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§ 21. JiBKxkende Tea ¢ nepeMeHHON Maccoii.
PeaxTHBHOE JBMMKEHHe

1. Tepmun «nepemennas macca» ynorpebasercs B 3TOM maparpadge
B COBEpIIEHHO HHOM CMEIC/I€, YeM B TEODHHM OTHOCHTEILHOCTH. B Teo-
pHH OTHOCHTEJIBHOCTH Macca JABHMKYIIETOCS Tesqa H3MeHsleTCs 33 cyer
H3MEHEHHsI ero CKOPOCTH, NMpPHYEM HHKAKOLO BEleCTBA BO BpPEMS JIBH-
XKeHHsi TeJI0 He Ioj1ydaeT U He Tepser. Hanporus, B HacTosileM mapa-
rpacde roBOpUTCs O MEJICHHOM ABHAKEHUH TeJl, MacCa KOTOPLIX MeHsIeTCs
3a cueT nomepu WM npuobpemenus eewlecmea. Hanpumep, mMacca aBTo-
MOOHJIS 1A MOJMBKH YJHIL YMEHbINAeTCs 33 CYeT BHITEKAWOMUX BOJs-
HBIX CTPYH; [OMKJeBas KamJjsi pacTeT NPH MaJeHHH B BO3AYXe, MEPECH-
MEeHHOM BOJAHBIMHM [IapaMH; Macca PaKeTbl MJM PEaKTHBHOTO CamoJeTa
yMEHbUIAeTCST 3@ CUET MCTEYEHHs Ta3oB, 0Opa3yIOUXCs MPH CrOpaHHHU
TOIIMBA. B Takux ciyyasix TOBODSIT O ABHKEHHH Tesl ¢ HepeMeHHOH
Maccofi. Y paBHeHHs JBHKEHHS Tesl C HepeMeHHOH Maccoil He cojepKaT
HHUEro MpHHIMIHMAJIBHO HOBOTO [0 CPABHEHHIO C 3aKoHamH HbloToHa,
a SIBJISIOTCS MX CJIeACTBHsIMH. TeM He MeHee OHH IIpeCTaB/sIOT GOJb-
1ION HHTEpec, TJIaBHBIM 0Opa3soOM B CBfi3H C PAaKeTHOM TeXHHKOM.

2. BuBesiem ypaBHeHHe [BHKeHHs MaTepHa/JbHOH TOYKH C mepe-
MEHHOH Maccofl Ha IpHMepe ABHMMKeHHs pakersl. [IpuHnun pefictBus
pakeThl ouenb npocT. Pakera ¢ OOJBLIOH CXOPOCTLIO BHIOpACHBAeT
BEIleCTBO (rasel), BO3feficTBYsl Ha Hero ¢ GonbmoH cumaofi. BriGpachi-
BAEMOE BEIeCTBO C TOH 3Ke, HO IPOTHBONOJIOKHO HampaB/eHHOH CHJION
B CBOIO OYepejlb [eHCTBYeT Ha pakeTy M cooOLiaeT efi YyCKOpeHHE B IIPO-
THBOMOJIOXKHOM HanpasieHHH. Ec/iM HeT BHEIIHUX CHJI, TO paKeTa BMeCTe
¢ BLIGPOUIEHHBIM BEIECTBOM fBJISETCH 3aMKHYTOH cucremol. MMmyuanc
TAKOM CHCTEMBl HE MOXKET MEHATHCA BO BpemeHU. Ha sTom mosioxkeHuu
H OCHOBaHa TeOpHusi NBH:KeHMs1 paker. llenecooOpasHo, ofHaxo, 0606-
IHThL 3324y, TPEANOJIOKHIB, UTO HA PaKeTy ACHCTBYIOT BHEIIHHE CHJILI.
TakuMil cuiaMi MOTYT OBITb CHJla 3€MHOH TAMKECTH, I'PaBHUTAIlHOHHOE
nputskeHne CoJHIA M IJIaHET, a TaKXKe CHJla CONPOTHBJIEHHS Cpejbl,
B KOTODOH [BHXKETCSl paKeTa.

Ilycte m (f) — Macca pakeThl B IIPOH3BOJBLHLIH MOMEHT BPeMeHH f,
a © (f) —ee CKOPOCTL B TOT e MOMeHT. Ko/JHMuecTBO ABMKEHHST PAKETb
B 9TOT MOMEHT BpeMeHH Oyger mo. CrycTa BpeMs df macca H CKOPOCThb
paKeThbl IOJydyaT IIpUpAIleHus dm H dv (BeIHYMHA dm oTpHUiaTe bHal).
KosinuecTBO [JBIKEHUsI pAKETH CTaHET paBHBIM (m + dm) (v + dv).
Cioza Hao A06ABHTL KOJHYECTBO ABHKEHHS ra3oB, 0Gpa3oBaBIIHXCS 3
Bpemsi df. OHO paBHO dM;,, Vr.s, THE dM.,, — Macca rasoB, o6pa3oBas-
muxcs 3a BpeMsi df, a ©,,; — X CKOPOCTb. BriunTas M3 cymmapHoro
KOJIHUECTBA JIBH:KEHHA B MOMEHT f -I- df KOMHUECTBO ABHKEHHSA CHCTEMBL
B MOMEHT f, HaiijleM IpHpallleHHe 3ToH BeJIMYHHE! 32 Bpems df. CorsiacuHo
H3BECTHOH TeOpeMe 3TO NpHpaileHde paBHO Fdf, rhe F — reomerpuue-
CKasi CymMMa BCeX BHEIIHHX CHJI, leHCTBYIOIUX Ha pakety. Takum oGpasom,

(m -+ dm) (v+ do) + dm 0., — mo = F dt,
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Bpema df, a ¢ HUM U mpupameHus dm U do Mbl JOJDKHBl YCTPEMHTh K

dm
HYJI0 — HAC HHTEPECYIOT NPECAC/bHEIC OTHOLICHNA, HJHN IIpON3BOAHLIC -d~t

do
uoo [Nosromy, packpeiBasi CKOGKH, MOKHO OTOPOCHTb NPOU3BEJIEHHE

dm-dv, kak OGeCKOHEMHO MaJslyl0 Bbicillero nopsjaka. [lanee, BBHAY
COXpaHeHud Macchl, dm -+ dm,,, = 0. [lonb3ysCch 3THM, MOXKHO HCKJIIO-
YHTb Maccy rasoB dii.,. IHakoneu, pasHOCTb ¥,y = Uy — U €CTH
CKOPOCTb HCTeyeHMsi ra3oB OTHOCHTEJNBHO pakeTel. Mbl Oyaem Hasbi-
BaTb ee ckopocmbio eas3oeoil cmpyuw, C ydeToM 3THX 3aMedaHHH
npefplaylliee COOTHOLIEHHE JIeTKO npeofpasyerca K BHLY

mdo=v,,,dm-+ Fdt. (21.1)
Orcioga fesienHeM Ha df moJjiydaem
do dm
m*&{=7)OTH—Et—+F. (212)

Ilo dopMe ypaBHenHe (21.2) coBmanaer ¢ ypaBHeHHEM, BBHIPAKAIOLIHNM
Bropoli 3akoH HrloTona. OpHako Macca TeJia m 3/eCh He TOCTOSIHHA,
a MeHsleTcsl BO BDPEMEHH H3-3a notepd BemecTBa. K BHeuHed cune F

" dm .
JoGapJ/sieTcd NONOJHHUTENLHBI useH Uoraj;» KOTOPBIH MOXeT OLITH

HCTOJIKOBaH KaK peakMu@Has cuAd, T.e. CHJIa, ¢ KOTOPOH AEHCTBYIOT
HA paKeTy BLITeKalNiue H3 Hee rasbl., YpasuenHe (21.2) BnepBole 6blji0
NoJIy4eHO pycckdM mexanukom M. B. Memepckum (1859—1935). Owo,
TaK Xe KaK H 5KBHBaJIeHTHOe eMy ypaBneHue (21.1), HasnBaeTcs ypas-
Heruem Melgepckoeo WIN ypasHeHuem OBUXCEHUR MOYKU C NepemenHol
maccotl. :

3. Tlpumenum ypaBHenHe (21.1) K JABHXKEHHIO PAKETHl, HA KOTOPYIO
He JeHCTBYIOT HHMKakHe BHeliHHe cHanl. [losarasi F = 0, nosaydum

mdo =2, dm.

HonyctuM, 4T0 pakeTa ABHXKETCS NPAMOJHHEHHO B HalpaBJjieHHH,
TIPOTHBOINOJIOKHOM CKOPOCTH Ta30BOH CTPYH ¥,,. EC/AH HanpabjeHHe
noJieTa NPHHATH 3@ NOJIOXHTEJILHOE, TO IMPOEKUHSI BEKTOPA WUory HA
3TO HampaBJ/eHHe OyJeT OTPHLATeNbHOH H PaBHOH — Ugyy,. [lo3TOMY
B CKaJsIpHOH ¢opMe mpefblaylliee ypaBHEHHe MOXKHO 3alHCaTh Tak:
mdy = —0g,,dMm, TNpHYEM B COOTBETCTBHH C MNPHHSTHIMH 00O3HAaue-
HHUSIMH BEJHYHHA Uy, CYIUECTBEHHO mnoJoxuTeapHA. CllefoBaTelbHO,

dv Yoru
4o _ o, (21.3)
CKOpOCTb Ta30BOH CTPYH U,y MOMET MEHSTbCA BO BpeMs ToJjera.
O}lHaKO NPOCTEALIHM H Haubosiee BaXKHBIM SIBJISIETCSI Cﬂyqaﬁ, Koraa
OHa IOCTOsIHHA. Hpe)J.IIOJIO)KeHHe 0 IOCTOAHCTBE Uypy, OUEBHIAHO, HE
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3aTparkBaeT OCHOBHHIE YePTHl SIBJEHHS, HO CHJLHO OOJleryaer peleHne
ypaBHenus (21.3). B arom caygae

dm
U= Uy S — == Uom Inm+C.

3unauenye NOCTOAHHOH HuTerpupoBanusi C onpenensieTcss Haua bHBIMH
ycaoBusiMd. JIomycTHM, uTO B HauaJbHBIH MOMEHT BpPEMEHH CKOPOCTh
pakeThl paBHa HYJIO, a €e Macca pasHa m,. Torma mpesiaylliee ypas-

Henue paer 0 = —u,, Inm, + C, OTKyILa C = v,,ln m,. Cnepo-
BaTeJIbHO, '
m
U= Ugypy ln;hg, 21.4)
WU
v .
Do — o, (21.5)

m

TNocnennee cooTHouleHHe HasbiBaercst ghopmyaaoti L{uoakoeckoeo (1857—
1935). Ona nosyueHa HamM VISl HepeJqATHBHCTCKHX [BHXKEHHH, T. e.
LISl TeX CJy4aeB, KOrja ofe CKOPOCTH U H Uy, MAaJbl N0 CPaBHEHHIO
CO CKOpOCTBbIO CBeTa B BakyyMe ¢. Ho ee MoxHO 0606MTL Ha caydyait
Pe/IATHBHCTCKUX [BHMKeHMH. EcaM m, u m o03HauaoT Macchl NOKOst
paKeTel B COOTBETCTBYIOLIHE MOMEHTHl BpeMeHH, TO (e3 BLIUHC/EHHH
fICHO, 4TO GopMmyna (21.5) naer sanHmKeHHOe 3HAa4YeHHe N1 OTHOIHEHHS
my/m. JleficTBHTeNbHO, DeJSATHBHCTCKAs Macca BO3pacTaeT CO CKOpO-
CTbIO. BBHly 3TOro NpH OXHOM H TOM K€ PacXoje TONJIHBA «PeIATHBHCT-
CKasi» pakera AOCTHIHET MeHbILeH CKOPOCTH, YeM IOJyyaercs 1o Hepe-
AATHBHCTCKOR ¢opmyse (21.5). PensituBucTcKast ¢opmysa HMeeT BHJ

[

my _(14B -
M <_l_ﬁ_> (21.6)
(cm. sanauy 2 K § 22). 3nech [3_=_-§. [Ipup<L1lm v“—g" < 1 dopmyna

(21.6) nepexonut B cdopmyay llnonkoeckoro. [elicTBHTENbHO, B 3TOM
caydae

—
—

I

~ 1 +2p

—
e

H, CJlefioBaTebHO,

v

c v 1
=0 e (] +25)Qv Yorn — (l +2ﬁ)2ﬁ Yorn
Tak kak pesnnunHa 2f mana, To

(14 2B)1/2B) A lim (14 2p)1/2B) =e.
B0
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B pesysbrate B npefe/lbHOM Cilyyae MeJIEHHBIX [BHXKEHUH noMyuaeM
My _ e%/Porn
m ’

T. e. popmyay lluonkosckoro.

4. ®opmyna LinoakoBckoro no3poJisieT paccunTaTh 3allac TOMJIMBA, HeoGXOd MBI

IJis coobLuelHs pakeTe onpefeseHHoH ckopocTd v. B Taba. | npuseaeHb! OTHOLIEHHS
HayalbHOH MacChl PaKeThl /My K ee KOHEYHOH Macce /m NMPH Pa3jIMYHEIX 3HAYCHHAX OTHO-
t.[éel{f}){)ﬂ 0/Ugry. BBIUMCACHHS BBINOJHEHK! C TIOMOLIBIO HEPENSTHBACTCKOM (DOPMYJILI
1.5).

v

TaGanuma 1

Y orn myjm 2/ myfm Y%y mo/m ®/%0ry my/m
1 2,72 4 54,6 7 1100 - 10 22000
2 7,39 5 148 8 2980 11 59900
3 20,1 6 403 9 8100 12 163000

HonycTHM, HanpuMep, YTO pakeTe Ha0 COOGIINTE Nepsyi0 KOCMUYECKYI0 CKOPOCMS,
T. €. TAKYI0 CKOPOCTb, YToOLl OHA Hauala ABHTaTbCs BOKPYT 3eMJIH 1O OKDPVKHOCTH.
dra CKOpOCTh NMPUOMH3HTENbHO paBHa v = 8 kM/c. [IpH cKOpOCTH rasoBofi CTpyH
Uoru = | KM/C HOMXKHO 6bIThb n1g/m == 2980. [NpakTuuecKH BCS Macca paxeThi NpH-
XOAHTCS Ha TomuBo. [1pn vy = 2 KM/C nomyuniocs Gb mo/m = 54,6, IPH Vgry =
= 4 kMyc my/m= 7,39 u T. 1. OTCcIOZa BHAHO, WYTO OTHOCHTE/bHAS MOJIE3HAS
Macca paxeThl OUeHb GHICTPO YBeJHYHBAETCS C YBeJHUYEHHEM CKOPOCTH I'a3oBoi CTPYH
Uory- 1 @3B, BRIXOASIIHE H3 PAKeThl, NO/KHEI HMeTh BO3MOMHO MEHBIIHH MOJIeKYJsIp-
HBIH Bec M ObITh HAarpeThl 0 BO3MOXHO (oJiee BHICOKOH TeMneparyphl. JJeACTBHTENBHO,
B MOJIEKYJIADHOH (hH3HKe GyjeT NOKa3aHo, YTO CKOPOCTh a30BOH CTPYH Uyp, IpONOP-

uHoHansHa V T/, roe T — aGcomoTHAs TeMneparypa rasa, a L — ero MoIeKyJsp-
HBHIA Bec.

B coBpemeHHBIX pakeTax Ha XHMHUECKOM TONJIHBE CKOPOCTb ra30BOH CTPYH IO-
pAIKa OHOrO HJIH HECKOJbKHX KHJIOMETPOB B CeKyHAY. BeposiTHO, oHa He mpeBocxo-
IHT 4 xM/c, HiMest 5T0 B BHAY, OLEHHM NIePCIEKTHBBl MEXKIIAHETHBHIX H MeXK3Be3IHbIX
NOJIETOB pakeT HA XWMHMYECKOM TomiuBe. MHHHMadbHasg CKOPOCTh, KOTOPYIO He06Xo-
JHMO COOOLIHTb PakeTe OTHOCHTEJbHO 3eMJH, YToGbl OHA BBILJIA 33 MpeleHl JeHCTBHS
TI0J1S1 3eMHOTO TATOTEHHS, HA3LIBACTCH 8MOPOL KOCMUYECKO L CKOPOCMbI0 H COCTABISAET
11,2 km/c. TTpakTHYECKH TAKYIO CKOPOCTH HEGGXOAUMO COOGLIMTL pakeTe, HANPHMED,
npHu ornpaske ee Ha JIyHy. CKOpOCTh paKeTbl, KOTOPYIO OHa JAOJXKHA NPHOOPECTH
OTHOCHTEILHO 3eMJIH, 4YTOGHl HaBCeTAa NOKHHYTb npefedbl COJHEYHOW CHCTeMEHI,
HAa3biBaeTCH mpemveti Kocmuyeckoli ckopocmoto. TpeTbs KOCMUUECKas CKOPOCTb 3aBHCHUT
OT HanpasJeHHs] HauaJlbHOH CKOPOCTH pakeThl. MHHHMa/NbHOE ee 3HaYeHHe COOTBETCT-
BYyeT 3aMyCKy pakeTsl 110 KacaTe/IbHOH K 3eMHOH opOHTe B HAanpaBJeHHH OPGHTAIBLHOTO
ppamenus 3eMan. Dta CKOPOCTb COCTaBasieT OKoo 16,7 kM/c (em. § 61). Cxropocty
TAKOro MOpsAKa HeoOXOAMMbI NMPH MeXNJaHeTHHIX myTemectsHaX. [onmycTHM, uTo
vorn == 4 KM/c. Torpa Inisi NOCTHKEHUS] BTOPOH KOCMHYECKOH CKOPOCTH OTHOLIEHHE
my/m DOTKHO COCTABANTD Mmy/m = e'%%s == 17, a 1A ZOCTHXKEHUsS TpeThell my/m =
= 187/, == 64. O6a oTHOWEHUS He oUeHb BeJHKH. OfHaKO HaJlo NPHHATL BO BHHMAHHKE,
YTO paKeTa JOJMKHA MMeTh 3anac TOINIHBA AJIS oOpPaTHOTO BO3BpaLieHHs Ha 3eMio,
a Takike /s ee TOPMOMEHHs NpPH NOCAJKe M JUIsi KOPPeKuHH Tpaekropuu. [Tostomy
OTHOLUEHHE fg/m (m — Macca pakeThl, BepHysilefics o6paTHO Ha 3eMJII0) NOJIKHO
OLITb 3HAYHTEJIbHO Goablre. JlomycTHM, HanpHMep, YTO NoJe TATOTEHHS U Pa3Mephl
BTOPO# MJ1aHeTHl TaKHe Ke, Kak y 3eMaH. Toraa npu nyTelleCTBHA B MPSMOM Hampase-
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JIeHHH B HalIeM TpHMepe JOJIKHO OHITh my/m’ == 60 (m’' — Macca pakeTsl, JOCTHrleH
BTOpOf Nuianets). IIpu o6paTnoM nyTewecTsHn m'/m == 60, Tak ut0 my/m == 3600.
TaruM o6pa3oM, /15 OCYNIECTBICHRS MeXIJIAHETHBIX TOJIeTOB 3aMac TOMJIMBA JOJIKEH
TIPEBLIIaTh MAacCy KOCMHYECKOTO KOpa6Js No MeHbIUeH Mepe B HeCKOJbKO ThICsAY pa3.
TexHuuecKue TPYAHOCTH OYeHb BeJHKH, HO, MO-BHAHMOMY, BCe €lle TpeoJOJNUMBI.

Ho as151Mex3Be3/IHEIX NOJIETOB PaKeThi Ha XHMHYECKOM TOIVIHBE aGCOJIIOTHO HenpH-
rofubl, BosbMeM, HanpuMep, Uory = 10 KM/C, YTO JJ/Isl pakeT Ha XMMHYECKOM TOTJIHBE,
NO-BHIMMOMY, 3aBHIIIAET NPefiesibli Bo3MoXHoro. (Eciu gonycTHTh, 4TO rasoBas CTpys
COCTOMT H3 HauGoJlee JIeTKOTO BellleCTBa — aTOMapHOTO BOJOPOAA, TO VISl JOCTHRKEHKS
TaKHX CKOpOCTell oTpeGyioTes TeMnepaTypsl nopsaka 5000 °C). Paccrosanus o 3Be3q
H3MepsIIOTCS coemogeimu 200ami — OT GluKaiiluell 3Be3bl CBeT HEET 4O 3eMJH 0KO0JIO
4 ger. IlostoMy Aas1 JOCTHKEHHS Aaxe OJHXKaAHIIHX 3Be3f HYXKHB KOCMHYECKHE
KopaGJH, CKOPOCTH KOTOPBIX GJIH3KH K CKODOCTH cBeTa ¢. B Tabu. 2 mpuBefieHbl 3Ha-
YeHHsS OTHOLWIEHHA My/Mm TPH Pa3tHIHbIX 3HAUHHAX [, BEIMHCICHHBIC IO PeASATHBHCT-
ckoii qopmyse (21.6) u no dopmyne IlHonkosckoro (21.5) B NpPEANONOXKEHHH, YTO
Uory = 10 km/c. Tabauia, Mexny NpPOYHM, HALJSAHO NOKA3LIBAeT, KOTAA CYiecT-
BEHHH peIATHBHCTCKHe 3pdexTH H ¢opMyaa IIHoaKOBCKOro He NpPHMEHHMA,

Ta6nupma 2

o B myfm

¢ no dopmyse (21.6) no ¢opmyae (21.5)
0,001 1,0690 - 1012 1,0686 - 1012
0,01 1,963 . 10130 1,942 . 10%30
0,1 1,79 - 101307 7,64 - 101302
0,25 5,37 - 108327 1,62 . 1032582
% 2,84 - 10%15 8,81 - 10442

JlonyCTHM, 4TO CKOPOCTh KOCMHUYECKOTO Kopabss v JOJIKHA COCTaB/SITh YeTBEPTh
ckopoctH ceeta (P = 0,25). Toraa gomkHO 6HTE my/m == 5- 10°%7. Ha Kaxay1o ToHHy
TI0J1€3HOTO TPY3a AOMKHO NPUXOANTECs 5+ 103327 Tonn Tonsusal Eciu nosesnas macca
m=20 1= 2.107 r, To crapToBass Macca KOpaGJs Io/kHa ObiTh f1y = 10%8¥ 1=
= 109335 ) O6LIYHO, KOTJA HMEIOT JeJI0 C OUYeHb GOJTbIIHMH BeJHYMHAMH, HX HA3bIBAOT
«acmpoxomuteckumuy. B AaHHOM cllyyae Takoe cpaBHeHMe He TOJHTCS — Pedb HAET
0 BeJHYHHAX HeCpaBHEHHO GoJsbluero Macmtaba. [y cpaBHEHHS NpHBEJEM MacChl
HEKOTOPBIX YacTHIl H aCTPOHOMHYECKHX OGDBEKTOB:

Macca snekTpoHa 9,11:10% r
Macca npotona - 1,67-102 r
Macca 3emnu 5,98-1027 r
Macca Coauna 1,99.10% r
Macca TanakTuku 3104 r

Macca MetaranakTikg  10% .

IMon Memazasaxmukodi NOHAMAIOT Ty YacTe Bcesenrodd, KoTopas JOCTyIHA HecIe-
JOBaHHSM C TOMOIUBIO COBPEeMEHHBIX HanboJlee MOIUHEIX TeJlecKonoB. Macca Mera-
TajJlakTHKH NPEBOCXOAHT MACCY 3JeKTPoHa NpuMepHo B 10°% pasa. Macca natuero gau-
TaCTHYECKOTO KOpaGis ¢ TOIJIMBOM JOJIKHA MPEBOCXOJHTb Maccy MeraranakTHKH
5 10920 pas! JTu uudpbl NpeBOCXORAT BCSAKoe BooGpaxkenHe. B MacmraGax Hamero
KOCMHYECKOT0 KOpabsiss MeTarallakTHKa BBLIIJISIAUT HeCpaBHEHHO 6oJiee MaJLIM OGBeK-
TOM, YeM 3JIeKTPOH B MaclTaGaXx MerTarajlakTHKH.
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Bpsin nm HMeeT CMBICA FOBODHTL O JBHXKEHHH CTOMb (aHTACTHYECKH T'HI aHTCKOTO
KOCMHYECKOT0 KOpabJisi OTHOCHTE/IbHO MeTarasakTHKi, HMelolell 10 CpaBHEHHIO C HIM
HHUYTOXKHbIE pa3Mepbl. BBoIHTL B paccMOTpeHHe OOBEKTHl TAKHX PA3MEPOB H MPHMEHATD
K HHM OOLIYHLIC 3aKOHbI (DH3NKY sBIseTCS HENONYCTHMOM sKcTpanoasnne#. Hawm npu-
Mep J0KasbiBaeT TOJAbKO, YTO [ MeXK3BE3JHBIX MOJEeTOB paKeThl HA XHMHYECKOM TOI-
JHBe a6COJIOTHO HEeNPHUrOAHHL.

Bbizio 661 HEOCTOPOXKHEIM Hd OCHOBAHUH HM3JIOXKEHHOTO CllefaTh BLIBOJ, YTO 3BE3X-
Hble MHDB! HUKOTAZ He GYAYT MOCTYNHBI 3€MHLEIM KOCMOHABTaM. TOJIbKO OTHANEeRHOE
6ynyulee HOKaKeT, BO3MOXKHO 3T0 HJH HeT. He co6upasch BXOINTb B 06CyKAEHHE 3TOR
(anTacTHUECKOR NPOG/eMbl, OTPAHHUHMCS C/AEAYIOUMMH 3aMeyanusiMu. st npespa-
IeHHS DaKeThl B 38e3004em IpPEHXJE BCEr0 HEOOXOAHUMO MOBLICHTH CKODOCTb CTPYH
Ugrus TTPHOJIM3UB e€e K CKOPOCTH cBeTa. MjeanbHbiM OblT 6Bl CAydall vgpy = ¢. Tak
6b110 611 B homoHHoL paxeme, B KOTOPOH poJib Fa30BOH CTPYH AOMKEH HI'PATh CBETOBOH
IIYYOK, H3Jy4aeMblii ABHraTe/eM Kopabas B ONpe/e/eHHOM Hanpas/enuH. PeakTupHas
cuia B (OTOHHOH paKeTe OCYLIeCTBJsiach Obl [aBJe€HHEM CBETa, OKa3blBacMbIM Ha
Kopa6sib NPH H3JYYEeHHH CBeTOBOro Inyuka. [lpeBpalienne peulecTBa B H3JyueHHe
[IOCTOSIHHO MPOHCXOAHT BHYTPH 3Be3J. ITOT MPOLECC OCYIIECTBAALTCA H Ha 3eMie H
NIPHTOM He TOJIBKO B J1aG0PaTOPHLIX YCAOBHSX, a B GoJlee KPYNHOM Maciutabe (B3pbIBLI
aTOMHBIX H BOAODPOAHBIX 60MO). Bo3MOkHO JIH IPHAATh eMy YIpaBJsAeMblil XapakTep H
HCTOJb30BaTh B (POTOHHEIX PAKeTaX — Ha 3TOT BONPOC OTBEUATh NpexJeBPEMeHHO.

3AdAYH

1. Jlas nyduero ysiCHeHHs 3aKOHOMEPHOCTe i ABHIKeHHsT paKeThl 110J1e3H0 paccMoT-
peTb MBICTIeHHBIH Cayyail, Korja paxeTa BLIGPACHIBAET BelleCTBO He HENPephIBHO,
a KOHEeYHBbIMH JHCKPETHBIMH NOPIHAMH OJHOH H Toi e Macchl Am. TTyCTb NpH KaxaA0OM
BHIGDACEIBAHHHK MOPIKS BelecTBa Am NoJaydaeT OfHY H Ty ke CKOPOCTb Uppy OTHNCH-
TE/bHO PaKeThl, Hanmpap/eHHYI0 Ha3aj. OnpeleNHTbh CKOPOCTh PAKETH U, KOTOPYIO
OHa JIOCTHrHeT nocse N BHIGpAchIBAHHH, eC/H HayaJbHasi Macca pakeTHl paBHa .
lNokasarb, 4To B mpelejbHOM ciayyae, Korga Am —>0, N —» oo, HO NpoOHK3BeleHHe
NAm octaercs NOCTOSHHEIM, BBIPaXeHHe U151 Uy, IEPeXONHT B opMy.1y LlnonkoBCKoro.
OrpaHHYUTLCA HEPeJSiTHBHCTCKHMH CKOPOCTSIMH. ‘

Pemesnne. Ilycms vy, vy, ... — CKOpOCTH paxeThl nocje I-ro, 2-ro, ... BuGpa-
coiBannil. Ilo 3aKOHY COXpaHeHHs uUMNyJbCa (my — Am) vy -+ Am-w = 0, rae w —
CKOpOCTb BhIGpouIeHHOH Macch! Am nocae nepBoro BhiGpaceiBaHuA. OYEBHAHO Vgpy =
= y; — w, Hckawouas w, nonyunm

Am
U= e Vorne @2L7)

Haiizem teneps v,. B cucteMe oTcyeTa, JBHKYIUEHCA CO CKOPOCTHIO Uy, PakeTa mnepex
BTODHIM BHIOpachiBaHHEM HeNOABHXKHA, & I0C/e BTOPOI'0 BHIOpACHIBaHHA MpHOGpeTaeT
CKOPOCTb Uy — v;. TT03TOMY MOKHO BOCNOJIb30BaThCs Qopmyltoit (21.7), chenas B neit
3aMeHy my, —> my — Am, vy > v, — vy, D10 jaer

Am
mo—Am Yorn:

Kom6uHUDPY S 3T0 cooTHoweH e ¢ (21.7), Haxoanm v,. [Ipojosikas 3TOT npouecc gajbie,
HeTPYAHO TMOJYYHTb

Vg—0 =

Am Am Am
Vy={— Uoru-
v [ my + my— Am Tt mo-—(N—l)Am] oTH
B npezene, korza Am —>0, N —>o0, my — (N — 1) Am - m, cymma, crosuias
B KB3JpaTHMX CKOOKAX, MEPEXOAHT B HHTErpad, H Mel nojyyaeMm
Mo

dam’
U=Uoru \ —7

m'?
m
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rie m — KOHeuHas Macca pakeThl. Ilocjle B3sITHS HHTerpajia nojydaercs Gopmy.a
Llnonkoackoro (21.5). ‘

2. HaiiTh cBA3b MeXAy Maccoil pakeThl m (f), ZOCTHTHYTOH €l CKOPOCTbIO U ()
H BpemeHeM f, eC/IH paKeTa [BHMETCS BEPTHKA/JbHO BBEPX B I0Jle 3eMHOH TSAMECTH.
CKOPOCTh Fa30BOii CTPYH OTHOCHTEIBHO PAKETHl Ugry CYHTaTh noctosunoi. Conporus-
JieHHe BO3JyXa U U3MeHeHHe YCKODeHHs CHJIbl TSKeCTH g C BHICOTOH He YYHUTHIBATH.
Kaxymoo Maccy rasos | (f) Xo/KHA eXeCeKYHJHO BhIGpachiBaThb paKeTa, 4ToGbl OCTa-
BAaThCH HENOJBHIXHOH B MOJe TSHXKECTH.

PeumeH e YpaBHeHHe ABHXEHHH DaKeTh!

m 4o =0 dm _ mg
at Ot gt
nepenuieM B Gopme
m Edt_ (v+gh)=—vom %,;1—
HIIK v
d{v+ah) . ._ Yorn
dm m °

D10 ypaBHEHHE HMEET TAKOH Xe BHI, 4TO U (21.3), eC/IH 32 HEH3BECTHOE NIPHHATD BEMH-
unHy v gt. TlosToMy MOXHO BOCMONbL30BaThCs dopMyJofi (21.5), 3amenus B Heil
v Ha v+ gf. 3To naer
vtgt
my

v my
e o, v:—-vomln~m——.—gt.

dm
BesnnuHRa |, OYEBHHO, paBHA — R OHa HaXoQHTCA M3 YCAOBHA, 4T0 IAK HEHNO-

. do
ABHXKHOH paKeTsl ;17:0, H paBHa

H’ = —%;z— = ___m()g e_gt/voTH .

Uotn

3. KocMmuyeckHii ‘Kopab/ib ABHXKeTCA ¢ NOCTOAHHOH MO BeAHYHHE CKOPOCTHIO V.
Iins H3MeHeHHWS HaNpaBlleHHs €rO MOJIeTa BKJAIOYACTCA JABHraTeslb, BHIGPACHIBAOLHKH
CTPYIO ra3a Co CKOPOCTHIO Uyry OTHOCHTENBHO KOpaG/s B HaNPaBJIeHHH, NePNeHAHKY-
JISIPHOM K ero TpaekTopHH. OnpelesuTb yroJ o, Ha KOTOPhI [IoBepHETCH BEKTOP CKO-
POCTH Kopa6as, ec/H HayaldbHas Macca ero m,, a KoneuHas m.

Pemenue Yckopenue Kopa6as no a6cosoTHONH BeJHUHHE pasHo @’ = v,
nprieM v = const. [loaToMy ypaBHeHHe ABHKEHH:

m do —o dm
Tdt T o™ g .
MepeXoauT B mowd! = — vy, dm. 3ameuas, 4T0 dot = @df eCTh YroJ NOBOpOTa 32

BpEMS df, U MHTErpHPYA, NOJNy4HM

U, m,
o = —0TH |y
14 m

4. KocMuueckufi kopa6ip, ABHKYILHHCS B JIPOCTPAHCTBE, CBOGOXHOM OT [OJSI
TATOTEHHA, Jo/XKeH HM3MEHHTh HanpaBJeHHe CBOEro [BHXKEHHS Ha NPOTHBOMNOJON-
HOC, COXpPaHUB CKOpPOCTL No BeJHuHHe. [JaAs 3Toro mnpeparawtcs jAsa crnocoba:
1) cHayana 3aTopMo3HTH KopaGsib, a 3aTeM pa3orHatb €ro Jo npesHell CKOPOCTH;
2) nosepryTs, 3acTasHB Kopa6Jib ABHIaTbca MO Iyre OKPYWHOCTH, coo6uiasd emy
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YCKOpeHHe B MoNepevHOM HanpasJ/eHHH. B KakoM H3 3THX JABYX cnocoGoB netpeGyeTes
MeHblUAs 3aTpaTa TonyHBa? CKOPOCTh HCTEYEHHS Ta30B OTHOCHTeSibHO Kopalns cuH-
TaTb NMOCTOSTHHOH H OJIHHAKOBOH B OOOHX CJydasiX.

O 1B erT. Ilepsriii cnoco6 TpeGyeT MeHblued 3aTPaThl TOMJIHBA.

5. OnpegeiMTh KO3DGhHLUHEHT NOJe3HOro JAeHCTBHS paKeTwl, T. €. OTHOLICHHE
KHHeTH4YecKoH 3HeprHH K, mpHoGpeTeHHOH paKeToH, K KOJIHYecTBy Temaa Q, Bbiie-
JIMBIIEMYCSI TIPH cropanud TonauBa. CKopocTb, ZOCTHTHYTasi pakeTofl, v = 9 km/c.
Tenusota cropanus Tomiusa ¢ = 4000 KKasi/Kr, CKOPOCTb BHIOpachiBaeMbX TPOAYK-
TOB CrOPAHUSI OTHOCHTE/ILHO PAKETHI U = 3 KM/C.

2
OTBeT. —K- - v
Q  2g(ev—1)
6. B pagere npoAyKTHl cropanus (rasbl) BhIGPACHIBAIOTCS CO CKOPOCTHIO # =
= 3 Km/c (oTHOCHTe/IbHO paKeTel). HaliTH OTHOIIEHHE ee KHHETHUeCKOH SHEPFHH Kpaz(
K KHHETHUeCKOH SHEepTHH NMPOAYKTOB cropanusl Kr,; B MOMEHT JOCTHXeHHS pakeToH
CKOPOCTH Uyoy = 12 KM/cC. .
Pemen He. [lpHpalieHHe CKOPOCTH paKeThl P CBA3AHO € H3MeHEHHEM ee
MacChl M COOTHOWIEHHEM M dD = Doy, dm. llepexons K ckajlsapHoi ¢opMe M HOBBLIM
0603HAYEHHSM, 3aTHLIEM €ro ‘B BHfe m dv == —u dm, TNpHueM dm = —dii,,, TAe
Mys3 — Macca BHIOpOLIEHHBIX Ta30B. [IpHpamende KHHETHYECKOA 5HEPTHH ras3oB

=~ 139%.

1 . MU,
dKraa = — E‘ dei_aS = ——E‘u—' dvu

[ToACTABHB CIOAA Upaz = U-—— & H BOCIO/Ib30BABIIHCL ¢opmyoll LIHoKoBCKOro
(21.5), nonyunm
m —
dKpge = — ﬁ (u—uvY2 e™¥% dy,

HJH To€Ji€ HHTCTPHPOBAHHA

mote?

Krgs == 9

(1 —e=¥ — x2e7%),

e BJs KPaTKOCTH BBEEHO 0GO3HaueHHe X = Ugon/u. KHHeTHuecKas SHeprua pa-
KeThl :
=1 2 1 2x20 ¥
](Pm_ [amv} o, = 1/om u2x%e %,

B pesyabTaTe BaxoAHM

=Kpa|( . X2
1=K — &=+

[pu x = 4 n = 45%.

7. C nosepxHocTH JIyHbl cTapTyeT AByXCTyneHuaTasi pakera. [Ipu Kaxkom oTHO-
WeHHH Macc nepBo# (m;) M BTOPo# (m,) CTyneHeld CKOPOCTb KOHTeHHepa ¢ MOJIE3HbIM
Tpy30M (Macchl /1) MOJYUHTCA MaKCHMajbHOH? CKOPOCTh HCTeUEHHS Ta30B U B ABH-
rateqax ofeMx cTyneHefi NOCTOAHHA H oOfMHAaKoBa. OTHOIIEHHS Macchl TOIIHBA
K Macce CTyNeHH PaBHBl COOTBETCTBEHHO 6; H G LA NMepBOH H BTOpOH cTynexei.
Otpenende cTyneHell M KOHTeHHepa NpPOM3BOAMTCA Oe3 COOGMIEHHS JA0GAaBOYHBIX
HMITYJIbCOB,

Pewenne OT geHcTBHA cHabl TsikecTH JIyHbl MOXHO oTBaeubcs. CHia Ta-
AKeCTH yMeHbluaeT KHHETHUECKYIO SHePrHI0 CHCTeMbl, HO He BJIHSIET Ha YCJOBHE MAax-
cumyMma. [IpuMeM 3a eAHHHIlY MacCHl NOJIHYIO Maccy pakeThl B MOMeHT cTapTa. Torza

mmgfm=1. (21.8)

Tocne BBII'OpaHNA TONJHUBA B nepBoﬁ CTyMeHH Macca CHCTEMBl YMEHBLIUHTCS Ha G3My.
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Ecan npu aToM GyAeT ZOCTHFHYTa CKOPOCTh Uy, TO [0 COOTHomeHHIO IIHO/MKOBCKOrO

U,/u 1

(1"’051) my+myt+m’

Macca (1 — ;) m, ‘oTheasieTcs, B BK/IIOUAeTcsi JABWraTeslb BTOPOH cTymenu. Ilocse
BRITOPAHHSl TOIJIMBA BO BTOPOH CTYNMEeHH CKOPOCTb PaKeThl BO3PACTaeT ellle Ha BeJIH-
YHHY U, NPHUEM

evz/u: m2+m
(I—ay) my-Fm

B sToM MoxHO yGeAMThcsl, ecsH IepefiTH B CHCTeMy OTCuY€Ta, B KOTOPOH pakeTa
B MOMEHT OTHAe/EHHsS IIepBOH CTynenH noKouTcs. IlosHash JOCTHTHyTasi CKOPOCTb
HaiileTcsl NMepeMHOMKEHHEM JABYX NpPEeAbAYIIHX COOTHOMIEHHH W TOCJEAYIOUIHM JoTa-
pudMHpoBanHeM, Hck/Iouas ellle IpH 5TOM MacCy M1, ¢ MOMOLIBIO COOTHOWeHHs (21.8),
TOJTY YHM

%=1n(1 —my)—In (1 —oymy) —In [{(1 —ag) (1 —m) 4 ogm].

3zech m U y UrpaloT PoJb MOCTOSHHLIX MapaMeTpoB, a m; — apryMenTa, oT KOTOPOTo
3aBHCHT CKOpocTh v. uddepeHuupysa mo m; M NpHpPaBHHBAs NPOU3BOJHYIO HYJIO,
TIOJIYYHM YCJIOBHE MAKCHMyMa

! LN @1.9)

m—1 " f—m  y—m

rjae BBeleHn 0603HAYeHHA

ﬁ'___l ’

237

= %
y_l-i-l_azm.

VYenopne (21.9) npHBOAMT K KBAaJpPaTHOMY YpPaBHEHHIO OTHOCHTENBHO f1y, pelllag
KoTopoe, HalaeM

m=1-VTFEr—p—v-
Ilepex xopHeM B3ST MHHYC, TaK KaK Io cMbicay 3ajaun 0 < m my < 1. C nomowsio

(21.8) HaxoAMM MacCy fy, a 3aTeM HCKOMOe OTHOWIEHHe my/my. BosBpamascs npu
5TOM K NpEXKHHM NapaMeTpaM ¢y H Gy, TONYUHM

oy l—ay Vi
ms __ a1 1-‘052

ml Vazl_a]
1—
oy 1 —oy

Pemenue uMeer CMBICT NpH BLINTOJIHEHHH YCJIOBHA

Vi (21.10)

a21

Lm<1.
a11—~a2

B peanbHBEIX ycsoBHAX, Korja m < 1, a mapaMervpel o H Oty OTJIHYAIOTCA HE OUEHb
CWIBHO, 3T0 ycaoBHe coGmofaetcd. Ilpn a, = a, moaywaercs npoctas ¢opmyna

™ =Vm. , (@1.11)



