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Ileav uccaedosanua — aHaaumuveckoe onucaMmue yuacmga basiucmuyeckoil mpaekmopuu,
coomeemcmeywuie20 HOpMANbHOMY NAdeHUl0 KOCMUUYeCKO20 annapama Ha noeepxHoCmb
b6esammocgepHoil naaHemst. IIpu amom deudiceHue HOpMAanbHO nadarujeso meaa xapaxme-
pusyemcs 803pacmarnuwumM ycxkopeHuem c80600H020 nadeHus. 3adaua o CKOpocmu, epemeHu
U YCKOpeHUU HOPMANbHO20 NadeHUs MeAd HA N08ePXHOCMb NAAHeMbl NPU OMcymemaeuu am-
Mocgepwvl ceodumces K peweHuro duggdepeHyuaIbHo20 YpagHeHUs 81MOpo20 nopsadka, Komo-
poe pewaemcs cmaHoapmHsvim memodom. OcobeHHOCMbI0 pellleHUs s8asemces opmanbHoe
ucnoav3osaHue mabAuuHO20 UHMe2pana HA npomexcymouHom amane. OKa3anocv, 00HAKo,
Ymo ez2o ghopmyaa He0OCMosepHa, a UMeHHO, NPOU3B00HA NPAsoll Hacmu He pasHa NOodblH-
mezpanvbHoMY 8blpadxceHuro. M3 amoeo caedyem, Hmo 803MOXdCHble cyujecmayoulie peuleHus
amotil 3adauu, OCHOBAHHble HA UCNOAb308AHUU YKA3AHHO20 MAOAUUHO20 UHMezpaad, 8-
ASI0MCA HeKOppeKMHbIMU. B cmambve npedcmasneHa Koppexmuposka 3mo2o mabaudHo20
uHmMe2pana, WMo s6845emcs NONYMmHsvIM pe3yabmamom uccredosanus. B pabome noayuero
8peMeHHOoe YpagHeHle 08UNCeHUS HOPMAALHO NAdAe20 Ha NOBEePXHOCMb NAAHeMbl meaa
npu omcymemaeuu ammocgepsl, a makxdice 8peMeHHble YPABHEHUS e20 CKOPOCMU U YCKOPEeHUSL.
IonyuenHble pe3ayabmambst Mo2ym ObIMb NOAE3HBL NPU pACUEMAax NACCUBHO20 2pasumayu-
OHHO20 MAHEe8Pa NPU MeXCNAAHeMHbIX N0.1emax U paciemax 0meecHo20 nadeHuss HeboAbUWIUX
HebeCHbLX mea U ompabomaHHbIX 3N1eMeHIN08 KOHCMPYKYUL KOCMUYeCKUX annapamos.

Knarouesnble crosa: bartucmuueckas mpaexmopus, NACCUB8HbILL 2PA8UMAUUOHHbBILL MAHEBD, KOC-
MuYecKull annapam, MexcnAaHemHblii noaem, HebecHoe meno.

BBepeHue

Ecmu NepeMCIICHUEC TCJIa IIPU MAACHHUU IIPC-
He6p6)KI/IMO MaJo 1Mo CpaBHCHUIO C paCCTOAHUCM IO
LHCHTpa TATOTCHUA, TO YCKOPCHHUC CBO6OI[HOFO ma-
ACHUSA ABJIAACTCA NMPAKTUYCCKU HCU3MCHHBIM. HpI/I
OTOM 3aJiada YCTaHOBJICHUA MMapaMETPOB MNaJCHUA
HC NMPEACTABIACT TPYAHOCTH. I[anee 9TOT cnyqaﬁ HE
paccMaTpuBacTCA.

1. 3apaya o CKOPOCTU U BpeMeHU
MAAEHUS TeAd
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2. TaOAMYHBIN UHTETPAA

Husa  peumienns  auddepeHIHanTbHOro  ypas-
HeHUs (4) dhopMaNbHO TOAXOAWT TAOMWUYHBIA HHTE-

rpain [1-3]:

_“,/Z+xdx:—«/(a+x)(b—x)—
—X

—(a+b)arcsin,/b_x +C.
a+b

OKaSaJ’IOCB, OJHAKO, 4TO 3Ta (l)OpMy.]'Ia HCIOCTO-
BCpHA, 4 UMCHHO, ITPOU3BOAHAA HpaBOﬁ YaCTH HC paB-
Ha NOABIHTCTPAaJIbHOMY BBIPAKCHUIO. I[GﬁCTBI/ITCJ'ILHO,
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3. KoppekTupoBka TaOAUYHOTO
MHTeTpaAa

Teopema: CripaBeanuBa cieaytomas GopMyna:

J‘,fa+xdx:(a+b)arctg,/a—ﬂ—
b—x b—x

—J(b—x)(a+x)+C.
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4. TIpopOAIKeHVE PelleH ST
VICXOAHOV 3aAauu
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B cootBercTBHU C (3) CKOPOCTH Tea y MOBEPX- Tabnuua
HOCTH TUIAHCTH! paBHa. CpaBHeHHE pe3yabTaToB pacyera
nepuoa NaJicHus Tena
V =—2GM )
[Tapamerp 3HayeHue
Ipumep. Ilepuon majeHus Teaa HA OC-
R =7-10° M, napaMeTpbl IIaHETHI HE OTIHYAT- | gope HEKOPPEKTHOTO HHTErpa- 405,169 ¢
Cs1 OT 3eMHBIX. Ry, = 6,371-10° m; M = 5,9726-10%* kr; | ;1a )
G =6,6743- 101! a/(kr-c?). Ilepuoa nmaneHus tena Ha oc-
B cootercTBuH C (8): Hofe HﬂpeﬂJfO)KeHHOﬁ METOMHKH 387,275¢
8o ol T 6,371-10° AGCONMIOTHAS TIOTPEITHOCTh +17,894 ¢
7-10°| ——arctg -
2 (7-6,371)-10 OTHOCHTENBHAS TOTPEITHOCTh 4,62%
+/6,371-10°(7—6,371)-10° = SaKATOUetIE
_12-6,6743. 107'-5,9726-10* T TpyaHo npencTaBuTh, YTO HUKTO M HHUKOTIA
- 7.10° . He ucKan (GopMynsl BpeMEHH, CKOPOCTH M yCKOpe-

HUA TIpU HOPMAJIBHOM CBO6OZ[HOM naaCHUM TCia.
Hepnoz[ naacHus Teja Ha MOBCPXHOCTL IJIaHEC- OHHaKO CCJIM MPU 3TOM HCIIOJIB30BAJICA TaOIUYHBII

Tl paBeH: 1 = 387,275 ¢ = 6,455 MuH. unTerpan (5), To, KOHEYHO, T¢ (OPMYIIBI HEBEPHHBI.
B cootBercTBHu C (9) ckopocTh Tena y noBepx- [loBomoM ycomHHTBCS B MHTErpase (5) MOCITYKHIIO
HOCTH IIJIAaHETHI paBHa: TO, YTO B PsiJic KOHKPETHBIX CIIy4aeB 3HAYECHUs apry-
MEHTa Y apKCHHYCa MPEBbIIIAIN SIUHULLY.

V= —\/ 2-6,6743-107'"-5,9726-10* - KoppekTtupoBka 3Toro uarerpaina (6) ocoOeHHO
1 1 aKTyaJlbHa C Y4YE€TOM €ro OYEBHAHOTO MPHUKIAIHOTO

\/ T = =3353,297 m/c. XapaKTepa.
6,371-10° 7-10 [Mony4eHHbIC PE3yabTaThl MOTYT OBITH IMOJIE3-

HBI IIPHU pacyeTax MacCUBHOIO IPaBUTALMOHHOIO Ma-

B tabnuue npeacraBieHO CpaBHEHHE 3HAUCHUH  HEBPa MPH MEKIUIAHETHBIX HoseTax [4—6] u pacuerax
NepUoAa MaJCHUS TeJla HA MOBEPXHOCTh IUIAHETHl U3  OTBECHOTO MAaJeHUsI HEOONBIINX HEOECHBIX Tl U OT-
nprMepa U TOJIyYEHHOTO Ha OCHOBE MCIIONB30BaHUS PAaOOTaHHBIX JIEMEHTOB KOHCTPYKLUUH KOCMHUYECKHX
HEKOPPEKTHOTO TaOIMYHOro uHTerpaia (5). anmaparos [7-10].
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ELEMENTS OF BALLISTIC CALCULATION
FOR SPACECRAFT GRAVITY ASSIST

I. P. Popov

Kurgan State University, Kurgan, Russian Federation

The purpose of the study is an analytical description of the section of the ballistic trajectory
corresponding to the normal fall of the spacecraft on the surface of an atmosphereless planet.
In this case, the motion of a normally falling body is characterized by an increasing accelera-
tion 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 reduced to solving a second-order
differential equation, which is solved by the standard method. A feature of the solution is the
formal use of the tabular integral at an intermediate stage. It turned out, however, that his
formula is unreliable, namely, the derivative of the right-hand side is not equal to the inte-
grand. It follows from this that the possible existing solutions to this problem, based on the
use of the indicated tabular integral, are incorrect. The article presents the correction of this
tabular integral, which is an incidental result of the study. In this work, the time equation of
motion of a body normally falling on the surface of the planet in the absence of an atmosphere,
as well as the time equations of its speed and acceleration are obtained. The results obtained
can be useful in calculating passive gravity assist during interplanetary flights and calculat-
ing the sheer fall of small celestial bodies and spent structural elements of spacecraft.

Keywords: ballistic trajectory, passive gravity assist, spacecraft, interplanetary flight, celestial body.
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