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AHHOTAIIUAL.
B pamkax 3amauu derbipex Tea (3emuis-JIlyna-CoJsiHIe-T0UKa) NMPeACTABIEHbI Pe3yJbTaThl
HCCJIeI0BAHMS JIYHHBIX TpaekTopuid 3emisi-JIyna u Jlyna-3emJiss HOBOro, «00X0AHOT0>» THIA.
JlaHHbIe TPAEKTOPHUH HMEIOT OTJIeT OT 3eMJIM Ha 0obIIoe paccrosHue (okoJo 1,5-10°% km),
rae nox BiausinueM CoJIHEYHBIX TPABUTAMOHHBIX BO3MYIIEHUI MACCUBHO MEHSIETCH NepUreiHoe
paccTosiHie TPAEeKTOPUU TOYKH OT MAJIOT0 3HAYEeHUA y 3eMJIH 10 ~ paauyca JIyHHoil opOuTHI.

IT0 MO3BOJISIET C MOMOIIbI0 TPABUTANMOHHBIX 3eMHBIX BO3MYIIIEHUI OCYIIECTBUTH B paiioHe
3aJyHHOIl TOYKHM Jubpauun L, maccHBHOe M3MEHEHHE JHEPruM CeJEeHOUEHTPUIECKOT0 IBUKEHHSI
TOYKHM OT IMOJIO)KUTEJbHON 0 HYJIeBOH, a 3areM — [0 OTPHUIATEJbHOI, YTO COOTBETCTBYET
ABMKEHUI0 TOYKM Yy JIyHbl mo opourTe cnmyrHuka JIyHbl, T.e. 3axBary 1is noJera 3emus-Jlyna u
0CBO0OKIeHUIO 1J1s mosieTa Jlyna-3emuis.
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L INTRODUCTION. Trajectories of direct space flight - a 4

B cBoem TBOopuecTBe I H. /ly0omnH 3HaUMTEIbHOE BHUMAHKE YAeJslJI Po0JieMe BHIYUCJICHUA U
aHaJIM3a BJIUSIHUS TPABUTANMOHHBIX BO3MYILIEHU, B YACTHOCTH, /IVI1 TPAEKTOPHUH 10JIeTa B CUCTEME
3emusi-Jlyna. B mociieqnee BpeMsi ObLJIM OTKPBITHI HOBbIE KJIACCHI JIYHHBIX TPA€KTOPHIi, B KOTOPBIX
TaKHe BO3MYUIEHHSI HTPAIOT 0CO0EHHO 00J1bIIYI0 POJib. KpaTKko onumeM uX B TaHHOM J0KJIaje.
HccaenoBanue KOCMUYECKHUX MMOJIETOB Mexkay 3emuiel u JIyHoil mMeroT 00JIbIIOe 3HAYEHHE KAK J1JIs
HeOecHoit Mexanuku, Tak U 11 KocmonaBTuku. U1 npakTiyecKu Beex MoJ1eTOB, HaYMHas ¢ 1959 r.,

HCI0JIb30BAJINCH «NpsAMbIe» TpaekTopum [V.A. Egorov, 1957; V.A. Egorov and L.I. Gusev, 1980; etc.].
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Figure 1. Scheme of the Luna 9 Mission
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Figure 2. Scheme of the Apollo Mission

For direct flights, trajectories have small enough (several days) time of flight, approach to
and departure from the Moon are performed on hyperbolic selenocentric orbits (with
velocity at “infinity” V=1 km/s). This results in the large fuel consumption for spacecraft
flights under using these trajectories.

It is important to search new low energy lunar flights: a) other schemes; b) Earth-Moon
flights with passive capture and Moon-Earth flights with passive escape; c) other types of

engines.



I. INTRODUCTION . Bielliptical Flight in the Earth-Moon System-c

In a central field, for flight with a high thrust (impulses), there are two
main transfers here: two-impulse Hohmann-Tsander Transfer (Figure 3)
and Three-Impulse Bi-Elliptical Sternfeld Transfer, Figure 4.

Figure 3. Two-Impulse
Hohmann-Tsander Transfer

Figure 4. Three-Impulse
Bi-Elliptical
Sternfeld Transfer

The first scheme leads to the direct lunar flights, the second one produces
Bi-Elliptical lunar flights.
If maximum distance r, from the Earth is large enough, this last
scheme is better than the direct flight from energy point of view.
But Sun’s perturbations have to be considered here.
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Figure 5. Hiten flight

Figure 6. Geocentric
Earth-to-Moon
trajectory and its
passive prolongation
(P:V =0.4 km/s;
P, V_=0.2 km/s;

G Es:V =0, E=0)

New indirect “detour”
Earth-to-Moon flights in frame
of the Earth-Moon-Sun-particle
system are found recently
[Belbruno and Miller 1993;
Hiroshi Yamakawa et al 1993;
Biesbroeck R. and Janin G.
(2000); Bello Mora et al 2000;
Koon et al 2001; Ivashkin 2002;
etc].

They seem to be similar to
Bi-Elliptical flights, but from
dynamical point of view they
differ from the last ones: ascent
of perigee is given by the Sun
gravity but not by an impulse
and approach the Moon is
along the elliptical orbit (with
capture) due to the Earth
gravity effect.

This scheme may be also used for the Moon-to-Earth flight to have a gravitational escape from
the Moon attraction [Hiroshi Yamakawa, et al.; V.V. Ivashkin]. Numerical and theoretical
analysis has proved existence of these Moon-Earth “detour” trajectories.



2. MOON-EARTH “DETOUR” FLIGHT IN THE EARTH-MOON-SUN SYSTEM-a = g4
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Figure 7. The XY view of the geocentric trajectory for
detour type: D-departure (11.05.2001), Es — escape
V_=0),r ~1.47-1 0° km, F-final point (H_=50 km,
At = 113 days ), M - Moon, E — Earth

Scheme of Detour Moon-Earth flight
These Moon-to-Earth flights in frame of the
Earth-Moon-Sun-particle system use first flight
from to the Moon orbit and Earth behind the
Earth gravity influence sphere and then flight to
the Earth. We shall call them by “detour” flights.
From dynamical point of view they differ from
the Sternfeld bi-elliptical flights: flight from the
Moon is performed along an elliptical orbit due
to the Earth effect and descending the perigee is
performed by the Sun gravity but not by the
impulse.

Algorithm of calculations
The trajectories are defined by integration
[Stepan’yants et al] of the particle motion
equations in Cartesian nonrotating
geocentric-equatorial coordinate system OXYZ.
There are taken into account the Earth gravity
with its main harmonic ¢, , the Moon gravity, and
the Sun one.

Some Numerical Results. A family of detour trajectories for space flight to the Earth from elliptic
orbits of the lunar satellite are found. These trajectories correspond to the spacecraft start from both the
Moon surface and the low-Moon elliptic orbit for several positions of the Moon on its orbit.

Figure 7 gives a typical “detour” trajectory.
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Figure 8. The XZ view for the Moon-to-Earth seleno-
centric trajectory of detour type at initial part of the flight

Figure 8 gives the particle selenocentric
motion for initial part of the trajectory.

At the point D, on May 11, 2001, for the
position of the Moon near its orbit apogee,
the spacecraft flies away from the perilune of
an initial elliptic orbit with the perilune
altitude H_, = 100 km, initial selenocentric

semimajor axis a, = 38 455 km, and apolune
distance » ~75 -10° km.

Arc D P Es gives elliptic motion. At the
point P, in the flight time 47~ 19 days, a,~
79-10° km, and distance p = 76 - 10° km.

Es 1s the escape point. Here, in 4£=20,6
days, there is zero selenocentric energy,

E =0, p=92 -10° km, E (Es) gives direction
to the Earth. So, there is the escape near
translunar libration point L,,

Arc Es P, P, gives hyperbolic motion. At
the point P, , for 4¢= 21.1 days: p = 101~ 10°
km, V_=0.15 km s'l. At the point P, , for 4t
~21.9 days: p = 120.2-10° km, V_=0.25
km s™'. Then, the spacecraft flies away from
both the lunar orbit and the Earth.
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Figue 9. Selenocentric energy versus the time for
initial part of the Moon-to-Earth detour flight

Figure 9 gives the selenocentric energy constant
_op —p2
h=2E,=V~*-2u, /p

versus the time for the initial part of the motion.
Here V and p are the selenocentric velocity of
the particle and its distance from the Moon.

For leaving a 100 km-circular lunar-satellite
orbit with a high thrust, the velocity increment
1S 4 V,~ 649 m/s, that is at about 161 m/s less
than for the optimal case of usual direct flight.

For a case when spacecraft leaves Moon's
surface, the “detour” trajectory (with a, = 38455
km again) has approximately the same
characteristics as for the indicated case of the
start from the lunar satellite orbit. The decrease
in the velocity increment is equal to about 156
m/s in this case.

If initial semimajor axis a,, is less, the
decreasing in energy will be more, as it is
shown at Figure 10.
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Figure 10. Decreasing of the velocity
impulse for the Moon-Earth detour
flight relative to the direct flight
depending on the initial semimajor axis

Lines H =100 km correspond to the
spacecraft start from the satellite orbit
perilune with altitude H =100 km.
Lines H =0 correspond to the
spacecraft start from the Moon
surface.

Value V. _ is velocity at “infinity” V.

.~ : =
for direct flight: approximately,
V_=0.8 km/s corresponds to optimal
direct flight from the Moon apogee
and V_=0.9 - to optimal direct flight
from the Moon perigee.
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3.1. EARTH GRAVITY EFFECT ON PARTICLE’S ESCAPE

First, we shall evaluate possibility to have energy increasing AE =—F  for the particle selenocentric
motion from initial energy Eo <0 to zero using the evolution theory ( M.L. Lidov 1961, 1962). Suppose
eccentricity eg is ~ 1, middle energy £ is - AE /2. Then

AE = sign f((15/2) pp (uy, / azM)3 ny, 18))*°>0. (3.1)

Here n y is angular velocity of the Moon orbital motion, a,,is semi-major axis of Moon’s orbit,

S =cos” ysin 20>0, v, a are angles of the Moon-Earth vector orientation relative to the particle orbit
plane, || < 1. Let § be 0.5. Then AE~ 0.096 km?/s®, a, ~ 25,600 km. This estimates minimal value of
semimajor axis a, for initial elliptic selenocentric orbit in the Moon-to-Earth detour trajectory.

® : : : : :
30 i Q This fits numerical data (see Fig.11, where time t is counted
B A off from the Julian date 2451898.5, that is 20.12.2000.0).
;% 289 qlculations results
p \v\
27 / \
g Y Hence, the Earth gravity allows increasing the particle

26— o8 - .- energy from initial negative value for elliptical orbit to zero

Y W ‘ . 8y 4 /4

vt X 7\ Theoretical  gnd escape from the Moon attraction.
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3.2. EARTH GRAVITY EFFECT ON PARTICLE’S ACCELERATION
TO HYPERBOLIC MOTION

Now we approximately analyze the acceleration of the particle motion with respect to the Moon from the
zero energy to a positive one for a hyperbolic motion with velocity at “infinity” V.~ 0.15 - 0.25 km/s on
the following short arc Es P, P,. We use here an approximate linear model, see Figure 12.

ry 2o o Py ¥ Op Figure 12. A model for the particle
](23 —=O0——>0—=0" selenocentric hyperbolic motion from the
M Py Moon (arc Es P, P)
o
The Earth perturbation is
a=a,a, =~/ (1, + pP)(y + )/ (1 + )+ (g 7, )0y ). (3.2)

It increases the particle selenocentric energy. Let the Earth-Moon distance r,, be constant. Then the
energy E is defined by the Moon-particle distance p and back:

E(p)-E /=, /r,))(p- p,) 1/ (v, rp) - /(v p,). Eg (p)=E,; (3.3)
p(E)=B/2+(B*/4+ r, B)'?, B=(E.-E)r,’/ u,+ p/r, +p,) (3.4)

Example. Let for the trajectory above in the escape point the energy E¢ be £,=0, distance p be

p,~91850 km. Then the model (3.2-3.4) gives:
p=102.5 -10° km for V_=0.15 km/s (point P,, with exact numerical distance p =101 - 10° km);
p=120.4 - 10° km for ¥_=0. 25 km/s (point P_, with exact numerical distance p =120.2 -10° km).

So, near the translunar libration point L,, the particle can be accelerated by Earth’s gravity from
parabolic selenocentric orbit in the escape point Es to the hyporbolic one and move from the Earth.
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3.3. SUN GRAVITY EFFECT ON DECREASE OF THE PARTICLE ORBIT
PERIGEE DISTANCE

Next, we estimate approximately the Sun gravity effect on the variation 4r_of the particle orbit perigee
distance r_on the final arc P, F of the space flight as the orbit revolution.

Suppose that eccentricity e =~ 1, r_ e 0, middle value r_~ - Ar_/ 2. Then, using the evolution theory
[Lidov 1961, 1962] for the Earth-Sun fixed direction, we have:

Ar_=sign f((15/2) m (ug /1) B a’l a. °<0. (3.5)

Here u,, ug are the Earth and Sun gravitational parameters; a,. is a distance to the Sun; a is semi-major axis
of the particle orbit; = cos®y sin 20<0, 7, a are angles of the Earth-Sun vector orientation relative to the
particle orbit plane, || < 1. Semi-major axis a that leads to the perigee change 4r_is

a=[|4r | aE6/((15/2)n(,uS/,uE)ﬁ)z]m. (3.6)

To evaluate necessary value of semi-major axis a, suppose Ar_= - 500,000 km, = - 0,5. Then a = 870,000
km, apogee distance r ~ 1.5 million km.

Hence, if the Sun orientation is suitable and the apogee distance is large enough, the perigee distance
is decreased to ~ zero, that gives possibility to approach passively the Earth. Numerical calculations
confirm this result.



15

4. CONCLUSIONS

Numerical and theoretical studies prove existence of “detour” trajectories

for the Earth-to-Moon passive flight to a lunar satellite orbit with spacecraft’s
gravitational capture and

for the Moon-to-Earth passive flight from a lunar satellite orbit with
spacecraft’s gravitational escape from lunar attraction.

They require less fuel consumption, although have a long enough flight time
and need more exact navigation support.
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