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AHHOTaNUA

[lens wucclienoBaHUs — aHAJIUMTUYECKOE OINMCAHUE Yy4yacTKa OauIMCTUYECKON
TPAEKTOPUH, COOTBETCTBYIOIIETO HOPMAJbHOMY IMaJCHUI0O KOCMHUYECKOTO amnmnapara Ha
MOBEPXHOCTh Oe3arMochepHoi mianeThl. [Ipu 3TOM NBWKEHHE HOPMAIBHO IMaJIA0IIero
TeJla XapaKTepu3yeTcs BO3PACTAIONIUM YCKOPEHHEM CBOOOTHOTO TajeHHUs. 3amada o
CKOPOCTH, BPEMEHHM M YCKOPEHUH HOPMAJILHOIO MaJICHUS Tejla Ha MOBEPXHOCTh IJIAHETHI
P OTCYTCTBUH aTMOC(hepbl CBOAMUTCSA K pelieHuto auddepeHnaibHOro ypaBHEHUS
BTOPOTO MOPsJIKa, KOTOPOE peIlaeTcs CTaHAapTHBIM MeTo oM. OCOOEHHOCTBIO PEIICHUS
ABISIeTCS. JOPMATTLHOE MCTIOJIb30BaHUE TAOJUIHOTO HHTETPaIa Ha TPOMEKYTOYHOM dTalle.
B pabore mosy4eHO BpEMEHHOE YpaBHEHHE [BIDKCHUS HOPMAJIBHO TNAJaroliero Ha
MMOBEPXHOCTH IJIAHETHI TEJIa TTPU OTCYTCTBUM aTMOC(hEPHI, a TAKKE BPEMEHHBIC YPAaBHCHHUS
€ro CKOpOCTH U yCcKopeHus. [TomydeHHbIe pe3yabTaThl MOTYT OBITh TIOJIE3HBI IIPHU pacueTax

ITAaCCUBHOT'O I'PABUTALITMOHHOT'O MAHCBPA IIPU MCKIINIAHCTHLIX IMOJICTAaX U paCuCTax
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OTBECHOI'O IMaACHUA HEOOJILIINX HEOECHBIX TEI U OTpa6OTaHHBIX JJIEMCHTOB KOHCTPYKHI/Iﬁ

KOCMHNYCCKUX allllapaToB.

KiarueBble cioBa: Imanera, TCJI0, YPaBHCHHUC JIBHUXCHHA, CKOPOCTb, YCKOPCHHUEC, MacCCa,

PacCCTOAHUC.

B ocHoBe rpaBUTallMOHHBIX MaHEBPOB NP MEKILJIAHETHBIX MOJIETAX JIEKUT PEKUM
JBYDKEHUS TIOJT JICHCTBUEM CHJIBI TSATOTEHUSI HEOSCHBIX Teu [1].

Ecnu mepeMeliienre Tena Opu MaJeHUM MPEHEOPEKUMO MAJI0 MO CPAaBHEHUIO C
pacCTOssHMEM JI0 IIEHTpa TATOTEHUS, TO YCKOPEHHE CBOOOJHOTO TAJCHUS SIBISETCA
MpaKTUIeCKH Heu3MeHHbIM [2, 3]. [Ipu 3ToM 3a/1aya yCTaHOBJICHUS ITapaMETPOB ITaICHUS
HE TPEJICTaBIIAET TPYAHOCTH. [lanee 3TOT ciiydail He paccMaTpUBaeTCA.

3agaya 0 CKOPOCTH U BPeMeHH NaJIeHUs Tejia

[Tamaromee B BaKyyMC€ TCJIO UMCCT YCKOPCHHUC
M
a=-=-G—, (1)

rae G — nocrosiHHass, M — mMacca TuTaHeThl, I — MTHOBEHHOE PACCTOSIHUE MEXKIY TEJIOM H
neHTpoMm 1aHetel. McxomgHoe paccrositHue paBHOo R. 3Hak  «—» 00yclOBIEH
MIPOTHUBOIIOJIOKHBIMU HAPABJICHUSIMU BEKTOPOB & U I'. Macca Tena npeHedpexxumMo maia
110 CpaBHEHHUIO C M.

HuddepenunanbHoe ypaBHenue (1) perraercs cienyrommum o0pazom.


http://trudymai.ru/

Tpynst MAU. Beiryck Ne 118 http://trudymai.ru/

ﬂ—v(r) d’r dv dv_dvdr dvdr dv_ d’r dv_ dv M
dt 0 dt? dtz

_2 _!_________Vl 2 _V’_V:_G_Z’
dt dt dt dtdr drdt dr dt dr dr r

r

v r 2
vdv=-6M ', jvdv:—Gde—Zr, LV
r 0 e I

2 My
2
V_:GM(E_E]’ (2)
2 r R
—— |1 1
V=— ZGM F—E (3)

3HaK «—» 00yCIJIOBJIEH TOM K€ MPUYUHOM, UTO U BHIIIIE.

E:—\/ZGM E—i,
dt r R

Ldr - — ﬂdt . (4)
VR—r V R

Tabau4HbIH HHTErpaJ

Jnst pemenus auddepennmanbHoro ypaBHeHus (4) (GOpMalbHO TMOIXOIUT

TaOJIMYHBIA HHTErpa [4—6]

a+X . b=x
Jy[p =@+ 00 -x) - (a+b)arcsin /mw. (5)

Oxazanochb, OJAHAKO, YTO 3Ta (opMmyja HEJAOCTOBEpHA, a MMEHHO, MPOU3BOAHAS

npaBoﬁ YaCTHU HC paBHA ITOABIHTCIPAJIBHOMY BLIPAKCHUTO. I[CﬁCTBPITCJII)HO,

df 1 1 1 1 |a+b
&__E\/(a+x)(bx)(_a+b_2X)+(a+b)\/l — 3 /b—x_

a+b
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_a-b+2x (a+b)\/a+ va+hb
_2\/(a+x)(b—x) 2Ja+ xvb - x

_a-b+2x+(a+b)?

2\J(a+x)(b—x)

Takxum oOpa3om, STOT TaOTUYHBIN UHTETPAT MPUMEHSTH HEJb3sI.
KoppekTnpoBka Ta0/IMYHOT0 HHTErpaJia

Teopema. CnipaBeniuBa opmyiia

[ 12 Xy = (a+ barctg,, [ o X — [(b—x)(@+ x) +C.
b—x b—x

Jlokazamenvcmeo 1.

a+ X
X2 atx=th-t¥, X(1+t*)=t’b—a, x= -
b—x 1+t

2
dx = 2tbdt th-a otdt.

1+t° (1+t2)
j/a+x 2th tzb—a22t it =
b—x 1+'[ (1+t2)

2t%h t’b—a
= dt — 2t%dt =
‘[1+t2 ‘[(1+t )

dt =

2 4 2 2
_2bj-1+t dt ijt t?a/b+2t> —2t* +1-1

(1+t )

2bjdt+2bjt2a(/b+f;2+ldt:
1+t

:2bjdt—

(6)
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t*+1/(a/b+2)+1-1
)j ]/( / - 2) dt =
(l+t )

a+b dt
(a/b+2)a+2bj.(1+t2)2 -

a+2b a+b 1( t
=—2barctgt + 2b(a/b + 2)arctgt — 2b — arctgt [+ C =
gt+ (/ " ) g b a+2b2(1+t2Jr g j+

=—2barctgt + 2b(a/b + 2) . dttz
+

=—2barctgt + 2b(a/b + 2)arctgt - (? +tb)t —(a+Db)arctgt +C =
+
:(a+b)(arctg tt2j+C:

/a+x
=(a+b)arctg ﬂ—(antb)ﬂ+C:

b—x 1+a+x
b—x

a+ X b—x [a+X
=(a+b)arctg,|—— —(a+b)—— +C=
(@+bjarctg = =@+ D) oV b—x '

= (a+b)arctg g ~Jlbo—x)@+x) +C.

Teopema noka3zana.

Loxazamenvcmeo 2.

df 1 1 [b-x| 1 -1
&:((’Hb)“a+XE\/a+x{b—x+(a+X)(b—x)2 (_1)}_

b—x

1 1 b
2 J(@a+x)(b-x)
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_(@+b)(b—-x) [b—xb-x+a+x  b-a-2x
2(a+b) Va+x (b-x°  2J@+x)(b-x)

1 /b—xa+b_ b-a-2x
2Va+xb-x 2{(@a+x)(-x)
a+b b—a-2x

“2J@rob-n 2J@inb-_x

2a+ 2X

“2f@arb-x

a+ X
b—x

Teopema nokasana.
IIponoJikeHue pelieHUs1 MCXOAHOM 3a1a4H

HNuterpupoBanue nuddepeHnnaibHOro ypaBHeHus (4) B COOTBETCTBUH C (6) gaeT

r t
[\ dr:—‘/ﬂjdt,
~VR—T1 R
{Rarctg ﬁ—«/r(R—r)}‘ = ‘/ZGM jdt
R

Rarctg RL—Rg—«/r(R—r =— ZGTMt,
—-r

R[g—arctg‘/ Jh/r(R—r ZGM (7)

Oto pemenue auddepeHnnanbHbIX ypaBHeHU (4) u (1) sABIsIeTCs ypaBHEHHEM

ABUKCHUSA HOPMAJIBHO IMagaromiero Teia.
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N3 BeIpaskeHus (2) cneayer

_ 2GMR
2GM +Rv? '

[ToncranoBka 3TOro BhipaxeHus B (7) gaet

2GMR
T 2GM + RV2 2GMR ( 2GMR j 2GM
R| ——arct + [—R—-——— —t,
2 A T 2GMR 2GM + R\ 2GM + RV R
2GM + Rv?
- >GMR 2GMR(2GMR + R** - 2GMR)
R| - —arctg ) + 5 =
2 2GMR + R°v* —2GMR (ZGI\/I +RV2)
2GM
R 1
E_amtg\/zc;h/lR+ vW2GMR  [2GM t
2 Rv 2GM + Rv? R R

D10 BpeMeHHask (QYHKIIHS CKOPOCTH.

Jliia mosrydenus BpeMeHHOU (yHKIUMU yckopeHus cineayet (1) moacraButs B (7).

(GMa‘l)j/2
R-(GMa?)"”

ZGMt.

4 \/(GMa‘l)w (R-(GMa*)") = =

T
R| ——arct
5 9

B cooTtBercTBuH ¢ (7) neprol najeHus Tea Ha MOBEPXHOCTD IJIAaHEThI PaBEH

R[g—arctg/ ]+Q/R (R-R, ZGM

rae R,, — paauyc miaHeTsl.

B cooTtBercTBHH € (3) CKOPOCTH T€NA Yy MOBEPXHOCTH IIJIAHETHI PaBHA
7
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1 1
V = —/2GM /ﬁ_ﬁ' (9)

6 6
R=7-10" m, [TapameTpsl IIaHETH HE OTIMYAIOTCA OT 3eMHBIX. Ry, = 6,371-10" M,

Ilpumep

M=59726-10"" kr, G = 6,6743-10 ™" M3/(kr-c?).

B cootBeTcTBUH C (8)

6
7-10° (g —arc tg\/(7 6’2731711)0106 j + \/6,371.106(7 —6,371)-10° =

T.

~ \/ 2.6,6743-10.5,9726-10%
7-10°

[lepuon nmageHus Tena Ha MOBEPXHOCTH IJIaHETHI paBeH 1 = 387,275 ¢ = 6,455 MuH.

B cootBercTBHH € (9) CKOPOCTH T€Na y MOBEPXHOCTH IJIAHETHI paBHA

1 1
6,371-10° 7-10°

V= —\/2 .6,6743-107-5,9726 -1024\/ =3353,297 m/c.

3aki0ueHue
TpynHo mnpencTaBuTh, YTO HUKTO W HUKOTJIA HE HCKan (OpMyIbl BpEeMEHH,
CKOPOCTH M YCKOPEHUS TIPH HOPMaJILHOM CBOOOTHOM TajieHuu Teia [7]. OxHako eciu nmpu
ATOM UCIOJIB30BAICS TaOMU4YHBIN wHTErpan (5), To KOHEYHO, T€ (HOPMYJbI HEBEPHBI.
[ToBOTOM YyCOMHHUTBCSI B UHTETpaje (5) MOCTYKUIO TO, YTO B PsA/Ie KOHKPETHBIX CITydacB
3HAaYEHUS apryMEHTa Y apKCUHYCa IPEBBIIAIN SIUHHUILY.
KoppekTtupoka atoro unterpana (popmyna (6)) ocobeHHO aKTyalabHa ¢ YIETOM €ro

OYCBUIHOTI'O ITPUKIIAIHOT'O XapaKTCpa.
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HOHy‘ICHHBIC pe3yiabTarbl MOTI'YT OBITH IIOJIE3HEI IIpu pacdyerax IMaCCUBHOTO

IPAaBUTAIIMOHHOTO MaHEBPa MPU MEXKIUIAHETHBIX moiietax [8-14] m pacuerax OTBECHOTO
najieHus HeOonbmuX HeOecHbIX Ten [16] m oTpa®oTaHHBIX AIIEMEHTOB KOHCTPYKITHIA

KOCMHUYECKHX anmaparoB [17-23].
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On parameters calculation of passive gravity-assisted maneuvers of

interplanetary spacecraft

Popov I.P.
Kurgan State University,
63/4, Sovetskaya str., Kurgan, 640020, Russia

e-mail: ip.popow@yandex.ru

Abstract

The purpose of the study consists in analytical description of the ballistic trajectory
section corresponding to the normal fall of the spacecraft on the surface of an atmosphere-
free planet. The motion of a normally falling body herewith is being characterized by an
increasing acceleration of gravity. The problem of the speed, time and acceleration of the
normal fall of a body on the planet's surface in the absence of an atmosphere is being
reduced to solving a second-order differential equation, which is solved by the standard
method. The solution specificity is the formal use of the table integral at an intermediate
stage. It turned out, however, that his formula is inauthentic, namely, the derivative of the
right-hand side is not equal to the integrand. From this, It necessary follows that possible
existing solutions to this problem based on employing the above said table integral are
incorrect. The article presents correction of this table integral, which is an incidental result
of the study. Temporal equation of a normal body falling on the planet surface in the
absence of the atmosphere, as well as temporal equations of its speed and acceleration
were obtained in this work. Expressions for the distance, speed and acceleration were

obtained as implicit functions of time. The article presents a numerical example with

13
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regard to a planet with parameters of the Earth, according to which the period of normal

fall of a body on the planet's surface from the altitude of 629 km is 387.275 s = 6.455
minutes, while the body's velocity at the planet's surface is 3353.297 m/s. The results
obtained may be handy for calculating the normal incidence of small celestial bodies and

spent spacecraft structural elements.

Keywords: planet, body, equation of motion, speed, acceleration, mass, distance.
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