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M w  M , m b b  b o
H H  H u N, n ; , E, e

o o 0 e 0, o hi to Yu , yu

f l n  f i n  P, p  H R  H a  Ya,ya

*~~~ initially , after vowels , and after b , ~; e elsewhere .When written as ë in Russian , transliterate as y~ 
or ë.

RUSSIAN AND ENGLISH TRIGONOMETRIC FUNCTIONS

Russian English Russian English Russian English

sin sin sh slnh arc sh sinh~~
cos cos ch cosh arc ch cosh 1
tg tan th tanh arc th tanh 1
ctg cot cth coth arc cth coth_1
sec sec sch sech arc sch sech 1
cosec csc csch csch arc csch csch

Russian English

rot curl
lg log
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EFFECTIV ENESS OF USING AERODYNAMIC LIFT FO R LAU NCHING A

SPACECRAFT IN THE ATM OS PHERE OF NA RS

N~ N , Ivanov an d A. I. Martynov

Summary

This repor t considers two extreme cases of the descent

of a lau nched spacecraft with aerodynamic lift in the

atmosphere of Mars: the simplest case in which the launch

is realized at a constant lift—drag ratio, and a launch

which is more difficu lt to realize with the optimu. control

of lift , making it possible to obtain the mini mum end

velocity for a vehicle vith given charac teristics. The value

of the difference in the end velocities during the

L 
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realization of these two types of launch is used to

de termine which of the . is preferabl e in a specific

instance. Numerical resul ts are given.

It is difficult to solve the problem of aerod ynamic

launching of spacecraft to the surface of Mars because the

planet ’s atmosphere is extremely rarefied. Therefora, it is

the most difficult to use ballistic spacecraft , since the

value of the ef fective load on the frontal surface of

these launched spacecraft (SI) should not exceed ~70 kg/m 2

[1 , 2). The intro duction of lift ma kes it possible to

considerably facilitate the solution of the problem of

aerodynamic launching: to decrease the final velocity V~ —

the velocity at the time when the soft landin g Sy stem is

switched on, to increase the load on the frontal surface

of the SA, etc.

The effectiveness of the use of aerodynamic lift to

launc h a spacecraft (KA) in the atmosphere of M ars can be

determined by the  value of the end velocit y to wh ich the

spacecraft is braked, since the powe r plait expends several

dozen kil og rams of the weight of the fuel  and the

‘-.- , -. ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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structural co.ponents of the soft landing system on active

braking for ever y 10 m/s of the increase in velocity Y~.

This study considers two extreme cases of the descent

of an SI with aerodynamic lift — the launch which is the

simplest to realize, with a constant lift—drag ratio (K

coust), and the launch which is more difficult to realize,

with the optimum control of lift (K = var), making it

possible to obtain the minimum end velocity for an SI with

given characteristics. Other conditions being equal, the

value of the difference is the end velocities

a V,=(VK) ,~ .C..$~_ ( V,)K_,U which are reached when using these two

ty pes of launch can be used to det ermine whic h 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,1~~ 6 km/s. A l imitation

on the altitude of the spacecraft a bove the planet’s

Surface is imposed on the launch trajectory:

H ~ (H .j ~~. (~)

L — , .,
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A “working” model of the atmosphere of Mars 11 , 2) was

used for simulating the equation of the movement Gf the

center of mass of the SI.

Launch at a Constant Lift—Drag Ratio. We will consider

the movement of an SI inside the effective entry corridor.

The lower 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 . The upper

boundary is determined from the condition of the c apture of

the SI by the atmosphere of Mars. Here the space:raft is

considered to be captured by the atmosphere when the

ma ximum flight altitude after initial immersion in the dense

layers of the atmosphere does not exceed 100 km.

It should be pointed out that the lower boundary of

the effective ent ry  corridor essentially depends on the

pl anned ballistic parameters of the SI (the effect ive  load

on its frontal surface P1 = 
~ g’ where c~ , S an d G are

the coefficient of frontal resistance, the area of the

midsection, and the weight of the SI (on the Earth),

respectively. amd the lift— drag ratio of the SI
C

at a balancing angle of attack a6 • coist),

- . .. —--— ------ . .... ~~~ . .. ~~~~~~~~~~~~~ . .. _ _ _ _ _ _ _ _
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and on the minimu , permissible altitids (H.)1.,. lets the

altitude of th. arbitrary pericenter H imcrea.es v ith the

increase is P~ and (H.~)., aid with the decrease ii ICE.

Th us, for example , increasing P1 fr om 200 to 650 kg/m m

ca uses 11 to increase from —270 to — 100 km, while

increasing (H.5~)~0. from three to nine km causes H to

increase from —230 to —130 km, and decreasing I(~ from 0.5

to 0.3 changes 11 from —287 to —113 km (Fig. 1~ .

Figur e 2 gives the dependences of the values of the

esd velocity on the planned ballistic parameters of the SI

(P, and 1(o) and on the altitude of the arbitrary

pericenter of the entry trajectory. It is evident that for

a launch at K~ = coust , the value of the end ve locity

essentially depends on the altitude of the arbitrary

pericenter of the entry trajectory, reaching the maximum

near the middle of the entry corridor. This, for example,

for an SI with P1 = 350 kg/mi and I(~ 0.3 (V., • 6

km/s)

V, = 630 k m/s at ~~~~H~—._ 1iO km.

V. • 740 i/s at J1,— M =—50 km0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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V, • 760 m/s at H.=—80 ha.

We will also point out tha t  when the SI loves at a

constant l i f t—drag ratio, the minimum value  of the end

velocity is achieved dur ing 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 K~ • const is

120—150 a/s. As would be expected , increasing the load on

the f rontal  surface and the l i f t—drag ratio causes the end

velocity to incr ease. Thus, for example , when P1 increases

fr om 200 to 650 kg/rn 2 , V, increases from 650 to 976 m/s ,

and when K6 changes f rom 0.3 to 0.5, the value ~f V,

increases from 760 to 1016 n/s (the maximum values of V.

inside the effect ive entry corridor are considered) .

Opti mum Control of End Velocity. In order to determine

the optim a. law of the control of the “effective “ quality
K..=K6 cos i (y is the angle of roll of the SI) wi th  the

condition of the min imum end launch velocity, the

correspond ing variation problem was solved.

The plane movement of the center of mass of the SI

in the atmosphere of irrotational Mars was examined : 

-.-~~~~
-

~~~~~~ --~~~~~~~~~— ,-  -. .. —~~~-~~~
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v —  —gM (H )sIn O;

b — K  cos O Vcos O (2)
~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

H=V sin ø.

gere V and H are the f l ight velocity and alt itude; 9

is the an gle of slope of the SI trajectory to the local

horizon; R is the mean radius of Mars; p is the density

of the atmosphere of Mars; gII~(/l) is the acceleration of

the force of gravity on Mars; g3 is the acceleration of

the force of gravity on the Earth; and the point

designates the derivatives of time t ’. The value of the

ef fect ive load on the frontal surface of the SI P1 was

considered to be constant over th e entire launch t ra jectory.

The problea was solved with the limitations

H~—H(t)~~€r~ (3)

(4)

and wit h the boundary condit ions 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

----—~~~~~~~,-.-. —~~-~~~~~— - -, — .
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V(t,) V,,; 0 (t,) = O.,; H(t 0) ~ — H.,; H (1,) H ,; (5)
ti — ire..

The subscript “0” designates the initial condit ions

correspond ing to the entry of the spacecraft into the

atmosphere of Mars.

L. S. Pontryagin ’s principle of the maximu m £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 SI

P1 and 1(~, and the minimum permissible flight altitude

~~~~
. 

.

..
.

.
. ~~~~~~ • under ideatica l. entry con ditions.

the first type of Optimum trajectory contains sections

of movement a’ong boundary (3). In the iso—altitude section

of the trajectory, control is uniquely determined by the

condition of the passage of the extremum along boundary (4)

and has the for m
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1 1  2P1 — v— 1
) g3p,(R + H,)’ where V~~ VgM (R + H,)

The trajectory converges with the boundary inside the

permissible range of phase coordinates with a value of

effective quality of K, rr= +K6, which remains c3nstant to

the end of the trajectory. It should be pointed out that

when there is a horizontal section in the optimum entry

trajectory, functional V, does not depend on the ini t ia l

conditions V 0. 9~, and H 0.

The second type of optimum trajectory does not contain

an iso—alti tu de section. The control program is on~ with

single—pha se switching of the effective quali ty from

= — K 6 -  to K,, = + I (~. -

It m ust be pointed out that  decreasing the mi nimu m

permissible f l ight  al t i tude of the SI above the surface of

Ma rs, as well as the load On the fron t a l sur face of the

SI and the value of the l i f t—drag  rat io, results in a

decrease in the period of time during which the SI moves

.

~ 
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along boundary H—(H.i.)1011~ Here for certain types of SI

there is an altitud e W~ ’i)upez at which the optimum

trajectory does not contain an iso—altitude section when the

condition (11~~~)an<(1~ a~~)np.a is satisfied . Thus, for eiaaple .
f or an SI with P1 = 250 kg/mi and K6 • 0.3, the vala.

of (Hmiii)npe~ = 27.5 hi, while for an SI with ~~~~~ • 80

kg/al and 1(6 • 0.4 , this value is 5.83 km. Here, like

before, it 0aa considered that (HmIn),~ , = r HE.

We will once again point out that  when the f i rs t  type

of opt imum control program (containin g an iso—altitude

sect ion) is used , the trajectory converges with the boundary

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

toward an increase in f l ight  altitud e.

The compa rison of the optimum control program with one

w h i ch provides for  the movement of the SI to the end of

the horizontal section at H=H, shows (Fig. 3) that with

the optimum control, the value of tke end velocity turns

out to be sign if i can tl y lower, i.e., the gain from

optimizati on is rather great. ?or exam ple , fo r an SI with

• 350 kg/mI, 1(6 • 0.3 and H, • 6 hi, the L oss in

the value of the end velocity dnr in g f l ight at HE  H, is

420 S.
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We will consider how changing the altitude of the

arbitrary pericenter of the entry trajectory, as veil as

the value of the end velocity, the planned balliatic

parameters of the SI (P1, and 1(6) a~ d the minim..

permissible flight altitude, affect the value of the end

ve locaty during the optimum control of the end launch

ve locity. The dependences shown in Fig. 4 indicate tha t the

Value of the end velocity vir tual ly does not depend on the

altitude of the arbitrar y per icenter of the entry trajectory

with in  the limi t s of the effect ive corridor . As w3uld be

expected , increasing the load on the frontal  surface  and

the minimum perm issible f l ight  al t i tude of the SI above the

pl anet’s surface and decreasing the lift—drag ratio result

in an increase in the end velocity. Thus , for example ,

increasing P, f rom 200 to 500 kg/m m ca usex V1 to increase

from 450 to 726 m/s, increasing (Hm~n) ~on fr om 3 to 9 km

ca uses V, to change from 465 to 656 m/s , and decreasing

1(6 fEom 0.5 to 0.3 causes VK/~tO ipcrease from 480 to 592

m/s.

Evaluating the Effectiveness of the Optimum Con trol. The

ma terials Obtained above make it possible to evaluate the

- -

~~~~ 
.LIJ 

—
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effectiveness of the optimum control compared to the pro gram

with 1(6 • coast. Figure 5 shows the dependences f W, on

P, and K6 duri ag the descent of the SI inside the

ef fective entry corridor. It is evident that for an  SI

with give n chara cterist ics, the greatest effect is obtained
- . .  when the spacecraft move s near the middle of the effective

entry corridor, and the smallest — during movement near the

lower boundary. Thus, for an SI with P, a 350 kg /mt and

1(6 = 0.3, the 
- 
maximum gain in W, is 170 m/s at H a

—80 ki, and the minimum — 36 a/s at H. • —170 km. The

effect of the use of the optimum equation increases with

the increase in K6, while increasing P1 oaly slightly

affects the value of W,. Thas, vhs~ K6 is increa sed from

0,3 to 0.5, the value of W, increases from 170 to 400

m/s, while whe n P1 changes from 350 to 550 k g/mm , it

decreases from 170 to 130 a/s.

The st udies conducted show that in each specific

situat ion it is necessary to determine the energy

expenditures on acti ve braking and on the veight ~ f t h e

launch control s ystem, rather than give preference to the

simple or complex type of launch.
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Fig. 1. KEY: (1) kg/a 2. (2) Initial cond it ions.

Fig. 2. KEY : (1) kg/u . (2) u/s.
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Fig. 3. KEY : (1) kg/u’. (2) i/s.

Fig. 4. KEY: (1) km/s. (2) kg/aZ. (3) m,/s.
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Fig. 5. KEY: (1) kg/a’. (2) a/s.
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