Tzble 3), Both vire analvsed for pescible earth-mars-earth trajectories
by celculating ccerse rets with grids 4 by L and 6 by 8 days respectively. fhe
results ¢id not indicate that a more detsiled study was recessary. All of the
trasjectories were found tu rejuire high lsunch erergies end 211 had flight times
in excess of 1000 days. The best trsjectories fourd from each net eppear in
Tsble 14. The long 7light times result from Tvoe III mars-esrth tr9nsfefs. It
is interesting to notice thst the 1973 trajectery permits the vehicle to remain
urdzsr the irfluerce of mars Jor almost 51 dzys. This is due to the fect that the
vehicle's hypertolic excess velocity as it cnrrosches masre is only 2.53 km/=ec.
The long flight times reguired for these trejecteries make these missions impractical.

Thus with respect to the manned planetary recornslissance missions we fing
curselves faced with ancthzr very sad eitucticr. The Nove could probably be used as the
launch vehicle for manned venus reconnaisssnce missions but not for manned mars
reconnaissence missions during the time period 1970-1974.

During the latter part of June 1962 while the euthor was checking some newely
calculsted advarnced trajectories of tne form eerth-venus-mezrs-earth, a very
remsrkable fact was Zi-ccvared. Now it wes elresdy known st that time that the

esrth-mars-earth trajsctories hed very leng flight times. Thus it wes believed



TABLE 13
Earth - Venus - Earth
Launch > LN
pate B3 T2 O B-T B-R  orst pocaA vaca pa T2z %23 HEV3 qpp
8/20/70 2.92 114.00 132.23 -13653. -3187. 2.46 7T25.5 11.29 To6.l6 250.96 =227.48 7.13 306L4.90
4/3/72 3.69 114.00 134.07 -18362. L9ok. 2.69 3983. 9.47 ©68.29 260.95 235.43 8.18 374.95
11/4/73 3.76 110.00 139.29 -22k410. 219. 2.94 5343.5 8.76 T1.80 269.46 241.00 T7.90 385.4o
TABLE 1k
Earth - Mars - Earth
Launch PN, R ¥ L% wh 4
Date Yy T 9 BT B-R  TISI DOCA VACA DA ‘23 922 HEV,  ppp
6/8/71 3.97 310.00 204.84 1017. To52. 3.23 2251.1 S5.74 34.88 795.83 530.43 5.85 1111.83
8/20/73 4.00 230.00 151.08 2222. 15023. 5.40 7024. 3.83 Lo.06 7T90.72 502.25 ©.56 1027.7
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that the mest favoreble earth-verus-mers-earth trezjectories would have flight times
much longer than 1000 days. The fact is, however that this is not azlwzys true.

It wes discovered that ir some csses thies assumption wes false by a very wide margir.
These cases very conveniently turned out to be the 1970 and the 1972 earth-venus

leaunch periods.

Ce Ezrth-Verus-Mars-Earth 1970

These manned verius-mars recorrgissance trajectories were studied very carefully.
Three nets were calculated. The first net had z gric of 3 by 3 days while the
second and third were fine and ext;é fine nets with zrids .2 by 2 and .01 by 2 days
respectively. It wes found that the minimum launch energy trajectories had ideal
distances of closest espproach and almost minimum flight times. These trejectories
are given in Table 15. Rec2)lirg the neer optimum earth-mars-earth trajectories
in Table 1L we rctice the remarkeble fact that these more complicsted trzjectories
require orly about orne half of the launch energies and flight times required oy
the best esrth-mars-carth reconnaissence trajectories of the 1971 and 1973 periods.
It should be pnointed out however thet these trajectories will bring e space vehicle
back to earth with e grest deal of erergy. If this high return erergy problem can
be solved without emvlo;inz magsive retro rockets these missions could probably
be accomplished with a Nova type launch vehicle. These venus-mars reconnaissance
miessions offer a very attractive first step in manned interplanetary space flights.
They could be extremely uscful in paving the way for actual manred landings on
verus a2nd mars,

The planetzry corfiguration fer these manned reconnaissance missions appears
in figure 31. We notice that the vehicle is never very far from the earth throughout
tne entire flizht. Thus continuous radio communicatior should be readily avzilzble.
It is alsc important to notice that the entire trejectory is confirned to the regiorn

betweer the orbits of verus and mers. Tae venus and mars encourters tzkes place
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TABLE 15

e Eartii-Venus=lMers-Esrth 17/C

Lg:gzn V) Tl2 8, (B-T)2 (BoR)2 HEV, TISI, DCCA, VACA, DA, T23 623 .
July 15 3,74 147.86 | 163,23 -9233, 1833¢., 6.11 2423 TL95. $422 45,95 | 196+99| 172.01
1¥ 3.68 144,42 | 162,22 | -1C626, 19698, 6,06 2425 9278. 8.68 L2.87 | 210.C0| 200.12

15 453 1Lh.99 | 181.2L | -11L55. 200894 6,01 2.26 97132, 8.78 42.52 | 210.00| 15%.55

21 3.57 143,58 1 1€0.28 | =117C6. 18872, 5456 e 8819, 8.9 Lhe68 | 195.68| 170.20

23 3.52 142,18 | 159.34 | -12883, 15081, 451 2.3C G435, 8,76 42,96 | 155.61| 189.74

25 348 140,80 { 158.LL | -1L11L. 15312, 5.07 2433 10179. 3.62 %2.,095 | 196.88| 189.75

27 2.4l 139.45 | 157.67 | -25L05. 19531, 5 aB2 Pall 10981, 6440 42,10 | 196.92] 190.32

27 340 138,14 | 155.717 | -16592, 19716, 5478 243k 1731, 8436 41,28 | 210.85] 191.4L0

31 p 135,66 | 156.06 | -1757C, 19857, 5,75 2436 L23EE., 8.26 LL0.67 | 205.30| 192.75

Auge 2 3.35 135.65 | 155.46 | -1G5T1. 1557, Bel2 2426 5250, 9.48 55.65 | 160.C0| 176.71
L 3.32 134.33 | 254,50 | -10493. 15237 5466 2,28 LB67, 9.56 S7.37 | 180.C0| 176.05

6 3.29 133,00 | 153,75 | -1CLSL. T985, Se61 2.1C L5695, 9461 58.86 | 180.,00] 175.36

3 3.28 131.71 | 152,58 | -10536. 14703, 556 2.42 1320, 2466 60422 £0.C0) 174.63

10 3.27 13C.4T | 152,29 | -10583, 14453, £e52 243 4060, Gell 61.56 | 180,00} 173.64

ip 3.26 129.26 | 151.68 | -10622, 1L2CS, 5olT 2.45 3816, 9.76 62,67 | 160.00] 172.C1

14 3.28 128,16 | 151.18 | =-106L49., 12937, S5.43 2.L7 3601. C.82 6L4.22 | 180.C0}) 172,12

16 343 127.11 | 150.80 | -10637. 136L9. 5.L40 2,18 33, 9.50 €5.61 | 180.00% 171.13

16 3.3k 126,15 | 150.56 | -10575. 133274 Se37 2.49 3035, 10.00 67.C7 | 16C.00} 17C.C5

20 3.39 125,29 | 150.48 | -10LL6., 12962, 5.35 2,50 2696, 10.12 68.59 | 180.00 | 168.E9

22 3.47 124.56 | 150.61 | -1022L. 12539, D2l 2,50 2304, 10.29 70.20 | 160.C0} 167.59

24 3.57 123,96 | 150,95 -9697 12057« 5426 2.49 1861, 10.50 71485 | 100.CO0| 146.16

26 3.70 123.50 | 151.51 LU 11518, 5.40 247 1368. 10.78 73.50 | 180,00 164.58

28 2,86 123,18 | 152.29 -8865., 10922, 5.48 2.4L 836, 1238 75.05 | 180.00] 162.86
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TABLE 15 (cortinued)

Liﬁ?i“ (B.T) (Blé}B HEV, 1151, DOCA, VAU, DA, T . HEV), TFT
July 15 11¢c51, £981. 6.11 2.02 8L9L . 6.68 10.10| 303.50| 285,09| 8.77 648.35
17 oLOT . 1642, 5.63 2.18 4873, 6.8 16.18| 294.2L| 281.05[ 8.42 650.65
19 LTl . 1468, 5.61 2.16 490l . 647 16.20| 293.91| 280.93| 8.l1 648,90
21 13120, 5TL7. 6ald 2.03 9802, 6.62 942C| 303.35| 285,05| 8.77 642 .50
23 | 13724. i 5037, 6407 2.0L | 10083, 6.57 9.13| 302.67| 28L.71| 8.73 6110 .67
25 ThobTe 4 37T 5.99 2.06 9962, 6.50 Fli3 1 301.33| 287.02| 8.67 639,01
27 | 13659, i 2225, 5487 2410 9235, 6.43 10.29 | 299.28| 283.,02| 8.58 637.65
25 | 12609, |  880. | S5.74 2.14 | 7906, 6,37 | 11,77 296,76 281.89| 8.L9 | 636.75
31| 12234, | -23. | 5.62 2,18 | 6521, 6.35 | 13.82 | 294.21| 260.93| 8.2 | 636.38
Auge 2 | 55Th. | 12068, | 6.94 1.80 | so12, 742 .68 | 312.08| 292,15 9.51 | 630,77
i 5103. ; 11717, 6.91 1.81 g132s 7443 8.30 ; 314.63] 291.95| S.L8 628,96
6 | LBLL. | 10806, | 6.87 1.82 | 7552, 7.2 8.79 | 314.13| 251.72| 9.5 | 627.13
8 | 7ok, | 10430. | 5.80 1.82 | 713, 7 9.15 | 313.58) 291.46] 9.u2 | 425.29
10 Léhe. | 10121, 6.79 183 6630, 7435 9456 | 313.00| 291.18| 9,28 623,47
12 L6LL 9870, 6475 1.85 6590, 1436 9.89 | 312.36| 290.85| 9.3L 621,63
1 LASL 9646, 6.70 1.36 6393. 7.32 10,20 | 311.66| 290.51| $.30 619.81
16 L762, 9L37, 6.65 1.87 6227, 7429 10,52 | 310.89| 290.13| 9.26 618,00
13 L877. 9227, 6.59 1.89 6079, T.2h 10.83 | 310.C6| 289,71| $.21 616,21
20 5026. 9006 o 5403 1.90 5939, T420 11.17 | 309.15] 289,25 9.16 61L .4k
22 5211, 8756, 6.16 1:92 5797 5.15 11.53 | 308,15 288.75] 9.10 612,70
2l 5427, 8L65, 6.39 1.94 5643, T.09 11.95 | 307.05| 268.21] 9.0L 611.01
26 5670, 8115, 6432 1.96 5L66. 704 12,42 | 305.87 | 287.63| 6,98 609 437
28 5926, 7682, 6424 1,58 g2Lb. €499 12.98 | 30L.65 | 287,06 6.92 607 .82
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Planetary Configuration For Earth-Venus-Mars-Earth 1570; Aug. 12 trajectory
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Figure 33
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wlen the vehicle is approximstely .35 and .6 A.U,'s from the eerth. Figures 32

and 33 siow the August 12 trajectory in the vicinity of venus and mars respectively.
These figures are drawn to the same scele. According to this scele the racius of
the grsvitetional sphers of irfluence of venus is 12.8 ft. while the radius of

mars! sphere of influence is 11.2 ft.

Eerth-Verus-Mars-Earth 1972

The advunced venus-mers reconnzisssnce trajectories for this period turred
out to be evern more surprising thar those of the previous period. It was observed
that trsjectories existed which had much shorter flizht times than those of the
197C vericd. These short flight time trajectories also occured when the launch
energies were nearly mirimum. It wes found that the flight times were minimum
when the mars distances of closest approach were zero. Thus our search was
directed toward finding trejectories which had nezr mirnimum flight times but not
passing too close to the surface of mers. The fine net calculastior proved to be
gufficiert for this prupose. The trajecturies of this ret which were selected
gr2 given in Teble 16, Comparing these trzjecteries with thoss of the 1970 period
we find thet the flight times 2re 2bout 150 days sherter. The launch energies
however ere sboubt A0% grester while the return erergies sre about 200% grester,
By incressing the lsunch enerzies end flight times by 2 small amcunt it is
possible to reduce these high rciurr energies. The reasor for these short flight
times is due to the fact that the venus-mars and mars-ezrth transfers are both

v

Type I while the esrth-venus trersfers are Type II. For the 1970 trzjectories
his Sitgation is revarsed.
Llthough the erergy reguiremente for these trzjecturies are somewhat higher
than those of the previous period these miz-ions are preobably still withir the
capabilities of a Nova, The rlanetary configurstion for tuese mermed reconraissarce

missions apoears in figure 34, Figures 35 and 36 desscribes the May 27 trajectory

es 1t passes verus snd mars.
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TABLE 16

EARTH - VENUS - MARS - EARTH 1972

pate  EV; Ty 6, (B:T), (B-R), HEV, TISI, DOCA, VACA, DA, T23 23
May 13 L4.73 186.93 276.57 15319. 1435. 9.31 1.49 5988. 11.85 27.38 137.98 116.57
15 L4.56  184.34% 273.67 15674. 1278 9.13 1.52 0207. 11.67 27.82 139.62 118.12
17  k.b2  181.74  270.78 15876. 1046 8.97 1.55 0282. 11.53 28.44% 140.22 119.09
19 L4.32 179.35 208.22 16150. 870. 8.86 1.57 oko2. 11.41 28.70 141.50 120.2k4
21 L4.24 176.95 265.65 16303. olio. 8.76 1.58 0521. 11.32 29.10 141.91 120.89
23  4.19 174.55 263.09 16308. 36k . 8.07 1.00 ol55. 11.27 29.67 1kl.45 121.05
25 k.17 172.35 200.85 16457. 150 8.02 1.0l 0©553. 11.21 29.78 142.04 121.59
27 L4.16 170.16 258.61 1ok491. -93. 8.57 1l.02 ©552. 11.17 30.01 141.9% 121.7h
29 4.18 108.16 250.70 1o723. -272. 8.55 1l.02 o7o6. 11.12 29.73 143.16 122.43
31 4.22 165.96 25k.47  10523. -588. 8.53 1.02 6561. 11l.14% 30.22 141.68 121.80
June 2 L.27 163.97 252.56 16543. -83k.  8.53 1.62  6592. 11.13 30.15 141.65 121.78
L L.34  101.97 250.65 16457. -1103 8.54 1.062 ©532. 11.15 30.21 141.04 121.43
6 L.hk2 100.17 249.07 1oo48. -1327. 8.57 1l.o2 o756. 11l.14% 29.65 142.10 121.82
8 L.51 158.37 247.49 16753. -1578. 8.01 1.6l 6907. 1l.14 29.19 142.70 121.95
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TABLE 16 (Continued)

i (B-T); (B-R); HEV; TISI; DOCA; VACA DAz Ty 03, HEV,  TFT
May 13  -k0g92.  2841. 8.53 1.50 1011. 9.80 13.52 150.56 78.25 13.36 481.L
15 -Lk283 3188. 8.40 1.52 1350. 9.k42 13.01 157.15 79.24 13:13 481.1
17 k275. 3124, 8.39 1.52 1305. 9.42 13.14 157.26 79.35 13.12 479.2
19 4437 3459. 8.29 1.54 1620. 9.20 12.09 157.73 &0.lo 12.93 u478.5
21 -4437 3k22. 8.28 1.54 1596. 9.20 12.70 157.80 80.24 12.91 U4706.¢6
23  -4270. 3028. 8.37 1.53 1242, 9.4 13.37 157.48 79.58 13.07 473.4
25  -L3uh 3103. 8.32 1.53 13#4. 9.34 13.17 157.69 T79.95 12.99 Uu72.0
27 -b2B83. 3026. 8.35 1.53  1249. 9.39 13.40 157.59 T79.72  13.04 L4&9.¢
29 -Lks1¢6 3540. 8.22 1.55 1722. 9.18 12.05 158.14 80.75 12.80 Lo9.4
31 -k1g91 2841. 8.40 1.52 1075. 9.47 13.72 157.41 79.37 13.12 485.0
June 2  -4185 2831. 8.b0 1.52 1000. 9.48 13.74 157.40 79.35 13.13 4063.0
L -Lo59 2018. 8.47 1.51 854. 9.59 14.13 157.10 78.81 13.25 450.1
6 -4317.  3095. 8.33 1.53  1314. 9.36 13.29 157.67 79.87  13.01 U459.9
8 4473 3455. 8.25 1.55 loko. 9.22 12.70 157.99 80.51 12.80 U459.0
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Planetary Configuration For Earth-Venus-Mars-Earth May 27, 1972
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Figore 30
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When more attentior is directed towards manned interplaretary flights of
the near future the ebove reconncissance trejectories of the 1970 and 1972 launch

periods should warrant serious consideratior.

d. Marmed Landings on Venus and HMars utilizing Advenced Trajectories

We shall row give another example of how zdvanced trajecteries cen be
epplied to early marned interplanetary missiors. In particulsr let us consider
the trajectories for manned landirg on verus and mars. Tables 17 and 18 describes
the optimum verus-earth ard mars-eartii trarsfer trzjectories respectively. If we
compare these tables with tzbles 1 2nd 3 we find thet the optimum verus-ezrth
return trejicctories occure 20 to LO days after the optimum earth-venus departing
trajectories. The cotimum mars-ezrth return trzjectories occure LO to 6C before
the optimum earth-mars departing tr-jectories!

A briel study of manred mie=ions to venus 2nd mars during 1970-1975 was
carried out tec obtzin sbme char~cteristic nroperties of the most favorsole trajectory
profiles. The result- snpoea2r ir Tzbles 19 and 20, The symbol AT represents the

number of days spent crn verus or mare., Cre immediately rotices the umusually high

[$N

hyperbolic exccss veleocitize associzted with the return mers-earth trajectories.

This is 2 cheracteristic property of =211 wis=iers to mers of this tyne where only

one vehicle is irvolved. These high velocities sre due to the fect tnat the mars
lazurch date will =zlw2ys occure much latcer than the optimum launch dates for the
mers-zartih trensfers. Thus in gener=2l eorly 2 relatively smell amount of time can

ve devoted te the exploration of mars. These properties are 2]1s0 generally true

for the missicn tc venus. It is importzrt to rote however that it is not always
advertsgecus from an ererzy voint of view to stzart the returr trip es soon as possitle.

—

For exsrmole the verus lzur

13

¢

a erergies for Type II venus-carth trajectories actually

decrease from Dec, 22, 1970 te dorne 15, 1971 2ltihouzh the optimum lsurch dete is

Octe 21, 1970, This situstion does not <how ur for the mars miscicrs. Type I

venus=garth and mere-coril trsn;lirc regulre much bigher launch energies than the
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TABLE 17

Some Important Properties of Optimum Venus-Earth Transfer Trajectories

TYPE I
Launch Period | Min. HEV) | Mex. HEV) |Min. T), | Max. T, | Min. HEV, | Max. HEV,
8/6/70 - 10/17/70 3.21 6.15 9l 122 3.65 5.87
3/2k/72 - 5/21/72 L .ok 6.32 92 128 3.27 T.91
11/6/73 - 1/15/7h4 4.12 6.38 96 162 2.7 7.60
TYPE II
Launch Period Min. HEV]_ Max. HEVl Min. le Max. le Min. HEVZ Max. ISIEV2
7/15/70 - 3/22/71 3.47 5.93 152 348 2.85 10.48
3/8/72 - 10/20/72 3.13 5.78 174 348 3.04 9.77
10/17/73 - 5/9/7% 2.96 5/58 166 330 3.59 10.04




=1C0=-

TABLE 18

Some Important Properties of Optimum Mars-Earth Transfer Trajectories

TYPE I
Launch Period Min. I{E:Vl Max. HEVl Min. le Max. le Min. HEVZ Max. HE]VZ
T/1/70 - 7/8/71 2.55 5.57 172 360 3.05 9.02
12/21/72 - 8/14/73 3.53 5.55 168 296 2.93 4.93
TYPE II
Launch Period Min. I-IE.’Vl Max. HEVl Min. le Max. le Min. HEVl Max. HEVZ
3/3/70 - 9/22/71 2.75 5.48 2k2 508 3.45 9.00
3/22/72 - 11/20/73 3. 71 5.61 200 510 3.00 11.56
1
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TABLE 19

Near Optimum Trajectory Profiles for Manned Exploration of Venus

Launch Date HEVl le HEVZ AT Venus Launch Date HEVZ T23 BEV_?, Arrival Date Total Time
Aug. 18 1970 2.91 116 5.43 32 Jan. 13 1971 L.81 302 8.05 Nov. 11 1971 450
Mar. 26 1972 3.50 112 0.16 20 Aug. 5 1972 4.59 284 8.51 May 1o 1973 16
Nov. 10 1973 3.00 100 4.89 1k Mar. 10 1974 L.49 284 8.34 Dec. 19 1974 Lol
TABLE 20
Near Optimum Trajectory Profiles for Manned Exploration of Mars
Launch pate | HEVy l Tip l i l AT | Mars Launch Date 'l HEYs | T23 I 3 I Arrival Date | Total Time
May 19 1971 3.53 ] 135 5.52 9 Oct. 10 1971 5.78 20k 9.86 l June 30 1972 1 408
July 27 1973 3.90 175 3.62 9 Jan. 27 1974 6.81 258 1 15.77 Oct. 12 197k Lh2
TABLE 21
Alternative Trajectory Profiles for Manned Exploration of Mars
Launch pate | BV | Ty | BV, | AT | Mars Launch Date | TV | T23 I s l Arrival Date | Total Time
Aug. 12 1970 3.20 309 ©.75 19 July o 1971 4.19 2ho O Mar. 8 1972 ‘ 574
June 4 1972 L.32 335 0.19 ol June 19 1973 3.54 190 3.42 Dec. 20 1973 586
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Type II returr trziecteries and herce are rot employed.

Fow it may eppesr that thc marred exploration of mars will reguire more
powerful launch vehicles than those reguired for the venus miseions but sirce the
escupe velocities of verus and marc ere 10.40 and 5.03 km/sec recsrectively, the
missiors to verus will requir: mcre powerful rockets. In view of this lcw mars
escape velocity it appesrs that if we can find lcw carth launch energy trajectories
which will take a vehicle to mers such that the mars arrival date is sufficiertly
close to the favorsble mars-earth launch dztes it mey be possible to conduct manned
missicrs to mars before nuclezr rcckets become zveilsble. Such trajectorizs co
indeed evist. As a matter of fact we have zlready calculated some. These are the
garth-verus-mars trajectories. 3y utilizing these trejectories es our earth to
mars transfer trajectories it may be possible to save 2z great deal of energy.

Table 21 contsins trzjectory vrcfilcs of the 1671 and 1973 manned missions to mars
using eerth-venus-mars trajectories 2= the earth to mares transfers. These
trejecterriez clearly fequire far less weight 1iftingz canabilities of the primery
earth lsunch vohiclc. Urnlurtunately the esrih-verus-mers trzjectories of 1973,
erd 1975 reguire much lorger {1i_ht times 2nd herce are imprzcticel earth to mare
transfer trzicctories.

Now therz is etill ancther wey which cculé brirg about early manned voyages
to mars. This mcthod will require even less energy ther the previocus methods. In
order that this mctied be clesrly understood we shall consider an actusl example.
Let A represent tn earth~venus-mars-ezrth manned reconuaissence vehicle of the
type described sbove. We sh2ll launch this vehicle or the July 19, 1970 trajectory

-of Table 15, This vehicle will be manred by e skeleten crew of only one or two

perscrs but shall carry s sterdard earth landing module which accommodates a

reguler sired crew of 5§ cr 6 astronzuts. Let B deucte 2z secend vehicle similer

to A bub carrying in plece of the sarth lerndirg module 2 mars landing medule which

[HS

is very similar to the lunar excursion module ci the Apolle mission. This vekicle
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is launched on the Auzust 22, esrth-verus-mare trgjectory of Table 12. It shall

ke manned by a2 crcw of 3 or L. This fligint will tzke 305 dazys and terminates in

the vicinity of mars where the crew sbandens the vehicle end decends to the surface
of mars in the small mars =xcursion module. Thus the landirg occures on June 23, 1971
which is 16 days before vehicle L mskes its mars closest zpproach. Consequertly
efter 16 days of expleretion on mars the crew of the second vehicle launchee its

mars excursion medule on July @ end rerdezvcus with A which will be mekirg its
close=t zpproach. The excursion modvle is then abandoned and the remainirg voyage
proceceds just 2= in the cese of ear?h-venus-mars-earth reconnaissance missions.

Let us ncw pefform z rough encrgy znelysis of thie particular mission profilc
end compare it to the direct ascent mcen mis-icn to be csrried out with the love.
Now it is clear that the vehicles A and B will have to carry much more life
support equipment than the moor vehicle. The first vehicle will have to carry
enough provisicne to last 1 or 2 crew members 649 days plus an extra supply to
last the crew of the secerd velicle 294 Gaves. The secerd velilcle however reed
carry orly enouzh provisiors to last ite crew 321 days. It is importznt to notice
that unlike the mocrn venicle, A deces rot have tq carry ary otuner landing module
other.then its e2rth return mecdule which in fact may be very similar to the landing
module of the moon vehicle. The secerd vehicle reed not carry any earth return
module.

We recall thst the charecteristic velocity of zny mission profile is the sum
tetal of 211 the velccities that 2 rocket has to develep or dissipate by fuel
corsumpticn durirg the entire course of the mission. Conseguently since the
earth's escape velocity fs 11.19 km/=zec we find from Table 15 that the characteristic

velocity V,, of A's mission is

CA

Ve, = \5.192 i 383% & ‘\ﬂﬂ.hlg +11.19° = 25.76 km/sec
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From tables 12 and 15 it follcws that the charzcteristic velocity VCB of Bls

mission is

Vop ='\/11.192 + 307 - "\/6.u62 +B08°  # ‘\/5.032 + 5.61° = 27.LL km/s:

The minimum velccity regquired to reach the neutral point between the earth znd
mocr: is 11.1 km/sec. Thus since the moon's escepe velacity is 2.34 km/sec, the

-

char-cteristic velecity V., of the mocn mis=ion ic

M

Vg = 11.1 + 2.3L + 2.2 + 11,1 = 26.58 km/sec

.Consequently cur czlculetions show that the charccteristic velccity reguired for
Al'e mission is 2ctually less than thst reguired for the moon migsion while the
charscteristic velocity of B!z mission is only .56 km/sec grezter.

Let us cs=sume for simplicityv thzt these three rockets have only one stage.

Consider the well known fermulz

o=

iritiel mass of rccket

firal mas<s oi rccket zfter turning fuel

where V is the characteristic velcecity for & mise<icr using 2 single stage rocket

with exhezust velocity ejuzl to c. Let M né MﬁP denote the pzyloads of

4P? MEP 2
Ay, B end the moon rocket respectively where we take payload to be the totzl mass
of the rccket minus its fuel loed. CJonsequertly if all three of the rockets have

identic2l initiagl masses wz cotain

=
1

= 1,37 HNP

b
|

= c
zp = 052 M



Be;ore comrenting cn the implicstions of these simple calculatlouss let us
consider e corresponding trsjectory profile for the manned mission to mars for the
1972 esrth-venus-mars-earth launch period. In the cese of the 197C mission it
was possible to choose a neer optimum trzjectory prefile (here en optimum trzjectory
is one which yields minimum cheracteristic velocity) from those trajectories given
in tables 12 and 15, This situation is quite uncommon since minimum launch energies
do not necessarily imply minimum epproach hyperbolic excess velocities. Consequently
the follcwing profile which we shell choose for the 1972 mission wss obtained
from the {ine net calculations of the 1972 earth~venus-mars-earth end earth-venus-
mars trajectories which do not appear in tables 13 and 16.

As in the case of the 1970 mission we let A denote the vehicle traveling
on the free fall esrth-venus-mars-eerth trzjectory which will rendezvous with
the mers excursion module of the seccnd vehicle deroted by B. Unlike the example
given for the 1970 missior we shall laurch B befere A. In particulsr we shall
launch it on May 31, 1972 on an earth-venus-mers trejectory which will take it past
venus on Nov. 17, 1972 with 2 distsnce of closest epproach of 9223, km, It will
rezch the vicinity of mezre on May 12, 1973 after a totel flight time of 3L6 days.
The vehicle's departing hyperbclic excess velocity will be L.27 km/sec and will
sppreachi mars with a hyperbclic excess velocity of 6.03 km/sec. Four days after
leunching B, A is laurched. Itz earth-venus-mars-earth trajectory will take it
past venus on Nov. 19, 1972 with s distance of closest apprcach of 9164 km. This
vehicle will pass mars on May 23, 1973 whereupon it will rendezvous with the
excursion module of B and tzke its crew bsck to ezrth on Oct. 17, 1973. This
vehicle will leave earth with 2z hyperbolic excess velocity of L.23 km/sec and
efter 2 totzl fllbut time of LGG daye it will) return with a hyperbolic excess
velocity of 9.51 km/sec. This mission will allcw the crew of B to spend 11 days

of explerstior on mars., This mission profile ie 146 days shorter then the marre
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1970 mers missicn. Thus A need carry orly cnecugh provisions snd 1life support
equipmerit tc last 1 or 2 men L9 dsys plus en sdditionsl supnly to last the crew
membcrs of E only 147 days slthough B must heve an initial suprly to last its crew
b + 11 or 257 days.

The characteristic velocities associcted with this mission profile esre found

VCA = "\/i1.192 + h.?32 + —\/F:Slz + 11.192
VCB = '\/i1.192 + LlJ27 4-“\/8.032 + 5.032 +ﬂV/E:972 + 5.032 = 27,62 km/se

Thus we again find that the charzcteristic velocities required for the missions of

to be

26,67 km/sec

L}

"o

rnd B ere almost z-u2l *c that of the masrred mocn mission., If we 2gein assume

¥
HE

our rockets to be single =t:zze we find

Mpp

1 = 3 M
PIBP 0915 AJTE‘

Let us now carry tiese celcvleticns ore step further 2nd see if the missions
ceuld Ye ectually echieved b o Neve type vehicle, Table 22 centains 2 list of

these launch vehicles slonz with their expected design capabilities.,
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Launch Vehicle Escape Feylcads Possible First Use
Small Novsz 15C k 1968-9
Nove 270 k 1970
Advanced YNovs LEO Lk 1970-2

Fost Nova 1,C60 k ?
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Supposs the re-entry weight of the esrth return medules is 25,000 lbs and

that 2 of ite remrinring erergy czn be dissipated in the earth's stmosphere. DMNcw

3

for the 1970 mission nrcfile this means that

ﬂV/% (5.h12 + 1].192) km/sec

must be eliminsted by 2 retro rocket. Denoting this velocity by AVOO and assuming

that tne rocket's exhaust velocity is 3.6 km/scc we find that the vehicles mass

M before retrc must be approximately
e v
.00
3.8
Moo = 25e “°° k = 235 k

Since the Move launch vehicle described in Table 22 will have the capatility of

csending 2 peavlcad weight of approximetely

§1-; (1139 - '\/11.192 + 3.63%)
27C e 77 k =230 k

on the escepe traizctery reguired for A's miseion this leunch vechicle could not
be used. Cn the other hanrnd the advanced Nova will have thc capability of sending
aporoximstely 3€3 % cn the required escere trejectory. This means that the primary
crew compartmert centairing thne provisions and life support eguipment could weigh
es much es 148 k. This [izure is guite reslistic hence we conclude that if the
return mocdule could shed % of its apnrcach ererzy in the earth's atmosphere the
edvanced lova could be employed s A's lazunch vehicle.

Let us now sce if taic lsunch vehicle cculd also be used for B's missior.

Sr
Supprosc that the mars excursior module 2t the moment it rerdezvouse= with A to
<

begin the voyage back to earth weigins 1% k., It'e launch weizht would then be

approximately

1-\/, 2 2
E ;003 .3 5061
1 2 = 12C k
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Supncse the provisions cnd 1ife suppeort eguipment necessery to spend 16 deys on

o,
=

. 1 : ; ; - . 3
mers weight 25 tons. Ther a2t the momert the excursion vehicle arrives on mars it

will weigh 125 k. Thus befcre retro it will weigh =zbout

= V 6.:6° + 5.03°
e ey

125 = 1,210 k

If we assume that tiic primary crew ccmpartmert aleng with the 1ife support
equipment weizhs 150 k the main vehicle 1eaving earth must weigh 1360 k of which
1190 k would be fuel for the mars excursion module., Now the advanced Nova will
be czpable of sending approximately'390 k on B's escepe trejectory. Hence this
vehicle plus 220 k of fuel for the mars excursion module could be launched by
the advarced Nova. The remzining 970 k cf fuel could then be supplied by injecting
two orbitinz tankers intc the required trajectories which would enable them to
rendezvous with B and transfer their fuel loads. Thus the entire mission could be
carried out tv empleoyirg two =dvanced Mevas along with two ertiting terker vehicles.
The same }eunch vehicles coulé alsc te used for the 1972 missior.

Since the miclear reeket engines required for the ccrventionzl esrth-mars,
mars-earth manned miscsior profiles will probably not become operationzl before
196C the zbove calculetiorns show thst it is reot recessary to await the develcpment
of these =2dvanced propulsion systems befcre carrying out menned missions to mars.
Conseguently the developmeni cf this rocket should proceed on a schedule which
would enable it to be used for the 1972 esrth-verus-mars-ezrth manned reconnaissance
mission cr better yet for the manned mission to mers. If manned interplanetary
missions are not carried out before 1977 they may have to be postponed until after

1981 because the sun will be very active during this time interval.

+

The unusu2l mission profiles described sbove for the earth manned mis=iors tc

mare leads us to the Jast maior tepie cf tnis paper.
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C. Interplaretary Transportetion Netwerks tc Suprort Manned B2ecs Cn Venus

and Mars

When man first ventures out intc intcrolanetary spacez his voyages will in
essence be very similar to the great sea voyeges of the 15'th and esrly 16'th
centuries. Thus in a2 serse it will be almcst like history repeating itself although
in this case the principel competing countries will bc the United States and Russia
instead of England snd Spzin.

After the first flights to mars end verus, man will nzturally construct bases
on these planets (tv utilizing 8 or 1C Yovas it may even be ncssible to construct
a tempcrary base or mars 2= early a< 1971 or 1972). Thece bases nc metter when
they ere constructed will natures1]y reguire 2 mezns by which men anc¢ equipment
can be taken tc cnd from tisce tases. Now in the distant future when propulsion
systems far more advanced than those currently being studied are developed it will
probably be possible to meke irnterplencztary voyages such zs esrth-mars trensfers
with flight times 2¢ slicrt as one or twe weeks. 3ut for the near future all
interplanctary transfers will have to te made on near optimum transfer trsjectories
with low dereorture and arrivel hyvrerbolic excess velocities, Conseguently a
great de2l of life support ejcioment will he necessary to trensport z few persons
from orc plaret to snetier., 1ir chert, carzo vehicles shall prebzbly be robot
type venicles carryving no eguipmenrt receessary for manred flight while the mannegd
vechicles will probably cerry very limited amcunte of carzec. Ir additior to cerrving
3211 the extra eguipment for manned fligzht these vehicles will 2lso nrobebly be
reguired to D¢ 2ble to irduce some artilicisl grovity., ierce tue trarsvertstion of
Just 10 men for examcle frem mers te sarth sheuld ordinarily require 2 fzirly large
2nd very eXpersive rocket. Methods of recovery will btecome 2 recessity, This
preoolsm of esceneomices cer be converiently sclved by constructing 2 long lasting

irter~Tzretzry trorsportetion retwork designed for the =sole purpose oI trersnorting

ot
[
]

perecrnel from are nlaret to zrother. Sirce thnz traffic invelving venus, earth and



mars will undoubtedly be the heaviest this network czn be sneecifically designed
to provide transportation for oriy these taree nlerets.

The basic underlyinz idez behind the system which we sh2ll now consider rests
on the potentislities of extremecly accurate vlanetary epprcach guidance equipmert.
If e venicle, equipped with such a system czn be made to have er indefinite operating

life time, it can ke launched on s free fall trejzctory of the form

which will permit the vehicle to rendezvous with arny planet of the solar sy=tem an

indefinite rumber cof times with the experditure of zlmost zero ensrgy. Preliminary

calculations e=iiow that if the plcret:z Pi zre restricted to venus, ezrth and mars
wiere Pl = earth and Pi # Pi+1 for 211 i, it is peossible to lind sequences

) i =1 -l-. m m i =
Pys Pos PB, eeey F_Y such that tue flight times T, . - Ty (i =1,s00 1) from

P. to P, are compsraeable te bnose raguired for optimum Pi - Pi+l transfers

=
J1¥]
<
P_t
v
183
e
[LE]
c+
3
-
=t

ndezd ir many cases tnesze flizht timez sre often shorter than
those of the cptimum trersters. Llicreover some of these trajectories were found to
have very low launch energies.

The network can be esteblichisd by first ceratructirg many large space vehicles
which 2re tc be used in the retwork. Thic czn be done by methods of prefsoricaticn

and orbitsl =ssembly. These vehicles car be designed to accommodate 20 to 60 persons

and sirce srtificizl greviby will be hizhly desirsble the geometry of the vehicles

could be 3 tcrus with an outside diameter of perhaps 200 tc 300 feet. When each

individual vehicle is completed ore simply eweite its leunch date T when the vehicle

(i.e., space bus) iz injected into its irterrlaretary trajectory. This cculd be

L

eccomplished Ly corvient ctrazp-on sclic¢ propellant recket engires. The vehicle will
zarry extre provisions ara 1life suppert eguipment to last urtil it melcee its first
eartl, »cndezveous whersupnn ite supnly of provieions =nd 1ife support cguipment can

be replenished tc Jaet urtil it makes ite second er»rth rendezvcus, ete. This transler

T (o S
cle Shifsd c~l

¢ be provided with standard nlenetary excursion modules which czn be

D.l
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left behind on s planet with its occupants to be used by other astroncughts to
rendezvous with snother space bus of the netwerk which will take them back to
earth or to another planet. These small excursion modules need carry very little
life support eguipment and hence can have relstively high mass ratios.

OCur network thus ccnsists cf perhaps 2C or 30 lsrge transfer vehicles meving
alcng different free fall trajectories which corntinually rendezvouses with venus,
earth and mars. The vchicles carry stardard planetary excursion modules which
will permit scme of their occupante, to leave 2 vehicle and descend to the surface
of a pacsing planet without ever having tc zlter tie ccurse of the transfer vehicle.
They are zlsc eguipped with Gocking facilities for excursion modules launched from
a passing planet by occupants wishing to go to the next planet which the transfer
vehicle rendezvouses witil.

When each trarsfer vcaicle is injected into its particular interplanetary
trajectory a large ummanned robet vehicle carrying 2 great amount of fuel for the
excursior modules can zlsv be injected 2 few seconds later orto an 2lmost identical
trajectory. This second vehicle could then zlways follow the trznsfer vehicle and
can be used to refuel the excursion moduwles. This secord tanker vehicle could
iﬁself ve refueled during the eartii approaches.

The trarsportaticn retwork outlired above seems attractive for several reasons.
Ore rotices thet 211 the vehicles invclved in thie netwerk can be used es often as
desired. The transfer vehicles could be very large znd hence could be desigrned so
that theses necessarily lcng nlaretary trernsfers can become quite acceptable. The
relatively large rumoer of traznsfer vehicles in the network would greatly preclude
the possibility of a crew running out of supplies and becommirng isolated on venus
or mar=, Finrally tne economics and uo kesp of the netwerk seems radily attainable,

Since these advanced free f2ll treiectories were not studied deenly encuzh to

warrent

Lo ]

detziled repert, we shall not give any numericzl results at this time.
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v CONCLUDING REMARKS

The numerical results described in Section IV show that
advanced free fall interplanetary trajectories involving more

than two planets of the form

Py by ' B = s ¢ =Ey

can be of great value in both the unmanned and manned exploration
of the inner planets. Our results definitely indicate that these
trajectories should no longer be viewed as an academic curiosity.
let us take another good look at the difficulties which we are
forced to contend with if we insist on using the conventional
direct flight transfer trajectories. We have found that the four
principal time - energy barriers were:

1. The lowest possible launch energies for earth - Mercury
missions are exceptionally high.

2. Direct flight earth - Mars missions have their favorable
launch periods separated by long intervals of time lasting
approximately 25.6 months.

3. Minimum energy manned Mars reconnaissance trajectories of the
form earth-Mars-earth require flight times in excess of 1000
days.

L. The favorable Mars - earth launch periods occurs 40 to 60
days after the favorable earth-Mars launch periods resulting
in very high hyperbolic excess velocities for all trajectories

of manned Mars missions.



It is beczsuse of these irreveocable hard facts that the National
Aeronautics and Space Administretion's timetable for many interplanetary
missions 1s so modest. This is especielly true for the manned recorraissance
and landing missions to Mars.

With the aid of advenced trajectories a great vert of NASA's modest timetable
(which was oriented to fit the urcertain timctable for nuclear propuJSion) cen
be completely (and perhaps even more rezlistically) revised. The development
of accurste planetary approacn guidance does nclt require amy new scientific
bregkthroushs.

The most importart interpleonetary missziorn effected by the spplication of
advanced trajectcries 1s, of ccursz, the menred mission to Mers. We have seen
thet if the advanced hova laurch velicle can be made man rated by 1970, it
is entirely poszible tc begin a marred miseion to Mars the same year. Since this
launch vehicle will most probzbly be man rated vy 1972, the manned mission to
Mars beginning in that year could be urderteken. These missions would, of course,
render the manned Mors reconrzissance mission unnecesssry. If these manred
missions to Mers are not attempted, then the love lsurch vehicle will rot be
capable of making the~e missions pessible until 1977. But since manned inter-
planetary flights during 1977 to 1981 may be very hazardous because of high solar

activity it may not be until after 1981 that these missions could be undertaken.
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Ir concludirg this paper the authior is convinced thet the numerical results of

i

Section IV defiritely warrsnic the rapid development cof
1. Eighly accurate ang relisole planetary approach guidance systems.

TLe real pcssibility of using the advarced Ncva es the primery launch venicle for the
manned Esrth-Venus-Mars-Eerth rcccrnneiscance misz=ions or the first marred landings

on Mare for the 1970 rnd 1972 launch periods indicates that
2. The developmert ol the Advanced Novs should proceed with 21l possible urgency
elong with

3 The developmert c¢i e Mrrs svcursion module to be used with the Adverced

Ze

keva leurnch veunicle.

These preposals of cous=e mrezup oceg that 2 muchk more detailed study will back up

the rether brief zralysic giver in this paver.

1f the asbeve three mrozrims 2re LUe«un cr shepred up durirg this relatively early
period, the Urited Ststes coulld *rmly =et 5 race in the exploraticn cf interplaretary

spece that will be v

by

ro aifficelt 1l rot irmoszitle to follow.

M
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Appendix 1

The Calculation of Planetary Position and Velocity Vectors

In section 2 we have developed & very convenient calculus for dealing
with conic trajectories in three dimensions. We have seen that it is
ideally suited for problems in astronautics. Thus as one might suspect it
can be easily employed to calculate planetary position and velocity vectors
for any time t. We shall now give the method which was actually used for
the numerical computation of the above trajectories. It has been observed
that the accuracy obtained by this method approaches that obtained by the
most involved and complicated techniques of classical celestial mechanics.

Let R be the position vector of a particular planet at the time t which
is to be calculated. Suppose R
planet given in a planetary ephemeris (see 4) corresponding to t, and t

1 a

respectively where tl <sts tz. We shall take tz - tl = 10 days for the

first six planets. Missions to Uranus, Neptune and Pluto take too long for

and.F% are two position vectors of the

elliptic transfer trajectories.

7 Qz

3 ﬁz? @
A

R
o]

[0]
i
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-k

In the above figure the vectors ﬁ; and R3

respectively which are given as near-by entries in the

correspond to the planets position

vectors at t and t
o 3

planetary ephemeris where to < tl <ts t2 < t3. These vectors will be used

to calculate the planets osculating elliptical orbit at the time t. This
calculated orbit will not be the true osculating orbit at time t because the

planets actual path about the sun is not elliptical. However if the arc

subtended by ﬁ; and ﬁé is not too large it may be assumed to be elliptical.

This assumption applies even better to the arc subtended by ﬁi and ﬁé but ¥

—

lﬁé, being small for most planets, will magnify errors in ﬁi, R2 appearing

in the ephemeris. Thus if we choose tl - to = t3 - tz = 10 k days where k

is an integer equal to the k'th planet of the solar system which is being

-

R

onsidered, both conditions can be partially satisfied. Hence one easily finds

Planet X By =%
Mercury 1 30 days
Venus o 59 M
Earth 3 70 *
Mars L g0 "

The osculating orbit is then calculated by first finding the semi-major

axis by means of Lambert's Theorem in the form of (2L,) where t = ts -t . The

eccentricity is then calculated with the aid of ( 30). The E and H vectors may

now be calculated by means of (8 ) - (12).

In the figure B = ﬁé - ﬁi. Hence D lies in planets plane of motion and

intersects the vector ﬁ at some point Q. The points (E and Q2 are the positions

of the planet at tl and t2 respectively. If d = QlQ it is easy to see that

A Rl + fD

R (1)
IR, + D]
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where f = % . It is also evident from the figure that the following

trigonometric relations are true:

d .y
sin § = sin(B+n)

D-d Ry

sin n  sin(B+n)

Consequently it follows that

1 .
stin(c-ﬁ) ' (1)

Rls{na'

f=

1l +

where ¢ = §6 + 7. This angle ¢ may easily be calculated by

-1(Rl'R2)
R R,

g = COs

Now the angle § is dependent on some scalar function F(t). Since
tz - tl = 10 days is small compared to any of the planets periods about the

sun, F(t) may be expressed as a rapidly converging Taylor series about tl-

a F(t,)
5 = F(t) - F(t)) + — (-t 5y —— (t-t)%+ o o o (111)
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Since § =0 at t = tl, F(tl) = 0. Let o=% e ﬁ and suppose that we refer

time to the last perihelion passage so that @ = O at t = O. Then

6 =F(t)=6-6

and it follows in view of (3, ) that

dF(tl)
—

= Eﬁ (L+ecos e 4

1)

Sy

2 .
a"F(t,) 5 3
— -2(=5) e(1 + e cos Gl) sin 6,

dt A

3
d F(tl)
3

n

Z(E—J3 e(l + e cos @ )l'L [Be sin® 0, - (L+ ecos @, ) cos @
Py 12 1 1 1 1]

For all planets except Mercury the Taylor series converges very rapidly so
that all terms except the first three can be neglected. In the case of
Mercury the fourth term does contribute a small but sometimes & non-negligible
amount to the series. The maximum contribution of this term has been found to

be about .l degrees. Thus for the fourth term one finds

I
d'F(t,) T 5 2 2 2
—_;;E__ = 2e€f§) sin Gl(l + e cos Gl) (24 e“cos 6,+ 13 e cos 6,- 12 e+ 14



The values for cos ©, and sin 6, may be computed by

L 1
§ -2
1
cos Gl = Rle

sin @

, 2
1 S, /1 - cos 91

where S is equal to the sign of sin Ql and is easily seen to be

where h is the osculating H - vector. Thus after calculating each term
& may be obtained by (iii). Upon substituting this value into (1i) and the
resulting value of f into (i), R can be calculated. The desired position

vector of the planet at the time t is obtained by

= sl oh

oA
l+ e-R

which follows from ( 7 ). The planets velocity vector V is immediately

calculated by
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APPENDIX 2

Constants of the Solar System Used in the Calculations

The following constants have been employed throughout all the

numerical computation:

astronomical unit = 1.495990 x 108 km

GM =
sun

Wggn = 2-9591221 x 10

=4

Mean Obliquity (for 1950) = 23° 26' 4L.8L"

Constants used concerning the planets are given in the following

table where R = radius (in km), m = planets mass, M = sun's mass

and u= Gm (in a,u3/day2). The radius given for Venus includes the

visible stmosphere.

Thus the distance of closest approach to Venus

given in the numerical tables refers to the distance of closest

approach to the planet's cloud layer and not its actual surface.

2
-
};

( m

PLANET R = "

Mercury | 2330.0 00193138 | 4.835167 x 10t
Venus 6100.0 .00570377 | 7.241303 x 10710
Earth 6378.2 00617728 | 8.887552 x 1070
Mars 3415.0 00253523 | 9.582649 x 10711
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