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EFFECTIVENESS OF USING AERODYNAMIC LIPT FOR LAUNCHING A

SPACECRAFT IN THE ATMOSPHERE OF MARS

Ne M. Ivanov and A. I. Martynov

Summary

This report considers two extreme cases of the descent
of a launched spacecraft with aerodynamic 1lift in the
atmosphere of Mars: the simplest case in which the 1launch
is realized at a constant .lift-drag ratio, and a launch
vhich is wmore 1ifficult to realize with the optimum control
of 1lift, making it possible to obtain the minimum end

velocity for a vehicle with given characteristics. The value

of the difference in the end velocities during the
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realization of these two types of launch is used to
determine which of them is preferable in a specific

instance. Numerical results are given.

It is difficult to solve the problem of aerodynamic
launching of spacecraft to the surface of Mars because the
planet's atmosphere is extremely rarefied. Therefor2, it is
the wmost difficult to wuse ballistic spacecraft, since the
value of the effective 1load on the frontal surface of
these launched spacecraft (SA) should not exceed <~70 kg/m2
[1¢ 2). The introduction of 1lift makes it possible to
considerably facilitate the solution of the problem of
aerodynamic launching: to decrease the final velocity VK -
the velocity at the time when the soft landing sSystea is
s¥Witched on, to increase the 1load on the frontal surface

of the SA, etc.

The effectiveness of the wuse of aerodynamic 1lift to
launch a spacecraft (KA) in the atmosphere of Mars can be
determined by the value of the end velocity to which the

spacecraft is braked, since the power plant expends several

dozen kilograms of the weight of the fuel and the

PR T S
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structural components of the soft landing system on active

braking for every 10 a/s of the increase in velocity Ve

This study considers two extreme cases of the descent
of an SA with aerodynamic 1lift - the 1launch which is the
simplest to realize, with a constant 1lift-drag ratio (K =
const), and the 1launch which is more difficult to realize,
with the optimum control of 1lift (K = wvar), wmaking it
possible to obtain the wminimum end velocity for an SA with
given characteristics. Other conditions being equal, the
value of the difference im the end velocities
8Vy=(ViK-cont — (Vdk=ver yhich are reached when using these two
types of 1launch can be used to determine which of them is

preferable in each specific instance.

We will consider the case of the entry of a
spacecraft into the atmosphere of Mars on a direct
Earth-Mars flight trajectory, for which the velocity of
entry into the atmosphere of Mars V,,~6 ka/s. A liamitation
on the altitude of the spacecraft above the planet's

surface is imposed om the launch trajectory:

H } (Hllin)lou' (1)
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A "vorking® model of the atmosphere of Mars |[1, 2] was
used for simulating the equation of the w=sovement of the

center of mass of the SA.

Launch at a Constant Lift-Drag Ratio. We will consider
the movement of an SA inside the effective entry corridor.
The 1lover boundarY of the effective entry corridor |is
determined by the minimum altitude of the arbitrary
pericenter of the entry trajectory H: at which it is still
possible to satisfy limitation (1) when K=Knuax . The upper
boundary is determined from the condition of the capture of
the SA by the atmosphere of Mars. Here the spacecraft is
considered to be <captured by the atmosphere when the
maXximUm flight altitude after initial immersion in the dense

layers of the atmosphere does not exceed 100 knm.

It should be pointed out that the 1lower boundary of
the effective entry corridor essentially depends on the
planned ballistic parameters of the SA [the effective 1load
on its frontal surface F§==1£%r, where c,, S and G are
the coefficient of frontal resistance, the area of the
midsection, and the weight of the SA (on the Earth),
respectively, and the 1lift-drag ratio of the SA

c
K;-El at a balancing angle of attack o = coast),

x
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and on the nminimum permissible altitude (Hain)ion « Here the

altitude of the arbitrary pericenter /: increases with the

increase ian P, and (Hmin)in, and with the decrease in K,

Thus, for example, increasing P, from 200 to 650 kg/m2
causes /: to imncrease from -270 to -100 kam, while
increasing (Hmin)on from three to nine km causes H' to
increase from -230 to -130 km, and decreasing K, from 0.5

to 0.3 changes /: from -287 to -113 ka (Fig. 1).

Pigure 2 gives tixe dependences of the values of the
end velocity on the planned ballistic parameters of the SA
(P, and K;) and on the altitude of the arbitrary
pericenter of the eantry trajectory. It 1is evident <that for
a launch at K¢ = comst, the value of the end valocity
essentially depends on the altitude of +the arbitrary
pericenter of the entry trajectory, reaching the maximunm
near the w=iddle of ¢the entry corridor. Thus, for exaaple,
for an SA with P, = 350 kgs/m2 and K = 0.3 (V. = 6
kn/s)

-~
"

630 ka/s at He=H;=—170 kna,

Vi

740 m/s at Hy=H;=—50 ka,
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We will also point out that wvhen the sSA moves at a
constant 1lift-drag ratio, the minimum value of the end
velocity is achieved during movement along the lower
boundary of the effective entry corridor. Here the maximum
dispersion of the value of the end velocity during movement
inside the effective entry corridor at Ks = comst is
120-150 m/s. As would be expected, increasing the 1load on
the frontal surface and the 1lift-drag ratio causes the end
velocity to increase. Thus, for example, when P, increases
from 200 to 650 kg/m2, V., increases from 650 to 976 =a/s,
and when K; changes from 0.3 to 0.5, the value of V,
increases from 760 to 1016 m/s (the maximum values of V,

inside the effective entry corridor are considered)e.

Optimum Contrel of End Velocity. In order to determine

the optimum law of the control of the "effective " gquality

Koo =Kscost (y is the angle of 10ll of the SA) with the
condition of the minimum end launch velocity, the

corresponding variation problem was solved.

The plane nmovement of the center of amass of the SA

in the atmosphere of irrotational Mars was exaRinei:
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» 2
V= M;Tga — gn(H)sin6;
x

pVgs cos® Vcosb 2)

O =Ko 'op, —8nH) =y + o

H = Vsin®.

-

Here V and H are the flight wvelocity and altitude; o

is the angle

horizon; R is

of slope of the SA trajectory to the 1local

the mean radius of HNars; p is the density

of the atmosphere of Mars; gm(/) is the acceleration of

the force of
the force of
designates the
effective 1load

considered to

gravity on Mars; gs: is the acceleration of

gravity on the BEarth; and the point
derivatives of time t. The value of the
on the frontal surface of the SA P, was

be constant over the entire launch trajectory.

The problea was solved with the limitations

and with the

H,—H(@t)<0; @)
K K Xy @

boundary conditions
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V(tt):"- Vu; e(to)':—on; H(to) - Hu; H(t‘) " Hx; } (5)
&, — free.

The subscript v0" designates the initial conditionms
corresponding to the entry of the spacecraft into the

atmosphere of Mars.

L. S. Pontryagin®'s principle of the maximum [3, 4] was

used to write the necessary conditions of optimality.

The study conducted showed that there can be two types
of optimum control, depending on the parameters of the SA
P, and K;, and the @wminimum permissible flight altitude

(Hat)son , under idemtical entry conditions.

The first type of optimum trajectory contains sections
of movement along boundary (3). In the 1iso-altitude section
of the trajectory, control is wuniquely determined by the
condition of the passage of the extremum along boundary (4)

and has the fora

o

o osamah
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K-¢=(——— 1) e . - v
- Vi) enR+H,) vhere V= —rerpe—ps.

The trajectory converges vwith the boundary inside the
permissible range of phase coordinates with a value of
ef fective quality of Ky =+ Ks, which remains constant to
the end of the trajectory. It should be pointed out that
vhen there is a horizontal section in the optimum entry
trajectory, functional V. does not depend on the initial

conditions Vg, 6, and Hge

The second type of optimum trajectory does not contain
an iso-altitude section. The control program is one with

single-phase swvitching of the effective quality from
Kiw=—Ks to Kip=+Ko.

It must be pointed out that decreasing the nminimum
permissible flight altitude of the SA above the surface of
Mars, as well as the load on the frontal surface of the
SA and the value of the 1lift-drag ratio, results in a

decrease in the period of time during wvwhich the SA moves
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along boundary H=(Hain);n., Here for certain types of SA

there is an altitude (Hmin)pes  at which the optimunm ¥
trajectory does not contain am iso-altitude section when the

condition (Mwin)ion<(Hmin)npes is satisfied. Thus, for exanmple,

for an SA with P, = 250 kg/m2 and K; = 0.3, the value

of (Haio)uper = 27.5 km, while for an SA with 2. = 80

kg/m2 and K; = 0.4, this value is 5.83 km. Here, like

before, it V¥as considered that (Hmin)gon = H,. |
We will once again point out that when the first type

of optimum control program (containing an iso-altitude

section) is wuseid, the trajectory converges with the boundary

insjde the permissible region of phase coordinates, i.e.,

toward an increase in flight altitude. ‘
The comparison of the optimum control program with one

vhich provides for the @movement of the SA to the end of
the horizontal section at H=H, shows (Fig. 3) that with
the optimum control, the value of the end velocity turns
out to be significantly lower, i.e., the gain froa
optimization is rather great. Por example, for an SA with
P, = 35 kg/m2, K¢ = 0.3 and H, = 6 km, the loss in
the wvalue of the enfd velocity during flight at H=H, is

420 s.
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We will consider how changing the altitude of the
arbitrary pericenter of the entry trajectory, as well as
the value of the end velocity, the planned ballistic
parameters of the SA (P, and K;) and the nminimua
permissible flight altitude, affect the value of the end
Velocity during the optimum control of the end launch
velocity. The dapendences shown in Pig. U4 indicate that the
Value of the end velocity virtually does not depend on the
altitude of the arbitrary pericenter of the entry trajectory
within the 1limits of the effective corridor. As would be
expected, increasing the load on the frontal surface and
the minimum permissible flight altitude of the SA above the
planet's surface and decreasing the 1lift-drag ratio result
in an increase in the end velocity. Thus, for exaample,
increasing P, from 200 to 500 kg/m® causes V. to increase
from 450 to 726 w/s, increasing (Huinhon from 3 to 9 kn
causes V. to change from 465 to 656 m/s, and decreasing

Ks frtom 0.5 to 0.3 causes V&//%o increase fros 480 to 592

n/Se

Evaluating the Effectiveness of the Optiaum Control. The

materials obtained above make it possible to evaluate the

2.2
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effectiveness of the optimum control compared to the progras

with K¢ = comst. Pigure 5 shows the dependences of &V, on

P, and K; during the descent of the SA inside the

effective entry corridor. It is evident that for an SA

with given characteristics, the greatest effect is obtained

vhen the spacecraft moves near the middle of the effective

entry corridor, and the smallest - during moveament near the

lover boundary. Thus, for an SA with P, = 350 kg/m? and

K¢ = 0.3, the maximum gain in &V, is 170 a/s at H. =

-80 km, and the minimum - 36 m/s at H. = =170 ka. The ,
effect of the use of the optimum eguation increases vith

the increase in K, while increasing P, omly slightly

affects the value of 38V,. Thus, vwhen K¢ is increased froma

0e3 to 0.5, the value of 3V, increases from 170 to 400 |
m/s, while whem P, changes froama 350 to 550 kg/m2, it

decreases from 170 tc¢ 130 nm/s.

The studies conducted show that in each specific i
situation it 1is necessary to determine the energy
expenditures on active braking and on the weight of the
launch control system, rather than give preference to the i

simple or complex type of launch.
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