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FOREWORD

Prior effort under study contract NAS2-7268 included preparation of
"Ballistic Mode Mercury Orblter Mission Opportunlty Handbook " NASA CR-2298.
This was primarily devoted to detalled analyses of 1nterp1anetary trajectory
characteristics for four baseline mission opportunities corresponding to launch
in 1977, 1980, 1985 and 1988, Also reported in the Handbook were results of
preliminary investigations to assess the performance improvement potential of
two alternate flight techniques: midcourse maneuvers and multiple Venus swing-
by. It was determined that modest midcourse maneuvers could produce signifi-
cant performance improvements. for the 1977 and 1985 opportunities. Also, two
new mission opportunities predicated on multiple Venus swingby and correspond-

ing to launch in 1983 and 1988 were identified and partially optimized.

As a result of these findings, a contract extension was awarded to
complete performance and navigation analyses for the 1985 mission opportunity
with optimized midcourse maneuvers and for the 1983 and 1988 multlple VenuS-
swingby opportunities. In addition, 1dent1f1cat10n and conflrmatlon of hlgh-
performance opportunities through the 1990's was undertaken to prov1de a
general assessment of ballistic mode potent1a1 for advanced Mercury missions.
Investigation of midcourse maneuvers to further improve the high-performance
1980, 1983 and 1988 mission opportunities'cpmpleted the scope of the study

extension.

This document reports results of the foregoing analyses and investigations.
Data are presented in a format consistent with the previously published

"Ballistic Mode Mercury Mission Opportunity Handbook,"

iii
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I. INTRODUCTION AND SUMMARY

Four baseline Mercury orbiter mission opportunities were previously
analyzed in detail and results documented in "Ballistic Mode Mercury Orbiter
Mission Opportunity Handbook,' NASA CR-2298. Feasibility of implementing these
missions was confirmed by assessment of navigation requirements and Mercury
encounter dispersions. Also reported in the Handbook were investigations of
the performance potential of two alternate flight techniques: midcourse
maneuvers and multiple Venus swingby. Positive findings from these explor-
atory analyses resulted in award of an extension of the study contract to
provide detailed data for three specific missions to a level commensurate with
the four baseline cases. In addition, the search for ballistic mode oppor-
tunities was extended through the 1990's and further performance improvement

investigations were undertaken.

The technique of applying modest midcourse maneuvers (200-400 m/s) near
perihelion of the Earth-to-Venus transfer trajectory was found to compensate
for the relatively poor planetary alignments characterizing the 1977 and 1985
missidon opportunities. While the 1977 case is probably academic due to timing,
the 1985 opportunity represents a potential follow-up to an initial Mercury
orbiter mission launched in the early 1980's. Accordingly, complete optimi-
zation of berformance parameters and assessment of navigation requirements were

performed for the 1985 opportunity with midcourse maneuvers.

Parametric performance data and flight characteristics for the 1985
mission with midcourse maneuvers are presented in Section IV. Analysis of
navigation maneuver requirements showed that modifications to critical
tracking geometries resulted in significant reduction in micourse correction

requirements from the baseline ballistic version of the 1985 opportunity.

Further optimization of performance parameters for the 1983 and 1988
multiple Venus swingby missions producéd some improvement from previodsly
quoted values. Moreover, navigation'requirements for these cases also
benefited from advantageous tracking géometries.A As a net result, the
performance potential of multiple Venus swingby has been furthér demonstrated
to compensate for the disadvantages of increased complexity and generally
longer flight times. Sections III and V present detailed data for the 1983 and

- 1988 missions respectively.



Previous search for mission opportunities during the 1990's had produced
negative results for the single Venus swingby flight technique. However, with
the additional planetary geometry options applicable to multiple Venus swingby,
several such opportunties were identified. High performance cases were
confirmed for launch in 1991, 1994, 1996, and 1999. Partially optimized

per formance parameters for these cases are presented in Section VII.

Application of midcourse maneuvers had proven effective for two of the
four baseline mission opportunities. To further assess the potential of this
flight technique, investigations were conducted to evaluate performance
improvement potential for the 1980 baseline mission and for the 1983 and 1988
multiple Venus swingby cases. These analyses indicated only marginal
effectiveness for improving planetary geometries, apparently because they were

already near-ideal for the cases studied.

Peculiarites in the Venus arrival/departure characteristics for the 1980
mission prevent ballistic matches for Earth launch dates late in.the iaunch
period. Previous investigation had confirmed limited effectiveness of modest
velocity maneuvers in the vicinity of Venus to éccomplish non-ballistic matches.
Application of midcourse maneuvers was assessed as an alternate method of
modifying conditions at Venus in lieu of powered Venus swingby. Results of
these analyses are presented in Section II-A and indicate only slight advantage

over the powered Venus swingby technique.

Per formance improvement potential of midcourse maneuvers for the 1983
and 1988 multiplé Venus swingby missions was evaluated analytically by
inspection of Venus arrival/departure conditions. These assessments are
discussed in Appendix 2. It was concluded that some improvement could be

expected but of insufficient magnitude to warrant detailed computer analysis.

While maneuvers in the vicinity of Earth-to-Venus transfer orbit beri—
helion have not proved effective for well-aligned multiple Venus swingby
mission cases, a variation of the technique may yet prove effective. For
multiple Venus swingby missions, the ideal Venus-to-Mercury transfer is close
to 180 degrees. Of the cases studied, some missions have optimized with a
Type 1 transfer and others, due to subtle differences in geometry, have

optimized with a Type II transfer. For this reason, it is possible that a



broken-plane maneuver on the Venus-to-Mercury trajectory may exhibit advantages.
Investigation of this latter class of midcourse maneuvers was not included in

the study scope and has not been performed.

A summary of the study results is presented in Figurg_l—l in the context
of the original baseline mission opportunities. -Qualifications include the
tabulated maneuver requirements for navigation corrections. Cases for which
precise navigation analyses ﬁave not been conducted are based on a nominal

allowance of 250 m/s.

.

The missions corresponding to launch in the 1990's are all predicated on
the mulfiple Venus swingby fliéht technique. These cases represent confirmed
high-performance opportunities and do not constitute the entire spectrum of
options available for mission planning purposes. Preliminary search has
indicatéd that non-optimum opportunities at the performance level of the 1980
baseline mission occur in abundance and could be defined for any time period

of particular interest.

Also shown on Figure I-1 is an alternate 1980 mission utilizing multiple
Venus swingby. This mission was not anticipated in the study scope due to the
apparent adequacy of the baseline 1980 opportunity and the focus on long term
perspective. It is presented to illustrate the potential expansion of mission
options possible with concentration on a specific time period. Also, since
1980 represents a strong candidate for initial launch of a Mercury orbiter
spacecraft, the option for increased performance at the expense of proportional
increase in flight time could be advantageous. In particular, the ability to
accommodate an orbited weight of over 600 kg could be especially significant
to the prospects of a Mariner class spacecraft design. Preliminary data for
the alternate 1980 mission is presented in Section II-B., Further definition

of this opportunity is recommended for future consideration.
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CONDITIONS

Titan IIIE/Centaur Launch Vehicle
15-Day Launch
Minimum Venus
Mercury Orbit
Mercury Orbit
Mercury Orbit

Auxiliary Propulsion:

Period

Swingby Altitude =
Periapsis Altitude = 500 km
Eccentricity = 0.8
Insertion Propulsion:

250 km

Hydrazine Monopropellant

Specific Impulse = 235 seéc,

Single Stage Solid
Specific Impulse
Propellant Fraction =

= 290 sec,

0.93

Inert Weight Not Deducted from Orbited Weight

LAUNCH TOTAL AUXILIARY
LEGEND YEAR PROPULSION MANEUVERS (MPS)
Baseline Opportunities 1977 227
(Single Venus Swingby, 1980 266 (Including 100 at Venus)
No Midcourse Maneuvers) 1985 - 242
1988 282 (Including 75 at Venus)
- - - With Midcourse Maneuvers 1977 627 (Including 400 Midcourse)
1985 535 (Including 400 Midcourse)
— — With Multiple Venus Swingby 1980 250 (Estimated)
1983 166
1988 320 (Including 200 at Venus)
1991 250 (Estimated)
1994 250 (Estimated)
1996 250 (Estimated)
1999 250 (Estimated)
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e 2 —/
542600— —_—
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Figure I-1 Mission Opportunity Summary

5



THIS PAGE BLANK






IT. 1980 MISSION OPPORTUNITIES

_This section presents results of applying midcourse maneuvers to the later
launch dates in the 1980 baseline mission launch period. Evaluation of effec-
tiveness is discussed in the context of powered maneuvers at Venus swingby

which have been previously shown to be advantageous.

Also presented are characteristics and partially optimized performance
parameters"for the recently identified alternate 1980 mission. This opportunity
is predicated on triple Venus swingb§ and involves a flightytime of 36.7 months.
In view of the 51gn1f1cance of 1980 launch and the performance advantage over
the baselithe 1980 opportunlty, prellmlnary\data have been included in this study

report.

A. BASELINE OPPORTUNITY WITH MIDCOURSE 'MANEUVERS

.,

1. Performance Parameters - Investlgatlon of the potent1a1 performance

lmprovement prov1ded by a midcourse veloc1ty .maneuver on the Earth-Venus
traJectory segment 1s presented for late launch dates of the 1980. baseline

. mission. Due to the Venus arrlval/departure characterlstlcs for this mission,
small maneuvers at Venus were effective in improving Mercury arrival conditions.
Midcourse maneuvers were examined as ah alternative means of modifying Venus
conditions for late Earth 1aunch dates, Wthh dlsplay abrupt performance
degradation. A mldcourse maneuver. executed near perihelion of the Earth-Venus
leg reduces Mercury arrival ve10c1ty for the‘late launches by’ ‘delaying Venus
enconnter. Time of the maneuver is“dptimized as described in detail in
Section III-A. Briefly,wthe targetiné criteria involves a ballistic trajectory
from Earth to Venus. For a fixed maneuver time, this initial Venus trajectory
is adjusted to match actual Venus arrfval.and departure velocity magnitudes.
For a desired actual Venus date, the time of the maneuver is then varied to

minimize the midcourse maneuver requirement.

Decreases in relatlve ve10c1ty at Mercury as a function of midcourse
velocity maneuver are presented in Flgure II-1. For a typical late Earth
launch date (7-5-80), Mercury arrival is shown parametrically (4-13-82 to
4-15- 82) along with Venus sw1ngby altltude effects No ballfstic solutions
ocecur, for that launch date and a 200 m/s veloc1ty maneuver at Venus yields a

VHM greater than 7 km/sec (250 km sw1ngby altltude) For a Mercury arrival on

::’!“150J:$¢4 N



RELATIVE VELOCITY AT MERCURY (KM/SEC)

MERCURY ARRIVAL DATES,
APRIL, 1982
8.0}— '
15
7.6
EARTH LAUNCH
7.2— DATE: .7-5-80
6.8 VENUS SWINGBY
ALTITUDES :
~—350 KM
- 250 KM
6.41— 150 KM
6.0 | -
0 100 _ | ﬁ 200
MIDCOURSE VELOCITY MANEUVER (M/S)
Figure II-1 Relative Velocity at Mercury vs-Midcourse Veloéity' o

Maneuvers, 1980 Baseline Opportunity
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4-13-82, a midcourse maneuver of 107 m/s accomplished near perihelion of the
Earth4Vqus;;rajectory will result in a VHMfof 6.50. These data are: translated
onto Figure .II-2, which shows ballistic trajectories, effects of maneuvers at
Venus, and effectiveness of midcourse maneuveérs. for three late launchxdates.
Launch energy requirements are shown to increase with the later launches, while
VM Ls improved. Although the trajectories with velocity maneuvers at Venus
are labeled 100 m/é'ana 200 m/s, navigation analyses showed that combination
with the large post-Venus navigation correction (207 m/s) reduced the 100 m/s
to 26 m/s net cost, and similar effects would reduce the actual cost ef a 200
m/s maneuver. No such vector bargain can be achieved with a midcourse velocity
maneuver. Therefore, the performance improvement potential of midcourse
maneuvers is-not significantly greater»ehan for maneuvers at Venﬁs, end further

optimization was not pursued.
: a1

10
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RELATIVE VELOCITY AT MERCURY (KM/SEC)

EARTH LAUNCH DATE, 1980

Figure II-2 Potential of Midcourse Maneuvers, 1980
Baseline Opportunity
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2. Tralectory Data - Tabulated results for a typlcal reference traJectory

with a late launch from the 1980 basellne opportunlty Wthh ut111zes a midcourse
veloc1ty maneuver appear 1n Table II 1 ‘ Mercury encounter date was selected to
~m1n1mize Mercury approach veloc1ty withln an altitude constralnt of 250 km at
Venus and a mldcourse maneuver magnltude of 100 m/s The prlnt key Wthh

defines each 11sted parameter is 1ocated in Section 1 of the Appendlx

13C
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v 3/C 2.15002562 01
VHP 1.53322542¢00
RAA= 285.4 OESA= =23.1

MzXCURY 0P X

R McXCURY  +eb64133512¢07
¥ HERCURY  3.57408318c¢00
v s/C 1.1142652c¢01
vHP 1.5630204:¢00
RAAz Tw.8 UEA= =23,.1

TABLE II-1

bo520

Y
2.63063310:2¢07
debblu236ze01
Le3663077-¢01
3.26484926:¢00

S5PA=z 83,1
RA>==1493,3
14
~1.11307632¢07
=5.,20492642¢01
*5.84361422¢01.
~5,7808773+¢00
RAS= 43.2 0:CS=
Y
“1.4433176:¢07
5.5468233:+¢01L
0412607352¢01
279249704+ 00
RAS= 1627 JcCS=

APR 13 1982

EPA=
DECS=

9y 0, J.

z A TOTAL
-1.,80361613406  4,86114752407
6.75236422¢00 5,6233430E+01
4,9160107E+00 5,2318517c+01
-1,33635352+00 6.5263719E+00
81.9 CPA= 50.3
2.1
z . A ToTAL
-7.4505306£-03 4.56114755407
0. 5.62886905¢01
~2.56006635+00 6.2318517E+01
~2.56004632¢00 5.5243713E400
«3 RAE= 7.6 DBECI= =2.3
z TOTAL

«7.4505806c-03
0.
~2.5600463t+00
-2,56004632¢00
.0 RAZ= 157.1

%e 8611475407
5.6208630z¢01
6.2318517c+01
6.52637132¢00
DECc= '=2.3

TRAJECTORY PRINTOUT 7-5-80 LAUNCH (Continued)
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B. ALIEKNATE OPPORTUNITY WITH MULTIPLE VENUS SWINGBY

1. Heliocentric Geometry

The 1980 multiple Venus Swingby flight profile is depicted on Figure I1I-3
as an ecliptic projection. As shown, the Venus swingby sequence is initiated
with two'successive‘encounters at the same Venus position separated by an
intermediate transfer orbit with a period of‘one Venus year. - The third and
final Venus swingby occurs after. about 2 5/6 solar revolutions of the spacecraft
and 1 5/6 revolutions of Venus. Mercury encounter is delayed by two extra solar
revolutlons of the spacecraft to accommodate Mercury phasxng The resultant
ﬁtotal flight time of almost 37 months is ‘a necessary consequence of this: high—

performance mission opportunity.

‘Thepretically, the full potential of Venus gravity-assist for:Mercurisz
orbiter missions corresponds to two close Venus encounters. In practice,
double Venus swingby missions w1th flight time of 3 years or less )
1nvolve one close encounter w1th Venus (frequently altitude- 11m1ted) and a
‘second sw1ngby,at high Venus altitudet. This disproportionate distribution
of gravity assist effects limits the performance_potential of double Venus

swingby.

The three Venus encounters inherent to the alternate 1980 mission geometry
occur in a sequence that inproves distribution'of effects between swingbys.
While net performance is still less tnan optinum (comparable to the best
double swingby missions identified) Venus altitudes are relaxed to about .
15,000 km, 2300 km,and 19,000 km respectively for the threg succesgive

encounters.
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E.: '~ EARTH AT LAUNCH, 3-6-80 ~ ~-© ~ .-~ '~ . .. . (¢

Ey EARTH AT FIRST VENUS SWINGBY (Vl), 6-19-80 A O
Evlz EARTH AT SECOND VENUS SWINGBY (V,), 1-29-81

E EARTH AT THIRD VENUS SWINGBY (v3), 3-19-82

EARTH AT MERCURY ENCOUNTER (M), 3-29-83

VENUS SWINGBYS

TWO COMPLETE SOLAR REVOLUTIONS BETWEEN SECOND AND THIRD
VENUS SWINGBYS

(3) TWO COMPLETE SOLAR REVOLUTIONS BEFORE MERCURY ENCOUNTER

(1) ONE COMPLETE SOLAR REVOLUTION BETWEEN FIRST AND SECOND

Figure II-3 Heliocentric Geometry, 1980 Multiple Venus Swingby Opportunity
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2. Performance Parameters "
. "'_ N

Optimization of Mercury arrivél date has not been completed. However, the
data prgsehted on Figure II-4 are sufficient to confirm high performanée
potenéi;1 for the mission opportunity. Due to the opposite trends displayed
by Mercury approach velocity and launch energy, determination of best -
performance involves significant interactions between launch vehicle character-
istics, type of propulsion employed for Mercury orbit insertion ahd desired
length of launch period. For the Titan IIIE/Centaur launch vehicle; single
stage solid rocket motor for orbit insertion and 15-day launch period# calcu-
lations show‘Best performance to correspond to the left-hand ﬁortion of the
Figure II-4 daté. The earliest launch dates lose compatibility with ballistic
matches at the second Venus encounter indicating possible further improvements

by application of midcourse maneuvers and/or powered Venus swingby maneuvers.
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3. Trajectory Data

Tabular data for a representative Earth launch date (2-26-80) and Mercury
arrival date (3-29-83) are listed in Table II-1. Conditions at Earth launch,
each of the three Venus encounters and Mercury approach are displayed in detail
together with the general characteristics of the heliocentric transfer orbits.

" A print key for interpretation of Table II-1 is provided in Appendix 1 of

this document.



JO=24406295,50¢C C3= 29,364 FLY TIM= 111.716
ECLIPTYTIC X Y

R EARTH -1.350749EE+ 08 6.0730014F¢07
V EARTH =1.2702729€E+01 =2.7271338E¢01
VEL S/C | =1.3694272E+N1 - =2.1951512E+01
VHFE <9.9154423€-01 5.3198256€+00
PAA=100.558 NECA= =3.004 SEVHE= 55,288
EQUATORIAL X : Y

R EARTH =1.3507498E+08 5S.571910L1E+07

¢ EAPTH -1.2702729€¢01 -2.5021360E+01
VEL S/C -1.3694272E¢ 01 -2.0027611E+01
VHE ~9.01354423F-01 . 4+9937486E*00

~3.24056789F+03 -
1.9533042€-03

=~2.8204701E-01

T =2.8400C92E~01

2

. ?.3760158E407
'=1,0884159E+01

-3.0313672E¢09
1.8528015€+00

FEB 26 1980
7

0’ 0, 0.
" TOTAL
1.4809924€E+G8
3.0084634E+01

T 245870342E+01
‘Se utaeangono

TOTAL

1. 4809924E+08 -
3.0084634E+01

2.5874342E+01

5.4138893E410

RAA=101,230 NECA= 1S.997 RF= 84569218,86 APO=151841387,.36
A=118205303.11 €= 28456 I=

+630 NONE=335.677 W= 20,647 -~ c
THi= 159,5 TH2= 269.8 DTH= 110.4 TYFF I S
JO=2L44L0OT7.216 VHA= 10.343 VHO= 10.343 JULN 15 1980 17, 11, 1.810
ECLIPTIC X . Y YOTAL
R VENUS -7.2981836E+06 ~1.0847705€E+08 -1 1202799E006 1.,0872805FE+08
¥y VENUS J.470512LE¢01 | -2.4E13809E¢00 ~2.0334922E+00 3.4853092E+01
vV S/C A 3.5510313F+01 7.57728115+00 2.3681110€-01 3.5310516E+01
JHA 8.0519833E-01 1.0058662E¢01 2,2773033E400 1.0343079€+01
v s/C D - 3.3912334E+01 7.8294612€E400 -1.8414191E400 3.4853092€¢01 -
VHO. . =7,9279034E-01 1.03108¢c2F+01 1.9207308€~01 1.0343079F¢01
RCA= 20814.9 BTH=308,1" BeT= 140608 3A*R= -18609 HCA= 14704.9
RAA= 85.4 DECA= 12.7 SPA= 12.1 EPA= 18S.4 CPA= 89,2 TYPE 1
RAF= 261.8 OFCE= 1.5 RAS= 86,2 NECS= b '
AH = 303647 FH= 7.85452 I= 53,0 NODE=z 275.2 W= 156.7 TAU= 82,7
A=108209145.7 E= «288927 I= 3.4 NODE= 430.1 W= 297.7 TUIN=  14.6
THI= 252,3 THF= 252.3 NTH= 360, FLTY TIM= 224,702
PERIHELION= 769L4561.7 APHELIOM=13947372¢,.6
JNz2444631.918 VHA= 10,343 VHD= 10 343 JBN 27 1981 10y 1, 20.035
FCLIPTIC X 2z ToTAL
R VENUS «7.2981836E+06 =1. 085770:E008 =-1.1202799€+06 1.0872305E+08
v VENUS 3.47051206€+401 ~244813809E+00 =2.0334922F¢00 3.4853092E+01
V S/C A 3.3912334E+01 T.829L812E¢00 =1.8L14191F+00 3.4853092F +01
VH A =7.9279034E-01 1.0310662F+01 1.9207308E-01 1.0363079E+01
vV s/¢ n 2.874L2287E+01 3.9569420E+00 =1.3702085E+00 2.9395053€E+01
vH D -5.9628377F+00 8.4333229F+00 4.5328368E-01 1.0342889€¢+01
RCA= A373,3 8TH= 3.2 8*T= 10381 3*R= 619 HCA= 2323.3
RAA= 9u.4 DECA= 1.1 SPA= 8.3 EFA= 15,2 CPA= 77.1 TYPE VI I
RAE= 109.6 NFCE= «3 PAS= 86.2 CECS= «6
AH= 3036.7 EH= 3.7574LC 1= 3.4 NONE= 70542 W= 2.8 TAll=  74.5
A= 84149030.8 €= - «388140 1I= 3.4 NOOE= 435.1 W= 342.0 YURN= 30.9

THI= 208.0 THF= 51047 NTH= 302.7 FLT TIM= 413.505

PERIHELION= €16487416.1

TABLE II-2

APHELION=11681064E.5

TRAJECTORY PRINTOUT 2-26-80 LAUNCH
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JO=2445045.422 VHA® 10,311 VHN= 10,311 MAR 15 1982 22, .8,
FELIPTIC - X Y 2

R VENUS . =-9Q,u4BBGBIFE0? =5,2200999E+07 469877296406
V VENUS  1.6588688E¢01  ~3.0814E33E+01 ~1.398E313F+0)
V S/C A  5.5TG4b11Ee00 =2.8505157€401 ~7.8809371E~01
WA . <1,0114227€401 1.9096765E400  6.0963757E~01
V S/ D 5,9354527E+00  -2.7EDD8SSESDL  =2.32606WT7EDD
VHD +9,7532251£400 3.2139781E400 ~9.2741341E~01
RCAz 27713.1 .. ATH=228.6 - .B8%*Tx  =~20262 3%R=  -=22953
RAA= 169,38 NFCA=. 3.4 SPA= 140.4 EPAz. 40.1 CPAT €7.4
RAE= 129.8 DECE= =-3.2 PAS= 28.9 NECS=. =2.5

AH=
A= 80865628.1 E=
THI= 156.9 THF=

PERIHELION= 476298421

JD22445622.500

ECLIPTIC X
R MERCURY &4, 70938205007
v MEPCURPY -2,4271956F¢01

VHPE

vV S/C “2,75TIATLE+DL .
JHP -3,299917°€E+00
RAAE 124.8 = DFCAz =5,2
PAE=z 189.6 . DECE= .9
EQUATORTAL X

® MERCURY -u.83353975007
V MERCURY ~2,280720¢E+0D1
v S7C 2.5860525E+ 01
P 3.053317LE4+00
RAA= 102.5 OECAg ‘12.0
ME RCURY 0P X

R MERCURY 4,3594322E+07
v MFRCURY 1.926168EE¢01
vV S/C 2.0514118€%01
VHP 1.252430CF+00
RAAz 77,3

OECAS ~12.0

PAS= 150.3 DECS=

3055,6 EH= 10.06959 I= 331,3 NODE= 346.3 Wz 169.8 TAU:

TeT47
TOTAL

1.0805153E+08
3.5071675F+01
2.96539106E¢01
1.0310970€+01
2.,8553780F¢0Y
1.03i0924E+ 01
HCA=z 21663.1

TYPE VI

84.3
411000 T= 6.0 NODE= 613,3 We 358,56 TURN= 11,4
325.7 DTH= 168.8 FLT TIM= 377.078
APHELTON=114101061442
5.843  MAR 29 1983 0, 0, 0.

v : ] TOTAL
1.5268541E¢07 =3.)0701179E+406 5.0172248E407
%.8688856E+01 6.2294687E+00 5.4758915E¢0¢

5,366 5586E+01 569980 83E¢00 6.0608002E+01
We7S67304E00 =5.2966041E-01 S.8134742E+00
SPAz 73,4  EFA= 63,1  CPAz 71.3
RASz-162.2  DECS= 3,5 ‘

Y , z TOTAL
=1.3640754E¢07 0o 5.0172248E¢07
~6.9783231F+01 2,8421709E-14 5.4758915E+01
~5.4579185E¢01 =1.2134C18E+00 64 0408002E¢01
-4.7659538E400 =1,2134918E+00 5.8134742E400

RESz 15,5 OECSz =0. 'RAET 7.7 OECEx =3.4
Y i TOTAL
-2.483524BE407 0o 5.0172248E+07
5.1259401E401 2.8421709F-14 5.4756915E401
5.6805151E+01 ~1.2134C18E+00 6.0408002E+01
5.54574G7E400 <=1.2134I18E+00 5.8134742E+0D
~0¢ RAEZ 142.5 DECEz =3ew

TABLE 1I-2 TRAJECTORY PRINTOUT 2-26-~80 LAUNCH (Continued)



III. 1983 MULTIPLE VENUS SWINGBY OPPORTUNITY
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ITT. 1983 MULTIPLE VENUS SWINGBY OPPORTUNITY

A. HELIOCENTRIC GEOMETRY

Figure III-1 shows the flight profile for the 31-month 1983 multiple Venus
swingby opportunity. Thé'heliocentric geometry for this triple Venus swingby
opportunity includes one ektfa phasing orbit from launch to initial Venus swing-
by.. ?heAfirst swingby establishes a spacecraft orbit périod equal to the Venus
orbit period, assuring second and third Venus encounters, without changing
spacecraft inclination. Then the second swingby eséablishes the required final
spaceéraft orbit plane, leaving only in-plane éffects for the third gravity-
assist., No extra phasing orbits are required bgtween final Venus swingby and

and Mercury encounter.

The use of triple Venus gravity assist represents an increase in required
navigation analysis over that associated with single Venus swingby. The
significance of multiple Venus swiﬁgby to tracking and navigation requirements

is discussed in Subsection III-E.
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EARTH AT LAUNCH, 7-8-83

E :

L o .
E, : EARTH AT FIRST VENUS SWINGBY (V,), 8-25-84
Evl: EARTH AT SECOND VENUS SWINGBY (vz), 4-6-85
Ev2: EARTH AT THIRD VENUS SWINGBY (V,), 11-17-85

3

EARTH AT MERCURY ENCOUNTER (M), 2-14-86

ONE COMPLETE SOLAR REVOLUTION BEFORE FIRST VENUS SWINGBY

ONE COMPLETE SOLAR REVOLUTION BETWEEN FIRST AND SECOND VENUS SWINGBYS
ONE COMPLETE ‘SOLAR REVOLUTION BETWEEN SECOND AND THIRD VENUS SWINGBYS

©E =

Figure'III-l Heliocentric~Geome;ry, 1983 Multiple Vgnus Swihgby Opportunity
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B. PERFORMANCE PARAMETERS

Per formance parameters for the 1983 multiplé Venus swingby opportunity
are presented in Figure III-2 .. Relative arrival velocities for each launch
date shown have been optimized with respect to Mé;cury arrival date. Launch
energies corresponding to minimum relative arrival velocities are shown in
the upper portion of the figure. As shown, the MercdryAarrival velocities are
comparable to.those of the best single Venus baseline cases, while the
corresponding launch energies are considerébly lower than those for the
single Venus swingby missions. As a result, the mission performance shows a
significant improvement. over the performance of the baseline cases (fig. I- 1),

demonstrating the usefulness of the multiple swingby flight technlque.

Slight mismatches of the ballistic Venus arrival/departure character-
istics for this multiple Venus opportunity prevent mission performance from
reaching maximum potential. The performance improvement potential of using
a midcourse velocity maneuver to correct the inherent ballistic mismatches was
investigated.- Results of this investigation are discussed'in Section 2 of the

Appendix.
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C. . TRAJECTORY DATA

Tabulated details for three representative ballistic trajectories for the
1983 multiple Venus opportunity are listed in Tables III-1 through III-3. ‘
The @arth launch dates (7-1, 7-8, 7-15) are centered approximately on the best
performance 15-day ballistic launch pefiod. Corresponding Mercury arrival
dates are chosen to provide minimum relative velogity at Mercury arrival. The
print key which defines each listed parameter appears in Section 1 of the

Appendix.
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0226435164502

)

€3= ‘254316

ECLIPTIC x . .

R EARTH = 2,C591208E4C7° =1,
V EARTH . . 2.9027213E+31 3.
VEL S/C ° 2.6354193540C1 2.
VHE ~4,673026454C0. -1,
RAA=19€.398 DECA=-14L.495
EQUATORIAL - X '

R EAPTH . 2.0591208E¢37 -1,
V EARTH ~ 2,9C2721954C1 3.
VEL S/¢C 2.4356193E¢51 2,
VHE -4.6730264E400 -7,

¢

63

8y 34 Ce
TOTAL .

. 1.5209222E+08

. 24928219C%E+i1

20 4520329€ 401

©. 54031338CE¢C

FLT TIM= 42C.438 Jgt 1 19
Y
€069189E+08 1.1304608E4+04
G310922E400 -5.1818575E-J4
555881 6E40C., <=1,2598763E430
3752105E+23¢0 -1.2593581E+400
SEVHE= 81,660 ° i '
Y . R ¢ .
38261106438  =5,9867565E+07
6068734LE+]0 1. 6577744E+Q0
84E1291FE+00 =5.9909856E-02

6074429E-~01

~1.71TEBL3IE4 0]

PAA=189.246 NECA=-19.9L1 RP= 79776983.26 AP0=152255776.79

PERIHFLTON= 744LB82518.9

JO=2445161.651 VHA= 10.896

ECLIPTIC X

R VENUS =1.0294753E+8

V VENUS 1.0123865F¢( 1

v S/C A -5.84L72891E-C1
VHA -1.0738593E+01

vV S/C 0 £1,5998218z~31
VHC . =1.0283847E¢01
RCA= 9815.8 BTH=267.3
RAA= 1868.0 NDECA= 7.1 SPA=
RAE= 190.8 NECE= =7.4 RAS=
AH= 2736.4 EH= 4.58750

A=1(B209149.6 F=

PERIHELION= 76721421.2

TABLE III-1

«29299¢
THI= 10644 THF= 106,64 DTH=
APHELION=139696878.1

VHD= 1(.896 APR 6 1985 3, 37, 25.031
Yy - z '
-3.18686G189€E+07 5.474(C555E+ub
-3.3610020€E+01 ~1.060564TE+00
-3.5111710€+01 2. 771G240E-01L
~1.50169015+090 1. 337€671E40
-3, 483LT73I3E+31 =l 4459706E+ 00
~1.2247130€+00 ~3.3854G61E+00
BeT= -569 B*R= ~-12238
16%.9 FPA= 147 CPA= 95,3 TYPE
17.2 DECS= =2.9
I= 92.6 NODE= T.7 W= 160.3 TAU=
1= 9.0 NODE= 395.9 W= 251.1 TURN=
360, FLT TIM= 224,702

TRAJECTORY PRINTOUT

APHELION=141935780.4
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7-1-83 LAUNCH

o roTaL

1.5209222E+¢08
209292199€+01
2.4520329E+(C1

543313383€40D

TOTAL
1.0790971€E+C8
3e5117671E401
3.62737309E+012
1.3895797E+01
3.5117671E+01

"1.0895797€+01

TYPE

HCA= 41692.0
b ¢

6.2 ’

A=116316381.03 E= 431236 I= 2,947 NODE=277,864 W=175,974
TH1= 176,1  TH2= 455.5 OTH= 279.4 TYPE IV - -1
JD=2445936.938 VHA= 10.896 VHD= 1,896 AUG 24 1384 13, 30, 14.371
FCLIPTIC TX . Y z
R*VENUS  -1.0294753E+4:8  =3,18BC1B9E¢J7  5.474G555E+06
V VENUS 1.01238656¢C1 -3.361002GE+01  -1.0605647E+ 0D
VS/C A -3.5743901E-01 -3.6270936E¢31  2.73€766CE-J1
VHA ~1.G4B130434C1  =2,6609164E+JC 1.336426132+00
V S/C D =~5,8L72891E-i1 =-3,511171GE401 2. 771G26JE-J1
VKO -1.0708593E451 -1.5016901€+00 1.337€671E400
RCA= 47742.0 BTH=179.4 B*¥=  -50402  B*R= .85
RAA= 194.2 DECA= 7,3 SPA= 17449 EPA= 154.9 CPA= 96,8
RAE= 349,7 DECE= =1,3 RAS= 17,2 DECS= =~2.9
AW= 2736.6 EH= 18.44707 I= 172.9 NOJE= 279,8 W=  82.4 TAU= :86.9
A=108209149.6 E=  ,311680 I= 2.9 NODE= 97,9 W= 351.7 TURN=:
© THI= 1C7,.7 THF= 107.7 OTH= 360, FLT TIM= 2244713

- TOTAL.
1.0790971€+038
3.5117671E+01
3.5117671€+(1
1.0895797E+01
3.5117671E+01
1.0895797E+01
HCA= 3766.8
I

77 .4
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JO=2446386.353 VHA= 10.896

ECLIPTIC X

R VENUS =1.0294753E+ 08

V VENUS 1.0123865E+31

v S/C A -1.5998218E-(1
VHA ~1.0283847€¢C1

vV s/C 0 7e6G17128E-G1L
VHD -3.3636933E¢( 0
RCA= 6870.4 8TH=178.5
RBA= 186.8 DECA= =-18,1 SPA=
RAE= 38,3 NDECE= =-1,3 RAS=
AH= 27364 EH= 3,51075
A= B81958277.4 E= «402J9¢

THI= 1S54.6 THF= 319,8 DTH=
PERIHELION= 43(03291.2

JD=244F475.139 VHP =
ECLIPTIC X
R MERCURY 5,2309349E¢57

V MERCURY «1,1525108E401

vV s/C -1.3205787€E+01 S. €435645E+01 8.452845LE¢00)
VHP -1.6806792E+00 Se. 466L378E+D0 3.1926311€+ 00
RAA= 107,11 DECA= 29,2 SPA= 74,9 EPA= 52,2

RAE= 153,6 O€CE= 1.6 RAS==177.5 DECS= 5.8
EQUATORIAL X Y r 4

R HMERCURY -4,8957182E+(7 ~1.9126203E+07 ~2.98032322€-08
V MERCURY 2.7803925€E+01 ~4e 4556703E+01L Se 684304 19E~14
vV S/C 3414982835401 ~4,9316173E4¢J1 2.5687937E+0)
VHP 3.6943572E+( 0 -4, 7594 702E400 2.5687907E+00
RAA= 307.8 DECA= 23.1 RAS= 21.3 DECS= «0 RAE= 352.7
MERCURY QP X Y r4

R MERCURY 3.,7261482E¢(C7 ~3,7087192E+0Q7 -2.9802322€-08
V MERCURY 2.9558183€E+01 4,36412807€+01 5.6843G19E-14
v S/¢C 3.2L23377E+01 4o 87129408E+J1 2.5687907€E+00
VHP 2.865194154+00 S50 3CG1411E+J0 2.5687907E+00
RAA= 61.6 DOECA= 23.1 RAS= 135.1 DECS= «0 RAE=

TABLE III-1 TRAJECTORY PRINTOUT 7-1-83 LAUNCH. (Continued)

6.550

VHD= 1(.893 NOV
Y

-3.188(189E437
-3.3610320E+01
-3, L48364733E4+01
-1,224713CE+00
=2.8736429E+01

4,8735903E+Q0C
B*T= -9206

15€.6 EPA= 143.4 CPA=
=29

17.2 DECS=

16 1985 20, 27, 4&4.333

Z

S.47403555E¢06
-1.060S647E+00
-4, 4459738E¢J0
=3, 3854061E+00
=3.7504591E+0Q
~-2.689894L4E+0]
B*R= 237
70.6

I= 161.8 NOOE= 101.5 W= 258,

I= 9.0 NODE= 395.9 W=
16542 FLT TIN=
APHELTIOM=114913263.6

{

Y
24 3076975E+36
S. 0969207E+01

33

88.786

FER 13 1986 15,19,)44.0413

z
=44 5603911E+ 06
5.2602144E+30

6e4 TURNS=

CPA= 10S.

10645

TCTAL
1.079G371€E+08
3.5117671F¢01
3.5117671€+01
1.0895797€+C1
2483901J5€+C1
1.0823400E+01
HCA= 820, 4

I

73.5
33.1

TOTAL
5¢2558423E4(07
5.2520073€+01
5.85732L8E#)1
6.5497724E+0]

-

v

TOTAL
5.2558423E407
5252007 3E+01
S.85732L8E+01
€oSLCTT24ESQO
DECE= =~S.&

TOTAL
5.2558423€+07
5252007 3E+01
5.857324L8E+01
6o SLCTT2LE+O]
DECE= =~5,4



JO=2445523.500 . C3= .24.532 FLT TIM= wlbk.127 JUL 8 1983 0y 0y 0o
ECLIPTIC . Y b4 TOTAL
R EARTH 3,7964099E¢C7 =1, 4728163E408 1,092029CE+ 04 1,5209586E¢08
V EARTH 2.8358592E¢(1 T+ 3335837430 =7.7233880E-04 2.9291487E+G1L
VEL s/C 2.36596L0E¢C Y 6. 366686 3E+0C -1,2325971€+00 2.4532276E+02

VHE ~4L.HOB9519E+(CD -9, 6689737€-01 -1.2318247E+00 4,9530225€+0¢
RAA=191,627 DECA=~-1Lsu01 SEVHE= 92,739
EQUATORIAL X Y 7 TOTAL

R FARTH 3.7964099E+07 ~1.3513113€+08 ~5,845u702€E407 1.5209586E+08
V EARTH 2.8358592E¢C1 6.72866556+00 3.0089223€+040 2492914L87E+01
VEL S/C °  2.3659640E+(1 60 33158L3E+00 . 1,47688321F¢0C 22 4532276E 401
VHE “4+6989519E+G0 =3.9708125E-01 =1.530G9G2E+00 4e9530225€+00
PBAZ184.83C. DECA==17.977 RP= B0045377.90 APO=15211479,.01
A=116080085:,95 €= 31043 I= 2.880 NODE=284.536 W=181.266
THiz 18143 TH2= 455.2 - OTH= 273.8 TYPE 18] 1 :

JO=264L5937.627 VHA= 10.836 VHI= 10.836 AUG 25 1984 3, 2, 14.359

ECLIPTIC . Y : 7 ' TOTAL

R VENUS =1,0233663E¢C8° =3, JBLO7B2E*LT - Se4110173E406 1.0792248E+08
vV VENUS 1.,075BCLLESCTL =3,3L06990E+J1 -1,0941919€+00 3.5113526E+01
vV S/C A 4.2108887E~C1 ~3.6273267E+01 Wo3751969E~31 3.6278370E401

VHA ~1.0336955€E+C1 ~2.8662977E+0C 1.5317115€+03 1.8 35795E¢01
VsS/co 1.6683859E~-(1 -3.5110633E+01 403521798€~-012 345113526E+01
VHC -1.0591205€+G1 ~1.70344L29E+ 50 1.5294096E+00 1.0835795€ +u1

RCA= 47606.4 BTH=179.7 B* 7= -5029¢€ B*R= 297 HCA= 415564k
. RAA= 195.5 DECA= Bs1 SPA= 174,11 EPA= 154.3 CPA= 98,2 TYPE I :
RAE= 350.6 NECE= =~1,3 RAS= 18,3 DECS= =-2.9 x

AH=. 27€6.8 EH= 18.20641 I= 171.9 NODE= 283.1 W= B84.5 TAU= 86.9
A=108209149.6 €= ¢ 309664 I= 2+9 NODE= 1045 W=, 366+2 TURN= 63

THI= 107.6 THF= 137.6 OTH= 360, FLT TIM= 224,702

PERIMELION= 74700649.2 APHELION=141717650.0

JO=244E162.326 VHA= 13,836 VHD= 10.836 APR 6 1985 19, 52, 33,645
ECLIPTIC ' X Y 7 TOTAL

R VENUS -1.0233663E¢08 ° =3.384C782€E4+07 S.4110173E+06 1.07922L8E¢08
V VENUS "$.0758044E¢01 ~3.34L06993E4+01 =14 0941919E+00 3.5113526E401
vV S/C & 1.666385%€-01 =3.5110433E+41 4s 3521798E~-01 ‘3.5113526E4C01

VHA =1.0591206E¢C1 =1e 70 3uL29E4 00 1.5294L098E+00 1.0835795€+01
v S/ D 5.51994C09E~-01 - 3. 4826557E+01 -4, 4b459051E+ 00 3.5113526€E+01
VHD . =1.0206140E+01 ~1.4195€671E+00C «3.,3517133€E400 1.6835795€E+01
RCA= 9458.8 BTH=267.4 8% T= =546 Be*R= -11896 HCA= 34(8,.8
RAA= 189,11 DECA= 8.1 SPA= 169.,5 FPA= - 15,5 CPA= 96.6 TYPE I

RAE= 190.4 JECE= -7.3 RAS= 18.3 JECS= =-2.9 . _

AH=. 2766.8 EH= L. 41874 I= 92.6 NODE= 8.8 W= 158.8 TAU= 76.9
A=108209149.6 €= «289762 1I= 9.0 NODE= 396,9 W= 2512 TURN= 2€.2

THI= 106.3 THF= 106,3 )TH= 360, .FLY TIN= 224,702
PERIHELION= 76854287.8 APHELION=139564011.4

TABLE ITI-2 TRAJECTORY PRINTOUT 7-8-83 LAUNCH
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J0=2446387.33C VHA= 10,836

ECLIPTIC x .
R VENUS ~-1.0233663E¢08
V VENUS.  1.0758CGLLE+C1
vV S/C A 5.51904035-C1
VHA -1.0206140E401

vV S/C 0D 1.3856275E¢2)
VHD ~9,3724166E+( 0"
RCA= £B809.4 BTH=17846
PAA= 187.9 JECA= ~18.0 SPA=
PAE= 39,2 NECE= -1.3 RAS=
AMH= 2766-8 EH= 3. 61118
Az 81819039.1 E= «4C2368

THI= 155,0 THF= 321.5 OTH=

PERIMELION= 48899337,1

" J0=24LELT5.633 VHP=
ECLIPTIC X

R MERCURY 5.1772890E+37
V MERCURY -1.3582686E¢C1
vV S/C ~1.5245986E% 01
VHP ~1.66330G0E+¢0
RAA= 107.1 JECA= 28,7
RAE= 154.5 DOECE= 1.3
EQUATORTAL X

R MERCURY =L,B773427E+07

V MERCURY 2.7356188E¢01
v S/C 3.07L9323E+(G1
VHP 3,393135L4C¢G0
RAA= 3(C4.8 OECA= 22,7

MERCURY OP X

R MERCURY 3.84L73128E¢(C7
V MERCURY 2,8061256E+(1
v S/C 3.0891272€E¢(1
VHP . 2.8300162E+019
RBA= 6H1.6 DECA=

TABLE III-2 TRAJECTORY PRINTOUT 7-8-83 LAUNCH (Continued)

Be b7

RAS=

22.7 RAS= 137.5

VHD= 10.836. NOV

Y.
-3.38L0782E+07

= 3. 3606990E+GT

=3, 48265575401
-1. 419567 1E+00

-2. 8660 435E+01

e TWESSLIE+DQ

B8*T= -9165

156.7 EPA= 143.7 CPA=
-2.9 .
I= 161,9 NODE= 102.4 W= 257.5 TAU=
I= 9.0 NOJE= 396.9 W=
88.604
APHELION=114738741.0

18.3 DECS=

1€6.5 FLT TINM=

DECS=

35

17 1985 12, 42, 52.932

z
S.4110173E¢+06
=1, 0341919E+ 30
~b4.4459051€¢00
~3.3517133€+00

=3.7468552E+G0-

=2.652€634E+00
B*R= 224
7T1.0

. TOTAL
1.0792248E+08
3.5113526E401
3.5113526E+01
1.0835795€¢01
2.8937509E+G1
1.0835525E+01-
HCA= 759.4
I L

¢

73.2

642 TURN= *33.6°

FEB 14 1986 3,12, 4642 ;
Y ‘ 7 TOTAL
4o 4B2977SE406  ~L. 3317946E+06 5,21 4684 TE+D7
5.0834803E+J1 5.4359877€+00 5.2898171€401
5.6237067E401  B+5370036E400  5.8889118E401
5. 402264 2E+00 3.1010159€+00 6.4472727€403
SPA= 77.1 EPA= 52,8 CPA= 1J4.6
RAS=-175.1 OECS= 4.8
R . z TOTAL
~1.84511926407  -2.98023226-08 5,21 4684 7€E+07
~4.5275330E+01 8.5265128E-16 5.2898171E+01
-5, 0162374E+01 2, 4BLEIOIES D0 5.8889110E+01
-4,8867441E+00 2, 4866939E+00 604 7272 TE+GO
20.7 DECS= «0 PAE= 350.6 OJECE= =-5.4
Y : . TOTAL
-3,5201025€407  -2.9802322E-00 5.21 4686 TEO7
4s 4BU17GAE+IY B.5265128E-14 5.2898171€+01
5.3076783€E+)1 2.4B469U9E+ 00 5.8889118E+01
5.2330340E+00 2. 48469CIE+ Q0 6.4k 72727E400

«0 RAE= 107.4 OECE= <«5.4



JO=26445530.500
FCLIPTIC
P EFARTH
V EARTH
VEL S/C

VHE

AAA=184L.36C DECA=-13.862
FOQUATORTAL
R FARTH
V FARTH
VEL' s/c

V+E

C3= 26,53 FLT TIM= 407.081
X Y

5.4813795E477
2.7298873E¢G 1
2,2319861€+31
744979012CE+0 0

~1.418L167E+08
1. 06359156401
1.0255864E+01
-3.8005054E-01
SEVHE=10642€3

1. 0304943E¢04
=1.,0161989C~03
-1,2332303€E+00
-1.2322141€E¢0J

X Y 4
5.4E1379SE+37 ~1.2013990E+08 ~5.623€210E+(7
2.72988735+21 9. 7585594E#20 4.3189589E4+00
2.2319861E+(1 9.500LLB6E+DD 3.021¢368E¢00

=4e97901205¢C0 1. 4b148916E-01 ~142979221E4¢00

RAA=178,372 DECA=-14,6(05 RP= 7¢991933.20 AP0=152715216.041
A=116353574.80 E= 31251 I= 2.879 NONE=291,206 W=187,793

Thiz 187.9

TH2= 455.%§ DTH= 267.1 TYPE Iv I

JUL 15 1983
2

0’ 0’ 0.
TOTAL
1.52066450E¢G8
249297633€+01
2.4594304E+01
5.1432821€E+30

TOTAL
1.52064L52€+08
209297632E401
20459UL3JLESCY
54164 32821E400

JD=244L5937.581 VHR= 10,927 VHO= 10.927 AUG 25 1984 1, 569 39.530

ECLIPTYC
R VENUS
V VENUS
V &/C &

YHA

vV Ss/c D

Vhp

RCA= 45664.1
RAA= 195,5 DECA=

X A\ 4
<1.0236803E+08 -3.3743102E+97 S.4142137E406
1.07260522¢C 1 =30 3L17L20E DY ~1.,0925212€E+00
3.3300135F-.1 ~3,6338334E+]1 6.4499517€-01
-1.03934L51E+G ~2.8909139F+00 1.7375164€E400

7.0167019%€E-C2
-1.0656285E+( 1

=3.5107913€+41 6.3547909E-01
=1, 69CL934E+ID 1.72800GG3E+Q0
ATH=179,.9 R¥ 7= -483C8 BeR= 59
9.1 SPA= 173.2 EPA= 153.9 CPA= 99,2

RAE= 353.5 DECE= =1,3 RAS= 18.2 DECS= =2.,9

AM=

A=10822914L9.6 E=

272).8 EH=.17,78352 I= 170.9 NOOE= 28S.1 W= 6.3 TAU=
2.9 NODE= 111.2 W= 333.3 TURN= . 6.

311533 I=

THI= 137.7 THF= 107.7 OTH= 360, FLT TIM= 224.713
PERTHFLTION= 704LB7579.7 APHELION=141935719,5

J0=24646162.294 VHA= 10,927 VHD= 10.327 APR 6 1985 19, 3, S0.174
\j b4

TOTAL

1,0792184E+08
3.5113734E+01
3.6315589E+01

- 1.0927038E¢01

3.5113734E+01

1.0927C38E+01

HCA= 39614.1
I

86.8

ECLIPTIC X . TOTAL

R VENUS ~1.0236003E¢(C8 -3, 3743102E+07 Se142137E+06 1.07S2184E+(S
V VENUS 1.0726452c+01 =3, 3617420€+01 =1.0925212E+04 3.5113734E+40D1
V S/7C A 7.0167019€~(C2 -3.5107913€+3¢ 6.3547909€E~-01 3.5113734E401
VHA -1.0656285€+¢ 1 =1.E6904934E4+903 1.72800C3€E+32 1.0927038€+01
vV s/Cc D 5.0038548E-41 =3, 47957775+ -Le6880542E+00 365113734LE4018
VHO =1,0226067E+01 =1, 3783570€E+C3 =3+45955330E¢09 1.,0927338E+C1
RCA= 8393,2 RTH=267.3 Ae V= -530 B*R= -10764 HCA= 2343.2

RBA= 189.0 DECA= 9,1 SPA= 168.9 EPA= 16.5 CPA= 97.5
RAE= 190,4 NECE= ~7,3 RAS= 18,2 DECS= =~2.9

AH=

A=108239149.6 E=

2723 .8 EH= 4.08487 I= 92.6 NODE=

«289627 I=

THI= 106,32 THF= 106.3 OTH= 360, FLT TIN= 224,722
PERIHELION= 76666820,8 APHELION=139549L78.4

TABLE IIT-3 TRAJECTORY PRINTOpT 7-15-83 LAUNCH
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8.6 W= 15647 TAU=
9.4 NODE= 396.0 W= 252.35 TURN= 28,3

1
75.8



J0=2446386.396 VHA= 13.927 VHD= 10.924 NOV 17 1985 11, 54, 9.459 )
ECLIPTIC X Y z o "TCTAL

R VENUS  -1,0236803Z+¢08 -~3.3743132E¢Q7 5.4142137E+06 1.9792184E+08

vV VENUS 1.0726452E491  -3.3417420E401 " =1.0925212€+¢00 1 3.5113734F¢01

V S/C A Se00385LBE~C1  -3.4795777E¢J1  -4.68B80542€+00 . 3.3113734E+51
VHA =1,0226067E+51  -1,37835703400, ~3.59553306¢00 . 1.,3927C38€E+401

V S/C D 1.32560505¢G0 ~2.864240L1E401 =3,9474L966E450 2.8943555E+401
VH)  =9,L0084L72E400 4. 7709788E40C  =2.85497S4E+DQ 1.0923701E4C1.
RCA= 6787.7 ATH=178.5 . B*T=. -9108  B*R= .23 HCA=. 7?37.7.
RAA= 187,7 OECA= =19,2 SPA= 155.6 SPA= 142,9 CPA= 69,8 TYPE I - o
RAEz 39,1 DECE= =-1,3 RAS=_ 18.2 DECS= ~-2.9 ' A .

AM= .2720.8 EH= 3.49476 I= 16G.7 NODE= 102.3 W= 257.7.TAUS 73 .4

A= 81835960,0 E= JWl2605 I= 9.4 NODE= 396.0 W=. 7.1 TURN=_ 33,3

THI= 15409 THF= 323.4 OTH= 168.4 FLT TIM= 89,004 e

PERTHELION= 489047445

APHELICN=1147A7175.4

JD=2646476.000 VYP=  6.576  FEA 14 1986 12, 0y 6006 )
ECLIPTIC N : \ S r e T TOTAL

R MERCURY " 5,1318275E¢07 6.0908162E+96 -4, 157589UE+Q6  S5.1845433E4(7

V MERCURY -1.,51204224E+]1 5.J676620E+01  ~ 5.5629249E+00 7 ; 15431 77139E¢01

v s/C -1.6589675E411  S5.€037653E+91 9.0785086E400  ~ 5.,9142668E4(1L
VHP T=1.4654512E430 S.3616331E+400  3.5155838E+00" €. STE2BT1E+00
RAA= 105.3 -DECA= 32.3 ~SPA= B8Ce3 EPA= 5642 CPA= 108¢1 ° ‘

RAE= 155,2 DECE= 1.3 RAS=-173,2 DECS= - 4.6 IR

EQUATORIAL - - X - = Y ' e 7 - TOTAL

R MERCURY =-4,8627292E4(T  =1,7981528E4¢17  ~2.98(02322E-08 = 5,1845433E+(7

V MERCURY 2,70246B83E+C1  -4.5798196E¢01 "  5.6843419E-14 5.3177133E+01

v s/C 3.0066930E+Ct  -5.0846079E+01  2.9173863E+0Q 5.9142668E¢61 -
VHP “ 3.0 422498E+C0  -5.0478833E¢J0 - 2.9173863E¢5) 6.5762871E+03
RAA= 301.1 DECA=" 2643 RAS= 2043 OECS= o0 - RAES 349,00 DECE= =S.b
MERCURY 0P X Y o A o Total”

R FERCURY 3,9343679E¢C7  =3.3764239E407  -2,98)2322E-08 = " 5.18u563IE+07

V MERCURY 2,6897585€+91 4.5872955E¢01  S5.6843419E-14  5.3177139€+01

v S/C 2,9831345E¢(1 5. 39B4654E+QL 2,9173863E400 -1 549142668E+01 -
VHP 2.93375982¢00 5.1116987€+0J 2,9173863E40J0 ' 6,53762874E+J0
RAA=  60.1

JECA= 26.3 RAS= 139.4 OJECS= -~

<0 RAE= 108.0° DECEs <5.4

TABLE 11I-3 TRAJECTORY PRINTOUT 7-15-83 LAUNCH (Continued)
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-D. FLIGHT CHARACTERISTICS

'Four signlficant geometry’ parameters are presented 1n tlme hlstory format
in Flgure_III.Q. Included are spacecraft range from Sun, spacecraft range from
Earth,.Suh-Earth spacecraft ‘angle and spacecraft geocentrlc equatorial
declination for the second reference trajéctory (TaHle‘III 2) of this
opportunity" Earth- spacecraft range is 1arge (:>200 Mkm) . for .all cr1t1ca1
tracking arcs w1th the exceptlon .of the one prior to second sw1ngby Solar
1nterference,as shown by 'a near-zero Sun-Earth- spacecraft angle
before Mercury encounter,necessitates an early pre—Mercury maneuvervexecuted

at M-19
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E. NAVIGATION REQUIREMENTS

The four complete”Heliocentric revolutions with three Venus gravity-
assists of the 1983 opportunity require many trajectbry‘correction maneuvers .
Their schedule along with mean-plus-three-sigma AV requirements for a.typical
1983 trajectory are shown below. Geometries for ffacking phases prior to each
Venus swingby and Mércury encounter appear in Figure III-4. Assumptions and
maneuver strategies for the navigation and orbit deterﬁination analysis on which
these results are based are discussed in the orlglnal Handbook (NASA CR-2298) and
in Section VI of this report. This maneuver strategy included corrections
between successive Venus encounters, but the calculated'magnitudes suggest the
possibility of éliminating these maneuvers. A lesé'conservafive estimate for
total corrective AV requirements is 127.7 m/s (described in Section VI). The
largest post-Venus maneuver corresponds to the closest swingby and requires 104
m/s (mean-plus-three-sigma). However, this third swingby is nominally at 760
km altitude so trajectory dispersions at closest approach are not critical.
Analytic determination (Lee-Boain) of this large maneuver yields 103 m/s for
.99 cumulative probability level and 130 m/s for .999. The first and second
swingbys'are at 41,000 km and 3400 km in that order. Post-Venus trajectory
corrections require 5.2 m/s and 20.5 m/s (mean-plus-thrée-sigma).

TABLE III-4
1983 MANEUVER SCHEDULE AND STATISTICAL DESCRIPTION

MANEUVER TIME MEAN AV SIGMA AV MEAN PLUS THREE SIGMA
(days) (m/s) (m/s) (m/s)
E+10 8.58 6.02 ‘ 26.65
E+200 0.13 0.071 0.34
V1-3. 0.33 0.23 1.03
v, +2 1.61 1.19 '5.16
V1+112 0.028 0.021 0.092
V2—3 0.19 0.12 0.55
Vo+2 6.27 4,73 20.47
V112 0.081 0.06 : 0.26
V3—3 0.34 0.25 - 1.10
V3+2 . 37.58 . 22.13 - 103.97
. M-19 2.06 1.52 ' _ 6.61
TOTAL ~ 166.23
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SPACECRAFT DURING PRE-VENUS1 AND PRE—VENUS2 TRACKING PERIODS

EARTH DURING PRE—VENUS1 TRACKING PERIOD

EARTH DURING PRE—VENUS2 TRACKING PERIOD
SPACECRAFT DURING PRE-VENUS3 TRACKING PERIOD
EARTH DURING PRE-VENUS3 TRACKING PERIOD
SPACECRAFT DURING PRE-MERCURY TRACKING PERIOD

EARTH DURING PRE-MERCURY TRACKING PERIOD

@EEEeeE®®

Figure III-4 Critical Tracking Geometries, 1983 Multiple Venus Swingby Opportunity
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Mercury approach uncertainties are shown in Figure VI-3. These are
dominated by a 60 km Mercury ephemeris error in the T-axis and by the mapping
of an out-of-the-ecliptic pre-maneuver knowledge error through a 19-day arc on

the R-axis.
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IV. *1985 MISSION OPPORTUNITY WITH MIDCOURSE MANEUVERS
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IV. 1985 MISSTON OPPORTUNITY WITH MIDCOURSE MANEUVERS

A, HELIOCENIRIC GEOMETRY

As shown in Figure IV-1 , the flight profile for the l4-month 1985 single
Venus swingby opﬁortunity incorporating the midcourse velocity maneuver is
very similar to the 1985 baseline mission geometry. However, the Venus swing-
by date is delayed approximately 10 days by_the application of a midcourse
velocity maneuver near perihelion of the Type II Earth-Venus transfer segment.
As in the 1985 single Venus swingby baseline mission, one extra spacecraft

phasing revolution is necessary prior to Mercury encounter,

Optimization of Venus swingby date results in a slight shift in Earth
position at Venus swingby and Mercury encounter. The implicationsof these new
earth positions to Earth-based tracking and navigation requirements are

discussed in Subsection IV-E.
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EARTH AT LAUNCH, 6-24-85

EARTH AT MIDCOURSE VELOCITY MANEUVER, 10-16-85
FARTH AT VENUS SWINGBY (V), 11-21-85

EARTH AT MERCURY ENCOUNTER (M), 8-16-86
MIDCOURSE VELOCITY MANEUVER (400 M/S)

ONE COMPLETE SOLAR REVOLUTION BEFORE MERCURY ENCOUNTER

¥igure IV-1 Heliocentric Geometry, 1985 Opportunity
with Midcourse Velocity Maneuver
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.onB. -PERFORMANCE PARAMETERS . . = -

'The déé of a midcourse veloc1ty maneuver near perlhellon of the Earth-
Venusg traJectory segment of the 1985 baseline mission opportunity results in

a conSLderable reductlon in relative velocity at Mercury and a correspondrng
increase in mission performance. By .allowing proper ‘timing of Venus® departure
date, the miacourse maneuver is able to alleviate much of the planetary.
geometry miéalignment which'is;characteristic of theti985ubeseiinéfOpportunity.
Figure 1v-2 shows the minimun relative velocity etEMereury whicl can be
achieved for various constant values of the midcourée maneuver, 4Tne
correspondlng launch energies are presented in Figure ‘iV-3b;"Theteurves‘
shown in Figure _IV—2 represent relative arrlval velocxtles which have been
optimized with respect to maneuver p051t10n as well as Mercury ‘arrival date.’

The optimization approach uqed requires some explanatlon.

For a given Mercury arrival date, ch01ce of a desired Venus sw1ngby date
uniquely determines a relative velocity at Mercury and a correspondlng
relative departure velocity at Venus. A traJectory from Earth to maneuver
~must then be specified. Altheughlthe Earth-maneuver tfajectdry segment may be
chosen ae any conic from Earth to some point in space, the Eérth-maneu?er

trajectory segment for this mission is chosen as a portion of an initial

trajectory from Earth which encounters Venus at some position (Venusi) near
desired swingby position. Thus, rather than being an arbitrary traJectory
segment, the Earth-maneuver leg is constralned to be a portion of a true Earth
to Venus trajectory. Once a guess for the maneuver position along this Ehtth-
Venus; trajectory is made, a conic trajectory is patched from maneuver po&ition
to desired Venus swingby position, and Venusi is adjusted to match arrival- and
departure conditions at desired Venus swingby position., Optimization of the
midcourse maneuver (ZSVMC) then consists of finding the combination of Venusj and
maneuver position along the Earth-Venus; trajectory which results.in minimum
maneuver magnitude for a given Earth launch date and Mercury arrival date.

For this mission, the optimum position of the maneuver in all cases was near
perihelion of the Earth-Venusi trajectory segment with Venus being about one
-day prior to the time of actual Venus swingby. 1In every case, the. maneuver

was primarily a retrograde maneuver with a small out-of-the-ecliptic component.
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As stated previously;:the relative velociities shown in Figure IV-2 are
also optimized with respect to Mercury arrival date. 1In general, the minimum
achievable arrival velocity for a given value of ZSVMC varies with Mercury
arrival date as shown in Figure IV-4 for a launch date of 7-2-85. For each
launch date, determination of optimum Mercury date requires identification of
the envelope of minimum arrlval velocity vs AV MC* The effect of Mercury date
upon the arr1va1 veloc1ty vs ANMC lines is very pronounced for the later -
launch dates and is negligible for the early launch dates.> Consequently,
optimization of Mercury éate resulted in greater savings in the late.portron
of the 1aunch nindow‘for each value of AV MC in Figure IV-2. The scheme
described above for determlnlng optimum position of the midcourse maneuver is
used in conJunctlon w1th the search for optimum Mercury date to insure that the
data shown represents the true minimum relatlve arrlval velocity which can be

achieved for a given value of the midcourse maneuver within the constraints
outlined earlier.

Aaiseen trom-Fignre,IV-Z, the relative velocity at Mercury tor a'15—day
launch period decreasestas_ZSVMciincreases, This decrease, however, is
accompanied by an increaSe in required launch energy. Despite greater required
launch_energy for higher values of ZSVMC, the lower values'of relative arrival
velocity result:in higher performance for increasing AVyc. The mission
per formance’ appears to peak near a value of AVyc=400 m/s. Consequently, this
" value was used in the navigation analysie and trajectory printouts'for this

mission. Optlmlzed performance for the 1985 m1531on oppor tunity wi

- velocity maneuver51s shown in Figure I-1.
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RELATIVE VELOCITY AT MERCURY (KM/SEC)

8.8

8.4

8.0

7.6

7.2

6.8

6.4

6.0

—— —— ENVELOPE OF
MINIMUM RELATIVE
VELOCITY AT MERCURY
FOR A GIVEN MAGNITUDE
OF MIDCOURSE MANEUVER

I I

A .
16,0~-— MERCURY ARRIVAL

DATE, AUGUST. 1986

EARTH LAUNCH
DATE = 7-2-85

\

I I I

100 200

300 400 500

MIDCOURSE MANEUVER MAGNITUDE, M/S

Figure IV-4 Qptimization of Mercury Arrival Date, 1985 Mission

Opportunity with Midcourse Maneuvers
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v C. TRAJECTORY DATA

Tabulated details of three reference trajectories for the 1985 opportunity

with midcourse velocity maneuvers appear in Tables IV-1 through IV-3. The

Earth leunch dates (6-17, 6~24, 7-1) are centered approximately on the best

performance 15-day launch period. Each reference trajectory includes an

optimized 400 m/s maneuver prior to Venus swingby. The Mercury encounter date

for each launch date is chosen to minimize Mercury approach velocity. The

various parameters are described in the print key in Section 1 of the Appendix,
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J0=2646233,500 C3= 454636 FLT TIN= 119,841 JUN 17 1985 0, 0, C.
ECLIPTIC Y ? TOTAL

R EARTH -1.3593657E¢47 =1.5137744E+08 1.2295465E+06 1.5198657E+08
V EARTH 2.9192597E+ (1 -2.7660929E+30 -1.38168657E-05 247312899€E+01
'VEL S/C 2.25512G7E+C1 =24 3731924E+40 =14 223015756+ 0 242709G79E+01
"VRE ~6¢63089075+20 30 929C050€-01 ~1.2301467E+DD €e 75546T6E*0C
PEA=1765,609 DECA=-12,492 SEVHE= 88.29)

ECQUATORTAL X Y 4 TOTAL

R EARTH -1.3533657€4+(7 -1.38883882E+J8 ~6e 0252352E¢(7 1.5198657E+08
V EARTH 249182097E+i1 =24 5378152E+00 =9,9980243E~01 203312899E+01
VEL S/C 2.2551207€¢C1 -1.€879931€E+30 -1.9949758€+0) 2.2709079E+(1
VHE -6.6308907E+0C0 8.4982211€E-31 -9.9517338E-4d1 6. 7554676E+09

QAA=172.697 DECA= ~-8.467 RP= 63663249.74 AP0=152012101.51

A=107837675.62 == o40964 I= 3.106 NODE=264.954 W=178.654

TH1= 178,7 TH2= 331.2 OTH= 152.5 TYPE 1I

JO=2L46353.34 DEL v= «4 00 OCT 14 19B% 20 1022.358

€ECLIPTIC X Y Z TOTAL
RADIUS =2.4971534E+C7 6e J6757LQEFD?7 1.6392018€¢+136 6.56339309€+07
vV s/C R ~3.1196601E¢01 ~1.3599992E+01 2.7321368E+00 5.3041053€E¢01
vV S/C A -5.0842000E¢G1 -1.3418239E+01 2.6645268E+00 €.2650364E+01
DEL VEL 3454591 74E-¢c1 1. 8175375€-131 =3.72G9971E=32 443019284E-01

A=104L3360678.9 E= ¢330982 I= 3,09 NODE= 444.78 W=
RF= 63543012.3 APO=145130745.6 THi=

27.63
27.54 TH2= 117.64 OTH= 90.10 TYPE= I

JP=2446389.660 VHA= 13,625 VHD= 13,625 NOV 20 19385 3, S0, 24.000
?

ECLIPTIC X Y 4 TOTAL

R VENUS -9.3613%63E¢(7 ~4. 133794 1E+D7 Se1474L391E+06 1.0797307E+08
vV VENUS 1.3181614E¢C1 -3.2506796E+31 -1.2210024E+ 00 3.5097116E+01
vV S/C A -2.6275023E-01 =3s WLL1215E+01 =145500413E~-01 Jeb2566E 4061
VHA =1e34404364EFD1L =1.9364L187C+30 1.0659982E+00 1,3624867E+01
vV s/C 0 ~1.9117728€~-C1 -3, 008C342E+01 -2.184354LE+QD 3.01€015E+01
VHD -1.3372791E+012 2. 42L4L535E4)0 -9.6335207E-31 1.3624887E+01
PCA= 8163.1 BTH=204.6 8*T= -8874 B8*R= -L057 HCA= 2113.1
RAA= 188+2 DECA= We5 SPA= 165.6 EPA= {45.6 CPA= 92,9 TYPE 1Iv I

RAE= 42.5 NECE= =-1,.,2 RAS= 22.5 DECS= =2.7

AH= 1753.0 EH= S5.66468 I= 155.,0 NODE= 358.5 W= 159.1 TAU= 79.8

A= 85697635.2 E= «453021 I= 6.3 NODE= 408.3 W= 9.5 TURN= 20.3

THI= 1646 THF= 344,99 OTH= 200.,3 FLT TIM= 268,840
PERTHFLION= 46874725.,2 APHELION=124520145.3

TABLE IV-1 TRAJECTORY PRINTOUT 6-17-85 LAUNCH
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JO=2LL6658.50C VHP=
ECLIPTIC X

R MERCURY 3,4LB08C05E+G?
V. MERCURY <=4 ,2640B45E+C1
vV S/C ~4e6572368E¢01
VHP «3.9315223E¢C0
RAA= 128,9 DECA= -e5
RAE= 303.9 DECE= o2
EOQUATORTAL X
® MERCURY 2,0545981E+(7
V MERCURY =5.4(032572E¢iL
v S§/7C ~5.9430035F¢401
VHP =5.3974630E¢+(0
RAA= 150,85 OECA= =7,5
MERCURY 0P X

R FPERCURY 4,72408L17E¢G7

V MERCURY =1.1276494E+013

vV s/C -2+3026063E=-C1
VHP 8.9738880E~C1

60256

SPA=
RAS=-137.3
Y

RAS==115.,7

3.2156176E407
3.7975315E401
4o 284CELSESIL
% 9653255E400
93.8

be 270C673E407
1.G748877E401
2.2605000€+01
3.0561233€E+56
DcCS=
Y

-3.71349J6E+06

S¢7517523E¢+01
6e 365L883F ¢01
6.13736526+00

RAA= 81,7 DECA= -7.5 RAS= 175,5 DECS=

TABLE IV-1 TRAJECTORY PRINTOUT 6-17-85 LAUNCH (Céntinued)
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- AUG 16 1986
Y

EPA= 175.90
0ECS=. )

0y Oy 0o
4

-5, 0371924E+05
7.0121840E¢00
669534b23LE+J0

«5+876(583E=-32

CPA=

4
=3.7252903E~09
2.8L21709E-14
-8.1194461E-02
=84 1194461E~-31

TOTAL
Ge73865LTESD7
5.7528575E+01
6.36€067T7E4CL
€42555376E+00

76.6

TCTAL
Le73086567E437
5.7528575€E+01
6.3660LT7ESGY
6¢2555376E402

o0 RAE=z 325.4 DECE= 7.C

4
=3.7252903€-09
284L21739€E-14
-8, 1194461E~01
-841190461E-01

TOTAL
Lo73065LTEQ7
5.7528575E¢(1
6436606477€+01
6.2555376E 400

«0 RAE= 256.6 DECE= 7.8



JD=244L624L0.538 C3= 45,956 FLT TIM= 113,826 JUN 24 1985 0y 0, Ge
X - Y 4

ECLIPTIC TOTAL

R EARTH 4.1083189E+06 -1.5200176E+08 1.2210674E+04 1.5205727€+08
V EARTH 2.929061C€001 7.33G6687E-01 -2¢9113197E-04 2.9299C4L6E+01
VEL S/C 2.2658295E¢ (1 1. 4B94LC3TE+00 ~1.1597L31€E+00 2,2736791E+04
VHE =6+63231044E¢00 7.8633680E-01 =1.1594520E+00 6.7786612E+03
RBAA=173.2368 JECA= -9,849 SEVHE= 98.187

EQUATORIAL X Y Y 4 i TOTAL

R EARTH 4.1G83189E#J6 =10 3946258E+08 =6 QUL3IST7LE®QT7 1.5205727€+08
V EARTH 249290610E¢C 1 6e 4516169E-01 3.8037422E~312 2.9299046E+01
VEL S/C 2.2658295€E¢ 01 1.8278295€E+00 -3.9345029€E-01 2.2736791€E¢01
VHE -6.632314L4EXCO 1.1826€78E+00 -7.7382L51E-01 6. 778661 2E¢00
RAA=169.889 DECA= -6.552 RP= 63817756.28 AP0=152221216.39

A=108019486s 34 €= 40920 I= 2.926 NODE=2271.638 W=183,107

TH1= 183.2 TH2= 341.3 JTH= 158.1 TYPE II

JO=24L46354L.33 DEL v= « 400 OCT 15 1985 19 4943.182 , '
\{ z TOTAL

ECLIPTIC X ,

RADIUS  -2.61230256¢07  6.01859L2E+07  1.24E66326E406  6.5622513E+¢07
V S/C B -5,0877728E¢G1 -1.4856460E+01  2,62094B6E¢00  5.30€7193E+401
V S/C A -5,05323954¢01 -1.4660G04E+D1  2,5712007E+00 €,2678852E+01
DEL VEL 3.64533291E-C1  1.960SS33E~01 -4, 9747894E=02 4, 0020915E-01
A=104525746.4 E=  ,390562 I= 2,89 NODE= 91.38 W= 22.11

RF= 63702013.5 APO=145349479.4 TH1= 26,39 TH2= 117.41 OTH= 91,02 TYPE= I

JO=26%6390.900.VHA= 13.621 VHD= 13,621 NOV 21 198% 9, 36, «001
4

ECLIPTIC X Y 4 TOTAL

R VENUS -9.8141371E+07 -4 4794663E+07 $.0135361E+06 1.0799734E+08
V VENUS 1.4298211E+G1 -3.2018462E+01 -1.2783753€E+00 3.518926L3E+01
vV S/C.A 9.5753943E~-(1 = 3o 4454596E+01 -6 403S679E~03 344 67899E401
VHA ~1.3340672€E+01 ~204361337E4+13¢C 1.2719717E+00 1. 3620800E+01
v s&/Cc 0 8.7827C18€E-01 ~2.%990452E4+1 -2.4265040E+00 3.0101270E+01
VHO -1.3419941E¢01 2.028C101E+3¢C -1.1481287€+00 1.3620787€+01
RCA= 7641.5 BTH=208.0 BeT= -8148 B*R= -64331 HCA= 1591,5

RAA= 190.3 DECA= Seb SPA= 16%5.6 EPA= f46.1 CPA= Ou,2 TYPE Iv . I
RAE= 44,J DECE= -1.2 RAS= 24.5 DECS= -2.7 .
AH= 1751.0 EH= S.36404 I= 151.5 NODE= o W= 158.0 TAU= 79.3
A= 8553196€.7 F= 653377 I= 6.7 NODE= 407.9 W= 11.6 TURN= 21.5
THI= 14409 THF= 343,2 DTH= 198.3 FLT TIM= 267,603

PERIHELION= 46753705.8 APHELION=124310227.6

TABLE 1IV-2 TRAJECTORY PRINTOUT 6-24-85 LAUNCH
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JD=2446658,500 yHp=
ECLIPYIC X :
R FERCURY 3.4808005E¢07
V MERCURY =~4-2660845E¢(01
vV S/C ~9.69124L72E+ G
yHP ~lbe2716265E+00
RAA= 134.3 DECA= = 3.6
RAE= 303.9 DECE= o2
EQUATORIAL X

R FERCURY ~4,5408273E+07
V MERCURY 2,1766265E¢01
v S/C 2.3676960E¢01
VHP 1.9136952E¢00
RAAz 288,2 DJECAx =3,4
MERCURY OP X

R MERCURY 4.72G0B17E+07

V MERCURY =1,1276494LE¢+(D
v $/¢ -8.15844T8E~GL
VHP 3.1180464E-GL

6,132

RAS=

RAA= B7.1 DECA= -3.4 RAS: §75.5 ODECS=

FEE.

«0 RAE= 256.6 OECE=

TABLE IV-2 TRAJECTORY PRINTOUT 6-24-85 LAUNCH (Continued)
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AUG 16 1986 0, 0, 0.
Y Z TOTAL
3,2150176E4+37 =5, 037192uE+05 Le73086567EXI7
3. 797531 5E+01 T.0121840E+00 5:7528575€¢01
4, 2358119€E¢ )1 7.3939285€+00 643636942E4¢01
he 3828C37E 00 3.81T74LLLLE-COY 6.1320054E+0C
SPA= 88,4 EPA= 169.0 CPA= 81.3
RAS==137.3 DECS= X:)
- Y 4 TOTAL
=1.354L8933E+07 -3.7252903E~09 4.73865L7E+07
. =543251917€+01 2.8421709€E~14 5.7528575E+01
=5.9067150€+01 =34 6579314E~-01 64 363696 2E¢01
~548152325E¢+00 =3¢6579314E-01 6.1320054E+00
1646 . JECS= o0 RAE= 97,7 OECE= 7.0.
Yy - F 4 TOTAL
~3.7134906E+36 =30 7252903E-09 Le7386SLTESDT
5¢7517523E4+01 2084217C09€E~14 5.7528575€+01
6. 3630661E+01 ~3.6579314E-d1 6.,3636942E+01
6.1131386E+00 -3.6579314LE~-01¢ 6.1320054E¢00

7.0



JU=264462647.500 C3= 50.919 FLY TIM= 106,287 JUL 1 1985 0y 0y Q.
ECLIPTIC X Y 4 TOTAL
R EARTH 201753678E¢ 47 =14 5052973E+08 1.1957288E+04 1.5209347E¢08
V EARTH 2.6995213E+G1 e 1588820€E+00 “5.6743708E-34 2.9291955E+01
VEL s/C 2.2179651€¢01 Se 40954 6E+00 ~1.,13674L37E+00 2,2989651E+01

VHE ~6.8155617E4+00  1.782G726E+00 ~1.1361823E+40 7.1357252€+430
RAA=165.347 DECA= =9,162 SEVHE=112,569
EQUATORIAL X Y 2 TOTAL

R EARTH 2.1753678E+47 ~1.3811194E+08 ~5.9793S73E+07 1.5209347€¢08
V EARTH 2,8995213E¢ 01 3. 8158937+ 00 1.7538531E+00 2.9291955€+01
VEL S/¢C 2.21796S1E+C1 S5+9028671E+00 10 3968295E+ 00 202989651E+401
VHE ~648155617E¢00 24 GBB6973UE+00 ~3.5702363E-01 701 357252€+00
RAA=162,975 DECAz -2,867 RP* 654L481392,87 APO=1534084523.12 .
A=1090082957.99 E= .40888 I= 2.854 NODE=278.313 W=189.687

TH1= 193.0 TH2= 3544 8 OTH= 164.9 TYPE 11

JO=2446353.79 DEL v= « 400 OCT 15 1985 6 5344.450

ECLIPTIC X Y 4 TOTAL
RADIUS =2.6259564 LE+ 07 6. 0871271€E407 8.5645L66E+05 646299388€E+07
v s/C 8 =5.06L6181E¢01 =1, 4662749E+01 2.6036192€+00 542790252E+012
vV S/C A ~5.0298860E+01  —1.4473657E+012 2.54314L16E¢00 Se2601619E+01L
DEL VEL 3.4732084E-01 1. 8309166E~-01 -6.0477688€E-02 4.0005622€-01¢
A=105536699.1 E= «390094 I= 2.81 NODE= 98,07 W= 15.28

RP= 643674539 APO=1467059444+2 TH1= 26434 TH2= 116406 OTH= 89,72 TYPEx [

J0=26446390.000 VHA= 13.668 VHD= 13.668 NOV 20 1985 12, 0, 0.
ECLIPTIC X Y 2 TOTAL

R VENUS =3.9221816E¢07 =lUe 2290905E+Q7 5¢1113372E¢06 1.0797970E+08
V VENUS 13L89497E¢C1 ~3.2375302€E+1 -1.2368875E+04 3.5094966E+01
vV S/C A 9,2555136E-02 -3, 4648761E+01 2.3412153E-01 J.4649675E201

VHA =1.3396941E+01 =2. 2T 34585€E+ 00 1.64710090E+030 1.3667864E+01
Vv Ss/C0D 6.2000327E~-02 =3.0056465E+01 24 3025575E¢00 J. 01 LuS96E+02
VHO ~1e3427496E¢01 2, 3168377E+00 “1.0656700E+30 1.3667857E+01
RCAz 7321.7 BTHx208.3 8* 1= -782¢8 B8*R= -4218 HCA= 1271.7

RAA= 189.6 DECA= 6.2 SPA= 166.1 EPA= L4b6.4 CPA= 94.9 TYPE IV 1
RAE= 42,9 0ECE= =1.,2 RASx 23.1 DECS= =2,7 )
AH= 1739, EH= 5,21036 I= 151.1 NODE=x 358.3 W= 156.1 TAU= 78.9
Az 85653887.6 E= «#53980 I= 645 NODE= 407.7 W= 10.6 TURNE 22,1
THI= 16L,6 THF= 3648.9 DTH= 204.3 FLT TIM= 269,250

PERIHELION= 467687444 APHELION=126539030,.8

TABLE IV-3 ° TRAJECTORY PRINTOUT 7-1-85 LAUNCH
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JD=24L46659.250 VHP =
ECLIPTIC X

R PFERCURY 3,1955525E+07
V MERCURY -4,5369793E+01
vV s/C -4,.,9160798E¢C1
VHp -3.,81130644E+CQ
RaA= 127,2 DECA= 1.6
RAE= 305.0 DECF= 0
EQUATORIAL X

R VFERCURY =4,5(98681E¢+G7
V MERCURY 2.,1161822E+¢01
vV s/C 2.,1868940E+01
VHP 7.0711763E-C1
RAA= 276.5 OECA= =5.3
HERCURY OP X

R FPERCURY 4,70u43229€E+407
V MERCURY -4&4,9820946E¢GD

vV s/C -3.8664893E+C0
VHP 1,0956053€E+00
RAA= B80.0 DECA= -5.3

TABLE IV-3 TRAJECTORY PRINTOUT 7-1-85 (Continued)
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60309 AUG 16 1986 .18, 0, 0.
Y 7 TOTAL
3. 452L019E+07 -Le8402349E+0QL 4.7043234€407
3. 5249243€E+01 7.0346876E+0Q 5.7882761E+01
4. 0273481E+01 T+214C105€+00 60397457 UESDY
5o 02042368E+00 1.7932293E~G1 6¢30086359E+00
SPA= 100.0 EPA= 177.2 CPA= T78.6
RAS=-132.8 DECS= o1
Y 2 TOTAL
-1 3385621E+037 =4¢4237822E~09 Ge704323LECCY
~5.3875703E+01 2.8421709E~14 5.7882761E+01
-6.0117898E+01 ~5.7781058E~01 6.3974574E4+01
-6.2421956E+30 -5.7781058E~01 6.3006359E+63D
RAS= 16.5 ODECS= «0 RAE= 94,2 DECE= €e 8
Y 4 TOTAL
2.0171966E+04 -4 6237822E~09 G.704L3234E+07
6. 7667953E+01 2.84L21709E~14 S5.7882761E¢(C1
6. 3853797E401 =54 7781058E~G1 6e3976574E+01L
60 1858LLLESQD «5.7781058E~-01 643086359E+00
RAS=-180.0 DECS= «0 RAE= 257.7 OECE= 6.8



D. FLIGHT CHARACTERISTICS

- Time histories of four geometry parameters for this opportunity are pre-
sented in Figure IV-5. All appear similar to baseline 1985 parameters; however,
one important difference involves the 10-day delay in Venus encounter. This
fact alleviates the zero declination geometry problem .of the pre-Venus tracking
period. Range from Earth is still high (200 Mkm) in this arc. The Sun-Earth-

spacecraft angle does not present any problem for the desired tracking periods.
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Figure IV-5 Typical Time Histories, 1985 Opportunity
’ with Midcourse Velocity Maneuver '
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E. NAVIGATION REQUIREMEN@S

Navigation ana}ysié\for a typical 1985 trajectory'with a 400 m/s planned
midcourse maneuver fesuit in AV correction requirements of 134.7 m/s (adding
mean-plus—three:sigma) as shown in the tablé below. A less conservative
estimate is-113.3 m/s for this total and is described 'in Section VI. In either
case, 400 m/s must be.added for a total fuel budget of 534.7 m/s in the con-
servative case and 513.3;&/3 in the -other. Thé_maneuver schedule on this table
shows an extra cqrfection’lﬁv at V-26 which is nécessary to remove execution
errors from the planned midcourse;é“As discuésed in’ Section VI, the large post-
Venus:maneuverlis half of that'for the baseline 1985 case;'.this is due to the
absence of thehzero geocentric equatorial declination problem. Analytically,
‘this largest méneuver is defined as*98 m/s for a cumulative probability level
of .99 and as 125 m/s for .999.

i

! - - TABLE 1IV-4

i

1985 -MANEUVER SCHEDULE AND STATISTICAL DESCRIPTION.
. \ . .

MANEUVER TIME" MEAN AV SIGMA Av MEAN PLUS THREE SIGMA
<
».(days) . (m/s) (m/s) ' (m/s)
E+10 : 6.67.. . 445 . 20.01
V-26 - _ 4.34 2.9 10.92
v-3 ©0.36 0.22 - 1.03
vi2 . 33.80 21,72 - 98.97
M-100 0.55  0.31 1.48
M-3 0.70 0.53 2.28
L0 T L o L0 s D T TOTALT 134.69 *

* 534.69 m/s wher added with planned-midcoursé. velocity maneuver at V-36.1 days.
. e ) -

Critical tracking periods prior.'to.planned -midcourse, Venus swingby and
Mercury encounter are .picturéd. in- Figure ‘IV-6,  Dispersions at Venus closest
approach are not .a problem'duer to.a nominal swingby altiitude of 1600 km. Those
at Mercury are shown in Figure VI-3 and are dominated by a 60 km spherical

Mercury ephemeris ertotr’. ”

60



SPACECRAFT DURING PRE-MIDCOURSE MANEUVER TRACKING PERIOQD
EARTH DURING PRE-~MIDCOURSE MANEUVER TRACKING PERIOD
SPACECRAFT DURING PRE-VENUS TRACKING PERIOD

EARTH DURING PRE-VENUS TRACKING PERIOD

SPACECRAFT DURING PRE-MERCURY TRACKING PERIOD

EARTH DURING PRE-MERCURY TRACKING PERIOD

OO

! PR

Figure IV-6 Critical Tracking Geometries, 1985 Opportunity with
Midcourse Velocity Maneuver
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V. 1988 MULTIPLE VENUS SWINGBY OPPORTUNITY
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V. 1988 MULTIPLE VENUS SWINGBY OPPORTUNITY

A, HELIOCENTRIC GEOMETRY

The flight profile for the 24-month 1988 multiple Venus swingby opportunity
is presented in'Figure’:UV-l . The Type I transfer from Earthfto first Venus
swingby 'is followed by two complete phasing revolutions of the spacecraft and
one Eomplete phasing orbit of Venus before second Venus swingby. Additionally,

the mission profile includes an extra spacecraft phasing revolution prior to
Mercury encounter.
The positions of Earth at launch and at the two yénus swingbys are sub-

stantiélly displaced from those of the 1983 multiple Venus opportunity. The

effect of these Earth positions upon Earth-based tracking and navigation are

discussed in Subsection V-E.
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EARTH AT LAUNCH, 3-22-88

EARTH AT FIRST VENUS SWINGBY (Vl), 6-18-88

EARTH AT SECOND VENUS SWINGBY (V,), 8-4-89

EARTH AT MERCURY ENCOUNTER (M), 3-27-90

TWO COMPLETE SOLAR REVOLUTIONS BETWEEN FIRST AND SECOND
VENUS SWINGBYS

ONE COMPLETE SOLAR REVOLUTION BEFORE MERCURY ENCOUNTER

© © LN

Figure V-1 Heliocentric Geometry, 1988 Multiple Venus Swingby Opportunity
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B. PERFORMANCE PARAMETERS

Conditions at Earth launch and Mercury arrival of the non-integral multiple-
swingby caseare shown to be better than any single swingby missions. High
utilization of the first Venus swingby requires a velocity maneuver at Venus to
constrain the spacecraft altitude. As a result, performance parameters are pre-
sented for several values of this maneuver near Venus. Performance parameters
are shown for minimum relative velocity at Mercury with an altitude limit ‘at
the first Venus swingby of 250 km in Figure V-2. Léunch periods begin earlier
for each successive increase in the magnitude of the maneuver at Venus.

The earliest launch that each maneuver allows is constrained by the 250 km swing-
by altitude limit. Increasing the size of this maneuver decreases the relative
velocity at Mercury for the launch window while it increases the required

launch energy. The 200 m/s value for this maneuver was chosen as a reference
trajectory case and all further data is presented fbr this opportunity

assuming that value.

The same performance information is presented in Figure V-3 for a constant
maneuver value -and variations in Venus swingby altifude. Navigation analyses
(sec. V-E and VI) show that swingby altitude constr;int is not as critical as
for the baseline single swingby missions. This figure shows that an increase
in swingby altitude raises approach velocity at Mercury but lowers launch
energyi Further explanation of the trajectory characteristics of this mission
can be:found in Section 2 of the Appendix. This includes the investigation of
performing a midcourse velocity maneuver on either Earth-Venus1 or Venus, -

, 1
Venus, trajectory segments which would alleviate maneuvers at the first swingby.
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C. TRAJECTORY DATA

Tables V-1 through V-3 contain tabulated details for three repre-
sentative trajectories for the 1988 multiple Venus swingby opportunity. The
Earth launch dates (3-12, 3-19, 3-26) are approximately centered on the best
performance 15-day launch period. Each representative trajectory includes a
200 m/s maneuver at first Venus swingby to attain a 250 km swingby altitude.
Mercury arrival dates are selected to minimize Mercury approach velocity for

each launch date. The print key which defines each listed parameter appears

in Section 1 of the Appendix.

69



J0=2647232,500

C3= 25.816  FLY TIM= 96,762 MAR 12 1388 0,y 9, G.

ECLIPTTC X Y . ) z o TOTAL
R EARTH  -1.4BBI7LRBEFGB 2, 4iB6E7L7E+]?  -B.2281830E+J2 1.4866176E+58
V EARTH  =5,3139263E¢C0 =-2.,9496878E+)1 2.6336047E-03 20997171 4E401
VEL S/C =5s2620115EFC0 =2, 45144UBE+01  -3.G048127E-01 2.5303343E+01
VHE -9,4808522€-¢1 4.982L724E+Q0 ~3.0308487E-01 5.0809209€+00
RAA=1GL.774 DECA= -3.423 SEVHE= 69,939 .
EQUATONRIAL X Y ' T TOTAL
P FARTH  =1,LEBI74BE+;S 2.2099354E+57° 9.3361802E+06 1.4BE617EE+QB
V EARTH ~5.3139263E4+C0 ~2,70637656401 ~1.1750727E+01 2.9971714E#01
VEL S/C “$.262J115E¢C3  =2.2371895E+J1 -1.0G50368E401 2.5303303E401
VHE -9,4808522E~61 4y E9187J9E+ 03 1.70¢3595E430 S¢0809209E+03
RAA=1014424 DECA= 19,556 RP= 81711611,92 AP0=150366267,99 - :
A=1158€8339,96 Ex .294G1 I= «683 NODE=350.649 W= 12.228
TH1= 167.8  TH2= 264.8 DTH= 97.d TYPE I
J0=24467329,2€2 VHA= 10.77. VHD= 16.775 JUN 16 1988 18, 16, 49.707
ECLIPTIC X Y b4 TOTAL
R VENUS  -4.4921776E+C6  -1.086LJ62E+408  -1.28E592TE+J6 1.3874107€+08
V VENUS 3.47544035¢01  =1,575814954¢00  =2.0232713E+¢00 J.4BLBBIIEGYL
vV S/C A 3,4860937S¢01 849669209E+00 1.7299748E-01 3.5996118€+01
VHA 1.0652733€E-G1 1. 0542736E+01 2.1362688E+00 1.07€9597€4+01
vV S/C D 2.8503216EC01 7.18640641E+00 -1.538€781E+(Q 294 35L6LE*G
VHD -6.25119312¢30 8, 7623CBIE+00 %o BG59314E=-01 1407 74521E401
PCA= 6£300.2 ATH=3LBs 4  B*T= 8483 8% R= -1739 HCA=  250.0
RAA= 89,4 JFECA= 11,8 SPA= 11.2 EPA= 162.3 CPA= 88.1 TYPE VI 1
RAE= 257.8 DECF= 1.7 RAS= 87.6 DECS= .7

AMH= 28C)+3 EH= 3,24928 I= 1645 NODE= 314e3 W= 116.J TAU= 72,1

Az B6291581.,4 E= «397345 I= 3.4 NODE= 436.1 W= 3462,5 TURN= 35,8
THI= 299.1 THF= 509,7 JTH= 300.6 FLT TIM= 412,212
PERIMELION= S5582451C.9 APHELION=117758852.0
RCA CONSTPAINED AT 530046

oV ~1.6177622E-C1  =-1.9399555E-01  -5.5655888E-i2 2.0021038E-01
ACTUAL RCA USED IS  530d.0 '

JO=2LLT7701.6470 VHA= 104742 VHD= 10.743 AUG 2 1989 23, 22, 22.630
EcLIPTIC X Y z TOTAL

R VENUS -3.5000665E+L7 -5,124LS36E+07 4.7402075€¢06 1.0804UL3E+OB
vV VENUS 1.6380185E4G1 ~-3.0983198E¢J)1  ~-1.3837894E+00 3.5373976E+01
V S/C A 5.82C8063F+2J] -2.9116002E4¢31  =7.492144LIE-01 209761594E+01
vHA ~140559386E¢C1Y 1. 8671960E+00 6¢3457489E=-01 - 1.,0741956E4+01
vV.s/co 6.L134852E+4CT ~2.7611086E401 -3.5516512E+¢00 2.8567798E401
VHD ~9.,9667012E+:0 3.3721119E400 -2.1678619E+(00 1.7 4271 4E401
RCA= 15878.2 _ 8TH=240.3 A*T= -9157 B*R=  -16052 HCA= 9828,2
RAA= 170,C DECA= 3,4 SPA= 141,7 EPA= 170,9 CPA= B87.5 TYPE IV 1
RAE= 341.1 DECE= <-1.3 RAS= 28.3 DECS= -2.5

AM= 2815.3 EH= 6.63990 I= 119.6 NODE= 3u48.0 W= 167.4 TAU= B81.3

= 80897138.4 E= 0412997 I= 8.4 NODEZ 4(5.5 W= 6.0 TURN= 17.3

THI= 15646 THF= 343.,7 OTH=
PERTHELION= 47LB6846.Y

187.2 FLT TIM= 235,321

APHELION=114307433.7

TABLE V-1 TRAJECTORY PRINTOUT 3-12-88 LAUNCH
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JO=2L47976.795 ViP=
ECLIPTIC X
R MERCURY 3,9135276Z¢07

V MERCURY =3,7778361E+i1
Y]
VHP -1.,8L912B1E¢G0
PAA=z 139,2 OFCA= 21,5
RAE= 191,8 DECE= .4
FOUATORTAL X

R FERCURY 4.5C746L7E+Q7

V MERCURY -2,5795€6SE¢+01

vV S/C “2,63275625¢ 01
VHP -5,3167688E=-01
RAA= 95,2 DECA= 15,3
MERCURY OP X

R MERCUPY 4,7035960E¢(7
V MERCURY 5.C194I54E+GO
VvV S/C 7.644BLT0ESCT
VHP 2.6251547E¢30
RAA= £3,2 ODECA= 15,3

6.036

-3.9627469E4GL

SPA=z {(bL.S
RASz=1lLlUe 6

PAS==-159.7

RAS= 168.2

2. TE4E296EH LT
4o 1923E61F ¢ 41
4o 7225172E401
50301510 4E+0C

Y
1. €641537E+407
S« 066LI32E+ 01
Se 6L616LT73E+0Y
Se 7TQESLCIE+QU
0ECS=

Y
=9, 8123924E+06

5.6631852E+G1
6.1827152€+01
5¢ 1353003E+¢0¢C
DECS=

EPA=
DECS=

MAR 26 1990 7, 4,27.9:2
Y

2 TOTAL
“1,2518742E406.  4,B0LBSE5E4Q7
6.8967793E+00 5.6853865E4(1
9.1124076E+CI ~  6.231864IE+IL
2.215€6283E+400 6.0360828E+0¢
82,9 CPAz 97,4
1.5 '

S TOTAL
7.4505806€-09 4. 8J4LB565E+L7
2,8L21709E~14 " 5,6853865E401
1059741 31E¢00 64231864 9E4C1
1.5974131E+G0 6403 £0828E¢00
-2 RAEx 176.9 OECE= =3.7

K v ToraL
7.4505806E-09  4.80LBS65E+07
2.8421709€-14 5.6853865€401
"1.59741 3LE+ 0L 6.2318643E401
105974131406  6.33€0828E+00
~eC RAE= 144,8 DECEz =3.7

TABLE V-1 TRAJECTORY PRINTOUT 3~12-88 LAUNCH (Continued)
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J0=2447239,500

ECLIPTIC
R EARTH
V EARTH
VEL S/C
VHE

C3=
X

-1.4882307E+C8
“1,7101776E¢G0
~2.5839485E+00
-8,7377095€-01

RAA=107.085 DECA= -3.,857

EQUATORIAL

R EARTH
V EARTH
VEL S/C
VHE

X

-1,4882307E+08
~1.,7101776E+00

~2.5839485E+L0

-8.,7377095E~0G1
RAA=100,662 NECA=

25.010

FLT TIM=
Y

6.1139511E+06
~2.9865375€+01
=2+ 4952796E+01

4.9125789F+00
SEVHE= T77.591
\{

5.6091142€E+06
-2, 74001855E+01
~2.2760872E+01
be 5409829E+00

90.694

MAR 19 1988
z

7«5437762E¢02
24 6057689E-33
-3.3375737€-191
-3.3636314€-01

4
1.8801772€+06
-1.1883936E+01
~1.02L1637E+01
1.6422989E+00

19176 RP= 80659238,59 AP0=149632393,25

Az115145885.92 €= ,29958 I= «764 NOJE=357.669 W= 8,382

THi= $171.6  TH2= 263.1 OTH= 91.5 TYPE b ¢
JO=2447330.194¢ VHA= 10.937 VHO= 10.82 JUN 17 1988 16, 39, 36
ECLIPTIC X A 2

R VENUS ~1.6909486E+06 ~1. 367311 8E+08 ~1.4491520E+06

V VENUS J.L780116EX0L -6¢ 7215350E~01 «2.0118982E+¢00

vV S/C A 3.4456999E¢01 14 071643394E+01 1.5245081€E~-91

VHA -3.2511553E-01 1.07155647€+01 2.1643490E+20

v §/C 0 2.8293895E¢ 61 7.9757190E+00 =1.5154004E+00

VKD ~6.42862193E¢00 8. EL78725E+00 4e3649776E~01
RCA= 6300.) BTH=368.5 8* 1= 8425 B*R= -1710
RAA= 91,7 JECA= 11.4 SPA= 11.0 EPA= 160.4 CPA= 87.6 TYPE
RAE= 257.3 DECE= 1.9 RAS= 89.1 DECS= +8

AH= 2715.9 EH= 3,31965 I= 16,1 NODE= 3I16.,0 W= 117,00 TAU=
A= B4307551.4 E= «398194 I= 3.4 NODE= 436.1 W= 343.8 TURN

THI= 209.2 THF= 509.6 JTH= 300.5 FLT TIM= 412.083
PERIHELION= S0736749.6

RCA CONSTRAINED AT

ov

ACTUAL RCA USED IS

-5.7983536€E-02

6300.0

-1.8345686E-01

6300.0

APHELTION=117874353.2

~4.9820602E-92

JO=244L7742,277 VHA= 10,789 VHD= 1{.789 AUG 3 1989 18, 39,
ECLIPTIC X Y Z

R VENUS -9,3839942E+07 ~S+33815L5€+07 L.6429820E+Q6

vV VENUS 1.7069536F¢G1 -3.,0601268E¢01 ~1.4180422€¢00

vV S/C A be4208684E+0U =24 8987509€+01 =7.8193352€-01

VHA ~1,0648668€E¢01 1. 6137594E+00 6.361C872E-01

vV S/¢ U 7.0189481€E+00 =2.7397992€+11 ~3.6824759E+00

VHD -1.0050588E¢01 3.20327h1E+30 -2.2664337E+50
RCA= 15125.7 BTH=24J3.0 9* 7= -8865 B*R= -15323
RAA= 171.,4 NECA= 3.4 SPA= 141,8 EPA= 170.5 CPA= B87.8 TYPE
RAE= 342.1 DECE= ~1.3 RAS= 29.6 DECS= -2.5

AH= 2790.8 EH= 6,41982 I= 12G.0 NODE= 349.4 W= 167,1 TAU=
A= 80785037.1 = « 614409 I= 8.7 NODE= 4(C6.0 W= 6.7 TURN

THI= 156,8 THF= 346,2 OTH= 189,5 FLY TIM= 235,133
PERIHELION= 47307322.0

APHELION=114263052.2

TABLE V-2 TRAJECTORY PRINTOUT 3-19-88 LAUNCH

72

Gy 0y 0J
TOTAL
1.489486CE+0B
2.991430CE+01
2.5088448E¢01
5.00100646€E+00

TQTAL
1.489486CE+08
20991430CE+01
2.5088L4BEOL
5.0010CL6E®QO

«202

" TOTAL
1.0875398E+08
3048 L4LUTLTEDL
3.5889273E+01
1.0936775E+01
2.94L35574E+91
1.08214L25€E+¢(1
HCA= 250.0
vl 1

7245
= 3c.1

1.9874759E~01.

«735
TOTAL
1.08J6054E+]8
3.50A875LE+31
2097C00L1SE+OL
1.0789021E401
2.8521505€E+01
1.07892CE+GY
HCA= 9075.7
Iv I

81.0
= 17.9



JO=2447977.410 v4P=z  6.133 MAR 26 1990 21,50y 106
€ECLIPTIC X Y z TOTAL

R PERCURY 3,7062623E¢07 3¢ 0027168E¢07 =8, 8351273E+05 Le7707959E+07
V MERCURY =4e0226945E¢(1 4e0063415E+01 6,9653640E+00 S«7199656E¢J1
NV S/C ~be2149635E¢01 4o 5330687E+01 9. 4492562€+00 6.2615903€E+01
VHP -1.,9226890E+00 5.2672724E+00 2.40838922E¢00 6,1327689F+20
RAA= 110.1 DECA= 23,9 SPA= 106€.8 EPA= 83,5 CPA= 99,8

RAEz 193.,0 DeEcCe= o3 RASz=141,0 DECS= 1.1 .
EQUATORIAL X Y ’ 4 TOTAL

R MERCURY 4,4LB03S7TE+]T7 1.€390639E+07 =34 7252903E~-39 Lo 77C7959E¢07
V MERCURY =2,5326122E+C1 Se 1287311E401 20 84L21709E=14 €e7199656F¢01L

vV Ss/C =2.5571513€+ 01 5. 7126089E+J1 1.8598553€+00 6.2615903€E+01
VHP =2.,4539094E-01 5. 8387782E4+00 1.8598553€E+09 6.1327L89€E+50
R8A= 92.4 DOECA= (7,7 RAS=-159.9 0ECS= o0 RAE= 174.3 OFCE= <=3,7
MERCURY 0P X Y 4 TOVAL

R MERCURY 447222523E¢07 ~6.7886L2LGEQE =34 7252903€E~39 4eTTCT7959€E407
V MERCURY 1.9901776E+00 S5« 7165023E+101 2.86421709E-14 Se7199656E¢01
vV SC %.5398711E+(0 6e 2623LUBECDL 1. 8598553€E+ 00 6.2645903E+01
VHE 2.5496935€E+00 Se 258364LBE+00 1. 8598553€+04 6e1327L89E+DC0
RBA= 64e.1 DECA= 17,7 RAS= 171,68 DECS= o0 RAE=® 1u46.1 DECE=s -3,7

TABLE V-2 TRAJECTORY PRINTOUT 3-19-88 LAUNCH (Continued)
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J0=24472646.500 C3= 24,509 FLT TIM= 84,877 MAR 26 1968 0y 0y 0.
ECLIPTIC X. Y Y4 TOTAL

R EARTH =1.,4876527E+08 =1, 1948771407 20322104L9E+03 1.4924L3FE+08
V EARTH 1.8975347E+03 =2, G7CLBSLEDL 2.5697927€E-03 2.9855217E+01
VEL S/C  1.2032273E+40 -2.4908024E¢31  -3.7979303E-01¢ 2.4939961E+01
VHE ~65.94304L44E~-012 4.8868307E+00 =3, 823€282E~01 44950694 3E+00
RAA= 98,086 DECA= =4,430 SEVHE: 86,516

EQUATORIAL X A 4 T TOoTAL

R EARTH -1.4876527E¢C 8 -1.0963656E+07 -5.3035132E+06 1.492LL36E4(08
V EARTH 1.8975317E+00 =2 7337140E+01 ~1,1842517E+02 24985521 7€E+01
VEL S/C 1.2032273E+00 =2.2701482E¢01 ~1,0251999E+01 244939961€+01
VHE “6e9430LULE-C Y 4. 6356576E+30 1.5905181E+00 4.9506943€E+00
RAA= 98.518 DECA= 18.743 RP= 80095242.90 APO=16L9420(312.92

Az114757777.,91 E= .30205 I= 873 NODE=36Le651 W= 4e172

THi1= 175.8 TH2= 25242 OTH= B86.4 TYPE I

JO=2447331.377 VHAxz'11.018 VHOD= 10.861 JUN 18 1988 21, 2, 19.977

ECLIPTIC X Y 4 TOTAL

R VENUS 1.8625870E¢:6 -1.087613Q€E+Q8 -1.6538788E¢(6 1.0876983€+08
V VENUS - 3.4779211E+01 4.7386468E-01 -1,9955461E+00 J.4839637E+01
Vv S7C A 3.6015202€¢ 51 1.1257733E+)1 1.2895769E-01% 3.5829975E+01
VHA =7.6400977E~C1 1. 0783869E+01 241245038E+00 1.101767CE+01
vs/c0 2.8002117E+02 8, 9457954E+00 =1, 4B848026E+00 2¢9433831E+01
VHOD =6.7770949E+ 00 8. 4719307E+00 5¢1074346E-01 1.08 €1100€E+01
RCA= 6300.0 BTH=348.8 B*T= 8408 8*R= -1665 HCA= 250.0
RAA= 94.t DECA= 11,1 SPA= 1C.7 EPA= 158,2 CPA= 87,2 TYPE VI I

RAE= 25646 DECE= 2,2 RAS= 91,0 DECS= 9

A= 2676.2 EH= 3.,35409 I= 15.7 NOODE= 318.3 W= 117.3 TAU= 72.7

Az 84321102.4 E= * 399255 I= 3.4 NODE= 436.1 H= 345.6 TURN= 4.7

THI= 209,2 THF= 509,6 OTH= 300.3 FLT TIN= 411,976

PERIHELION= 50655512.1 APHELION=117986692.7

RCA CONSTRAINED AT 6300.0

ov 3.6550518E~C3 =1.9449445E~01 -4.0215408E-02 1,9864L221E-01
ACTUAL RCA USED IS 6300.0

JO=2647743.353 VHA= 10.829 VHD= 10.829 AUG & 1989 20, 28, 12.122

ECLIPTIC X Y 4 TOTAL

R VENUS =9.2210923€E+(07 -5.6201293€¢07 445090835E+06 1,0808224E+08
vV VENUS 1.7978760E+01 =3.0065743E+01 ~1,4627683E+ 00 3.50€1723E+01
vV S/C A T «2443564E+00 -2.8787336E¢+01 -8.2649582E-04 2.9696372E+01
VHA =1.0734404E+01 1.2784370€E+930 6. 3627248E~01 1.,082897 JE+01L
vs/ico 7.8332228E¢900 =2.7094240E+01 ~3.80088418E¢ (O 2.8459875E¢01
VHO =1.0145538E+01 2.9715028E+0Q0 =2.3460735E¢0D 1.0828935€E+01
RCA= 14472.5 ATH=239.3 A*T= -8676 B¥R= ~166041 HCA= 8422.5
RAA=z 173.2 JECA= 3.4 SPA= 141.9 EPA= 169.9 CPA= 88,2 TYPE IV ¢

RAE= 3L3.4 DECE= -1.3 RAS= 31.4 DECS= ~2.4

A= 277343 EH= 6422422 I= 12G.6 NOODE= 351,2 W= 16648 TAU= 8Q3.8

A=z B0636866.,8 E= 416136 I= 8.9 NODE= 406.8 W= 7.4 TURN= 18.5

THI= 157.0 THF= 349.4 OTH=
PERIHELION= 47080923.6

192.3 FLT TIM= 234,825
APHELTON=1164192810.1

TABLE V-3 TRAJECTORY PRINTOUT 3-26-88 LAUNCH
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J0=24L4L7978.178 VHP= 5o 242 MAR 27 1990 16,16,12.,489
ECLIPTIC X Y 2 TOTAL

R MERCURY 3.4294522E+07 3.2602376E+07 -4.1922751€+55 L.7320238E+G7
V MERCURY -4.3158387€4¢01 3. 7T489675E+131 7.01868126E¢30 5.75C6752E401

vV S/¢C ~445212194E4+GC1 Ge 2706LLGE+D1 9.7639602E¢00 6429 54888E4¢01
VHP ~2.0538069E+00 5. 2167703€+06 2.7T4514L76E+00 6.242L875E+00
RAA= 111.5 DECA= 26.1 SPA= 1(9.5 EPA= B83.7 CPA= 102.0

RAE= 194.6 DECE= o1 RAS==136. 4 0DECS= 5

EQUATORIAL X 7 TOTAL

A4 4
R VERCURY 4.44BO26BE+4C? 1.6146540E+07 -3.7252903€-09 4.7323238E407
V MERCURY =2,6743243E¢01 5.2011131E+01 2.8421709E-14 5.7596752E+01

vV s/C =2.4661192E+(1 Se 7885103E+01 2.1114876E+00 602954888E401
vHP 8.2050452E~-02 5.8739713E+00 201114876E+00 6.2 2uB75E+00
RAA= 89,2 DECA= 19,8 RAS=-160.0 DJECS= o0 RAE= 171.2 DJECE= =-3,7

MERCURY 0P X Y z TOTAL
R MERCURY 4,7226360F+G?7 -2.97924L76E+06 «3,7252903€-39 4.7320238E407
V MERCURY =1,8905484E+Q0 54 7565716E+01 208L21709E~-14 5.7596752E401

vV S/C 5.3261901€E~C1 60291721 4E+01 2.1114876E+00 6.,2954888E+01
VHP 2.4231674E+00 5.3514979E+00 21114876E+30 6.2L24875E400
RAA= 65.6 OECA= 19.8 RAS= 17€.4 DECS= «0 RAE= 147.6 DECE= =3,7

H

" TABLE V-3 TRAJECTORY PRINTOUT 3-26-88 LAUNCH (Continued)
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D. FLIGHT CHARACTERISTICS ’

Geometry parameter time histories are shown for a typical trajectory of
this mission opportunity in Figure V-4, ﬁuring the tracking phase prior to
first Venus swingby, the Earth-spacecraft range is less than 40 Mkm; this is
due to an Earth-Venusl Type I trajectory segment. Constant range prior to the
second swingby (~ 200 Mkm) is indicative of the plane-of-the-sky problem which
exists in thattracking-arc. A low Sun-Earth-spacecraft angle makes it necessary
to initiate the pre-Mercury 30-day tracking arc earlier. Geocentric equatorial

declination is not zero in any of the tracking areas.
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E.- NAVIGATION RESULTS,
Midcourse requirements for this opportunity have beEnAasseseed using a

trajectory targeted-tb a 250 km altitude at the first Venus swingby. Disper-
sions in periapsis altitude at Venus are 60.5 km- (3 sigma), due to the Venus:
ephemer is errof assumptions (20 km, 1 sigma) and the close-range tfécking'(ZCf
40 Mkm) prior to.Venus ,encounter. These navigational aecnraciee ahso~reshltvin
a 52.5 m/s (mean- plus three- 31gma) post-Veaus, correction maneuver. Analytie
computatlon of thls AV shows 52.0 m/s for a cumulative probablllty level of

.99 and". 66.7 m/s for a .999 probablllty ﬂAddltlon of. the planned trajectory
shaping maneuver’ of 200 m/s results in a combined total of 234.5 m/s (see_:
figs. VI-1 and VI-2 fgr correetion distributions). At the second swingby, pre-
‘Venus orbit‘negermination-errors are larger than might be expectedffor a gloSest
approach radius .of 9200 km. The fact that the spacecraft relative'velocity 5
vector lies in. the plane-of-the-sky is responsible for a post- Venus correction
maneuver as 1arge as- that. requlred after the first swingby, 51.4 m/s (mean-plus-
three-51gma). Again, analytlcal values are 50.8 m/s for .99 and 65.2 m/s for
.999. Résults of totaling alI,;heseicorregtionAmaneuvers is given as 98.5 m/s

in Section VI compared to a more conservative summing of-all mean-plus-three-

sigma values; 315.8 m/s, shown in Table V-4.

Tracking arcs prior’ to both Venus swingbys and to Mercury are shown in
Flgure ‘V-6. B-plane dispersions at Mercury are depicted in Flgure VI-3 which
shows T-axis uncertainty dominated by a 60 km ephemerls error and R-axis

uncer tainty whlch also has an\orblt determlnatlon error contribution. Since

— T

the Mercury approach maneuver must be executed at M-1ll to avoid solap inter-
ference, out-of-the-ecliptie knowledge errors appear in the R-axis as they are

mapped forward 11 days to Mercury.
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SPACECRAFT DURING PRE-V'ENUS1 TRACKING PERIOD

EARTH DURING PRE—VENUS TRACKING PERIOD
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Figure V-5 Critical Tracking Geometries, 1988 Multiple Venus Swingby Opportunitiés
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TABLE V-4

1988 MANEUVER SCHEDULE AND STATISTICAL DESCRIPTION

MANEUVER TIME

(days)

E+10
V,-3
V. +2
V,+300
vV, -3
V2+2
M-100

M-11

N~

* 234.5 m/s when combined with 200 m/s

Venus.

MEAN Av

(m/s)

8.16
1.51
20.91
0.40
0.18
16.41
0.16
0.64

80

(m/s)

5.60
0.87
10.53
0.27
0.11
11.65
0.99
0.48

SIGMA AV

TOTAL

MEAN PLUS THREE SIGMA

(m/s)

24.96
4.13

52.50%
1.20
0.51

51.35
0.46
2.07

137.18

planned velocity maneuver at



VI, NAVIGATION ANALYSIS
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VI. NAVIGATION ANALYSIS

The navigation analysis concentrated on one case from each of the three
following mission opportunities: 1985 with planned velocity midcourse maneuver
(400 m/s applied near perihelion of the Earth-Venus trajectory segment); 1983
multiple Venus swingby; and 1988 multiple Venus swingby. Error level
assumptions and orbit determination methods are the same as in the originai
Handbook (NASA CR-2298). Strategies for the trajectory correction
maneuvers and the tracking schedules are also the same. More of these velocity
correction maneuvers are required with an increase in the nuﬁber of swingbys
and the number of extra solar revolutions. Even with the added number of
maneuvers, the correction AV for each mission has been reduced from the base-
line requirements. These differences between the baseline missions and the
three missions discussed in this section are due to geometry dissimilarities in

the trajectories which affect navigation accuracy.

Reference trajectories used for these analyses are identified in Table
VI-1 by planet encounter dates. In Table VI-2, maneuver times are
tabulated for each case. These trajectory correction maneuvers are scheduled
before and after each planet encounter and midway in each spacecraft helio-
centric revolution. Also, in 1985, a correction maneuver has been added after
the planned midcourse to correct for any execution errors of this 400 m/s maneuver.
The proximity of this maneuver to Venus encounter necessitates shortening the
tracking periods for the correction maneuvers at V-26 and V-3 to 10 days and
22 days respectively (a 30-day tracking arc is assumed prior to execution of
the planned midcourse). 1In the 1983 and 1988 cases, the last maneuvers must
be scheduled before M-3 due to solar interference during the accompanying

tracking period.
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TABLE VI-1 SAMPLE TRAJECTORIES

1983 1985 1988
7-9-83 Launch 6-24-85 Launch 3-18-88 Launch
8-25-84 Swingby 10-16-85 Midcourse 6-17-88 Swingby
4-6-85 Swingby 11-21-85 Swingby 8-3-89 Swingby
11-17-85 Swingby 8-16-86 Encounter 3-26-90 Encounter

2-14-86 Encounter

TABLE VI-2 MANEUVER SCHEDULES

EVENT . TRAJECTORY

1983 . 1985 1988
Maneuver ' E+10 E+10 : E+10
Planned Midcourse Maneuver E+114.3
Maneuver V-26
Maneuver | V1-3 V-3 v,-3
Venus Swingby E-H413.1=V1 E+150.4=V E+91.5=V1
Maneuver V1+2 V+2 V1+2
Maneuver V1+112 V1+300
Maneuver Vy-3 V2-3
Venus Swingby V1+224.7=V2 V1+412.1=V2
Maneuver ‘ . ‘ V2+2 . V2+2
Maneuver V2+112
Maneuver V3-3
Venus Swingby V2+224.7=V3
Maneuver V3+2 M-100 M-100
Maneuver M-19 M-3 M-11
Mercury Encounter V3+88.6=M V+267.6=M V2+235.2=M
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A statistical description of the results of the midcourse correction
analyses are presented in the same form as for the baseline missions in Table
VI-3. The values presented represent an approximation (Hoffman-Young) to mean
and standard deviation assuhing a Gamma distribution. A total of combined
mean-plus-three-sigma values for all correction maneuvers of each opportunity
represents an extremely conservative estimate of the total midcourée require-
ments. Since the tails of the distributions of these AV magnitudes behave
similarly and look Gaussian, a realistic estimate for the combined total can
be made with Gaussian assumptions. That is, the mean is the sum of the indi-
vidual means and the variance is the sum of the variances. Estimated values
using this technique for correction fuel budget requirements are 127.7 m/s,
113.3 m/s, and 98.5 m/s for 1983, 1985, and 1988 respectively. The addition
of planned maneuvers increases this to 539.5 m/s for 1985 and 280.5 m/s for
1988. (In 1985, the entire magnitude of the planned maneuver must be added but
in 1988 the planned maneuver is executed simultaneously with a post-Venus.cor—

rection maneuver which results in a small AV savings, as will be discussed later).

Differences in post-Venus correction maneuvers between these gissions and
the baseline cases are significant. Navigational characteristics of these missions
are determined by Earth-relative geometries during the Venus approach
trajectories. The navigation accuracy depends on such parameters as Earth-
spacecraft range, geocentric equatorial declination of the spacecraft, and the
angle of the spacecraft relative velocity vector to the plane-of-the-sky. The
cause of the large post-Venus dispersions is the inaccurate determination of
the trajectory prior to Venus encounter; hence, any errors not corrected at V-3
are amplified by the Venus gravity-assist. Magnification effects of the Venus
swingby on trajectory errors due to uncertainty in Venus' position and improper
application of the pre-Venus maneuver vary with swingby condition (relative

velocity and radius of closest approach).

°

The 1985 case with a planned 400 m/s midcourse has a statistical post-
Venus correction maneuver on the order of half that of the 1985 baseline case.
Delaying Venus encounter by approximately ten days changes the geocentric

equatorial declination in the Venus approach tracking to values ranging from
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TABLE VI-3 STATISTICAL DESCRIPTION OF MANEUVERS (m/s)

]

~ MEAN PLUS
YEAR MANEUVER TIME MEAN S IGMA THREE SIGMA
1983 E+10 8.58 6.02 26.65
E+200 0.13 0.071 0.3
V-3 0.33 0.23 1.03
Vi +2 1.61 1.19 5.16
v,+112 0.C:8 0.021 0.092
V,-3 0.19 0.12 0.55
v,+2 T 627 4.73 . 20.47
v, 4112 0.081 0.06 0.26
v,-3 0.34 0.25 | 1.10
V42 37.58 22.13 103.97
M-19 2.06 1.52 6.61
1985 E+10 ' 6.67 445 20.01
v-26 4.34 2.19 10.92
v-3 0.36 | 0.22 _ 1.03
ve2 33.80 21.72 98.97
M-100 0.55 0.31 1.48
M-3 . 0.70 0.53 | 2.28
1988 E+10 8.16 5.60 24.96
v,-3 ' 1.51 ©0.87 4.13
vi+2 20.91 10.53 52.50 -
v,+300 0.40 0.27 1.20
v,-3 0.18 0.11 : 0.51
Vy+2 16.41 11.65 51.35
M-100 0.16 0.099 0.46

M-11 0.64 0.48 2.07
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-49 to -14° rather than 5° to -10° (pass ing through 0°) for the baseline case.
This results in a decrease in the previously large knowledge uncertainty in

Z-height at V-4 days from 146 km to 55 km which is sufficient to change the AV
requirement (mean-plus-three-sigma) from 211 m/s to 99 m/s.

in the multible swingby category, an alternative for Earth-spacecraft
geometry prior to Venus -encounter exists that did not exist in éingle swingby
missions. Due to mission identification criteria, the single swingby missions
identified have 6n1y two possibilities for Earth-Venus gometry, both with a
range greater than 200 million km (Mkm). Alternate geometry options provided by
the multiple swingby opportunities allow ranges as low as 20 Mkm at the beginning
of fhebi988 pre-Venusg (first swingby) .tracking arc. In none of the critical
Venus approach tracking does the spacecraft pass through zero equatorial
declination, and in'only two cases does the plane-of-the-sky problem exist,
1988 second swingby and 1983 first swingby. (However, the 1983 first flyby is

so far away from Venus that this geometry problem does not cost much.)

More important than geometric considerations for the multiple swingby cases,
in all but the first 1988 swingby, are the swingby conditions at Venus.
Increasing either the relative velocity or radius of closest approach reduces
the sensitivity of post-encounter to pre-encounter errors. It should be noted
that the relative velocities at Venus are on the ordef of 11 km/sec rather than

_an average of 13 km/sec (baseline single swingby). However, this decrease is
errshadowed by the large increases in closest approach radii. Of the five
swingbys combined from these two missions, only one swingby reaches the lower
bound of 250 km (1988 first Venus swingby). The other values of the altitude
at Venus, are in 1983: 41,000 km, 3400 km, and 760 km, and in 1988: 250 km, and
and 9200 km. The original Handbook (fig. VI-2) shows typical pre-encounter
orbit determination based on planet relative approach velocity.

Tracking in the region of large Venus perturbations allows a decrease in
knowledge error to the planetocentric plateau. Large values of VHP and RCA
preclude this tracking before the spacecraft reaches V-4. Again, the slight
decrease (~15%) in Vip from the single swingﬁy cases is not sufficient to

provide any of this information.
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In 1983 AV correction magnifudes decrease with increasing altitude at
Venus swingby. However; in 1988, "the two post-Venus maneuvers have nearly the
same magnitude. Orbit determination is very good for the low-range (20 to 40
Mkm) first Venus approach, while for the second Venus approach it is bad due

to the plane-of-the-sky problem.

Since the 1988 opportunity involves a trajectory shaping maneuver at the
same time as the post-Venus correction maneuver, these were combined using

Monte Carlo techniques as in the previous analysis. Due to the relative size

of the two maneuvers, not as much savings was achieved as in the single swingby
missions. Histograms appear in Figures VI-1 and VI-2 for the correction
maneuver distribution with and without this planned 200 m/s maneuver. The net

savings amounts to 18 m/s.

Although closest approach uncertainties at Venus were important for the
close swingbys: in the previous study, the only close flyby (nominal altitude =
250 km) has dispersions in hp of 60.5 km (3 sigma). This_hp dispersion is
entirely dominated by the assumed 60km (3 sigma) ephemeris error. Mercury
approach uncertainties for all three opportunities are depicted in Figure VI-3
in B;plane coordinates. All of these include a 60 km (1 sigma) Mercury
ephemeris error. Differences in the size of these dispersions result from the
different scheduling of the pre-Mercury velocity corrections. These are at
M-19, M-3, and M-11 for 1983, 1985, and 1988 respectively. (The reason for the
schgduling differences is Solar interference with spacecraft tracking.) The
size of the uncorrected errors increases because of the extended time in 1983
and'1988 producing larger erroré st Mercury encounter (knowledge errors at M-18

and M-12 were mostly out-of-plane resulting in larger R-axis dispérsions).
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B-PLANE UNCERTAINTIES AT MERCURY
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Figure VI-3 Mercury Encounter Dispersions
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VII. 1990 MISSION OPPORTUNITIES
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VII. 1990 MISSION OPPORTUNITIES

Four Mercury Orbiter mi;siqn,opportunities covering the last decade of
this century are presented in this section. These opportunities, corresponding
to launch years 1991, 1994, 1996, and 1999, represent selected high-performance
multiple Venus 6pportunities and are not the only mission possibilities within
thic time frame. None of these mission opportunities have been fully optimized.
Consequently, the mission performance presented in this section corresponds in

each case to verified minimum potential.

A. 1991 MISSION OPPORTUNITY

The flight profile for the 34-month 1991 mission opportunity is shown in
Figure VII-1. This double Venus swingby geometry is similar to the 1983
multiple Venus flight profile. However, the middle Venus swingby required
for phasing in the 1983 opportunity, is not required here. One complete space-
craft phasing orbit is necessary prior to first Venus swingby, with second
swingby occurring a Venus period later. The heliocentric geometry also includes
two complete solar revolutions of the spacecraft between second Venus swingby

and Mercury encounter.

Relative arrival velocities at Mercury and corresponding launch energies
for a range of Earth launch datés and Mercury arrival dates are presented in
Figure VII-2. The best 15-day ballistic launch period for this mission
opportunity is composed of both Type I and Type II transfers from
Venus to Mercury. Mercury arrival dates of 4-24 through 4-27 in Figure VII-2
repfesent Type I transfers, while the 4-29 and 4-30 lines correspond to Type
II transfers from Venus to Mercury. No relative velocities for the 4-28
arrival are shown since, in general, transfer anglés from Venus to Mercury on
this date are nearly 180O resulting in large relative arrival velocities. .
Although the Type II transfers on the 4-29 arrival date have swingby altitudes
at second Venus swingby of less than 250 kilometers for the later launch dates,
a 15-day ballistic launch window with a maximum relative arrival velocity of
6.65 km/sec and swingby altitudes greater than 250 km may be identified.
Relative arrival velocities of this magnitude are comparable with those
obtained for the 1983 multiple Venus Mission. Mission performance for the

1991 opportunity is shown in Figure I-1. A value of 250 m/s for midcourse
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corrections was used in determining performance for the 1991 mission as well as

the other 1990 mission opportunities.

Table VII-1 contains tabulated details of one representative trajectory

for the 1991 mission opportunity. This trajectory has an Earth launch on 7-3;

Mercury encounter date is selected as 4-27-94. The print key which defines

each listed parameter is given in Section I of the Appendix.
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E

EARTH AT LAUNCH, 7-13-91

L _
Ey : EARTH AT FIRST VENUS SWINGBY (Vl), 8-27-92
EV]': EARTH AT SECOND VENUS SWINGBY (V,), 4-9-93

N

EARTH AT MERCURY ENCOUNTER (M), 4-27-94 S

ONE COMPLETE SOLAR REVOLUTION BEFORE FIRST VENUS SWINGBY"
ONE COMPLETE SOLAR REVOLUTION BETWEEN VENUS SWINGBYS
TWO COMPLETE SOLAR REVOLUTIONS BEFORE MERCURY ENCOUNTER

OO

Figure VII-1 Heliocentric Geometry, 1991 Multiple Venus-Swingby Oﬁportunity
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MERCURY ARRIVAL'EHR i
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= 8 g a o i i i = : 1 T
25. O bt e T R R
H HH MAXIMUM DLA = 20.4 DEG (NEGATIVE
23.0
7-4 7-8 7-12 7-16 7-20 7-24
EARTH LAUNCH DATE, 1991 '
7.2
SECOND VENUS SWINGBY ALTITUDE
: >250 KM lﬁiiii =
: - Z 1—26
TolE Ll Lo o <250 KM ho2Sty 4-27
7.0 F4-29
HHE MERCURY 430
6 . ObEHE ARRIVAL
RitipaTe
H1994 £
5.8 ; .
:‘ E, l}:T
6.7 + 5 5it
6.6 m— - { B
6.5 S caarc it oo -
6.4

7<4 7-8 7-12 7-16 7-20 7-24
o ’ EARTH LAUNCH DATE, 1991

Figure VII-2 Relative Velocity at Mercury and Cj vs Launch/Arrival
Date, 1991 Multiple Venus Swingby Opportunity
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TH1= 182.1

H

JO=2Lb48861.930 VHA= 11.028

JD=2648450.500 C3= 25.181 FLY TIM= 41
ECLIPTIC - - X Y
R EARTH 4.9720565€+07 «1.4371938E+08
‘'Y EARTH 2.766438SE+01 . 9.6379403E+00
VEL S/C 242949206E+ 01 8.3664589E+00
VHE “4.7151832E¢00 ~1.2714814E+00
RAAZ195.091 DECA=-13.29% 'SEVHE= 93,8
EQUATCRIAL X \{
R EAQTH be9720565E¢ 07 =-1.3186514E+08
V EARTH 2.7664389E+01 . 8.8431008E+00
VEL S/C 2.2949206€+01 ¢+ 8.1354362€¢00
VHE ~h,7151832E400 -7.07664L63€E-01
RAA=188+535 DECA=-18.369 RP= 79218158.34
A=115670091.47 €= ,31514 I= 2.707 NOODE=2
TH2= 4506.4% OTH= 2744 TY

JHD= 11,028 ' AUG 27 1992 10, 19, 49.5690
: Z

1.430 Ju 13 1991 0, 0, 0.
) I4 * TQTAL
1.3082763E+04 1.5207694E+08
~1.1685768E~03 - 2.9295193E¢01
«141548201E+00 2.4453983€E+01
~1.1536515€+00 5.0180206E¢00
&6 :
z TOTAL
~5.6955248E407 1.5207694E+08
3.9442751E+00 2.9295193€+01
2436104156400 ° 2.4453983E+01
‘=1.5832336€E+00 5.018020u4E¢00
APO=152122024. 60
9,288 W=181.952
FE Iv 1

ECLIPTIC X Y . TOTAL

R VENUS  =9,8959301E¢07 <=4,2915839€¢07 5,0859757€¢06 1.0798417E+08
v VENUS 1.3691434E+01  =3.2288425E401 -~1:24L78030E+00 3.5093515E+01
vV S/C A 3.4521099E%00 ~3.6035829€+01 460583552E-01 3.6203077€E+01
JHA ~1.0239324E401  ~3.7474043E+00 1.6536385€6+00 1.1028205€E+01
VsS/cD 3.5677296€E400 -3.4553265E401 <4.9897846E400 3.50935156+01
YR 0D “1.0123704E¢01 «2.2643398E400 ~3.7619816€+00 1,1028205€+01
RCA= 7855.4 BTH=255,.5 ger= -2544 8%R= -9859 HCA= 1805.4
RAA= 200.1 DECA= 8.6 SPA= 173.2 EPA= 15Z.9 CPA= 99,8 TYPEIII 1

RAE= 353.9 OECE= =1.2 PAS= 23.4 DECS= ~2.7

AH = 2671.1 EH= 3.94090 I= 104.,3 NODE= £7.9 W= 156.4 TAU= 75.3
A=108209149.3 E= 291452 T= 9.8 NODE= 39953 W= 57.3 TURN= 29.4

THI= 106.6 THF= 106.6 DTH= 360, FLT TIM= 226.704

PERIHELION= 766713569 APHELION=1397456939.7

JO=2449086.634 VHA= 11,028 VHD= 11.027 AFR 9 1993 3, 13, 26.204

ECLIPTIC X Y ? TOTAL

R VENUS <-9.8959301€¢07 ~4.2915859E¢07 5.0859757€406 1,0798417E+08
v VENUS 1.3691434E401  =3.2288425E¢01 ~1/2478030E+00 3.5093515€+01
v S/C & 3.5677296E+00 ~-3.4553265E¢01 ~-449897846E+00 3.5093515E401
A ~1.,0123704E¢01  ~2.2648398E*00 =3.7415816E¢00 1,1028205€+01
v Ss/C0D 3.8780496E¢00 <-2,8202140E+01 ~441780615E+00 2.8772489E+01
VHO -9.,08133840E¢00 4.0862855E+00 ~2.9302586E+00 1.1026634E+01
RCA= 65518.8 BTH=1T78.2 ¥tz -3789 a*R=" 273 HCA=  468.8
RAA= 192.6 DECA= -19,8 SPA= 155.,1 EPA= 151 CPA= 70.4 TYPE V 1

RAE= 185.4 DECEz -~6.7 RAS= 23.4 DECS=z ~-2.7

AH= 2671.1 .EH=  3.44053 I= 160.1 NODE=z 107.8 Wz 258.0 TAU= 73.1

A= 81411570.7 €= «408115 T2 9.8 NODE= 399.3 W= 8,3 TURN= 33.8

THI2 155.,6 THF= 332.1 OTH= 176.5 FLT TIM=z 382.866

PERIHELION= 48186182.6 APHELION=1146356958.7

TABLE VII-1 TRAJECTORY PRINTOUT 7-13-91 LAUNCH
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J0=2449469.500 VHP= 6.509 APEK 27 1994 0, 0, 0.
ECLYPTIC X ’ Y 7 TOTAL
R MERCURY 4.6797793E+07 1.6996UBLE*07 «2:8LLI0GT7ESDG 4.9869864E¢07
¥V MERCURY -2,6061362€¢01 #.8075034E+01 6.3412029€E+400 5.5051033€+01
v S/C =2.7693757E+01 5+3134940E+01 1.0096714E+01 6.0763555€¢01
VHP -1.6323950E+400 5.0598860E¢00 3.7555109E¢00 6.5093027E+00
RAAz 107.9 DECA= 35.2 SPA= 86,8 EPA= 100.7 CPA= 111.1
RAE= 21146 DECE= -8 RAS=-160.0 DECS= 3.3
EQUATORIAL X Y z TOTAL
R MERCURY ~4.S5004517€+07 =-2.1684802E¢07 ~1,4901161€E-08 L.9669864E+D7
¥ MERCURY 3.104715€E+01 ~4.5u60865E+01 0. 5.5051033€+01
vV S/C 3.351704643€+01 ~-5.,0584574E¢01 3.1651683E400 6.0763555€+01
VHP 2.4698857E¢00. ~=5.1237092E¢00 3.1651683€E+00 6.5093027E+00
RAA= 295.7 ODECA= 29.1 RAS= 25.5 DECS:= «0 RAE= 37.3 DECE= -t.1
ME RCURY 0P X . A § 2 TOTAL
R HMERCURY 4.4321446E4+07 -2,2860725E¢07 =~1.4901161F-08 4,9669864E+07
V MERCURY 1.7443357€+01 5.2214419E¢01 0: 5.5051033E+01
vV s/¢C 2.0031594LE#01 5.7279373E+01 341651683E¢00 6.0763555€E¢01
JHe 2.5882367€+00 S.0649543€E400 3.1651683€+400 6.5093027€E+00
RAA= 62.9 DECA= 29.1 RAS= 152.7 DECS= «0 RAE= 164.5 DECE= ~-i.1
i -
TABLE VII-1 'TRAJECTORY PRINTOUT 7-13-91 LAUNCH (Continued)

1
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B. 1994 MISSION OPPORTUNITY

The 1994 mission opportunity is a double swingby mission very similar to
the 1991 opportunity. The basic difference between the missions is the number
of phasing orbits utilized on the Earth-Venus and Venus-Mercury legs. The
heliocentric geometry for the 33-month 1994 double Venus swingby opportunity
is presented in Figure VII-3. Two complete phasing orbits are included prior
to initial Venus swingby with secomd Venus swingby occuring a Venus period
later at the same ecliptic longitude. The Venus-Mercury transfer segment
is Type I with no extra phasing revolutions. The inclusion of the two initial
phasing orbits on the Earth-Venus leg accounts for the increase in flight

time over that of the 1991 opportunity.

‘Mission performance for the 1994 multiple Venus opportunity is signifi-
cantly higher than for the 1983 and 1991 multiple Venus missionf. The reason
for this may be seen from Figure VII-4 which indicates the relative arrival
velocities and required launch energies for a range of launch dates. The
maximum relative arrival velocity for the best 15-day ballistic launch period
is considerably lower than the corresponding value for both the 1983 and 1991
missions, with comparable launch energies. As a result, mission performance
in 1994 shows a large increase (fig. I-1) over both the 1983 and 1991
performance. ‘Again, mission potential has not been fully optimized, alﬁhough
the Mercury encounter date of 3-17-97 appears to be near-optimum over the

entire 15-day launch period.

Tabulated details of a representative trajectory for the 1994 opportunity
are shown in Table VII-2. This trajectory has an Earth launch on 7-13-94,
with a Mercury arrival date of 3-17-97. Section 1 of the Appendix contains

the print key which defines each of the parameters listed in the table.
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=1

EARTH AT LAUNCH, 7-13-94

L} , .

E; : EARTH AT FIRST VENUS SWINGBRY (v,), 5-7-96

EVI: EARTH AT SECOND VENUS SWINGBY (Vz), 12-17-96

Eﬁ: EARTH AT MERCURY ENCOUNTER (M), 3-17-97

(1) TWO COMPLETE SOLAR REVOLUTIONS BEFORE FIRST VENUS SWINGBY
(2) ONE COMPLETE SOLAR REVOLUTION BETWEEN VENUS SWINGBYS

Figure VII-3 Heliocentric Geometry, 1994 Multiple Venus Swingby Opportunity
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JD=2449346.300 3= 26,373 FLT TIM= 663.725 JW 13 139 ¢, 0, 0.
ECLIPTIC X : \ 2 TOTAL -

"R EARTH  5,018797CE¢07 -1.4355533E+08  1.4005682E+04 1.5207552E+08
V EARTH 2.7632509E¢01 9.7298008€E+00 . -1,2622953E-03 2.9295671E¢01
VEL S/C 2.3054621E+01 8.2057293E¢00 =1.1358080E¢00 2.4525936E¢01
VHE  <4.S5778B79E+00 =-1.44307156400 ~=1,1546357€E+400 4.9358711E+00
RAA=197,496 DECA=-13.526 SEVHE= 91.726 .
FQUATORIAL X Y. 7 TOTAL
R EARTH  5.018797CE+07  -1.3171554E+408 =5.6871291E¢07  1.5207352E¢08
v EARTH 2.7632509€+01 8.9274557€E+00 3.9885648E+00 2.9295471E+01
VEL S/C 2.3054621E¢01 8.0627351€+00 2.3354039€E+09 2.4525935E¢01
JHE -4,577887SE+00 -B.6471963E-01 =~1.6531609E+00 4.9368711E400
RAA=190.597 DECA=-19.537 RP= 79961303.13 AP0=152088370.87
A=115024837.00 F= .31083 I= 2,701 NODE=289.382 W=1£0.997
THi=z 181.1 TH2= 4€5.4  OTH= 274.3. TYFE VI 1
JD=2450210.225 VHA= 10,858 VHD= 10.858 MA¥ 6 1996 17, 24, 6.936
ECLIPTIC X : Sy v z TOTAL
R VENUS  =9,8855625€%07 =~4.3159756E407  5.0757894E+05 1.0796594E¢08
v VENUS 1.3770246E401  =3.2254101E401 =1.2521367E400 3.5092942E401
vV S/C A 3.7345814E400 -3.6055856E+01 3.98345A2E-01  3.6250939€+01
VH A -1,0035664E401  =3,8017548E¢00 1.650 bE 6SE+00 1.0857808€+01
y S/C D 3.5638912E400 ~-3.4E€75106F+01 =4.0558956E+00 3.5092942E¢01
JHD -1.0205354E¢01  -2,4210C42E+00 =2.8037599E+00 1.0857808E+01
RCA= 1006746 BTH=252.7 3¢T=  -3744  B%R=  -11980 HCA= 4017.5
RAA= 200.7 DECA= 8.7 SPA= 173.3 EFA= 63.9 CPA= 100.1  TYPEIII I
RAE= 263.5 DECE= =-ke5 RAS= 23.6 DECS= ~2.7
MH = 2755.6 EH= 4.565355 I= 107.0 NODE= 13.0 W= 158.4 TAU= 77.6
A=108209149.3 E=  .296525 Iz 8.3 NODE= 402.5 Wz 54,0 TURN= 24.8
THI= 106.9 THF=z 106.9 OT4= 360. FLT TIN= 224.702

PERIHELION= 76122381.6 APHELICN=140295917.0

JO=2450434.927 VHA= 10.858 VHO= 10.855 O0NEC L7 199¢

10y 14, 28.130

TABLE VII-2 TRAJECTORY PRINTOUT 7-13-94 LAUNCH
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FCLIPTIC X \{ 4 TOTAL

2 VENUS -9,8855625€+07 -443159756E+07 S5.07576894E+06 1.0798594E+08
vV VENUS 1.3770246€¢01 ~3.2254101E¢01 =1§2521367€¢0) 3.5092942E4¢01
J S/C A 3.5638912F+00 ~3.4675106E401° =4.0558966E+00 3.5092942E+01
VHA -1.0206354E¢01 ~2.4210042€900 -2J8037599F+00 1.0857808E¢01
vV S/C D 3,87u5897E+00 ~2.834L8122€+01 -3.4100391E+00 2.8814191E+01
VHD -9,8955558E+400 3.9059797E+00 =241579024E+00 1.0855194E¢01
RCA= 6640.9 RTH=178 .4 8*7= -8980 8%R= 249 HCA= 590.9
RAAz 193.3 OFCA= =-15.0 SPA= 159.,5 EPA= 131,7 CPA= 75.3 TYPE I .
RAE= 59,3 DECE= ~1.3 RAS= 23.6 DECS= -2.7

AH = 2755.6 EH= 341000 I= 165.0 NOOE= 1089.5 W= 258,9 TAU= 72,9

A= 81533692.8 E= «409726 1= 8.3 NODE= 402.5 W= 5.8 TURN= 34.1

THI= 15541 THF= 328.1 DTH= 173.0 FLT TIMN= 89,573

.PERIHELION= 4L8127052.2 APHELION=114940333.4



J0=2450524.500 VHP= S5.9ud MAR 17 1997 0, 0, O. L
FECLIPTIC X \{ : z TOTAL

R MERCURY 4.8145S4LBT7E+07 1.43648796F+07 ~3.1851713€E+0% 5.0339062E+07
Vv MERCURY -2°,3328583€¢01 4.8976989E+01 6.1676254E+00 5.4598607E+01
v S/C =2.5573443E¢ 01 S.4056318E+01 8.2854981E¢00 6.0374191E¢01
MHP -2.2508060CE+0C 5.0793284E+00 2.1178727E+00 5¢9456990E+00
RAAT 113.9 PECA=" 20.9 SPA= 81.9 EFA=  57.9 CPA= 95.9

RAF= 180.5 OECE= 9 RAS=-163.4 DECS= 3.6

EQUATORIAL X ) Y . 7 - TOTAL - -

R MERCURY -4.4153805€E¢07 =2.4175554F +07 ~1.4901161€-03 5.0339062E+07
Vv MERCURY 3.355056EE+01 ~4.3073974E+01 o R 5.4598607E+01
v S/C 3.7022206E+01 ~4e76070617E¢01 1.4824024E+00  6.0374191E+01
VHP 3.47156371€+00 ~4+5036429E¢00 1.4824024E+00" 5.94506990€E+00
RAA= 307.1 OECA= 1w.4 RAS= 28,7 OECS= «0 RAE= 13.0. OECF= =4.2
ME RCURY 0P X Y - 4 : 7 VOTAL

R MERCURY 4.,3320671E¢07 -2.5638656E+407 -1,4901161F-0d 5.0339062E+07
V MERCURY 1.9925451E+n1 5.0832513€E+01 0e ' 5.4598607E+01
v S/C 2.2105794LE+01 5.6162080€¢01 1,L824C24E+00 6.0374191€E+01
yHP 2417934L30E+00 5.3295670E+00 1.4824024E¢00 5.9456990€+00
RAA= 67.8 DECA= 14.4 RAS= 149.4 DECS= ¢0 RAE= $133.7 DECE= =4.2

TABLE VII-2 TRAJECTORY PRINTOUT 7-13-94 LAUNCH (Continued)
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C. 1996 MISSION OPPORTUNITY

The heliocentric geometry for the 28-month.1996 multiple Venus opportunity
is shown iq_Figure VII-5. The flight profile for this triple swingby.mission
departslsignificant;y from the geometries associated with all other multiple
_Venus‘missipns thus féf.idgntified. The trajectory segment from Earth to first
Vénus ﬁﬁngby is Type L. §écond Venus swingby occurs one Venus period later
with both the spacecraft and Venus completing exactly one solar revolution.

Two complete solar revolutions of the spacecraft and one complete solar
revolution of Vgnus occur between second and third Venus encounters. The
combination of Venus positions at the respective swingbys and Mercury position
. at encounter results in a Type I transfer of 135° from Venus to Mercury, rather
than the nearly 180° transfers associated with other high-per formance

opportunities.

Performance parameters for the 1996 mission opportunity are presented
in Figure VII-6 . The behavior of the. relative velocity at Mercury encounter
is unusual in that useful values of relative arrival velocity are achievable
over an unusually wide range of Earth launch dates (1-4 to 2-14). Additionally,
relative swingby velocities at Venus are considerably lower (8.0 km/sec) than
for other multiple Venus swingby opportunities (10.6 tol1.0 km/sec). The
launch energy behavior also differs quite significantly from that of other
missions thus far identified. Not only is the required launch energy
radically reduced from that of other multiple Venus opportunities, but it

also appears to be nearly independent of Mercury arrival date.

A conflict between relative arrival velocity and launch energy is evident
in Figure VII-6. The lower values of arrival velocity occur at the earlier
launch dates while the lower values of launch energy occur at the later launch
dates, where swingby altitude decreases until, at launch dates later than
2;14—96, the useful ballistic trajectories have swingby altitudes less than
the required 250 km. The low launch energy requirements have a dominating
effect upon the mission performance, placing the upper end of the best
performance 15-day launch period at the 2-14-96 launch date, where the swingby_
altitude is constrained at 250 kilometers. Performance for the 1996 triple .

Venus swingby opportunity is shown in Figure I-1. Indicated performance is
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.comparable to that of the high-performance 1994 oppor.tunity.

Tabulated details of a representative ballistic trajectory for the 1996
opportunity are shown in Table VII-3. This representative case has an Earth
launch date of 2-9-96 and a Mercury arrival date of 5-30-98. A description of

the parameters listed in Table VIi-B is included in Section I of the Appendix.
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EARTH AT LAUNCH, 2-9-96

Evi: EARTH AT FIRST VENUS SWINGBY (vl), 6~21-96

EVZ: EARTH AT SECOND VENUS SWINGBY (v2), 2-1-97

EV3: EARTH AT THIRD VENUS SWINGBY (V3), 4-1-98

Ey: EARTH AT MERCURY ENCOUNTER (M), 5-30-98

(1) ONE COMPLETE SOLAR REVOLUTION BETWEEN FIRST AND SECOND
VENUS SWINGBYS )

(2) TWO COMPLETE SOLAR REVOLUTIONS BETWEEN SECOND AND THIRD

VENUS SWINGBYS

Figure VII-5 Heliocentric Geometry, 1996 Multiple Venus Swingby Opportunity
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RELATIVE VELOCITY AT MERCURY (KM/SEC)

35.0 5—29FMEHEHE MERCURY ARRIVAL
5230 DATE, 1998
30, OfshEH
25.0
MAXIMUM DLA = 23,5 DEG (POSITIVE
20.0
6.4 T
224
e
cecciiddes i;;%
6.2 i
6.0
MER ARRIVAL
DATE, 1998 g
: THIRD VENUS SWINGBY ALTITUDE:
5.8 3 ————  >250 KM
<250 KM
5.6
1-4 1-12 1-20 1-28 2-5 2-13 2-21

EARTH LAUNCH DATE, 1996

Figure VII-6 Relative Velocity at Mercury and C3 vs Launch/Arrival
Date, 1996 Multiple Venus Swingby Opportunity
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J0=2450122.500 C3= 21.803 FLY TIM= 133,328 FEB 9 199% 0, 0, 0.
ECLIPTIC X Y 2 TOTAL

R EARTH ~1.1027104€¢08 9,8078381E407 =~9,1132275€+03 1.4757734F+08
V EARTH -2.0284832€E+01 ~2.2359537E+01 2.5523080E~03 3.0189788E+01
VEL S/C ~2.0319608€F+N1 -1.7763165€E+01 =8.,1893C47€E-01 2.7001614E+01
VHE -3.4776287€~02 4.5963723F¢00 -8.,2148278€E-01 4. 6693342E+00
RAA= 90.433 DFCA=z-10.,133 SEVHE= 48,717

EQUATORIAL X Y r4 TOTAL

R EARTH =1.1027104E+08 8.6S89342€E+07 3.8509320€+07 1.4757734E+08
V EARTH ~2.0284832€+01 -2.0515618E401 =8,982254BE+00 3.0189788E+01
VEL S/C ~2.0319608€E+01 -1,5971746E¢01 =7.9078506E+00 2.7001614E+01
VHE “3.4775287€E-02 4e5438717E¢00 1.0744042E¢00 4.6693342€+00
RAA= 90.439 NECA= 13.303 RP= 96095103,72 AP0=152090538.68

A=12409284€.20 E= +225862 I= 1.751 NODE=318.233 W= 26.603

TH1= 153.5 TH2= 291.4 CTH= 137.9 TYFE 1

J0=2450255.828 VHA= 7.832 VHD= 7.852 JUN 21 1996 7, 51, 49,575
ECLIPTIC X Y 2 TOTAL

R VENUS 1.1878005€E+07 -1.0813779E+08 ~2i2242019E+05 1.0861091E+08
v JENUS 3.4574833E+01 3,7021326E+00 =1.9375489E+00 3.4826L11E+01
V S/C A 3.5339530€+01 1.0956256E+01 9.6959799€E-01 3.7011564L7E+01
VH A 7.6459683€-01 7.2541231E+00 2490714 69€E+00 7.8522969E+00
v s/« 0 3.287423G€E+01 1.13652€8E+¢01 <=1.7304912E+00 3.4826411E+01
JdHD -1.7006024E+00 7.6631355€+00 2.0705775€-01 7.8522969€+00
RCA= 17221.5 BTH=314 .2 B*7= 15250 B%R= -15668 HCA= 11171,5
RAA= B84.0 DECA= 21,7 SPA= 23.8 FPA= 152.8 CPA= 98.4 I

RAE=z 251.8 DECE= 2.8 PAS= 98,3 CECS= 1.2

AH= 5268.7 EH= 4.28864 I= 4%9.6 NOOE= 283.8 W= 137.4 TAU= 76.5
A=108209145.2 E= «220330 I= 3.4 NODE= 436e1 W= 304.3 TURIN= 27.1

THI= 255.9 THF= 265,9 DTH= 360. FLT TIM= 224.702

PERIHELTON= 843567434.2 APHELION=13205085€.3

JD=26t50480.529 VHA= 7.852 VHD= 7.852 FE8 1 1997 0, 42, 7.693

ECLIPTIC 4 A4 )4 TOTAL

R VENUS 1,1878005€+07 -1,0813779E+08 ~2.2242019E+05 1.0881091E¢+08
v VENUS 3.4574833F+01 3.7021326E¢00 =1.937548SE+00 3.4826L11E4+01
vV S/C A 3.2874230E+01 1.1365268F+01 =1.7304912€409 3.4826411E401
VHA =1,7006024E€E+00 7T.6631355€+00 2.0705775e-01 7.8522969E+00
vV sS/CD0 2.7973678E+01 7.9316824E+00 ~=1.4970843E+00 2.9114936E¢01
JHD -6.6011547E+00 4,2295498E+00 LeQuEH62€-01 7.8522828E+00
RCA= 8548.8 8TH= 3.0 B*T= 1?2756 g*R= 878 HCA= 2498,.8
RAA= 102.5 NECA= 1.5 SPA= E.3 EPA= 12,9 CPA= 77.3 TYPE VI I

RAE= 116.3 NECE= «5 RAS= Q6.3 CECS= 1.2 -

AH= 5268.7 EH= 2.62256 I= 3.4 NODE= 70641 W= 4.0 TAU= &7.6

Az B83380777.4 E= «34300% I= 3.4 NODE= 436.1 W= 1.0 TURN= 44.8

THI= 199.2 THF= 319.5 O0TH= 320.3 FLY TIM= 424,422
PERIHELION= 54780730.3 APHELICN=111980824.5

TABLE VII-3 TRAJECTORY PRINTOUT 2-9-96 LAUNCH
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TABLE VII-3 TRAJECTORY PRINTOUT 2-9-96 LAUNCH (Continued)

76.7 DNECA= -31.3 RAS= 145.0 DECS=

109

JD=2450904.951 VHA= 7,830 VHD= 7.830 APR 1 1998 10, 49, 55.609 -

FCLIPTIC X v 7 TOTAL

"R VENUS  -5.9631630E¢07 =-9.0502188F¢07 2.1429133€405 1.0840281E+08

v VENUS 2.899811€E+01  ~1.9L26385E+401 =1.9460S05€¢01 3.4958007E+01

V S/C A °  2.1210536E+01  =-2.0117250E¢01 ~1.5074058E¢00 2.9272219E¢01

VHA -7.7875814E¢00 -5.9086535€-01 L. 386ULETE-DL 7.8304615€400

v's/cn 2.361018CE+01  =1.3752827E401 =2.2582440E+00 2.7416793E+01

VHD  ~  =-5,3879353€+00 5.6735580E¢00 ~—3.1219355€-01 7.8306R99E+00
| RCAZ 6827.0 BTH=185.4 8%T=  <10857 -  3*R= -1035 HCA=  777.0

RAA= 185.1 DECA=  X,2 SPA= 128.5 FPA= 4i.4 CPA= 90.9 TYPF I

RAE= 1%43.9 DFCEZ =-1.1 PAS= 56.56 DECS= -1.1 ' C

AH= 5208.1 EH= 2.28858 T= '173.7 NONE= 334.6 W= 123.5 TAU= 64.1

A= 78212198.5 €= ©389519 Iz 4.8 NOOE=z 430.2 W= 341.2 TURN= 51,8

THI= 185.1 THF= 320.6 NTH= 135.5 FLT TIM= 58,549

PERIHELION= 47747060.1 APHELION=108677337.0

JD=2650963.500 VHP= '5.170  MAY 30 1958 0, 9, O.

ECLIPTIC X N Y _ 7 ToTaL

P MERCURY 4.9718011E¢07 1.0731146E¢07 =~3.56268903E406 - 5.0992082E407

v MERCURY -1,9675323E¢N1 4.9213895E+01 5.9133943€400°  5.3976694E+01
W S/C -2.2862201E+01 5.4538351€401 3.35806803E+00 5.9231696E¢01
T ~3.1868780E400 4.626046STE+0D ~ =2.554 7140E+00 6.1639626E+00
“RAAT 12446 OECA= -24.5 SPA= 71.6° FFA= 108.3 CPA= 52.4

RAE= 234.2 DECF= 1.1 RAS=-167.8 DECS= 4.1

‘EOUATOPIAL X Sy z TOTAL

R MERCURY 4.3897345€+07 ' .2.5946297E+07 ~2,9802322E-08 5.0992082E+07

V MERCURY -3.4905866E+01 - 4.1171133E¢01 5.6643419E-14 5.3976694E+01

v s/C -3.9079411E+01 4.4395250E401 =3,2023708E¢00  5.9231595E¢01

VHP - =4 1735L26E¢00 3.2240989E¢00 -3i2023708E+00 6.1699626E+00

RAA= 142.3 DECA= =-31.3 RAS=-149,% OECS: _ .0 RAE= 252.6 OECE= . 1.3

ME RCURY 0P X vy oo 2 ; TOTAL

R MERCURY 4,175542CE+07 =2.9269051E¢07 =2.9802322E-08 5.0992082E+07

¢ HERCURY 2.3067013F+01 4.8730005Ee04 5664 19F-14 5.397669LE+01

v s/C 2.4300392E+01 5.,3922640E¢01 =-3.2023708E+00 5.9231695F+01

VHP 1.2133787€400 5.1323457€400  ~=3,2023708F+00 6.1699626E+00
T RAAE .0 RAE= 187.0 OFCE= 1.9



D. 1999 MISSION OPPORTUNITY

The 1999 m1381on opportunity represents the only multiple Venus mission
identified to date which incorporates four Venus. sw1ngbys. The geometry'of
this 39-month mission is similar to the 1983 heliocentric profile, with the
addition of an extra Venus swingby to accommodate planet phasing, as indicated
in Figure VII-7. An‘extra-phasing revolution is also, incorporated prior to
the first Venus swxngby ~ Successive swingbys are displaced in time by exactly
one Venus period w1th Venus at the same ecliptic longitude at each _encounter.
The extra ph381ng orbit prior to the first swingby and the inclusion of a
total - of four Venus sw1ngbys account for the long flight duration As a result,

. Mercury encounter occurs late in the year 2002.

ferformance parameters for the 1999 mission opportunity are presented in
Figure, VII-8. The maximum relative arrival velocity for the best 15-day
launch period is comparable to that of the 1994 mission, with nearly equivalent
launch energies Verified minimum mission performance, therefore is. almost as
high as that for the 1994 multiple Venus opportunity (fig. I-1). A Mercury
arrival date of 9-30-2002 appears to yield near-optimum performance over the

“entire best 15-day launch interval.

Tabulated details of a representative,ballistic trajectory for the 1999
opportunity are shown in Table VII-4. The Earth launch date is 7-13-99
with a Mercury arrival date of 9-30-2002. Section 1 of the Appendix contains

the print key which defines each of the listed parameters.
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E : EARTH AT LAUNCH, 7-13-1999

Evl: gARTH AT FIRST VENUS SWINGBY (V1)’ 8-26-2000

EVZ: EARTH éT SECOND VENUS sWINqBY (Vz), 4-7-2001

EV3: EARTH AT THIRD VENUSASWINGBY (V3), 11-18-2001

EV4: EARTH AT FOURTH VENUS sw;NGBY (v,), 7-1-2002
E,: EARTH AT MERCURY ENCOUNTER (M), 9-30-2002

(1) ONE COMPLETE SOLAR REVOLUTION BEFORE FIRST VENUS SWINGEY
(2) ONE COMPLETE SOLAR REVOLUTION BETWEEN EACH VENUS SWINGBY

Figure VII-7 Heliocentr:ic Geometry, 1999 Multiple Venus Swingby Opportunity
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JD=2651372.500 C3= 25,490 FLY TIM= 410.361 JUL 13 1999 0, 0, O.
ECLIPTIC X Yy Z TOTAL

R EARTH Le937L133E+07 -1.4383868E¢08 1.5617077E¢04 1.5207685E+08
J EARTH 2.7687755E+01 9.570654u5E+00 =~1.38673278E-03 2.9295208E+01
VEL S/C 2.2915850E+01 8.39506636E+00 -1.1580571€+00 2.44328506E401
VHE ~4e7718049E«00 -1.1749909€+00 -1.156€698E+00 5.0u487192E+00
RAA=193.833 DECA=-13.244 SEVHE= 94.978

EQUATORIAL X A4 )4 TOTAL

R EARTH bo9374L13IIECD7 -1.3197710€¢08 =5+.6959765E+07 1.5207686€E4+08
V EARTH 2.7687755E+01 8,7815536E¢00 3.938€801E+00 2.9295208E+01
VEL S/C 2.2915850€+01 8.1635780E+00 203871427€+00 2.4432856E+01
VHE ~4e771904SE4DO ~6.1797561E-01 =1.5515375€+00 Se0487192E+00
QA A=187,.379 DECA==-17.872 RP= 78985915.09 APO=152146020.93

A=115565968.01 F= 31653 I= 2.717 NODE=289.0869 W=182.415

THi= 182.5 TH2= 4E6.7 OTH= 274.2 TYFE Iv I

JO=2451782.841 VHA= 11,083 VHO= 11.083 ALG 26 2000 8, 11, 13.056

ECLIPTIC X Y z TOTAL

R VENUS -9.9197151E+07 -4.2350997E+07 5¢1061077E+06 1.0798034E+08
v VENUS 1.3509018E+01 -3.2366853F¢01 ~1.2390403E+00 3.5094757E+01
vV S/C A 3.1864630E+00 -3.6067047€401 4.1599504E-01 3.56190002E+01
VH A -1.0322555€+01 -3.6801944E¢00 1.6550354E+00 1.1083235E+0¢
v s/«C 0D 2.8646w25E+00 ~3.4975199F+01 4.1381075€-01 3.5094757E¢01
dH0 ~1.06L4375F¢01 -2,6083459F¢00 1.65208511E¢00 1.1083235E+01
RC A= 49737.5 8TH=179.7 B¥T= -523146 A*R= 2956 HCA= 43687,5
RA A= 199.6 DECA= 8.6 SPA= 173.,2 EPA= 152.6 CPAx 99,6 TyPg I

RAE= 353.1 DECE= <«1.2 RAS= 23,1 CECS= -2.7

AH= 264W4.6 EH= 19.80703 Iz 171.4 NODE= 287.5 W= 85,0 TAU= 87.1
A=10820914¢,3 €= «316652 I= 2.7 NOOE= 109s1 W= 346.0 TURN= 5.8

THI= 108.1 THF= 10841 DTH= 360, FLT TIM= 224.7%02

PERIHELION= 73966190.3 APHELION=142452108.3

JO=2452007.5L43 VHA= 11.033 VHO= 11.083 APR 8 2001 1, 1, 32.26k
ECLIPTIC X Y z TOTAL

R VENUS -9.,9197151€+07 =4.2350997€+07 5.1061077E+06 1.079803uE+08
vV VENUS 1.350901€€¢01 ~3.2366853E¢01 =1623906L03E+00 3.5094757E¢01
v S/t A 2.8646425E%00 -3.645975199E+01 Le1381075E-01 3.5094757€+01
VH A ~1.064L375E+01 -2.5083459E+00 1.6528511E¢00 1.1083235E+01
v S/C D 2.7419258E+00 ~3.4943253E+01 =-1.7586599€E+00 3.5094757F+01
VHO =1.0767092€E+01 =2.5763997E+00 -5(1961959€~01 1.1083235€E+01
RC A= 26293.5 BTH=268.4 Bs7= =746 a*R=x -267948 HCAx 18263.5
RAA= 193.8 DECA= 8.6 S?A= 169.0 EFA= 1¢.3 CPA= 88,2 TYPE 1

RAE= 181.8 DECE= <-6.6 PAS= 23,1 DECS= -2.7

AH= 20ULbe6 EM= 10.18501 I= 91.6 NODE= 13,5 W= 165.8 TAU= Biu.&
A=108209146.3 €= «316360, I= 4.8 NOOE= L1756 W= 235.4 TURN= 11.3

THI= 108,1 YHF= 10B.]1 DTY= 360, FLVT TIM=z 2264.702

PERIHELION= 73973976.2 AFPH

ELION=14264432240

TABLE VII-4 TRAJECTORY PRINTOUT 7-13-99 LAUNCH
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JO=2452232.244 JHA= 11,083

VHD= 11.083
Y

NC¥ 18 2001 17, 51, 51.472

ECLIPTIC X 2 TOTAL

R VENUS  =9,9197151E#07 <~-4.2350997E+07 5.1061077€E+06 1.0798034E+08
vV VENUS 1.3509012E¢01 -3,2356853E%01 ~1J23904L03E+00 3.5094757€¢01
4 S/C A 2.741925PE+00 -3.4943253E+01 =1.758€599E+00 3.5094757E+01
VHA -1.0767092E¢01 -2.5763997€¢00 =3/1961959€6-01 1.1083235E¢01
v S/C D 3.0182859E+00 -3.6745623E¢01 =3,9081427E+00 3.50964757E¢01
VHD -1.0490732E¢01 <=2.3787701E¢0.0 <=2456691024E+00 1.1083235€E¢01
RCA= 24293.5 BTH=266.6 gev= -1583 ez  -26761 HCA= 18243.5
RAA= 193.5 QFCA= <~2,7 SPA= 168,9 EPA= 151.5 CPA= 87,2 TYPE I

RAE= 41,7 DECEx <~1.,2 RAST 23,1 OECS= -2.7

AH= 26L4L .6 EH= 10.18501 Iz 93.4 NODE= {13.6 W= 177.1 TAUz 8u4.4
A=108209149,3 F= 304041 I= 8.1 NODE=z 402.7 W= 25043 TURN= 11.3

THI= 270.0 YHF= 270.0 DTH= 360, FLT TIM= 224.702

PERIHELION= 75309142.3 APHELICN=14110915€.3

JD=2452456.946 VHAx 11,083 VHO= 11.082 JLL 1 2002 10, 42, 10.680

ECLIPTIC X Y , bd TOTAL

R VENUS  =9,9197451E407 =4L,2350997E+07 5.1061077€E+06 1.0798034E+08
v VENUS 1.3509018E¢01 -3,2366853E¢01 =1.2390403E+00 3.5094757€+01
V S/C A 3.0182850E4¢00 -3.4745623E+04 =3,9081427€¢00 3.5094757€E¢01
VH A -1.0490732E¢01  =2.3787701E400 <=2.6691024E+00 1.1083235€401
vVsS/co 3.3u80458€E400  ~2.8510264E¢01 ~3.4073031E+00 2.8907685E¢01
JHD ~1.0160971E+01 3.85658S4EC00 <=2.1682620E+00 1.1082417E+01
RCA= 6713.4 8TH=179.3 B8*T= ~8976 3%R= 116 HCA=  663.4
RAA= 192.8 DECA= -13.9 SPA= 160.4 EPA= 123.6 CPA= 76.1 I

RAE= 318.1 DECE= ~1,8 RAS= 23.1 DECS=z -2.7

AH = 26446 EHz  3.5335%1 I= 166.0 NODE=z 105.8 W= 256.5 TAU= 73.6

A= 81798495,2 E= «412615 = 8.3 NODE= 402.1 W= 6.7 TURNz 32,8

THI= 15442 THF= 326.1 DTH= 171.9 FLT TIN= 90,354

PERIHELION= 480472135 APHELION=11554977€.9

J0=2452567.500 VHP= 5,029 SEP 30 2002 0, 0, 0.

ECLIPTIC X Y b4 TOTAL

R MERCURY .8722016E+07 1.3102915€407 =3J3397356E+05 5.0563575€+07
v MERCURY -2.2060069E+01 4.9335153F¢01 6.0820920E000 S.4383782E+01
vV 's/C ~2.4517553E+01 S.4335182E401 8,27378 30E+00 6.0223750E+01
WHP ~2.5574B8LGE+00 5,0010296E+00 2.1916910E+00 6.0294749€+00
RAA= 117.1 CECA= 21.3 SPA= 77.4 EPA= 113,9 CPA= 97,5

RAE= OECE= 1.9 RAS=-164.9 DECS= 3.8

EQUATORIAL X Y 2 TOTAL

R MERCURY 4.1868039F+07 2.8350352€¢07 ne. 5.0563575E+07
¥V MERCURY =3.7u31361E+01 3.9452363E401 2,8421709E-104 5.4383782€+01
v S/C ~4.170403EE* 01 4Le3L2N2EBE+01L 1.53644650E400 6.0223750E+01
VHP ~4,272676LEND 3.9678943E¢00 1.5344550E+00 64 029L719E+00
RAA= 137.1 DECA= 14,7 RAS=-145,9 DECS=z =0. RAE= 20.1 DECE=x 7.0
ME RCURY 0P X _ \{ 2 TOTAL

R MERCURPY 4,2841579E4P7  =2,6856549E407 0. 5.0563575E+07
V MERCURY 2,097993CE+01 S.0174080E+01 2.8421709E-14 S.4383782E¢01
¢ S/C 2.2088L841E 01 5.5685093E¢01 1.534w650E+00 6.0223750E401
VHP 1.8049111E+00 5.5110128€¢00 1.53446350E¢00 6.0294719E+00
RAA= 70.9 DECA= 14.7 PAS= 147.9 OFECS= -~0. RAE= 313.,9 OECEs 7.0

TABLE VII-4 TRAJECTORY PRINTOUT 7-13-99 LAUNCH (Continued)
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APPENDIX 1. TRAJECTORY TARGETING PROGRAM

As described in the original Handbook (NASA CR-2298) all tabular trajectory
~data presented in this document were genérated'wiﬁh the MMC computer program
:AIMS (Advanced Interplanetary Mission Search). The only differences involve

multiple Venus swingby dates and the bptioh for a midcourse velocity maneuver,
the’strategy for which is described in Section IV-C. Selected trajectories

from the 1985 opportunity with midcoursé velocity maneuver and the 1983 and 1988
multiple Venus swingby opportunities which define the best performance 15-day ‘
launch period are tabulated in detail in Sections III through V. One sample
tréjécfpgy from the 1980 singie swingby wi;h midcourse maneuver and the 1980,
1991, 1994, 1996, and 1999 multiple swingby opportunities is shown in Sectioﬁs
II and VII. The table below defines each parameter in that tabular data. The
number of print blocks for each trajectory depends on the number of planet -
encounters and maneﬁvers. All units are km, kg, dégrees, and seconds unless

otherwise specified.

TABLE A-1
PRINT KEY FOR TABULAR DATA

- - - LAUNCH BLOCK - - - '

JD = Julian Date at launch

C3 = Twice the required launch energy

FLT TIM = Time from Earth to Venus (days)
Calendar Date: Monfh; day, year, hour, minutes, seconds

(The next six parameters are defined in ecliptic and equatorial coordinates)

R Earth = Radius from Sun to Earth at launch

V Earth = Velocity of Earth in Heliocentric coordinates )

VEL S/C = Velocity of Spacecraft (S/C) in Heliocentric coordinates

VHE = Earth Relative Departure Velocity

RAA = Right Ascension of VHE

DECA = Declination of VHE (DECA in equatorial coordinates is
commonly DLA). _ o _ -

SEVHE = Angle between Earth-Sun line and VHE (departure asymptote).

RP = Perihelion of Earth-Venus (E-V) leg .

APO = Aphelion of E-V leg _ R



TABLE A-1 (Continued)

= Semi-major axis E-V leg

= Eccentricity of E-V leg

(The following three parameters are defined in the ecliptic).

I = Tnclination of E-V leg

NODE = Right Ascension of the ascending node of E-V leg
W . = Argument of periapsis of E-V leg

THL = Initial true anomaly of E-V leg

TH2 "~ - Final true anomaly of E-V leg

DTH " = TH2 - THL

TYPE DEFINITIONS

I - 0<DTHKI180
II - 180 < DTH < 360
III - 360 < DTH < 540
IV - 540 < DTH < 720
V - 720 < DTH < 900
VI - 900 < DTH < 1080

If type is greater than two, a second Roman Numeral occurs.

I - indicates the left~-hand solution
I1 - indicates the right-hand solution

from the Lancaster~Blanchard formulation of Lambert's Theorem.

- - - SWINGBY BLOCK - - -

Jb

Julian Date at Venus closest approach

VHA = Venus relative approach velocity
VHD = Venus relative departure velocity
Calendar Date: Same as Launch Block

R Venus = Radius from Sun to Venus

V Venus = Heliocentric velocity of Venus

V s/C A = Heliocentric S/C approach velocity
vV s/CD = Heliocentric S/C departure velocity
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TABLE A-1 (Continued)

RCA = Radius of cloéest approaéh to Venus

BTH = B-plane aiming angle ©

B-T = B-plane B-T

B-R = B-plane B'R

HCA = Altitude of closest approach to Venus Surface (6050 km

Radius).

DATA PRESENTED IN ECLIPTIC COORDINATE SYSTEM (TRANSFERRED TO VENUS, PARALLEL TO
ECLIPTIC)

RAA = Right ascension of VHA (asymptote)

DECA = Declination of VHA

SPA = Sun-Venus-Asymptote (VHA) angle = 180-ZAP

EPA = Earth-Venus-asymptote (VHA) angle = 180-ZAE

CPA = Canopus-Venus-Asymptote (VHA) angle

TYPE = Same as Launch Block but for Venus-Mercury leg

RAE = Right ascension of Earth from Venus

DECE = Declination of Earth from Venus

RAS = Right Ascension of the Sun from Venus

DECS = Declination of the Sun from Venus

AH = Semi-major axis of Venus relative hyperbola

EH = Eccentricity of Venus relative hyperbola

I = Inclination of Venus relative hyperbola

NODE = Right ascension of ascending node of Venus relative
hyperbola

W = Argument of periapsis of Venus relative hyperbola

TAU = Angle between RCA and VHA at Venus

A,E,I, NODE, W = Same as Launch Block but for Venus-Mercury (V-M) leg

TURN = Turn Angle relative to Venus

THIv = Initial true anomaly for V-M leg

TH% = Final true anomaly for V-M leg

DTH = THF-TH1 for V-M leg

FLT TIM = Flight time of V-M leg (days)
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"TABLE A-1 (Continued)

PERIHELION Of V-M leg -
APHELION 0f V-M leg

- - - VENUS-SPHERE-EXIT MANEUVER BLOCK - - -

DV.: . _ = AV .
~ » v
Includes minimum allowable and actual RCA at Venus.

- - - MIDCOURSE MANEUVER BLOCK - - -

JD = Julian Date at Maneuver

DEL V = Midcourse Velocity Maneuver

CALENDAR DATE = Same as Launch Block

RADIUS | = Radius from Sun to Maneuver

vV S/C B = Heliocentric S/C Velocit& Before Maneuver
V S/C A = HeIi;cehtric S/C Velocity After Maneuver
DEL VEL = Midcourse Velocity Maneuver

A,E,I,NODE,W

RP, APO = Same as Launch Block but for Maneuver-Venus Leg
TH1, TH2, DTH

THPE .

- - - ENCOUNTER BLOCK =~ - =

JD -+ ° - = Julian Date -at Mercury encounier

VHP i = Mercury approach velocity

Calendar Date: See Launch Block

Data presented in 3 coordinate systems

ECLIPTIC- - Transferred to Mercury, Parallel to Ecliptic

EQUATORIAL - Rotating Relative to Mercury Prime Meridian.

MERCURY OP - Orbit plane with X-axis toward Mercury's ascending node
(SP-35 Handbook Series used Mercury Perihelion Referehce)

R-Mercury = Sun-Mércufy‘vector ‘

V-Mercury = Heliocentric velocity

vV S/C = Heliocentric S/C velocity
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TABLE A-1 (Continued) :

VHP , | . = Mercury relative S/C approach velocity

RAA = Right Ascension of VHP

DECA ’ = Declination of VHP

SPA | = Sun-Mercury-Asymptote (VHP) angle = 180-ZAP
EfA ) = Earth-Mercury-Asymptote angle = 180-ZAE

CPA = Canopus-Mercury-Asymptote angle

RAE - = Right ascension of Earth from Mercury

DECE = Declination of Earth from Mercury

RAS = Right ascension of Sun from Mercury

DECS = Declination of Sun from Mercury

o
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2. Midcourse Maneuvers

The nature of planetary geometry misalignments for both the 1983 and 1988
multiple Venus mission opportunities suggests that midcourse maneuvers of the
type incorporated in the 1985 opportunity (Sec. IV) might have application to
these multiple swingby missions. The performance improvement potential of such
maneuvers as applied to the 1983 and 1988 multiple Venus opportunities is the
subject of this section.  Investigation of midcourse maneuvers has led to a
much better understanding of multiple-Venus flight techniques and an
appreciation for the necessity of complete understanding of Venus arrival/

departure characteristics.

In general, midcourse maneuvers may be used to alter ballistic trajectories
in a number of ways. The discussion which follows concerns only maneuvers
executed near spacecraft orbit perihelion or in the vicinity of Venus and
designed to modify purely ballistic geometries. Maneuvers designéd to correct
for out-of-plane effects (broken-plane maneuvers) are not considered here.
Midcourse maneuvers on both the Earth-Venus and Venus-Venus trajectory segments
of the 1983 opportunity and on the Venﬁs-Venus leg of the 1988 opportunity are

treated,

The discussion of maneuver effectiveness is based primarily upon the Venus
arrival/departure characteristics presented in Figures A-1 through A-5. These
figures are indispensable for evaluating mission performance improvement
potential of midcourse maneuvers and are useful in understanding planetary
geometry conditions which affect multiple Venus mission performance. Mid~
course maneuver potential is estimated by using these figures to assess the
change in spacecraft relative velocity magnitude at Venus swingby required to
effect a reduction in relative arrival velocity at Mercury for a given Mercury
arrival date. The.required change in relative velocity at Venus swingby,ZSVHV,
may be'gccomplished with the use of a maneuver in the vicinity of Venus (ZSVV),
executed entirely as a powered swingby maneuver. For such a maneuver, the
magnitude required to effect a change in swingby relative velocity magnitude
is equal to ZSVHV. However, the same change in VHV may, in general, be
accomplished with less maneuver requirement when the maneuver is executed prior

to Venus swingby near perihelion of the pre-Venus trajectory. The effect of
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such a midcourse maneuver (ZSV ) upon VH may be determined analytically.
Typically, a value for. ZSVHV/ZS Mc ©f about 2 can be realized, as compared to
ZSVHV/ISV = 1 for the powered swingby maneuver at Venus. Midcourse velocity
maneuver effect upon arrival relat1ve velocity at Mercury may then be determined
by evaluating AVy,/AVye =2§;E% iSvﬁg . This approach will first be used to
evaluate mission improvement potential of midcourse maneuvers for the 1983
multiple Venus opportunity. A comparison of midcoﬁ;se maneuver effectiveness

vs AV, effectivehess will then be made for the 1988 multiple Venus opportunity

using a similar approach. ;

Venus arrival/departure characteriétics for the 1983 mission are presented
in Figures A-1 and A-2. Figure A-1 ;ontains the information associated with
Type I Venus-Mercury transfers, while Figure A-2 corresponds to Type II Venus-
Mercury transfers. The best-perfofmance launch period identified in Section
ITI-2 consists entirely of the Type I transfer geometry. Although Type II
ballistic solutions do exist over the same range of launch dates, they
represent higher values of VHM than the Type I solutions. As shown in Figure
A-1, the intersections of the Earth-Venus trajectories with the Type I Venus-
Mercury ﬁrejectories result in near-optimdm Mercury arrival velocities. For
example, the Earth-Venus ballistic trajectory with launch date of 7-8-83
intersects the Venus-Mercury ballistic trajectory with Mercury arr1va1 date of
2-15-86 at a third Venus swingby ‘date ‘of about 11-18- 85. The relatlve
arrival velocity for a 2-15-86 Mercury date corresponding to tﬁis final-
swingby date' is about 6.5 km/si However, if a final-swingby date of 11-

20-85 is used, a,VHM of 5.9 kﬁ/s results. The ballisﬁic Venus-Mercqry
trajectory for this swingﬁy date and Mercury arrival date of 2-15-86
corresponds to a value of Vyy =¢iO.é km/s. For an Earth launch date of 7-8-83,
the ballistic value of V 1 on the 11—20-85-swingby date is 10.9 km/s. This
represents a balllstlc mlsmatch in Venus arrlval/departure veloc1ties onSVHV
~0.5 km/s. Since AV V/Z&VV—l about 500 m/s is requlred if the mismatch is
to be corrected by the application of a maneuver at Venus Thus AVHM/AVV

~1, 2 for this Mercury date.
As stated previously, the ballistic mismatch at Venus swingby may also be
corrected with the use of zvaC. Analytica} assessment of ZSYHV/ZSVMC for

{
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RELATIVE VELOCITY AT MERCURY (KM/SEC)

RELATIVE VELOCITY AT VENUS. (KM/SEC)

10.0 HHMERCURY ARRIVAL
DATE, FEB., 1986
1314 1 5316 7 8!
8.0HH x ¥
N : :: o T e =
] ra H - 1T o O
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6.0 N T wa
oy
FEFREEEE TR EEETT
MERCURY ARRIVAL
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14.0 : R
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f —————— VENUS-MERCURY TRAJECTORIES :
E - ~ - - EARTH-VENUS TRAJECTORIES
8.0

11-12 11-16 11-20 11-24 11-28 12-2

THIRD VENUS SWINGBY DATE, 1985

Figure A-1 Venus Arrival/Departure Characteristics, 1983 Multiple
. Venus Swingby Opportunity (Type I Venus-Mercury Transfer)
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this opportunity yields a value of 1.8 when.the midcourse maneuver is used
prior to first swingby on the Earth-Venus leg-and 2.1 when the maneuver is
used between Venus swingbys. Thﬁs, the maximum advantage of the midcourse
maneuver in reducing relative arrival velocity at Mercury is ZSVHM/ZSVMth 2.5.
This value is a representative value for the various launch and arrival dates
shown in Figure A-1, and is comparable to that for the 1985 opportunity with
midcourse maneuver (Sec. IV), where the maneuver represented a very efficient
means of imbroving mission performance. A similar maneuver used on either the
Earth-Venus leg or between Venus swingbys for the 1983 opportunity has the

same initial effect in reducing V However, the amount that the ballistic

M-
values of Vpy may be reduced in 1983 is small compared to 1985. Thus, the
midcourse maneuver represents only modest potentiai for improvement of the near-

optimum ballistic performance.

The Venus arrival/departure characteristics corresponding to Type II Venus-
Mercury transfers for the 1983 multiple Venus opportunity are shown in Figure
A-2. The ballistic Earth-Venus trajectories which match these ballistic Type
IT Venus-Mercury trajectories result in high values of relative arrival
velocities for the Earth launch dates and Mercury arrival dates shown.

Shifting swingby date to that corresponding to minimum VHM b§ using a midcourse
maneuver on either the Earth-Venus leg or between Venus swingbys requires aZSVHV
of nearly 0.8 km/s in all cases shown. This requires 800 m/s AVy or about 400
m/sZKVMC. The minimum relative arrival velocities which can be achieved are

not as low as those which can be.realized using the Type I Venus-Mercury
transfer geometry discussed earlier. Therefore, use of a midcourse maneuver
with the Type I geometries does not represent a favorable‘option,;éince lower
arrival velocities may be achieved for less maneuver requirement Qéing the

Type I geometry. ’ o
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THIRD VENUS SWINGBY DATE, 1985

Figure A-2 Venus Arrival/Departure Characteristics, 1983 Multiple

Venus Swingby Opportunity (Type II Venus-Mercury Transfer)
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Assessment of midcourse maneuver potential.for increasing mission
performance for the 1988 mu1t1p1e -Venus opportunlty is compllcated by the
existance of .an altltude constraint at first-Venus sw1ngby (see Sec. V). The
Venus arrival/departure characteristics for this mission are presented in
Figures A-3 through A-5. Figure A-3 shows the nature of the altitude
constraint at first-Venus swingby for several values of closest approach
Venus altitude (HCA’) Figure A-3 also deplcts lines of constant first swingby
date as well (as contours of constant launch energy As shown by Figures A-4

and A-5, the balllstlc traJectorles from Earth to Venus which‘match ballistic

traJectorles from Venus to Mercury ‘have sw1ncby altitudes at flrst Venus swingby
of less than 250 km (assumed to represent a minimum practical value). Con-_
sequently, a raolus-adjust maneuver is required over the entire launch period
identified in Section V. The Mercury arrival velocities for this opportunity
are near-optimum due to relatively good matches in arrival/departure conditions
at second Venus swingby.__It'is-the altitude constraint at first swingby with
the associated radius-adjust haneuveri(ANV) which prevents mission performance
fromlreaching maximum potential. Thereﬁore, use of a near-perinelion maneuver

was investigated as an alternate flight technique.

This analysis considered only ballistic trajectories from Earth to first
Venus swingby which permit swingby altitudes greater than 250 km. In this
manner, Z}VV manettvers to adjust swingby radius could be eliminated entirely
and the effects of the midcourse maneuver assessed independently. >Only mid-
course maneuvers near perihelion of the Venus-Venus trajectory were considered,

since the option of ‘using a near-perihelion maneuver does not exist for the

Type 1 Earth—Venus.trajectory.

Referring to the ballistic Earth-Venus trajectories and the Type II Venus-
Mercury trajectories shown in Figure A-4,lit is desired to use ballistic Earth-
Venus trajectories that lie within the region of acceptable altitude at first
swingby (HCA,, 2 250 km). This establishes the permissable ballistic combi-
nations of relative velocity (VHV),_first Venus date, and second Venus date.
The midcourse maneuver may then be used oetween Venus grauity assists to
decrease relative velocity at second swingby in order to match ballistic Venus-

Mercury trajectories which have low Mercury arrival velocities.
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For example; thé Mercury arrival date of 3-27-90 reaches a minimum value of

VHM = 6.15 km/s ?orwa second swingby date of 8-3-89. The value of VHV on this
'daFe is 10.75:km/s._ The swingby relative velocity for the ballistic Earth-
Vehus trajectory with HCAy = 250 km on this date is 11.3 km/s, 550 m/s greater
thah the desired VHV' Thus .a 550 m/s maneuver‘(ZSVV) at second Venus swingby
would be required to match arrival/departure velocities for this date.
Analytical assessment of ZSVHV/ZSVMC for the near-perihelion maneuver yields a
value of 3.5. (This unusually high value is due to the low perihelion radius

of the Venus-Venus leg for this mission.) Therefore, a ZSVMC of about 160 m/s

is required to achieve minimum V. for a Mercury arrival date of 3-27-90.

Simiiarly, Mercury arrival datesﬂgf 3-25, 3-26, and 3-28 require maneuvers of
about 270 m/s, 230 m/s, and 150 m/s respectively. These, values are comparable

'to the values of ZSVV required when powered swingby maneuvers are executed at

first Venus swingby to constrain swingby altitude. As a result, the use of the

midcourse maneuver, AV offers no significant advantage over the use ofl&Vv.

MC’
The Venus arrival/departure characteristics for the Type I Venus-Mercury
transfers are shown in Figure A-5. Analysis similar to that used above for the
Type II geometry could be presented to evaluate midcourse maneuver effectiveness

for the Type I geometry. However, it is clear from the figure that the mis-
matches (ZSVHV) in Venus arrival/departure velocities are even greater than
those for the Type II transfers. Consequently, greater ZSVMC magnitudes would

be required and midcourse maneuvers would be even less effective,

In summary, the use of midcourse maneuvers on the Earth-Venus or Venus-
Venus trajectory segments of the 1983 opportunity have -a modest potential for
improving mission performance when used with the Type I Venus-Mercury transfer
geometry. Midcourse maneuvers on the Venus-Venus,leg of the 1988 opportunity
have about the same advantage in producing low Mercury arrival velocities as
the powered swingby maneuver at Venus. Since use of the midcourse maneuver
technique does not significantly improve performance for these missions, no

s

three-planet comphter analyses were conducted.
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RELATIVE VELOCITY AT MERCURY (KM/SEC)

RELATIVE VELOCITY AT VENUS SECOND SWINGBY (KM/SEC)
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