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[TpeamncaoBUe

HMayyenue QU3NKK B MEJUIIMHCKUX BY3ax MMeeT LeJIblii pAL 0co-
oennocreir. [lo MHEHIIO aBTOPOR, KYPC (PUSHKH B TAKOM BY3€ HapAay
¢ GyHAaMEeHTaJbHOCTLK ACJIYKEH MNMETh YeTKHE «MeIUIIMHCKUII af-
pec», T. e. ObITh NPOPUIUINPOBAHHLIM. [Ipoduanzanua saxkawyaeTcs
B 0TOOpe MaTepuaia ¥ B WIJIIOCTPAIIMHM BO3ZMOXKHLIX NPUMEHeHU (pu-
3uku B MeguiuHe. OHa He TOJBKO ABJAETCA MOTUBAIIMEH IJIA CTyIeH-
TOR B M3yUeHUM (PU3UKH, HO ¥ HE0OXO0AMa B CBA3M C JO0CTaTOYHO OT-
paHUYEHHLIM 00'b€MOM KyPCa PH3KNKK B MeIBy3axX.

OnHa 13 MeTOAUYECKUX CIOKHOCTEH NaHHOTO Kypca — 9TO codeTa-
HUe pyHIaMeHTalIU3alluM ¢ Npodunrusanueitr., B atom ogHa 13 ocodeH-
HocTel yyebHUMKa. [[pyrada ocobeHHOCTh cBfizaHa C TeM, UYTO OMO(pU3H-
Ka He BbIJeJIeHa B BHJe OTAeJbHOM YaCTH, a M3JlaraeTCA 8 COOTRETCT-
BYIOINMX pa3fesiaX kak (PpU3HMKa XHUBOTO,

B kauecTse BROAHOTO pPa3aesa Kk OCHOBHOMY MaTepHally paccMart-
pUBaeTCA BBeJeHKe B MeTPOJIOTHI), 3JIEMEeHTLI TEOPHH BePOATHOCTEH 1
MaTeMaTHYeCcK Ol CTATUCTHKH.

Ilo cpasHEeHUIO € IPEABIAYIIIIM U3AaHVEM yAaJleH PAJ IJIaB (OCHOBLI
kHOepHeTHK Y, MeXaHHKa BPAaTeJlbHOTO ABVMKEHNA, 3JIeKTPOMaTrHHUT-
Hasg UHLYKIIUSA) ¥ COKPaIeHo U3JN0KeHKe OTAeJbLHBIX TeM (TepMogHa-
MHKa, 3JIeKTPHUYECKHI ToK). ¥ peanyeHa «OHo(H3NYeckad COCTaBIAK-
[1asi»: aBTOROJIHOBLIE NIPOLIECCHI, KBaHTOBaA OMOPU3NKa U IP.

Onucanue annaparypsl B yueOHUKE M3JI0KEHO CXeMaTHUYHO, Tak KakK
fosee nogpoOHO OHO naHO B «PykosoacTee k 1abopaTopHBLIM paboTaM IO
MeIUITUHCK O 1 Ouostornueck ot pusuke» M. E. Broxunoi, M. A. cca-
yaorol, I'. B. Mancyposoir (M., «IIpoda», 2001). IIpumepsl u 3amaun
MOXKHO Haltit 8 «COOpHUKeE 3a/ay 10 MEeIUIMHCKOM U 0MOJOrHYeCcKot
¢busuxe» A. H. Pemmsosa, A. I'. Makcuno#t (M., «/Ipoda», 2001).
YueOHUK ¥ NepeurcJeHHble NOCOOMA COCTaBAAIOT efUHLIH MeToauye-
ckuit komMmexkc. CChlIKM Ha 3TH u3faHuA OyIyT 0003HAYEHLI B TEKCTE
HacToAnel kHUI'M kak [1], [2] cooTseTcTreHHO.

YuyeOHIK B OCHOBHOM COOTBETCTRYET TPeOORAHKAM [OCYJaPCTBEHHOIO
o0pa30BaTesILHOTO CTaHAapTa Nno (pusuke s clernHajisHocTelr 040100,
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040200, 040300, 040400, 040600, ofHaKO OH MOYKET OBITH KCIOJL30-
paH M CTyJeHTaMHt, 0Oy4alomuMucsa No OMOJOrMYeCKUM U CeJbCKOX0-
3AICTBEHHLIM CIIeIHAJILHOCTAM, a TaKyKe N0 cnenanasHoctu 040500,
Tnasa 11 1 § 3.3, 3.4, 8.1 (8 coarTopcTse), 22.8 (8 coaBTOPCTBE) HA-
aucaHsl A. I'. Makcunoii, raassl 23, 24 u § 14.2, 14.3, 14.4 (8 coas-
topcTse) HanucaHel A. f. [loTraneHk0, oCTalbHOM MaTepuaJ HaNKCaH
A. H. PemusosbiM, riiasa 6 HanucaHa uM s coasTopceTse ¢ M. P. Boro-

MHIJILCK KM,
Asmopui



BBeaeHue

Hawnboaee mMpOKUM NMOHATHEM, BKJAKYAKIUM B ceds BCe, OKPY-
Xamqmee HaC, ¥ HaCc caMUX, sABJAeTcA MmaTepusa. /[lars obbIuHOE JTOTH-
yeck0e onpejesieHle MaTepPUu, NPKU KOTOPOM YKa3blBaeTcsA DoJiee ILUH-
pokOe TOHATHE, a 3aTeM 0TMedYaeTcd HPU3HaK HpeIMeTa onpenese-
HUA, HeBO3MOXKHO, Tak Kak 0oJiee ITMPOKOTo NOHATHUA, YeM MaTepus,
HeT. IloaToMy BMecTO onpesesIeHuA YacTO NPOCTO TOBOPAT, YTO MaTe-
pusa ecTs 00 bek TUBHAA PEaJIbHOCTL, faHHafA HaM B OTVIL€HNAX .,

Marepud He cymecTsyeT 0e3 Asukenus. Ilox nsmxeHneM NOHUMa-
IOTCA BCE NPOUCXOAAIME BO BCEJIeHHOM M3MeHeHUSA ¥ NPOoIecchl, Y-
JIOBHO Pa3JIMYHble M MHOT000pa3HbIe (JOPMBI ABMIKEHIS MOKHO Hpe-
CTaBUTH YETHLIPbMSA Pa3HOBUAHOCTAMM: (pu3MUeckad, XHMHUUYECKas,
puoJsioruyeckas M cOIHaJbHafA. JTO NMO3BOJAAET KJIaCCH(MUIPOBATH
pa3JiMyHbIe HayKH B 3aB8HMCUMOCTH OT TOTO, KaKOI BH IBMYKEHUA OHU
u3ydatoT. Pu3nka u3ydaeT pU3NUYeckyio GopMy ABMIKEHUA MaTepHH.
Bonee geranbuo pusnyeckyio Gopmy ABMKeHNS MaTePHUH MOXKHO MO/ -
pa3nesuTs Ha MeXaHUYeCKYIO, MOJIeK YIAPHO-TeNJI0BVIO, DJeKTpoMar-
HUTHYIO, aTOMHYIO, BHYTPUAIEPHYO. EcTecTReHHO, UTO Takoe [eJe-
HUe ycaoeHO. TeM He MeHee DU3UKY Kak YIEOHYIO JUCHUTLIKHY 00bIY-
HO NPeACTaBJAKT KMEHHO Tak UMH pa3jeslaMI.

dusuka, kKak ¥ Jpyrue HaykHy, UCIOJIb3yeT pa3JuuyHble MeTOLbI UC-
cleq0RaHMA, HO BCE OHM B KOHEYHOM CUETe COOTRETCTBYIOT €IMHCTRBY
TEOPHUU M NPaKTUKM U OTPaxKaloT o0inuM HayUYHBIM MOAXOJ K HO3Ha-
HUIO OKPYXKaloiel TeMCTBUTEeIbHOCTH: HalJneHue, pa3MblilijieHue,
onslT. Ha ocHore HaOMOLEHUN CO3Ial0TCA TEOPHH, (POPMYJIHPYIOTCA
3aKOHBI ¥ TUNOTE3bl, OHY NPOBEPAIOTCA ¥ HCHOJLIVIOTCA Ha NPaKTH-
ke. [IpakTHka ABAAETCA KPUTEPUEM TEOPHIT, OHa NO3ROJAET KX YTOU-
HATH. POPMYJIHPYIOTCA HOBbIE TEOPHH 1 3aK0HbI, OHH BHOBL IIPOBEPSA-
I0TCA NpakTUKOM, TakuM 00pa3oM yejlorexk NPOABHTaeTCA KO BCe DO-
Jlee TIOJIHOMY HOHMMaHHI0 OKPYKalnero Mupa.

B uccnenosaHuu QpusnieckUxX AmJEeHUM, NPOLECCOB ¥ CHCTEM J0-
CTaTOYHO IIMPOKO UCHOAB3YETCHA MeTOJ MOJeUPO8AHUA, KOTOPHIN Oc-
HOBaH Ha HCNOJIb30BaHUU moldenell. Mogeas — »3To 00bexkT JI000M
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NPUPOALI, YMO3PUTEbHBIH (BUPTYAJIbHBIN) WK MaTe€PHaJbHO peall-
30BaHHBINM, KOTOPLIH BOCIPOM3BOAUT ARJEHHEe, HIPOLEeCC UIN CHUCTEMY
¢ L[eJIbIO KX HCCleNoraHMA Mau n3ydeHus. Takue u3rectHbIe YnTaTe-
JI0 U3 Kypca cpelHed INKOJLI MOHATHA, Kak MaTepPHaJlbHad TOYKa,
uaeasIbHBIM ra3, TOHKaA JIMH3a U T. M., ABAAKTCA, II0 CYyniecTsy, MO-
neJIAMU.

PasznuuyHble (OPMEBI IBMKEHNA MaTepUU B3aMMO3aBHUCHMEI U B3aHl-
MOCBA3aHBI, 4TO 00YCJIOBJIUBAET NOABJIEHHe HOBLIX Hayk, JeXanjHx
Ha CTBIKE NPeXHUX — O0nmohu3uka, acCTPOPU3UKa, XUMUUECKas (PpU3U-
Ka ¥ [p., a TaK)Ke HCN0JIb30BaHKe NOCTHKeHUI OqHOM HayK U [JIA pas-
BUTHSA JPYyTOH,

Yurarensa, ecTeCTReHHO, HHTEpeCyeT CeA3b (PU3UKK U MEIUIINHBI.
IIporukHOBEeHNE PU3NUECKHX 3HAHKIM, MEeTOJOR M anfapaTyphbl 8 Me-
OHUIINHY DOCTaTOYHO MHOTOTPaHHO, HMXKe NpeajaraloTcs JUillb HEeKO-
TOPBLIE OCHOBHBIE ACMEKThHI 3TOH CBA3H.

®dusuyecKkue npouecchl B opramudme. buodpusnkra. Hecmor-
pA Ha CJI0OKHOCTH M B3aIMOCBA3L Pa3JIMUYHLIX NPOIECCOB B OpraHKU3Me
YyeJIoReKa, YaCcTO CPpeAM HHMX MOXKHO BBIJENUTHL NpoIecchbl, DJHN3KIE K
¢pusuyeckuM. Hanpumep, Takoif CJOXKHBIA (DPU3UOJOTHYECKHUM TPO-
1ecc, kak KporooOpaieHue, B CeOeM OCHORE ABJIAETCA (PU3NYECKUM,
TaKk KakK CBA3aH C TeUeHMUeM >XUIKOCTU (THAPOAMHaMIKA), PaclpoCT-
paHeHHEeM yIIPyrux kojedaHU M0 cocyaaM (kosie0aHKUA U BOJIHBI), Me-
XaHMUYeCcKkOH paboTol cepalla (MexaHHKa), FeHepalell OMONOTeHI[Ha-
JI0B (dNekTpHuYecTso) ¥ T. I, J[pIxaHMe CBA3aHO C JBUIPKEHHEM ra3da
(aspoguHaMUKa), TeNJooTrayeir (TepMOguHaMHKa), HcniapeHreM ((da-
30BbIE IpeBPaIIeHNd) ¥ T. 1.

B opranmuame, kpoMe (pUINUECKUX MaKpPOIPOIECCOB, Kak U B He-
MKUBOH NPHUPOLE, UMEIT MEeCTo MOJIeKyJAPHBIE NIPOIecChl, KOTOPLIE B
KOHEUYHOM cueTe OIpelenAloT noseaeHue duosoruyeckux cucreM. [lo-
HUMaHUEe (PM3NKY TaKUX MHKPOIPOIEccos HeoOX0aUuMO 1J1A NPasUib-
HOM OIlEHKM COCTOAHUA opTaHM3Ma, IIPHPOALI HEKOTOPLIX 3aboJesa-
HUHU, NecTeUA JekapeTe U T. I,

Bo Bcex 3Tux Bonpocax (pu3Mka HaCTOJIbKO CBA3aHa ¢ OmoJioTHel,
yTO (POPMHUPYET CaMOCTOATENbHYIO Hayky — Ouogusury (buosozunec-
Ky (u3uxy), koTopad maydaeTr Pu3Hyeckue U PUINKO-XHMUYECKUe
IpoIecchl B KUBBIX OpPraHM3MaXxX, a TakiKe yAbTPacTPyKTypy OmoJso-
rHYeCKUX CHCTEM Ha BCeX YPOBHAX OpraHU3allUB — OT cyOMOJeky-
JAPHOTO U MOJIEK yJAAPHOTO 10 KJIeTKY U 1[eJI0r0 OPraHu3Ma.

duszuuecKkne MeToasl JUATHOCTHKHU 3a00JeBaAHMM M MCCJIe-
OJOBaHMH OMOJOrHYeCKUX cMCTeM. MHOorue MeToabl JHarHOCTHK Y U
HCCJIeJoBaHMs OCHOBaHbI Ha MCIOJb30BAHUHN (PU3NUYECKHX NPUHI[UIIOR
U uzeit. BoALIIMHCTRO COBPEMEHHBIX MeIUIIHHCKHUX N0 HazHaueHHUIO
NpuOOPOB KOHCTPYKTHURHO ABJAeTcA QU3MdecKkMMHU npudopamu. Uro-
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0Ll 3TO APOWILIIOCTPHPOBaTh, AOCTATOYHO PacCMOTPETh HEKOQTOpLIe
IIPKMEPLI B PaMKaxX CReJIEeHHN, U3BECTHLIX YHUTATENIO U3 Kypca cpe-
HeH UIKOJBI.

Mexarnueckas seIMYNHa — JaBJEeHIe KPOBH — ABJIAETCA IIOKA3a-
TeJeM, HCIIOJAb3YEeMBIM /14 OlleHK K pAna 3adonesanuil. IIpocnymmusa-
HIE 3BYKOB, UICTOUHUKHM KOTOPLIX HAXOLATCA BHYTPH OpTaHK3Ma, No-
3BOJIAET MOJAYyYaTh HH(POPMAIIHUIO 0 HOPMaJbLHOM HMJIM NaTOJOTHYECKOM
noeeJeHHH opranos. MeIHIIMHCK U TepmoMeTp, paboTa KOTOPOTO OC-
HOBaHA Ha TeIJVIOBOM DaCIINpPEeHWH PTYTH, BeCbMa PacinpoCTpaHeHHbIit
JuarHocrudeck nit npubop. 3a nocjiegHee NecATIIETHE B CBA3HK C pas-
BUTHEM 3JEeKTPOHHLIX YCTPOUNCTE IIMPOKOE paciipocTpaHeHIe TOoJIy-
Yy JUArHOCTHYECKUWIl MeTo/], OCHOBaHHBI¥ Ha 3alycu OMOINOTEeHIHa-
JIOB, BOSHHKAIOUX B XUBOM OpraHuaMe. Hamubosiee marecTeH MeTO[
aJIeKTPOokapAuorpadu — 3anucu OHMONOTEH[HaJIOB, OTPaKaloniHuXx
cepleuHyIo AeATenbHocTs. O0men3secTHA POJIb MEKPOCKONA IJA Me-
INKO-OMoJIOTHYeCcK X Hccaenosanuii, CoppeMEHHbIE MeLW[MHCK e
npubopsl, OCHOBAHHLIE Ha BOJIOKOHHOI ONTHKE, [103BOJAIOT OCMaTPH-
BATH BHYTPEHHUME TNOJIOCTU opraHuni3Ma. CnexkTpaJbHBLIM aHaJN3 HC-
NoJL3YeTCHA B CyAeDHOol MegUIlMHe, IUTrieHe, (papMakOJIOTUH ¥ OH0JI0-
I'UM; JOCTHKEeHUA ATOMHOI U A1epHOi GU3UKH — IS JOCTAaTOYHO K3-
BECTHBIX METOI0B AHMArHOCTHKM: PEHTreHOAMarHOCTHKHM U MeToja
MeyeHbIX aTOMOB.

Bo3sneiicTeue tusnueckumMu (pagTopaMHd HA OPraHU3M C
eJbl0 JedeHMsaA. B obimeM koMnJjexkce pas3jIMYHBIX METOJOB Jede-
HUA, IPEMeHSAeMbIX 8 MeIUI[MHEe, HaX0AAT MecTo 1 pusnyeckue dhax-
TOpPHI. ¥Ka)keM HekoTopble u3 HUX. ['uncosad nosA3ka, HakJaIblBae-
Maf NP HepejoMax, ABJfAETCA MeXaHHYeCKHM (PHKCaTOPOM HOJO-
JEeHUA TOoBPEexIEeHHLIX opraHos. OxnakaeHue (/en) 1 HarperaHue
(Tpenka) ¢ 1€J1bK JIeUeHHUA OCHOBAHBI Ha TENJIOBOM JeHCTsHM. OJEKT-
pUyYeckoe ¥ 3JIeKTPOMarHHTHOE BO3AeCTBUA IHMPOKO HCIOJb3VIOTCS
B (pusuoTepanuu. C euedOHOM eJ1bI0 TIPUMEHSA 0T CReT BUJUMBII 1 He-
BUAMMBIY (yJabTPadHOIeTOBOE U HH(}ppakPacHOe U3JIyUeHUA), PEHTTe-
HOBCKO€ U raMMa-U3JyUYeHusd.

du3nyecKre CBOHCTBA MATEPUATOB, HCIIOIb3YEMBIX B MeJH-
nuHe. Pu3uYecKHe cBOMCTBA OMOJOrHUYecKUX cucreMm. Ilpume-
HseMble B MeIHIIUHE MOBA3KK, HHCTPYMEHTHI, 3J€KTPOALI, MPOTe3bl
K T. NI. paboTalT B YCJIOBUAX BO3JNEHICTBUA OKPYKAIOIIEH Cpeasl, B TOM
yHcJe B HelOCPeACTBeHHOM OKPYXKeHuHn Ouosorudeckux cpen. Urodnl
OILIEHUTHb BO3MOXKHOCTS IKCIIyaTal[H HOoA00HBIX U3e 1N B PeabHBIX
yCJIOBHUAX, HEOOXOAMMO UMeTh CBeJeHNA 0 PHU3NUYeCK X CROMCTRAX Ma-
TEePHAJIOB, K3 KOTOPBIX OHM clesfdaHbl. Hanpumep, ojd M3roTOBJIEHUS
HpoTe30s (3yOBI, COCYAbI, KJaNaHbl U T. [I.) CYI[eCTBeHHO 3HAHKE MeXa-
HUYEeCKOU TNPOYHOCTH, YCTOMUYHUBOCTH K MHOTOKPATHHLIM HarpyskaM,
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3JIaCTHUHOCTH, TEILJIONPOBOLHOCTH, JIEKTPOIPOBOAHMOCTH U APYTHX
ceoiicTs. B paje ciiyyaes sa’XHO 3HATH (pr3HUeCKMe CrOMCTBa OHOJIOTH-
yecKMX CHCTeM JJIf OLEHKM HMX KH3HECMOCODHOCTH WM CIOCOOHOCTH
pbIJEPIKaTh OlnpelesleHHbIe sHelIHUWe sozfeiicTeud. [lo mamenenwuio
(pU3NYeCKUX CBOMCTR OMOOIrHYECKHUX 00BEKTOB BOBMOXKHA ANaTHOCTH-
Ka 3a0oJieBaHU.

duznuecKue CBOMCTBA M XAPAKTEPUMCTHKM OKPYKAIOIIEH
cpeabl. KuBoH OpraHM3M HOPMAaJAbLHO (YHKIMOHUPYET TOJLKO IIPH
B3AMMOJEHCTBHUY € OKPYXKalollei cpenoii. OH ocTpo pearupyer Ha HU3-
MeHeHHe Taklx (PU3NUYecKUX XapakKTePHCTHK CPeabl, kak TeMIepary-
pa, BJIaXXHOCTb, Aas/eHue so3ayxa U Ip. [lelicTeie sHeIlIHel cpeabl Ha
OpraHM3M YUYHTHIBAETCS HE TOJHKO KaK BHEINHWM (paKTOp, 0HO MOXKer
MCHONb30BATLCA ANA JeYeHHs: KJIMMaToTepanud U Oaporepanusa. ITH
NpPUMEpHI CBUAETEILCTBYIOT O TOM, UTO BPay4 JOJIXKEH YMeTh OlleHuBaTh
(pu3uyecke CrOMCTBA ¥ XapakTePUCTHKH OKDYXKaIoIel Cpeasl.

Ilepeunciennsle olilie NPUMEHEHUA (PU3UKH B MeIUI[MIHE COCTaR-
JAAIOT MeQUUUHCKYK PUIUKY — KOMILIEKC Pa3nesiosB NPUKJIagHON (pU-
3UKH ¥ OMO(HUIUKH, B KOTOPBIX pacCMaTPIBAIOTCA (pHU3UYECKHe 3aK0-
HbI, ABJIEHUA, NPOIECCH] I XaPaKTePHCTHKY IPUMEeHUTEeJbHO K pellie-
HUI0 MeIUIIMHCKUX 3a1ad.

MeapgunyuHa U TexHuKa. CospeMeHHasA MeAUIINHa Da3upyeTcA Ha
INMPOKOM HCINOJb30BaHMM Pa3HO0OpPa3HON anmapaTypbl, KOTOPad B
00NBINMHCTRE CBOEM ABAAETCA (pU3NUeckor no koHeTpykiuu. [losro-
MY B KYpCe MeIUIIMHCKOM 1 OMOJOrHYeckoii (pUM3NKK pacCMaTPHBAKOT-
¢A YCTPOMCTRO M NPUHIIKT padoThl OCHOBHOM MEeIUIIMHCKOM anlmapaTy-
PHI.

MeaunuHa, KOMIBIOTEPU3AIUA W MaTeMaTHKA. Belumcsau-
TeJbHAfA TeXHHKa IOoJiydyaeT Bce 0oJiee ITMPOKOE pacnpOcTpaHeHUe
Kak 1JA 00paboTKH pes3yabTaTos MeIUIIUHCKUX HCCHef0BaHt, Tak U
OJIA IMOCTAaHOBKHM JHarHo3a 3abonesanusa. MaremaTwka, Kk poMe TOro,
HCIOJb3YyeTCA NJA ONMCaHMA HNpPOLEeccos, NPOTEKAKMIUX B MKHBBIX
cucreMax, a Takie IAJIF CO3JaHUA ¥ aHaJIK3a COOTRETCTRYIONUX MoJe-
Jeit. MaremaTnyeckas CTaTHCTHKa NPDUMeEHAeTCA [JA yUeTa sHa 3a-
DoJiesaHUIT, pACHPOCTPAaHEHHOCTH STHAEMHI 1 ADYTHX 1ieJel.

PDu3nko-MaTeMaTHUeCKHe 3HaHUA Ba)XHBI Bpauyy epnje M NOTOMY,
YTO OHM CIOCOOCTBYIOT (OPMHPOBAHNIO MaTePHaJHCTUYECKOTO B3TJIA-
Ia Ha "KM BOI OpraHM3M M NPOIlecchl, TPOTEK alon(lie 8 HeM.
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MeTpoaorus.

TeopKnsa BepOSTHOCTEM
M MATEeMATUYeCKas
CTATUCTHKA

B NpPaKTU4YeCcKOl JeATeJIbHOCTH
BPpauy TIOCTOAHHO HMeeT eJI0 € KOJUYEeCTBReHHLIMH HOKal3aTeJssaMH
(TemMmepaTypa Tesa OOJIBHOTO, apTepPHUAJIbHOE JasJeHHe KPOBM, J03U-
pORKa JiekapcTsa M T. I.). IlosToMy Haj0 3HaThb, Kak MOJYyYeHBI 3TH
BEJIMYMHBI, KAKOBA UX TOYHOCTH, B KAKWX €IMHMIaX OHU NpegcTasje-
Hbl. C KOJNYECTBEeHHBIMM NOKa3aTeJAMH MMeeT Jeno awdad Hayka,
a pu3nka — B 0CODEHHOCTH.

ITH BONPOCH] MMEIT OTHOIIeHNe K MEeTPOJIOTHN, a UX MaTeMaTude-
CKOW 0a30H SBAAKTCA TEOPHA BEPOSATHOCTEN 1 MaTeMaTHdeckas CTa-
THUCTHEKaAa.

TaxnM 00pa3omMm, pa3zes MOXHO pacCMaTpPHBaTh Kak MeTpPoJornye-
CKOe ¥ MaTeMaTHYeCKOe BReJeHe B MeAMIINHCKYIO 1 OMOJOT NYEeCK VIO
bpnanky.
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BBeaeHMEe B MeTPOAOTMIO

MeTooAOIMen Ha3bIBAIOT Hayky 00 u3MEPEHMSIX, METOA3X M
CORACTBAX OO2CNeUeHN X eAMHCTBE 1 CNOCOBaX AOCTUXEHMS
Tpebyemor TOUHOCTW. B raaBe Hapsay C OOILUMMM BONMDOCaMM
METDOAOMMM  DACCMETOMBAIOTCS OCOO@HHOCTM  M3MEPeHn B
EUOAOT MM U MEAMLIMHE.

§ 1.1. Ocnosnbie nNpo6IeMEI H MOHATHA METPOJIOTHH

H3imepernuem nazviéaom Haxoxcdenue 3HAYEHUA (uUIULecKOU
6EUYUNDL OTLBLIMHBLM NYMeM ¢ NOMOULLI0 MeXHULeCKUX cpedcme.
WsmepeHnsa No3dsoisA0T YCTAHOBUTH 3aKOHOMEPHOCTH TIPUPOABI 1 AB-
JAKTCS 31eMeHTOM NO3HAHWA OKPYKalonero Hac MUpPa.

Pasnnuaior namMepeHnsa npaMmbie, IPY KOTOPLIX Pe3yabTaT HOJyUa-
eTCsi Henocpe/CTReHHO 13 M3MepeHudA CaMOH BeJWYWHBbI (HanpuMmep,
H3MepeHMe TeMIepaTyphl Te/la MeJNIIMHCKWUM TepMOMeTPOM, N3Mepe-
Hye JJINHBbI TpeagMeTa JUHEHKOH), 1 KOC8CHHbLe, IPA KOTOPBIX HMCKO-
MOe 3HayeHHe BeJMUYMHbI HaXOJAT IO M3BECTHON 3aBMCHMMOCTH MEXKIY
Hell 1 HemoCpeACTBeHHO M3MepAeMbIMM BeJNUYMHaMHM (HanpuMep, Ofn-
pene/ieHIIe MacChl TeJa NPH BIBeIIMBaHHUN C YYETOM BBLITAJKMBAKOIIEN
CWJIBI, OTIpefeJeHne BA3KOCTH MHWIKOCTH TI0 CKOPOCTH NajJeHud & Hel
mapuka). TexHUYeckne cpeacTsa AJs1 NPOU3BOACTRAa N3MePeHNH (cpe/l-
CTBa M3MEPEeHMH) MOryT ObiTh pad3Hblx THNOB. Haubosee n3seCTHBIM
YUTATEJNIO CPEeJCTROM M3MEPEHWIT ABJACTCA U3MepUmeabHbill npu-
60p, 8 KOTOPOM M3MEepPUTeNTbHasd WHPOPMaU WA npeacTasasgercda B ¢Gop-
Me, JOCTYHOHON AJA HenocpPeJACTBEeHHOIO BOCHPHUATHA HabarojareneM
(HanpuMep, TeMnepaTypa NpeicTaBJ€Ha B T€PMOMETDe AJIMHOU CTOJI-
Onka pTyTH, CHJla TOKa — TIOKa3aHMeM CTPeJ KM aMIepMeTPa Wi und-
poBbIM 3HaueHnmeM). K cpeacrsaM M3MepeHM OTHOCHAT TaK¥Ke 1 mepy,
KOTOpas npejHa3HadyeHa [JIs1 BOCNPOM3BEeHNA (PU3NUecKol reqndn-
Hbl 3aJlaHHOTO Pa3Mepa (HallpnMep, T'MPsA ONpee/IeHHOH Macchl).

OpHO M3 pacpoCTPAaHEHHBIX CPeICTs N3MEPeHNN — uamepumenivrbill
npeobpasosament (damuux). OH npegHa3HadeH 151 BbIPaDOTKY CHTHa-
Jla U3MepuTebHOH nHbopMaliny & GopMe, yaI00HON 118 nepegadn, Jaib-
Helilero npeobpasosaHusd, 00paboTKM M (MJIM) XxpaHeHWA (HalnpuMmep,
TeMIepaTypa MOKeT ObIThH TIPeACcTaBJeHa IEKTPUUECKUM CUTHATIOM).
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3HaueHNe (PU3NUYECKON BEJMUMHBI, HOJYUYEHHOE APW M3MEePeHUH,
oTJandaeTcs oT MCcTHHHOTo. CTeneHb NPNOIMKEHNsT Pe3yJbTaTOB N3-
MepeHNA K MCTMHHOMY 3HAaUYEHWI0 M3MEpPsAEeMON BEJIMYMHBLI xapaKTe-
pusyeTcsa mowrocmbio uimepenull. TouHnocTs M3MepPeHUH SIBJISICTCS
KadeCTBeHHbBIM IIOKa3aTeJaeM N3MePEeH .

KonmyecteeHHasa OneHKa pesyJbTaTa HM3MepeHWH npaercst abco-
AIOMHOU NOZPEWHOCTIIbIO — OMKJIOHEHUEM Pe3yibMamos uamepe-
HUll OM UCMUHHO020 3HAYEHUA UIMepaeMOil seauvunbl, YeMm MeHblle
MOT'PEIIHOCTD, TEM BbIIIE TOYHOCTL NU3MEPEHN .

ITorpemiHocTi OOBACHAIOTCHA HECOBEPIICHCTBOM CPEACTB H3Mepe-
HWW, HEONIBITHOCTBIO NIEPCOHAJa, BIWAHNEM HOCTOPOHHNX (hakTOPOR U
ap. 13 aTux NpUYMH MOXKHO BBIIENIUTDH T€, KOTOPLIE TPOABIAIOTCH He-
peryasipHO 1 IPH NOBTOPHBLIX M3MEPEHNAX OKa3bIBalOT CJAYYallHOE KO-
JIMYECTBEHHOE BO3ACHCTBIE Ha pedyabraT. Takne PakToOpbl NIPUBOAAT
K CJAYy4YalHBIM MOTPEINHOCTAM. JTO CAydalHbie BeJIMUYWHBI, NO3TOMY
NX MOXHO 0OpafoTaTh, IPOaHATU3NPOBATHL M TaKUM 00pa3oM y4ecTh,
VMCTIONb3YH COOTBETCTBYIONINNA MaTeMaTUUYECKNN alllapaT: TEOPHIO Be-
POATHOCTEN U MaTeMATHYECKYIO CTATUCTUKY (cM. 1. 2 u 3).

CreleHMA IO TEOPUU TIOT'PEIIHOCTE N, HeOGX0AMMbIe CTYyJeHTaM-Me-
ANKaM, npusejeHs! 8 [1].

OIHNM M3 OCHOBHBIX METPOJIOTHMYECKWX NOHATHUH SIBJIACTCH eIHM-
1a N3MepPeHnda pusnveckod senndnHu. Fdunuyel usmepenun puan-
YeCKOM BEJIMYMHBI HA3BLIBAKOT CTaHAapPTHOE 3HaUeHMe 3TOH (pusmye-
CKOW BEJWYMHBI, IPUHATOE O COTJallleHUIO B8 KaYeCTBE OCHOBBI JJIA
ee KOJIMYEeCTBeHHON OIEHK I,

EnvHnnsl GudnyecKnx BeJIMYMH B OCHOBHOM MPYHNHOMPYIOTCS B CLUC-
membt edunuy. OcHOBHON sAsaAercs MexayHapoaHas cHUCTeMa e/n-
Hun (cucTeMa MHTepHannoHadbHasi, CH). CnparouyHbBA MaTepnal MO
elHAIaM PU3nYecKux BeJUUYMH npuseael s [2]. He ocraHasaneadAch
Ha 9THUX BONPOCax, paCCMOTPUM JHIIb OTHOCATEJbHBIC U JJOTapPu(p M-
YeCcKHe BeJIMUNHBI.

B ¢pnsndecknx m3MePeHHUAX JOCTATOYHO IUIMPOKOE pacnpocTpaHe-
Hye NOJYYUJIN OTHOCUTENbHBIE BeJIMYMHBI, KOTOPBLIE ABJAITCA OTHO-
IeHeM PU3NUYECKON BEeJMUMHBI K OJHOMMEHHON (DHU3NYecKo BeJy-
4YyHe, IPMHMMaeMON 3a MCXONHYI0. B KadecTse npuMepa MOYKHO VKa-
3aTb KOHIEHTpPauWi pacTBOPa, AMIJEKTPUYECKYI) M MaTlHHUTHYIO
NPOHMIAaeMOCTH, KOI(PPHIMEeHT NoJe3HOT0 JeHCTBHA, OTHOCHTEb-
HYIO JedopManyio, KOIQPUIMEHT TPeHNA, BA3KOCTL KPOBW OTHOCH-
TEJHbHO BA3SKOCTH BOJABI W T. .

Exnanibl n3MepeH A OTHOCUTEN bHBIX BEJIMYMH HE UMEIOT pasMep-
HOCTH W Ha3draHNA. OlHAKO B PAJle cIyYaer OTHOCUTEIBHYIO BEINYNHY
TPagWI[MOHHO BLIPAXKAIOT CO CTOKPaTHBIM WMJIM THICAYEKPaTHBIM yERE-
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audeHneM. IIpy 9TOM COOTBETCTBYIOIIAH €IMHMILA HJIMepeHnst Oyier
pEMeTh HadsaHne: IPpoueHT (% ) man npomumnne (V).

Jns BBIpaeHNs1 YPOBHSA 3BYKOBOIO JaBJIEHWA, YPOBHs WHTEHCHB-
HOCTH 3BYKa, YPOBHA VCHJEHUA JJCKTPUUYCCKOTO CHI'ara v T, II.
yaoOHee NCIOMB30BATH JOTapU(M OTHOCHTENLHOM BeiMUuniibl (Hanbo-
Jiee pacTpoCTPaHEH JeCATHUHBIN Jorapudm):

L=lg%,

1
rae a, n 4, — OJHOMMeHHbIe PUINIECKNE BEJTNMUYNHBL.
Ennannen Jorapu@MmuyecKoi seINYNHbI asidercs 0ena (B):

1B=1g-* npna, = 10a,,
1

ecliy @ — «dHepreTydecKas» BeJUUMHA (MOIHOCTb, NHTEHCHUBHOCTD,
SHEPTUA U T. I.), NAN

1B= 2ng—2 npn a, = J/10a,,
1

ecay @ — «CHJIOBRasi» BeJInunHa (CHJa, MexaHHWYecKoe HalpsKeHne,
JasJIeHWE, HalPAKeHHOCTD 3JEeKTPUYECKOI'o Mo U T. H.).

HMocTaTOYHO pacmpocTPaHeHa AOAbHadA eqnHNNa — Aennbden (gb):
1 16=0,1B.

3aMernM, 4To 1 7B cooTeercTsyeT COOTHOLUEHHIO <«dHEPreTmye-
CKHMX» BeJINYNH 4, ~ 1,264,:

1B = 10lg?; %2 _ 10110 = 1,96,

1 4

a IS «CUJIOBBIX» BeJWYNH a, =~ 1,12a,:

1 1B = 201g;2; 22 _ 10120~ 1,12,

1 41

§ 1.2. Merpoioruueckoe obecrieuenue

HMamMepennsi TPOMIBOAATCA € HCHNOIB3OBAHUEM MEXHUYOCKUX
cpedema. Pe3ynbrarsl M3MepeHNs NOJXKHbI COOTRETCTBOBATL OHpeje-
JEeHHOHN TOYHOCTH M OBLITH OAMHaKOBLIMH, €CJAN U3MEPAIOTCA UICHTNI-
Hbleé BeJIMYMHBI, HE3AaBMCHUMO OT TOI'O, HNPOMU3BOJATCH U HM3MCPeHNH
OJHOMOMEHTHO WJIN B Pa3HOe BpeMsd, B OJHOM JabopaTopun UM B pas-
HbIX.

15 BBINOJIHEH WA 3TUX YCJI0BMHA HEOOXOAMMO COOTRETCTRYIOILICE Mem-
ponozuieckoe obecneweriie — yCcTaHOBJIEHNE M NIPMMEHEHME HAYYHbBIX U
OpPraHmu3aliMOHHbLIX OCHOR, TeXHWUECKWX CPEeACTB, NPaBUJI W HOPM, HE0D-
XOAVMbIX JJIS JOCTHMKCHUSA eJMHCTBA 1 TPeOyeMOil TOUHOCTH N3MEePeHn .
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OpraHM3annoOHHON OCHOBOM MeTPOJIOTMYeCKOro 00ecIeyeHnsa B Ha-
el cTpaHe ABJAETCS MeTPoJorndecKas cayxba Pocenn, coctoamas
13 TOCYZaPCTBEHHBIX M BEJOMCTBCHHBIX METPOJIOTHYECKNX CIIYIKOD.

ITon eQuncmeom usmeperuil NOHNMAKT OAUHAKOBOCTH Pe3yJbTa-
TOB TOXXIECTBEHHLIX M3MEPEHWH HEe3aBUCHMO OT ME€CTa 1 BPEMEHN WX
IIpoOBEJECHNA, a TaKMKe JOCTOBEPHOCTL MaMepeHnii. ExmHceTRO M3mepe-
HUH HO3BOJIAET CONOCTaBJIATL Pe3yJbTaThl, NOJYYCHHBLIE Ha pal3jand-
HBbIX OJTHOTHMIIHBIX CPEJCTBAX W3MEPEHW.

Hina onpegeneHnA HOTPEIIHOCTEH CPeACTBE M3MEPEHUH M YCTaHORB-
JeHUA UX NPUTOZHOCTH K NPUMEHEHWK OCYmIEeCTBIAIT UX N08epKY.
JTOT TepMMH cnienPUUeH JsI METPOJOIMH, XOTA B 00Mx01e OH COOT-
BETCTRYET IOHATHI0 nposepkd. llorepka npomssoanTca opraHaMu
MeTPOJOrMYEeCKON CJay0bl HOPHW TOMOIM 3TaJOHOB M 00pad3noBbIX
cpencTs M3MepeH .

JImaaonamu Ha3bIBAIOT CPEICTBA M3MEPEHHUHA MM KOMILIEKChI
CpeACTR M3MepPeHNi, obecrieunsaone sOCIIPON3REIEHNE U X PaHeHe
Y3aKOHCHHOW eJnHNIbl PU3NYecKol BeJandunbl. Ilepruynbie artano-
Hbl B Halllel CcTpaHe 00€CTIeYNBAIOT HAMBBICIUYI TOYHOCTL BOCIPOU3-
BEJIEHNA HaHHOHN egmHNIbI. KpoMe mepsuyHOro ects BTOPUYHEBIE ITa-
JIOHBI, OT KOTOPBIX NepefaeTca pa3dMep eanHNBI 00Pa31OBbIM CPEICT-
BaM M3MEpPeHUd,

Ob6pasyosbim cpedcmeom uU3mMepeHUA Ha3biBaCTCH TaKoe, KOTO-
poe aTTecToBaHO (aTTecTanysaA — JOKYMEHTaJIbHOE IOATBEPXKIeHue
COOTBETCTBHA CpeiCTBa M3MEPEHHs CROEMY HadHaYeHHK) B KadecTse
00pa3lOBOTO U IPMMEHACTCA A/ NOBEPKH HO HeMy pPabouynx cpeacTs
N3MEePEeHNH,

Pabovumu cpedcmeamu usmepenuli Ha3blpalOT TaKHe, KOTOPbIE
NPUMEHAITCA OJA NPaKTUYEeCKMX M3MEPeHH 8 Pa3JIMYHBIX 00TacTAX.

TaknM 006pas3om, MeTpoJIOrnUYecKasa LeNoYKa, IO KOTOPOH mepeaa-
eTcda pa3Mep eqMHHUIBLI PUINYECKON BEJWUYNHBI, COCTONUT M3 CJICLYIO-
[IIMX OCHOBHBLIX 3BEHBLERB: 3TAJIOHbBI — 00pa3noBbie CPEACTsa M3Mepe-
HMH — pabdoupe cpelcTBa N3MEPeHWH.

§ 1.3. Meaununckaa MeTposorus.
Crnenudmra MmeauK0-0MOJIOrHUECKHX
U3MepeHHH

TexHNUYecKHe yeTpoOHcTRa, NCIIOJb3YEMbIe B MeHIIMHE, Ha3bIBalOT
0600 IEHHBIM TEPMWHOM MeQuUyUHCKAA MexHuKa. DONbIlIas YacTh Me-
AV MHCKOHN TeXHMKH OTHOCHATCS K MeAWIIMHCKON aNNapaType, KOTO-
pas, B CBOIO O4Yepeab, HOApas3fensAercd Ha MeJWIMHCKNEe NPHUOOPHEI 1
MEANIMHCK e allnapaTshl.
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Meduyurncrkum npubopom NIPUHATO CUNTATH TEXHUUECKOE YCTPOU-
CTBO, ITPeJHa3HaYCHHOEe 15 AMAarHOCTHUECKUX WM JedyeOHbIX M3Me-
peHni (MEAWMIIMTHCKUHA TepMOMeTp, ¢c(PUrMoMaHOMeTDP, 3JeKTPOKaPAH-
orpat u ap.).

Meduyunckuit annapam — TeXHUUYECKOE YCTPONCTBO, NOIBOJANO-
jee co37aBaTh JHEPreTHUeCcKoe BO3AEHCTBME TEPaneBTUYECKOr0, X1-
PYPrAYeCcKoTo MJIN DaKTePUIMIHOTO CBOMCTRA, a TaKXKe 00eCIeYneaTh
B MEAMUMHCKNX NEJsAX OONpeleeHHBIA cocTas Pal3/IMYHBIX cyOcTaH-
unil (anmapar YBY-rtepanumn, aJeKTPOXWPYPIriy, HMCKYCCTBEHHOU
NOYKHW, KOXJeapPHbId OpoTe3 u Ap. ).

MeTpoaorndeckue TpedfoBaHNA K MEIMUMHCKMM NpnbopaM KaK K
N3MEPUTEJBHLIM YCTPONMCTBAM JOCTATOUYHO OUesHMAHBI, MHOTIHe Mean-
IMHCKWE anNapaThl IPM3BaHbl OKa3biBaTh AO3NPYIONIEE dHEepPreTmye-
CKOe BOBJCHCTBHE Ha OPraimn3M, MOITOMY OHM TaK)e BKJIKUYEHLI B
chepy BHMMaHUA MEeTPOJIOTHYECKON CIIYKOBI.

HMamepennsa B Meguiyie (MeJHIIMHCKAE WM MEINKO-GHOJIOTNYe-
CKMe N3MepeHns), a TaKKe COOTBETCTBYIOM[Me CPeJCcTBa M3MepPeHWH
JOCTAaTOYHO cnenM(PUIHLI. ITa 0COOCHHOCTE NODYIKIACT BBIICINUTH B
MEeTPOJIOTUN OTHENILHOE HaTIpasJIeHHe — MeQUUUHCKYI0 MempOaozZiio.

PaccmorpnM HexkoTopsle NpobJaeMbl, xapaKTepHble AJA MeJ NI WH-
CKOH MeTPOJOTNH W YaCTUYHO JJIS MEeININHCKOT0O NPUOOPOCTPOEH N,

1. B HacTosaniee speMa MeJIUIMHCKnE N3MepPEeHuA B OOJILIIMHCTRE
cIyiuaes NPOBOANT MeAWIMHCKWI epcoHalt (Bpad, MeJcecTpa), He fAB-
JAKIUICA TeXHMYecKn noaroroBieHdbiM. [losromy nenecoobpasno
co37aBaTh MeJMIIMHCK e NpuOOpLI, TPagynpPoOBaHHbIC B €ANHNIIaX (DU-
3MYEeCKNX BCJIWYNH, 3HAUEHWA KOTOPHIX ABJIAKTCA KOHEUHON MeJM-
IIMHCKON U3MEPUTEJbHON MH(pOopMan el (NpsaMble n3MePeH sl ).

2. HKemarensro, 4ToOLI BPEeMs M3MEPEHMs, BIJIOTh M0 NOJAYYEHHsI
KOHEYHOTO pe3yJjbTaTa, ObIIO KaK MOXXHO MeHblle, a MWHMOpMai s
KaK MOXXHO MOJHee. ITUM NPOTHUBOPEUYHEBLIM TPeOOBAaHMAM YIORBJIET-
BODAKT M3MEPUTEJbHBE KOMILJIEKCHl, BKJIKYAKONEe BLIUYNCIANTEb-
Hble MalliHBbI,

3. Ilpn MeTpo/IornyecKOM HOPMHUPOBAHNH CO3aBA€MOT0O Me M1 TH-
CKOro npubopa Ba)XHO YYMTHLIBATH MECJHMIMHCKHME NOKa3aHudA. Bpau
JOMKEeH OnpelesNTh, ¢ KaKOM TOYHOCTHIO JOCTATOYHO NPEJCTaBUTh
pe3yabTaTbl, 4TOOBI MOXXHO OBLIO cheJaTh AMarHOCTUUYECKHWH BBIBOJ.
IIpn sTOM 70K HBI OBITH YUTEHBI BO3MOYKHBIE OTKJIOHEHWS 3TUX MOKa-
3aHWUW Yy OTHeNbHBIX OOJIBHBIX.

4, MHOrMe MeINUMHCK e IPNOOPHI BIZAIOT MHMOPMAL IO Ha PeTru-
CTPUPYWOIIEM ycTpoiicTse (HanpuMep, 3JeKTPOKapaAnorpad), nodromy
cJaeayeT YIAThIBATh NOI'PEIlIHOCTH, XapaKTepPHbIe 5 3TOU (POPMEI 3a-
nucy (cm. § 17.5).
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5. OaHa n3 npobJjieM - TepMHUHOJAOTHyecKas. CornacHo rpeboBaHn-
AAM METPOJIOTHMH, B Ha3BAaHWU U3MEeDPUTEIbHOT0 Npubopa N0 Ha ObITh
yKadaHa (pU3nYecKad BEJIMYMHA WIN C€IVMHHANA M3MepeHuA (aMmnep-
MeTpP, BOJbTMETD, vacToToMep u ap.). Hazeaane pisa MeIMIMHCKUX
NprubopoB He OTBEYAET ITOMY IIPUHIINNY (dJeKTpoKapanorpad, GpoHO-
Kapanorpag, peorpad # ap.). Tak, sanekrpoKapauorpag cieizosalio
OBl Ha3BaTh MUJIJWRBOJIBTMETPOM ¢ perucTpaueld NoKa3aHi (Man pe-
TACTPUAPYIOIMMM MHJLJIUBOJIBTMET POM),

6. B psage MeaMIMHCK X N3MePeHMA MOXKeT OBIThH HEeJIOCTATOUHAA WH-
(ropMalvg O CBA3M MEXJY HEIIOCPEJICTBeHHO M3MepAeMOn (pU3MYeCcKOon
BEJIMYMHOA W COOTRETCTRYHOIIMMH MEIHUKO-OMOJOrMYeCKUMH IapaMerT-
pamu. Tak, HanpuMep, IPU KIMHAYECKOM (0eCKPOBHOM) MeTOoe M3Me-
peHnud jarieHns Kposu (cM. § 9.4) noryckaercsi, 4TO gasJIeHNe BO3AYXa
BHYTPW MaHKeTbl NPUOJN3NTENLHO PaBHO JaBJIEHHIO KPOBH B IJICYEBOM
aprepuy. Ha caMoM Jlene 3Ta cBA3L He CANIIKOM IIpocTasl ¥ 3aBMCHUT OT
psAza (paKTOPOR, B TOM YKMCJIE W OT CTElleH N pacciabIeHns MyCKYJIaTy pbl.
JlabopaTopHble naMepeHad (in vitro) MOTyT OTJIMYATLCA OT 3HAUEHWH CO-
OTBETCTBYIOIIEr0 NapaMeTpa B YCJIOBUAX OpraHmama (in vivo).

7. B npoliecce n3dMepeH s MeANKO-6MOJOTUUECK e TapPaMeTpPbl MO-
T'YyT U3MeHATHCsA. B npakTKe QN3NKO-TexHMYeCcKknX N3MepPeHWH cTpe-
MATCHA CHelaTh HEeCKOJILKO OTCUETOR JJA MCKJIUCHUA (vdeTa) Cly-
yallHbIX HOI'PELIHOCTEH; 2TO 1eJiecoo0Pa3HO B Tex cJjaydasdx, Kor'ga
€CTh YBEPEHHOCTH B HEU3MEHHOCTH (DM3NYECKOTo HapaMeTpa B HPO-
1ecce uamMepenns. IlapaMmerpsl GUOJOrMYEecKoOl cyCcTeMbl MOTYT 3Ha-
YUTEJIBbHO M3MEHWTHCA TPU JJWTEJNbHBIX M3MEPEHMAX, HalpHUMeD,
BCJAEACTBME HCHXOPHU3NOJIOIMUECKNX (PaKTOPOB (BO3AENCTBHE OKPY-
JKarnied o0cTaHOBKNM: MOMellleHNe, U3MEePUTeNbHbLIN Npubdop, Hepco-
HaJl 1 p.) WIN YCTAJOCTH MBILII NPW MHOTOKPaTHBIX N3MEePEeHNAX Ha
anHamMoMeTrpe, IloasinKHOCTL OpPraHOB WM CaMOro OOBEKTa TaKiKe
MOXKeT IPUBOINTH K Pa3HBIM pe3yabTaTaM M3MEpeHWH,

EcrecTreHHO, UTO IPU CO3JaHNUM MEJINIITMHCKON annapaTy Pbl JOJIK-
Hbl ObITH y4YTEHbl U MHBlIE TPeOOBaHMA (CaHWTaPHO-I'MTMEHHNYECKHe,
BOMNPOCH! 0e3011aCHOCTH, HAJEKHOCTHN M JIP.); HEKOTOPLIEe N3 HUX pac-
CMaTPUBAKOTCH JallbIlle.

§ 1.4. ®dusuueckue usmepenusn
B OMOJIOTMH M MeaHMIIMHe

BoabmimacTe0 n3MepeHnit 8 MeIMIMHE SBJISETCA M3MEPEHHAMU
(Pu3nyecKnx NaIn PU3NKO-XMMHUYECKUX BCJINYHH,

B roanuecTeeHHONA AMarHOCTHUKE 3TO MOYKET OBITH flaBJeHNEe KPOBH,
BPEMEHHAaA 3aBMCHMOCTH OMOIOTEHIMaloB, ONTHYecKas CHJa I'Jla3a n
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np. B 1abopaTOpHbIx aHalIN3aX — BA3KOCTb KPOBM, KOHIEHTpalLHs ca-
Xapa B Moue 1 Ap. [Ipy sledeHn BayKHO 3HATDL 403y MWOHM3HUPYIOLIETO
A3JIYyUEeHNs, CUIY TOKa NpPpH raJbBaHU3AaIlUHW, WHTEHCUBHOCTL YJIbTPa-
3BYKa M T. [.; OTCYTCTBME KaKOM-JU00 MHQOPMAMN DOLOOHOI0 poza
MOXKeT He TOJbKO CHU3WTDH JeueOHLIN 3(PPeKT, HO 1 NPHUUNHHUTL BPel.
KonndecTseHHasi OlleHKa NapaMeTPOB cpellbl, OKPY:Kalomel yuenoseKa
(BJTaXKHOCTH BO3IYXa, TeMIlepaTypa, aTMoc()epHOE JaBJeHNE), ABJIACT-
¢S HCOOXOMIMMBIM ycIOBMeM TPOOUIaKTHUKN 3abonesaHnil, KJAMMaTH-
YeCKOT'0 JeUeH .

Bceero3aMorkHbie (PU3NYECKNE MEIWKO-OMOJOTHUeCKNe WU3MePeHUH
MOI'yT ObITH KJacCHM(PUIMPOBaHbl NM00 HO (DYHKIMOHAJALHOMY NPH-
3HaKVy, JINOO MO NPHHAAJEKHOCTA K COOTBETCTRYIOIEMY padzeny u-
3nkH. PusndecKkan KiaaccnpnKanna dosee 6I1M3Ka CTPYKTYPE OJaHHO-
o kypca, NI03TOMY OHa M IPUBEJCHa HHUMKE.

Mexanuueckue uameperis: aHTPOIOMeTPUUECK e TIapaMeTPhI Te-
Ja, nepeMenieHne, CKOPOCTh M YCKOPEeHne 4yacTen Tea, KPORH, BO3AY-
Xa, aKyCTHYECKHWEe N3MEPEHNA, JaBJIeHNe KPOBY W K HUJKOCTENl B opra-
HM3Me 1 BO3IAYXa B OKPYIKaloel cpeje, u3aMepeane sU6paui m ap.

Tenaogusuveckue uamepeHun: TeMneparypa opralos, 4acTeH Te-
Jla M OKPYyIKaloiiel cpesibl, KaJOPHMeTPUYCCKHUE N3MePeHnA 0MOMor -
UeCKNX 00'beKTOB, IPOAYKTOB HUTaHAA U AP.

Jnexkmpuieckue U MazHumHbsLe U3MmeperHun: OMOIOTEHIINalbl, JH-
AVKI WA MarHUTHOTO IOJIA cepiila, ndMepeHne nMiegaHca OuoJornye-
CKMX 00BEKTOB C AMalHOCTHUYECKOU nejdblo, napaMeTpos AJeKTpoMAar-
HUTHBIX HOJEN ¥ KOHLUEHTPAIMY HOHOB ¢ TUTHEHNYECKON LEJAbIO 1 AP.

Onmuxeckue usmepenusn: KOJOPUMETPNYCCKNE H3MePeHNA, N3Me-
PeHNsA ONTHMYCCKHX XaPaKTCPHUCTHK TJIa3HbIX CPEM ¢ AMarHOCTUYECKON
1IeJBI), CIIeKTPaJbHble N3MEPEHNA AJIS AMalHOCTUKN U CYAe0HO-MeI-
IIMHCKOr0 Ha3HaYeHWsI, N3MEPEeHNe XapPaKTePUCTUK YJIbTPad)M0JIeTOBO-
ro, MHQPaKPacHOTO U BMAMMOTO cBeTa AJA TMTMeHWYecK X 1eJeHd n ap.

Amomubie U AdepHble UIMepPeHUA: N3MEPEHNEe MOHN3UPYIOI{AX
U3JyUYeHNH (Jo3uMeTpusi) u ap.

Kpome TOr0, MOXHO yKa3aTh U QUIUKO-XUMUNECKUEe USMEPECHUR:
KOJIMYECTRCHHOE ONpene/IeHNe cOCTasa BABIXAaCMOTO M BbIJIBIXa€MOT'0
BO3/yXxa, Ta30BbIN cocTas Kpoey, PH KpoRW 1 Apyrux 6MOMOTHYECK X
cpen.

DOYHKIMOHAJBHLIA HAPHWHIMI KJjacCuPUKaUy METOAO0B Mean-
KO-0MOJIOTMYEeCKNX M3MePEHNH NPONIIKCTPAPYEM Ha N3MEPEeHNH Na-
paMeTpoOB CEPAECYHO-COCYANCTON cHCTEMBI. 31eCh BCTPEYalOTCA MeXa-
HU4YecKue (Obasancrokapanorpaduda, GoHokapaorpadusa, naMepesne
JaBJeHNA KPOBM), JJIEKTPUYECK e M MalHUTHBIE (3JIeKTPOKapAnorpa-
(bns, MarHUTOKapAnorpadusi), oNTHYCCKNE U3MEePeHnA (OKCUTeOMeT-
pra). Bo3aMOXxHO NpyuMeHeHNe W IPYIUxX PU3NYeCKMX METOL0B.
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f/\ABAE

Teopus BepOsSTHOCTEM

B Teopnmn BepOITHOCTEM MCCACAYIOTCS 3aKOHOMEDHOCTH, OTHOCS-
LLMECS K CAYUYEMHBIM CODBITUAM, BEAMHIMHAM, NOOLLECCam, Bpaun
PEAKO 38AYMBIBAIOTCS, HTO NOCTAHOBKA AMArHO3a MMmeeT BEROSTHO-
CTHbIk XAPAKTEP K, KaK OCTROYMHO 38MeHEHO, AlLLb NAaTOAOTOaHa-
TOMUYECKOZ MCCACAOBAHME MOXET AOCTOBEDHO ONPEACAUTL Al-
arHO3 yMepLero YeAOBeKa.

§ 2.1. Cayuaiinoe co6siTue. BepoaTrocTs

HabGnrwogasn pa3dnmnynble ABJIeHNUA, MOXKHO 3aMEeTUTh, YTO CYIIECTRY-
eT iBa THMa CBA3CH MEXAY YCJAOBUAMM S 1 HacTYILJIEHMEM MJIN HeHac-
TYILJIEHWeM HEeKOTOPOoro cobbiTHA A. B oiHnx ciydyadax ocyiecTsieHne
KOMILJIEKCa YCJIOBMN S (MCHbITaHMWE) HEIPEMEHHO BbI3bIBaeT COObITHE
A. Tak, HanprMep, MaTepPHaJbHaA TOUYKa MacCCOH m, I0J Bo3JeicTBN-

eM cnisl F (yeinosne S) npuobperaer yckopeane a = F/m, (cobbiTne

A). B apyrux cnydasix MHOI'OKpaTHOe OBTOPEHVE MCIbITaHNA MOMKeT
NPUBECTH MW HE NIPHUBECTH K MOABJICHIIO cOOBITHA A, TaKkme coObITHSA
NPVHATO Ha3bIBATD CAYHAUHBLMU: K HUM MOYXHO OTHECTH HOABJICHUE
8 KabMHeTe spada OOJMBHOI'O ¢ TaHHOW DOJIe3HbBIO, BhIlaJIeHHe Onpeje-
JIEHHOW CTOPOHBI MOHETHI IIPK ee OPocaHWN U AP.

He cneagyer gyMaTh 0 cJIydalHbBIX ABJEHNAX KaK 0 OECTIPMUYNHHBIX,
HuYeM He obyciosJeHHbIX. M3BecTHO, UYTO MHOI'ME SIBJIEHNS CBSI3aHBbI
MexJy CODOM, OTaeJbHOe sBJEHWEe HNpPejcTaBJdeT cleiCTBhe KaKo-
ro-TO APYroro M caMo CAYXNAT OPUYMHOW nochaeayromiero. OxzHako
NPOCJEeINTL KOJMYECTBEHHO 3TY CBA3L MEMAY YCJIOBUAMM M COOBLITH-
eM YacTO 3aTPYAHUTEJbHO MJIM Ja)ke HeBOo3MoxkHO. Tak, npm Gpoca-
HUM WTPaJbHOH KOCTHM (OAHOPOAHBIH KYOMK ¢ NMPOHYMEPOBaHHBIMW
mecTthio rpaiamu: 1, 2, 3, 4, 5 1 6) oKOHYaTeIbHOE HOJOKEHIEe KyOu-
Ka 3aBMCHT OT ABIDKEHUS PYKM B MOMEHT OpPOcaHWsA, CONPOTUBJIECHUA
BO3/lyXxa, MOJNOMKEHNA KyOMKa Npy HoNajaHUM Ha NOBEPXHOCTb, OCO-
OEHHOCTHN MOBEPXHOCTH, Ha KOTOPYIO ynald KyOWK, u JIpyrux (axTo-
POB, KOTOPbIE B OTAEJbHOCTH YUECTh HEBO3IMOMXKHO,

B 0bITY IPUMEHUTENBHO K TAKUM CAYHAUHbIM cOObimUAM YIOTDED-
JIAKOT CJI0OBA «BO3MOMKHO», «BEPOATHO», « MAJIOBEPOATHO», « HEBEPOAT-

26



HO». B HEKOTOPBLIX caydadx TaKas OlleHKa OoJbIlle xapaKTepusyer
sKeJaHNe TOBOPAIEro, 4eM MCTUHHYIO CTENeHb BO3MOMHOCTH WJIN He-
BO3MOYXHOCTH cOObITHsA. OgHAKO 1 caydallHble COOBLITHA, €CJIN UX YHC-
JIO JOCTATOYHO BEJIUKO, HOAUMHAKOTCA ONPeJeJeHHBIM 3aKOHOMEPHOC-
taMm. KoamdecrseHHasi OneHKa 3aKOHOMEPHOCTEH, OTHOCANIMXCA K
cAy4Y4alHBIM cOOBITHAM, AaeTCA B Padfesie MaTeMaTHKM, Ha3blBaeMOM
meopuet sepoamHuocmeii.

Teopus sepossTHOCTEN M3ydaeT 3aKOHOMEPHOCTH, NPUCYIIMEe Mac-
COBBIM (CTATHCTHUYECKMNM) CIYyUYaUHBIM COOBITHUAM.

OrgenbHble cTopruecKne aKThl, « HEOKMIAHHOCTH» , «KaTaCTpPO-
(hbl» ABAAKTCA CANHNYHBIMHI, Kak Obl HEHOBTOPUMLIMH, COGBITHAMM,
M KOJWYECTBEHHbIE BEPOSITHOCTHBLIE CYXXIEHWA OTHOCHTEJBHO HWX
caesiaTh Hes03MOMHO. HMcTOpHyecky Teopus BePOATHOCTEN HOABH-
JlaCh B CBJ3HM ¢ HONLITKaMH nnogcyeTa sO3MOKHOCTH Pa3/IMYHBIX MCXO-
IOB B a3apPTHBIX UTpax. B HacTodAee »Xe speMsa oHa NPMMEHACTCA B
HaykKe, B TOM 4YHicJe OM0JOruM U Megniiiie, 118 OLeHKW BePOATHOCTH
NPak TUYECKHN BaXXHBIX cOObITHH. OT NI'P OcTaduch JNINL HaTJsSJHbIEe
NpUMepbl, KOTOPble yAI00HO MCHOJb30BATh AJAA MILIKOCTPAIIUN Teope-
TUYECK X NOJIOXKEHIH.

CraTHcTHUYECKOE olIpeneeHue BePOATHOCTHU. BeposaTraocts P(A)
B TEOPHMH BEPOATHOCTEH BHICTYNaeT KaK YNCJOBadA xapaKTePHUCTHKa CTe-
NeHy BO3MOXXHOCTH TOABJEHNHA KaKoro-Jmnbo onpejeNeHHOro cayyal-
HOI'0 COOBITHA A 1PN MHOTOKPATHOM NOBTOPEHUM MCHBITaHMM.

Honyernm, npu 1000 6pocannii nrpadsHod KocTy nndpa 4 seina-
paer 160 pa3s. OrHomnenne 160/1000 = 0,16 noKas3bisaeT OTHOCHTEb-
HYIO 4acToTy sblnagalns nudpsl 4 8 faHHON cepnn ncnblTauni. B 60-
Jlee oOmeM cJaydae, Korja caydaidloe co0blTHe A NPOMCXOAAT M Pa3 B
CepPUM N He3aBMCHMbLIX MCHBITaHNK, OMHOCUMEABHOU Hacmomou co-
6bimuna 8 JaHHON cepuy WCTIIBITAaHWH WJIW MPOCTO YaCcTOTON coObBITHA A
Ha3bIBaIOT OTHOLUEHWE

P#*(A)= —. (2.1)

33

ITpn GonbOIOM Upc/ie NCObLITAH MM YacToTa COOBITUA NPUMEPHO MO-
CTOSIHHa: VReJWYEHWe YNCJa UCObITaHUM YMeHbIllaeT KoJjiebaHne Jac-
TOTHI COOBITHA OKOJIO NOCTOAHHON BEJIWYNHBI.

Bepoamnocmuio cayuailinozo cobsimus Ha3ogem npeden, k¥ Ko-
mopomy cmpemumca wacmoma coOblMUA NPpU HEOZPAHUYEHHOM
YeAUHeHUL HUCAA UCTblMAHUL:

P(A)= lim

i — 00

. (2.2)

|3

IATo cmamucmuyiecKoe onpedesieniie 6ePOAMHOCMU .
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EcreerBennio, yTo HUKTO M HUKOTIA HE CMOXKeT NpojesaTh Heorpa-
HAYEHHOEe YHUCAO WCUbITaHWUWA JJA TOro, Y4ToOLI OnpeaesuTh BEPOST-
HocTh, B arom Her w nagobrocTy. IIpakTiyeckn 3a BepPOATHOCTS [CM.
(2.2)] MOKUHO 1IPUHATE OTHOCATENbHYK YacTOTY COOBLITHA IIPU OOJIb-
IIOM Yucdie ucnblraiuil. Tak, HanpuMep, n3 CTaTUCTUYECKMX 3aK0HO-
MepHOCTeN POMXKJIEeHUs, YCTAHOBJIEHHbIX 3a MHOTO JeT HaOJooneHuH,
BEPOATHOCTDH TOTO COOBITHA, YTO HOBOPOKICHHBIN OyJeT MaJlbdNKOM,
oueansator 8 0,515,

Kiuaaccuueckoe onpeneseHne BepoATHOCTH. Ecin npy nensita-
HUMSAX HET KaKUX-NTU00 NIPUYMH, BCIAEACTBHE KOTOPHIX OJHO cJaydalHoe
COOBITIIC TOABAANOCH Obl yange APYIUX (pPasHo803MOdNCHbBLE COObL-
mua), MOXHO ONpeleIUThL BePOATHOCTD NCXO0A N3 TEOPETUYECKHX CO-
obpaxxeanit, Hanpumep, sbIsiCHUM B cJydae OpocaHUA MOHETHI 4aCTo-
TV BhIagaHuA Trepba (cobbiTe A). PasdHbiMKM 3KcnepuMeHTaTopaMn
IIPH HECKOJBKHNX ThICAUYAaxX MCIbITaHWU ObINIO MOKa3aHO, YTO OTHOCH-
TeJbHAsA YaCTOTa TAKOr'O COOBLITHA NMPUWHMMaeT 3HadeHWs, OJN3KIe K
0,5. Yuntbisas, 4TO nosasaeHue repba M NPOTHRONOJIOMHON CTOPOHBI
MOHeTbI (cobblTne B) ABAAKOTCA COOLITUSIMHM PaBsHOBO3MOMXHBIMH, €C-
JIn MOHera CUMMeTpH4YHa, cyxxaeane P(A) = P(B) = 0,5 MoXxXHO0 OBLJIO
OBl cesaTh U 0e3 onpeJedeHNUA JacTOTH 9TUX coObITH, Ha ocHoBe No-
HATHUA «PaBHOBO3MOXHOCTH» COOBITUH popMyanpyercsa Apyroe ompe-
JleTeH1e BEPOATHOCTH.

HomycTuM, YTO B pe3dyiabTaTe WMCNLITAHWA JOJMKHO MNPON3OHTH
TOJBKO OJTHO U3 /1 PABHOBO3MOMKHbBIX HECOBMECTHBIX COOBLITHUN (Hecos-
MecmHblMU Ha3bIBAIOT COOBITHA, €CAN WX OJHOBPEMEHHOE OCYIIeCTB-
JleHye Her03MoKHO). IlyeTs paccmarpueaemMoe cobbiTiie A HPOMCXO-
OWT B M CclydasdX, KOTOPbie HA3bIBAKTCH OJarONPUATCTRYIOINMHU A, 1
He NPOMCXOAWT IPHW OCTadbHBLIX 77 — M, HeOJaroNpHUATCTBYIOMINX A.
Torna eepoamuocmeio MoHHO Ha36amb omHoOWeHUe Grazonpuam-
cmeyrnuwux cayiaes Kk obwemy HuUcirlY pPAEHOBOIMONCHBLLX HeCO8-
MecmHbLX cobbimul:

Py =", (2.3)
n
JTo K.aaccuxeckoe onpeldeaenue agepoamuocmi. PaccMoTpuM He-
CKOJIBKO IPNMEPOB.

* B ypue Haxogutrca 40 mapos: 10 uepunix u 30 Gennix. HaiiTu sepostT-
HOCTb TOI'0, UTO BBIHYTBIM HayTal ofauH Iap OyaeT YepHbIM.

V¥ UYnucno 61aronpuATCTBYINKX CHAyYaeB PaBHO YHMCJAY YePHBLIX IIApOB B
ypHe: m = 10, O61mee 4nc/io paBHOBO3MOKHBIX COOBITHI (BBIHUMAaHKE OLHOT0
miapa) paBHO NOJHOMY YHUCJIy IIApoB B ypHe: n = 40, ITu cobLITHA HECOBMECT-
HBbI, TaK KaK BBIHHMAaeTCH OMH ¥ TOAbKO oAuH Wap. ITo hopmyie (2.3) uMmeem

P(A) = 10/40 = 1/4.
28



* HatiTy BepOATHOCTL BbINAJAaHWUA UETHOIO UUCAa NPV OpPOCAHHK HUIPAJib-
HOW KOCTH,

¥Ilpu Opocauun KOCTV peanu3yiTCA UIECTh PABHOBO3MOMKHbIX HECOB-
MECTHBIX COOLITHII: NoABAeHHe oauond uudpsl 1, 2, 3,4, 5 unu 6, 1. e. n = 6.
BaaronpuATCTBYIOINUME CAYUAAMK ABAAITCA BbINAAAHUA OJHOU U3 UG 2,
4 unu 6: m = 3. UckoMas BepoOATHOCTb

PAYy=m/n=3/6=1/2.

Kak BugnO 13 onpefeneHud BEpoATHOCTH coOLITHA (2.2) 1 (2.3), 1A Bcex
cobbrTHil 0 < P(A) < 1,

Cobbvimun, komoposie nPpu GAHHBLX UCLBLMARUAX HE MOZYMm Nnpo-
w30Umi, HA3bLBAIOMCA HEE03MONCHBLMU: UX 8ePOAMHOCMbL PDABHA
HYRIO.

Tak, HanpuMep, HERO3MOKHO M3 YPHBI ¢ Oe1BIMM M YEPHBIMY Ilia-
paM# BBITAIMThL KPACHBIA Ilap, HEBO3MOXHO Ha WIPaJbHON KOCTH
noaAyunts nundpy 7.

Cob6boimue, xomopoe npu daHHOM ucnbimaHuu o06a3amensHO
npou3oiudem, Ha3vigaemca JOCMOGEPHBIM, €20 6€POAMHOCMb PAE-
na 1.

IIppMepoM AOCTOBEPHOTO COBLITHA ABIACTCHA M3BJeUYeHMe 0esoro
ITapa W3 YPHSLI, B KOTOPOI HaxOAATCSA TOJNBKO OeJbie Iapsl.

B pape ciydaeR BBIUMCIANTL BEPOATHOCTL COOBITHS OKa3bIBaeTCH
npoime, €CAN NPejCcTaBUTh €ro B BUA¢ KOMOMHann 0osee npocThix Co-
OBITHH. DTON LENN CAYKAaT HEeKOTOPble TeOPEMbI TEOPUM BEPOATHOC-
Teu.

Teopema CI0KeHUA BEPOATHOCTEH: 6€PpOAMHOCMb NOABAEHURA
00H020 (6e3pa3nudnHo KaxKoz0) cobbvimus U3 HECKOLbKUX Heco6-
Mecmublx cobblmUl paéna cymme Ux epoamHocmeit.

s gsyx HECOBMECTHBIX COOBITHI

P(A nnan B) = P(A) + P(B). (2.4)
HokaxeM aTy TeopeMy. IlycTs n — obugee Ym0 uCILITaHUA, My —

YNCI0 cAydaen, 6JarONPUATCTRYIOIINX COOLITHIO A, M, — YNCJO CHY-

yaes, GmaronpuAarcTeyiommx coosiTnio B. Uncno cayyaes, 6maronpm-
ATCTBYIOINNX HACTYILIEHWIO J160 coObITuA A, b0 cobOblTusa B, pasHO
m, + m,. Torna

m, +m. m m.
n n n

Orcwpa, yanreizad (2.3), nMmeeM
P(A nnn B) = P(A) + P(B).
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* HallTH BepOATHOCTL BuInggauua 1 uan 6 npu Gpocanuu UrpaabHoii KOCTH.
V¥ CobbiTua A (Boinagauue 1) u B (Boinaganue 6) ABIANTCA PABHOBO3IMOMK-
ApiMu: P(A) = P(B) = 1/6, noatomy u3 (2.4) gaxoauM

1

1
= + = .
P(A nnu B) 6 3

1 -
6

Croxcenue sepoamuocmeil cnpagediuso He monbko 041 08yx, HO
u ona 100020 HUCA HECOBMECTMHbLX COGbIM UL,

* B ypue HaxoauTea 50 mwapos: 10 6ensix, 20 yepHbLIX, b KpacHBIX ¥ 15 cHl-
yux. HaniTu BepoATHOCTL moABAEHUA OEIOT0, WJAK YEPHOTO, UJIHU KPacHOTO
mapa IIpy¥ OMHOKPATHOM ollepalliy U3BATHA Iapa U3 yPHEL.

V¥ BepoaTHOCT, BbIHMMaHHA Oejsoro Imapa (cobwbiTue A) pasHa P(A) =
=10/50 = 1/5, yepnoro mapa (cobsiTue B) — P(B) = 20/50 = 2/5 u kpac-
Horo (cobeiTue C) — P(C) = 5/50 = 1/10, Orcroga no hopMyJie Cja0xeHA Be-
poAaTHoCTeR noayduM P(A uau B unu C) = P(A) + P(B)+ P(Cy=1/5+ 2/5+
+1/10=17/10.

Ecau 0e6a cobvimun eGuUHCMECHHO 803MOMCHBL U HeCcO8MeCMmHbL,
mo UX HAa3bLéarm NPOMUGONOLONCHBLMUL.

Takne coBLITHA NPUHATO 0603HAaYATh, HaNpUMep, A 1 A.

Cymma eepoamnocmei 08Yx npomMUEONOROHKHbLX COGBLMUL,
Kax caedyem u3 meopemb. CLOHCCHUA epoamHoOcmel, pasdua edu-
Huye:

PA)+ P(A)=1. (2.9)

* IIpounnnoCcTpupyeM cIpaBefanBOCTL (2.5) HA npeJblAyILEM IIpuMEpEe.
IIycte BolauMaHue GesIoT0, UM YEPHOI'0, AN KPacHOTo IIapa 6yaeT coOLITH-

em A, P(A)) = 7/10. IIpoTiBONIOIOMK HBIM CODLITHEM ;41 ABJNAETCA JOCTaBa-
Hue CHHero mmapa, Tak Kak cunux mapoB 15, a obmee KoauuecTBo mapos 50,
T0 nodyuaem P(A ) =15/50 = 3/10 u P(A)) + P(A) = 7/10 + 3/10 = 1.

* B ypHe HaxoasaTca OeJible, YepHbIE ¥ KpacHbIe Iapbl. BepoATHOCTL J10-
cTaBaHMA YeDHOI'O UK KpacHoro Iapa pasHa 0,4, Haitu BepoaTHoCTs gocTa-
BaHKA U3 YPHLI 6esioro Iiapa.

V¥ Obo3nauuM A cob6bITHE BbLIHMMAaHHMA UYEPHOTO HJIM KpacHOro Imapa,
P(A) = 0,4; npOTMBONONOKHLIM coObITHEM A OygeT udbaATHe Oelloro Ia-

pa, TOrJa Ha oCHOBaHuu (2.5) BEPOATHOCTL 9TOTO COBBITUA P(A) = 1 — P(A) =
=1-0,4=0,6.

Cucmemy coboemui (A,, A,, ... A,) Ha3viéalom noAHOU, ecru

npu UCneltmArUAx Hacmynum 00RO U MOALKO 00HO U3 ImUXx cobbi-
muit. Cymma éepoamuocmeii cobbimui, 06pasyrouux noARYO cuc-
memy, paéna eduruue.
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* B ypue umeerca 40 mapos: 20 6enbix, 15 yepHLIX 1 O KpACHbIX. Beposdar-
HOCTDb I1OABAEHUA Oesoro mapa (coboiTue A) paBua P(A) = 20/40 = 1/2, pna
yepHOTO0 Mapa (cobuiTue B) — P(B) = 15/40 = 3/8 u 1715 KpacHOTO Illapa (co-
6eiTe C) — P(C) = 5/40 = 1/8. B aToM caydae cucTeMa cobuiTuit A,, A,, A,

ABNAETCA NOJTHOH, MOKHO yoeauTncs, 4To P(A) + P(B) + P(C)=1/2 + 3/8 +
+1/8 =1,

TeopeMa YMHOKEHMS BePOSITHOCTEH: 62pDOAMHOCMb CO8MECMHO-
20 NOABAEHUA He3A8UCUMBLX COObiMUU pasHa Npou3eedenuin ux
eepoamnocmen. Ins neyx coObITHN

P(A nB)= P(A) * P(B). (2.6)

MoxaxeM 3Ty Teopemy. Tak kakK coObiTnsi A 1 B He3aBMCHUMBI, TO
KaXJA0My M3 m, ciydaes, OJarolpuATCTBYROmMNX A, COOTBETCTBYIOT
m, cnydaes, 6naronpusarcreytomux B. Taknm o6pasom, obiee 4ncio

caydaer, 01aronpuATCTBYIOMUX COBMECTHOMY NOABIECHUIO COOBITHI A
i B, pagHO m m,. AHaJJOIM4YHO, 001€e YNCI0 PaBHOBO3MOMXHBIX COOBI-

TUW PaBHO N,7,, [l 11; U N, — YHUCJIa PaBHOBO3MOMHBIX COOBITHH CO-
OTBCTCTBCHHO AIA A n B, Umeem

mym,  my

P(A nB) = - 22 = P(4) - P(B). (2.7)

7 T 2

* B oHOI ypHE HaxoAHuTCA b YepHbix ¥ 10 Genvix mapos, B Apyroi 3 dep-
HbIX 1 17 6enbix. HaitTu BepoATHOCTL TOI'0, UTO IPH IEPBOM BLIHUMaHHUM Ula-
POB U3 KakA0ii ypHLI 00a Mlapa oka»kyTcsA: 1) uepusiMu; 2) 6ensiMu; 3) B mep-
BOU ypHe OyaeT BLIHYT 4epHBII IIap, a BO BTopoi — Oenblit; 4) B nepBoi ypHe
OyaeT BLIHYT Oenblil Map, a BO BTOPOi — YEpPHBII.

¥ BepoATHOCTL BLITACKMBAHKWA YEPHOTO LIapa K3 IIEPBOIl YPHLI (COOBLITHE A)
pasua P(A) = 5/15 = 1/3, uepHoro iapa u3 BTOPOM ypHHI (CoObiTue B) —
P(B) = 3/20, 6esioro mapa u3 nepBoii ypHul (cobeiTne A'Y — P(A') = 10/15 =
= 2/3 u 6eJioro Iapa u3 nepeou ypHH! (cobbiTue B’y — P(B') = 17/20. Haxo-
OUM BEpPOATHOCTH COBMECTHOTIO II0ABJIEHHA JABYX HE3aBHCHMMBIX COOBLITHH IO
dbopmyie (2.6):

1) P(Au By = P(A) - P(B) = (1/3) (3/20) = 3/60 — oba mapa 4epHbIe;

2YP(A'u B)=PA"'y+ P(B')=(2/3)(17/20) = 17/30 — oba mapa Gesnle;

3)P(A'uB')=PA) - PB)=(1/3)(17/20)=17/60 — B nepBou ypHe 6y-
JeT BLIHYT YepHbIil Iap, a BO BTOPOil — OeJbIi;

4y P(A'u B) = P(A’) - P(B) =(2/3)(3/20) =1/10 — B nepBoui ypHe OyaeT
BBIHYT Oesblii llap, a BO BTOPO — YEPHBIH.

Bce yeTbipe Bo3MOKHBIX cayuad Au B, A" u B', Au B', A" u B o6pasyoT
IIOJIHYIO CHCTeMy COOBITHH, TO3TOMY

PAuB)Yt+ PA uB)+PAuBY+ PA u B) =
=3/60+17/30 +17/60 +1/10=1.
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* Ha#fiTu BEpOATHOCTL TOr0, YTO B CeMbe C TpeMdA JeThMH BCE TPOE CHI-
HOBbs., CUuUTaThL, UTO BEePOATHOCTL POXKIAEHKUA Manbuuka paBHa 0,515 u mon
KasKIoro moclieywiilero pebeHka He 3aBHCHT OT NoJia IPeJblAyINuX JeTeH,

V¥ I1o TeopeMe yMHOXXEHUA BEPOATHOCTEMH,

P(Au BuC)=0,515 "+ 0,515 - 0,515~ 0,14,

Teopema YmuodrcenHus gepoamHocmel YCrLONCHAEMC, eciu on-
pedensemca 6epoamHocmsy cob6bimus, cOCMoOAW,e20 U3 CO8MeCMHO-
20 noagrenun 06Yx 3asucumvix mexcdy cobou cobbimui. B mom
cayiae, kozda cobbimue B gvinoanaemca npu Yycaosulu, 4mo coboi-
mue A umeno mecmo, 6epOAMHOCMb COEMECMHOZO0 NOAGNEHUR
déyx amux cobvtmuii paéna

P(A u B) = P(A) - P(B/A), (2.8)

rae P(B/A) — ycnogHaa 6eposmHocmyb, T. €. BEPOATHOCTD coObITHA B
IPH YCIOBWH, YTO COGBITHE A COCTOANOCS.

* B ypHe 5 miapoB: 3 6eJbIX 1 2 yepubix. HaiiTi BepoaTHOCTS TOr0, 4YTO 110-
CJIeJIOBATENBHO OAUH 3a APYTUM OyayT BBIHYTHI UepHLIH 1 Oesblil MIaphl,

¥ BeposATHOCTb TOr'0, YTO NepBLIM Oy/IeT U3'bAT YepHLIYN IIap (cobbITHEe A),
paBHa P(A) = m/n = 2/5, llocne yaaneHusa yepuoro lapa B ypHe ocTaeTcd 4
mapa: 3 6eavix u 1 yepslit., B 9TOM cllydyae BepOATHOCTL BLIHUMaHKUA Hesoro
mapa (cobwuiTue B rocne BeImosHeHusa cobbiTusa A) pasna P(B/A) = 3/4. Uc-
nojib3ysa (2.8), nonydaem

P(Au B) = (2/5) + (3/4) = 3/10.

§ 2.2. Cayuaiinaa BeaIu4uHA.
3aKkoH pacnpeaesieHUA.
HucaoBpie XapaKTepUCTHKHU

Onpenenenue ciyyaifHOH BeJIUWYUHBI. MHOrve ciaydaliHbie COObI-
THA MOT'YT ObITH Oll€HEeHb] KOTMYECTBEHHO CIy4YallHbIMM BeJIMYMHAMM,

Cayuwaiinoll Ha3vléarom maxkyro 6eiUYUHY, Komopas npuHima-
em 3HAYeHUR 8 3asucumocmi om cmeweHUsa cayualinvix obcmo-
Anenbcma.

Cny4yallHBIMM B€JIMYMHAMHM ABJAIOTCA: YMCJI0 OOJIbHBIX Ha NpHeMe
y Bpada, UNMCJO CTYACHTOR B ayJMTOPHHN, YMCIO POMIECHWI B TOpoje,
HPOAOIKNTEIbHOCT MKM3HN OT[EJLHONO 4eJloBeKa, CKOPOCTH MoJie-
KYJIbI, TeMIepaTypa BO3AyXa, NOrpeliHOCTL B U3MEPEHNH KaKON-JIub0
BeIMYNHBI 1 Ap. Eciin mporyMeposaTs IIapsl 8 YpPHe NPUMEPHO TakK,
KaK 9TO JeJaloT NPU pa3bilPLIBaHWHN THPaXKa JIOTO, TO NPON3BOJBHOE
BbIHMMaHMe LIapa M3 YPHBI MOKaXXeT YUCJIO0, ABIAIIeeCH CAyYaiTHO
BEJIMUNHOMN.
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Pa3nnyaloT AMCKPETHBIE 1 HENl pePLIBHbIE CAyYallHbIe BeTMUMHBI.

Cayuainaa éeauxuna Ha3viéaemca JUCKPemHOU, ecau OHA
npurumaem ciemHoe MHOMCeCME0 3HAYEHUU: Y1CI0 OYKB Ha IPON3-
BOJIBHOI CTPaHMWIe KHUI'M, S9HEPI'us 3JeKTPoHa B aTOMe, YNCJIO BOJIOC
Ha I'OJIOBE YeJIOBeKa, YMCJIO 3ePeH B KOJNIOChAX, YMCJI0 MOJEKYJ B BbI-
neJeHHOM o0beMe I'ada M T. II.

Henpepwiénan caywaiinaa éeaununa npurnumaem nbovie 3Ha-
YeHUA 6HYmMPpU HEKOmopozo UKHmMepeaaa: reMneparypa tesa, Macca
3epeH B KOJIOChAX HIIEHWIbI, KOOPAMHaTa MecTa HNonaZaHUA NYJIN B
1eJ1b (MPpUHNMaeM NYJI0 3a MaTepPHAJBbHYIO TOUKY) 1 AP.

Pacupepenenne QUCKPETHOM CJOYYAaWHOM BeJUMYMHBI. J[MCK-
peTHaA caydallHaA BeJMUYNHA CUNTaeTCA 3aJaHHOM, eCcJM yKa3aHbl ee
BO3MOXKHbIE 3HAYEHUS N COOTBETCTBYIOIME UM BepoaTHocTn. O60o3HA-
UMM AUCKPETHYIO CAYUAHHYIO BeJINYUMHY X, ee 3HAUeHUA X , Xy, ...,

a BeposiTHocTH P(xy) = py, P(x,) = p, ut. 1. Cosoxynnocms X u P

Ha3bléaemca pacnpedenenuem OQUCKPemMHOU CAYLAUHOU BenuUuu-
ot (Tabma. 1).

Tabruuya 1
X x, X, Xq X, Xy
P P, P, D3 Py P,

Tarx xKak Bce BO3MOHble 3HAUEHUA AUCKPETHOH CAYUaWHOH BeJIU-
YMHBI NPEACTABIAIOT NoJHYI0 cucTeMy (cM. § 2.1), To cyMMa BepOAT-
HOCTEI PaBHA eUHUIe:

I
> P(x;) =1, (2.9)
i=1
31ech mpeamoJaraercs, 4To AUCKDPeTHAsA cayyaiHas BeJUYUHA
uMeeT n 3HadyeHN#. Beipaxkenne (2.9) Ha3wBaeTcsa ycrosuem HOpMU-
PoSKU.

* CJtydaitHO# BeJIMYHWHONR ABAAETCS YKCJO0 OYKOB, BRINAAAIOIIMX Ha BepX-
Heit TPAHHU UI'PATbLHONM KOCTH. Y Ka3aTh pacliipeselieHne 3TOH CAyYaiiHoH Beal-
YuHbl (Tabua. 2).

Tabaruuya 2
X 1 2 3 4 b 6
P 1/6 1/6 1/6 1/6 1/6 1/6
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* CmyJaiiHOW BeJIMUWHOM ABJsieTCA HOMep Buja criopTa B urpe «CropTiio-
To». O611ee yncao BuLoB pasHo 49, YKasaTes pacnpejseseHue 9Toi CAydYailHOR
BeJInUKMHEI (Taba. 3).

Tabauya 3
X 1 2 3 49
P 1/49 1/49 1/49 1/49

BunomuaabsHoe pacipeneaeHue. Ilycts HeKoTopoe NCHBITaHUE
IPOBOANTCA TPHIKIALI U OPH 3TOM cobbitne A mpoucxoanr [ pas (I —
caydalHas BeTHUYNHA, KOTOPasA NIPHA TPOMHOM HCObITAaH NN MOXKeT NpPH-
HuMatsh 3Hadenus 0, 1, 2 u 3). BepoATHOCTL HaCTYynJIEHUA COObBITNA A
paBHa P(A); BEpPOATHOCTb TOro, YTO COOBITHE A He NPOUCXOAHUT, T. €.
HMeeT MEeCTO MPOTHBONOI0XKHoe cofbiTre A, paBua [1 ~ P(A)].

3Hauenne [ = 0 coorBercTBYeT TaKOMY cCJAydalo, NIPH KOTOPOM
TPHAALI NOAPAL cobbITHE A He NPOUCXOANJI0. BepoATHOCTH 3TOro
CIOYKHOIO COOBITHA, IO TeopeMe YMHOMeHHA BepoarHocred (2.6),
paBHa

P(AnAun A) =[1-PA)][1-PA]I[1-PA)]=[1-PAP

3nauenue [ = 1 oTHOCHTCA K ¢y Yalo, IPU KOTOPOM coObITHE A NpO-
M30IILI0 B 04HOM U3 Tpex ucnbiranuii. [Io popmyne (2.6) nonyyaem

PAn A n A) = PA)[1 - P(A)][1 - P@A)]=PA)[1 - PAJ.
Tak Kak npu [ = 1 NpoucxoAAaT TAKXKe W ABa APYrUx CI0MHBIX CO-
6erTnsa: (A mAnu A) u (}i n A nA), To Heo6XOANMO, BOCNIOJIb30OBAB-
LINCh TEOPEMOH CIOXKEeHUs BepoATHocTel (2.4), NoJyYNTh NOTHYIO Be-
POATHOCTb ANA [ = 1, CAOMUB TPHIKALI IPeAbIAyIlee BbIparkeHne:
PAnAnA,wmAuAu A, num Au A nA)=3PA)[1 - PA)J.

3Hadvenne | = 2 cooTBeTCTBYeT CJAY4Yalo, NPM KOTOPOM coObiTne A
HPOU3OIILI0 B IBYX N3 Tpex ncnsiTaHni. Paccyxaennammn, nofgoOHbI-
MU NPUBEJEHHBIM BbIllle, NOJYYUM HOJHYI0 BEPOATHOCTL AJIS ITOrO
caydas:

P(EHAHA, WinAun A A, nmAnAn A) =
= 3P%A)[1 — P(A)]

IIpn { = 3 cobeiTHE A noABAAeTCA Bo Beex Tpex ucnbiTaHnax. He-
HOJB3YSA TEOPEMY YMHOMEHUS BEPOATHOCTEN, HaX0AUM

P(An A n A) = P3(A).
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B wnrore moaydaemM OMHOMUWAJbHOE paclpefeserHne, cojepiKariee
yeThIpe UaeHa (Talbma. 4).

Tabruya 4
l 0 1 2 3
P [1-PA)P | 3PA) * [1-P(A) | 3PYA) * [1- P(A)] P¥A)

B obmem ciaydae 6mHOMHAJBbHOE pacnpenesieHne mo3BoJseT onpe-
AeJINTh BePOATHOCTH TOro, UTo cobbITHEe A IPON3oiaeT [ pa3 nIpH N Hc-
MLITAHUAX:

P, =Cip'(l-p) (2.10)
rae p = P(A); C! — uncao coueTannil U3 N 3NEMEHTOB No [, paBHOE
ci —nn-1).(n-1+1) _  nl

" [ Nn—~1)"

* Ha ocHOBe MHOToJIeTHHX HalOJ0ZieHuii BLI3OB Bpaya B JaHHLIA JOM ore-
HuBaeTca BepoATHOCTLIO 0,5, HaiiTu BepoATHOCTL TOT0, UTO B TeUeHUE IIecTy
JHEHN [1por30iiieT YeThipe BbI3oBa Bpaua; P(A) = 0,5, n =6, [ = 4.

¥ BocnoJsibayeMmcs dopmynoii (2.10):

p= 8543 54.0,52=0,234.
1-2-3-4

Yucaopble XapaKTEePUCTUKH JTUCKPETHOM CIyYaMHOM BEIHYM-
HbI. Bo MHOI'nx ciiyuasix, HapAAY ¢ pacupeaejieHHeM CJIydalHOH Be-
JUYNHBI WJIN BMECTO Hero, MHQOPMannioo 00 3TUX BEJIHMYHHAX MOLYT
XaTh UYHCJOBble NMapaMeTpbl, MOJYUYMBLUNE Ha3BaHUE HUCAOBbLX Xa-
pakmepucmur caywainoll eauxunsl. Paccmorpum HanGosee ynor-
pebuTeJbHbIE 3 HUX.

Mamemamuvecrkoe oxudanue (cpednee 3HauerlUe) cAYHAUHOU
6CeUYUNHBL ecMb CYMMa npouieedeHull 6cex 8603MONCHLLX ee 3HaA e-
HUil Ha 6epOAMHOCMU IMUX ZHAHEHULL:

n
M(X) =xp; t Xopp+ ... + X, p, = lel.pl.. (2.11)
P =
IIycTh npm 6OABIIOM YHCJe UCIBITAHUN N IUCKPEeTHad caydaiinas
BeinuyuHa X NPUHNMaeT 3Ha4YeHUs X, X,, ..., X, COOTBETCTBEHHO M,
Mmy, ..., m, pas. CpegHee 3HaYeHNE PaBHO
mix;+myx,+ ... +m,x m m
<X>=_11 22 TE = x, — 4+ x, 2
n n "n
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Ecan n BeIWKo, To OTHOCHTENbHBIC YaCTOTHI M, /N, M,/n, ... OyayT

CTPEMUTHCA K BEPOATHOCTAM, a CpeJJHAA BeJIMUNHa — K MaTeMaTHde-
CKOMY OXHIaHHWK). HNmenno No3TOMY MaTeMaTH4dYEeCKOe OXXNIJaHHE Yac-
TO OTOMOECTBJAAIT CO CPEIJHHNM 3HAYECHHECM.

* HanTu maTteMaTUUYecKoe OMUJaHKWe IJIH JUMCKPEeTHO ClIydaitHOil Beau-
UYKHBI, KOTOpadA 3ajaeTca qudpoil Ha I'paHu IpH OpOCaHUU UTPANTLHOU KOCTH
(cMm. Tabu. 2).

¥ Hcnoasayem opmyny (2.11):

MXy=1-1/6+2-1/6+3-1/6+4-1/6+5+-1/6+6"1/6=7T/2=23,5.

* HaiiTu MaTeMaTHUYECKOe OMKHJAHUE A JUCKPETHON cay4yarHO BeJiu-
YHHBI, KOTOpas olpeaendeTca TupaxoM «Crnoprtaoro» (cM. Tabs. 3).
V¥ CoruacHo thopmye (2.11), naxoaum

M(X)=1-1/49+2 - 1/49+ ... + 49 - 1/49 = 25,

BoaMosxkHbIE 3HAUEHUA JUCKPETHOH CAyUYallHOU BEJIWUYMHBI paccesHbl BO-
Kpyr ee MaTeMaTHUeCKOro OXKHJIaHHU, 4acTb M3 HuX npepbillliaer M(X), yacTs —
Menblie M(X). Kak opeHuTh cTeneHb pa3bpoca cayuaifHoil BeIWYHHLI OTHO-
CHUTeJILHO ee cpegHero 3HaueHuA? MoxeT nokasaTsCcs, UTO JJIs pelleHUud Ta-
KO# 3aj1a4y cJaeyeT BbIYUCIKTL OTKJIOHEHUA BCEX CAYYAHUHBIX BEJIUWYKH OT €e
MaTeMaTudeckoro oxujanua X — M(X), a 3areM HaiTH MaTeMaTHYECKOe
oMHJaHHE (CpeiHee 3HAUECHHe) 3TuX oTKAOHeHuit: M[X — M(X)]. Be3 goka3za-
TEJLCTBA OTMETMM, YTO 3Ta BeJIMUYNHA paBHA HYJN0, TaK KAK OTKJIOHEHH A CIY-
YailHBIX BEJIMYWH OT MATEMATHUYECKOTO OXKUJAHUA UMEHT KAK [OJOMUTEIb-
Hble, TAK U OTPHIlAaTeNLHLIe 3HaueHus. [losToMy penecoobpasHo yYuThLIBATL
nubo abcomTHBIE 3HaUeHA oTKI0OHeHU i M[X — M (X)], aubo ux KBajpaTsl
M[X — M(X)J. BTopoii BapuaHT OKa3bIBAETCA NIPEANOUYTHTENLHee, TaK TIpH-
XOAAT K NOHATHIO NUCIIEPCHU CJyYailHOK BeIWUYHNHBI.

Hucnepcueil cayuatinoli 6eaAURURbL HA3bLEAOM Mamemamuie-
cKoe omudanue K6adpama OMKAOHECHUR CAYLAUHOI 6eUNURBL OM
ee mamemamuieckozo OHUGaAHUR:

D(X)=M[X - M(X)). (2.12)

Bes Br1Bosa npuBegeM yao0H YO IS BHYKUCJAEHUA gucnepeun Gpop-
My.JTy

D(X) = M(X?) - [M(X)]~ (2.13)

OHa 03HayaeT, YTo AUCHEPCHA paBHa PA3HOCTH MeKJIy MaTeMaTH-

YeCKMM OXXHIaHWeM KBajpaTa caydYalHoM BeIWYuHBl X U KBajgpaToM
ee MaTeMaTH4YeCcKoro o ugaHud,

* HaiiTy gucrnepcuio caydyaiilHoit BeZWUMHBI, KOTOpad 3ajaeTca gu(ppoii Ha
rpaHd npu 6pocaHun HrpaabHoil KocTu (CM. Tabi. 2).

V¥ MaTemaTuueckoe oXKuJaHKe 3TOTO pacipeeneHusd paBHo 3,0, SannlleM
3HAYeHKUA KBaJPaTOB OTKJIOHEHHUS CAyUYaAHEIX BEIHUYAH OT MaTeMaTUYeCKoTo
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oxunannus: (1 - 3,5)2 = 6,25; (2 - 3,5)% = 2,25; (3 - 3,5)2 = 0,25; (4 - 3,5)% =
= 0,25; (5 — 3,5)* = 2,25; (6 - 3,5)% = 6,25. ITo hopmyne (2.12) ¢ yueTom
(2.11) HaxXoAUM AUCHEPCHIO:
D(X)=6,25°1/6+2,25°1/6+0,25"1/6+0,25 + 1/6 +

+2,25-1/6 +6,25 - 1/6 = 2,9167.

BLIUKCANUM JUCIIEPCHI0, BOCIIONIL30BABIINCE (hopMyoif (2.13):
[M(X))? = 3,52 =12,25;
_M(X2): 12:1/6 +22+1/6+32-1/6+4%2+1/6 +5%+ 1/6+
+62 - 1/6 =15,1667T;
D(X) = 15,1667 — 12,25 = 2,9167.

Kak cnepyer n3 (2.12), nucnepcua MMeeT pa3MEPHOCTL KBajpaTa
pa3MepHOCTH caAydaiiHoH BeanunHbl. [[14 Toro 4To0sl OneHuBaTh pac-
cessHHe CAyYalHON BeJIMUHHBI B e IMHUIAX TOH YKeé pa3MepHOCTH, BBO-
AAT NOHATHE cpedHezo Keadpamuueckoz0 OMKAOHEHUR, TIOJ KOTO-
PBIM HOHUMAIOT KBaJIPaTHBIN KOPEHb U3 JUCTIePCUU:

o= JD(X). (2.14)

Pacnpenenenye ¥ XxapaKTepPHCTUKM HeIlIpePHIBHOM CJydaM-
HOM BeJIMYMHBI. HenpepuiBHYIO CAYUalHYI BeIHUYNHY HEIb3dA 3a-
JaTh TEM K€ 3aKOHOM pacupegeseHus, 4To U AUCKPeTHYK. B srom
cAyuae HOCTYHAIOT CAeAYIONINM 00pasoM.

IIyers dP — BeposATHOCTH TOI'C, UTO HENMpPEpPbIBHAA clydyaliHasa Be-
auupHa X npHHAMAaeT 3HAYeHNA Mexay X u X + dx. OueBuaHo, 410
yeM OoJibilie HHTEPBaJ dx, TeM GoJibllle U BepoATHocTs dP: dP ~ dx.
KpomMe Toro, BepoATHOCTDL AOJKHA 3aBHCETH W OT CAMOH CJyualHoH
BEJIWYHHBI, BOJN3H KOTOPOU PaACcnCJ0MeH HHTePBaJ, I03TOMY

dP = f(x)dx, (2.15)

rae f(x) — naomuocmsb éepoamHocmu, WIN GYHKYUR pacnpedene-
Hua eepoamunocmeli. OHa INoKa3blBaeT, KaK H3MEHAETCH BCPOAT-
HOCTB, OTHECeHHasd K HHTepBaay dx ciaydaliHON BeJINUHWHBI, B 3aBHUCH-
MOCTH OT 3HAYeHHWSA CaMOH 3TON BeJIMYHH bI:

f(x)=dP/dx. (2.16)

NHaTerpupysa Bolpakenne (2.15) B CoOTBeTCTBYIOUINX Mpeaesax,

HaXoAUM BEePOATHOCTh TOT'O, UTO cAydaliHAA BeJIMUYNHA NPUHUMAaeT Ka-
Koe-nn6o 3HaueHNe B HHTepBaJe (ab):

P, = j)‘ f(x)dx. (2.17)
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YecinoBue HOPMUPOBKHM AJA HENPePLIBHON CJIyJYallHOW BeJHYHH Bl
nMeeT BUJ

1= [ feaydz. (2.18)

Hapsaay ¢ nJIOTHOCTBIO BEPOATHOCTH B MATEMATHKE NCHOJb3YIOT
TaK)Ke W PYHKUUI pacnpedenrenusn HenpepuiéHol caywalinoll éenu-
YUHDBL

Fx) = j f(x)dx. (2.19)

Kax Bugso n3 (2.19), ara pyHKuua paBHa BEPOATHOCTH TOT0, YTO
caydyaiiHad BeJUYNHA IPUHUMAaeT 3HadeHnd, MeHbllINe X.

F(x) = P(—o0 < X < x).

InAa HenpepblBHOH CAYYANHOH BEeJWYUHBLI MaTeMaTHUecKoe OXKH-
JaHHNEe N JUCIePCHs 3alNCHIBAIOTCA COOTBETCTBEHHO B BUJE

M(X) = [ xf(x)dx, (2.20)

— A

D(X) = | [x - M(X)Pf(x)dx. (2.21)

-0

§ 2.3. HopmansHbIil 3aK0H pacrnpeaeeHus

B reopuu BepoaTHOCTEN N1 MaTeMATHYeCKON CTATUCTHKE, B DA3INY-
HBIX NPHJOKEHUAX BAXKHYIO POJIb NI'DAET HOPMAAbHBLI 3AKOKH pac-
npedenenusn (3axon I'aycca). Cnydyalinada BeTHUHHA pacnpejesieHa Mo
3TOMY 3aKOHY, €CJH NJOTHOCTh BepOATHOCTH €€ NMeeT BH ]

_(x~a)®

1 —_—
f(x)= e 20% (2.22)
NPFide}
rae a = M(X) — MareMarndecKoe OXHUAAHME CIAYUalHON BeJNYNHBI;
G — cpejHee KBaApaTHuyecKoe OTKJOHEHUE, CJIeJ0BATeNbHO, G2 —

ANCIIepCH A CAYyUAMHON BETHYHHBI,

KpnBasg HOpMaJbHOI'O 3aKOHa paclpefeleHUs KMeeT KOJOKOMI0o00-
pas3uyo popmy (puc. 2.1), CHMMETPHYHYIO OTHOCUTENbHO IPAMON X = a
(uenTp paccemsanus). B Touke x = @ QYHKUA J0CTUIaeT MAKCHMYyMa.

1
J2rs

f(x)max =
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I[To mepe Bo3pacranusa |x - a| GpyHEnMA f(x) MOHOTOHHO yObIBaerT,
aCUMITOTHYECKH NpubInxKafack K Hyaw0. C yMeHbIlIeHneM ¢ KpuBas
cTAHOBUTCA Bce 0oJee M OoJiee ocTpoBeplumaHoi. amenenne a npu
MOCTOAHHON G He BANAeT Ha (GopMy KpPHBOH, a JWIIL CIABUTaeT ee
BAoNb ocu abcuuce. Ilnomans, 3aka0O4YeHHas moj KPUBOH, COIVIACHO
yCJIOBHUIO HODMUPOBKH, paBHa egnnune. Ha pucynke 2.1 naodparkens
tpu Kpussle. J[1a kpuBbiX I m 2 a = 0, 3Tn KpUBLIE OTINYAIOTCA 3HA-
YyeHHEM C (G; < 0,); Kpusas 3 nmeer a # 0 (¢ = G,).

Boruneanm ¢pysknnio pacupeaeinedusa (2.19) gna storo cayyas:

x x _(x~a)2
F(x) = | f(x)dx = 21m [e 27 dr. (2.23)

OOBIYHO HCHOJB3YIOT MHoe BbhIpa)keHve (QYHKIIMH HODPMAJbHOIO

x..-..
pacnpegenennsi. BeegeM HoBYK HepeMEHHYIO ¢ = *—4 cnemnosarens-
(8]

Ho, dx = odt. I[logcTaBuB oTH 3HaUeHNA B (2.23), MOAYyYHM

F(x) = 71: th e t?/2ds = (1) = @(i‘;—“). (2.24)

2T .

3HauyeHudA QYHKuU P(Z) 00bIYHO HAXOAAT B CHENHAJbHO COCTAB-
JeHHBIX Tabmunax (cM. [2]), Tak Kax naTerpast (2.24) yepes saeMeH-
TapHble QYHKIMH He Belpaxkaercd. 'padpuk pyaxkyun P () ndodparker
Ha PUCYHKe 2.2.

Ha ocnoBanmuu (2.17) MOKHO BBIYHCJINTH BEPOATHOCTHL TOr'o, 4UTO
caAyuyailiHasa BeJIWUYMHA IPH HOPMAJBHOM pacHpeieleHUY HAXOAUTCA B
HHTepBaJe (x;, X,). Bed BoiBoja, no ananornu c (2.24), ykaxeM, uTo

9Ta BEPOATHOCTH paBHA

Px; < x <x) =@ (22) (22, (2.25)

a g

f(x)

Puc. 2.1 Puc. 2.2
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BocnonsayeMcsa BpipaxkenneMm (2.25) AnA BBIYHUCIEHUS CJHEAYIOLIUX
BePOATHOCTEN

_ a+oc—-ay _ a-oc—-ay _
a)Pa-o<x<a+o)=® (—g—-) D (_.__0___>
=d(1) — P(-1).
Ormerum, uro O(—¢) = 1 — D(¢), mosromy P = 2(1) — 1. Ilo Tab-
June HaxoauMm @P(+1) = 0,8413, oTkypa

P=2-+0,8413-1=0,683; (2.26a)

6) Pla — 20 <x <a+26)=¢)(a—+—2—§———2) ~¢>(a—_%‘—a) =
=@P(2) - P(-2) = 2P(2) — 1.
ITo Tabanne Haxoaum P(2) = 0,9772, oTkyga
P=2-:0,9772-1=0,954; (2.260)

B)P(a-3c<x<a +3c)=cp(a_+_%’;£‘) wq)(a—?’ﬁ‘"a) _

9)
= @(3) - DP(—3) = 2P(3) - 1.
I1o rabaune saxognm P(3) = 0,9986, orkyna
P=2-0,9986 — 1 =0,997. (2.268)

Ha pucynke 2.3 npuBegeHo HopMaJbHoe pacupeenenue (a = 0) n
IITPUXOBKOM MOKasaHbl 001acTy, TIOMIAAN KOTOPBIX PABHBI BEPOAT-
HoctaAM 0,683 u 0,954.

onycTnM, 4TO NPON3BOJBHO N3 HOPMAJAbHOT'O PACTIPEAE/IEH UA BbI-
GUpAKTCA IPYNNOLI IO 7L 3HAYEHNH CAyYafHbIX BenuyuH. J[na KamXgod

I'PYNHbLI MOXKHO HAWTH cpeiHne SHAYEHNA, COOTBETCTBEHHO X, Xy, ...,
Xy ... . OTH CPEJHNE 3HAYEHNA caMK 00Pa3yloT HopMaJbHOEe pacnpese-
JieHNe (B oTJINYMEe OT M3JOXKEHHOT'o Bblllle HOPpMaJIbHOrO pacnpepee-

HUA 371eCh KaXKAOMY CpeJHeMy 3HA4YeHNIO X, OyJeT COoTBeTCTBOBATH HE

BEepPOATHOCTb, a OTHOCHUTEJbHaa YacTora). MaTeMaTndecKoe OXXHa-
Hye TAKOor'o «HOBOI'O» HOPMAaJIBHOIC pPacnpeieeHnsa paBHO MAaTeMaTH -
YeCcKOMY OYKHJIAHHMIO NCXOMAHOTO HOPMAJBHOIO pacnpeiesieHns, a JucC-
nepcus (D)) n cpepnee KBagpaTHueCKoe oTKJIOHeHne (G,) OTIHYAKTCA

COOTBETCTBEHHO BN U B ,\/;_1 pPa3 OTHOCHTEJBHO 3THX XAPAKTEPHCTHE
HCXOOHOI'O pacupenejieHnna.

D ==no, = . (2.27)
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f(x)

96 -6 0 © 20 x

Puc, 2.3 Puc. 2.4

OTO NOJOKEHNE 3/Iech He JOKA3bIBaeTCA, HO er'o MOXKHO IPOUJIITIO-
CTPHPOBATH PUCYHKOM 2.4, Ha KOTOPOM HOpHBeAeHbl I'paduKH HOP-
MAaJIBHBIX pacpese/ieHUH, NOJYUYeHHBIX AJA I'PYNN CO 3HAYEHUAMHU 1,
paBHBIMHU 1, 4, 16, n n — 00, PaccMoTpuM KpalHne YacTHLIE CIYYau.
IMpu n = 1 DpuXoAuM K NCXOAHOMY HOPMaJLHOMY DacHpeieeHUlo,
noaromy o, = . Ilpp n — o 5, — 0; paKTHYeCKn B ITOM CiIydae
«I'PYIIA CAVYAHHLBIX BeJINYnH» — 3TO BCe NCXOJAHOE pacrnpeaeiesHue,
APYTUX I'PYNN HET, HO3TOMY cpefHee 3HAUEeHNe BLIPAXKaeTCs TOJIbLKO
OAHUM YHCJIOM M OHO COOTBETCTBYET MaTeMATHYeCKOMY OXXWJAAHUIO.
Bce pacnpepenenne cBognTesa K 3TOMY 3HAUEHHIO MaTeMaTHUecKor'o
OKUJIAHNA (Ha IrpaduKe NpeacTaBJIeHo BEPTUKAJILHON JIKHNEN).

§ 2.4. Pacnpenenenuns Maxcseana u Boasimana

Pacnpeneneane Makcpenana (pacnpenejieHde MOJIEKYJ rasa
II0 CKOpPOCTAM). B paBHOBECHOM COCTOSHNN HApaMeTPHI rasa (I1aBJe-
HHe, 00beM N TeMIepaTypa) ocTalOTCA HeM3MeHHbIMH, OAHAKO MHKPO-
COCTOAHUSA — B3aMMHOE€ PacHoJoXKeHne MoJeKyJ, HX CKOPOCTH — He-
NpepuIBHO N3MeHATcs. M3-3a orpoMHOr0o KoJindecTBa MOJEKYJ APaK-
THYECKN HeJlb3d ONpPefeNTh 3HAYEHHA WX CKOPOCTeH B KaKOH-JINOo
MOMEHT, HO BO3BMOXKHO, CUNTAA CKOPOCTH MOJEKY.J HeNpPepLIBHOH CIy-
YaHOH BEJIMYMHON, YKa3aTh pacnpeaesenne MoJIeKyJl 10 CKOPOCTAM.

Brigennm oTaenbHyo MOJMeKyany. XaoTHYHOCTD ABIKEH U M03BOJISET,
HAIIPHMep, AJSA NPOeKIMHU CKOPOCTH U, MOJIEKYJIbI NPUHATL HOPMAJIbHBIN

3aKoH pacnpeneneansa. B aTom cayuae, kak nmokaszan [Ix. K. Makcsesnn,
ILTOTHOCTH BEPOATHOCTH 3allMCbIBAETCA CAeYIONINM 00pa3oM:

2

)= |78 , (2.28)

rge m, — mMacca MoJeKyJsl, T — TepMOAMHAMHUYECKaA TeMIepaTypa
rasa, k — nocroaHHasa BoasyMana.
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AHallornyHbie BHIpameHna MOT'yT ObITh IIOJIyYEeHbl 1A f(vy) n f(v,).

Ha ocHoBaHNU QopMyas! (2.15) MoXKHO 3annCcaTh BEPOATHOCTh TO-
ro, YTo MOJIEKYJIa HMeeT NPOeK N0 CKOPOCTH, JIeXKAaNIyIo B NHTepBaje
oTv, go v, + dv :

dP_=f(v)dv_; (2.29)

AHAJOIWYHO AJA APYIUX ocel
dPy = f(vy)dvy, dP, = f(v,)dv,. (2.30)
Kaxxmoe n3 yenosuii (2.29) u (2.30) oTparkaer HeaaBHCHMoe COObITHE.
IlosTOMy BEpoOATHOCTHL TOro, YTO MOJEKYyJsa WMeeT CKOpPOCTb, NPOEK-

MM KOTOPOH OAHOBPEMEHHO YI0BJIETBOPAIOT BCEM YCIOBHAM, MOMXHO
HalTH MO TeopeMe YMHOXXeHNA BepOATHocTel [cM. (2.6)]:

dP = ddePysz = f(vx)f(vy)f(vz)dvxdvydvz. (2.31)
Henonwaysa (2.28), u3 (2.31) nonyuaem
~myf vZ + v 4 v?)

= my T
P = [(5o2] e dv dv,dv,. (2.32)

OrmeruM, 4To K3 (2.32) MOMXHO NOTYYHUTH MAKCBENTOBCKYIO QYHK-
MO pacnpeenedinsa BepoATHocTel abCOMITHBIX 3HAUEHHH CKOPOCTH
(pacnpedenenue Maxceéenna no ckopocmam):

2
3 _mOU
f(v) = 4n (23:7‘) v2e 24T (2.33)

¥ BEPOATHOCTH TOT'0, YTO CKOPOCTH MOJIEKYJIbI MeeT 3HaueHue, JIexia-
miee B HHTepBaJe oT v 1o v + du:

2
my v

dP = fv)dv = 4n [0 Y v2e TiTg 2.34
f(v)dv n N\ BT vee v. (2.34)

I'paduk bynxnuu (2.33) usobparken Ha pucynke 2.5, Cxopocme,
coomeemcmeyrwyro makxcumymy xpueoi Maxceeana, Haszviearom
naueepoamuetiwmetd v,. Ee MoHO OnpeeIuTs, UCHOJL3YS yCIOBHE
MaKCHMyMa (PYyHKI[HH:

df(w) _

niy
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OTKyZAa

vgﬁ—rgiz,vam /2mLT (2.35)
0 0

CpeaHI0 CKOPOCTHL MOJIEKYIIbI (MaTeMaTHdeCKoe OXKUAaHNEe) MOXK-
HO HanuTH mo obaiemy npasuay [cMm. (2.20)]. Tak Kak ompepensercs
cpeaHee 3HaUEHNe CKOPOCTH, TO Npelesbl nHTerpupoBannsa 6epyT ot 0
0 0° (MaTeMaTHYecKue NoAPOOHOCTH ONYIIEeHBI):

2
myv

e mg \* o -2 [8kRT _ [8RT
<p> = £ 4TC (ZHkT) vve dv“‘ m(—) = m—, (2.36)

rxe M = myN, — MonsapHas Macca rasa, R = kKN, — yHuBepcanpHad
ragosas nocrosinaad, N, — dnciao Asoraapo.

IIpn yBenmyeHum TeMneparypbl MaKCHMyM KpuBoid MakcBesna
CMEeI[AeTCA B CTOPOHY 0OJBINNX CKOPOCTEH U pacnpeaeieHne MOJIeKy
o v BuaonaMensercs (puc. 2.6; T, < T,).

' Pacnpenenenne MaKcBenaaa NO3BONAAET BBHIYNCANTHL UHCIO MOJe-
KyJ, CKOPOCTH KOTOPLIX JIEXKAT B ONpefieleHHoM naTepsaie Av, Ilony-
YUM COOTBETCTBYIONIIYIO (POPMYTY.

Tax rak obnree uncao N MoJeKyJ B rasde oObIYHO BeJUKO, TO BepOo-
ATHOCTL AP MoeT ObIThH BhIpa)keHa KaK oTHollieHne ynciaa dN mone-
KyJ, CKOPOCTH KOTOPBIX 3aKJKYEHbHl B HEeKOTOPoM mHTepBaJe dv, K
ob1emy uncay N MoJIeKy.JI:

dpP = ‘%V , wn AN = NdP. (2.37)

W3 (2.34) u (2.37) cnenyer, 4TO

2

mo Voo :zin:%
dN = 47N (m) v2e T do. (2.38)
fo) fv) T,
: l T,
O I.lJB _5 O ll)Bl L;BZ v
Puc. 2.5 Puc. 2.6
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Dopmyna (2.38) mo3BoNAAET ONIPEAEJUTE YHCJI0 MOJEKYJ, CKOPOCTH
KOTOPBIX JIeXKAT B HHTEPBaJe OT vy 10 U,. 1A 3TOro HyKHO NPOWHTET-
pupoBaTs (2.38):

2
3 02 .'?100

m T—-—
N,,=4nN (2111:7‘) I)J’vze 2kT do (2.39)
1

Jn6o rpaduyecKn BLIYNCINTH OJION[4AL KPUBOJINHEHHONW Tpanennn B
npefenax or vy Jo U, (puc. 2.7).

Ecan naTepBan ckopocTeil dv 1oCcTaToYHO MaJ, TO YUCJI0 MOJIEKY.I,
CKOPOCTH KOTOPBIX COOTBETCTBYIOT 3TOMY HHTepBany, MOXeT ObITb
paccunTano npubanxeHHo no Gopmyie (2.38) nan rpapndecKn Kak
HIoMaAb NPAMOYTOIbHNKA ¢ OCHOBaHNeM du.

Ha Bompoc, CKOIBKO MOJEKYJ NMEIT CKOPOCTH, PABHYIO KaKo-
My-1n00 onpefeJJEeHHOMY 3HAYEeHHN IO, CJeAyeT CTPAHHBIN, Ha HePBbIN
B3IJIAJ, OTBET: €CJN COBEePIUeHHO TOYHO 3aJaHa CKOPOCTh, To WHTEP-
BaJl CKopocTel paBen HyJ o (dv = 0) n 3 (2.38) noJydyaem HY s, T. €.
HU OJHA MOJEKyJa He pMeeT CKOPOCTH, TOUHO PABHOH Hamnepej 3ajaH-
HOH. OTO COOTBETCTBYET OJHOMY M3 HNOJOXEeHUH TeopPHH BEPOATHOC-
Tel: AJA HeNpPepPLIBHOM CJAYYAHHON BeJNYNHLI, KaKOBOW ABIAETCA
CKOPOCTH, HEBO3M(OXKHO «yrajaTb» COBepIIeHHO TOYHO ee 3Ha4YeHne,
KOTOPOe HMeeT 1o KpaliHell Mepe X0TA Obl 0HA MOJEKYJa B rase.

Pacnpenenenne MoIeKyJ 00 CKOPOCTAM IOATBEPHAEHO PASJINYHbI-
MH OHBLITAMH.

Pacnpepenenne MaxcBeia MoXXKHO pacCMaTPHBATE KaK pacmnpeje-
JIeHHe MOJIEKYJ He TOJbKO M0 CKOPOCTAM, HO M N0 KNHETHYECKUM
DHEPIrMAM (TaK KaK 3TN HOHATHA B3ANMOCBA3aHbI).

Pacnpenenenue Boabumana. Eciin MoneKybl HAXOAATCA B Ka-
KOM-JIH00 BHEIIITHEM CHJIOBOM HoJ€e, HATTPUMep I'PaBUTAIIMOHHOM moJie
3eMan, TO MOMHO HAWTH pacnpejpeleHne N0 HX TOTeHHHAJTbHBLIM
JHEPIUAM, T. €. YCTaAaHOBUTh KOHIIEHTPAa IO YaCTHUI1l, 001aJal0nnX He-
KOTOPLIM ONpee/IeHHbIM 3HaYeHHeM IOTeH [NATbHON JHEePI'HIL,

Pacnpedenenue wacmuyy no nOmenyuanbibim IHepzUAM 6 CU-
N06bLX NOAAX — 2PABUMAYUOHHOM, IAREKMPUHEeCKOM U dp. —
Ha3viearom pacnpedenenuem Bornvymana.

IIpuMeHuTeNBHO K IPABUTANMOHHOMY MOJK 3TO pacnpejerneHne
MOJKeT OBbITH 3aNMCAHO B BUJA€ 3aBHCHMOCTH KOHIIEHTPANMH 711 MoJe-
KyJ OT BBICOTHI A Haj ypoBHeM 3eMJIM WJKM OT NOTeHIUATbHON DHep-
UM MOJIEKYJIbl M gh:

mygh

n=nse T . (2.40)

Beipaxxkenne (2.40) cupaBeAanBo AIs YacTH, nAeaasHoro rasa. I'padpn-

YeCKH 3Ta SKCTIOHEHINAJbHAA 3aBHCH MOCTS H300parkeHa Ha puc. 2.8.
Taxoe pacnpepesienne MoJIeKyJ B oJle TAToTeHNs 3eMJIN MOXHO Ka-

YeCTBEHHO, B PAMKaxX MOJEKYJAPHO-KNHEeTHYEeCKNX NpeacTaBJIeHH,
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Nf(v) n
oy
-
O Uy Uy d:) v O h
Puc. 2.7 Puc. 2.8

OOBACHNTD TE€M, YTO HA MOJEKYJIbl OKA3bIBAIOT BJINAHNE JBA HPOTHUBO-
NOJOXKHBIX (aKTopa: IpaBUTALlMOHHOE TIoJIe, oM JAeACTBIeM KOTOpOro
BCE MOJIEKYJIBI NPUTATMBAIOTCA K 3eMJe, 1 MOJeKYJIAPHO-XaoTHYeCcKoe
IBHKEeHNe, CTPeMAIeeca PABHOMEPHO Pa30pocaTh MOJIeKYJIbI 1O BCeMy
BO3MOXXHOMY 00beMYy.

B zakawuenne noJe3do 3aMeTHTb HEKOTOPOE CXOJACTBO IKCNOHEH-
IHAJbHBIX YJEHOB B pacnpezelenuax MakcBenna n Boasnymana:

B nepBoM pacnpegesieHnn B oKa3aTese CTEIEHN OTHOLIIeHNe KnHe-
THUYeCKOH 9HepIrnu MoJeKyasl K BT, Bo BTOPOM — OTHOILEeHHe NOoTeH-
MalTbHON 3neprun K kT,

IR

MatemaTmnyeckas CTaTMCTUKA

MeTOAbl MBTEMATNHECKOM CTATUCTUKU NO3BOARIOT CHUCTEMATA3N-
POBaTh 1 OLEHWMBATb 3KCNEOHMEHTAIAbHbIE AJQHHbIE, KOTOQObIE
PaCcCMaTPMBAKOTCH KaK CAY‘—IGI:‘IHI::IQ BEAUHMHDI,

§ 3.1. OcuoBEBIe nNORATHA
MaTeMAaTHYeCKOM CTATHCTHKHU

B riase 2 6b111 pacCMOTPEHBI HEKQOTOPbLIE MOHATHA N 3aKOHOMeD-
HOCTH, KOTOPLIM MOAYNHEHbI MACCOBBIEe clyuaiHble apaeAnsa. Ognoi
N3 NPaKTHYEeCKNX 34584, CBA3BAHHLIX C 3TUM, ABJAETCA CO3JaHUE Me-
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TOJOB OTOOpa JaHHbLIX (cTaTHcTHYeCKHe JaHHbIe) u3 00JBIIOI COBO-
KYNHOCTH ¥ uX 00padorKu. Taxkue BONPOChl pPACCMATPHUBAIOTCA B MaTe-
MATHYECKOH CTATHCTHKE,

MamemamuuweCkana cmamucmuka — HAYKa 0 mamemamuue-
CKUX memodax cuCmemamu3ayuil ¥ uCnoab306aAHUR cmamucmuyie-
CKUXx OQHHbLX ONA peueHU R HAYULHBLX U npakmuieckux 3adaxw. Ma-
TeMATHYECKAS CTaTUCTUKA TECHO NPUMbBIKAET K TeOPUU BePOATHOCTE
¥ 0asupyeTrcsa Ha ee DOHATHAX. OQHAKO TVIABHLBIM B MaTeMaTHYeCKOH
CTATHCTHKE ABJIAETCA He pacnpejesleHle CAyuaHbiX BeJIMYMH, a aHa-
JIN3 CTATUCTHYECKHX JAHHBIX ¥ BHISACHEHHE, KAKOMY Paclpee/eHHUI
OHH COOTBETCTBYIOT.

IIpennonomxumM, 94TO0 HEOOXOAHMO M3YYHUTH MHOXKECTBO OO'BEKTOB IO
KaKoMy-JIub0 IPH3HAKy. JTO BOSMOMKHO CeNaTs, JJu0o NpoBegsa Cr/Iol-
Hoe HabIeHne (1ICcCieoBaHme, H3MeEPeHKe), Tubo He CIIOLIHOe, BbIOOo-
POYHOE.

BribopoyHoe, T. e. HEHmoJHoe, 00CJIeJoBAHME MOMKeT 0KasaTbeA
npeAnouYTHTEIbHee Ho CAeAVIOmuEM nmpuYuHaM. Bo-nepBhIX, ecTecT-
BEeHHO, UTo 00CJIefOBaHIE YACTH MeHee TPYJ0eMKOo, 4yeM 00ciejoBaH e
11eJI0TO; CJe0BaATeNbHO, OJHA N3 NIPUYKUH — IKOHOMHYecKad. Bo-BTo-
PbIX, MOXKET OKal3aTbCcA M TAK, YTO CIUIOLIHOE o0cJeoBaHMe MPOCTO
HepeanabHo, IIa1a Toro 4ToObI €ro NPOBECTH, BO3MOXXHO, HYXKHO YHUY-
TOXKHUTH BCIO KCCIEAYeMYI0 TeXHUKY WM 3ary0uTh BCe MCClenyemble
OuosiornuecKkue o0bekThl. Tak, HalIpuMep, Bpad, MMILTAHTHDY IOTIHXN
3JEKTPOAbI B YIHTKY AJsA KOXJeaAPHOro npoTe3upoBaHuda (cM. § 6.5),
JOJIKeH MMeTh BEePOATHOCTHLIE IIPEICTABIEHNA O PAaCHoJOXXEeHUH
VIKTKH CJAyXoBoro anpnapara. Kasamnocs 061, HauboJiee 1OCTOBEPHO Ta-
K1e CBeJleHUA MOKHO ObLIIO NOAYYUTb O DU CIJIOLIHOM NaTOI0T0aHATO-
MHYEeCKOM BCKPbITHH BCeX YMEPIUHX C NPOKM3BOJCTBOM COOTBETCTBYIO-
ImuXx 3aMepoB, OnHAKO NOCTATOUHO COOPATH HY»KHbIE CBEJEeHUA NPU
BbIOOPOYHBIX N3MEPEeHUAX.

Boabinias crarncruyeckas COBOKYNHOCTD, 113 KOTOPOH oTOmpaeTrcs
YacTh 00'BEKTOB /IS HCCAEJ0BaHIA, Ha3biBAETCA 2eHepaibHOll COB0-
KYynHOCMb10, 3 MHOXKECTBO 00bEKTOB, OTOOPAHHBIX U3 Hee, — 6bl00-
POYHOU COBOKYNHOCMbIO, UNU 6bL60PKOLL.

CBolicTBO 00BEKTOB BLIOODKH ACQJMHO COOTBETCTBOBATH CBOMCTBY
00beKTOB TeHepPAJbHOI COBOKYNHOCTH, WM, KAK NPUHATO I'OBOPHUTD,
BbIDODKA MNOJMIMKHA ObITH NpeACTABUTENBHON (penpesenmamusHoil).
Tak, Hampumep, eciu 1eJbl ABJASeTcA HU3yUYeHue COCTOSAHHUS 3710-
PoBbA HAcCeJeHHA OOJBLIIONO ropoaa, ToO HEMb3A BOCHOIb30BATHCA BHI-
DOpPKOIT Hace/leHHA, IPOKKUBAIOIEere B 0JJHOM M3 PAHOHOB ropoja. ¥c-
JIOBUSA TIPOXKHBAHHA B Pa3HbIX paliOHAX MOTYT OTJHYATHLCA (Pa3amy-
HaA BIaYXHOCTb, HAJINYME NPeINPUATHN, XKUINIHBIX CTPOEHUH U T, 11.)
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u, TAKUM 00pas3oM, BIUATH HA COCTOSAHUE 3710PoBbA. IloaToMy BHIGOP-
Ka NOJDKHA HPeACTABJATDH CIYyYaNHO 0TOOpPaHHbIEe OO BEKThI.

Ecau 3anucars B HocJefoBaTeJbHOCTH M3MEepPEeHUI BCe 3HAYeHUHA
BEJIMYMHBI X B BLIOOPKE, TO NOJYUYHM NPOCTON CTATUCTUYECKUN PAI.
Hanpumep, pocT my»kumH (cm): 171, 172,172, 168, 170, 169, ... . Ta-
KO pAx HeyaobeH iJsa aHAIKM3a, TaK Kak B HEM HeT TOCJe oBaTe/lb-
HOCTH Bo3pacTaHusa (Miau yObIBaHKSA) 3HAUYEHU, BCTPEYAKTCA U MO-
BTOpAKONIKeca BeauuuHbl. [loaTomMy nenecoobpasHo paMmcuposambs
pAx, HAIPUMED, B BO3PACTAIOIIEM NOPAJKe 3HAYEHHH M yKasaThb HX
NoBTOPAEMOCTh, Toraa cTraTucTHYECKoe pacnpenelese BHIOOPKM:

xl <x2 000<xi ...<xk 3
.1
ny n, o 1 v (3.1)
+ __ % n, * n; * o __ y,
Pvr = — Py =— P T = e P T
3paecs x, — HabMIOgaeMble 3HAUEHMA TPH3HAKA (8apuaxnma); n, —
YHCa0 HAOMIOJEeHN BapHaHThl X, (vacmoma); p; — OTHOCHUTEJIbHAA

yacrora. Obniee yncio 00'beKTOB B BLIOOpKeE (008eMm ablOopHL)

Bcero k Bapuaut, Cmamucmuweckoe pacnpedenenie — ITO COBOKYI-
HOCTH BAPDHMAHT M COOTBETCTBYIONIMX MM YAaCTOT (MJIM OTHOCHTEIbHBIX
YacToT), T. €, 9TO COBOKYMHOCTL AaHHBIX 1-i1 1 2-i cTpoku wiu 1-i1 u
3-11 cTpoku B (3.1).

B MeaunuHCKOH JuTeparype CTATHCTHYECKOEe pacnpeneleHue, Co-
CToANee U3 BAPHAHT M COOTBETCTBYIOIINX KM YacTOT, HOJYYKWJIO HA-
3BaAHUE 6APUAUUOHHO20 pada.

Hapsany ¢ guckpeTHbIM (TOUYEUHBEIM) CTATHCTHYECKKUM pacnpeee-
HUEeM, KOTopoe ObLT0 ONHCAHO, MCHOJBL3YIOT Henpepoi8Hoe (UHmep-

8aNbHOE) cmamucmuyeckoe pacnpedeietue:;

Xor X1 Xy Xog o e Xy p Xy e Xy Xy,
3.2
ny n, e 1 v 1 (3.2)
* n] ® n] * nj * n’k
pl n p2 n s p‘, 71" e pk n
31ecs X, _,, X; — I-7l HATEPBaJ, B KOTOPOM 3aKJIOY€HO KOJUYIeCTBeH -
HOe 3HAYeHHe HNPHU3HAKA; N, — CyMMa 4JacTOT BAPMAHT, NONABIIKUX B

9TOT MHTEPBAJ; p] — CyMMa OTHOCHTENbHBIX YACTOT.
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B xauecTBe npuMepa JHCKPETHOI'O CTATHCTHYECKOIO PacnpeneleHus
VKAXKeM Macchl HOBOPOXKJIEHHBIX MAJbUYMKOB (KTI') 1 4aCTOTHI (TabJa. o).

Tabauya 5

2,712,812,913,0{3,1{3,2({3,3(3,4/3,5{3,63,7/3,8{3,9{4,0{4,14,2{4,314,4

»

112137 8(12)13|10 7| 6| 5|66 |56 |3}|3][2]1

Ob1ee KOAMYECTBO MAJTBUYHNKOB (06'beéM BHIOOPKM)

F
n= % n,= 100, (3.3)
i=1
MoskHO 9TO pacnpeeneHie NpejAcTaBUTh M KAK HenpepbiBHOe (MHTep-
BaabHoe) (Taba. 6).

Tabauua 6

2,65 —-2,751 2,75 — 2,85 2,85 —2,95| 2,95 — 3,05 | 3,050 — 3,15

1 2 3 (i 8

Ilna HarmagHOCTH CTATHCTHYECKHe paclpeneseHHUA m300paxaroT
rpapuyecKu B Be NOJUT0OHA 1 THCTOIPAMMBI,

ITonuzon wacmom — jioMaHas TUHUSA, OTPE3KH KOTOPOH COBIMHSIOT
TOYKH ¢ KOODAMHATAMU (X{; 1,), (Xg5 Ng), «.. WK AJA NOTUTOHA OTHOCH-

TEJBHBIX YACTOT — € KOOPAMHATAMH (X5 pi), (X33 p3), ... (pue. 3.1).

Puc. 3.1 oTHOCUTCA K pacnpeneeHnio, npeacTaBIeHHoMy B TalJ, 3.
I'ucmozpamma wacmom — COBOKYTHOCTb CMEXXHbIX NPAMOYT0b-
HHUKOB, NOCTPOEHHLIX HA OAHON NPAMOH JUHKMY (pHc. 3.2), OCHOBAHUA

4,0 x

Puc. 3.1 Puc. 3.2
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NPAMOYTOJbHUKOB O MHAKOBH ¥ PABHBI @, & BBHICOTHI PABHbI OTHOLIE-
HHUIO YaCTOTHI (MIH OTHOCUTENLHOM 4aCcTOoThHI) K 4!

n, n, p
— i — = -, (3.4)
a na a

TaxuM o6pa3oM, NIOITAAL KAMI0TO IPAMOYTOJIbHUKA PABHA COOTBET-

CTBEHHO

n; p;
—a =n, umu —a = p;.
a a

k
CﬂeJIOBaTeJIbHO, HJIOH.IaJIb rucrorpaMMBbl JacTOT Z nl- =1, a nJaoniagb
i=1
PHCTOPpaMMbI OTHOCHUTEeJILHBIX HACTOT

Hamnbosee pacnpoCcTpaHEHHBIMH XaPAKTEPUCTHKAMHU CTATHCTUYECKO-
T'0 pacmpenesieHuA SBIAITCA cpejHMe BeJMYMHBbI: Mojga, MejuaHa u
cpenHaa apupMeTHYeCcKas, MK BBIOOPOYHAA CpeIHAS.

Moda (Mo) paBua BapuanTe, KOTODOH COOTBETCTByeT HAubO/b-
Ias yactora. B pacnpezeseHy Macchl HOBOPOMKIEHHBIX (CM. TalJI. 9)
Mo = 3,3 kr.

Meduana (Me) paBHa BapuanTe, KOTopas pacloJIOXKeHa B cepeu-
He CTATHCTHYECKOTO pacupeneienus. OHa genuT cTaTUCTHYECK il (Ba-
PHAIMOHHLIN) P/ HA ABe paBHble dyacTH. [Ipy 4YeTHOM yucIe BADHAHT
3a MejMaHy NPHHUMAIOT cpejHee 3HAUYEHNE U3 JBYX IeHTPAJbHBIX Ba-
puant. B paccmorpesom pacnpezgenenuu (cM. Taba. 5) Me = 3,4 Kr.

Boi6opounan cpednan (X)) onpejenserca Kaxk cpegHee apupMeTn-

YeCKo0€ 3HAYEeHHEe BApHAHT CTATHCTHNYECKOI'o pAjga.

:In—l

i X;n; UIK X Z x;p; (3.5)

i=1
g npuMepa (¢cM. Taba. 5)

¥ = 2,7-1+2,8 «-2+29-3+...+43 - 2+44 1 _

B 100
=3,468 KT, (3.6)

A xapakTepHCTHKH PacCeAHN A BAPUAHT BOKPYT CBOEro cpefHero
3HAYeHMA X, BBOJAAT XAPAKTEPHCTHKY, HA3LIBAEMYK 6bl00POHHOU

ducnepcuel, — cpegHee apu(pMeTHUeCKoe KBAJPATOB OTKJIOHEHHA Ba-
PHAHT OT X CPeJHero 3HaUYeHUd:

.‘Slv—t

f )2, (3.7

4 — 2495 49



KsazpaTHslll KOpeHb 13 BLIGOPOYHON JHUCIIEPCHY HA3BIBAIOT 6bL60pou-
HblM cCpedHUM KéadpamuiecKum OMKAOHEeHUeM:

6, = D, (3.8)
I na npuMepa (cMm. Taba. )

D = (2,7-3,468)2+2(2,8—-3,468)?+...+2(4,3-3,468)%+(4,4-3,468)? _
B 100

=0,1513 kr?;

G, =/0,1513 kr 2 =0,3896 k. (3.9)

§ 3.2. Ouenxa napamerpos
reHepajJbHOM COBOKYIHOCTH MO ee BhIOOpKe

IIpennofo»kuM, 4YTo TeHEPAJbHAA COBOKYIHOCTL SABISAETCA HOP-
MaJbHLIM pacnpejaejeHueM (37ecb BMeCTO BEPOATHOCTH CHeayeT HC-
NMOJb30BATH OTHOCHTEJABHYIO yacTory). HopMmansHoe pacmpeneneHue
MOJHOCTBIO ollpefe/ieHo MAaTeMATHYeCKUM O UAAHKEM (CpegHUM 3Ha-
YeHHEeM) U CPeIHMM KBajpaTndyeCcKuM oTKJoHeHueM. [loaTomy ecnam
II0 BLIOOPKE MOMKHO OI€HHUTH, T, €, NPUOJIMKeHHO HAUTH, 3TU napaMer-
psl, To OyneT peilleHa oJHA M3 33444 MATEMATHYECKOH CTATUCTUKH —
onpezeJeHe mNapaMeTpoB OOJbIIOI0 MACCHBA 10 MCCJEIOBAHUIO €ro
YaCTH.

Kak u ngns BeiOOpKY, 1/ FeHePaJbHON COBOKYMHOCTH MOXHO OH-
pefieuTh TeHEPAJIbHYIO CPEJHIOK X, — CpelHee apu(MeTHyYecKoe
3HAYeHMe BCeX BEJIMYHH, COCTABJIAKIINX 3TY COBOKYIHOCTb., YUUTHI-
Basg 00JbLIOH 00beM 3TOI COBOKYIHOCTH, MOMHO NOJAraTh, YTO I'eHe-
pajJbHaA CpeIHAA PAaBHA MATEeMATHYECKOMY OXXUIAaHHIO;

%, =M(X), (3.10)

rge X — o0nias 3anuch cJayyaliHol BeJMUYMHBI (3HAUYeHUA B3y4YaeMoro
NPU3HAKA) TeHePAJIbHOH COBOKYTTHOCTH.

Pacceanue 3nadenuii m3yuaeMoTo NMPHU3HAKA TeHePaJbHON COBO-
KYNHOCTH OT UX FeHepaJbHOH cpefHell OleHuBAIT 2eHepaibrol duc-
nepcuei
(x; — Xx.)? (3.11)

1

M=
|

1
DF:N’:

(N — oO6beM reHepajbHON COBOKYIHOCTH) WK 2€HepanbHbiM Cped-
HUM KeadpamuieCKum OMKIOHeHUeM

o = /D= J% S (x, - B2 (3.12)

i=1
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ToueuHasi olleHKA. [IpeanonouM, 4TO 13 FeHePaJIbHON COBOK Y-
HOCTH HPOM3BOAATCA padHble BHIOOPKH, AEJAKT 3TO TAK, YTOOBI BCA
reHepaJbHaA COBOKYHHOCTH COXPaHAJACh Hem3MenHou, I[na onpene-
JIEHHOCTH Oy1eM CUNTATEL 00'beMbl 3TUX BHIOODPOK O MHAKOBBLIME U DaB-
HbIMU 1. X BLIOOpOYHBIE CPEHHUE X|,Xo, .0y X;, ... ABJAKOTCA CAYyUaU-

HbIMU BeJIMYMHAMM, KOTODPbIE pacipenesieHbl 10 HOPMAJbHOMY 3aKO-
Hy (cMm. xouen § 2.3), a ux mamemamuueckoe omudavue pasHo
MAMeMAMUYCCKOMY OMUOAHUID 2eHePANbHOI COB0KYNHOCMU, M. e.
2eHepanbioll cpedneil;
x,=M(X,). (3.13)
Ha npakTuke nHOTa NIPK AOCTATOYHO OONBIION BLIOODKE 3a 2eHepaLb-
HY0 CpedHIO NPUOIUNCHHO NPUHUMAIOM 8bl00OPOYHYI0 CPeOHI0N.
s qucnepcuii NOMoXKeHKe MojaydaeTcd HeCKOJAbKO HHBIM. Mare-
MaTHYyecKoe OXKuJaHNe AUCnepcuil pasjanyabIX Boibopok [M(D, )], co-
CTABJEHHBLIX M3 Te€HePAJbHOM COBOKYIHOCTH, OTJIHYAETCA OT TIeHe-
pPaJbHOU JUCIepCHH:
D =

r

_M(D,). (3.14)
n-1 '

IIpu GoNBILIOM 77 HOJyYAeM ;1—'_1—1 =~1lu
D_ = M(D.). (3.14a)

Ind reHepatbHOTO CPeJHero KBaJpaTHYecKoro OTKJIOHEHUS COOTBeT-
cTBeHHO U3 (3.14) u (3.14a) monyvyaem:

0P=J "_M(D.) u o = [M(D,). (3.15)

n—-1

Ha npaxkTuke MHOTa NPH J0CTATOYHO OONBILION BHIOOPKE BHIOOPOY-
HOE CcpelHee KBajpaTHyecKoe OTKJOHeHHe NDPUOIuKeHHO TPHHKUMAIOT
3a regepaJibHoe cCpefHee KBaapaTudecKkoe oTkJoHenue, Tak, ecnu cuu-
TaTh, UTO CTATHCTHYECKOE pacnpenesiedue (cM. Tab. 5) ABIAeTCA BhI-
OOpPKOI U3 HEKOTOPOH IeHepaJbHOM COBOKYIHOCTH, TO HA OCHOBAHUU
(3.6) 1 (3.9) MOKHO 3aKJIOUYUTH, YTO A 3TOH reHepalbHON COBOKYII-
HocTH X, =~ 3,468 kxr u o, =~ 0,3896 Kr.

Taxkoro poza oneHKa napaMeTpPoB T'€HePAJbLHOM COBOKYITHOCTH WU
KaKuX-JI1100 M3MepeHul OnpeeeHHbIMH 4YBCJAaMMP Ha3bIBAETCA Mo-
weuHOU OYeHKOU.

HurepBanpHas OlleHKA reHepadbHoM cpenHeH. Touyeunas ones-
Ka, 0cOOEHHO NPH MaJIoH BLIODOPKE, MOXKeT 3HAYUTEIbHO OTINYaThbCH QT
HCTHHHBIX TTApaMeTpPoB reHepajibHoM COBOKynHocTU. IloaTomMy npu He-
B0abIIOM 00beMe BBIOOPKH HOMb3YIOTCA UHMEePEANbHBLMU OUCHKAMU.

B sToMm cayuae ykaabiBaeTcs MHTEPBAJ (d08epumenbrbill unmep-
8an, n1U doéepumenbvHbie Zpaniybi), B KOTOPOM C onpefeseHHoil (d0-
éepumenbHOU) 66POAMHOCMbIO P HAXOAUTCA I'eHepaJibHasdA CPegHAA.
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HNuaue rosopsa, p onpejenser BePOATHOCTh, C KOTOPOH OCYIIECTB-
JAKTCSA CIeAVION[1ie HePABeHCTBA!

X —e<X <X, tEg, (3.16)

rjie MOJOXKUTEeJbHOe YHCJIIO £ XapakTepuadyeT TOYHOCTL OI€HKH.
Kpome poBepuTrenbHoH BEPOATHOCTH MCHOJB3YIOT «HOPOTHBOIO-
JIOXKHOE» TIOHATHE —— YPO68eHb JHAUUMOCTNU

p=1-p, (3.17)

KOTOPBLIH BhIpAKAaeT BEPOATHOCTb HENMONAZAHUA T'eHePAJbLHOM Cpe-
Heil B 0BepUTeIbHbBIII HHTEPBAJT.

JloBepuTeTbLHYIO BEPOATHOCTL He CJeyeT BhIOUPATh CAUIIKOM Ma-
JIeHbKOH (He ciaexyer ee obecneHnmBars). HamubGosnee yacTto p npuHu-
MatoT paBHoii 0,95; 0,99; 0,999, Uem Gosbllie p, TeM LIIKPe HHTEPBAJI,
T. €. TeM DoJbile & UTo0bl YCTAHOBUTL KOJIHNYECTBEHHYIO CBA3L MEKAY
3THMM BeIUYMHAMM, Heo0X0oAMMO HAWTH BBbIPAXKeHHE AJS JOBepH-
TeIbHOH BEPOATHOCTH. ITO MOMHO CHeNaTsh, ucnoawsayd (2.17), ogHa-
KO HYXXHO MOHATHL, UTO npu amom ciaedyem 63amb 3a QYHKUUK
pacnpedesleHui 6epoamHoOCmell 1 KA K He nNpuhamb npedeivbt UH-
mezpuposarus. PaccMOTPUM 3TOT BOTIPOC.

Hrak, resepa/ibHadg COBOKYIIHOCTS paclpezeieHa o HopMaJbHOMY
3aKOHY C MATEMATHYECKHUM OKHAAHHEM (CPeJHUM 3HAUYEHHEM) X U
nucnepcueil D . Eciu u3 3Toit renepaJbHOl COBOKYIIHOCTH OpaTh paa-
Hble BBIOODKM ¢ OZMHAKOBBIM 00'BEMOM 77, TO MOKHO JJA KAXJOU BbI-
OOpPK¥M MOJYYHUTH CpejHee 3HAadYeHWe X_. JTH CPejHue 3HAUYEHUA CAMU
ABAAIOTCA CAydalHbIMH BenqmunmHaMu. Mx pacnpenenenue, T. e. pac-
npefeeHe CpejHUX 3HAUEeHMI Pa3HBIX BLIOOPOK, MOJTYYEHHBIX M3
OIHOH TeHepaJIbHOM COBOKYNHOCTH, OyIeT HOPMAJbLHBIM CO CPEIHUM
3HAUEeHHEeM, PABHLIM CPeJHeMYy 3HAUEHUIO TeHepPATbHOM COBOKYITHOC-

_ D G
TH X, JUCIEPCHeN — U CPeIHKM KBaJpPaTHYeCKHUM OTKJOHEHHeM —
n

n
(cMm. KoHeny, § 2.2).
Taxum o6pasom, X y»Ke BLICTYNAET KAK ClydJaiiHasA BeJIUMINHA, 1

Hee MOXXHO 3anHCaTh CAeNYIONYK (PYyHKIHK pacnpeneieHns BePoAT-

HocTel [em. (2.22)]:
(x, - x,)%n

f(fa)ﬁﬁfgre 2o} (3.18)

N3 (3.16) moxkHO 3anucars qa4 X CIenyiollie HepaBeHCcTBa:
X —e<X, <X te. (3.19)

BepoATHOCTE TOT0, YTO X TONAAAeT B 3TOT MHTEPBAJ (1OBEPUTE b-
HYIO BEPOATHOCTSH), MO HO HANTH no obuieil ¢popmyse (2.17), ucnouab-
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3ya Gyuxnuuio (3.18). Ilpenenbi HHTErpUPOBaHKUA HEOOXOJHUMO B3ATH
13 BhipaXkenud (3.19):

x, b J;I —'i‘iT,gL)?f
pE-c<X, X +e)= | ——e v dX,. (3.20)
X, o« ~NaTG,

Pesynsrarsl unrerpupoBanus (3.20) nHalizeMm, ucnonapdysa QyHK-
nuio @ (cm. § 2.3). ITo hopmyne (2.25) nonydum

b <5< ey — (TR (BT R

=cp(ﬂ1)—cp(—§:ﬁ‘). (3.21)
O603Hauasa ° ©
T = %’—l (3.22)

¥ yyuThiBada (cM. § 2.3), uro @(—1) = 1 — P(1), nonyyum us (3.21):

p=®(1) - D(—1)=P(1) — 1 + P(1) = 2P(7) — 1. (3.23)
T HAXOMIEHUA P 0 T WM T 10 P MOXKHO BOCIIOJb30BATHCA Taba. 7
wiy Tabauneid GyHknum P (eMm. [2]).

Tabauua 7

T 00 01 02 03 04 05 06 07 08 09

0,0 | 0,5000]|0,5040|0,5080]0,56120|0,5160|0,5199|0,5239| 0,5279(0,5319| 0,5359
0,4 6554 6591 6628 6664 6700{ 6736| 6772} 68081 6844| 6879
0,9 8159| 8186| 8212| 8238| 8264 8389| 8315 8340 8365 8389
1,4 9192| 9207| 9222| 9236| 9251| 9265| 9279| 9292 9306 9319
1,9 9713| 9719| 9726 9732 9738 9744| 9750| 9756| 9761 9767

Xora mepaBencrtsa (3.16) u (3.19) no cyillectBy uaeHTHYHbI, HO
IJIA IPAKTHYECKUX 1efeil Bayknee 3anuch (3.16), Tak Kax oHA MO3BO-
JAeT pelliuTh IVIABHYIO 3a/aUy — I[TPH 381aHHOM J0BEPUTENIbHOM Bepo-
SATHOCTH ¥ HANJEHHOHN BLIOOPOUHON cpejHel HAWTH JAoBePHUTENbHbIN
MHTEpPBaJ, B KOTOPLIM HOoNajaeT FeHepaibHasa cpegHAad.,
3anuilieM HepaBeHCTBO (3.16), NMoACTABMB B Hero BhIPAXKEHHUE £ =
TGr

Jn

13 QopMy.Jsl (3.22):

6. _ __ . to,
- Sl aX <E 42 (3.24)
n n

=

B

IIpakTHYeCcKy NPH HAXOMKIEHUH JOBEPHUTEIBLHOIO HHTEPBAJIA 110 (op-
myse (3.24) 6epyT BBIOOPOUHYIO CPEIHIO HEKOTOPOH KOHKPETHOHN BbI-
Bopxu (00beM 1 > 30), a BMECTO FeHEPAJIbHON CpefiHell kBaJPaTHIHOU
HCIOMb3YIOT BLIDOPOYHYIO CPEAHIO KBaAPATHUHYIO 9TOH »Ke BbIOOPKH.
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IToACHUM 3TO HEKOTOPBIM IpuMepoM. BHOBL 00paTHMCA K JaHHBIM
TabJa. D, cumras ux BeOopkoi. HalizeM noBepuTenbHBIH HHTEPBAI
1A TeHepalbHol cpegHeil, 13 KOTOPOH 9Ta BHIOOPKA NoJydeHa, CUM-
Tad JOBEPUTEJBLHYVI) BepoATHOCTH paBHon p = 0,95. M3 (3.23) nna

1,95
5 = 0,975.

B TabJ1. 7 s1eBbIll BEPTHKAJIBHBIA CTON0E1 COAEPHKUT 3HAYEHU A T C TOY-
HOCTBIO IO JeCATHIX A0Jel, 4 BepXHAA MOPH3OHTAJNBHAA CTPOYKA j1aeT
coThle moJu T, nodTomy aada d(t) = 0,975 umeem 1 = 1,9 + 0,06 =
= 1,96. IloxpcTaBasas 3To 3HAUEHHE T, BHIOOPOYHYIO cpenHow (3.6),
BLIOOPOYHOE CpejHee KBaAparuueckoe oTkIoHenue (3.9) u o6beM BbI-
oopku (n = 100) B Beipaxkenue (3.24), uMeeM:

TaKOM JOBEPUTEJNbHOH BEPOATHOCTH NoJydaeM: P(1) =

0,3896 _ _ 0,3896
3,468 — 1,96 1:389¢ - 3 <3 468 + 1,962:252°
100 A/IOO
nINn
3,392 kT < X, < 3,544 Kr. (3.25)

HHTepBanbHas OLleHKA MeHepaJbHOM cpeJAHed Ipu MaJOH BbI-
6opke. IIpm gocTaTouHo OOJIBIIIOM O0BeMe BHIOOPKKM MOXXHO CI€1aTh
BIOJIHE HAJEKHLIE 3aKJIOUEeHHA O TeHepaJbHoM cpejHel. OpHaKo Ha
NPAKTHKE YACTO UMEIOT 110 ¢ BeifopkaMu nebonasiiioro oomseMa (11 < 30).
B »ToM cnyuyae B BBIPAMKEHHMH JOBEpPHUTENLHOTO MHTepBasa (3.16) Tod-
HOCTB OIEHKH OIIpeesisieTCs o caeayen gopmMye:

to

€= —, (3.26)
Jn—1

rge 1 — napaMeTp, HadbiBaeMbli KO3 dunrenToM CThI0eHTa (ero Ha-
XonAaT U3 pacnpeneinenus CTbIOJeHTa; OHO 3]leCh HE paccMaTpHBAaer-
Cs), KOTOPBIA 3aBHUCUT HE TOJLKO OT JOBEPUTEJbHOI BEePOATHOCTH P,
HO 1 0T o0bema BeIOopKH 1. Kospdunuent CTeioleHTa MOXKHO HAUTH

13 TadJa. 8.
3anuilieM HepaBeHCTBo (3.16), TOACTABHB B HErO BBIPAXKEHUE £ =

lo
= = u3 popmyasi (3.26):
ﬂn —_—
— to, _ _ to,
X — <X <X + (3.27)
Pon -1 r > Jn- 1
Tabruya 8
O6LeMm JloBepuTEIBbHASA BEPOATHOCTH, D
BRIGOPKH, 7 0,9 0,95 0,99 0,999
2 6,31 12,70 63,66 —_
2,92 4,30 9,93 31,60
10 1,83 2,26 3,25 4,78
15 1,76 2,156 2,95 4,07
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ITosgcHuM ucnonb3oBanue GopmMyJibl (3.26) ciaeayOIuM NPEMepPOM.
IMpennosoxuM, 4To U3 FreHePAJIbHON COBOKYIHOCTH, KOTOPYH HCIOJb-
30BAJIH IPY COCTABJIeHUH BLIOOPKU (cM. Tabua. 5), B3aau 10 cryualiHbix
IAHHBIX ¥ DOAYYWIK cleayiollee pacupeaenedue (Tada. 9):

Tabruuya 9

Macca, Kr 3,0 3,1 3,2 3,3 3.4 3,0 3,7 3,8 4,0 4.4
YacToTa 1 1 1 1 1 1 1 1 1 1

Orciona MoxHO BerIMCIUTL X, = 3,54 KT, D_= 0,19156 xr? u o, =
=0,43767 Kr. 3aJaB JOBEPUTEIbHY 10 BepOATHOCTSL p = 0,95, Haxonum u3
Tab1. 8 114 obbema Buibopku 2 = 10 napamerp t = 2,26, [TopcraBinsad aTu
naHabie B (3.26), noaydaeMm /A JOBEPHUTEIbHOIO HHTepBana [cm. (3.27)]:

2,26 + 0,43767 2,26 + 0,43767
3,64 - =2 . < x, <3,04+ = ?
J10 -1 ‘ J10 -1
3,21 kr < x_< 3,87 Kr. (3.28)

IToresHo CONOCTABHTH COOTHOILEHKSA, MOJYUYEHHbIe IaA OOJBIION
(3.25) u manoi (3.28) BEIOOPOK.

HuTepBanbHasl OLeHKA MCTMHHOrO 3HaUueHUA M3MepsaeMoil Be-
JUYUHBI. M HTepBaibHAA Oj1€HKA MeHePaIbHON cpeqHel MoxeT ObITh HC-
NOJL30BaHA 1A OI€HKH HCTHHHOTO 3HAYEHUS N3MePAeMOoit BeJINUMHbI.

IlycTh HECKOJBKO pas3 B3MEPAIOT OIHY M TY e PU3n4ecKYyIO BeJu-
yuHy. 1Ipy 9TOM o pasHBIM CAy4YalHBIM NPUYMHAM, BOOOIIE rOBOPA,
IOJNyYaloT PA3Hble 3HAYEHUSA: X{, Xgy X3, .« « DYIEM CUMTATD, YTO HET
npeobJazawero BANAHEA KaKoro-Ju00 akTopa HA 3TH U3MepeHud.

HerunAOE 3HAYEHME U3MePSeMON BeTMYKHSLI (X, ) COBEPILIEHHO TOY-

HO M3MEPHTH HEBO3MOXKHO XOTS ObI IO IPHYMHE HEeCOBEPILIeHCTBA N3Me-
PHUTENbHBIX Npr0oopoB. OJHAKO MOXKHO J1aTh HHTEPBAJTBHYIO OLEHKY 1A
ATOTO 3HAUEHUA.

Eciiu 3HaueHus x,, Xy, Xg, ... PACCMATPHBATS KAK BAPUAHTHI BHIOOD-

KH, 4 ICTHHHOE 3HAYEeHHe H3MepHeM0ﬁ BEJTHYITHbI Xoer KaK aHaJor re-

nin

HePaJTbHOHN CcpeJlHel, To MOKHO IO ONMCAHHBIM BbIIlle NPABUJIAM HANTH
JOBEPUTEJNBHBLIM HMHTEPBAJ, B KOTOPLIM C JOBEPHUTENBHOII BEPOATHO-
CTHIO p NMONAJAET UCTUHHOE 3HAUeHUe u3MepsAaeMoll Benndunbl, [Ipume-
HUTEJIbHO K MaJoMy upcay ndmeperuii (7 < 30) us (3.27) noaydum:

x-19 _<x, <F+ L2, (3.29)

Jn—1 Jn -1
r7e X — cpenHee apmdpMeTHyecKoe 3HAYEHe U3 NoJyYEeHHbIX u3Mepe-
HUM, & C — COOTBETCTBYIOI[ee UM CpeJlHee KBajipaTudyecKoe OTKJIoHe-
HUe, | — KoapPpunuenT CThIO/IEHTA.
Bonee moapobHo ¥ PA3HOCTOPOHHE OLEHKA Pel3yJbTATOB H3Mepe-
HUI paccMarprBaeTrcs B npakTuxkyMe (cM. [1]).
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§ 3.3. IIpoBepka runores

B MenuKo-61oIOrnyecKX HCCIAeJOBAHUAX AKTYAJIbHOW ABJIAETCA
3aj1aya CpaBHEHHUSA BLIOOPOK, TOJNYUEHHBIX B Pe3y/bTaTe SKCIepPruMeH-
Ta, 3aKJIIOUAKNIEroca B TOM MJIM MHOM Bo3zelcTBUY HA 00'beKT. PaK-
THYECKH KOHEUHBLIE Pe3yJibTAT MCCJIeLOBAHUA 3aBUCHUT OT JOCTOBEP-
HOCTH Pa3JHYNH 3HAYEHHUH CIYyJIalHON BeINUYMHbI B KOHTPoJIE (10 BO3-
JeficTBuA uiau 0e3 Hero) M onslTe (mocsje Bo3znelicTBusa). Hawubosee
IPOCTO pelllaeTcsa 3asada olipeneeHNs JOCTOBePHOCTY PA3IuUMy CTa-
TUCTHYECKKX pacipezeieHH, eClIM NpeaBapuTeJbHO OJA BLIOODOK
paccyHTaHb! JOBEPUTEIbHbIE HHTepBaJbl. [lonoxuM, eCcTs gBa CTATHC-
THYECKUX paclpeneeHHusa HeKOTOPLIX CAYYaiHBIX BeawduH X u Y.
IIycTs resepajibHbie cpegHEe 3THX pacnpegeleHH ¢ TOBePUTEIbHON
BepoATHOCTHI0 p = 0,95 HaxomaTcA B NOBEPUTENbHBIX HHTepPBAJax
, e )u(y, * €,), M IyCTH DU 3TOM y, > X . Eciu cobmonaerca Hepa-
BEHCTBO (J_ — sy) > (X, + €,), To HEé BbI3BIBAET COMHEHUS, UTO CJIyUam-

HaA BeJWYKHA Y CyIlecTBeHHO 0oJbllie CIyYanHON BEeTHIHHBI X (CM.
puc. 3.3, a). Bepoaruocts aToro npesbitiaer 0,95.

Ha puc. 3.3, 6 npeacrapiaed BADHAHT, KOI'Ja BHIOOPKY YACTHYHO Te-
peceKarTes, T. €, KOIZA BBINOJIHAETCA HEPABEHCTBO (Y, — gy) <(x,+¢€,).

B sToM caydae 11e1ecoo0pa3Ho O11€HHBATS JOCTOBEPHOCTD PASJIMYUI BbI-
OGOPOYHBLIX CPEJHHX X M §, € HOMOIIBI JOMOJHUTENBHBIX DPACUYETOB.

Haubonee npocTo 3To CaesaTh, npegnoigaras, 4To cJydaiiHble BeInyM-
ubl X u Y pacupezeedsbl N0 HOPMAJIBHOMY 3aKO0HY. Y CJI0BHEM CYIIECT-
BEeHHOCTH PA3MMUNA IBYX ONBITHLIX paclpene/eHuii, ABIAIINXCA BhI-
OOpKaMK K3 PasJNUYHbIX I'eHEPAJbHbLIX COBOKYIHOCTEH, ABJAETCS BbI-
IIOJIHeHHE CJeIVIONIEero HepaBeHCTBA I ONBITHOT'O ¥ TEeOPeTHYeCKoro

3HaueHuil Kpurepus CroiogeHTa: { t . 1A HaXoeHus 3Haue-
on Teop

HUA {  UCTIOJB3YIOT CIeNyoLlyI0 GOPMYITy:

PR S 11 (3.30)

on

31ech G, U G, — BLIOOpPOUYHBIE Cpe/lHKe KBaIPATUUYECK e OTKJIOHEe-
HUA, 1, ¥ 71, — YHCJIO BADUAHT B BBIOOPKAX (00'beMbI BEIOODOK), X U

J, — BHIDOpPOYHBIE CPeJHKEe SBHAYeH .

5| % 5 115
S e it st e < - Y .
£, £, e, ¢ XY €, E, g, XY

a) 0)
Puc. 3.3
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TeopeTuueckoe 3HaUeHle { HaXoaAT no radbaue 10, BXOIZHBIME

Teop
BEJIMYNHAMHU KOTOPOI ABJSIOTCA JOBEPUTENbHAA BEPOATHOCTS P 1 Na-
paMeTtp f, CBA3aHHBIN ¢ YHUCJIOM BaAPHAHT B BBIOODKax. JTOT napaMerp
onpefendaoT clexyoiium obpasoMm. Ecin o, = G,y TO f=n_+ n, - 2,
Ecnu e o, u G, PA3NIUYAOTCA HA TIOPANOK 1 boJee, TO BeJTIMHA f on-

pezengercd no popmy.e:

(3.31)

1 o2c?
=(n_+n —2 (—+—~—-——-—-—y )
f=(n, y ) 2 o!+o?
¥
Tabnruya 10. 3HaueHus kputepusi CTeloACHTa t, ) MoK PA3AMHHO
AOBEDUTEABHOM BePOSTHOCTH 1 3Ha4YeHUAx napameTtpa f

HopepurenbHas JlopepuTeabHan
f BepPOATHOCTD, D f BEepPOATHOCTH, D
0,95 0,99 0,999 0,95 0,99 0,999
1 12,71 63,60 21 2,08 2,83 3,82
2 4,30 9,93 31,60 22 2,07 2,82 3,79
3 3,18 5,84 12,94 23 2,07 2,81 3,77
4 2,78 4,60 8,61 24 2,06 2,80 3,79
5 2,57 4,03 6,86 25 2,06 2,79 3,73
6 2,45 3,71 9,96 26 2,06 2,78 3,71
7 2,37 3,90 5,41 27 2,05 2,77 3,69
8 2,31 3,36 5,04 28 2,05 2,76 3,67
9 2,26 3,25 4,78 29 2,04 2,76 3,66
10 2,23 3,17 4,59 30 2,04 2,75 3,65
11 2,20 3,11 4,44 40 2,02 2,70 3,95
12 2,18 3,06 4,32 50 2,01 2,68 3,50
13 2,16 3,01 4,22 60 2,00 2,66 3,46
14 2,15 2,98 4,14 80 1,99 2,64 3,42
15 2,13 2,95 4,07 100 1,98 2,63 3,39
16 2,12 2,92 4,02 120 1,98 2,62 3,37
17 2,11 2,90 3,97 200 1,97 2,60 3,34
18 2,10 2,88 3,92 500 1,96 2,69 3,31
19 2,09 2,86 3,88 1,96 2,68 3,29
20 2,09 2,85 3,85

Henonsaysa sTor ¢nocob oneHKH JOCTOBEPHOCTU Pa3InYus BBIGO-
POYHLIX CPEJHUX 3HAYEHMH JBYX BBIOOPOK, ClenyeT NPHAEPKHUBATHCA
TAKOH HOCJEeN0BATEJbHOCTH [elHcTBHN. Bo-nepBbiX, M0 3KCIEPHMEH-
TAJBHBIM JAHHBIM HYXXHO HANTHM 3HAYEHHA BBIOOPOYHHIX CPeIHUX M
CPeIHHX KBaJAPATHYECKHX OTKJOHEHMH 1A KaMuol BBHIOOPKHU. 3a-
TeM, CDABHUB BEJIMYUHBI G, K G, HaliTu Benuuuny f. [Tocae aToro cie-

AYeT 38/aTh ONpefeeHHOe 3HAYeHHEe JOBePUTEeNbHOU BePOATHOCTH U
no tabaune 10 HaiiTi L yeop® 3arem no ¢opmye (3.30) paccuurars £ .
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Eciu npu cpaBHEHHHM TeOPEeTHYECKOTO U ONbITHOTO KpuTepueB CThIO-
JeHTa OKa)kercs, 4To I, ~> tTeop, TO Pasinyue MeyKJy BbIOOPOUHBIMH
CpeHUMI 3HAYEHUAMHK CAYUYAHHLIX Beawdud X M Y MOYXHO CUHTATH
CyniecTBeHHBIM C 3aJaHHON JOBEePUTEJNbHON BEPOATHOCTHIO. B nporu-
BOMIOJIOMKHOM cydae Pa3IMYKs HeCyIiecTBeHHbI.

IIpencraBineHHbIl BbIIEe cOoc0o0 OlEHKHM JOCTOBEPHOCTH PA3THYUN
BLIOOPOK MO BBIOOPOYHBIM CPEJHUM SBJAETCA JOBOJLHO NPOCTHIM. Cy-
1iecTByer 0OJIbIIOe YHCJIO TeCTOB ¥ KPHUTEpPHEeB IJIA CPABHEHUA BbIOO-
POK ¥ COCTABJEHUA SAKJIUYEHHA 0 JoCTOBEPpHOCTH MX pasnmumii. Kak
NPaBUJIO, IPH 3TOM PACCMATPHBAIOT BEPOATHOCTS ABYX B3aKMOMCKJIIO-
yawonux runored. OgHa 13 HUX, YCJI0BHO Ha3biBaeMadA «HYJeBOW» I'U-
NOTEe30H, 3aKJIKUYaeTca B TOM, UTO HAOJI0gaeMble PA3TNUYNA MeXXIY BbI-
OopKaMu cAyJainbl (T. €. QAKTHYECKH Da3nuduii HeT). AJbTepHATHUB-
HAsa r'Unore3a o3HadaeTr, YTo HAOAOpaeMbie PA3THYKA CTATHCTUYECKH
JocToBepHbi. IIpu 3TOM A48 oneHKu 000CHOBaHHOCTH BBIBOZA O JOCTO-
BEePHOCTH PalIHYKI HCIOJb3YIOT TPM OCHOBHBIX JOBEPUTENbHLIX YPOB-
HA, IPY KOTOPLIX NPMHMMAaETCHA MK OTBepraeTcAa HyJeBas T'HIOTe3a.
ITepBbIii YpOBEHL COOTBETCTBYET YPOBHIO 3HauuMocTH B, < 0,05; nia

BToporo ypoBad B, < 0,01. Haxomner, TpeTuii 10BePUTENbHbI YPOBEHD
umeeT 3, < 0,001. IIpu coGaOgeHE COOTBETCTBYIONIETO YCIOBUS HY-

JieBaA THIoTe3a CUMTAETCA OTBEePrHyTol. UeM BbILIE JOBEPHUTE/bHLIN
ypoOBeHb, TeM DoJee 000CHOBaHHBIM OH CUMTaeTcA. PaKTHYeCKH 3HaYl-
MOCTb BBIBOJla COOTBETCTBYeT BepoATHOCTH p = 1 — B,. B MegunmHCKBX

1 OMOJOTHYECKMX HCCJEeJ0BAaHUAX CUNTAIT JOCTaTOUHBIM Y Ke NeDPBbIN
ypOBEHb, XOTA HaumboJiee OTBETCTBEHHbIE BBIBOJbI NpeANOYTHUTEIbHee
neaaTh ¢ DoJblIel ToUHoCTHI0. OTHON M3 METOIHK, MO3BOJAIIUX CY-
JUTH O JOCTOBEPHOCTH Pa3/MUYKNi CTaTHCTHYECKUX pacnpeae/eHu, AB-
JisseTcsl paHTOBBIN TecT Y unkokcoHa. I[lox panrom (R;) TOHMMaKOT HO-

Mep, NoJ KOTOPbIM CTOAT UCXOJHbIE jJaHHbIe B DPAHXXHWPOBAaHHOM pAnY.
Ecnu B 1ByX cpaBHHBaeMbIX BbIOOPDKaX JlJaHHOMY HOMePY COOTBETCTBY-
0T OJMHAaKOBbie BapHaHThi, TO PaHTOM 3THX BapHUaHT ABJAETCA CPeJ-
Hee apu(phMeTHYeCKoe JByX paHTOB — JaHHOTO U CJAEAYIONIero 3a HUM
(cm. npumep). IlokaykeM, Kak HCHIOJB3yeTCA 3TOT TECT Ha HpHMepe
CpaBHEHHA JIBYyX PaBHBIX 0o 00beMy BHIOOPOK.

* Uamepanu maccy 13 HeIOHOIIIEHHEBIX HOBODOMAEHHBIX (B rpamMmax) B
JIBYX paitoHax A u B 60451100 NPOMBLIINIJIEHHOTO IeHTPa, OJUH 43 KOTOPHIX
(B) ornuuanca kpaitHe HeGNATONPUATHONR dKoIOrHUecKoi o6cTaHOBKOM, Ilo-
JIyUeHbl /BA CTATHCTHUYECKUX paclpejeneHud (A) u (B):

A: 970 990 1080 1090 1110 1120 1130 1170 1180 1180 1210 1230 1270

B: 780 870 900 900 990 1000 1000 1020 1030 1050 1070 1070 1100
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Craenyer pelliuTs BOIPOC O TOM, JOCTOBEDHSI JIM pa3jiMduA MeAY 3TUMHU
CTATUCTUUYECKUMHU pacnpe/leIeHUAMU.

V¥ CocraBum OOIMI PAHMKUPOBAHHLIN PAJl ¢ YKa3aHKEeM HOMEepPOB COOTBETCT-
BYIOLUX BapuaHT (R, ;) — paHros (cTpoku A u B cooTBeTCTBYIOT BBIGOpKaM):

A 970 990 1080 1090 1110 ..,
R,: 5 6,5 15 16 18
B: 780 870 900 90,0 990 1000 1000 1020 1030 1050 1070 1070 1100

R;: 1 2 3 4 6,5 8 9 10 11 12 13 - 14 17

Kak Buano, BapuaHnra 990 BcTpedaeTcsa B IepBOil B BTOpOI BbIGOpKax, I110-
3TOMY [JH Hee PAHTOM ABJIAETCA CpejiHee apudmernyecKkoe 3HadYeHue 6 u 7.

llanee B pasy 0CTAIOTCH NUINL BAPKUAHTEI I1€PBOIl BBIOOPKM, IOITOMY pAJ
He 3akoHueH. HyJleBaa runoresa cOCTOUT B TOM, UTO pPa3JMyuii MeKAY BLIOGOD-
KaMy HeT (OHu CAYYAWHBI ¥ IIOTOMY HECYIECTBeHHBI). PaHTOBbI TeCcT yUHUThHI-
BaeT o0IIee pa3MelneHe BApUAaHT ¥ pa3Mepsl BEIGOPOK, HO He TpebyeT 3HAHKU A
THIA paclipefesieHuss. OCHOBHOK BHIBOJ O BEDHOCTH EYJIEBOH I'UIIOTE3bl Jesa-
eTcd Ha OCHOBAHHMH AaHANKM3a MUHHMATBHOM CYMMBI PAHIOB (13 IBYX CYMM AJd
CpaBHMBaeMbIX BBLIGODOK), T. e. KpUTepueM aBiaserca BenuuuHa T = 2Ry

(vaursiBad, yto 2, Ry < X R,). Ilpu 3ToM noap3yioTcs clieiualbHbIMI Tabau-
namMu. B yacTHOCTH, €cin 4uCJIo BADMAHT B BEIGOPKAX OJMHAKOBO (11, = n,), TO
ucHoasayercs rabaunpa 11.

Tabauya 11. Kputudeckue 3HaqeHns BeansnHel T (Tecta YuakokcoHa)
NP N, = Ng = 11 AAS PA3HBIX 3HAYEHWM YDOBHS 3Ha4YMMOCTU

n 0,05 0,01 n 0,05 0,01 n 0,05 0,01
5 17 15 12 115 105 19 303 283
6 26 23 13 136 125 20 337 315
7 36 32 14 160 147 21 373 349
8 49 43 15 184 171 22 411 386
9 62 56 16 211 196 23 451 424
10 78 71 17 240 223 24 492 464
11 96 87 18 270 252 25 536 205

ITpu™meuan ue Hynesas runoresa orbpackiBaercst npu T < T ;. uin
T <Ty o1

B sToit TabGaupe yKa3aHEL ABe BXOJHBIE BeJIWYMWHBI: YKCJIO BApDUAHT B Bhl-
fopkax (71) u 3HaUeHMeE TPEeThbero ¥ BTOPOro ypoBHe# 3HauumocTu (B, = 0,05

1 0,01). B yamnem cayuae T = X Ry = 110,5, uTo MeHbIlle TAOJHUYHOTO 3HAYE-
Hus 1719 n = 13 u 3, < 0,01. CregoBaTesbHO, HA BTOPOM YPOBHE 3HAYUMOCTH

(p > 0,99) M0KHO OTBEPIrHYThL HYJIEBYIO runoready. Takum obpas3om, pa3anuud
BLIGOPOK IOCTOBEPHBI C BEpOATHOCTHIO, IpeBrImaroiieii 0,99.
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§ 3.4. Koppeaauuonnas 3aBHCHUMOCTD.
Y paBHEHHS perpeccuu

DyHKINOHAJBHbIE 3aBUCHMOCTH JOCTATOYHO XOPOINO 3HAKOMBI UH-
TaTeJa0. dacTo 3TH 3aBHCHMOCTH MOXKHO BbIPa3uTh aHAJHUTHUYECKH.
Hanpumep, miomanb Kpyra 3aBUCUT OT paguyca (S = nr?), yCKOpeHue
Tela — OT CHJB M Macchl (a = F/my) u T. 1.

IIpn u3yuyeHnm O0BEKTOB B OMOJIOTHM M MeJHIMHE IPUXOAMTCSA
UMETH JeJ0 ¢ PYHKUMOHAJbHBEIMU CBA3AMH ApPYyroro pona. Ilpu arom
OHpejeNeHHOMY 3HaYeHHI0 OJHOTO NPHU3HaKa COOTBETCTBYeT He OJHO
3HaYeHHE [PYroro, a nejoe pacnpejefieHue 3HaueHui. Takasa ¢BaA3b
Ha3bIBaeTCHA KOPPeAAYUOHHOU CBA3b10, WJIU NPOCTO Koppeaauuell.
KoppensanuonHada ¢BA3b, HAIpEMED, MEXAY BO3PACTOM M POCTOM Je-
Tel BbIpayKaeTcA B TOM, UTO KaXJOMY 3HaUYEeHHIO BO3pacTa COOTBETCT-
ByeT ONnpejeeHHOe pacnpejesieHHe pocTa (a He OJHO €AWHCTBCHHOE
dHadenue). IIpu 3TOM ¢ yBelmYeHHEM Bo3pacTa (10 OnpenesIeHHBIX
pesesaoB) Bo3pacTaeT U CpeAHee 3HaUueHue POCTa.

KonnuecrBeHHYI0 XapaKTepPHUCTHKY B3aMMOCBA3H M3yyaeMbIX NpH-
3HAKOB MOXKHO JlaTh Ha OCHOBaHHM BBIYHCJIEHUA NOKa3aTeJas CHJbI
CBA3U MEXYy HUMU (KOod(PuumeHTa KOppeadl i) 1 OnpeneJeHud 3a-
BMCHMOCTH OJHOT'0 NPU3HaKa OT M3MEeHCeHUU Jpyroro (ypaBHeHUA per-
peccun). KoaddunueHT xoppeadanumn onpejensger He TOJbBKO CTENeHb,
HO M HalpaBJIeHHC CBA3CH MexKay BeJandunHaMu. Eciau OTCcyTCTBHE
(PYHKIUMOHATBHON 3aBHCHMOCTH MEXXJY BeIHNYMHAMM YCJIOBHO COOT-
BETCTBYET HYJIEBOH KOPPEeNAINH, a NOJMHadA QYHKIMOHaAbHasA 3aBHCH-
MOCTb — KOppeJsnuu, PaBHOM eIMHUIE, TO CHJIa KOppeJsanrOHHON
CBA3H, BOOOIe TOBOPSA, U3MEPAETCA NPOMEXYTOUYHbBIMK 3HaUeHUAMU
(or 0 go +1). IIpu 3TOM npu NOJOMKHUTECILHOM KO3(MPUIMCHTEe KOppe-
JANUY ¢ YBeJHYeHHeM OJHOH BeJIMYKHBI BO3pacTaeT u apyrasd. Ecaum
e KoapPHunmeHT Koppeaany OTPHLATe/eH, TO BO3pacTaHUE OJHOTO
napaMeTpa CONPOBOMKIaCTCA YMEHLIIEHNEM JAPYToro.

B npocTrom ciaydae npu JUHEHHOW 3aBHCHMOCTH MEXIY HCCIegye-
MBIMH HapaMeTpaMH HCHOJb3YVIOT KO0dQduumeHT Koppelanuu bpa-
B3—IIupcona, BEIYKMCAACMbIN 10 pOpMY.JIe:

3 (%= X)W = Fa)
=1 (3.32)

r£

S

GxGy

31eCh N — KOAWYECTBO Map aHAIU3NPYyeMbIX NPU3HAKOB, X U J —

BbIOOpOUHLIE CcpegHME 3HaAUYeHHS B pacupeie/iIeHHAX COOTBETCTBYIO-
IMKX apaMeTpoB, G, ¥ G, — CPeAHHe KBaJpaTHYeCKHe OTKJIOHEHHUS.

Paccuuranusiilt no popmyie (3.32) ko3apPunmeHT KOppenanuy CpaB-
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HHBAIOT C TCOPETHUYCCKUM, KOTOPBLI HaXOOAT B CenualbHON Tabauie
¢ YUYETOM ONpeseIeHHOTO YPOBHA 3HAUNMOCTH U 00beMa BbIOOPKH (CM.
rads. 12). BXogHbIME 3HaYeHHAMHU TaOMH bl ABAAOTCA YUCJIO Tap ue-
cJefyeMbIX NpPU3HaKoOB (1) u ypoBens 3uaunmocru (0,05 uwau 0,01).
I[Ipu 3TOM HyJeBafA rHnoTe3a 3aKJI0YaeTCAa B TOM, UTO KOpPeJaAIHOH-
HOH CBA3W MeXY HcCaeIyeMbIMH HapaMeTpaMU He cyniecrByeT. Ecau
HOJIyYaloT 3HaueHNS Koa(puuueHTa Koppensuuu 0obile TabaudHo-
ro, ¢ ONpeeIeHHON cTelNe b0 BePOATHOCTH TOJAarampT, YTO KOppeJss-
IIUA B TeHEPaJbHOM COBOKYITHOCTH OTIHUYaeTCsa OT HYJIA.

Tadruya 12. KpUtndeckne 3HaueHns BblOOpOYHOro
KOIDPULIMEHTE KOPPEAILIMU I AAS ABYX YPOBHE M 3HAYMMOCTH

n |005|001|| n 005|001} n |0,01]|0,01 n 0,05 | 0,01
4 950 | 990 || 15 | 514 | 641 26 | 388 | 496 80 219 | 288
5 B78 | 959 || 16 | 497 | 623 || 27 | 381 | 487 90 206 | 272
6 811 | 917 || 17 | 482 66 28 | 371 | 478 100 196 | 258
7 754 | 874 || 18 | 468 | 590 29 | 367 | 470 125 175 | 230
8 707 | 834 || 19 | 456 | 575 33 | 361 | 463 150 163 | 210

9 666 | 798 || 20 | 444 | 561 35 | 332 | 435 200 138 182
10 | 632 | 76D || 21 | 433 | 049 40 | 310 | 407 250 142 163
11 { 602 | 735 ([ 22 | 423 | B537 || 40 | 292 384 300 113 | 148
12 | 576 | 708 |1 23 | 413 | 523 || 50 | 277 | 364 400 098 | 128
13 | 553 | 684 || 24 | 404 | 515 || 60 | 2563 | 333 500 088 | 115
14 | 532 | 661 || 25 | 396 | 505 70 | 234 | 308 || 1000 | 062 | 081

ITpumeuan ue. Hynasneasix ¥ 3anarag B 3HaYeHUAX r onymeHsl. Hy-
JieBaf rulloTe3a oTOpachIBaeTCsa IDPU I > 1y C JaHHBIM YpDOBHEM 3HAYUMOCTH
(0,05 unu 0,01).

IToxaxxem Ha npuMepe, KaK pPacCUMTHIBAIOT KOIDPUIIMECHT KOppe-
asspu¥ BpaBs—IIupcona.

* Qe HHTH B3AKMOCBA3b YacTOTHI 1yJbca X 1 MAKCHMMANBHOIO ApTepUab-
HOT'0 JIaBJIeHHUA Y V AeTeir:

X (ynapbl/MUH) 121,8 119,2 111,3 113,3 98,3 93,8
Y (Mm. pr. cT.) 99,5 103,0 103,1 106,8 99,1 99,2

V¥ CormacHo HyJeBOH rumnoresde, KOPPeJANMOHHONW CBA3M MeXXAY W3ydae-
MbIMU IapaMmerpamu Her. PaccuuTaem BbIOOpOUHbBIE cpeAHHe 3HAYEHHA U
cpelHHWE KBaJApaTHUYHble OTKJIOHEHHA AJIA NPUBEJEHHBIX Bhillle BbIOODOK HC-
creyemsIx napamerpos: X, = 109,6; j, = 101,8; 6, = 10,29 u G, = 2,81. Ilo
dopmyne (3.32) paccuuTbiBaeM Ko3d@dunueHT Koppeasapuu r = 0,44. 3arem
obpamaemca K Tabaune 12 u HaXoauM A4 IIECTH Nap NIpy3HaAKoB (n = 6), Te-
opernuecKoe 3HaUYeHue KoadduineHra KoppenApuu 0,811 npu ypoBHe 3Ha-

61



yumocTu 0,05 u 0,917 npu yposHe sHauumocty 0,01. B Tom u gpyrom cayuae
HyJIeBasg TUI0OTe3a OKAa3bIBaeTCA CIIPaBeAJIMBOM U KOPPEIAMOHHOMW CBA3N
MeXxJy AHAIM3KMPYEMBIMHM IPU3HAKAME He CYII[eCTBYET C BePOATHOCTHIO 0,95
u 0,99.

KosindecTBeHHOE npejcTaBieHue 3aBHCHMOCTH U3MEHEHUH OJHOTO
npH3Haka OT M3MeHEeHUW APYTroro MO3BOJAEeT NOAYUYUTHL NOKa3aTe/N
peepeccuu. Kak npaBmiio, aHaIu3 perpeccuy HaYKWHAKOT ¢ I'padude-
CKOTO H300pakeHUA AAHHBIX. [Ipm GOJBIIOM YMCIe HCXOAHBIX aH-
HBIX 78 BHIABIEHUA 00Led 3aKOHOMEDHOCTH BBIUYMC/IAIOTCA CpeHue
3HaYeHUSA OJHOTIO INpu3Haka (y) B 'pynnax (kJaccax), COOTBETCTBYIO-
X ONpeneleHHOMY HHTEpPBaJly 3HaAaUCHUH Apyroro npusHaKa (X).
IIpu mocTpoeRuu rpadpuKa nMo yCpegHEHHBIM JaHHBIM TOYKHM Ha I'Da-
(huKe pacmonaraiTCA BAOJAb TaK HA3LIBAEMON 3MNUPHUUYECKON JUHUU
perpeccuu. 3aTeM NpPOBOAAT NoadOP M COCTaBJIeHHE yPaBHEHHA per-
peccru. C moOMOIbI TaKOoro ypaBHEHHS MOYKHO TEOPETHYECKH pac-
CUMTATh 3HAUCHHUSA, KOTOpbIe JOJIKeH NPUHMMATh OIuH HPU3HaK Npu
OnpejleIEeHHbIX 3HaYeHUAX APYToro (ypaBHeHUe NPOTrHO3a).

Ecau npexnosaraerTcs cymecTBOBaHME JMHEHHON 3aBUCHMOCTU
MeKy McceIyeMbIMK Npu3HakaMu (TMHEHHas perpeccud), TO npo-
BOJMTH PETPECCHOHHBIA aHa/lu3 Haubonee mpoctro. Hacro npm aTtom
OIPEMEHAT TpadrdecKkuil meton. [ OpoBeleHHA TUHUYU PETPECCHH
HCTIONB3YIOT MPO3PauyHYIo NTUHEHKY, NpHgaBas el TaKoe NOJOXKEeHue,
yT0ObI BHINIE H HHMKEe IpeanoJaraeMoil JUHUHM PEerpecCHm OKal3asoch
OPUOJTH3UTENBHO OJMHAKOBOE UHCJA0 SIMIUPHYEeCKuX Touek. Ha nony-
YeHHOH NPAMON ONpezefsiioT KOOpAWHATHI ABYX HauboJee OoTjalleH-
HbIX TOYEK Xy, Yy U X,, Y,. 3aTE€M COCTABJISIOT CUCTEMY IBYX ypaBHE-

w

HUM:
y,=a + bx,,

y,=a + bx,.

W3 nonydyeHHOM cucTeMbl ypaBHEHUN ONpeaeisioT HeH3BeCTHHIC a4
ub:b=(y, - y)/(x, - x)a=y, - bx, =y, bx,. Haxoneu, npu us-
BeCTHBIX KO3 (punmeHTax a 1 b 3anmchIBalOT ypaBHeHUE NIPOTHO34a, Ha
OCHOBaHHMY KOTOPOTO MOXKHO paccyyTaThb 3HaYCHHE NapaMeTpa Yy NpHU
M3BECTHOM 3HAUEHMH X.

B macrosuee BpeMA NpH CTaTHCTHYECKOM aHaIM3€ dKCIEePHMEH-
TaJbHBIX JaHHBIX HIUPOKO HCHOML3YIOTCA KOMIBIOTCDHbIC BHIYKC/IU-
TeJbHBIE NPOTPaMMBbI, HO3BOJIAINHE NPOBOIUTS KOPPEIANMOHHBIN U
perpeccHOHHbBIN aHaau3. Bojee noapo0HO NpaKTHYECKOe NPUMCHEHKC
ATOTO BUJa aHaJK3a PacCMaTpPHUBaeTCA B Kypce COHAJbHOM ITMTHEHbI
¥ OPraHu3al Uy 3 PaBOOX paHeHUA.
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P A 3 A E A

MexaHuka.
AKYCTNKA

MexaHHKOﬂ Ha3bIBAKT pal3ien

(bu3uKM, B KOTOPOM H3ydaeTcAd MeXaHMYEeCKOe IBIMKEeHHEe MaTepHab-
HbIX Teld. [log MexaHmuecKuM ABHKeHHEM NIOHUMAIOT H3MEHEHHE I10-
JIOEeHUA TeJa WK ero JacTeil B NPOCTPaHCTBE ¢ TeUeHHEeM BPEMEHH,
MexaHuka, B OCHOBY KOTOPOH MOJO»eHbl 3aK0HbI HblOTOHA, Ha3biBa-
eTcA KJaccudecKoW. B Hell paccMaTpUBalOTCA NBUMKEHHA MaKPOCKO-
NUYeCKUX TeJd, NMPOUCXOAAIHME CO CKOPOCTAMM, MHOIO MEHbLIITMMU
CKOPOCTH cBeTa B BaKyyMe. Bonpocsl 1aHHOTO pa3jesia MOT'YT, B 4acT-
HOCTH, OBbITH MCNOJb30BaHbI JJA CACAYIOIIUX 1ee:

— MNOHMMAaHUA MeXaHHKH JBHKEHHSA 1eJOT0 OpraHu3Ma M MeXa-
HUKHK ONOPHO-ABUTaTEJbHOTO allapaTa YeJIOBEKa;

— 3HaHHA MeXaHWUYeCKHUX CBOMCTB OMONIOTHYECKUX TKaHeH U MU]l-
KOCTel;

— 3HaHUA ODIMUX 3aKOHOMEPHOCTEH NMepHOIHYCCKHX TPOIECCOB,
NPOTEeKAaKIlUX B OpTaHU3Me;

— TIOHEMaHUuA paboThl yXa ¥ BeCTHOYJIAPHOTO allllapaTa Kak (QH-
3UYECKHUX YCTPOMCTB, cepla KaK Hacoca U T. 1.}

— BBIACHeHUA OHOQU3NYECKOI0 MEXAaHU3MA JCHCTBUA YILTPa3BY-
Ka " 1p.
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rANABA

HexoTopble BONpoCh H1oMexaHUKM

BHUOMEXBHUKOM Ha3bIBAIOT pa3aeA HBHUODU3UKM, B KOTOPOM pac-
CMATPUBAIOTCS MexaHW4eCk1e CBOMCTBA XMBLIX TKAHeW 1 opra-
HOB, @ TAKKe MEXaHW4ECKUE FBACHUS, TOOUCXOARLLME KaK C
LIGAbIM OPraHM3MOM, TaK U C OTACALHBIMUL @ro OpraHamu. ToBopS
KpdaTtko, 6MOM€X6HMK6 — 3TO MEXAHMKA XMBbIX CHUCTEM.

§ 4.1. Mexanuueckasi paGoTa uesoBexa.
IproMeTpus

MexaHnuecKkaa paboTa, KOTOPYIO c¢nocofeH cOBepIINTh YeJOBEeK B
TeUeHHe JHA, 3aBUCUT OT MHOTHX (PAKTOPOB, I03TOMY TPYJHO YKa3aTh
KaKy0-Tu00 NmpeaeJbHYI0 BEJIHYHHY. ITO 3aMeYaHHE OTHOCUTCH U K
MorqHoCTH. TaK, MpM KpPaTKOBPEeMEHHBIX YCHJIHAX YeJlOBEK MOXKeT
pa3BHBaTh MOIIHOCTH MOPAAKA HECKOJAbKUX KuaoBaTTt. Eciu cmopre-
MeH Maccod 70 Kr moanpsITuBaeT ¢ MeCTa TaK, UTO €ro IeHTP Macce
NoJHUMaeTCa Ha 1 M IO OTHOIIEHHIO K HOPMaJbHON cTOWKe, a (ha-
3a orranxkupaHus gaurtcsa 0,2 ¢, TO OH pa3BUBaeT MOIHOCTL OKOJO
3,5 kBT.

IIpu xoap0e YenmoBeK coBeplliaeT padoTy, Tak KaK NpPH 3TOM 9Hep-
A 3aTpauMBaeTCsa Ha NepHOJHYecKoe HeDOoJbIIoe NOAHATHE Tela U
Ha YCKOPEHHE U 3aMe[JIeHHe KOHEeYHOCTEHN, IMlaBHbIM 00pa3oM HOT.

Yenosex maccoil 75 Kr npu xonbbe CoO CKOPOCTHIO H KM/Y pa3BH-
BaeT MOINHOCTL oKoJ0 60 Br. C BO3pacraHHMEM CKOPOCTH 3Ta MOIN-
HOCTB 6bICTPO yBenmuuBaeTcs, gocturad 200 Bt npu ckopocru 7 KM/4.
IIpu e3ze ma Besocunene HOJOMKEHHE IEHTPa Macc dYeJloBeKa u3Me-
HAETCA TOPa3J0 MeHbIlle, YeM NPy Xoabfe, a YyCKOPEeHWE HOT TOXKEe
meHbIe. [ToaToMy MOHOCTE, 3aTpaduBaeMad NPH €371€ Ha BeJIOCHIIe-
e, 3HaunTeabHO MeHbIle: 30 Br npu crkopoctut 9 km/u, 120 Br npu
18 kM /4.

Pabora obpamjaercss B HYJb, ecJu mepemernenus HerT. Ilosromy,
KOTZa TPy3 HaXOnHUTCA Ha ONOpe MJHM NOACTaBKe WK TOJBEIIeH Ha
HUTH, CHJa TAXECTH He coBepriaeT padorbl. OnHaKo KaXXJI0My U3 Hac
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3HAKOMa YCTaJIOCTh MbIII, PYKHU U
naedya, eclIH JepraThb HEeNOBHYMKHO
Ha BBITAHYTON DYKE THPK WJIH TaH-
Tedb. TOUHO TaK Ke yCTaloT MbINIILbI
CIUHBI ¥ HOACHUYHON 00J1acTH, €CJau
CHUAAINEMY YeJOBEKY HNOMECTHThL Ha
cuuHy rpy3. B oboux ciaydasax rpys
HeNoABMMKeH M paboThl Her. YcTa-
JIOCTh Ke CBHIETeJbCTBYEeT O TOM,
YTO MBIIBI COBepIIaT paboTy. Ta- Puc. 4.1

Ky pabOTy Ha3bIBalOT cmamutie-

CKoil pabomou mbLuy.

CraTnKH (HEIOJBUKHOCTH) TaKOH, KaK €e IOHMMAalT B MeXaHHKKe,
Ha caMOM gete HeT, IIpoucxondaT odyeHb MeJTKHE U YacTble, He3aMeT-
Hble IJIa3y COKpaineHusd ¥ pacciabiaeHus, ¥ INPH 3TOM coBeplllaeTcd
paboTa HpOTHB CHJ TsKecTH. TaKuMm 00pa3oM, craTudecKas paboTa
YeJI0BeKa Ha CaMOM JieJie ABJASAeTCA OOBIYHON AUHaMHYeCKOol paboToil.

Ins uamepeHus padOTHI YeJOBECKa NPUMEHSAKT NpulOpbl, Ha3bl-
BaeMble apzomempamu. COOTBETCTBYIOIUN pa3nesl U3MEPHUTENIbHON
TEeXHUKHU Ha3blBaeTCA apzomempueil.

IIpumepom 3promeTpa CAYXKHUT TOPMO3HOHU BeJocunesa (BeJ0dpro-
metp; puc. 4.1). Hepes 00op Bpamjawineroca Komneca I mepeKUHYTa
cTaJbHas JeHTa 2. Cijla TPeHHA Mexy JEeHTOH M 00010M KoJecCa 13-
MepserTcsa guHaMoMeTpoM 3. Bea pafoTta ucnbIiTyeMoro 3aTpaduBaeTcs
Ha NPeofoJeHIe CHUIbl TpeHud (OcTalbHbIMY BuZaMu paboT npeHedpe-
raem). ¥ MHOXKHB JJIMHY OKPY KHOCTH KOJIeca Ha CHJY TpPeHHUA, Hal-
aeM pabory, coBeplllaeMyIo MpH Kaxkgom o00poTe, a 3Had YHCIO 000-
POTOB M BpeMsA HCHOLITAaHMA, ONpEAeJTUM NOJHYIO Pafory ¥ CPegHIOH
MOII{HOCTb.

§ 4.2. Hexoropsie 0coGeHHOCTH
NOBeJeHH A YeJI0OBeKa
NpH Tleperpy3Kkax M HEBECOMOCTH

B 06b1YHBIX YCITOBHUAX Ha YyeJOBeKa JeHCTBYIOT Cu/la TAMECTHU U CU-
Jia peaknuu onopbl. IIpu orcyTeTBUM YCKOPEHMA 9TH CHJIbLI DaBHBI U
NPOTHBOIOJIOMKHO HalpaBJjeHbl. Taxkoe COCTOSHKe eCTCCTBEHHO A
JenoBeKa.

I[Ipu yCKOPEHHOM ABMIKEHUM CHCTEMbI MOTYT BO3SHUKHYTbH OCODbBIE
COCTOSHUSA, Ha3dbiBacMbie MEPETPY3KaMU U HEBECOMOCTBIO.
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Vimg Ymg
o 7 7 o o7 7
Puc. 4.2 Puc. 4.3

PacemoTpum HexkoTopsle mpuMepsl.

IIyerk yesnoBeK HaxoauTcsa B KabuHe dudra (B pakeTe), KOTOPLIX
HOAHMMAaEeTCsS BBEPX ¢ YeKopeHueM d (puc. 4.2). Ha uenoBeka peiict-
BYIOT CiJla TSAMKECTH Mg U CHJa PeaKIMH ONOPbI Fp. IIo BTOpPOMY 3aKO-

—

HY Hurorona, Fp + mg = ma, UK B CKaJAPHON opMe ¢ yUeTOM Ha-

IIpaBJeHHNA CHJI
F -mg=ma; Fp=m(g+a). (4.1)

P
B sTOoM cayuae cmia peakimy OMOPbI DOJbIIE CHUIbI TAKECTH (Fp >
> mg), ¥ BOSHUKAIOT neperpyaku. Tak, ecliu a = g, TO Fp = 2mg (aBy-
KpaTHas neperpys3ka), ecniu a = 2g, TO Fp = 3mg (TpeXKpaTHad nepe-

FP

rpysxa) u T. 1. lleperpyska BripakaeTcs OTHOIIIEHHEM 1] = e

JApyroil mpumep:. YeJIOBeK HaXOAUTCA B KaObune Judra (BHYTpH
CIYCKaeMOT0 KOCMHUYECKOTO alNapaTa), KOTOPLIA 3aMen/IeHHO, T. €. C
TOPMOMKEeHNEM, onycKaercAd BHU3 (puc. 4.3). HanpaBnenus cus u yc-
KOPEeHUA COOTBETCTBYIOT MpebinyIneMy NpuMepy, HOdTOMY M B 3TOM
caydae noaydaem popmyay (4.1). HesloBeK ucnbIThIBaeT Neperpy3KM.

Ileperpy3xu MOryT OKa3bIBaTh CYIIECTBEHHOe BIMAHUE Ha Opra-
HU3M YeJ0BEeKa, TaK KaK B 9THX COCTOAHUAX NPOUCXOJUT OTTOK KPO-
BH, U3MEHAECTCA B3aHMHOE naBIeHMHE BHYTPEHHHX OpPTaHOB ApPYT Ha
ApYyTra, BO3HHKaeT ux gedopmanud 1 T. 1. [losTomy denoBer crnocoben
BbIJIEPyKKBATh JIMIIIb OrpaHUUYeHHbIe Neperpy3xku. Ha puc. 4.4 cxema-
THYECKYM MOKa3aHbl NOJOKEeHNS TeJla ¥ IPUBEIeHbl COOTBETCTBY IOII{HE
3HAUYEHUSA Neperpy3oK, KOTOpbIe MOXKET B TeUeHHE MO KpaliHEH Mepe
HECKOJbKKMX MUHYT BEIHOCHTH 3/I0POBbINA YeJOBeUECKHIl Opranusm des
TOT'0, YTOOBI NPOM3OIILIK KaKkKue-JIu00 cepbe3ubie HapyIeHM .

Ecnu nudr (unim KocMmyecKUM Kopaliib) YyCKOPEHHO IBUIKETCH
BHU3 (puc. 4.5) uiau 3aMeJIEHHO BBEpPX, TO

mg_Fp=ma unn F = m(g - a). (4.2)

Kax BuaHO, peaknus onops! MeHbIIE CHJIBl TAMECTH Fp < mg. Ec-
JU A= g, TO Fp = 0 — cocToAHMEe HEeBECOMOCTH. ITO TaKOe COCTOAHUE,
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Q.

n= 4 ,
Al 4"

_B“—\ n= 10
Ymg

Puc. 4.4 Puc. 4.5

NPpY KOTOPOM AEeHCTBYIOIHE Ha CHCTEMY BHEIIIHKE CHJIbI HC BBI3BIBAIOT
B3aMMHBIX JaBJIeHHUU YacTHI CHCTeMbl 1pyT Ha Jpyra.

na 6uonozuveckux 006€KM0O8 He8eCOMOCMb — HeO0blYHOe CO-
cmosHue, xoma U 8 00bl0eHHOU HU3HU 8cmpevaromcsa Kpamkrxosape-
MEHHbLe Nepuodbl YaACMUYHOU He8eCOMOCMU: NPLIN KU, Kawenrl, Ha-
Yar0 08UNCECHUS BHU3 CKOPOCMHOZ0 aupma u m. n.

OTrcyTeTBHE NEACTBHA ONMOPHI NPU HEBECOMOCTH IPUBOAUT K 0D1ier
AETPEeHUPOBAHHOCTH U CBA3aHHOMY C 9THM CHHXKEHUIO paboTocnocoo-
HOCTH; IPU 3TOM YMEHbIIaeTCA MblllleyHasd Macca, IIPOUCXOIUT JEMH-
Hepaaulana KOCTHOW TkaHU. IIo3TOMYy KOCMOHaBTaM B yCIOBHAX He-
BECOMOCTH TNPHXOJUTCA TNPOBOAMTL CHenHaJbHLIC TPEeHWPOBOUHLIE
(pusmyecKne yNnpa)kKHeHUSA HJIM HOCHTH 0coDbie KOCTIOMbI, KOTOpbBIE,
3aTPyAHAA JBHXKCHKE, TO3BOJAIT AOTPYXKaTh padoTy MbIIIIL.

B 00BLIUHBIX YCAOBHAX THAPOCTATHYECKOE naBieHue pgh KpPOBHU B
BEPXHEH YacTH TeJla MeHbIlle, YeM B HM)KHel. B HeBeCOMOCTH KPOBBb
paBHOMEPHO paclpenensiercs B OpraHE3Me; 9TO O3HadaeT, YTO BepX-
HASA YacTh TeJa MepenoJHeHa KPOBBIO N0 CPaBHEHUK € OOBIYHLIM CO-
CTOSTHUEM, OINYIaeTCs TAMXKECTb B I'OJIOBE, NOABJIACTCA OTEYHOCTD JIH-
na.

BectuOynsapubii annapar (cMm. § 4.3) Ha HeBeCcoMOCTb OyeT pearu-
poBaTh TaK, Kak OynTO OTCYTCTBYET IDaBUTallMOHHOE TNOJIe, BOSHUK-
HYT BecTHOYJIAPHBIE pacCTPOMCTBA.

PacemoTpum nogpobHee 0COOCHHOCTH ABH)KEHUA Tella YeJOBeKa B
YCJI0OBHUAX HEBECOMOCTH.

IIpakTHyecKoe ocBOCHUE YEJOBEKOM 3aKOHOB MeXaHHMKH HPOMCXO-
JUT ¢ paHHETO JEeTCTBa: Mbl YYHMMCS CHIETh, CTOATh, XOQUTh, Oerarh,
COBepHIaTh (pu3NUecKue yIpaXKHeHufA, padorarb, KaTaTbCA Ha BeJlO-
cunesne ¥ T. . Bee 3T0 nmocTuraeTcA HaMu B OCHOBHOM 0e3 TeopeTuye-
CKHMX 3HAHHMH COOTBETCTBYIOIMX 3aKOHOB. Yell0BeK npuBbIKaeT K Dec-
CO3HATEJbHOMY COBEDPIIEHHI0 MeXaHWYecKuX pedcrBuii. Tak, npwm
TOJKaHMH Afpa YeJOBeK MHCTHHKTHUBHO YIHPAETCA HOTOH, YTOObI He
yrnacTbs OpH «OTJaue»; yiapAs MOJOTKOM, palOuYMil HeNnpOm3BOJIBLHO
HalpAraeT MbIIIbl, IPeNATCTBYIOIME BpalllecHUIO KOpHyca, U T. 1.
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ITapagokcanbHO, HO YeJOBEK HACTONBKO TPUBLIKAET K 3aKOHaM
MeXaHHUKH, YTO HaYHHAaeT 3aMedaTh UX IPOABJECHKE B 0COObIX, PEIKIX
¥ MAJIONPUBBIYHBIX CAyUaAX.

K TaxuM 0coDeHHOCTAM M NIPaKTUYECCKHU BaXXHBLIM HNPOABJICHUAM 3a-
KOHOB MEXaHHMKK OTHOCHTCH JBUTaTeJbHas JEATEJbHOCTb UEJIOBEKa B
YCIOBHAX HEBECOMOCTHM WJIHM, KAK NPUHATO I'OBOPHUTH, B 0E30IOPHOM
npocTpaHcTBe. HeTpynHO MOaCYKMTaTh, NOJB3YACH 3aKOHOM COXpaHe-
HUA UMOYJIbCa, YTO ecJii YemoBeK MaccOil 100 KI' B COCTOAHUY HEBECO-
MocTH 6pocut Teso Maccoii 0,1 Kr co CKOpPOCThIo 3 M/ ¢, TO caM OH Hayu-
HaeT ABUTaThCA B IPOTHBOIOJOXKHY 0 CTOPOHY €O cKopoctwio 0,3 cm/c.
Ecnu 6pocok cpesarh ¢ pa3dMaXOM PYKH, TO TeJNIO YeJOBEKa HayHET
noBopauuBaThCA. TakoBO HEODBIUHOE, 110 CPaBHEHUIO ¢ 3eMHBIMH YCJIO-
BUAMM, HNPOABJEHHE 3aKOHOB COXPAHEHUS MMIYJbca ¥ MOMEHTa HMM-
nyiabca. OCTaHOBHUTBCA YEJTOBEK CMOXKET, TOJbKO B3aHMOACHCTBYSA C
Apyrumu tenaMu. Eciu deloBeK B COCTOSHUM HEBECOMOCTH 3aXoueT
cresiaTh yIpPaXXHEHUe «yroji», KOTOpoe JI0CTa-
TOUYHO YETKO BBIIOIHAOT TEMHACTBI B OOBIYHBIX
YCJOBHAX, TO JBHMIKEHHE HOT BBI3OBET BCTPEU-
HbBII IOBOPOT Kopuyca (puc. 4.6). IIoBopoT Kop-
Iyca B YCJIOBHAX HEBECOMOCTH, B TOM UYHCIE U
NP CBOOONHOM HAajeHUM, COBEpPIIAIOT IIYTeM
BPal[eHUA KOHeYHOCTAMU. TaK, Halpumep, Ko-
HycooOpa3Hbie BpalnaTeJbHbIE ABMKCHHUA PY-
KOIf HajJ roJoBOif BBI3OBYT BpallleHHe KOpIlyca
BOKPyT ocu cummeTpuu (puc. 4.7).

Ecnu B yc/IOBUAX HEBECOMOCTH YeJOBEK 0Y-
€T 3aBUHYMBATh F'alfiKy, TO OH CaM HayHeT Bpa-
1[{aThCA B NPOTHBOIOJIOXKHOM HalpaBICHUH.

B ycnoBusX HEBECOMOCTH [NCHCTBYIOT T e
13BecTHLIEe 3aKOHBI HbBIOTOHa, HO B CWJIY HeEO-
OBIYHOCTH YCJIOBHM YEJIOBEK JOMMEeH TPUBLIKATD
K JBIDKEHUAM B HEBEeCOMOCTH. Pe3dkue aBHKe-
HHUSA TOJOBOH, PYKaMM WM HOraMu, OTOpachiBa-
HIE KaKHX-JTHOO IPEeIMETOB MOT'YT CYLIECTBEHHO
M3MEHUTD JBIIKCHIE TeJA YeOBeKa.

JTO y4YuThIBaeTCA KOCMOHABTaMM KaK Npu
HOArOTOBKE K KOCMHUYECKHM IIoJeTaM, TaK U BO
BpeMs IoaeTa. [IepBEIl YeIOBEK MJ1aHETHI, BbI-
eI B OTKPBITBHIA KocMmoce, A. A. Jleonon
NUIIeT B CBOCH KHUIE, UTO «...[OCJEe HEKOTO-
poOIf NMOATOTOBKH YeJOBEK CMOMKET jarke IIpu
De30MOPHOM «IJJaBaHMHW» B HEBECOMOCTHU ObICT-
Puc. 4.7 PO ¥ TOYHO OPHEHTHPOBATh CBOE TEJO B JIOOOM
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HapaBJeHUH HCKJIIUUTEJNbHO 3a CUEeT MbBINIeYHBIX YCUIUM, HE NPH-
peras K nomoinu TexHuudeckKkux cpenctB». M panee: «Ilo-Bupmmomy,
B HEBECOMOCTH, NPV HAJHMUYHUKM CaMOM HE3HaYHUTEJbHOM TOUYKHK ONOpPHI,
MOXXHO BBIHOJHATH J00Oble paboTsl 0e3 3aMeTHBIX HapyIUeHHI KOOp-

IUHAIIMY IBUKeHUI» 1.

§ 4.3. BecTuOyaapHbIl anmapar
KaK MHEpIHAJbHAH CHCTeMa OpMEeHTALHH

B 06bIUYHBIX YCIOBHAX NOJOMKEHHE CBOOOIHO MOABEIIEHHOTO MaAT-
HUKa yKa3biBaeT HanpaBJeHue CUAb! TaxKecTu (puc. 4.8, a). Eciu ma-
ATHUK MOKOUTCA OTHOCHTEJIHHO YCKOPEHHO JBUKYINEHCA CUCTEMBI OT-
cueTa (HEeMHepnHualbHasA CHCTeMa OTCUYeTa), TO €0 TNOJOXXeHue 3aBH-
CUT OT YCKOPEHHUA cucTteMsl g (puc. 4.8, 6). Kak ciegyer us pucyHka,
o BTOpoMYy 3aKOHY HbloToHa,

—

F, .+ mg= F = md,
i€ Pe3yabTHPYIOInad Ci/la paBHA N0 BEJIMYHMHE

Fp£ mg tg o, wniu ma = mg tg q,

OTKYIa
a=gtga. (4.3)

CnepoBaTeNbHO, aXKe NPOCTOH MaTeMaTHYCeCKUHA MaATHUK B NIPUH-
IMNE MOYKET OBITh MCIOJb30BaH A ONpeieJIeHua MOAYAA 1 HanpaB-
JICHUA YCKOPEeHUA CHCTEeMbI.

Bonee y100HBIM HHIMKATOPOM YCKOPCHUSA CHCTEMBI ABJISETCA YCT-
poHCcTBO, 1300pa)keHHoe Ha puc. 4.9, — Tes0 u3BECTHONH Macchl VK-
penieHO Ha IecTH NpyKuHKaX. I1o gedopManuy NpyKuH MOMKHO OH-

a
l—*—
. D
Fy >
mg
7 7
a) 6) al
Puc. 4.8 Puc. 4.9

1 HeonoB A. A., Jle6enen B. U. IlcuxonoruuecKkue 0coGeHHOCTH JeATeNb-
HOCTH KOCMOHABTOB. M., 1971.
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penenuTs, 3HaUueHUE M HanpaBJeHME CHJBI, AeHCTBYOLIEl Ha TeJso, a
OTCI0Oa U YCKOPEHHEe CHUCTEMbI, €CJHM yYeCTh YCKOpeHHe CBOOOLHOTO
nageHusA. Takoro poga MHANKATOPbI UCHNOJAL3YVIOTCA B HHepualbHON
HaBUTa UM, NOJYUYMBIIEH pa3BHTHE B CBA3K € pPEIIeHMEM KoCMUYe-
CKUX 3ajay.

B camom gene, ecai M3BECTHO YCKOPEHHME CHCTEMbI, HalpuMep pa-
KeThbl, B KaKJIbII MOMEHT BpeMeHU, TO MOXXHO HaMTH 3aBHCHMOCTH

CKOPOCTH OT BpEMCHII:
v =] ddt. (4.4)

Onpegenus U = f(f), MOYKHO HaliTH TOJOXKEHUE CHCTEMBLI B JHOGON

MOMEHT:
x=|v dt,y= Ivydt, z = Jv dt. (4.5)

Takum 06pa3zoM, MOXKHO 6e3 TOMOINU CPEeACTB, HaXOAAIUXCA BHE
pakKeThl, aBTOHOMHO YCTaHOBUTH €€ MEeCTONOJOXEeHUe, CKOPOCTh U yC-
KOpPEHHE B JTHOO60H MOMECHT BpECMCHH.

CooTBETCTBYIOIMIE YCTPOMCTBa HAa3BIBAIOTCA UHEPUUAAbHBIMU
cucmemamu opueHmayuu.

B uenoBeueckoM opraHHN3Me HMEETCS OpPraH, KOTOPBIN TOXKe, IO Cy-
IECTBY, ABJAAETCA MHEPIHAJIbHON CHCTEMOM OpHEeHTauu#, — ITO gec-
mubyaaproii annapam!. OH pacnio0KeH BO BHYTPEHHEM YX€ U COCTO-
UT U3 TPeX BI3AaMMHO HePHEHIMKYJISAPHBIX NOJNYKDPYIKHBLIX KaHaJloB K
u nojoctu — npeanasepuA B (puc. 4.10). Ha BHyTpeHHeH moBEpPXHOC-
TH CTCHOK NpeagBepuA ¥ B YaCTH HNOJYKPYKHBIX KaHAJOB HAXOMAT-
CAl TPYNIbl YyBCTBUTEJBHBIX HEPBHBIX KJETOK, MMEIOIHUX CBOOOIHBIE
OKOHYaHHA B (popme BOJIOCKOB., BHyTpH npennBepuda ¥ MOJYKPYXKHBIX
KaHAJIOB eCcThb CcTyaeHucrad Macca (9HZAOIMMMPA), cOmepKalas MeJKHue
KPHCTATBL QOCHOPHOKUCIONO U yIJe-
KHCJIOTO KaJdbiusf (OTOJUTHI). Y CKO-
PeHHOE nepeMelleHe ToTOBLI BLI3bIBA-
eT nepeMereHre dHA0INMMPEL 1 OTOIH-
TOB, UTO BOCHIPHUHHUMA&CTCA HCPBHBIMU
KJeTKaMu (4epe3 BoJMOCKU). Becruby-
JIAPHBIN anmapar, Kak u Jwbas apy-
ras QuandecKada CHCTEMa, He OTJIUYaeT
rpaBUTALlMOHHOE BO3IEHCTBHE OT BO3-
LEHCTBHMY, BOSHHKAIOINUX IPH YCKO-
Puc. 4.10 PEHHOM [IBHYKCHUK CHCTeMBbI.

1 Or cucrempl, usobpaskeHHOil Ha puc. 4.9, BecTuOyJsApHHIH ammapar
OPUHIUIHAILHO OTIWYAETCHA TEM, UTO He CIoCo0eH KOJWUYeCTBEHHO olIpeje-
JUTh YCKOPEHMe YeaoBeKa. IT0 o6CTOATENLCTBO He TT03BOJIAET YEJOBEKY, ey-
IIIEMY B 3aKPbITOH KabuHe MAIUTKHLI, OIIPEJETUTHL MECTOHAXOXKAEHKE aBTOMO-
ouada.
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Haur oprasusm npucnocodmiaca K JeMCTBUK CHJIBL TAMECTH; COOT-
BETCTBYIOUIYIO NPUBBIYHYK HHPOPMaNUK KJICTKH BeCTHOYJIAPHOIO
aflflapaTa COODIAaT B MO3T, HO3TOMY COCTOSAHUA HEBECOMOCTH UM niepe-
IPY30K BOCIIPDMHHMAIOTCA HaMU NOCPEJCTBOM BeCTHOYIAPHOrO alHa-
paTa (1 ApyTUX OpraHOB) KaK HEOOBIYHBIE COCTOAHUSA, K KOTOPHLIM He-
00X0IMO NPHCIOCOOHUTHCA.

Ecnu oxkassiBaeTcs nepHogmyeckoe BO3LeHCTBHE Ha BeCcTHOYJIAD-
HbI alfapaT 4YeJloBeKa, HallpuMep, HPH Kauke KopalOis, TO 3TO MO-
JKET IPHBECTH OPraHM3M B 0coboe COCTOAHUE, Ha3blBaeMO€ MOPCKOU
60ne3nbro.

F/\ABA5

Mexanmyeckme KonedaH1s 1 BOAHB!

MOBTORAOLUMECH ABMKEHNS UAN M3MEHEHS COCTOSHMS HA3bIBA-
IOT KOACOaHMIMI (MeDEMEHHBIN SAGKTDUYRCKIIA TOK, ABUXEHWE
MagTHUKA, padoTa cepalia M T. 1.). Bcem korebanusm, He3aBucH-
MO OT UX MOUPOABI, TIIDUCYLLM HEKOTOPbIE OOLLIME 3aKOHOMED-
HOCTU. B 3aBUCHMOCTH OT XApaKTepa B3aUMOACHCTBUS KOACOAID-
L{EMCH CUCTEMBI C OKDYKAIOLMMU TRABMM PA3AMYAIOT koreBaHs
cBOOOAHbIE, BbHYXAEHHbBIE 1 aBTOKOAeBaHMs. KoaebaHus pac-
MOOCTPAHSIOTCS B CREAE B BUAC BOAH. B AGHHOM rA@Be paccmar-
DUBAICTCH MexaHUdeCkue KOAeOaHNs 1 BOAHBI,

§ 5.1. CeoGognnie Mexannueckne KoJebaHusn
(He3aryxainue u 3aTyXaroliue)

Ce0600nbtMu (cOGcmeeHHbIMU) KOAeGaHUAMU Ha3bIBAIOT TaKHe,
KOTOophle coBepIapTcA 6e3 BHEIIHMX BO3ACHCTBHUI 3a CYET NEPBOHAa-
YalbHO HOJYYEHHON TeJOM dHepruu. XapakTepPHbBIMK MOAEJIAMHK Ta-
KHX MeXaHMYeCcKHX KoJeOaHUH ABJIAITCA MaTepualdbHadA TOYKa Ha
NpYy KHUHe (NIPYKUHHBIN MasSTHWK) U MaTepuajbHasg TodKa Ha Hepac-
TAMKIMON HUTH (MaTeMaTHYeCKUN MasATHHK).

B sTux nmpumepax KoneGaHuA BO3HHKAIOT JUOO 3a CYET NEPBOHA-
YaJIbHOM NOTEHIMAJTbHOH dHEePruy (OTKJOHEHUEe MaTePHalbHOU TOUKHU
OT TNOJIOKeHMA paBHOBECHS 1 ABHMKeHue 0e3 HadallbHOW CKOPOCTH),
MO0 3a CUeT KMHETHYECKOoI (Tesy coo0imaeTcss CKOPOCTh B Ha4aJlbHOM
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NOJIO}KEeHUY PaBHOBECHS), JUOO 3a cUYeT 1 TOW ¥ APYTI'OM dHepIru¥ (co-
o0ILeHe CKOPOCTH TeNYy, OTKJOHEHHOMY OT NOJOXKCHUA paBHOBECH ).

PaccMoTpiM HpPYy>KVHHBEIH MasATHHK. B nonoxeHnn paBHOBecuA
(puc. 5.1, a) ynpyraa cuna F, ypaBHOBEIIHBaEeT CHUIY TAMXKECTH mg.

Ec/iu oTTAHYTS OpYKUHY Ha paccrosHue x (puc. 5.1, 6), To Ha maTe-
pHAJBbHYIO TOUYKY OyAeT AelicTBoBaTh 0OJbIllaA ynpyras cuia. Mame-
HeHHe 3HaUYeHKs ynpyroil cuisl (F), coryacHo 3akony I'yka, nIponop-
IMOHAJbHO M3MEHEHH O JJINHBI NIPYXUHBI UK CMEIIEeHHUIO X TOYKHK:

F = —kx, (5.1)

rae k£ — Ko3Q@uHeHT NPONoOPIIOHAJIbHOCTH MEXKAY CHJION U CMeIle-
HHEM, KOTOPBII B JaHHOM cJydae ABISETCA KECTKOCTHIO NPYXHHUHBI;
3HaK MHHYC ITIOKa3bIBaeT, YTO CHJa Beerjga HanpaBJeHa B CTOPOHY NO-
JOKeHusd paBHOBecusa: F <0 npu x>0, F >0 npu x <0.

Hpyroi npumep. MatemaTrudecKuil MadsTHUK (pUC. 5.2) OTKJIOHEH
OT NOMOKEHUA paBHOBECHA Ha TaKOW HeBOJAbIION Yol o, YTOOBL MOJK-
HO OBLJIO CYMTATH TPACKTOPHIO ABUXKECHUA MaTepuaJbHOM TOYKHK NPA-
MoOH JuHEEH, copnagaomen ¢ ocsio OX. I1pu 9ToM BEIHOTHAETCA NIPU-
OJMMKEeHHOE PABEHCTBO!

a~sina=tga == (5.2)

77
TjJe X — CMEIeHHe MaTepHaJbHOM TOYKH OTHOCHTEJBHO MOJOXKEHUA
paBHOBecHUS, | — AJMHA HUTH MasgTHUKAa.

Ha marepuaiabHyo TOYKY (pHc. 5.2) AEHCTBYIOT CHJia HaTAXKeHUA

HUTH F U cWia TAXECTH Mg, MOLY/b UX PaBHOACHCTBYIOIIEN PaBeH
|F| = mg tg a:mg§=kx, (5.3)

rae k — KO3QPUIUECHT NPONOPHHOHATBHOCTH MEXAY CUJION U CMeIne-
HUEeM, KOTOPbIi B JaHHOM cJyYae paBeH

k= ng . (5.4)

Puc. 5.1
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CpaBHuBas (5.3) u (5.1), BUAMM, UTO B 3TOM NpUMepe PaBHOLEHCT-
ByIOIllaA CHJIa NMoAoOHa YyOPYToi, Tak KaK NponopinoHalbHa cMelre-
HHUIO MaTepHaJbHOM TOUKHM ¥ HallpaBJieHa K MOJOMKeHUI0 paBHOBCCHSA.
Takwue cuabl, HeyOpyrue nmo NIpupoje, Ho aHAJOTHYHLIE 1T0 CBOHCTBaM
CHJIaM, BOSHHKAIOIHUM IPH MaJblX AeopManuAaX YOpPYyrux Tend, Ha-
3LIBAIOT Kéa3uynpyzumi.

Ha maTepumanbHBIE TOUKH, paCCMOTpPEHHBIE B 3THX NPHMEpaXx, KPo-
M€ YIPYTrol ¥ KBa3HyHNPYyroH CHJIBI JCHCTBYET ¥ CHJIa CONPOTUBIEHUA
(TpeHus), MOAY.Ib KOTOPO#H 0003HaUuM F, (Ha pUCYHKaX He NoKa3aHa).

JluppepeHnralbHOe ypaBHEeHNUE, ONUCHIBalOIee ABUKCHHE MaTe-
praIbHON TOYKHK, TIOJydyaeM Ha OCHOBaHMM BTOpPOro 3akoHa HeioToHa
(npou3BeleHE MacChl Tella Ha €I'0 YCKOPEHHEe PaBHO CyMMe BceX JIei-
CTBYIOIUX CHJA):

mﬁf = —khx+ F_. (5.5)
di? ¢

Bripaxxenue g cMeleHUMA MaTepPHalIbHON TOUKHK, KOTOpPOE HOJIY-
JaeTcsa M3 PEHIeHUs 3TOT0 ypaBHEHUA, DACCMOTPHM IS HEKOTODBIX
YaCTHBIX CJydaes.

Heszaryxamwmue Koidebanusa. PaccMmorpum mopens, B KOTOPOHR

2
npenebperaioT cuiloi conporuBinenud (F, = 0). U3 (5.5) umeem: m%ti; =

= —kx, 3aMeHAA
0§ = k (5.6)

1 npeodpadyd, noaydaeM ciaeayiwiiee nuddepeHnuaisHOe YypaBHCHUE
BTOPOTO NOPAAKa:

x| wgx=0. (5.7)
d¢

Ero pemienne, B 4eM MOYXHO yOeZUTHCA MONCTAaHOBKOH, HPHUBOLHUT K
2aPpMORUYECKOMY KOebaAHUIO:

x = Acos (0ot + ¢,), (5.8)

rae oyl + ¢, = ¢ — dasa KonebaHuii, ¢, — HadalbHaA (asa (npu £ = 0),
®, — KPyroBas 4aCToTa KonebaHu#, A — UX aMIUTUTYZAa.

AMniauTyza ¥ HadaJdbHad (pa3a KoJeOaHUUW ONpeaenaoTea Hadallb-
HBIMH YCJIOBHAMHU ABMIKEHUA, T. €. NOJOKEHHEM ¥ CKOPOCTBIO MAaTe-
puaJIbHOM TOYKK B MoMeHT £ = 0.

Cpenu pasJuyHBLIX BHAOB KoJieGaHHN rapMOHHYECKOe KoJieHaHue
sSIBIsAeTCA Hanbollee NPOCTOI POPMOH.

Takum 0Opaszom, MaTepuajbHas TOUKa, NOABEIIIeHHAA Ha IPYKUHE
(IPYXUHHBIH MasATHHK) WINM HUTH (MaTeMaTH4YeCKUN MaATHHK), CO-
BepllaeT rapMOHHMUYECKHe KoJebaHHUA, €CJAH HE YUHTLIBATHL CHJILI CO-
NPOTHBJICHUSA .

73



IIpu npeobpadoBanun guddepeHEATIBHOTO YPaBHEHUA T'apPMOH i3de-
CKOT'0 KoJleOaHMA BeIMYMHA (), Obljla BBefeHa QopmaneHO [cM. (5.6)],

OJHaKO OHa MMeeT BayKHBIH (DH3NUECKHUN CMBICI, TaK KaK onpenessaeT

- ®
YacTOTy KoNebaHuNA v = 2—0 CHCTEeMBbI H NOKa3blBaeT, 0T KakuX (PaKTo-
T

poOB (apaMeTpOB) 3Ta YACTOTa 3aBHCHT: OT YKECTKOCTH HPYXXHMHH U
MacCCHl B OJHOM NpuMepe, LJUHB HUTH U YCKOPeHNA CBOOOIHOrO Najge-
HHUA B IPYTOM.

Ilepuon konebaHKil MOXKeT OBITH HallJeH U3 (POPMY LI

|

r=1-21 (5.9)
vV

o

Hcenonsaya (5.6), nonyuaeM nepuod KonreCarull npymuHHoz0 Ma-

JMHUKaQ
T=2n J%, (5.10)

NOACTABAAA BMecTO k BhIpaxkenwue (5.4), Haxoaum nepuod koaebGarnuil
mamemamuiecxozo MaamHuKa

T=2H£. (5.11)

Ouens yno6HO H300pa)kaTh TrapMOHWYECKHE KoJebDaHuMA ¢ HoO-
MOIIBIO BEKTOPHBIX JHarpaMM. JTOT METOJ COCTOMT B cienyroleM. 13
Hayaja OCH abcuuce npoBesieM BeKTop A (puc.5.3), npoeKuus KOTopo-
ro Ha ocb OX paBHa Acos ¢. Eciu BekTop A Oyzer paBHOMEpHO BpariiaTh-
CA € YIJIOBOM CKOPOCTHIO (), IPOTHB YaCOBOU CTPEIKH, TO ¢ = wyf + @,

rae ¢, — HadaJpHOC 3HadeHHe (@, ¥ POCKIUA BeKTopa A Ha ock OX 6y-

AT U3MEHATHCA CO BpeMeHeM no 3aKoHy (5.8). B Takom npeacraBieHun
aMIIUTY/la KoneGaHuH eCTh MOAYJIb PaBHOMEPHO BPAIlakOIIerocs BeKTO-
pa A, dasza KonebaHuil — yToJ Mexay BeKTopoM A u ocbio OX, Hadab-
Had (pada — HauaIbHOE 3HaUYeHME 9TOT0 YIJia, KPYToBas YaCToTa KosebHa-
HHU — yIJIOBaA CKOPOCTH BpallleHnsA BEeKTOpa A, CMEIeHMe X KOoNebro-
Iefca TOUKM — NPoeKus BekTopa A Ha ocb OX,

YT00B1 HaliT CKOPOCTh MaTepHaJbHON TOUYKKM TPH TapMOHHUECC-
KOM KoJiebaHuM, HYXKHO B3ATH NPOM3BOAHYIO OT BbIpaxkeHud (5.8) mo

BpEMEHM:
|
¢ | _ = _vmsin (mot + ¢p), (5.12)

O A X
cos
¢ rme v, = Awo — MaKCHMaJIbHasAg CKOPOCTH (aMI1JIH-

Puc. 5.3 TyLa CKOPOCTH).
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X, U, a
X
a
A L
am ¢ /() X, U, ;
Um C_im
Punc. 5.4 Puc. 5.5

Ha ocHOBaHME TpuroHoMeTprdYeckuXx Gpopmyn npeobpasyem (5.12):
v="0_cos [g + (0ot + (po):{ . (5.13)

CpaBauBas (5.13) u (5.8), 3ameyaeM, 4T0 (pa3a CKOpPOCTH Ha T/2
DoJbIIe (pa3bl CMEIEHKHA, T. €. CKOPOCTh onepeXxaeT No (pa3e cMerne-
HUE Ha TT/2.

IIponuddepernnuposas (5.12), HaligeM yCKOpeHHE:

_ dv

dat —Awg cos (0gf + @g) = 6,08 (04t + ¢g)s  (5.14)

a

roe a = Aw, — MaKCHUMAaJbHOe YCKOpeHHue (aMIJUT Jga VCKOpPEHA).
m 0

Bwmecro (5.14) 3anuniem
a=a,cos[n+ (0, + ¢yl (5.15)

W3 cpaBuenusd (5.15) u (5.8) caegyer, 4To (pa3bl yCKOPEHUA U CMe-
INCHUA Pa3NdaTCA Ha T, T. €. 3T BeJHYNHLI U3MCHAKTCA B IPOTH-
Bodaze. 'papuky 3aBHCUMOCTH CMEINCHUSA, CKOPOCTH ¥ YCKOPEHUSA OT
BpeMeHHM MoKa3aHBI Ha puc. 5.4, a UX BCKTOpPHLIE auarpaMMbl — Ha
puc. 5.5.

3aryxamwiue Korebanua. B peansrom ciayuae Ha KoJebawoee-
CA TeJ0 AeMCTBYIOT CHJIBLI CONPOTHBIEHUS (TPEHKA), XapaKTep JBUKE-
HUA U3MeHAeTCA, B KoJebaHKe CTaHOBUTCA 3amyxarowum. J1na toro
yTo0OBl U3 ypaBHeHHUd (5.5) HallT BPEMeHHY0 3aBHCHMOCTH 3aTyXalo-
1ero KoneGanus, HEOGXOANMO 3HATH, OT KAKMX NapaMeTpPOB U KaK 3a-
BHCHUT CiJa conporuBienusd. OO0bIYHO HpejnojaraiT, 4To NPH He
O4YeHb OOJBININX aMIIJIMTYdaX ¥ 4aCcTOTaX 9Ta CHJla NPONOpPLUHOHATbHA
CKOPOCTHU ABMKEHUA M, €CTECTBEHHO, HalpaBlieHa NPOTHBONONOXHO
ckopocru: F, = —rv, rme r — Ko3(p@uuueHT TpeHuA (CONPOTHRICHNA),
XapaKTEePUIYIOIUM CBOMCTBA cpe/ibl OKa3blBaTh COIPOTHUBIIEHHE.

I[IpuMeHUTENBHO K OMHOMEPHOMY ABHXKEHUIO NocJeaHeil popmy.ae
NpUAagVM CJle Iy I B

F $_rdx

=T (5.16)
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ITogcraBuM BuIpaskeHue (5.16) B ypaBaeHue (5.5) ¥ MOTYyUYHM:

d2x dx
m-— =-—kx — 5.17
dt? dt ( )
Pasnenus ob6e yacTu ypaBHEHUA Ha M, 3anulleM ero B cCTaHIapT-
HOH (opme:

d?x , rdx |, B _

r E
ITocne 3ameHBl — = 2B M — = W§ NOJAyYaeM OKOHYATEIbHYIO 3a-
m m 0

nuch gu@epeHualbHoro ypaBHEHUSA CBOOOAHBIX KoJiebaHHI ¢ yde-
TOM CHJI CONMPOTHUBJIEHUHA:

d2x

ETE +2B— +0ix=0, (5.19)

roe f§ — koapuyuenm samyxanus; 0, — Kpyrobad vacmoma co6-
cmaeHHblX Kolebarull cucTeMsl (0e3 3aTyXaHUA).

Pemenue (5.19) cymecTBeHHO 3aBHCHT OT 3HaKa pPa3HOCTH OF =
= (uO B2, roe ® — KpyroBafA YaCTOTa 3aTyXalomuX Konebanui. Ilpn

w2 — B2 > 0 KpyroBas yacToTa @ ABJIAETCA NeHCTBUTEJIbHON BeJHYH-
HOU ¥ penienue ypaBHeHud (5.19) 6yper cnegyromum:

x=A,e Pt cos (ot + @,). (5.20)

Ipacpuk 2101 PyHKI MK TOKa3aH Ha pHc. 5.6 CIJIOIIHON KPUBOWH I;
HITPHXOBOI JUHKEH 2 n300paXeHO U3MEHEHHEe aMIIJITUTY/IbI:

A=+ A, (5.21)

rae 3HadeHue A, NIpUBEJEHO HA DPUCYHKE.

Ilepuon saTyXampinqux KomeGaHUI 3aBHCHT OT KOIQPUIUEHTa Tpe-
HHUA ¥ onpejeaseTrcsa (popMyJI0i:

r= 2" __ 2% (5.22)

ITpu ouens mayom TpeHuHR (B2 K 03(2,) NIePHOJ 3aTyXalollero Kojeda-
211
g

BricTpora yobIBaHUA aMITUTYAblI KONMebaHUN ONpeae aeTcsa Koad-
(GUIMEHTOM 3aTyXaHHUA: YeM CHJIbHee TOPMO3AINEe el CTBUE cpejabl,
teM OoJbIle 3 U TeM ObICTpee yMeHbIllaeTCA aMIIuTyAa. Ha npaxkTu-
Ke, O[HAKO, CTeNeHb 3aTyXaHHA YaCTO XapaKTepH3VIOT ao2apudmu-
wecKum deKkpemenmom 3amyxanHun, TOHUMasA NOoJ 3THM BEeIUYHHY,
PaBHYIO HATYPaJbHOMY JOTapu(dMy OTHOIIEHUSA ABYX NOCAEeL0BaTE/Ib-

HUSA OJI30K K NEePHOAY He3aTyXalolero cBOOOIHOIO KoebaHudA: T =
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Puc. 5.6 Puc. 5.7

HbIX aMILIUTY], Pal3feleHHBIX HHTEPBaJOM BPEMEHH, PaBHBIM NepH-
oay KoJebaHuN:

At A e Bt
A(t+T) Age Pt
cJIegOoBaTeNIbHO, KOI(PPUIHMEHT 3aTyXaHUA ¥ JOrapuMUYCCKHUN JeK-
PEMEHT 3aTyXaHMUA CBA3aHbI JOCTATOYHO NPOCTON 3aBUCHMOCTLIO!

A=pBT. (5.23)

ITpu cunbHOM 3aryxanum (B2 > %) ua ¢popmy.asl (5.22) BUAHO, ITO
nepuof KojebaHuA ABJAAeTCS MHHMON BeIWYMHOW. /IBrykeHHE B 9TOM
caydae yiKe He OYAeT NePHOANYeCKHM U Ha3blBaeTcA anepuoduveckum’,

BosMmorkuble anepuogndecKHe ABHMKEHUSA TpeJCTaBIeHbLl B BH/E
rpad®ukoB Ha puc. 5.7. 3TOT cAy4Yaldl NPUMEHHUTEJILHO K 3JIeKTpude-

CKHMM SABJICHHSIM paccMaTpuBaeTcA B I. 14.

= In(ePT) = BT,

§ 5.2. Kunernueckasa u noTeHIUAJIbHAA
JHEPIruM K0JeOaTeJbHOT0 ABHKEeHU
KuHeTnuecKyrw sHeEpruw MaTepHaJbHOH TOYKH, KOJeOJIIoLeica

N0 TapMOHHYECKOMY 3aKOHY, MOXXHO BBIYHCIUTH MO U3BECTHOU (Op-
MyJie, HCTI0Nb3y A BhIpamkenue (5.12):

E = %m:v]_f‘?ﬂsin2 (0ot + ¢g) = 1/2 mA”w§sin® (wyt + ¢,) =

= 5hAZ sin? @yt + @y). (5.24)

1 Bamerum, uTO eciy HeKoTOpas OuU3nNUYECKasa BeIHYKHa MPUHUMAET MHU-

MbpI€ 3HAYEHHHA, TO 9TO 03HAYUAET KAKYIO-TO HEOOBIYHOCTbL, IKCTPaopAuHap-
HOCTL COOTBETCTBYIOILETO ABJIEHKUA, B pACCMOTPEHHOM IpHUMepe 3KCTPaop/Iu-
HapHOCTh 3aKJIIOUAeTCH B TOM, YTO IPOIECC MepecTaeT OBITh IEPHOJNYECKUM.
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Puc. 5.8

IToreHIMaNMbHYIO 3HEPIHI KOJe0aTENbHOTO ABMYKCHUS HaHIeM,
uCxXonda u3 obmeld (PopMyaH A8 NOTEHNMAIbHOH DHEPIUM YNpyTon

nepopmanuu E = %kxz U UCNOJb3Yy A BbIpaXKeHue (5.8):
1

Eﬂ = é

CrkyaanbiBasg KHHETHYECKYIO (5.24) u noTeHHHaabHYIO (5.25) auep-

rup, HoJdydYaeM MNOJHYI0 MeXaHHYeCKYIO 3JYHepPIHI) MaTepHaJbHOUI
TOYKH, KOJeOJNoielicad N0 rapMOHNYEeCKOMY 3aKOHY !

kAZcos? (wyt + ¢,). (5.25)

E-E _+E_= %kﬂ sin? (gt + @) + %kA2 cos? (Wt + §y) =

= %h’A2 [sin? (wyt + @p) + cos? (0t + @) = %kAz. (5.26)

HpH OTCYTCTBHH CHJ TPEHHA NOJHaA MeXaHHUYeCKaA 3HePTruA CHC-
TeMbl HC H3MCHAETCHA:

E = kA2 = émmgAz. (5.27)

I'pachryecKky 3aBHCHMOCTH KMHETHUYECKOH, NOTeHIMAJIbHONA U MOJ-
HOU MeXaHWYECKOHU 3Hepruil KoJebaIoinelcs CHCTeMbl OT BpeMeHH No-
Ka3aHbI Ha puc. 5.8,

§ 5.3. Croxenne rapmMornuyecknx KoseGanmii

MarepuasibHas TOYKa MOXKeT OJHOBPEMEHHO YYaCTBOBATb B HECKOIb-
Kux KolebaHuax. B saTom cinydae, yToObl HaliTH ypaBHeHUE M TpaeKTO-
PHIO Pe3YbTHUPYIOINETO ABIDKEHMA, CclefyeT CIOXUTL KonebaHuA. Hau-
BoJiee IPOCTO BHIMOJHAETCA CIOMKEHHE l'apMOHITYeCKX KoebaHuii. Pac-
CMOTDHM JABe TaKHe 3aauM.

CroxeHnue rapMOHMUECKMX KO0JeO0aHMH, HAaIlpaBJIeHHBIX IIO
OXHOHM MPAMOM. [Iycrh MaTepuaJbHad TOYKa OJHOBPEMEHHO YIaCTBY-
eT B ABYX KoJle0aHUAX, NPOUCXOOAIKUX BIOAL OJHON JHHNK. AHalu-
THUYCCKH TaKKe KoJeOaHUs BhIpaXaloTcs CAeyIINUMY YpaBHCeHHAMME:

X, = Acos(@yy + @yy)s Xy = ApCos(®yel + @y,).
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HonyeTuM, UYTO YaCTOTHl CKJIa-
IbIBaeMbIX KoOJe0aHHH OIHHaKOBBI
(g = Wy = ©,y), TOrAa pPe3yJbTH-

pymoilee cMeIeHne TOUKY
x=x; + x, = A, cos (05t + @yy) +
+ A, cos (0, + Q). (5.28)

BrinonruM Takoe ciaoxeHue ¢ MO-
MOIIBI0 BeKTOPHON nuarpammel. Mao-
OpasuM NOMOMEeHHEe BEKTOPOB A, u

A, B HaYaJlbHBIi MOMCHT BpEMEHH

(puc. 5.9), yrasl Mexay 3THMH BeK-
TopaMu 1 ocbio OX PaBHBI HaYaJbHbBIM thazam cnaraembIX KoJeGaHUHA
Por B Pgy- BeKTop A — aMOauTyza pel3yabTHPYIOMEero KoaebaHUA.

Tak rak A1 174 A Bpalalorcd ¢ OOUHaKOBOH YIJIOBOH CKOPOCTBHIO, TO U

CyMMa UX — BEKTOp A— OyIer BpalmaThCA ¢ TOH e YIJIOBOH CKODO-
CTbIO, T. €. Pe3yJbTUPYIOIIee IBHKECHUE ABJACTCA TapMOHHYECKUM C
KPYTOBOI YaCTOTOM ®:

x=A cos (0yl + ¢)- (6.29)

Bripasum amniutyny A aToro KosebaHusA M HadaJbHYIO (asy @,
Jyepea 3ajlaHHble 3HaUeHHA A, A,, Qg U Qg,. [IpuMensad reopemy Ko-

CHHYCOB K TPEYTOJLHUKY, 3alllTpPUX0OBaHHOMY Ha pucC. 5.9, noayuaem
2 _ 2 2 _

Tak kak —cos = —cos [T ~ (Pgy ~ @ 41)] = €COS (Qyy = @y;)» TO

A= JAZ+AZ+2A,A5c08(90s ~ @) - (5.30)

Kax BuaHO u3s puc. 5.9, tg ¢ paBeH OTHOLIEHUIO NPoeKUUN A Ha
ocb OY k npoekuum A Ha ock OX, 1. e. A /A,. YUInThIBadA, YTO NPOEK-

IMA CYMMbI paBHa CyMMe NPOeKN WY, BMeeM:
A, = A, + Ay = A sin gy + A, Sin @,

A=A, +A, =A COSQy + A2 COS Py,

A Aisingy; + A,singe
tg (PO — f — Al 01 2 02 ) (5.31)
x 1COS Qg + Ay COS Qg
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Puc. 5.10

Takum o0pa3om, NocTaBJieHHasl 3ajada pellleHa: no (opmyaam
(5.30) u (5.31) MOKHO HalTH aMIJINTYAY 1 HadaJbHYIO (pa3y pel3yib-
TUpYero Kodebanua. M3 BeipaskeHusa (5.30) BBITEKaAOT CleayioO-
Ie YaCTHHIE CIAyYau:

1)@gy ~ @y = 2km, cos 2kn=+1,tne k=0,1, 2, ..., u Torna

A= [AZ+ A2+ 24A,A,= A +A,, (5.32)

T. €. aMILTUTYAa pe3yJbTUDPYIOIEro KonebaHA paBHa cCyMMe aMIJIH-
Ty CJlaraeMbIX KoJleOaHMH, eC/i pa3HoCTh HadaJbHBIX (pa3 paBHa
JyeTHOMY ymeny 7 (puc. 5.10, a);

2) @go — 9y = (2k + I)m, cos (2k + 1)n = -1, Torna

A= [AZ2-AZ-2A,A,=|A,~ A4, (5.33)

T. €. aMILIUTYAa Pe3yJbTUDYIOEero KoJdebaHusa paBHa pa3HOCTH aMII-
JUTYH cJaraeMbIX KoJeDaHHH, eCIH pa3HOCTh HayaJbHBIX (a3 paBHa
HedeTHOMY uuciay 7 (puc. 5.10, 6). B wacrrOCTH, IpH A, = A, ©UMeeM

A =0, 7. e. KOnebaHuda Her (puc. 5.10, 8). ITo LOCTAaTOYUHO OUCBHIHO:
ecJHu MaTepuajbHasf TOUKa Yy4aCTBYeT OLHOBPeMeHHO B IBYX KoJeba-
HUAX, UMEOINX OANHAKOBYIO aMIJIMTYAY M COBepPIUAIOIUXCA B MPO-
THBo(da3e, TO TOYKa HeIOLBHKHa. KC/IM Y4acTOTH CKJIagblBaeMbIX KO-
JeOaHUN He OJAMHaKOBBI, TO CI0XHOe KoJieOaHKe yaKe He ByaeT rapMo-
HUYEeCKH M.

x HUHTepecen caydaii, KOrga 4YacCTOThI
N cJaraeMbIX KoJeOaHMI MaJio OTJHMYalOT-
K \ [,ﬂ n cA APYT OT APYTa: Wy =~ Wy,

J ‘} " PeaynbpTupyoinee kKonebanue npu 3TOM

)

o) L J AV, L
" S NogO0HO IapMOHMYECKOMY, HO C MeeH-
AP \_L/ HO M3MeHAIINEeNCa aMILIUTYI0N (aMILTH-
TynHasa Moxyasauus). Takme KomebaHus
Puc. 5.11 HagblBalOTcA OneHMaMu (puc. 5.11).
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Croxxenye B3aMMHO IIEPNEHAUKYJIAPHBIX TaPMOHUYECKHX
KoJedpaHuu. Ilyers MmaTepuasbHad TOYKa OJHOBPEeMEHHO YUacTBYeT B
IBYX KoJieGaHMAX: OLHO HallpaBJeHO BAoab ocu OX, npyroe — BIOJb
ocu OY. KonebaHuA 3agaHbl CJIeYOIUME YPaBHEHUAMU !

X =A, cos (0gt+ Qy)s Y = Ay oS (0,2 + @,)- (5.34)

HonycruMm, 4TO 4aCTOThI KOnebaHui OAMHAKOBLI, T. €. iy = Mgy = 0,

TOTIAa
8 X =A, cos(wyf + @yy)s Y = A, €08 (0 + @pp)- (5.35)
YpaBHeHus (5.35) 3a7al0T TpaeKTOPUIO JBUKeHUS MaTepHAJIbLHOHN

_TOYKH B MapaMeTpuiecKoi (hopme. Eciu B 3T ypaBHeHuA HNOACTaBAATH

pa3Hble 3HaueHU A ¢, TO MOYKHO ONPEReIUTb KOOpDAMHATHL X U f, a COBO-

KYMHOCTE KOOPAMHAT U eCTh TpaeKTopud. Bonee HarJsimHO TpacKTOPHIO

MOYKHO TPEeJCTaBUTh B BUJe 3aBHCHMOCTH Y = f(x), s NOJNyyeHUSA KO-

TOPOH cleAyeT UCKJIOUNTE BpeMa 13 ypaBHeHHH (5.35). IIponsBensa ma-

TeMaTHdeCcKue Npeobpa3doBaHus, NOJIYYUM ypaBHeHUE 3JITHTIICA:

2 2
z_% + i_% — 2&(:03 (Pga ~ Po1) = SINZ (Pyy — Q1) - (5.36)
Takum o6pa3om, npu odHo8pemeHHOM Yuacmuu 6 96yx e3aum-
HO NepneHduUKYAAPHBLX 2aPMOHUHECKUX KOolebanuaXx 00URAKO60U
Yacmomosl. MamepuailbHaAfL MOUKA J6UNCemes no IAAUNMUUECKOU
mpaexmopuu (puc. 5.12).
W3 Belpamenus (5.36) BbITeKAFOT HEKOTOPBIe YaCTHBIe C/IyYau:
D@y~ 0 =C2k+1)n/2, rnek=0,1,2,...;cos[(2k+ 1) n/2] =0,
sin [(2k + 1) n/2] =1, u Torza
Lyt
A} Af
ITo KaHOHMYecKad (popMa ypaBHeHU A AJAIUICA, COOTBETCTBYOIIaA
CHMMETPUYHOMY PaclOJOKEHHI ero OTHOCHUTEJIbHO Ocell KOODAMHAT
(puc. 5.13, a). U3 (5.37) npu A; = A, = R (puc. 5.13, 6) nonyuyaem
ypaBHeHUEe OKPYKHOCTH paguycoMm R:

x%2+ y?=R? (5.38)

2

1. (5.37)

=
I
;e
bo

]

S
Q

S

a) b)
Puc. 5.12 Puc. 5.13
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Puc. 5.14

2) Ogp ~ @y, = kn, Tme k=0, 1, 2, ...5 cos kn = £ 1, sin2 kr = 0, u
TOTZa

x2 y2 2 xy :0
R (5.39)

WK [OCTe npeodbpa3doBaHUl

[ﬁiijz-_:o, X4 Y0, y=122y (5.40)
A A A Ay Ay

JT0o ypaBHEHHE APAMOU AUHUU, B KOTODPYIO BBIDOMIaeTCA IJI-
aunc [puc. 5.14, a cooTBeTcTBYeT 3HAKY «+» B ypaBHeHumu (5.40);
puc. 5.14, 6 — 3HaKy «—»].

IIpu caokeHUM B3aMMHO NepNeHANKYJIAPHBIX KoJleOaHUN pa3HbIX
YaCcTOT TMOJAYYAIOTCA pa3JMyHple TPAeKTOPHMM MaTepDHalbHOM TOYKH,
Ha3BaHHBbIe ¢puzypamu Jduccaxucy.

Bun ¢uryp JIuccay 3aBUCUT KaK OT COOTHOIIEHUA aMILIUTYA A, U

A,, TaK ¥ OT OTHOIIEHUA YaCTOT 0);/®, U Pa3HOCTH HadalbHBIX (a3
Qg1 ~ Pgy ClTATaeMBIX KoOJeOaHUN (PHC. 5.15):

AlYﬂ A,

Y
Ay
A, \O X X
o 1 o _3
v, 2 0, 4
Doy ~ gz = 05 n
Por ~ Po2 T 3
a) 0) 8 z)

Puc. 5.15
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§ 5.4. Croxnoe Konebanue
U €ro TapMOHMYECKHNH CIIEeKTP

Kax Bugno uz § 5.3, croxeHnme KoaebaHHMH NPUBOIUT K GoJsee
CIOXHBIM (popMaM Kosebanui. J[1a NpakTHYeCKUX MHeseil OLIBaeT He-
00X0aIM MO NPOTHUBONOJOXHAA ONlePAIlUA: PA3JOXKeHHe CITOXHOI0 Ko-
JebaHusA HA IpocThie, 0OBIYHO rApMOHMYECKHe, KoJieDaHn 4.

K. @ypoe mokazan, uyTo nepuoawdecKasa QYyHKIUA JOO0H CI0MXKHOC-
TH MOXKET OBLIThH IPeCTABJIEHA B BUIEe CYMMbI TAPMOHMUeCKKUX (PYHKIIKHN,
YJACTOTHI KOTOPBIX KPATHBI YACTOTE CJIOMHOH NepHoaunieCKol (QyHKIHH.

Takoe paznoxeHne nepuoguyecKod QyHKIUE HA TapMOHHKUYeCKUe
COCTaBJAKIIME U, CIeJ0BaATeIbHO, PA3JTOXKEHMEe PA3JINYHBIX NepHoau-
YeCKHX MPOreccoB (MeXaHUUYeCKHe, dJeKTPUUYeCKe U T. I1.) HA TApMo-
HUYecKUe KoJeDaHUS HA3LIBAETCH 2apMOHUvecKum anaauzom. Cy-
OIeCTBYIOT MaTeMaTH4YeCKHe BhIPAYKEHU A, KOTOPbIe HO3BOJMAIT HAUTH
COCTABJAKIHE rApMOHMYecKHe QYHKN Y., ABTOMATUYECKH FAPMOHH-
YyeCKHNW aHaJ U3 KoaebDaHMN, B TOM YUCJe U IAA IejJedl MeAWUIHHbI,
OCYILeCTBAAETCA CIeNHATBHBIMY TIPUOOPAME — GHAAUIAMOPAMU.

CoBOKYNIHOCTh TAPMOHHYECKHUX KoJe0aHUI, Ha KOTOPbIe Pas3/ioxe-
HO CJOXMHOe KoJeOGaHMe, HA3LIBACTCS 2GPMOHUYECKUM CREeKmpoMm
CNLONHCHOZ0 KOoAebaHUA.

l'apMoHMUECKHH CcNeKTp yao0HO NPeICTABUTH KAK HAOGop YaCToT
(MJIM KPYTOBBLIX YACTOT) OTAEJbHBIX TAPMOHUK COBMECTHO C COOTBeTCT-
BYIOIUMHE UM aMiutuTygamu. Hanbosee HarnagHo Takoe npeacrasJe-
HUe BbINOJHAeTCA rpadpudecKu. B KauecTBe npuMepa Ha puc. 3.16, a
K300paXKeHbl rpAQUKY CIOMHOT0 KoaebaHuAa (Kpusas 4) 1 cocTaBIAIO-
OIUX ero rapMOHMYeCKHX Kosebanuil (KpuBsie 1, 2 u 3); Ha puc. 5.16, 6
NOKAa3aH TAPMOHHUYECKHI CIIeKTP, COOTBETCTBYIOLUN 3TOMY IPEMepyY.

T'apMoHMYeCcKU aHAJIKS MO3BOJIAET HOCTATOYHO AeTAJbHO ONHCATDH
¥ NPOAHAJM3KUPOBATEL JI000H CJA0XKHBIN KoJebaTeJbHBIM Hporece, OH
HAXOAUT NpUMeHeHHe B AKYCTHKe, PAIUOTeXHHUKe, IJCKTPOHHKe U
IPyrux o6JacTaX HAYKY ¥ TeXHUKH.

A}
0 I
vy Vy Vg Vv
)
Puc. 5.16
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§ 5.5. Beinykaennrie KodeGaHud.
Pe3onanc

BeinyxaeHHBIME KOoJeOaHUAMU HA3bIBAKTCA KoJcOaHNs, BO3HU-
Kawllyle B CUCTeMe NPH YyYACTHUU BHelllHell CUJIbl, H3AMeHAIIeica 1o
NepPHOANYECKOMY 3aKOHY.

IIpennono»uM, 4YTO HA MaTePHAJIBHYIO TOUKY, KPOMe KBA3UYIIPY-
oM CHJILI ¥ CHJILI TDEHHA, AelICTBYeT BHCIIHAA BbIH YK IAOIAA CHIA

F=F,cos ot,

rae F, — amnauTyna, o — KpyroBasd 4acToTa KoJieGaHuil BHIH Y IAK0-

mey cuasl. CocraBuM nuddepeHnraibHoe ypaBHeHHe (BTOPOil 3aKOH
HsoToHa):

d2x _ ,  _dx
m?ﬁ kx ra + F, cos ot,
17884
d2x dx N

rae f, = Fy/m.

Peinenne puddepennuansvuoro ypaBuenusa (5.41) apaserca cyMm-
MO JOByX ciaraemblX. OIHO M3 HUX, COOTBETCTBYHOILEC YPABHEHHIO
sdaryxawmux Kogebanuii (5.20), urpaeT poab TOAbKO NPH yCTAHOBJIE-
HUM KonebaHuit (¢cM. puc. 3.6). Co BpeMeHeM MM MOXXHO OpeHeGpeds.
Hpyroe ciaraeMoe ONKUCBIBAET CMelleHNe MaTePHAJIbHONA TOUKY B yC-
TAHOBUBINMXCA BBIHYXJIEHHBIX KOJTeOaHNAX:

x = Acos (0w + @), (5.42)
rge
A= o , (5.43)
Jod - 02)? +4p20?
2
tg o, = - wz——[}"i—z (5.44)

Kak Bunno us (5.42), ycTaHoBuBIlleecs BHIHYKICHHOe KoJebaHue,
NPOUCXOJALLee TIOM BO3AeHCTBHEM TaPMOHUYECKH H3MEHAILEeNCA BbI-
HYXXIAI0IEeH CUIbI, TOXe ABIAETCA FapMoHMYeCKuM. YacToTa BLIHY K-
JEeHHOTo KoaebaHKA PaBHA YACTOTEe BBIHYK A0 cuabl. BeIHY XK IeH-
Hble Kolebanus, rpaduK KoTOPBIX NpeacTaBieH HA puc. 5.17, capuny-
THI 110 (pa3e OTHOCUTENbHO BBIHYKIAIOIIEH CILIBI.

AMIIUTY A ‘BEIHYKIECHHOI'0O Kodebanud (5.43) npAMo NPONOPILH-
OHANbHA aMILIUTY e BHIHYMXKAAIOIeH CHJIBI ¥ KMeeT CJOMHYIO 3aBH-
CHMOCTD OT KO3((PUIIMECHTA 3aTyXaH Us cpeabl U KPYTOBBIX YaCTOT COD-
CTBEHHOI'O M BHIHYXIOeHHOTo Konebanuii. Ecium W, " B oA cucTeMbl
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U)pea 9 (Dpe:ia

Puc. 5.17 Puc. 5.18

3a1aHbl, TO AMILINTYAA BEIHYXKAEHHbIX KOJe0aHU UMeeT MAKCHMAJTb-
Hoe 3HAaYeHHe NP HEKOTOPoH onpelleTeHHOH HacTOoTe BBIH YK AAI0I el
CHJIBI, HA3bIBaeMoON pe3onancHou. CaMo ABIeHNe — docmuicenue
MAKCUMANABHOU amnaumydo. 8blHYNTeHHbLX KoAebanud 0asn 3a-
0aHRBLX ®y U f — HABBIBAIOT PE3OHAHCOM.

PesonaHCHYIO KDYTOBYIO 4aCTOTY MOMHO HANTH U3 yCIOBUA MUHU-
MyMa 3HaMeHaTenda B (5.43):

® 0, = G — 2B (5.45)

ITogcraBuB (5.45) B (5.43), HAXOAUM AMILIUTYAY IPK Pe30oHAHCE:

A (5.46)

pes [ 2_qa2
2B Jog5— P

M3 (5.46) BugHo, 4TO IPU OTCYTCTBUH conpoTuBiaerud (= 0) amn-

JUTYAa BBIHYKIACHHBIX KoJeBGaHWiT NPH Pe3doHAHCe HeoTPDAHUYEHHO

BoapacraetT. [Ipu satom 1z (5.45) caenyetT, uTo W, e, = Wg, T. €. PEBOHAHC

B CHCTeMe 0e3 3aTyXaHUs HACTyIIaeT TOrLA, KOUAA YAacTOTA BBHIHYMK-
JAIOIeld CHJBI COBHALAeT ¢ YacTOTOM cobcTBeHHBIX Konmebanuil. I'pa-
(prdeckas 3aBHCHMOCTb AMILIUTYALl BBIHYMKICHHBLIX KoJeOaHUU OT
KPYyTOBOI YaCTOTHI BHIH YK JaO[ed CUJIb] IPU PA3HbIX 3HAUEHUAX Ko-
apdpueHTa 3aTyXaHua noKasaHa Ha puc. 5.18.

MexaHUidecKHH Pe30HAHC MOXKET ObITh KAK MOJIe3HBIM, TAK ¥ BpeJ -
HbIM fABJcHUeM. BpelHoe melicTBHUe pe30HaHCA CBA3AHO IJIABHBIM 00-
pasoM ¢ pasapyilleHHeM, KOTOPoe OH MOXKeT BbI3BaTh. TakK, B TeXHUKe,
VUYUTHIBAA pPasHble BHOpanuu, HeoOXoAMMO NpPeAyCMATPHBATHL BO3-
MOXXHOE BOSHMKHOBEHHE Pe30HAHCHBIX YCJAOBHKI, B IPOTHBHOM CJIy4yae
MOI'yT OBLITHL paspylieHusa u KaracTpodsl. Tena o6bIYHO MMEIOT He-
CKOJBKO cOOCTBEHHBIX YACTOT KOJIeOAHUHN ¥ COOTBETCTBCHHO HECKOJIb-
KO Pe30HAHCHBIX YacToOT.
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Ecam 6561 KoapuneHT 3aTYyXaHUA BHYTPEHHUX OPraHOB Ye/J0BeKa
OBbLJI HEBEJIUMK, TO PE30HAHCHBIEC ABJEHHSA, BOSHUKIIINE B 9TUX OPraHax
1107 BO3JeMCTBHEM BHEIHNHUX BHUOPAN¥MHA WIH 3BYKOBBIX BOJIH, MOTJIH
Obl IPUBECTH K TPArW4YeCKUM TOCJEACTBUAM: PA3PBLIBY OPraHOB, IO-
BPEMIEHUIO CBA30OK M T. NI. OLHAKO TaKHe ABJCHUA NPH yMEPEeHHBIX
BHEIIIHKX BO3JeACTBUAX NPAKTHUYCCKH He HADJIOZAITCA, TAK KaK KO-
appunueHT 3aTyxanuda OHMONMOTHUYECKHX CHCTEeM NOCTATOYHO BEJIHK.
TeM He MeHee pe30HAHCHbIe ABJIEH MA 1PHU JeHCTBUM BHEILIHMX MeXa-
HUYeCcKUX KoJieOaHu NPOMCXOJAT Bo BHYTPEeHHKX opranax. B aTom,
BUAMMO, OJHA U3 NIPUUNH OTPUNATENbHOIO BO3MEHCTBHA NH(OPAZBYKO-
BbIX KoJieOaHMH ¥ BUOpamui HA opTaHu3M dYeyoBeKa (cM. § 6.7 1 6.8).

§ 5.6. AsTroxonebanna

Kax 6s110 mokasano B § 5.5, HezaTyxawmye KoJaeOaHEA MOTYT NOJ-
JePHUBATHCA B CHCTeMe JayKe NP HAJTWYUHK CUJ CONPOTUBJIEHNA, eC/Iu
HA CHCTeMYy NePHOINYeCKH 0Ka3blBaeTCA BHeILlHee BO3JelicTBHe (BbI-
HYXJAeHHbIe KoJe0anua). ITo BHelllHee BO3AeHCTBHe He 3aBUCHUT OT Ca-
MOH KoseOmmolieiica cucTeMbl, B TO BpeMs KaK aMILIMTYIAa U 4acToTa
BLIHYKJEHHBIX KOJeOAHUN 3aBUCAT OT 3TOr0 BHEIIHero BO34eCTBHSA.

OpHaKo CyIleCTBYIOT U TaKKHe KoJedaTelbHBIE CHCTEMbI, KOTOPHIE
camu pezyaupyrom nepurogudecKoe BOCNOJHEHUE PAcTpPadeHH o dHep-
MUY ¥ TOITOMY MOTYT KoJiebaTbesa AIHUTebHOe BPeMA.

Hesamyxarwwue xonebanun, cywecmsyoouue 6 kxaxou-aubo cuc-
meme ¢ 3AMYXAHUEM nPU OMCYMCMEUU nepemeLnoz0 éHeULHezZ0 603-
delicmsun, HA3bL6AOMCA A6MOKOAebaHUAMU, 4 camU cucmemb, —
agmoxonebamenvHovimu.

AMILTUTY 8 ¥ YacTOTA aBTOKOJeOaHUNH 3aBUCAT OT CBOHMCTB caMoOil
aBTOK0./1e0aTeJbHOW CHCTeMbI, B OTJHYKE OT BHIHYXKJICHHBIX KoJeba-
HUY OHM He ONPeJeSAKTCA BHEIIHHMHY BO3IeHCTBHAMU.

Bo mHOrux cayyaax aBToKoJedaTeNbHbLIe CHCTeMBI MOMHO NIpe-
CTaBUTH TPEeMSA OCHOBHLIMH 3JeMeHTaMu: 1) cob6CTBeHHO KoaebaTenb-
Has cucTeMa; 2) HCTOUHUK 3HePIrui; 3) PeryJaaTop NocTyILIeH U 9Hep-
MU B COOCTBEHHO KoJebaTeabHYIO cucTeMy. KomebaTensHasa cucTema
KaHaJaoM ob6paTHOH cBA3u (puc. 5.19) BoszeficTByeT HA pPeTyaATOP,
MH(OPMUDPY S PETYJIATOP 0 COCTOAHUY 3TOM CUCTEMBL,

HUcTouHHNK PeryasTop KonebGaTennHas
AHEepPruH cUCTeMa
ObpaTHana
CBA3L

Pue. 5.19
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KnaccrueckuM npuMepoM MexaHWdecKoW aBToKosae0aTenbHON cHUc-
TeMbl ABJAIOTCA Yachbl, B KOTOPHIX MAATHHUK WM OaNMaHC ABJIAIOTCA KO-
nedbaTe/IbHON CMCTEeMOU, NPYXUHA WU NOAHATASA T'UPA — HCTOYHHKOM
dHEePIruH, a aHKep — PeTryJsaTOPOM NMOCTYNIeHUA dHepPTUl 0T UCTOYHH-
Ka B K0JIe0ATEeIbHYIO CHCTEMY.

Muorue 6umoaorudeckue cUCTeMbl (Cepalie, Jerkue ¥ ap.) ABIAOT-
cA aBToKoJgebaTeIbHbIMM, XapaKTepPHbINM NpUMep 3JIeKTPOMATHUTHOH
aBToKoJe0aTeJIbHONH CHCTEeMbl — FeHepPATOPbl 3JIeKTPOMArHUTHBIX KO-
nebaHui (cMm. ra. 18).

§ 5.7. YpaBnenue MexanuyecKoil BOJHBI

Mexanuueckoll 60nHOU HA3bLEAIOM MeXAHUYECKUE B803MYuie-
HUR, pACRPOCMPAHANOUWUECA 8 NPOCMpAHcmeée U Hecyuwue IHep-
2u.

PasnuuaoT nBa OCHOBHBIX BHAA MeXaHUUYECKHX BOJIH: ynpyzue
60HbL (pacnpocmpanerue ynpyzux degpopmauyuil) ¥ 60AKbL HA NO-
éepxXHoOcmu HudKocmu.

Yupyrue BoJMHBL BOZHHKAIOT GJATONADA CBA3AM, CYINECTBYIOIINM
MeX 1y YacTHIAMHU cpeJibl: HepeMelljeHHe OJHOM YacTHUIbI OT MOJoXKe-
HUA PAaBHOBeCHS NPHUBOAHUT K NepeMellleHHI0 COCEJHUX YacTHIl. JTOT
IPoIece PacnpocTPaHAeTCs B IPOCTPAHCTBE ¢ KOHEYHOM CKOPOCTBIO.

YpaBHeHHe BOJIHBI BbIpAXKaeT 3aBHCHMOCTbL CMeIlleHUA Kosedsio-
meiica TOYKH (§), yYacTBYIOILell B BOJHOBOM Nporecce, 0T KOODANHA-
THI €€ PABHOBECHOTO MOJOYKEHUA ¥ BpeMeHH. [[/1s1 BOJHBI, pacpocTpa-
HAOLIelcAa BAoJib HanpaBaeHuA OX, 9Ta 3aBUCUMOCTS 3aNHCHIBAETCS
B 00IleM BHe:

s = f(x, t).

Ecnu s 1 x HanpaBJieHbl BAOJIb OAHOU NIPAMOHN, TO BOJHA NPOIOAL-
HaA, eCJU OHH B3AMMHO MePHeHANKYJIAPHSLL, TO BOJHA ROnepeYHan.

BriBenem ypaBHeHMe IJIOCKOM BoMHBI. [IyecTs BosTHA pacipocTpaHa-
eTcst Baoab ocu OX (puc. 5.20) 6e3 3aTyxanusa TaK, 4TO aMILJTUTYIbI
KoJebaHHUN BceX ToYeK OAMHAKOBHI M paBHBI A. 3agaguM KoJiebaHIe
TOYKH ¢ KoopauHaTou x = 0 (MCTOYHHUK KoJe0aHUi) ypaBHEeHHEM

s = A cos wi.

8, = Acos (wt); s = Acos [(o(t - gﬂ

x=90 X }—(
Puc. 5.20
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Mo TOYKH ¢ HeKOTOPON NMPOU3BOJBHON KOOPAWHATOM X BO3MYIle-
HHe OT HAYaJIa KOOPOHHAT JOHAeT Yeped BpeMs T, NO3TOMY KoJieOaHuA
ATOU TOYKH 3aNa31bIBAIOT:

s=Acos[w(t— 1)]. (5.47)

Tax xak BpeMA M CKOPOCTHL PACTPOCTPAHEHHUA BOJHBI CBA3AHLI 3a-
BHCHUMOCTBIO T = X /U, To BMeCTo (9.47) nonydaeMm

s=A cosfo(t — x/v)] (5.48)

ITo ¥ eCTh YpasdHeHUe NAOCKOU 60AHbBL, KOTOPOE HO3BOJIAET ONpe-
IeJIUTHL CMelljeHue JI00H TOUKH, YYacTBYIOIEe B BOTHOBOM Ipo1ec-
ce, B T1I000H MOMEHT BpeMeHH. APryMeHT Npu KocuHyce @ = ot — x/v)
HA3BLIBAIOT (pa30u BoJIHBI. MHOKECTBO TOUYEK, NMEIOINX OJHOBPEMeH-
HO OAWHAKOBYIO (hpaly, HA3BIBAIOT (POHMOM 60aKHbL. [ paccMoT-
peHHoOro cjaydasas (PoOHTOM BOJHLI OyAeT MJIOCKOCTL X = const (maoc-
KOCTh, NepHeHANKyIapuada ocu 0OX), BceM TOYKAM KOTOPOH COOTBeT-
CTBYeT OOHOBpPeMeHHO oiuHakoBas (asa. Orcoga ¥ HazBaHHe —
naoCKas BOJHA.

CxopocTs pacupocTpaHeHUSA (GUKCHPOBAHHOU (asbl KoJeOaHuil Ha-
3bIBAIOT ¢pasoeoi. IIpennonoxum, uTo ¢ = 0(f — x/v) = const. IIpo-
ou@@epeHIEPOBAB 3TO paBeHCTBO, moaydum 0 = w(dt — dx/v), oTKyna
v=dx/dt.

CienoBaTesibHO, CKOPOCTH PpacHpoCTpaHEHudA @PHKCHDPOBAHHOM
(hassl Kosie0aHHH H €CTh CKOPOCTH PAcCNpPOCTPAaHEHH I BOJHBEIL,

Kpome ¢azoBol cKOpPOCTH pa3aNYyarT elle ZpYnnoéyr cCKopocTs,
KOTOPYI BBOIAT TOTAA, KOTJA PeaibHAA BOJIHA He MOKeT ObITh Opef-
CTABJIeHA OAHUM rapMoHHYeCKHM ypaBHeHueM (5.48), a ABasercs
CYMMO¥ IPYNINBI CUHYCOUIATLHBIX BOJH.

Aaunol 601KHbL HA3BLEAIOM pacCCMOARUE MeNTY d6Yma Mmouxa-
MU, (ha3bL KOMOPBIX 6 OTUH U MOM He MOMERM 6PDemMeHU OMmAua-
romcea na 2rn. OHa paBHA PACCTOAHUIO, NPOINAEHHOMY BOJHON 34 Nepu-
o KoneObaHUA:

A= Tu. (5.49)

YpaBHeHHe BOJHHBI (5.48) — 0JHO U3 BOIMOXKHLIX pellleHUu# obmero anud-
(depeHNaJbHOIO YpaBHEHHA C 4YaCTHBIMH NPOU3BOAHBLIMY, OIIMCHIBAIOIIETO
IIPOIECC PacIpocTPaHEHHA BO3MYyIeHUA B cpese. Takoe ypaBHeHUe Ha3blBa-
IOT 60/LHOBBLM.

Y1066 UMeTH IIpeicTaBJAeHHEe 0 BOJHOBOM ypPaBHeHUH, IpoauddepeHin-
pyeM (5.48) aBaxx/ibl IO BpeMeHHM ¢ U IBa*KAbl 10 KOOpJHHaTe X.

os _ . _x o%s _ _ _x\].

Fri A sin [m(t [—)H =73 Awm, cos [w(t Eﬂ’ (5.50)
s _ A0 _x s _ _ 4 of _x

=~ AE sin [m(t B):l =3 Aﬂf cos [o)(t EH (5.51)
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CpaBumnBas BTOpbLIe IPOU3BoJAHBIE B (5.50) U (5.51), modydyaeM OJHOMEDHOE

BOJIHOBOE YpaBHeHHe
2

™
[y=1
3
s
w

1
vt ot

(5.52)

12

>3]
ne
~
[y
.

Peutesne ypaBHeHMH € YaCTHBLIMH IIPOWU3BOJAHBLIMM BBIXOJUT 3a TIPEeJbl
AauHOrOo Kypca. Oauo U3 pemenuit (5.48) nuasecTHo. OJHaKO BaXXHO OTMeTUTD
caeayromee. Ecau namenenme kakKoi-au60 GH3nueckodl BeJIUUNHBI: MeXaHU-
YecKoil, TeImIoBol, 3JIeKTpUuuecKol, MarHUTHONW U T. Jl. — OTBeuaeT yDaBHe-
HUIO (5.52), TO 3TO 03HaudeT, YTO COOTBETCTBYWIas (PU3UUECKas BeJUUMHa
pacIpocTpaHAeTCs B BUJe BOJHBI CO CKOPOCTLIO D.

§ 5.8. IToTox aHeprun M MHTEHCUBHOCTH BOJHBI

BonnoBo#1 nponece ¢Bsa3ad ¢ pacnpocTpPadedueM sHepruu. Koauye-
CTBEHHOI XapaKTePUCTHKON NepeHeCeHHOU dHePTUH ABJAETCA NOMoK
IHepzuU.

IToTok sHepruu BoaH (P) xapakTepuayeTesa cpelHell aHeprueli, ne-
peHoCHMOH BOJHAMM B eAMHHKIY BPeMeHH Yepe3d HEKOTOPYIO HOBEPX-
HOCTb. YCPeIHEeHIe NOMMKHO OBITh CHEJNAHO 34 BPeMs, 3HAYUTEJTbHO
DoJbIlIee HePHoaa KoJleDaH .

Enunuie noToKa 3HePruu BoJIH ABIsAeTca samm (BT).

HafineM ¢BA3b NOTOKA 3HEPTHH BOJH C dHePrued KoJebJaonmuxcs
TOYEK ¥ CKOPOCThIO PACTIPOCTPAHEHUS BOJHBI.

BuigenuMm o6beM cpenbl, B KOTOPOM pAaCOpoCTPAHAETCA BOJHA, B
BHe HPAMOYIOJLHOrO mapanienenunena (puc. 5.21); nmmaolnans ero
OCHOBAHUA S, a AJHHA peOipa YHCJEHHO PABHA CKOPOCTH U ¥ COBIagaeT
¢ HANPaBJICHHEM PACHPOCTPAHEHUS BOJHBI. B cOOTBETCTBHN ¢ 9TUM 34
1 ¢ ¢KB03b MIOINAAKY S NPoHIeT Ta Y9HEePTHUA, KOTOPoi o61akanT Ko-
aebmoimnrecd yacTHIbl B 00beMe napasienenunena Sv. 9To ¥ eCTh NO-

TOK DHEPT'UH BOJIH:
© = <w >Sv, (5.53)

TAe <w > — cpedHan 0O pemMHaAA NAIOMHOCMb IHEPZUU KONEOaAMenbHO-

20 Oduacenusn (cpefHee 3HAUYEHUE DHEPTHU KoJebaTelbHOro ABIDKEHUS

YACTHII, YYACTBYIOIUX B BOJTHOBOM HPOLECCE U PACTIONOXeHHbIX B 1 M3).
IHomox 3Hepzuu 60K, OMHeceHH B K naowadu, Opuenmupo-

6AHHOU nepneHuUKYAAPHO HANPABAEHUIO PACNDOCMPAHeHUA 60NN,

HA3bLEAIOM NJOMHOCNbIO NOMOKA IHEPZUU BONLH,

UNU UHMEHCUBHOCMbIO GONH: g

I=®/8 = <w,>U. (5.54) Fom T -

EnvHuneid NAoTHOCTH NOTOKA 9HEPTHH BOJH AB- |« -
nsgercsa eamm Ha Keadpammubtit memp (Br/m?). Puc. 5.21
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JHeprus, NepeHoCHMMAA yNpyrod BOJHOH, CKJIAJABIBAETCH H3 NO-
TEHI[HAJbHOI dHepruu JeopMaUMH H KHHETHUYECKOH YHEpPrum Ko-
ae0momuxces yactun. IIpuBenem 6e3 BbIBoJA BhIpaXKeHHe IJsA Cpejl-
Hel 00'beMHOM NJIOTHOCTH dHEePruy BOJIH:

W = pAZm2/2, (5.55)
rpe A — aMnuTyaa KojaeGaHUM ToOYeK cpeibl, p — MJIOTHOCTS.

IloacraBasasa (5.55) B (5.54), umeem

I- %2‘”2 . (5.56)

Tarxum 06pasoM, MJIOTHOCTH MOTOKA SHEPruM YIPYruX BOJH IIpO-
HOpIMOHAJRHA TIJIOTHOCTH Cpe/ibl, KBAAPATY aMILIMTYAbI KoJieOaHuK
yacTuil, KBaJgpaTy 4acToTsl KosieGaHMH M CKOpOCTH paclHpocTpaHe-
HHA BOJIHBI,

§ 5.9. Yaapnsie BosnbI

OnuH u3 pacnpoCTPAHEHHBIX NMPUMEPOB MeXaHHYECKOM BOJHbLI —
3s8ykosana 60ana (cM. ri. 6). B aToM cayyae MaKCUMAaJIbHAA CKOPOCTH
KOJeDaHUl OTIeNbHON MOJEeKyJabl BO3AYXa COCTABIAET HECKOJbBKO
CAHTHMETPOB B CEKYHIY AdyKe OJA TOCTATOYHO OOIBIIOM MHTEHCHB-
HOCTH, T. €. 3HAUYUTEJbHO MEeHbIIIe CKOPOCTH PACHIPOCTPAHEHNA BOJTHBI
(ckopocTh 3BYyKa B Boadayxe okoJo 300 M/c). 9To cooTBeTCTBYET, KaK
IIPUHSATO TOBOPHUTH, MAJIBIM BO3MYILIeHUAM Cpebl.

OnHako npu 6OJBIITHX BO3MYINleHHUAX (B3PbIB, CBEPX3BYKOBOE NBH-
JKEeHHe TeJl, MOIIHBLIN 3JeKTPUYeCKU Y Pa3pan U T. I.) CKOPOCTH K01¢0-
JIOLUXCA YACTHUI, CPeibl MOMKET yiKe CTATh CPDABHUMOM CO CKOPOCTHIO
3BYKAa, BOSHUKAET yIapHas BoJHA.

IIpu B3pBIBe BBICOKOHATrpPETHIEe TIPOAYKTHI, obJajgaionie GoabInoi
IMJIOTHOCTBIO, PACIUMDPAIOTCA ¥ CoKUMAIT CJION OKPYKAIOIET0 BO3AY-
xa. C TedenmeM BpeMeHM 00BbeM CXKATOTO BO3AyXa Bo3pacTaer.
ToHKYI0 TepexoAHyIo 00/IaCTh, KOTOPAA OTAEAAET CHATHIA BO3AYX OT
HEBO3MYIIIEHHOT'0, B (pM3UKe HA3LIBAIOT Ydaprot eoanou. CxemaTwu-
HO CKAQYOK IJIOTHOCTY ra3a Ipy paclipoCTPAHEHUM B HEM YIAPHOM BOJI-
HbI IOKAa3aH Ha puc. 5.22, a. [[na cpaBHEeHUA HA 9TOM Ke PUCYHKe NO-

P P
Pot - Py [ snrnnn annnss A
2 X 0 X
a) 6)
Puc. 5.22
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Ka3aHo H3MEHeHHe IJIOTHOCTH Cpeabl NPU NPOXOKIEHHHN 3BYKOBOU
BOJIHBI (pucC. 5.22, 6).

YoapHas BoJHA MoXXeT 00JaaTh 3HAUUTEJNbHON 3Hepruel, Tak,
NP AZepPHOM B3PbIBe HA o0pasoBaHNe YIAPHOW BOJHBI B OKPYXAalo-
et cpene sarpaumBaeTca okoso 50% sreprum BapwiBa. IloaTomy
yInapHas BoJHA, JOCTHTAA OMOJOTMYeCKHX ¥ TeXHUYeCKUX 00'beKTOoB,
crnocobHA NTPUYHMHUTL CMEPTh, yBeUbs U pa3pyllieHHUA.

§ 5.10. 9pdext Tomaepa

dppexmom Jonnepa nasviéarom uU3MeHeHUE HACMOMbL 601N,
eocnpurumaemotx Habnrodamenem (nPpUeMHUKOM 601AH), 8cred-
cméue OMHOCUMENbHOZ0 JBUNCEHUA UCMOLHUKA 60K U Habawda-
meas.

IIpencraBuM cebe, yTo HADMIOAATENb NPHOJIHMKACTCA CO CKOPOCTHIO
v, K HeMOABMHOMY OTHOCUTEILHO CPe/ibl KCTOYHUKY BoH. ITpu aTom

OH BCTpedaeT 3a OJUH ¥ TOT Ke HHTePBAJ BpeMeHM OoJbIlle BOJIH, 1eM
NPH OTCYTCTBHY ABIKEHUA, ITO 03HAUAET, YTO BOCHIPHMHMMAEMAas uac-
TOTa V' OOJbIIe YACTOTHI BOJMHBI, HCIYCKaeMold MCTOYHUKOM. Ho Tak
KaK JJHHA BOJHBI, 4aCTOTA K CKOPOCTH PACIIPOCTPAHEHU A BOJHBI CBA-

U P + Dy v
34HBI COOTHOILUEHUEM V = o TO V' = > WJIH C yYETOM A = -
s %
v+vov
v = “v. (5.57)

v

Hpyroi coryyail: MCTOUHHUK BOJH M OBIDKETCH CO CKOPOCTLIO U, K He-
NOABIDKHOMY OTHOCHUTEJBHO cpedbl HabmwogaTento (puc. 5.23, a). Tax
KaK MCTOYHHK IBIKETCA BCJeH 34 MCIyCi'aeMoil BOTHOM, TO AJUHA BOJI-
HbI OyIeT MeHbIlle, YeM NpPH HEeMOIBMXKHOM HCTOYHMKe. B caMoM geite,
JJIVHA BOJHLI PABHA PACCTOAHMIO MEXKAY IBYMSA TOUKAMHU € PA3HOCTHIO
das 2n. 3a Bpema T, paBHOe OJHOMY NepPHOAY, BOJHA PACTIPOCTPAHUTCAH
HA PaccrosgaMe A (puc. 5.23, 6), HICTOYHHUK BOJIH NepeMeCcTUTCA HA pac-
croanue AB = v T. ®@asel Touek Bu C

NPH 3TOM pas3ninyalTcsa Ha 271, caelo- v,

BaTeJIbHO, PACCTOAHKHE MeXXJIy HHUMH —@""= ‘ﬁ—
PaBHO IOJWHE BOJHBI A', 0OpasyeMoH
NPpH IBIKEHHM HCTOYHUKA H3JyUe-
uudA. Menoabaysa puc. 5.23 u suad, 4To

UH
v f"
V= 5, BHIIOTHUM HEKOTOPbIE BEITHC- Al v 7B Te

- — -y

JIeHH AL - T T

N R I L T, 7
Vv - (o Puc. 5.23

<
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B sTom cnyuae mabaogaTess BOCIpUHKEMAaET BOJMHY, YaCTOTA KoJie-
DAHUI KOTOPOH

Vi=m=_Y_y. (5.59)
TR
IIpu omHOBPEeMEHHOM ABUHMKEHUM APYT K APYry HAOIIONATENA U HC-
TOYHMKA (POPMYyJa A8 BOCIPHHUMAEMON YacTOThl NOJAyYaeTCHd IMOJ-
CTAaHOBKOH B popmyay (5.59) v/ [eMm. (5.57)] BMecTO v:

NI U+UHV:U+UH
v-v, V I Ve

v. (5.60)

Kaxk sugno ua (5.60), npu cOMMKeHUN UCTOUHHUKA BOJIH M HAOIIO-
Jarens BOCIPHHHMAETCA dYAacToTa Oosbilie ucnycKaemol. HMamenmuB
BHAKK y U, ¥ U, B (9.60), MOXXHO TOJTYyYUTL AHANOTUYHYIO QOPMyIy
NpH yAAJeHHUH UCTOYHHKA oT Habaogarens (npueMHuKa). Takum ob6-
pas3oM, MOMHO 3anucaTh o0y QopMyay

fFIiUiUH

\Y

— v, (5.61)
v+u,
rAe «BepXHMe» 3HAKHK B QOPMyJie OTHOCATCA K CONMMMKEeHHI0 NCTOYHHMKA
¥ NIPUEMHUKA BOJIH, 8 «HIKHIE» — COOTBETCTBEHHO K YIAJEHUIO.
Iddert [Jonnepa MOKHO HCIOJAB30BATE AJIA opeseIeHuA CKOpoc-
TH IBUKEHUS Tesa B cpeae. [N MeJUIMHCKUX IPUMeHEHUN 9TO HMe-
eT ocoboe anavenune, PaccMoTpuM IoApoOHee TAKOH caydai.
IIyeTs renepaTop yJasTpasByKa COBMeIeH ¢ NIPHEMHHKOM B BUje
HEKOTOPOH TeXHUYeCKol cucTeMsl (puc. 5.24). TexHUYecKas cucrema
HelOJBHMXKHA OTHOCHUTEJILHO cpeasl. B cpese ¢o CKOPOCTHIO U, ABHKET-

cA 00beKT (Teso). 'eneparop manydaeT yJabTPasByK ¢ 9acTOTOH v .

Bk ymuMca o0'beKTOM, KaK HabJalopaTeneM, BOCHIPUHHMAETCA Yac-
TOTA v,, KOTOPaA MOKeT ObITh Halinena 1o gpopmyJe (5.97):

=YY% (5.62)

v Vi

Vi

e UV — CKOPOCTH PACNPOCTPAHEHUA MeXaHWJeCKOU BOJHBI (yJbTpa-
3ByKa).

Y 1eTpasByKoBad BOJTHA € YACTOTOW v, OTPaKaeTcAd ABIKYUIUMCHA
00'BEKTOM B CTOPOHY TeXHHUECKON cucTeMbl. [IpHeMHUK BOCIIPHUHIMA -
eT yxe Ipyryo dacrory (3¢gdext Honnepa), KOTOPYH MOX»HO BBIpa-

3UTh, HCNOJAB3YA popMyay (5.59)

_ v
Vg V30Tp ¥ 3| Texuuueckasn Vop = ——— Vy, WK C y4€TOM (5.62)
i ol A Wa ST "W v UO
cUCTeMa
U v+vov v+v
Vap = Ov = ®v.. (5.63)
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Takum obpazoM, pazHKa 4acTOT PaBHA

_v+tpy o vtug-vtug o 2pg 5.64
A np r Vi VI‘_ Vr- VI‘ (' )
U -0 L-vg V=0

¥ Ha3bIBAETCA JONAepo6CKUM cO6UzZOM Hacmomol.
B MeaMUHCKUX NPHJIOKEHNAX CKOPOCTD YJIbTPA3BYKA 3HAYNTE/b-
HO DoJbllie CKOPOCTH ABIDKEHUA 00beKTA (U 2> U,). [l1d 3TUX ciyyaes

u3 (5.64) umeem
2v,
s TVF' (5.65)
IpPeKT [lonnepa HCHOAB3YETCH OJAA oOpelie/leHusa CKOPOCTH KPo-
BoToKa (cM. § 9.5), cKopocTHu ABMMKEHUS KJANAaHOB M CTEHOK ceplia

(DoMIePoOBCKAA 3XoKapauorpagpua) U APpyruxX OPraHos.

PAABA é

AKYCTUKA

vV

AKYCTUKE — OOABCTb GMBMKM, UCCACAYIOLLAS YToYTHe koreDaHus U
BOAHbI OT CaMbIX HU3KMX YACTOT AQ MPEACABHO BbICOKMX (~1013T1).
CoBpemeHHas aKyCTMKa OXBATbIBERT LUMOOKMIM KOYI BOTMOCOR, B
HEeM BLIAGASIOT DSIA PA3ACA0B: M3MIECKas akyCTHKA, KOTOPaEs M3Y-
yaeT OCOBEHHOCTU PACTIPOCTRAHEHMS YIDYTUX BOAH B PA3AMY-
HBIX CPeAAX; GUBMOAOMMHECKas aKYCTUKA, U3yHaIowas YCTPOMCTBO
1 PAOOTY 3BYKOBOCTIOMHUMAIOLLIMX M 3BYKOOODA3YIOLMX OPraHOB
Y YEAOBEKA M XMBOTHBIX, M AD. B y3KOM CMbICAE@ CAOBA MOA aKyC-
TUKOM MOHMMEIOT Y4eHMe O 3BYKE, T. €. 00 Yripyrx korebaHusx U
BOAHAX B ra3ax, XMUAKOCTSX U TBEPAbBIX TeAaX, BOCTOMHMMAEMBIX
HYEAOBEYECKMM YXOM (4aCTOTbI OT 16 A0 20 000 Twy).

§ 6.1. IIpupona 3Byxa
H ero husudecKkue XapaKkTePUCTHKU

3BYKOBbIe KOIeGAHMA ¥ BOJMHBI — YACTHBIN cJydail MexaH MdYecKux
rKonebanui 1 BoMH. OLHAKO B CBASH C BAXKHOCTHI) AKYCTHUYCCKUX II0-
HATHUY I1A OneHKH CIyXOBBIX OIMYIIeHH, a TaKKe U B CBA3H C MeJIU-
LHUHCKIMH NPUIOXKEeHHAMH, 1eJecoo0pPasHo HeKoToPble BOMPOCH Pa-
300paTh CIEeIHATILHO. -
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[MpusATO pasanyarh claeayrInie 3ByKU: 1) TOHbI, MK MY3bIKaJIb-
Hble 3BYKH; 2) IIIYyMbI; 3) 3BYKOBbIE YIAPbI.

Tonom na3bvisaemca 36YK, AAANOULULCA nepuoduyeckum npo-
yeccom. Ecnu 3TOT mpomnecc 2apMOHU4eCKUll, TO TOH Ha3bIBaeTcd
npocmbiLM UM YU CMbiM, 8 COOTBETCTBYIOIIAA IJIOCKAA 3BYKOBAas BOJI-
HA onHuchbiBaeTca ypaBHeHHeM (5.48). OcHOBHON QU3MYECCKON Xapak-
TePUCTHKOH YHCTOTO TOHA ABJACTCA YACTOTA. AHZAPMOHUYECKOMY!
KOoMeGaHVI0 COOTBeTCTBYeT caoxchbid ToH. I[Ipocroil Ton usgaer, nHa-
IpuMep, KAMepPTOH, CJIOMHbBIN TOH CO3aeTCA My3bIKAJbHBIMK HHCT-
PYMeHTaMU, annapaToM peu (IJ1acHble 3BYKH) K T. II.

CroXHBIA TOH MOXeT OBITH Pa3JoKeH Ha NpocTble. HaMMenbilias
YacToOTa V, TAKOTO DPa3NOKEeHUS COOTBETCTBYET OCHO6HOMY MOHY,

ocTaJbHBbIe TADMOHUKY (06€pmoOnbL) HMEIOT YaCTOThI, PABHbIE 2v0, 3V,

¥u T. A. HaGop 4acToT ¢ yKazaHueM WX OTHOCHTEJbHON MHTEHCHBHOC-
TV (HIE aMILIUTYAbl A) HA3BIBAETCA GAKYCMUWeCKUM CReKmpom
(cM. § 5.4). CrieKTP CI0XKHOI0 TOHA JUHeHUYaTsIH; HAa puc. 6.1 mokaza-
Hbl AKYCTHYeCKUe CTIeKTPHI 0LHON U TOH e HOTH (v, = 100 I'n), B3s-
ToH Ha posane (a) u KaapHere (6). Takum o0GpasoM, aKyCTHYCCKHHA
CIEKTP — Ba)kHasd QPUINIECKAA XaPAKTEePUCTHUKA CJI0XHOI0 TOHA.

HTymom na3sbiéarom 36YK, OMAUNAIOUWUILCA CALONHOU HENnoemo-
parnwelca epeMenHOU 3a6UucCumMOCmblo.

K tmymy oTHocATcA 3BYKH OT BHOpanuu MallliH, allJIOAUCMEHTBI,
IIyM MJIaMeHU I'opeakH, LIoPoX, CKPUII, COTVIACHBIe 3BYKH PedH K T. II.

a) X4 a%

100
Mﬂ 75
U[L A } -~ 50

25

e

A_-

i i
00 800 1200 1600 2000 v, I'n

0,01cY 0,01c 0
-t ]

6) X4
) xJ o

100 |
75
50 i

25

l
4

A i

LA{U 0,01c

1l I
00 800 1200 1600 2000 v, I'g

b o
=)
5 =
~¥

0

Puc. 6.1

1 AHrapMOHHWUYECKOE — HerapMoHH4YecKoe KoJebaHue.
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IITyMm MOXHO paccMaTpHBaTL A}
KaK codeTaHue O0eCHOPAZOYHO H3-
MCHSALUIUXCA CJOMHBIX TOHOB.
Ecnu noneITarbecsa € HEKOTOPOH
CTENeHbI0 YCIOBHOCTU DA3IOKUTH
IIYyM B CHOEKTP, TO OKaXeTcHa, 4TO

3TOT CNEKTP OyaeT CIJOLIHBIM, Ha- T — T -
IpUMep CHeKTpP, HOJYyYeHHBIH oT 100 500 1000 2000 4000 10000 v, I'y
IyMa ropeHust OYH3€eHOBCKOU TIa- Pc. 6.2
30BOi1 ropeaku (puc. 6.2).

38yxoe0ol ydap — 3mo KxpamroépemennOe 38YK080¢e 030elicm-

éue: xa0nok, a3puie U m. n. He caredyem nymamsv 3s8yrkosoit yoap c
yoaproit soanolt (em. § 5.9).

IJHepreTHdeCKoi XapakTepUCTHKON 3BYKa KAK MeXaHUYeCKOHU BOJI-
HBI ABJACTCA HHTEHCUBHOCTD (cM. § 5.8).

Ha npakTuKe A4 OlleHKK 3BYKa ya00Hee NCNOJIb30BATH He UHTEH-
CHUBHOCTS, a 38yKo80¢ dassenue, JONOJHUTEIbHO BO3HHKAOLICe IPU
HPOXOXKICHUH 3BYKOBBIX BOJIH B JKHJIKON MK ra3oo6pasHol cpefe.
Ina nmocKol BoJHBI MHTEHCUBHOCTH CBA3aHA CO 3BYKOBLIM JABJIEHU-
eM P 3aBHCHMOCTHIO

I =p?/(2pc)t,
rge p — OJOTHOCTH CPedbl, ¢ — CKOPOCTH 3BYKA.

HopmanabHoe denoBedecKoe yX0 BOCIPHHMMAET AOBOJbHO ILKPO-
KNP JUana3oH MHTEHCHMBHOCTeH 3BYKa: TAK, HANPHMeD, HA YACTOTE

1 kT or I, = 10712 Br/m? man p, = 2 » 107 I1a (mopor cablIIEMOCTH)
no I . =10 Br/m? wnu p = 60 Ila (nmopor 601eBoro omylleHus).
OTHoOIIeHHe 3TUX UHTeHcUBHocTed paBHo 1013, mosromy ymoOHee wc-
NOJbL30BATH JorapupmMuyeckue equaunsl (cm. § 1.1) 1 sorapudpmuye-

cKyio mkany. IIkama ypoBHel HHTEeHCUBHOCTEN 3BYKA co3faeTcs cie-
oYUM o0pazoM: 3HayeHHe [, NPUHKUMAIOT 32 HAYANBHBIN YDOBEHb

INKAaJIBI, JIOOYVIO IPYIYVIO MHTEHCHBHOCTS [ BRIPDAXKAIOT Yepel3 AeCATHY-
HBIA MorapudM ee oTHOIleHUA K I (B Oesax, cm. § 1.1):

Ly =1g (/1) (6.1)
a 0Jd 3BYKOBOI'O JaBJICHHUA

Ly = 21g (p/py)-
HpH HCIIOJIB30OBAHUH ,ILBU,HﬁeJI COOTBETCTBEHHO HMeecM
L = 10lg(I/I,) u Lz = 201g(p/p,)- (6.2)

I Crporo rosopsa, B aToli (hopMyse moj p CAeAYeT MOHUMaTh aMILTUTYIY
3BYKOBOI'O JlaBJIeHUA.
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= Hartunk Veunurens H3mepuTeILHBIH
npudop
Puc. 6.3

HMamepeHue 3BYKOBOIO JABJEHUSA B ra3dax IpPoOM3BOIUTCA U3MepH-
TeJIbHBIM MEKPO(QPOHOM, KOTODBLINH COCTOMUT U3 JATUYHKA, Npeolbpasyio-
Iero aKYyCTUYECKYE BETHYHHY B DJEKTPUYECKUN CUI'HAM, dJEKTPOH-
HOT'O YCUJIWTENA W 3JeKTPpUYeCKOoro M3MepHTenbHOro nputopa (puc.
6.3). 3Ta cxeMa ABJIAETCA YACTHLIM CaydYaeM obOI{el CTPYKTYPHOH cxe-
MbI (eMm. § 17.1).

§ 6.2. XapaxrepucTukH CIyXOBOro OUIYIIEHHMA.
IlonsiTue 00 aynnomMeTpuu

B § 6.1 paccmarpuBaJiich 00beKTUBHbBIE XaPAKTEPUCTUKHM 3BYKA,
KOTOPbIe MOIVIM OBITh OlleHeHbl COOTBETCTBYIIMMY NPUOOPAMU He3a-
BHCHMO OT 4YeJoBekKa. OgHaKo 3BYK ABJAAETCA 00BEKTOM CIYXOBBIX
OLIVINEeHHUH, TO3TOMY OLIeH MBACTCA YeJIOBEeKOM TaAKXKe U cyObeKTUBHO.

BocnpuHuMas ToHBI, YeJOBEK pas3anyaeT UX IO BLICOTE. _

Boicoma mona — cyObeKTHBHAA XAPAKTePUCTHKA, 00YCJIOBJIEH-
HAd TIPeXx e BCero 4acToTol OCHOBHOIO TOHA.

B 3naumrenbHO MeHbIIEH CTeIeHH BBICOTA 3aBHCHUT OT CJIOMKHOCTH
TOHA ¥ er'o0 MHTEHCHBHOCTH: 3BYK 00JbIel HHTEHCUBHOCTH BOCIIPHUHU-
MaeTcA KAK 3BYK 0oJiee HE3KOI'O TOHA.

Temb6p 3BYyKa MOYTH KHCKJIKYHUTEIbHO olpeledseTcsa CHEeKTPasb-
HBIM COCTABOM.

Ha puc. 6.1, a, 6 pasable aKkycTHUECKHE CTIEKTPLI COOTBETCTBYIOT
pasHomy TeMOpPy, XO0TA OCHOBHOM TOH W, CJEL0BATENbHO, BBICOTA TOHA
OJLUHAKOBBHI.

I'pomxocms — eme ogHa cy0ObeKTHBHAA OlEeHKaA 3ByKa, KoTopas
XapaKTepH3yeT YPOBEHb CIYXO0BOI'o OIYyIleH UA.

HecmoTpa Ha cy0beKTHBHOCTH, 'DOMKOCTbL MOMKeT ObITH OIleHeHa
KOJIMUYECTBEHHO My TeM CPABHEHUSA CJIYXOBOI'O OIYINEeHUA OT IBYX HC-
TOYHHUKOB.

B ocHOBe co3gaHus IHKaJB YPOBHEH I'PDOMKOCTH JEXKUT BAMHBIN
ncuxoduianuecKkun 3aKon BebGepa—dPexHepa: ecam pasapaskeHue
YBEJIMUHBAETCA B reoMerpumyeckon INporpeccum (T. €. B OJHHAKOBO®E
YyuCJI0 pas), TO OIYIEHHe TOro pasjpaskeHusd BoapacraeT B apud-
MeTHYeCcKOu Iporpeccuu (T. €, HA OAMHAKOBYIO BeJumumHy). [Ipume-
HUTENBbHO K 3BYKY 9TO 03HAYAET, YTO €CJI¥ MHTEHCHUBHOCTD 3BYKa NIPH-
HEMaeT PAj] MocaeJoBaTeNbHbIX 3HAYCHUN, HANpuUMep al,, aQIO, a3[0
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(a — HekoTOPHIA KoshdunmenT, a > 1) u T. 4., TO COOTBETCTBYIOILME
UM olyllleH A I'POMKoOCTH 3BYyKa K, 2E , 3E,uT. .
MaTemMaTHYeCKH 3TO 03HAYAET, UYTO I'POMKOCTL 3BYKA HPONOPLH-
OHAJILHA JoTapudpMy MHTeHCHBHOCTY 3ByKa. Eciu gelicTBytor ABa 3By-
KOBBIX PasjpakeHus ¢ MHTeHCUBHOCTAMU [ U [, npudyem [, — mopor

CJBIIINMOCTH, TO HA OCHOBAHHU 3aKoHA Bebepa—®PexHepa TPOMKOCTD
OTHOCHTENbHO [, CBA3AHA ¢ HHTEHCUBHOCTHIO CIICAYOIIUM 00paszoMm:

E = klg/I,), (6.3)

rie R — HEeKOTOPHIH Ko3(Q(PHUIHEeHT NponopnMAOHAJIbHOCTU, 34BHCH-
I OT YaCTOTHI M MHTEHCHBHOCTH.

Ecau 651 KoapdunpenT £ 6B TOCTOAHHEIM, TO U3 (6.1) 1 (6.3) cae-
LOBAJIO ObI, UTO Jorapu(pMHUYecKas LKA a MUHTeHCUBHOCTEN 3BYKa CO-
OTBETCTBYeT INIKajle IpoMKocTeil. B 3TOM ciayyae rpoMKoCTb 3BYKAa,
TAK e KaK ¥ MHTeHCHBHOCTH, BhIpa)kayiach Obl B Genax wmau gepuoe-
jgax. OgHAKO CHJIbHAA 3aBUCHMOCTDL kB OT YaCTOTHI M MHTEHCHUBHOCTH
3BYKa He T03BOJAeT H3MePeHHe I'DOMKOCTH CBECTH K HPOCTOMY HC-
IOJIb30BAHUK (popMy.asl (6.3).

YcnoBHO cuuTalT, 4To HA yacrToTe 1 K[ mIKaJIL rPOMKOCTH ¥ HH-
TEHCHMBHOCTH 3BYKa MOJHOCTBIO coBNaaT, T. ¢. k= 1u E;=1g(I/I ),

UM, 10 aHaJoruu ¢ (6.2),
E,=101g(/1y). (6.4)

Ilnda oTnu4ua oT IIKaJdbl HHTEHCUBHOCTH 3BYKa B LIIKAJe I'POMKOC-
TH genubensl HA3LIBAOT poramu ((poH), NOITOMY BBegeHO 0003HAUYe-
HUE Eq).

F'poMKoOCTE HA APYIUX YACTOTAX MOMHO M3MeDPUThL, CPABHUBASA MC-
crenyeMbIil 3BYK co 3ByKoM YacTorod 1 KI'm. Jns 9Toro ¢ noMoIbio
36YK06020 zenepamopa' co3naloT 3ByK dacToToll 1 kl'u. MameHdAOT
MHTEeHCHUBHOCTD 3BYKa 0 TeX Nop, NoKa He BOSHUKHET CJAYX0Boe OLIy-
IeHre, aHAJOTHYHOEe OINYINEeHHI0 IPOMKOCTH HCCIeAyeMOor'o 3ByKa.
HMuarTencuBHOCTh 3BYyKa yactoTon 1 KMy B nenubenax, naMePeHHAS O
npubopy, PaBHA TPOMKOCTH 3TOI'0 3ByKa B oHAX.

I[na Toro 4rof0sl HANTH COOTBETCTBHE MEXK LY 'POMKOCTHIO ¥ MHTEH -
CHUBHOCTHIO 3BYKA HA PA3HbIX YACTOTaX, MOJb3YHTCA KPHUBBIMU pPaB-

! 3BYKOBLIM IeHepaTOpOM Ha3LIBAKOT 3JEKTPOHHLIN npubop, reHepupyIo-
IMUH 3J1eKTpUYecKUe KojaebaHUA ¢ YaCTOTaMU 3BYKOBOTO AWamna3oHa. OJIHaKo
caM 3BYKOBOI I'eHEpaTop He ABJIAeTcA UCTOYHUKOM 3BYKa. Ecau e co3magae-
Moe UM KoJlefaHHWe IoJaTh Ha AUHAMUK, TO BO3HUKAaET 3BYK, TOHaJAbHOCTE KO-
TOPOT'0 COOTBETCTBYET 4acTOTe reHepaTopa. B 3BYKOBOM reHepartope Ipegyc-
MOTpeHa BO3MOYKHOCTL IIJIaBHOT'O M3MEeHEeHUA aMIJIUTY/IBI U 4acTOThl Koseba-
HUMH.
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L, n1b
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Puc. 6.4

HOW rpoMKocTH (puc. 6.4). 3T KpPUBBIE NMOCTPOEHBl HA OCHOBAHWMH
CPeIHUX AAHHBIX, KOTOPHIe OBLIYM NOJYYEeHBl ¥ JIIOAeH ¢ HOPMAaJIbHBIM
CAYXOM NPH M3MEePeHHAX, NPOBOAUMLIX 110 ONMCAHHOMY BGHIIIE Me-
TONY -

HumxHasaA KpUBasg COOTBETCTBYeT MHTCHCHUBHOCTAM CAMBIX CJIA0BIX
CHBILIMMBIX 3BYKOB — TOPOTY CJBILIEMOCTH: 475 BeeX yacror Ey = 0,

nna 1 k[ cooTBercTByIOIAA UHTEHCUBHOCTD 3ByKa I, = 10 12B1/M?,

M3 npuBegeHHbIX KPHUBLIX BHAHO, YTO CPeHee YeJoBeYeCKoe yX0 Hau-
6osee uyBcTBUTENbHO K yacToram 2500—3000 I'iu. Kaxknaa npomexy-
TOYHAA KPMBasg OTBeYaeT ONMHAKOBOM I'DOMKOCTH, HO PA3HOM HHTEH-
CHMBHOCTH 3BYKa s PasHblXx gacroT. Ilo orgesbHON KpHBOU PaBHOU
FPOMKOCTH MOXXHO HallTH MHTEHCHBHOCTH, KOTOPBIC IPH onpeJesTeH-
HBIX YacTOTaX BLIZBLIBAIOT OLIYIIeHNE 9TON I'POMKOCTH. McHonb3ys Co-
BOKYHHOCTb KPHMBBIX PABHOM I'DOMKOCTH, MOMHO HANTH AJA PA3HBIX
YacTOT I'POMKOCTH, COOTBETCTBYIOIINE ONpeleeHHOM HHTeHCHBHOC-
Ti. Hanpumep, nycTs MHTEHCHBHOCTH 3ByKa yacrtoroil 100 T'y coor-
BercTByeT L = 60 1B. KakoBa rpoMKocTs 9Toro 38yka? Ha puc. 6.4 na-
xoauM 104Ky ¢ Koopaudaaramu 100 T'u, 60 nB. Ona nexxur Ha KpUBOH,
COOTBeTCTBYIOIIEH ypoBHIO TPoMKocTH 30 (hoH, 4TO U ABIAeTCA OTBe-
TOM.

Yrobbl MMeTh OnpelesieHHbIe NPEICTABICHUS O PA3JMYHBIX MO XAa-
paKTepy 3ByKax, NpuBeleM X (huardecKHe xapakrepucTuku (Tada. 13).
Merop H3MepeH A 0CTPOTHI C/IYXa HA3BIBAIOT ayduomempuel.
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Tabaruuya 13

¥ poBEHL MHTENCHBUOCTH
. ) UnreHcus- | 3syKoBoe 3BYKAa OTHOCHTEJ5HO I0-
PHMMepHSLIN XapakKTep pora ciasnuuMocTH, ab
3ByKa HOCTS 3By~ | AaBJ1€e- (MIW ypOoBeHL TPOMKOCTH
ka, Br/m2 | Hue, Ila
3BYKAa JJIA 4acToThl
1 kI'n, ¢on)
Topor cabIIIMMOCTH 10-12 0,00002 0
CepaedHble TOHLI Yepes
CTETOCKOIL 10-1! 0,000064 10
Menor 10-19 0,0002 | 20
10/ | 0,00064 30/
Paarosop:
TUXUH 108 0,002 40
HOPMANbHbLIA 1077 0,0064 50
rPOMKHMI 106 0,02 60
lym Ha 02KHUBIAEHHOIT yaulle 10-5 0,064 70
Kpuxk 104 0,2 80
My
B [10€3/le MeTpo 103 0,64 90
MOTOIUKIA (MAKCUMANLHELT) 102 2 100
JIBUTATEJIA CAMOJIeTA 10-1 6,4 110
TO e, BONUaU 100 20 120
Ilopor GoaeBoro oy eHus 101 64 130

Ilpu aynuomMeTpuu Ha cenaIbHOM nIPubope (ayduomempe) onpe-
AEJAK0T MOPOr CAYXOBOTO OINYINEeHUA HA PA3HBIX YACTOTAX; MOJTYYEH-
HaA KPUBasg HaablBaeTcsa ayduozpammoi. CpaBHeHHe aynuorpaMMbl
0OJBHOI'O UeJJOBEKA ¢ HOPMAJbHOW KPHUBOU NOpora CIyxXoBol'o oLlyile-
HUA NOMOraeT JTHArdHoCTUPOBATH 3a00oJeBaHKe OPraHoB CJayXa.

s 00BbEeKTUBHOI'O U3MePeHUS YPOBHA I'DOMKOCTH IIyMa HCINOJIb-
ayerca wuymomep. CTPYKTYPHO OH COOTBETCTBYeT cXeMe, H300PaXKeH-
Holl Ha puc. 6.3. CBolicTBa IIyMoMepa NPUOJIMKAIOTCA K CBOHCTBAM
YeIOBeUeCKOro yXa (CM. KPHBBIe PABHOH I'DOMKOCTH Ha puc. 6.4), nisa
9TOr0 AJIA PA3HBIX AMANA30HOB YPOBHEH I'DOMKOCTH HCHOJbIYIOTCHA
KOPPeKTHPYIOILIHe 3IeKTPHYIecKHe QUILTPLI.

§ 6.3. Pusuueckne OCHOBBHI 3BYKOBLIX METOIOB
HCCJIETOBAHNA B KIMHHKE
3eyk, Kax u céem, A6AAEMCA UCMOYHUKOM UHPOpMAyUU, U 8
IMOM 2AA8H0¢e €20 FHaAYUeHUe.

3BYKH NPUPOALI, peub OKPYXKAWIUX HAC JOAel, iyMm padorao-
IQUX MAIlIMH MHOT'oe coobiarT HaM. UYTobbl NpeacTaBUThL 3HAUEHUE
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3BYKa IJA YejoBeKa, HOCTAaTOYHO BPEeMEHHO JuIIuTbh cehA BO3MOMK-
HOCTHU BOCIDUHUMATL 3BYK - 3aKPHITh YIIIHK.

EcrecTBenHO, YTO 3BYK MOKeT OBITh B HCTOUHKKOM WHQOPMAUMEK O
COCTOAHKHM BHYTPEHHUX OPTaHOB YeJ0BeKa.

PacnpocTpaneHHbI 3BYKOBOU METOJ AUATHOCTHKH 3a00JJeBaHU —
ayckynvmayua (BucaylinBaHue) — udBecTeH emje co II B. go H. 3.
s aycKyabranyy HCHOJIb3YIOT cmemockon uiu (poHendockon. Po-
HeHJocKon (puc. 6.5) cocrouT U3 moJioun Kancyybl I ¢ mepegarmoiex
3ByK meMmOpano#u 2, npuKjaasiBaeMon K Teay OOILHOTO, OT Hee UAYT
pe3uHOBbIe TPpyOKu 3 K yXy Bpauda. B mosol KancyJsie BO3HuKaeT pe3o-
HaHC cTog0a BO3ayxXa, BCAEACTBHe UYET0 ycuJuBaeTcsa 3BYYaHHe wu
yAydIilraeTcsa aycKynbTanus.

Ilpu aycKyabTanuy JeTKuX BHICJYUIXBAKOT AbIXarejabHble LIYMbI,
pa3Hble Xpullbl, XapaKkTepHble A 3aboaeBaHuun. 110 n3MeHEeHHIO TO-
HOB CepAna 1 MOABJCH WO IIIYMOB MOMHO CYIuThL O COCTOAHUHU Cepaed-
HOM geATenbHocTu. Menmonbaya ayCcKyabTanWilo, MOMKHO YCTAHOBHTL
HAIH4Yue NepucTaANbTuKy MeJIyAKa 1 KullIeUHuKa, Npocayliarh cep-
nebueHue 1JI01a.

A ogHOBpEMEHHOI'O BLICAYIIHBAHUA OOMBLHOTO HECKOJIbKUMH KC-
caefoBaTeNAMu ¢ y4eDHOU UeJb0 uJu OpH KOHCHJIKuYMe HCHNOJb3YIOT
CHUCTEeMY, B KOTOPYIO BXOAAT MHKPOQOH, YCHJINTENb ¥ TPOMKOTOBODH-
TeJIb UM HECKOJILKO TeJTe(OHOB.

InsA [UaTHOCTHKH COCTOSHKA CePAeYHOU AesATeJbHOCTH NPHUMEHA-
eTcA MeTOH, MOLOOHBIM ayCKyJbTanUU ¥ HA3bIBAEMBIN (pOHOKaAPIUOZ-
pagueit (DKT). Oror MeTo 3aKaM0OUaeTCA B rpauuecKol perucrpa-
UK TOHOB ¥ LUTYMOB CepAla ¥ UX IHATHOCTHYECKON MHTepIpeTanun.
3anuch (DOHOKAPAKOTPAMMBI MPOU3BOAAT ¢ MOMOIIBK (POHOKAPIHOT-
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pada (puc. 6.6), cocToAnero U3 MAKPO-

(poHa, yCHIHTENndA, CUCTEMBl YacTOTHBIX ﬂ\r
(GUABTPOB U PETHCTPUPYIOILETO YCTPOU-
crBa. Ha pme. 6.7 mokKazaHa HOpMaJb- Puc. 6.7

Hada PoHOKapauorpaMmmMma.

I[IpHHIUOVATBH B E OTJIWYHA OT IBYX H3JTOXKEHHbIX BBILIe 3BYyKOBBIX
METOJOB HMeeT nepKyccus. B 3ToM MeTole BBICAYUIVBAKOT 3ByYaHUeE
OTIEeNbHBIX YacTel Tega NpU OPOCTYKHUBAHUHY HX.

IlpeacTaBMM 3aMKHYTYIO HOJ0CTS BHYTPH KaKOTO-HUOY b Tesa, 3a-
NOJMHEeHHYIO Bo3ayXoM. Eca BBI3BATh B 3TOM TeJie 3BYKOBbBIe Kojeba-
HHUA, TO OIPH ONPeAeJIeHHON yacToTe 3ByKa BO3AYX B NOJIOCTH HAYHET
pPE3VOHHMPOBaTh, BLIACAAA U YCHJIUBAA TOH, COOTBETCTBYOILIUE pasMepy
U TOJIOMKEeHHI0 nojgocTH. CXeMaTUYHO TeJo 4eJoBeKa MOMHO IpeacTa-
BUTH KAK COBOKYIHOCTb TA30HANOJHEHHBIX (JIeTKHe), JKUAKHUX (BHYT-
pEeHHMe OPraHsl) ¥ TBepAbIX (KocTh) o6beMoB. Ilpu ynape no noBepx-
HOCTH TeJa BO3HHKAIT Kojie0aHMA, JacTOThl KOTOPBIX MMeIOT LIKpPOo-
KWl nuanaszod. K3 3Toro auamasoHa OJHE KogeDaHUs TOTacHyT
IOBOJBLHO OBICTDO, APYTHeE JKe, COBNALaInKe ¢ cCOOCTBEHHBIMH KoJe-
faHUAME OyCTOT, YCUJSTCSA U BCJeICTBHe pe3oHaHCA OyayT CABILIM-
Mbl. OnbBITHBEIM Bpay N0 TOHY NepKYTOPHBIX 3BYKOB oNpeneaseT CoO-
CTOAHUE K TONOTpa(UI BHYTPEeHHUX OpraHoB.

§ 6.4. BoanoBoe cOnpoTHBICHHE.
OTtpaxenue 3ByKOBBIX BOJIH.
PeBepOepanusn

3BYKOBOE JaBJIeHUE P 3aBUCUT OT CKOPOCTH U KOJIeOMIOIMUXCA Jac-

THLL Cpelbl. BbIUKCIeHA NOKAa3bIBAKOT, YTO

‘g = pc WIKN p = PCU, (6.5)
Iie p — TMJIOTHOCTb CpeApl, ¢ — CKOPOCTh 3BYKOBOM BOJHBI B cpene.
IIpousBeseHre pC HA3LIBAIOT YdeabHbiM AKYcmuieckum umnedan-
cOM, IJIs AJOCKON BOJIHBI €T0 HA3LIBAKOT TAK)KE S0AHOBbLM CONPO-
musiaeHuem.

BosnBOBOe cOMpoTHBICHUE — BaXKHENITad XapakKTepHCTHKA cpelbl,
ONpeesAIolas yCJOBUS OTParKeHUsa U NpelOMJIEHUs1 BOJH HA ee T'pa-
HH1E.

IIpencraBum cebe, 4TO 3BYKOBAA BOJIHA NomagaeT HA I'PAHHUIY pa3-
nenaa ABYX cpen. dacTs BOTHBI oTparkaercs, a 4acTb — NPeJOMAAeTCH.,
3aKOHBI OTPAKEHUA ¥ HPEJOMICHHA 3BYKOBOM BOJHBI 8HAJOTHYHbBI
3aKOHAM OTPasKeHUsA W IIpeqomJeHuns cBeta. Ilpenomnennast BogHa
MO2KeT NOTJIOTUTECA BO BTOPOH cpefie, & MOYKeT BLIMTH U3 Hee.

101



HonyeTuM, 4TO NnocKasa BOJHA HagaeT HOPMAJAbHO K I'paHuie pas-
Jleyia, UTHTeHCHUBHOCTSH ee B NepBoH cpene [, MHTeHCHUBHOCTD IPeIoM-

TeHHoili (Ipolresilieil) BoIHbI BO BTopoil cpexe I,. HazoBem
B=1,/1, (6.6)

KO (puyueHmom nPpOHUKHOBEHUA 36YKOBOU 6ONHbL.
Pajeit noxkazai, 4o KoddUueHT IpoH UKHOBEH A 3BYyKa onpeje-
adaeTcda GopMyJon
C1P1

p=4__ 22 (6.7)
ey
Ca2P2

N3 (6.6) BuaHO, yTO HAUOOJIbIIIEe 3HAUEH e, KOTOpoe MOXKeT UMETS [3,
paBro 1. U3 (6.7) moayyaem, uro 3 = 1, ecnuz ¢,p, = c¢,p,. Arak, npu pa-
BEHCTBE BOJIHOBBIX CONPOTHBICHUH OBYX Cpen 3ByKoBas BoJiHA (Npu

HOPMAaJILHOM NaJIeHUN) MpoHaeT I'pan Uy pasaena 0e3 oTpaXKeH Hs.
Ecnu BoJIHOBOE CONpOTHBJICHHe BTOPOU Cpeabl BecbMa BeJIHKO MO
CpaBHEHHUIO C BOJIHOBLIM CONPOTUBJIEHUEM HEPBOU Cpelsl (C,P, - €,p,),

To BMmecTo (6.7) umeem

C
B ~4-1Pt, (6.8)
C2p2
c
TAaK KaK (Pt « 1. [IpuBegeM BOJIHOBBIE COIPOTHUBJIEHUA HCKOTOPBIX
CaP2

BeiecTB npu 20 °C (Tada. 14).

Tabaruya 14
Marepnan pe, KT » M2 « ¢l Marepuan pc, Kr » M2 + ¢l
Heneso 40 000 000 Pesuna 60 000
Beton 4 800 000 Boaayx 430
Bozga 1440 000 Macno 1350 000

Henonssyem (6.8) nast BeIUMCIeH A KOIQPUIMeHTa TPOHUKHOBE-
HU# 3BYKOBOU BOJHBI U3 BO3yXa B 6eTOH ¥ B BOLY:

4 - 430
= _* " 29U o =0.036% -
B= raonraas100% =0,036%:;

4 - 430
=_= - 100% =0,123%.
p 1 400 000 ’
BTPI ,ILaHHbIe HpOPIBBO,ELH'I‘ BIHeyaTJIeHHe: oKa3kIBaeTCcd, TOJBKO O4YEeHb
MaJIaa J4acThb dHEePTHUK 3BYKOBOI BOJHLI NPOXOAUT K3 Bo3AyXa B 0€TOH

U B BOOY.
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Bo BecAKOM 3aKpHTOM HOMEIIEHHWH OTPAKEHHBLIM OT CTeH, HMOTOJ-
KOB, MeOeJH 3BYK majaer HA Apylue CTeHbl, MOJbl ¥ IP., BHOBL 0Tpa-
KaeTesi U noTjolgaeTca ¥ nmocTenednno yracaetr. [losTromy gaske nocae
TOT0, KAK HCTOYHMK 3BYyKa IIPpeKpaTHUT AelicTBHe, B NMOMEIEHHH BCe
elle KMeKTCA 3BYKOBble BOJIHbI, KOTOpbIEC CO3Aa10T I'ya. Oco0eHHo 9To
3aMeTHO B 6ONBIINX NPOCTOPHBIX 3anax. IIponece nocTeneHHoro 3ary-
XAHHK 3BYKA B 3aKPBLITHIX IOMEIIeH UAX NocJie BBIKJIIOUeH U UCTOUHM-
Ka Ha3bIBalOT peseplepayuel.

PeBepbepanusi, ¢ 0ZHOH CTOPOHBI, NOJE3HA, TAK KaK BOCIPUSITHE
3ByKa YCHUIHBACTCA 34 CUeT PHepPrUuH oTPAKEeHHOM BOJIHEI, HO, C APY-
rolf CTOPOHBI, YPE3MEPHO AJUTEIbHAA peBepOepanad MOXKeT CYILIecT-
BEHHO VXYAILUUTH BOCIPUATHE Peul, My3bIKH, TaK KaK Ka)XJasd HOBasd
YacTh TeKCTa nepeKpbiBaeTca NpeablAyInEMu. B CBA3YH ¢ 9TUM 00BIYHO
YKa3bIBAI0T HEKOTOPOEe ONTHMAJbHOE BpeMsa peBepOepaniy, KoTopoe
VYUTHIBACTCA NMPH HNOCTpoIKe ayauTOpPHH, TeaTpaJbHBIX U KOHIEpT-
HBIX 3aJ0B M T. . Hanpumep, BpeMa peBepbepanyy 3anoJIHEHHOTO
Konornoro zana Joma cow3oB B MockBe paBao 1,70 ¢, 3anoJMHEeHH OO
Boabioro Tearpa — 1,55 ¢. asa 9TuX noMelneH Uil (MycTHIX) Bpems
peBepOepanuu coorBercTBenHo 4,05 1 2,06 c.

§ 6.5. Pusuka cayxa

PacemoTpuM HeKoTopble BOOpPOCHL (PU3MKM cayxa Ha NpuMepe
HAPYHHOTO, CPeIHEeT0O ¥ BHYTPEHH ero yXa.

Hapym»xHo€ yX0 CcOCTOMT M3 YIIHOM paKOBUHLI I M HAPYXXHOTO CJYy-
X0Boro npoxoga 2 (puc. 6.8).

Ysasa pakoBHHA Yy YeJIOBEKA He UrpaeT CyLeCTBCHHOM POJIH IJ
cayxa. OHa cnocoOGcTByeT onpeaelieHHIO JOKAMM3anuu HCTOYHHKA
3BYKa NpH ero pacHoJoKeHUHU B IlepelHe-3agHeM HanpaBjgeHUH, Ilo-
SICHUM 397T0. 3BYK 0T MUCTOYHHKA NMONagaeT B yIIHYIO PAKOBHHY. B 3a-
BHCHMOCTH OT TOJOMXEHUs HCTOUHHUKA B BePTHKAJBHOM ILIOCKOCTH

Puc. 6.8
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(puc. 6.9) 3ByKoBbIe BOJHBI OyAyT O-pasHoMy JU(parupoBaTh HA yIII-
HOM paKoBHHE U3-3a ee cnenpUyecKoit GopMbl. ITo NpUBegeT U K 13-
MeHeHUI0 CHNeKTPaJbHOTO COCTaBa 3BYKOBOU BOJHBI, NoNaAalollieil B
CIYyX0BOU Npoxof (foJiee 1eTAIbHO BONPOCH AMQPPAKI UK pACCMATPH-
BaoTca B ria. 19). Henosek B pedyabTaTe onbITa HAYUMICA ACCOLMHPO-
BATh M3MEHeH e CTIeKTpa 3BYKOBOI BOJIHBI ¢ HAITPABJIeHHeM Ha UCTOY-
HUK 3ByKa (HanpaBiaenusa A, B u B na puc. 6.9).

Obnagasa nByMsA 3BYKONpHEeMHHKaMMU (yDlaMHu), YeJoBeK M YHHUBOT-
Hble cnocoOHbI YCTAHOBUTH HANPABJEeHMe HA UCTOUHHK 3BYKa M B I'OpH-
30HTAJIBHOM TJI0CKoCcTH (OMHaypaabHbI# sddekT; puc. 6.10). 310 06B-
ACHAETCA TeM, UTO 3BYK 0T HCTOUHHKKA 0 PAa3HBIX yIiiIel NPOXOLUT pas-
HOEe paccToAHUe U BO3HUKAeT pasdHocTh (pa3 AJid BOJH, NOITafAIOINUX B
IPaByIO0 ¥ JIEBYIO YIIHbIe PaKOBHHBI. CBA3bL MEXAY PA3HOCTBI) 3THX
paccTostHuN (0) ¥ pasnocTsio a3 (Ag) BeiBenena B § 19.1 npu o6bsacHe-
HuM vHTepPepeHuuu cBeTa [cM. (19.9)]. Eciu umcTouHUK 3ByKa HaXo-
AWTCSA IPSAMO Hepel JHoM YeaoBeka, 1o O = 0 1 Ap = 0, ecsi¥t HCTOYH UK
3BYKa pacCroJioxeH CO0KY NPOTUB OJHOU K3 YIUHLIX PAKOBHH, TO B IpY-
I'VIO VIDHYIO PAKOBHUHY OH TOHAJeT ¢ 3ana3ibiBaHueM. BygeM cuuraTh
NPHUOIKEHHO, YTO B 3TOM CJIy4ae O €CTh PACCTOAHLEe MeKAY YIIHBIMU
pakoBuHamMu. [{o popmyse (19.9) moxkHO paccunrars gasi v = 1 KI'y u
0 = 0,15 M pasnocTs ¢pas. Opa npudausurTesbHo paBaa 180°.

PasgnuuasIM HaNpaBIeHUAM HA MCTOYHUK 3BYKA B F'OPH3OHTAJIBHOH
ILIOCKOCTH OYAYT COOTBETCTBOBATE padnocTH (a3 mexay 0° u 180° (naa
NPHUBELEHHBIX BbILIe JaHHBIX). CUMTAIOT, UTO YeJ0BEeK C HOPMAJIBHBIM
CAYXOM MOXKeT (PUKCHpPOBATH HAIPABJIEHUS HA UCTOYHHK 3BYKa ¢ TOY-
HOCTBIO 0 3°, 9TOMY COOTBETCTBYeT pa3HocThb (a3 6°. IloaToMy MOMKHO
nojaraTb, 4To YejoBeK cIocobeH pas3nuyarTh U3MEHeHMe pa3HocTy dal
3BYKOBBIX BOJIH, NONAAI0IMX B eI'o YIIIH, C TOYHOCTHIO 10 6°.

Kpome pasoBoro paznuuus 6unaypanbiomy 3ddeKry crnocobeTBy-
eT HeOIMHAKOBOCT, HHTEHCHUBHOCTEH 3BYKA Y pa3HbIX yiliel, a TaKxke
U «aKyCTHYeCKAad TeHb» OT I'oloBLI 44d ogHoro yxa. Ha puc. 6.10 cxe-
MATUYHO MOKA3aHO, YTO 3BYK OT MCTOYHHMKA MONaAaeT B JieBoe YXO B
pedyaprare fuppakpuu (. 19).

b

Puc. 6.9 Pue. 6.10
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3BYKOBadA BOJHA HPOXOAUT Uepes CAYX0BON MPOXod ¥ YACTHYHO OT-
pasxaercsa oT 6apabanHol nepenoHkKH 3 (eMm. puc. 6.8). B pesyavraTe
vuHTepdepeH MY Nagaminel # oTPasKeHHOM BOJMH MOXeT BOSHUKHYTH
aKycTHUYeCKHU pe3donaHc. B aroM cinydyae 4a1Ha BOJHBL B UeTHIpe pasa
OoJbIlle NJAMHBI HAPYXKHOT'O CJHYXO0BOro mpoxona. IawmHA c¢JIyX0oBOr'o
IPOX04a v YesoBeKa NpudIu3HTeIbHO paBHa 2,3 ¢M; CIefoBaATeIbHO,
aKycTHYeCKUM pe30HAHC BOZHUMKAET IIPU YacToTe
_ 3-100

4 -2,3+102

Hawubonee cymecTBeHHo 4acTblo CpefHer'o yXxa sABIAIOTCA GapaGaH-
HAaf NepenoHkKa 3 ¥ ¢JIYXOoBble KOCTOUKK: MOJOTOUEK 4, HAKOBAJIbHA & U
CTpeMeUKo 6 ¢ COOTBETCTBYIOIIMMH MbIHIIIAMY, CYXOMHUJIUAME U CBA3-
KaMi. KOCTOUKM OCYILEeCTRAAIOT Nepefady MeXaHWUecKUX KoJedaH it
OT BO3AYIIHOM Cpelbl HAPYXKHOI'O yXa K KHUAKOH cpefie BHYTPDEHHETO.
HKunkada cpena BHYTpeHHEro yXa UMeeT BOJHOBOE CONIPOTUBIeHNEe, NPH-
OJMM3UTEIBHO PABHOE BOJHOBOMY CONPOTHUBIEHUIO BoAbl. KaK OvlIo nmo-
KazaHo (cM. § 6.4), npu NpAMOM Nepexofie 3ByKOBOH BOJIHBI U3 BO3[yXa B
Boay nepegaetcs auits 0,123% nagaroiieif THTEHCHBHOCTH. IT0O CIIHMII-
KoM MaJo. [[oaToMYy OCHOBHOE HA3zHAYeHHe CPeJHero yxa — cnoco0CTBo-
BaThL Nepejade BHYTPEHHEMY yXy OoJbliied MHTEeHCUBHOCTH 3ByKa. HMc-
NOJb3YA TeXHWIeCKHI A3bIK, MOYKHO CKa3aTh, YTO CpeJHee YX0 Coracy-
€T BOJIHOBbBIE CONPOTHUBIIEHHA Bo3lyXa U XKUAKOCTH BHYTPEHHEr'o yXa.

Cucrema Koctouek (cMm. puc. 6.8) Ha 0IHOM KOHIle MOJOTOUKOM
cBA3aHa ¢ GapabanHo# mepelonkol (Wiowmans S, = 64 mm?), Ha apy-
I'OM — CTpeMedYKOM —— ¢ OBaJIbHbIM OKHOM 7 BHYTPEHHero yxa (Iio-
mazns S, = 3 mm?).

Ha OGapabaHHAy0 TNepenoHKY meHcT-

v = 3 kI'n.

> 6

CucreMa
ByeT 3BYKOBOe JaBjeHHe p,, 4To obyc- KOCTOUEK
JIOBJIUBaeT CUITy .
Fi=pS,- (6.9) L .
Ha oBasbHOe OKHO BHYTPEHHEr'o yxa e :
T r| o g l l A ™~
IpH 9TOM AeHcTBYeT cuna F,, cozpanmas PO DR !
3BYKOBOE JABJEeHUEC D, B XUAKOH cpere. ! 0 I
CBA3b MeXK Iy HUMH: YcnoBHad och
F,=p,S,. (6.10)
Cuctema Kocrodek padoTaer Kax pbl- s ~ S5 ¢
yar oTHOCHUTEeNbHO ocH O ¢ BHIUIpLILIIEM \J//
B CHJie CO CTOPOHBI BHyTpeHHer'o yxa B Bapabannas OBannHoe
1,3 pasa y ueloBeKa (CXeMaTHYHOe 30~ Hepg“"HRa , OKHO
OpaykeHMe naHo Ha pHc. 6.11), nosToMy ?1 = 20 ?1_ ~ 1,3
MOXXHO 3aIKCATh 2 2
F/F,=1,/1,. (6.11) Puc. 6.11
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PaspenuB (6.9) ma (6.10) u conocTaBaAsd 3TO COOTHOIIEHHE C
(6.11), monyyaem
5 _ PSS, — l_2
Fy ppSy, Iy
OTKY A
L
f= _._=20-1,3=26,
P Sy 1y
WK B JlorapupMudecKux eruaunax (cm. § 1.1)
L g = 201g(p,/p,) = 201g 26 = 20 - 1,415 ~ 28 nB.

Ha TakoMm ypoBHe yBeJIWMUHBAaET cpeJHee YX0 Nepefady Hapy»KHOoro
3BYKOBOI'O JABJICHUSA BHYTPEHHEMY YXY.

Eme ogna 13 QyaKuui cpegHero yxa — oclafJeHue nepesauyu Ko-
JNeO0aHUH B c/yyae 3ByKa O0JbIIOH MHTEHCHBHOCTH. ITO OCYIEeCTBIA-
eTcA peIeKTOpHBIM pacciabileHeM MBI KOCTOYeK CpelHero yxa.

CpenHee yxo coefUHAETCA ¢ aTMochepol yeped cIyXoBYIO (eBCTA-
XHeBY) TpyOy.

HapyxHoe ¥ cpegHee yX0 OTHOCATCA K 3BYKONPOBOAALIEH cucTe-
Me. 3BYKOBOCIIDUHUMAKINEH CHCTEMON ABIAETCA BHYTPEHHEEe YXO.

I'1aBHON YaCTBK) BHYTPEHHEIO yXa ABJAAETCA YJINTKa, Npeobpasyr-
masfd MeXaHWUYeCcKHe KoJehaHUA B 3JeKTpHUUYeCKHNW curmag. Kpome
VJIUTKH K BHYTPEHHEMY VXY OTHOCHTCA BecTHOYJIAPHBINA annapart (CM.
§ 4.3), KOTOPBLIA K CNYXOBON PYHKIIMK OTHOIIIEHHUA HE EMeeT.

Ynurka yenorexa SABJASETCA KOCTHBIM 00pa3oBaHMeM IJIMHOI OKOJIO
35 MM ¥ umeeT PopMy KOHYCO0Dpa3dHoH CIIHpaJIn C 23/4 3aBUTKOR. JIna-

MeTp Y OCHOBAHHA OKOJ0 Y MM, BBICOTa paBHA NPUOJU3UTENBHO D MM.

Ha puc. 6.8 yaurka (orpaHideHa IITPHXOBON JHHMEH) IIoKa3aHa
CXeMAaTHUYHO pPa3BEepHYTOM AJA yaobcTBa pacemorperus. Bpoas yaur-
KM NPOXOAAT TpH Kanaka. OAMH K3 HUX, KOTOPLIH HayHHaeTcAd OT
0BaAJIBHOT'O OKHA 7, HadbIiBaeTcA gecmubyaaproit recmuuyei 8. [Ipy-
rol KasaJ HAeT OT KpPyIJIOro OKHa 9, OH Ha3blBaeTcs 6Gapabannou
necmuuyeit 10. Bectubynsipuaa u 6apabaHHas JIeCTHUBI COSAUHEHbI
B 00JIaCTH KYHOJa yIUTKH NOCPEeJCTBOM MaJeHbKOI'O OTBEPCTHA — 2é-
auxkompemst 11. Takum oOpazom, oba 3TH KaHajla B HEKOTOPOM pOJE
IpPeacTaBAAlT eAUHYIO CHCTEMY, HAaONOJHEeHHYI0 nepuaumdpon. Kome-
DaHUSA CTpeMeUKa b nmepenaloTcsa MeMOpaHe OBaJbHOTO OKHa 7, OT Hee
nepuauM@e 1 « BBINAYHUBAIOT» MeMOpaHy Kpyraoro okaa 9. IIpocrpan-
CTBO MEKAYy BeCTHOYJAPHOU M OapabaHHOHM JIECTHHIAMU Ha3biBaeTCH
YAUMKOBbIM Kanarom 12, oH 3amoJIHEH IHAOMIUMPpoN. Mexay yauT-
KOBBIM KaHaJIOM ¥ OapabaHHOH JICCTHHIEN BIOJb YJIUTKH NPOXOILUT
ocnoénasn (6a3uarapnan) memé6pana 13. Ha Hell Haxonurcsa KOpTHEB
OpTaH, COLECPXKAIHN pelenTopHble (BOJOCKOBbBIE) KIETKH, OT YJIUTKHK
uaeT cAyXoBoHd HepB (Ha puc. 6.8 3T MOAPOOHOCTHE HE MOKa3aHbI).

Koprues opran (cnupalbHBIM OpraH) M ABJIAeTCA NpeodpasoBaTe-
JleM MeXaHUYecKUX KoJieGaHUN B 3JIeKTpHUYeCKHH CUTHAJ.
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Jimuna OCHOBHOW MeMOpaHBI OKOJO 32 MM, oHa paclIupserca
yTOHYAETCH B HATIPAaBJIEHUH OT OBAJbHOTO OKHA K BEPXYHIKE YIUTKH (0T
mmpuasl 0,1 1o 0,5 Mm). OcHOBHas meMOpana — BecbMa MHTepeCHasd
ans (pusmKH CTPYKTypa, OHa obJaaeT 4aCTOTHO-H30HpaTeIbHBIMU
cBoricreaMu. Ha 310 oOpaTH/ BHHMaHHE €IE TenbMIOJbI], KOTOPBIK
NpeCTaBAAN OCHOBHYIO MeMOpaHy aHAJIOTHYHO DALY HACTPOEHHBIX
cTpyH nuaHuHO. JlaypeatT HobGenesckoll mpemun bBekemu yCTaHOBHI
OIMIMBGOYHOCT dTOM pesoHaTopHOH Teopuu. B paborax Bekemu 651710
DOKa3aHO, YTO OCHOBHaA MeMOpaHa SBIACTCA HEONHOPOAHOU JHHUEN
nepefayl MeXaHHYECKOIo BO30YkaeHuA. IIpH BO3AEHUCTBHM aKyCTH-
YeCKHMM CTHMYJIOM TI0 OCHOBHOH MeMOpane DaclpOCTpaHAETCA BOJIHA.
B 3aBHCHMOCTH OT YACTOTHI 3Ta BOJIHA I10-pa3HOMy 3aTyXaeT. Yem MEHb-
[IIé YacToTa, TeM AAJblIe OT OBAJbHOI0O OKHaA PaCHPOCTPaHHTCA BOIHA
fI0 OCHOBHOI MeMOpaHe, HpEXAc yeM OHa HayHeT 3aTyXaTh. Tak, Ha-
OpuMep, BOJHA C YACTOTOH 300 Ty no Hauasa 3aTyXaHHA pacnpocTpa-
HITCA APUGIU3UTENBHO KO 25 MM OT OBAJIBHOTO OKHA, & BOJIHA € 4acTo-
toii 100 T LOCTHTaeT CBOETO MaKCUMyMa BOTM3H 30 MM.

Ha OCHOBaHUK DTHX HabM0AeHuld OGbLIN padpaboTaHbl TEOPUH, CO-
[JIACHO KOTOPBIM BOCTIDHATHE BLICOTHI TOHA ONPEAEIAeTCA MOMOKEHIT-
eM MaKCHMyMa KoJe0aHusA OCHOBHOW MeMOpaHbl. Taxum o0pa3oM, BO
BHYTPEHHEM yXe TPOCJEXKHBAETCA ONpEneIeHHad GyHKUMOHATbHASA
Lenb: Kodehanue MeMOpPaHb! OBAJbHOTO OKHA — KoJebanMe NEepUJINM-
(dbl — CIOMXKHBIC KoJebaHUA OCHOBHOH MeMOpa-
HBl — pas3apa’keHHe BOJOCKOBBIX KJIETOK (pe-
e ITOPLI KOpTHEeBa OpraHa) — redepauys 9JIex-
TPHUYECKOTO CHTHATA.

HekoTopsle (pOpMBI TJIYXOTHI CBA3AHBI € IIOPa-
JKeHHeM perenTOpHOro annapaTa yJanTKH. B sTom
¢cIyyaec yJAWTKA HE TeHepHpyeT JJIeKTpHUiecKue
CUTHAJbI NPHM BO3AEHCTBHM MEXaHUYeCKHX KO-
nmebaHul. MOKHO HOMOYbL TAKMM TIIYXMM, AJIA
3TOro HeoOXOIUMO HMILIaHTHPOBATL JIEKTPOLbL B
YJANTKY ¥ TOAABaTh Ha HUX 3JIEeKTPUYeCKHe CHT-
HaJIBI, COOTBETCTBYIOIIIME T€M, KOTOpble BO3HUKA-
0T IIPH BO3AeHCTBHY MeXaHMYeCKOoro CTUMy.JIa.

Takoe MpoTe3UpOBaHHEe OCHOBHOH (PYyHKIHM
YIAWTKH (KOoXJieapHOe ApoTe3upoBaHue) padpa-
GarpiBaeTed B page crpad. B Poccum koxneap-
HOoe IpOTe3upoBanle pa3paboTaHO M OCYINECTB-
eHo B PocecmHCKOM MeJHIIMHCKOM YHHBEDCHTE-
te. Koxneapnsill npoTed moKa3aH Ha pHC. 6.12,
anecs I — OCHOBHOH kKoplyc, 2 — 3ayIIHHa C
MuKpodoHOM, 3 — BHIKa 3JIEKTPUYECKOro
pasbeMa AJS NOACOCAMHEHHNA K HMILJIaHTHPYe-
MBIM 3JIEKTPOAAM.
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§ 6.6. Yasrpassyk u ero npuMeHeHus B MeIHI[MHE

Yaempassykom (¥3) na3si8arom mexanuveckue Konrebanus u
6oanbl ¢ wacmomamu 6onee 20 xI'n.

BepxauM npeagesoM yJabTPa3dByYKOBBIX YACTOT YCJIOBHO MOMKHO CUM-
Tath 10°-—101° Ti1. JroT Upenes onpenendgercsa MeKMOJIeKyAADHBIMH
PACCTOAHUAMHU V IOITOMY 3aBHCHUT OT arperaTHOTO COCTOAHUA Belle-
CTBa, B KOTOPOM pacHpocTpaHAeTCs VILTPa3ByKOBas BOJIHA.

Hna resmepupoBaduA Y3 HCNOJAL3VIOTCA YCTPOWCTBA, Ha3blBaeMbIe
Y3-usnyuamenamu. HanbGonblllee pacupocTpaHeHHe HOJNYURIU 3/71€K-
mpomexanuieckue u3ayvamenu, OCHOBaHHbIE Ha ABIEHUN 00paTHOTO
Obe30dJIeKTpuYecKoro aydexra (cm. § 12.7). O6parasiil nbesoadhderT
3aKJYaeTCA B MEXaHWYECKON nedopManyu Tell nof JeHCTBHEeM DJICKT-
puyecKoro 1oasa. OcHOBHOH YacTbiO Taxkoro manyyarend (puc. 6.13, a)
ABJIACTCA NMJIACTHHA UK CTep)KeHb 1 B3 BellecTBa ¢ XOPOIo BhIPayKeH-
HbIMM MbE303TEKTPHUYECKHUMHU CBOMCTBaAaME (KBapl|, CETHETOBA COJb, Ke-
paMHYECKHI MaTepuaJ Ha OCHOBe THTaHaTa Oapusa u ap.). Ha nosepx-
HOCTb NJIACTHHLI B BHJIEe TIPOBOIAIIMX CJIOEB HAHECEHbI JJIEKTPOoAbl 2.
Ecnu kK aaeKTposaM OPHIOKHUTS NEPEMEHHOE 3JICKTPHYECKOe HallpsKe-
HHE OT reHepaTopa J3, To IJacTHHa 6aarogapa o6paTHoMy nse303@dexTy
HayHeT BHOpUPOBaTH, M3Aydyad MeXaHHMYECKVID BOJHY COOTBETCTBYIO-
IIjeH 4aCTOThI.

Hauboasmui apderT U3NYyUeHns MeXaHHIeCKON BOJHbI BOZHKKAET
NpY BBLINOJHEHUM ycaosuA peszoHadca (cMm. § 5.5). Tak, gna nnacTtus

TOMIIKUHON 1 MM pe3oHaHC BO3HHKaeT IJA

v3 kBapua Ha gacTore 2,87 MI'y, cerneToBoi

' y T t ‘ comu — 1,5 MI'y u Twranara Gapusa —
21 1 - 2,75 MI'u,

3

IIpreMHEK Y3 MOMKHO CO31aTh HA OCHO-

1 Be IIbE303JeKTpHYecKoro adupexkrta (Lips-

T MoH mnbeaoadpexrT). B srom cayyae mopn

2] l l x l JeNCTBHEM MeXaHWYecKol BOJHbLI (Y 3-BOJI-

V3 HbI) BO3HHKaerT AedopMayifa KpHCTAIIa

a) (puc. 6.13, 6), Koropad NPUBOLUT IPH

V3 nse303ppeKTe K reHepanyl NepeMeHHO-

o 3JEeKTPHYECKOTO HNOJA, COOTBETCTBYIO-
' l ' ‘ ‘ Iee 3JeKTpHUYecKoe HaNpPSAMKEeHUEe MOYKeT
ObITh H3MEPEHO.

IIpumenenue Y3 B MeIUIIHE CBA3aHO

T C OCOOEHHOCTAMM €r0 PaCIpPOCTPAHEHUA U
XapaKTepHbIMH cBoOHMcrBaMu. Paccmor-
0) pHM 9TOT BOMIPOC.
Ilo Quamueckoil npupone ¥3, Kak H
Puc. 6.13 3BYK, ABISAETCA MEXaHUUYECKON (yHpyroi)
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BOJHONH. OQHAKO AJMHA BOJHLI Y3 CYIECTBEHHO MEHBIE AJHHBI 3BYKO-
BOM BOJIHBI. Tak, HanpuMep, B Bojae MJIUHLI BoaH paBab! 1,4 M (1 kI,
3ryK), 1,4 mm (1 MT'y, ¥3) u 1,4 mxm (1 I'Tu, ¥V3). Judpaxknma Boau
(cM. § 19.5) cyimecTBEHHO 3aBUCHT OT COOTHOIIEHWS IJHUHBLI BOJHBI H
pasMepoB TeJ, Ha KOTOPHIX BoJIHa au(parupyer. Henpospaunoe (a4
3BYKa) TeJo pazmepoM 1 M He 6yaeT HpenaTcTBHEeM IS 3BYKOBOW BOJIHbI
¢ prHoN 1,4 M, HO cTaneT nperpasoi aasa Y 3-BoaHbI ¢ AAuHON 1,4 Mm;
BO3HHKHET « ¥ 3-TeHb». ITO NO3BOJAET B HEKOTOPBIX CAyYaAX HE YVUHTHI-
BaTh AU(Ppparkurio Y3-BoJIH, pacCMaTpPUBasA OIpY NpeJOMJIeHUH 1 oTpaKe-
HUM 9TH BOJIHBI KaK Jiyy# (aHAJIOTMYHO NPEJOMJIECHHI) U OTPaKeHHUIO
CBETOBBIX JTYyUEH).

Orparkenue Y3 Ha rpaHUe IBYX Cpel 3aBUCHUT OT COOTHOILEHUSA UX
BOJIHOBBIX conmpoTusienuil (cm. § 6.4). Tak, Y3 xopolio orpaKaercs
Ha TpaHUax MBIIIa — HaJIKOCTHHIA — KOCTH, Ha MOBEPXHOCTH MO-
JIBIX OpragoB U T. A. I103TOMY MOKHO ONpEeNeNUTh PACHOJIOKEHUE U
pasMep HEOZHOPOAHBIX BKJIOUEHHI, TOJOCTEH, BHYTPEHHUX OPI'aHOB
uT. 1. (Y3-nmokauuda). [Ipu Y3-1oKanyy HCIOIB3YIOT KaK HEIPEPbIB-
HOEe, TaK ¥ UMNOYJbCHOe M3nyuYeHUs. B nepBom ciaydae uccienyercs
cTOoAYas BOJIHA, BO3HUKAKINAA Npu HHTepdepeH UH nagaiolieil u oT-
pa*KeHHOH BOJIH OT IpaHuLb pasaesia. Bo BropoMm ciygae gabaogaior
OTpa’KeHHBIN UMOYJIbC H U3MEPAIOT BpEMSA pacnpocTpaHeHUus yJabTpa-
3BYKa [0 MCCJeLyeMoro obbeKTa ¥ 06paTHo. 3HafA CKOPOCTH paciIpocT-
paHeHHA VJIbTPa3ByKa, ONpeneJsaioT IJyOHUHY 3aJeranusd 00beKTa.,

Boanosoe conporupinerne onogorundeckux cpen B 3000 pas 6onbiie
BOJIHOBOT'O COINPOTHBJIeHUA Bo3ayXa. lloaromy ecau Y 3-usaayyartenb
IPHIOKUTD K TEJY YeJoseKa, 10 ¥ 3 He IIpOHUKHET BHYTPL, a OygeT OT-
pakxaThbCs M3-3a HAJUUYKMA TOHKOTO CJ0S BO3AyXa MEXAY UajaydaTeaeMm
1 OMoNMorUYeckuM o0beKTOM (cM. § 6.4). HT0o0B! MCKIHOYKNTL BO3AYIL-
HBIH CJIOU, TOBEPXHOCTh Y3-U3JayyaTessd NOKPLIBAIOT CJIOEM Mac.Jja.

CropocTh pacnpoCTpaHeHUA YIbTPa3BYKOBLIX BROJH U UX MOTJIOIIE-
HUE CYIECTBEHHO 3aBUCAT OT COCTOSAHMUA Cpe/ibl; Ha 3TOM OCHOBAHO HC-
MOJIb30BaHKe YJIbTpadByKa IJIA H3YUeHUA MOJEeKYJAPHbBIX CBOMCTB Be-
mectia. McenlegoBanusa Takoro pojga ABJAIOTCA NPeIMETOM MOJEKY-
JAPHOI aKyCTUKH.

Kax sugHo um3 (5.56), HHTEHCHBHOCTL BOJHbBI HNPONMOPIHOHAJIbHA
KBagpaTy KpyroBol 4acTOThbI, IO9TOMY MOMHO NOJYYUTL Y3 3HAUH-
TeJbHON WHTEHCHBHOCTH fajKe IPH CPaBHUTEJIbHO HEOOMBIIION aMILIH-
Tyae KoJebaHUNA. YCKoOpeHHe YacTH], KOJeOJInuxca B YJ3-BOJHE,
TaKKe MOKeT ObITh 60b1IuM [eM. (5.14)], 4To TOBOPUT O HATUYHK CY-
INECTBEHHbIX CWJ, AeHCTBYIOIUX HAa YACcTHIb] B GMOJOTHYECKUX TKa-
HAX IpH 00NyYeHUH ¥ 3.

CoxaTna ¥ paspeKeHus, co3faBaeMbie yIbLTPA3BYKOM, NIPUBOAAT K
00pa30BaHHIO PAa3PLIBOB CHJIOIIHOCTH KUAKOCTY — KUBUMAUUILL.
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KaBuTanuu cymecTBYIOT HELOJITO U OBICTPO 3aXJIONBIBAKTCA, NPH
3TOM B HeDOJBINMX o0BbeMaX BbieddeTcA 3HaUKUTe/bHAs JHEPrud,
NIPOMCXOIUT pa3orpeBaHUe BelecTBa, a TaKyKe MOHU3aynud U JHUCCO-
nuanua MOJEKYJI.

Du3nyecKHe Iponecesi, 00yCcJOBJIEHABIC BO3AEHCTBHEM ¥ 3, BbI3bi-
BalOT B OMOJIOTHUYECKUX O0BEKTaxX CAeIyIUe OCHOBHBIC 3PP erThI:

— MHUKPOBHOpanM¥ Ha KJIETOYHOM M CyOKJIeTOYHOM ypPOBHE,

— pa3pylleHre OMOMaKpoOMOJIeKY.JT;

— TepecTporNKYy ¥ NMoBpexJeHre OMOoJorndyecKux MmeMOpaH, H3Me-
HEHMeE NMPOHKIaeMocT MeMOpaH (cM. . 11);

— TeIJIoBoe JeHCcTBUE;

— paapylIeHHe KJEeTOK ¥ MHUKPOOPTaHUu3MOB.

MenuKo-OMoJOorHyecKie NPUJIOKEeHUA yJbTpa3ByKa MOYKHO B OC-
HOBHOM pa3JeJITh Ha JBa HalpaBJICHUA. Memodsv. duazHocmuku u
uccnedosarHus i memodol 6030eiicmeud.

K nepBoMy HanpaBJeHHK OTHOCATCA JIOKaMOHHbIE METOJbI C HC-
MOJIL30BAHKEM TJIaBHBIM 00pa3oM MMIYJAbCHOIO HINYUYEHHUA. ITO IX0-
Inyegpanozpagua — onpeneseHne oNyxXoJel U oTeKa roJJOBHOTO MO3-
ra (na puc. 6.14 nokasaH sxoanyeganozpad «3x0-12»); yaempasey-
Kogasn xKapduozpagua — HU3MepeHUe pa3MepoB cepilia B JUHaAMUKe;
B 0pTaNBMONOIHY — YABMPAIEYKOE6aAA AOKAYUR IJSA ONpene/IeHuA
pa3MepoB Ir'Ta3HbIX cpel. C HoMOIbI0 yALTPa3BYKOBOTO 3 derTa [o-
TJiepa U3y4aloT XapaKTep IBUYKEHHUSA CepIeyHbIX KJIanaHOB U u3Mepd-
IOT CKOPOCTH KpPOBOTOKa. C AMAarHOCTHYECKOW neJblo To CKOPOCTU
yJIbTPa3ByKa HaXOJAT NJIOTHOCTb CPOCIHENCA HJH TOBPEXJIEHHOH
KOCTH,

Ko BropoMy HampaBJeHHIO OTHOCUTCH YAbmpa3eyroean (GHuauo-
mepanuna. Ha puc. 6.15 noka3aH UCIONB3yeMbIi A4 3TUX 1eJel an-
napar YTII-3M. Boazeicreue yabTpa3ByKOM Ha mallieHTa TPOM3BO-
IAT ¢ HOMOINbIO cHenUalbHON H3JAYyUYaTEeJbHOW TOJOBKM annapara.

Puc. 6.14
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OOBIYHO AJIA TepaneBTUUECKUX IeJel IPUMEHSAI0T YJIbTPa3ByK 4acTo-
toit 800 kT, cpeHAA ero HHTeHCUBHOCTD OKoJ0 1 Br/cM? 1 MensIe.

IlepBHUHBIME MEXaHH3MaMHM YJbTPa3BYKOBOW Tepamu¥M ABJIAIOTCA
MeXaHWYeCcKoe U TenJMOoBoe neficTBHSA Ha TKaHb.

I[Ipu onepanuAx yJbTpa3dByK NPUMEHAKT KaK «yJIbTPadBYKOBON
CKaJbIIeJIb», CIIOCOOHBIA pacceKaTb U MATKME, ¥ KOCTHBIE TKaHU.

CrnocobHOCTE yaABTpPa3dByKa ApOOUTH TeJia, TMOMEIEHHbIE B KUI-
KOCTb, M CO3JaBaTh 3MYJbCHH MCHOJb3yeTca B (papManeBTHUCCKOU
NPOMBINIJEHHOCTH NPU M3TOTORJIEHUY JeKapeTB. [Ipu meueHny TaKuX
3aboneBaHUl, KaK TyOepKyJie3, OpoHXHalbHasa aCTMa, KaTap BepPXHHX
IbIXaTeJbHBIX NyTel, IPUMEHAIOT adpo30JH pa3JIUuYHbIX JIEKapCTBEH-
HbIX BelecTB, NOJyUYEeHHbIe ¢ TOMOINBI YIbTPa3ByKa.

B nacrosinee BpemMsi pa3dpaboTad HOBbIM MeTOJ «CBapUBaHUSA» HO-
BPEXKJIEHHBIX MK TPAHCILTAHTHPYEMbIX KOCTHBIX TKaHEH ¢ NOMOIIbIO
yJAbTpa3ByKa (yAbmpa3eykoeoll ocmeocunmes).

I'yourensroe Bo3meiicTBHe yIbTpa3ByKa Ha MEKPOOPTaAaHU3MBI KC-
MOJIB3YETCA ONA CTePUIN3a UK.

WaTepecno mpuMmenenue yabTpa3ByKa OJA clIenbix. Biaarogaps
VJABTPa3BYKOBOH JIOKAIMK ¢ MOMOINBIO NOPTATUBHOTO pubopa «Opu-
eHTHD» MOY@XHO OOHapYKUBaTh NPEeIMEeTH ¥ ONpeleaATs UX XapaKTep
Ha paccroanuu go 10 M.

Ilepeuncnennble TpuMepbl He HCUEPOLIBAIOT BCEX MeIHKO-O0HOJO-
rH4ecKMUX TNpHMEHeHWH yJbTpa3ByKa, NOepcOeKTUBa paclIUpeHns
ATUX NPUJOHKEHNN NOMCTHHE orpoMHa. TaK, MOXHO OXHUJIaTh, HallpH-
Mep, NOABJEHUSA NPHHMNHAJILHO HOBBIX METONOB AMArHOCTHKH C
BHEIpeHKHEM B MeIUMHY yJIbTPa3ByKOBOM ronorpaduu (cm. § 19.8).

§ 6.7. Madpassyk

Hugpassyxom na3viéarom mexanuuweckue (ynpyzue) 60aHBL C
wacmomamu, MEHbUWUMU MeXx, KOmopbie gocnpuHumaem yYxo we-
noéexa (< 20 I'w).

HMcrounukamy HH(ppa3ByKa MOryT ObITH KaK eCTeCTBeHHbIE O0beK-
ThI (MOpE, 3eMJIeTPACeHNe, IPO30BLIe pa3pAasl U Ap.), TaK U UCKYyCCT-
BeHHbIC (B3DbIBbI, aBTOMAIIINHbI, CTAHKH U JP.).

Nudpassyk gacTo CONPOBOKIAECTCA CABIMIUMBLIM HIYMOM, HanpH-
Mep B aBTOMAaINIWHE, NO3TOMY BO3HUKAKT TPYALHOCTH NpU U3MEPEeHUU
¥ HCCJeLO0BaHUH COOCTBEHHO MH(Y PA3BYKOBLIX KOJeOaHMI.

Hnsa madpas3Byka xapaKTepHO ¢Jaboe NOTJOIEHHe pa3HbIMU cpe-
JaMH, MOPTOMY OH pacHpoCTpaHSeTCHa Ha 3HauUTeJbHOe pacCTOSAHUE.
JTO MO3BOJAAET MO pacNpocTpaHEeHUIO HHPpa3ByKa B 3eMHOM Kope 00-
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HAPYIKHUBaTh B3PLIB Ha OOJBIIOM YIaJEHHH €ro OT MCTOUYHMKAa, 110 H3-
MepPEHHBbIM MH(PPa3BYKOBBIM BOJHAM HPOTHO3HMPOBATH IIYHAMK U T. [I.
Tak Kak AJUHa BOJHL MH(ppa3ByKa OOJIbIIE, YEM Y CJABIIIHMBIX 3BY-
KOB, TO UH(Pa3BYKOBbBIE BOJHBI CUJIbHee JHPPArupyoT ¥ IPOHRKAIOT
B NOMEIEHUSA, 00X0OA nperpabi.

MudpasByKk okasbiBaeT HeOJAlONPUATHOE BJIMAHHE Ha QYHKNM-
OHAJBbHOE COCTOSAHUE pAja CHCTEeM OpTaHM3Ma: BbI3BLIBAeT yCTANOCTh,
TOJOBHYK 00JIb, COHJMBOCTH, pa3fpaxxenue u ap. llpenmonaraercs,
YTO NepBUYHLIY MeXaHKH3M JelcTBUA HH(PPa3ByKa Ha OPraHu3M uMeetr
pe3oHaHCHYIO npupony. Pe3onaHc Hacrynaer npu OJU3KHUX 3HaYeHU-
SIX YaCTOThI BBIHYMKJAAIOLIEH CHJbI M YaCcTOTHI CODCTBEHHBIX KoJeba-
aui (cMm. § 5.5). HacTorbl cOGCTBEHHBIX KoJMeOaHUH Tesa yeJoBeKa B
nonoxxeHuu Jexa (3—4 I'n), croa (5—12 I'n), gyacToTs! COGCTBEHHBIX
KoJdebanull rpyHOM KJIeTKu (5—8 I'p), Opromrnoin nomoctu (3—4 I'n)
1 T. I. COOTBETCTBYIOT YaCTOTe HHPPa3BYKOB.

CHMIKEHMe YPOBHS WHTEHCHBHOCTH MH(DPa3BYKOB B JKHJbIX, IPO-
M3BOJACTBEHHBIX M TPAHCHOPTHBLIX MOMEILEHUAX — OJHA U3 3ajmad M'd-
THeHbI.

§ 6.8. Bubpauuu

B TexnuKe MexaHHYeCcKHe KoJieOaHUA pasiUdHbIX KOHCTPYKIUNA K
MallIWH NOJYYHIN Ha3BaHUE ubpayuil.

OHM OKa3bIBalOT BO3EHCTBHE U Ha YeJIOBeKa, KOTOPBLIM COMpHUKaca-
eTca ¢ BUOPHMDYOINUME 00BbeKTaMMK. ITO BO3ACUCTBHE MOMKET ObITH
KaK BPeJHBLIM U NPHUBOAAINNM B ONpeneJeHHbIX YCJIOBUAX K BUOpay-
OHHOM OOJIE3HM, TaK U NOJe3HBIM, JeueOHbIM (BHOpoTepanusa u BEOPO-
MacCca)).

OcHOBHBIEe (pU3NUeCKHEe XapaKTEepHCTHKK BHOpanui COBHAmaloT C
XapaKTepUCTHKaMM MEXaHUYECKHX KoneOaHUH Te, 9TO!

— YacToTa KoJebaHuM UK rapMOHRYECKHH CIeKTP aHTapMOHMUYe-
CKOro KoJebaHMs,

— aMOJHUTYAbI CMEIeHKUA, CKOPOCTH U YCKOPEeHU A,

— JHEePrud U cpegHAs MOIMHOCTS KOoJaebaHKH.

Kpowme Toro, aia nosuMmanus geficrsus sUOpanuil Ha OHoJIOrHYe-
CKMU 00BEKT BaXXHO NPEACTaBIATL cebe pacrpocTpaHeHMe M 3aTyXa-
HUe Komebanuit B Tede. IIpu mnccaenoBaHME 9TOr0 BOOpoOca HCHOJB3Y-
0T MOLENH, COCTOALMe M3 MHEePHUOHHBIX MacC, YIPYTHUX U BA3SKHX
a3JeMeHTOB (cM. § 8.3).

Bubpanuu ABIAKOTCA HCTOYHHKOM CJBIIIMMBIX 3BYKOB, VJbTpa-
3BYKOB M UH(PPa3BYKOB.
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F/\ABA7

TeyeHne 1 CBOUCTBA XUMAKOCTEU

K >KMAKOCTIM OTHOCAT BelleCTBa, KOTOPRLIE MO CBOMM CBOLV:CIEAM
3@HUMAICT MPOMEXYTOHHOE MOAOXEHME MEXAY rasamm 1 TeeD-
AbIMU Terdmn. Kunakne Cpeabl COCTABAIOT HaMOOABLLIVIO Y4aCTb
OpraHmM3ama, ux nepemeileHue obecnednBaer 0OMEH BeilleCTB 1
CcHabXeHMe KAGTOK KMCAOROAOM, MOSTOMY MexaHudecKkmne CBOm-
CTBA U TE@UEHME KXMAKOCTEM NDEACTaBASIOT OCODLIN MHTEDEC AAS

MEAMKOB 11 OUOAOTOB.

Matepma, U3AOXeHHbIN B TAdBe, umeeT OTHOLUZHWE K TMADOAM-
Hamuke — pasaeAy GU3KKK, B KOTODOM M3YHaIoT BONDOCH ABU-
XEHMS HECKMMAEMBIX XUMAKOCTEM U B3aUMOAGUCTBME WX MU
3TOM C OKRYXAIOWMMA TBEDABIMI TEAGMM, K K DEOAOTMK — YMe-

HUIO O AePOPMALMSX 1 TeKYHeCTh BellleCTBa.

§ 7.1. BaskocTs KuaKOCTH.
¥Ypasaenune Hriorona.

HreroTOHOBCKNE M HEHBIOTOHOBCKHE AHIAKOCTH

IIpu TeueHUN peabHOH KHUAKOCTU OTAEJbHBIE CJIOU ee BO3JeHCT-
BYIOT APyl Ha Apyra ¢ cUJaM¥, KacaTeJbHBIMU K CJ0OAM. JTO ABJIEHUE

Ha3bIBalOT 6HYMPEHHUM mMperuem UIH 6AIKOCMbIO.

PaceMoTpum Teuenme BA3KOM KUIKOCTH MEXAY ABYMSA TBEPAbIMUK
IJaCTHHKaMHM (puc. 7.1), U3 KOTOpPBIX HMYKHSAS HENOABMXKHa, a Bep-
XHAA OBUMKCTCA CO CKOPOCTBIO U,. YCIOBHO HPEACTaBHM JKHIKOCTh B

BHJI€¢ HECKOJAbKUX cioeB 1, 2, 3 u r. n. ChoH, «IpmAUOIIUNA» KO JHY,

Henoasuxked. Ilo mepe ypaneHUs oT
JHa (HM)KHAA NJIaCTUHKA) CJIOM KUI- oy |

KOCTH HUMeIT Bce OOJbIIHEe CKOPOCTH 7 7 oy %
(vy < v, < v, < ..), MaKCUMaJbHafA  _ _ _ _ _ U,
1 2 3 5 iy~ U
=- . —— U -
CKOpOCTh U, OymeT y CJIOS, KOTOPBLIH - Us
s T s Vg o
«IPUJINN» K BepXHEH NJIacTHHKE. vgﬁ N O
Crnon BOBZCMCTBYIOT APYT Ha APYTA. = - - - 7/131”2 - e - o
Tak, panpumep, Tperull cgoil crpeMur- 7 O

cA YCKOPUTHL ABMIKEHUWE BTOPOT'O, HO

caM MCOBLITBIBAET TOPMOXKEHHE ¢ €ero Puc. 7.1

8 — 2495
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CTOPOHBI, & YCKOpAETCA 4YeTBePThIM cjioeM ¥ T. 1. CHuia BHYTPEHHETO
TpEeHUA NPONOPHHOHAJbHA IJIOIIAAKN S B3aMMOAEVCTBYIOIMX CJIOEB U
TeM Gonblre, yem OOJbIIE UX OTHOCUTE/IbHAA CKOPocTs. TaK Kak pasze-
JICHHEe Ha CJIOM YCJOBHO, TO NPHUHATO BbIpa)aThb CUJIY B 3aBHCHMOCTH
OT HU3MEHEHHMA CKOPOCTHM Ha HEKOTOPOM YydYacTKe B HalpaBJICHHH X,
NepHNeH AUKYJAAPHOM CKOPOCTH, OTHECEHHOT'O K IJMHE 3TOT0 y4YacTKa,
T. €. OT BeJIMuuHbI dv/dx — epaduenma cxopocmu (ckopocmu cdeuza):

dv
=MN-—29S. N |
FTp nde (7.1)
10 ypasnenue Hovromona. 3nect 1 — KOdPPUNHEHT TPOTOPIIH-

OHAJbHOCTH, Ha3blBaeMbIil KO3(PUIMEHTOM BHYTPEHHETO TPEHUSA, WJIK
Junamuieckol 6a3K0cmbro (WK IPOCTO 8A3K0CMbl0). BAskocTs 3aBu-
CHT OT COCTOSTHHSA ¥ MOJIEKYJIAPHBIX CBOMCTB MKUIKOCTH (MK rasa).

Equaunell BASKOCTH ABNAeTCA nackanb-cekynda (Ila - ¢). B cucreme
CI'C BaskocTs BeipakatoT B nyasax (I1I): 1 I1a -+ ¢ =10 II.

18 MHOTHX MKHAKOCTEN BA3KOCTH HE 3aBHCHT OT I'paJHeHTa CKO-
POCTH, TaKHC XUAKOCTH NOAUHHAKTCA ypaBHeHUI0 HeloTona (7.1), 1
X HAa3bIBAIOT HbOMOHOBcKUMU. JKUIKOCTH, He NOJUHHAKIIHECH
ypaBHeHUIO (7.1), OTHOCAT K Henblomonoéckum. Mnorpa BA3KOCTH
HBIOTOHOBCKHX JXHUJIKOCTEH HA3bIBAIT HOPMAALHOU, a HCHBIOTOHOB-
CKUX — QHOMAAbHOU.

EKunkocTu, cocToAIMe U3 COMKHBIX U KPYIMHBIX MOJIEKYJ, HANPU-
Mep PacTBOPBI NOJNUMEPOB, B 00pa3yoigye 0Jarogaps CrenJeH ui Mo-
JICKYJI WK YaCTH] TPOCTPAHCTBEHHBIE CTPYKTYPSHI, ABAAITCA HEHBIO-
TOHOBCKUMU. MX BA3KOCTH NpH NMPOYMX PAaBHBIX YCJIOBHAX MHOIO
foJibllle, UEM Yy IPOCTHIX KHUAKOCTEN. ¥ BeJIHYeHNe BA3KOCTH IPONCXO-
JUT NOTOMY, YTO IPH TEUEHUH ITHX KUIKOCTeN pabora BHENIHEH CH-
JIbI 3aTpauyMBaCTCA HEe TOJLKO Ha NPEeOoLoIeHUue UCTHHHOM, HBIOTOHOB-
CKOM, BA3KOCTH, HO M HA pa3pylleHHe CTPYKTYpbi. Kposs Asademca
HEHbIOMOHOBCKOIL HUJKOCMbIO.

§ 7.2. Teuenne BA3KOH KHAKOCTH IO TPyOAM.
dopmyaa Ilyazenan

Teuyenue BA3KOH »KUAKOCTH 0 TpyDaM NpeacTasasgeT LIS MeLHIH-
HbI 0CO0BIN MHTEpEC, TAK KAK KPOBEHOCHAA CHCTEMAa COCTOMT B OCHOB-
HOM K3 NWJIVHIPWYECKHX COCYIOB Pa3HOro gramerpa.

Benepcreue cuMMeTpuu SCHO, YTO B TpyOe ugacTHubl TeKyinmel
JKUIKOCTH, PABHOYLATCHHBIE OT OCH, UMEIOT OOMHAKOBYIO CKOPOCTD.
HauGonenreil cKopocThio 00Jagal0T YacTHnbl, ABMMKYIIHECHA BLOJb
OCH TpyObl; NPUMBIKAKINUN K TpyOe CJOH KHAKOCTH HENOILBHIKCH.
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IIpumepHoe pacmpeneNeHue CKOPOCTH CHO- LU 7772y

eB U }KHUIKOCTH B CEYCHHUH TPYObI NOKa3aHO R =

Ha puc. 7.2. —
HuAg onpeneJieHMA 3aBHCHMOCTH CKO- i

POCTH CJIOEB OT MX DPaCCTOAHHUA I OT OCH —f—wr=—"

BLIJCJMM MBICJIEHHO IUJIMHAPHYECKUH B -

00'bEM HKHUIKOCTH HEKOTOPOr'o paguyca ru Puc, 7.2
nnunsl [ (puc. 7.3, a). Ha Topuax sroro
NHUIKHADPa NONACPKHUBAIOTCA NaBIeHHA P, U P, COOTBETCTBEHHO, UTO

00 YCIOBIUBAET PE3YILTUPYIOLIYIO CHIY
F =pnr® — p,ar? = (p, — py)nre (7.2)

Ha 00K0OByIO IMOBEPXHOCTD IJIHHIPa CO CTOPOHBI OKPYIKAIIET0 CJI0SA
MHUJKOCTH JelCTBYeT CHJla BHYTPEHHETO TpeHUs, paBHad [cM. (7.1)]

dv o _ . dv
F S na;anl, (7.3)

D = na
rae S = 2nrl — nnomanb 0OKOBON NMOBEPXHOCTY NUIKHAPa. Tak Kak

MULKOCTH ABHMKETCA PAaBHOMEPHO, TO CHJbLI, AeHCTBYIONINE Ha Bhife-
JIEHHBIMT [UJIHHID, YPaBHOBEIIEHbI: F = FTp. Ilogcrasiaasa B 910 paBeH-

cTBO (7.2) u (7.3), nonyyaem

(py — PurE =1 gznrl. (7.4)

3HaK «—» B IIpaBOl yaCTH ypaBHEeHUA 00ycaoBaeH TeM, uTo dv/dr < 0
(CKOPOCTH yMeHbIIaeTcA ¢ yBesaudenueM r). U3 (7.4) umeem

__P17 P2
dv 5T rdr.

IIpouHTErpHpYEM 3TO YpaBHEHME:

T P1 Pk
gdvﬂ o J;rdr, (7.5)

3/leCh HUYKHHUE NIpeIebl COOTBETCTBYIOT CJOI0, « MPUJUIIIIEMY» K BHYT-
peHHel NOBepxXHOCTH TPpyOhI (Vv = 0 npu r = R), a BepxHHe nNpenesbl —

Puc. 7.3
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nepemernble. Ilocne muTerpupoBanud (7.5) nonyyaem mnapaboymye-
CKYIO 3aBHCHMOCTB CKOPOCTH CJIOEB MHUIKOCTHU OT PacCTOAHUA HX [0
ocH TpyOBI (CM. OrHOAOIY 0 KOHIIOB BEKTOPOB CKOPOCTH Ha pHC. 7.2):

P17 P
41in
Haunboasmyw CKOPOCTh MMEET CJ0M, TeKYINUHU BIOJb OCH TPYOBI

(r=20):

v (R% - r?). (7.6)

vmax - (pl o p2)R2/(4ln)

YeTaHOBHM, OT KaKUX (paKTOPOB 3aBHCHT 00beM () KHIKOCTH, TPO-
TeKaKIlle yepe3 TOpU3OHTaANABHYI0 TpyOy 3a 1 ¢. J[[14 9Toro Be eI M
HUIMHAPpUYeCKKH coil paguycoM r B Tommuuaon dr. Ilnomans ceue-
HUA 3TOro cnod (puc. 7.3, 6) dS = 2ardr. Tak Kak c10M TOHKHI, TO
MOXKHO CYHTaTh, YTO OH HNepeMelnaeTcs ¢ OQHHAKOBOM CKOPOCTHIO U.
3a 1 ¢ cI0i NepeHOCHT 00'bEM KUK OCTIH

d@ =vdS =v * 2nrdr. (7.7)
ITopcraBasasa (7.6) B(7.7), nonyyaem
dQ = npl;pz(R2 — r2)rdr,
2in
OTKY/Jla MTHTETPHUPOBAaHMEM MO BCEeMY CEUCHUIO HaX O M

NS 2N N TR*P1~ P2 7
== — = ___ - .8
Q=" oI i(R réyrdr T (7.8)

3aBUCHMOCTb 00beMa KUAKOCTH @, IPOTEKAIEN yepe3 FrOpHu30H-
TAJbHYIO TpyOy paguyca R 3a 1 ¢, onpegenserca ¢popmyaou Ilyaser-
aa (7.8), rie § — BASKOCTb JKMAKOCTH, a p; — P, — Pa3HOCTD JaBJe-
HU, IOAJEpKHBaeMas Ha Toprax Tpyobl JJHUHON [,

Kax Buano u3 (7.8), Opu 3aflaHHbIX BHELIHUX YCJOBHUAX (p; U p,)

yepeld TpyOy nporeKaeT TeM DONLUINN 00beM KHUIKOCTH, YEeM MEHBIITe
ee BA3KOCTD 1 OOJBIIIEe paguyc TPYOHI.

ITposenem anamnoruto mexay Gpopmynon Ilyaseitns (7.8) u 3akoHOM
OmMa nJif yyacTKa 1en¥u 0e3 HCTOYHHMKa TOKa. PadHocTs moTeHpa 0B
COOTBETCTBYET Pa3HOCTH JaBJeHMW Ha KOoHLAaxX TpyObl, CHJIa TOKa —
00'beMy MUIKOCTH, NPOTCKAIINEeH uepes ceuyenuie Tpyosl B 1 ¢, 3JIeKT-
puuyecKoe CONPOTHUBIEHUE — 2UOPA8AULECKOMY CONPOMUBNEHUIO:

X = 8nl/(nR%). (7.9)

I'mapaBinuecKoe CONpOTURICHKE TEM DOabIIE, yeM O0oabIIe BA3KOCTD
N, ATHHA [ TpyOBl B MeHbIIIe IJIoIaAb NONepeyHoro CeueHuA. AHAJIOTHA
MEXIY JJIeKTPUYECKUM M THAPABIMYECKHM CONPOTHUBICHHAMH TNO3BO-
JigeT B HCKOTOPBIX CJAy4yaadX UCIOIb30BaTh NPaBHJIO HaX 0KIEHUS JJICKT-
PHYECKOT'0 CONTPOTUBICHUSA MOCJAEIOBATEBHOIO M HapaJIe/IbHOIO COeIH -
HEHUW MPOBOIHUKOB IJA ONpeAeJIeHHA THAPaBIHYEeCKOTo CONpPOTHBIIE-
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HUSA CHCTEMBI TOCJeI0BaTebHO WK NapaJIebHO COCIMHCHHBIX TPYO.
Tak, Hanpumep, obiee THApaBIUMYECKOEe CONIPOTURICHNE TpeX Tpyh, co-
eIMHEeHHbIX NOCJenoBaTeNbHO (pHC. 7.4, a) ¥ napamnensHo (puc. 7.4, 6),
BBIUHCAAETCA COOTBETCTBEHHO 110 OPMYyJIaM:

X=X, +X,+X,, (7.10)
/111
X—(Yl+?—ﬁ+?§) . (7.11)

Yro6b1 npuaars ypaBaenuio Ilyasefna 6oJiee obmjee BbIpayKeHHe,
clipaBeIUBOE U AJA TPyO NePeMEHHOT0 CeYeHus, 3aMeHuM (p; — P,) /!

rpagueHTOM gaBaenud dp/di, u rorga

Q= Eﬁfi&". (7.12)
8n di

YCTaHOBHM B pa3HblX MeCTaxX TOPHU30HTATBHON IWIMHIPHYECKON
TpyObl Pa3HOT'O CEUEHUSA, N0 KOTOPOU TeyeT BA3KASA KHIKOCTH, MAHO-
MeTpHUYecKHue TpyoKH (puc. 7.5, a). OHM NOKa3bIiBalOT, YTO CTATUYECKOE
JaBJIeHMEe BAOJb TpyObI NEPEeMEeHHOI'0 ceueHUs yObIBaeT NPOMOPIH-
oHanbHO [: dp/dl = const. Tak kak BemrumHa @ OTWHAKOBa (HECKHMae-
Mas JKHUAKOCTB), TO [cM. (7.12)] rpagueHT HaBieHus GoJbIlle B Tpybax
MeHbIIIero pajguyca. I'papuK 3aBHMCHUMOCTH JaBJIeHHMA OT PACCTOAHUA

BIOJBL TPYO pa3Horo pasuyca npubJIMIKeHHO TOKa3aH Ha puc. 7.5, 0.

Puc. 7.5
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§ 7.3. Isuxenne Tex B BASKOK KHIKOCTH.
3axon Croxkca

Bsaskocrs npoABiadgerca NpM ABUKEHWUHN HE TOABKO MHUAKOCTHA TIO
TpyOaM, HO ¥ Ted B KNAKocTH, IIpn HeBoAbIINX CKOPOCTAX CHJIa CO-
IPOTUBJEHNUA HABMIKYIIEMyCcA TeJly B COOTBETCTBMM € ypaBHEHHEM
HeloToHa mponopuMoHalbHa BAZKOCTH MXUAKOCTH, CKOPOCTH ABHMKeE-
HWA TeJla 1 3aBACUT OT pa3mMepoB resa. TaK KaK HeBO3MOXKHO YKa3aTsh
00mIy0 (OpMyay AJHA CHUJLI CONPOTHUBIEHWA, TO OTPAHMYMMCIH pac-
CMOTPEHHMEeM YaCTHOTO caydas.

Hawnbosee npocroin ¢popmon rena asiasercda chepa. [aa chepuye-
CKOr'o Teja (LIapMKa) 3aBUCHMOCTH CWJIbI CONPOTHMBJIEHHA IIPH €ro
IBHUMKEHNH B COCYJZIC C »KUAKOCTBIO OT NMEPEUMCICHHBIX BbIIIEe (PpaKTo-
poB Beipaskaercs zakonom Cmoxca:

F__=6nmnru, (7.13)

™
rae r — paguyce liapmkKa, v — CKOPOCTB ABMMKEHHWA. ITOT 3aKOH HOJy-
YeH B NPeAnoJOXKEeHNH, UTO CTEHKH COCya HE BJIWAIT Ha IBMXKEHHWE

Tesa.
IIpn nagennn mapruKa B BA3KON cpege (puc. 7.6) Ha Hero AeiicTBy-

I0T TPW CHJIBI: a) cnaa TakecTn mg = 4/, prrig; 6) BeITANKMBAKIIAA
(apxnmenoBa) cnna F, = m_g = 1/, p_nr3g, rne m  — macca BbITec-
HEHHOH IapoM XHIKOCTH, p_ — €€ IJIOTHOCTD; B) FTp — CHJa Conpo-

THBJEHWA, BEIUNCAAeMan o popmyae (7.13).

ITpn nonagaany iapuka B BA3K VIO dKNIKOCTb €r0 CKOPOCTH YMEH b-
maercda. TaK Kak cuja CONPOTHBJEHWA NPAMO HPONOPIMOHAILHA
CKODPOCTH, TO M OHA Gyger YMEeHBIIATHCHA 0 TeX NOp, MOKa ABUIKEHNE
He CTaHeT paBHOMepHbIM. B aTom cayyae (puc. 7.6)

mg+ F, + FTp =0
WV B CKaJAPHON popMe Npyu NojcraHoBKe COOTBETCT-

BYIOIIMX BLIPAXKEHWH LI CHJI

/,mr3pg —4/,mr3p, g — 6nnru, =0, (7.14)

b

T Ty T‘T. IT’

b

rae v, — CKOPOCTh PaBHOMEPHOI'O ABMXKEHHs (mage-
HudA) mapuka. M3 (7.14) nonyuaem

 2(p-pririg
V= o .

(7.15)

dopmyaa (7.15) cnpaBeanyBa OJA ABUMKEHW 1LIapn-
Puc. 7.6 Ka He TOJbKO B dXMAKOCTH, HO 1 B rade. OHa MOYKeT ObITh



MCI0J1b30BaHa, B YACTHOCTW, IJI5 BHIUNC/ICH A BPEMEH ! BhINAACH N IIbI-
au B Boagyxe. IloacHauM 2710 cienyonmmM npnMepoMm. a1 BosnyXa —
cpenbl, B KOTOPOW B3BeNIEeHbI Pa3JNUYHbIE YACTUILI NbIAN, — BSIZKOCTH
n = 0,000175 II. Oxono 80% nelrm, oOHAPYKEHHOH B JIErKMX yMepPIINX
JIIOJIe, COCTABNAIOT YacTHU1 bl padMepoM ot 5 10 0,2 mxM. Ecoin cunrars
NLIIAHKN IHApo00Pa3HbIMH, 4 IJIOTHOCTDH NbIJIM PABHOW IJIOTHOCTHA 3€M-
au (p = 2,5 r/em?), To, BEIUNCIAA CKOPOCTb HAACHUA HTUX MBIIMHOK MO
dopmyae (7.15), HalimeM, UTO ee 3HAYEH WA HAXOAATCA B npenenax 0,2—
0,0003 cM/c. /118 NOIHOTO BLINAACHWA TaKON IBLIA B KOMHATE BLICOTON
3 M norpedbyercs 0K0J0 12 cyTOK NPy yCIOBUM NOJHON HEMOABUMKHOCTI
BO3ZlyXa M OTCYTCTBUSA OPOYHOBCKOI'O IBUHKEH V.

§ 7.4. MeToanl onpegeneHusd BASKOCTH KUIAKOCTH.
RayHaudecKkun MerToj
onpegeleHus BA3KOCTH KPOBH

COBOKYNHOCTH METOL OB M3MEPEeHNA BASKOCTH HA3bIBAalOT 6UCKO3U-
Mempuei, a TpudbOPsI, NCHOJAb3yeMble IJId TaKUX 1ejeil, — gucko3u-
mempamu. Paccmorpum nanbolee pacOopOCTPAHEHHbBIE METOLbI BHC-
KO3WUMETPH .

Kannnnsapasiit meton ocioBan Ha dopmyie [Iyasefias n sakatoua-
eTcs B M3MEPEHWH BpEeMEHU NPOoTeKaHWA deped Kannuasap XKUIKOCTH
M3BECTHOM MAcChl NOJ NEACTBHUEM CHJIBI TSMECTU HIPHU OHPENEJEeHHOM
nepenane naBieHnil. Kanuanapuoie 6ucko3umempsbt Pa3JNdHON
¢hopmBI NOKa3ansl Ha puc. 7.7, a, 6 (I — n3amepuresbHbIe pe3epBy-
apel, M, n M, — merkn, o603HaYaIONINE TPAHNIIBI 9THX pe3epPByapoB,
2 — Kanuaiasapsl, 3 — NPHUEMHbIE COCYAbI).

KanmnnApasiil BUCKO3UMeETP NpUMEHseTca gJs ONpeaeJeHns BA3-
KOCTH KPOBH.

M- 1\\
M 1 4 2.1 12 0 a; b, .
210 5 6 4 2 08y by D }
P AL AL LALLM 2
3
3
m
a) 8)

Puc. 7.7
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KanuanApabIMY BUCKO3MMETPAMM M3MEDPSAT BA3KOCTH OT 3HAUeE-
auit 10 ° ITa * ¢, cBoiicTBeHHBIX razam, no 3nadenuin 104 I1a - ¢, xa-
PaKTEePHbLIX IO KOHCUCTEHTHBIX CMa30K.

Meron nagatoniero miapuka MCIoJbp3yercs B BHCKO3NMeTPaxX, OCHO-
BaHHLIX Ha 3aKkoHe Crokca, U3 popmynsl (7.15) Haxogum

_2(p-pyrie
v, ]

Takum o6pa3om, 3HasA BEJINYMHLI, BXOAAIIME B NNPABYIO YACTb dTOU
GopMyJasl, M M3MePAA CKOpPOCTL PABHOMEPHOI'O MaJgeHWHA IIapuKa,
MOMKHO HAlTH BA3SKOCTL JAHHON MKUIKOCTH.

IIpegen naMepeHU BHCKO3MMETPOB € ABMXYNIMMCA LIAPAKOM CO-
cragasier 6 ¢« 104 — 250 Ila + c.

IIpyMeHA0TCs TaKXKe pomayuorHible 6UCKO3UMeMPbL, B KOTOPBIX
MKUAKOCTL HAXOOMTCA B 3a30pe MeXK Iy ABYMA COOCHBIMH TEJIaMW, Ha-
npuMmep muanHipamu. OguH M3 UAAMHIPOB (POTOpP) Bpanlaercsda, a
APyroi HenoaBMKeH. BA3KocTs MaMepsaeTres o yIJIOBOM CKOPOCTH PO-
TOPa, CO3Al0NIero OnpeneleHHbIH MOMEHT CHJbLl Ha HEHNOABHKHOM
HAJUHAPE, MJIA IO MOMEHTY CHJIBL, AeACTBYIONIEMY Ha HeIOABMNMKHBINA
M AAHAP, NPY 3aLaHHON yIJIOBOW CKOPOCTH BPallleHW s pOTOpa.

C moMonIbl0 pOTanMOHHBIX BICKO3MMETPOB ONPeJeAIOT BA3KOCTD
wuarocreil B marepraae 1—10° I1a * ¢, T. e. cMa30YHBEIX MaceJ, pac-
IJIABJEHHBIX CMJIHMKATOB M METAJIJIOB, BBICOKOBA3KMX JaKOB M KJIEEB,
TJIMHUCTBHIX PACTBOPOB U T, 1.

B poTanOHHBIX BHMCKO3MMETPaX MOMHO MEHSATHL IPajueHT CKOPOCTH,
3aJaBasi pasHble YIVIOBBIE CKOPOCTH BpallleHW#d PoTopa. ITO HO3BOJACT
N3MEePATL BAZKOCTh IPH PadHbIX I'PAAUCHTAX N YCTAHOBATH 3aBUCUMOCTDH
n = f(dv/dx), KoTopas XxapaKTepHa IJ51 HEHBIOTOHOBCKHX MKHUIKOCTEN,

B macrosiniee BpeMa B KIMHWKE OJA ONPEIEJEeHUs BASKOCTN KPOBU
NCNONL3YIOT 8uckosumemp lecca ¢ gByMsa Kanuaasapamu. Cxema ero
ycrpoiicTsa TaHa Ha puc. 7.7, 6. JiBa OOMHAKOBBIX KaOnmaaApa a,b; n

a,b, coeqnHensl ¢ nBymsa Tpyboukamn [ n 2. IlocpencrsoM pesmHOBOM

TPYILIHA UM BTATWBAA BO3AYX PTOM deped HAKOHCYHMK J, NOOUEPeIHO
61arogapsa TPOHHMKY ¢ KpaHoM 4, 3aNOJIH AT KAaOWLIAp a,b, n pybou-

Ky I no ormerkn 0 gucTnaiMpoBaHH OM BOAOH, a KaOoWLIP a,b, n Tpy-

Bouky 2 no ormerkn 0 — mceaeayemoil Kposslo. [locne aroro remn »xe
crocobaMM OTHOBPEMEHHO IepeMernijalorT obe XUIKOCTH L0 TeX 110p, Ho-
Ka KpoBb He gocturaer nudpsel 1, a Boga — ApPYyToi OrMeTKH B CBOEH
TpyOKe, Tak KaK ycJaoBMA NPOTEKaHUA BOALI M1 KPOBM OJMHAKOBBI, TO
00 beMbI HANIOJHEHNA TPyOOK 1 1 2 6yayT pas3JindHbIMU BCIEICTBHE TO-
ro, YTO BASKOCTH ITHUX XMUIKOCTEH HeOqMHAKOBBI. X 0T KPOBbL U ABJIS-
eTCA HEeHBIOTOH OBCKOH MKHUIKOCTBIO, NCIOMB3YEM ¢ HeKOTOPhIM Npudiamn-
wmedneM popmyay Ilyaszeins (7.8) n 3annilieM O4eBUIHYIO I PONOPIINAIO:

QB/QK - nl{/nB' (7'16)



Yuurbigas, 4To 00U o0'beM V KUAKOCTH IIPHA PABHOMEDHOM ce
TedeHUM cBA3aH ¢ @ dopmyaoit V = QL, rge t — BpeMA HUCTEUEHH S
KuagKocry, smecro (7.16) rronydaem

VB: V;—: - T]K: ns:'

roe V -— obbem KpoBu B TpyOKe 2 or ormerku 0 no ormerkn 1; V —

00beM Boasl B TPyOKe I or ormerKH 0 10 OTMeTKH, NOJYUYEHHON NPHU
U3MEePEeHNN; 1), M 1, — COOTBETCTBEHHO BA3KOCTL KPOBM M BoAm. Or-

HOIIIEHME BAZKOCTH KPOBHM K BA3KOCTH BOIbLI IIPW TOH e TeEMIiepaTrype
HA3BIBAIOT OMHOCUMERbHOU 613KOCMbIO KPOEU.

B Buckosumerpe INecca o6beMm KPOBM BCerga OqMHAKOB, a 00bEM BO-
IbI OTCUNTHIBAIOT N0 IeJIEHUAM Ha TPyOKe 1, mo3ToOMy HEIlOCPEeaCTBEH -
HO MOJYyYaloT 3HAYEeHHEe OTHOCUTEJILHON BA3KocTH Kposu. [ius ygoGer-
Ba orcyera cedyeHnd Tpybok I u 2 genaror pa3daMYHBIMM Tak, 4TO, HE-
CMOTPA Ha pa3sHbie 00'beMbl KPOBM M BOALI, MX YPOBAM B TpPyOKax
OyayT NIpMMEepPHO OJUHAKOBBHI.

BsaskocTs KpoBu yenoBeka B Hopme 4—5 mIla * ¢, npu maronorun
kogedaerca or 1,7 no 22,9 mIla ¢ ¢, 4yTo ckaseiBaeTcd Ha CKOPOCTH
ocenauna spurpountoB (COJ). Benosnasa Kposb obnazaeT HECKOIBKO
OoabIileil BA3SKOCTLIO, ueM aprepuaJjbHasa, 1Ipn rsxenon pusndeckon
paboTe yBEIMUYNMBAETCSA BA3KOCTH KPOBM. HeKoTophie MHQPEKIUMOHHBIEC
3aboJIeBaHMA YBEJIMYUBAIOT BA3KOCTH KPOBM, IPYTrHMe e, HanpuMmep
oprourHoN TH( 1 TYyOEepKyJIes3, — YMEHbUIAIOT .

§ 7.5. TypOynentHoe TeudeHue.
Yucao Pennoabaca

PaccMoTperHoOe paHee TeUeHHE KUAKOCTH ABIAETCH CHAOHCTBIM,
WJIW JaMHHAPHBLIM. YBeJlHM4YeHHe CKOPOCTH TEeYEHWA BAIKOH MHIKOC-
T BCJeACTBUE HEOJHOPOOHOCTH JaBJeHWA MO NONepeyHOMY CEUHEHHNIO
TPYOBI co3maeT 3ABUXPEHWS, W IBUIKEHME CTAHOBUTCH 6UXPEBbLM,
iy my pby rewmmuvim. I1py TypOYyJIEHTHOM T€UEHUH CKOPOCTE YaCTHI]
B Ka)JOM MecTe HeTPepPbIBHO M XA0THYECKHN N3MeHAercsd, ABMXKeHNe
ABJIAECTCS HECTAIIMOHAPHBIM.

XapaxkTep TedeHHS KHIKOCTH II0 TPyb0e 3aBHMCHT OT CBOMCTB
MHIKOCTH, CKOPOCTH €€ T€YE€HHS, pa3MepoB TPYyOsI H ollpeneiseTcs
wucaom Peldnonvdca:

Re=p_vD/m,
rae p_. — ILUIOTHOCTDb MKuaKocru, D — nnaMerp Tpybsl, v — CcpegHAs
N0 ceyeH Mo TPpyObl CKOPOCTL TeUeH nd.

Ecau uncno Pefinonabpca 6oibilie HEKOTOPOro Kpurtndeckoro (Re >
> ReRp), TO ABIJKEHHEe XHAKoCTH TypOyJaentHoe. Hanpumep, jaiasa

TJIAIKAX UMANHAPUYECKNX TpyD ReKp ~ 2300,
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Tax kak uymcao PefiHoabpaca 3aBHUCUT OT BA3KOCTH W NJIOTHOCTN
HUIKOCTH, TO YLOOHO BBECTHW WX OTHOIIEHMe, HAa3biBAEMOe KuHema-
Mmuieckoll 6A3K0CMbIO:

Ucnonsayda aro noasirne, upeao PeliHoabaca MOXXHO BHIPAa3UTh B BUE
Re=vD/v. (7.17)

Ennannell KuHeMaTH4ecKOW BASKOCTH HABIAETCH KBAOPAMHbLIL
memp 8 cexyndy (Mm2/¢), 8 cucreme CI'C — cmoxe (Cr); coorHOmIEHME
mexny aumn: 1 Cr = 10 4 m2/c.

KuaeMmarndeckas BA3KOCTh NMOJHEe, UeM AVWHAMMUYECKAA, YUHUTHI-
BACT BJINSIHNE BHYTPEHHETrO TPeHWUA Ha XapaKTep TeYEeHHA XUIKOCTH
nau raza. Tak, sas3kocrs Boasl npudananreasio 8 100 pas 6oabiie,
yem Bozayxa (npu 0 °C), Ho KnHemarndeckas BA3KocTs Bogabl B 10 pas
MEHbIlle, YeM BO34yXa, W H0ITOMY BA3KOCTH CHMJIbHEE BJIWAET Ha Xa-
paKTep Te4EeHns BO3yXa, YeM BOALI.

Kak sugrOo 13 (7.17), XapaKrep Te4eHUA XKUIKOCTH WM ra3a cynje-
CTBEHHO 34BVCHUT OT pa3MepoB TpyObl. B mupoknx tpybax paxke npm
CPaBHUTENBHO HEOOABIINX CKOPOCTAX MOXKET BO3BHUKHYTHL TYpPOyJIeHT-
HOe IBHMKeHne, Tak, HanpuMmep, B TPyOKe fruaMeTpom 2 MM Te4EeHWe BO-
bl CTAHOBUTCA TYPOYJIEHTHBIM IPU CKopocTy Gomee 127 cm/¢, a B Tpyde
IWaMeTpoM 2 ¢CM — yaKe IIPU cKopocTn npuMepHo 12 ¢cMm/¢ (Temneparypa
16 °C). Teuerne KpoBy Mo TAaKON Tpybe cTaso ObI TYpPOYJCHTHBIM IpH
cKopocry 50 ¢cM/C, HO IpaKTHYeCKN B KPOBCHOCHLIX COCYAaX ANAMEeTPOM
2 ¢cm TypOyJIeHTHOE TeUeHMe BOZHUKAeT JaXke NIPHU MeHbIliell CKOPOCTH.

Teuenne KpoBM B aprepusdaX B HOPpMeE ABJAETCA JIaMWHADHBIM, He-
fosbinas TypOyJEeHTHOCTL BOBHMKaET BOJMM3M KlanaHoB cepaua. [Ipn
NaTOJOTNH, KOIZAa BA3KOCTb OLIBAET MEHbINIe HOPMLI, 4mcao Pei-
HOJbACA MOMKET NPEBLILIATL KPUTHUECKOe 3HaYeHHe U JBUIKEH e CTa-
HeT TYPOYJICHTHBIM.

TypOy/leHTHOE TedeHHWe CBA3AHO € JONOJHWUTEJLHON 3aTpaTon
PHEPIruM NPH ABMIKEHWHU XKUAKOCTH, UTO B ClIydae KPOBM NMPUBOAUT K
nobaBouyHoil padbore cepana. Illym, BodHMKaONIMN Npn TypoyIeHTHOM
TeYEHUN KPOBU, MOYKeT ObITh MCIOJbL30BAH AJA AWArHOCTUPOBAHUA
3aboaeBaHMi. ITOT HIyM NPOCAYIUMBAIOT Ha MJeYeBOM aprepuy IpH
M3MEepPEeHNN JaBJIeHNA KPOBU.

Teuenne BO3AyXa B HOCOBOH MOJIOCTH B HOpMe JamMuHapHoe. OgHa-
KO IPH BOCHAJEHNW MJIN KaKNX-JI1M00 IPYTUX OTKJIOHEHHUAX OT HOPMBI
OHO MOJKeT CTATh TYpOYJIeHTHBIM, YTO NOBJEYET JONOJHATENbHYIO Pa-
0oTy IbIXaTeNbHbBIX MBILIII,.

Yncno Pefinoabaca sasaserca kpurepuem nogobusi. IIpm mogenn-
POBAHWW THUAPO- W a’POIMHAMMYECKHX CHCTEM, B YAaCTHOCTHU KPOBe-
HOCHOI cneTeMbl, MOLEJb SOJMHA UMETh TaKoe e uncio PeliHonba-
ca, KaK M HATypa, B IPOTUBHOM CJydae He OyaerT COOTBeTCTBAA MEKIY
HMMHW. ITO OTHOCATCA TaKKe M K MOAEINPOBAHUIO 00TEKAHWUA TeJ IPN
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IBVKEHNH UX B KUALKOCTH uian raze. U3 (7.17) BUOHO, YTO yMeHbILIe-
HJEe Pa3MepPoOB MOLEAU MO CPABHEHWNIO ¢ HATYPOH LOMMHO OBITH CKOM-
MEHCHUPOBAHO YBEJIWYEHHMEM CKOPOCTH TEUEHUsS WJIN YMEeHbIIeHMEeM
KMHEMATHUYeCKON BAZKOCTH MOLEIbH O KUIKOCTH WJIN Tasa.

§ 7.6. OcoGennocTH MOJIEKYIAPHOTO
CTPOeHMHA KHIKOCTEH

OObIYHbBIE KUAKOCTH HW30TPOIIHBI, CTPYKTYPHO OHMW SABJAIOTCSH
aMmopdHBIMH TeJlaMmW. [IJIA BHYTPEHHEr 0 CTPOEHUS KNAKOCTEH XapaK-
TePEeH OJHMMXHNHN NOPALOK B PACHIOJIOMXEHNH MOJEKYJI (yIOPALOdEeHHOoe
pacnoJioxKeHne OJAKANIINX JacTUn). PaccToAHMA Mexay MOJEeKYJia-
MJ HEBEJIUKH, CHJIbI BBANMOLENCTBUA 3HAUNTENbHBI, YTO NIPUBOINT K
MaJON CKIMAEMOCTH KUIKOCTEeN: HeDoIbIlIoe YMEeHbIIeH e PACcCTOA-
HUA MEXIY MOJIeKYJaMH BbI3bIBaeT NOABJEHNE DONBIINX CHJ MEXMO-
JEeKYJAPHOTO OTTAJK MBAHWA.

ITogobHO TBEPABIM TEJNaM, KAIKOCTH MaJ0 COXMMaeMbl 1 00J1a1a0T
DOJIBIIION AJOTHOCTHIO, MOAO0HO razaM, NIPUHUMAIOT POPMyY cocylla, B
KoTOpoM HaxogfArcsa. Takoll xapaKTep CBOWCTB KHUIKOCTeH CBA3aH C
0CODEHHOCTAMN TENJOBOI'O ABMKEHNA MX MOJeKyJd. B razax moneky-
JIbI ABMMKYTCHA OECOPALOIHO, HA MaJBIX OTpe3KaX NMyTH — HNOCTyNa-
TeJbHO, B PACHOJTOKEHNN YacTH] OTCYTCTBYyeT KaKoH-JInbO0o HOPSIIoK.
B kpucranamdyecknx teaax d4acTHubl KOMeDJIOTCA OKOJIO ONpeneeH-
HBIX TMOJIOMKEHWA PAaBHOBECHA — Y3JO0B KPHCTAJNJINUECKON pellieTKH.
IIo Teopun A. . Pperkenda MoleKyabl KHUIKOCTH, TOLO0HO YaCTH-
aM TBepAOro renaa, KolebarTea OKOJI0 NOJ0XKeHN paBHOBeCHA, OfI-
HAKO 9TH TMOJOXKEHNA PaBHOBECHHA He ABJAIOTCH MOCTOAHHBIMHU. [lo
MCTEYEHHMH HEKOTOPOI'0 BPeMEeHM, HA3LIBACMOI'0 BPEMEHEM «OCeIJION
KU3HN», MOJeKyJa CKAauKOM INepexoanT B HOBOE NOJIOXKEHWe PaBHO-
BeCHs Ha paccToAHNE, PABHOE CPEeJHEMY PACCTOAHNIO MEXIY COCEeIH-
MM MOJEKYJIaMu.

Beiuncanm cpepHee paccToAHAE MEXAY MOJEKYJIaMH EUIKOCTH,
MoKHO MBICJIEHHO TIPEICTABUTH BeCh 00bEM KUIKOCTH Pa3AeTeHHbIM
Ha He(GOJbIINe OMHAKOBBIe KyOuKHu ¢ pedpom 6. Ilyers B cpegnem B
KaM oM KyOHMKe HaAXOOWTCs OfHa MoJeKyiaa. B sToM ciydae & MOXKHO
paccMaTpuBarh KaK cpefHee PACCTOAHWE MEXIYy MOJIeKyJaMu KHI-
kocru. O6bem xugKocTy paBed V = 33N, rpe N — obinee KoJamyecTso
MOJEeKYJ EugKocrr. Ecian n — KoHneHTpanmst MoJeKyJT (KOJIM4eCcTBO
MosiekyJs B 1 M3), To N = nV. U3 aTux ypaBHeHni1 noaydaem

5= _L1 . (7.18)

3/n
IMopsagok BeanunHsl & cocrasaaer 10710 M, manpumep, 1A BOALI
d=3 10710 .,
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Cpednee gpema «0cednoll HuU3HU» MONEKYAbL HA3bLEAIOM 6peMme-
nem penaxcayuu t. C mOBBIIIEHNEM TeMNIEPATYPsl 1 NOHMKEHNEM JaB-
JeHNs BpeMsi PellaKcaumy CHJILHO YMEHbIUACTCHA, YTO 00yCaOBJIMBAET
HOJIBIIY I0 NOABHKHOCTE MOJIEKYJT dKUIKOCTH 11 MEHBUIYIO €€ BASKOCTS.

Hust Toro 4Tobsl MOEKYIa MUAKOCTH NEePeCKOYnIa N3 OJHOI'O HOo-
JOKEeHUA PAaBHOBECHA B APYyroe, TOJJMKHBI HAPYIUNTHCA CBA3N C OKPY-
KABIMMM ee MOJEeKyJaMy M 06pa30BaThCs CBA3W C HOBLIMM CoCensd-
M. [Ipouece paspsiBa cBAseil Tpebyer 3aTparsl sHeprnn E, (anepeuu

axmuéayuu), BIIEAsAeMON Npu 00pa3oBaHny HOBBIX cBased. Takon
nmepexol MOJEeKyJabl M3 OSHOTO HOJOXKEHNA PABHOBeCHA B APYToe sB-
JasieTcsl nepexodom uepe3 nomenyuanbubil Gapvep Boicoroinl E

SHEePruio AJdA NpeoqoJeHns MOTEeH NMaJbHOI0 Oapbepa MOJEKYJIa NOo-
Jydaer 3a cUeT SHEPruy TeNJOBOTO IBUMKEH A COCETHMNX MOJeKyJI. 3a-
BHCHMOCTb BPEMEHHN PeJIAKCAIINM OT TEMIepaTypsl XUIKOCTH U dHEP-
I aKTUBan My BbIpa)kaercA (POPMYJIOH, BhITECKAIONMIEN M3 pacupene-
meHnda Bonsnmana (cm. § 2.4).

Ea
T=1,ekT, (7.19)
The T, — CPeLHMI Nepuos KoJaeGaHNil MOTEKYIbI OKOI0 TONOMXKEHN

PaBHOBECH .
3uaf cpenHee nepeMenieHne MOJeKyJabl, PABHOE DACCTOAHWIO MEX-
Ay MOJeKyJaMu O, ¥ cpeiHee BpeMs T, MOMKHO OIPeAeInTb CPELHION
CKOPOCTDH ABHMKEHWS MOJEKYJ B dKNIKOCTH:
5 -La
<p>=_g¢ kT,
To

(7.20)

Jra CKOpPOCTH MaJja 10 CPABHEHMIO CO cpelHell CKOPOCThIO ABHKe-
HNA MoJeKyJ B rage. Tak, sanpumep, oyda MoJeKy s Bogbl oHa B 20 pas
MEHBIIe, YeM AJIA MOJeKyJ napa npy TOM »Ke TeMIlepaTtype.

§ 7.7. IloBepxHOCTHOE HATAMKEHHE

Ha noBepxHOCTAX pa3fenia MUIKOCTH W €e HACBINIEHHOT'o Hapa,
JIBYX HECMEILUMBAEMBIX KUIKOCTEH, XKUIKOCTH W TBEPAOro Teaa BO3-
HUKAIT CUJIBI, O0YCIOBIEHHbIe PA3INUYHBIM MEXMOJEKYJSPHBIM B3a-
UMOAEeCTBEM IPAaHNYaNINX CPeJ.

Kaxxnaa monekyna, pacnosiodkeHHasd BHYTPH of'beMa MHIKOCTH,
PaBHOMEPHO OKPYKeHa COCeIHMMM MOJIEKYJaMW M B3aUMOJIEHCTBYET
¢ HUMMW, HO PABHOAEHCTBYIONAsA 3TNX CHUJ paBHa Hyato. Ha monekyny,
HaxXopAnyoocda BOJN3N rpaHMnbl IBYX Cpen, BCICACTBUEC HEOLHOPOI-
HOCTHW OKPYYeHWd IeficTByeT CHJia, He CKOMIIEHCUPOBAHHAA NPYT UMM
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MoneKyaaMu xugkocrn., [losromy nasi nepeme- .

IIEHNA MOJEKya M3 00b€Ma B TOBEPXHOCTHBIH

CJIOM HEODXOAMMO COBEPIINUTE pabory. N
IHosepxnocmnoe nHamaxcenue (KodpPUNEHT

NOBEPXHOCTHOTO HATAMEHHWA) ONpeneaaerca OT-

HOUTeHMeM padorsl, 3aTpPpadyeHHOH Ha CcO3gaHWe

HEKOTOPON MTOBEPXHOCTH KMIKOCTH IPH TOCTO-

AHHON TeMueparype, K MJIONIaAn 3TOA MOBEPXHO-

CTH.
oc=A/S. (7.21) Puc. 7.8

Yenoruem ycTOMUNBOTO PABHOBECHA MKHUIKOCTEH ABIAETCH MHUHM-
MYM SHEPIrUH NOBEPXHOCTHOI'O CJ0fA, NOATOMY NPH OTCYTCTBAW BHEIII-
HHUX CUJI UJIW B COCTOAHWHW HEBECOMOCTH XUJIKOCTb CTPEMHUTCA UMETh
MHWHWUMaJbHYIO NA011a1b HOBEPXHOCTH IPU JaHHOM 00beMe W IPWHHA-
Maer (popmMy Liapa.

IlorepxXHOCTHOE HATHMKEHHWE MOMKET GLITH ONpeAeeHO He TOJbLKO
sHeprerndeckyn. CTpeMJieHMe NOBEPXHOCTHOTO CJOA MALKOCTH COKPa-
TUTBHCHA O3HAYAET HAJUUME B 9TOM CJOE KacaTeJbHbIX CIJ — CUR RO-
éepxHocmHoz0 namaxenuna. Ecay BpiOpaTh Ha MOBEPXHOCTHA YKHI-
KOCTH HEKOTOPBLIN OTPe3oK AJuHOU [ (puc. 7.8), TO MOXHO yCJIOBHO
M300Pa3NUTh ATHU CHUJIbI CTPEJIKAMM, NEPHEHINKYISIPHBIMA OTPE3KY.

IloBepxHOCTHO® HATAKEHHE PABHO OTHOIIEHWIO CHJLI IIOBEPXHOCT-
HOI'0 HATSHMKEHUA K JJIHHE OTpe3Ka, HAa KOTOPOM /IeHCTBYeT 3Ta cHJja:

oc=F/L. (7.22)

M3 mkoasHOro Kypea (puankym m3BeCcTHO, UTO 004 ompenesieHus,
(7.21) n (7.22), Troxxgecrsennbl. [IpuBeneM sHauyeHMsS TOBEPXHOCTHO-
ro HATKEHWA Oad HEeKOTOPbLIX XKHUIKocTell npu remueparype 20 °C
(rabma. 15).

Tabaruya 15
KuarocTn o, H/m Kunroern o, H/m
Boga 0,0725 PryTh 0,47
Henun 0,048 Coupt 0,022
Monoxro 0,05 CHIBOPOTKA KPOBU 0,06
Moua 0,066 Ddup 0,017

IloBepxHOCTHOE HaTAMEHWE 3aBUCHAT OT TeMueparypsi. Baaam or
KPUTUYECKON TeMIepaTyphl 3HadueHNe ero yobisaer JMHENHO NPH yBe-
JAN4eHnyu teMmnepatypbl. CHMIKEHWA TIOBEPXHOCTHOTO HAaTHMKEHWH
MOXHO JOCTUT'HYVTH BBEIECHMNEM B YKUIKOCTH MOBEPXHOCTHO-AKTHUBHLIX
BEI1]eCTB, YMEHBIUIAIONMX YHEPT N0 MOBEPXHOCTHOTO CJO4,
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§ 7.8. CmaunBanue u HecMaunBaHHe.
Kanuaaspasie ABJIEHUS

Ha rpannne cOnNpuKOCHOBEHWA Pa3JMUHBIX Cpen MOKeT HadIo-
JAThLCH CMAHUBAHUE NI HECMALUBAHUE.

Ha pycyHKax nokasaHa KamJisa dXUIKOCTH HAa TIOBEPXHOCTH IPYroil,
HEe CMeIluMBalonieficsa ¢ Hed »KugKoctn (puc. 7.9) 1 Ha NOBEPXHOCTH
rgepporo rea (puc. 7.10 1 7.11). Ha noBepxHOCTAX pa3mesa KayKbIX
aByx cpea (I m 3, 2u 1, 3 n 2) gelicTBYIOT CUJILI MOBEPXHOCTHOTO Ha-
TAXeHudA (IoKa3aHbl crpejikamu). Ecian aru cUbl pa3neanTs Ha JJIU-
HY OKPYMHOCTH Kanan (TPaHNIB TPeX cpeld), TO HOJYINM COOTBET-
CTBEHHO O 4, O,;, Oy,-

Yroa 0 mexay cMaunBaeMON MOBEPXHOCTHIO M KacaTeJbHOH K mo-
BEPXHOCTH JKHWIKOCTH, OTCYNTHIBAEMbIH Yepel3 Hee, HA3LIBAIOT Kpae-
6bLM.

3a Mepy CMAYNBAHWS OPHMHMMAIOT BEJNYNHY

cos 0 = (0,4 — 04,)/0y;- (7.23)

Ecnn 6,, < 6, (cm. puc. 7.10), To 0 < 7/2, n »KUAKOCTH CMAuYNBaeT

TBEPAOe TEJO, NOBePXHOCTb KOTOPOTO B 9TOM CJyYae Ha3biBaercA 2ud-
podunenoi. B ciydae o5, < 6,4 (cM. puc. 7.11) 0 > =/2, muaKocTs

He CMa4YMBaeT TeNO, MOBEPXHOCTH €r0 B 9TOM CJIydae Ha3bIBAKOT 2ud-
pogobroii. HecMaunBawmas UAKOCTh HE IPOTCKaeT yepes MaJible
orBepernsi B TBeppoM rtene. Ilpm |o,, — ©,,] > o, KpaeBoii yroa

ONpeseanTh HENb3A, TAK KaK c0s O He MoxKeT ObITh 60JbIle eJUHHILBI.
B sTom caydae KanJs pacreKaercs MO MOBEePXHOCTH TBEPAOTO TeJa fo
Tex Mop, [I0Ka He MOKPoeT BCEH ero MOBEPXHOCTHA MJIN MMOKa He 00paay-
eTCA MOHOMOJEKYJAApPHBIH caoi. Takoil caydaill saBaserca udeaib-

Pue. 7.10 Puec. 7.11
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Hboim cmauueanuem. K HeMy ¢ HEKOTOPBIM HIPUOAMMKEHNEM MOMKHO
OTHECTH pacTeKaHWe CIUPTa WJIW BOALI 0 YMCTON NOBEPXHOCTH CTEK-
Ja, HepTy 1o BoJe U MP.

ITon geficTrBneM cua HOBEPXHOCTHOTO HATSYKEHWA [TOBEPXHOCTHBIN
CJION KHUAKOCTH NCKPHWBJAEH M OKAa3biBaeT JONOJIHWTENABHOE MO OTHO-
IIeHNI0 K BHellIHeMy gaBaeHne Ap. IToBepxHOCTHBIN caol nogobenH yo-
pyroi o60J04Ke, HANIPUMEp Pe3rHOBOM nuaeHkKe. PedyabTHpyromjasn
CMJI HOBEPXHOCTHOTO HATHAMXEHWHA HCKPUBJIEHHON NOBEPXHOCTH Ha-
NpaBJeHa B CTOPOHY BOTHYTOCTH (K €HTPY KpuBH3HbI). B caydae che-
PUUECKON MOBEPXHOCTH, PagNyc KPUBHU3HLI KOTOPOH I, TONOAHUTEIb-

HOEe JaBJeHne
Ap = 2oc/r. (7.24)

Hckpusiaenne noBepxXHOCTH (MEHNCK), B YACTHOCTHW, BOZHMKAaeT B
y3KNX (KanuJJspHbIX) TPyOKax B pe3yJbraTe CMayWBaHWA WJIW He-
CMAYMBAH WA MUIKOCTHIO NX noBepxHocTu. [Ipn eMmaunsaranm obpaay-
eTCA BOTHYTHIN MeHucK (puc. 7.12). Cuabl gasieHnsa HaNpaBJIeHBl OT
HHUIKOCTH HAPYXKY, T. €. BRePX, N 00YCJOBINBAIOT NOLBEM XUAJKOCTHA
B KanuJaaspe. ITO PaBHOBECHOE COCTOAHME, TOKA3aHHOE HAa PUCYHKE,
HacTymnaer TOTAa, KOTJa JaBiaeHe pgh ypaBHOBECUT Ap.

U3 pue. 7.12 BugHO, 4TO 1 = o5 roe B — pagnyc Kannaagapa.
0]
IToaromy [(eMm. (7.24)] nonydaem
Ap = %%5_9 _ (7.25)
Torpga
2ccos O
h= 290080
P& 7

OTKyJa BbICOTa NOAHATHUA XUIKOCTH B
Kanunijaspe

R

B = 2ccos 0 ’ (7.26) M

Rpg FS—— o

T. €. 3aBUCHUT OT CBOWMCTB XWUIKOCTN N N

Marepua/ja Kanujinsapa, a TAKKE OT ero - _—_ 1 h
paaunyca. - -

B cryuae HeemaumBaHnsicos 0 <0p  =———2 — 7
dopmyna (7.26) moka)ker BbICOTY ONYyC-
KAHWA MULKOCTHA B KalNJLJIApe.

Kannnaapabie ABIeHnsa onpemess-
IOT YCJIOBUS KOHIEHCAIMM NapoB, KH-
MNeHUA MKUIKOCTEeN, KPHUCTAJIW3alun
n 1. n. Tak, HanpnMep, Ha MOJIEKYJIy Puc. 7.12
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napa (puc. 7.13; Touka A) HaJg BOTHYTBIM Me-
HUCKOM KHAKOCTH OelcTByer GOJbIIe MoJie-
KyJ MUIKOCTH W, CJIegoBaTeNbHO, OOJbIUas
cnJa, 4eM NPH BBINYKJIOM MEHHCKe (IOoKa3a-
HbI CTPeJKaMi). ITo BUAHO M3 puc. 7.13, Ha
KOTOPOM IITPUXOBBIMWA JMHWAMHW yCIOBHO MO-
KasaHbl cpepbl MOJEKYJISIPHOTO AEHCTBUA, a
3aIUTPUXOBAHHbIE YUACTKN — O0BEMbI KW/I-
KOCTH, MOJEKYJbl KOTOPLIX IPUTATUBAIOT BbI-
IEeJEeHHYIO MOJEeKyJay napa. B pesynasrare aTo-
ro BOZHMKACT KAOWIJAPHAS KOHJIEHCAIWA B
cMadMBaeMbIX TOHKWX TPyOKax pmaMke mnpu
CPaBHUTEJIbHO MAJION BAAKHOCTH BO3nyXa. Biarogapst 3ToMy NOPHCTHIEC
BEI]eCTBa MOTYT 3a€PKUBATH 3HAYNTEJIBHOE KOJINYECTBO XXUIKOCTH N3
IIapOB, YTO NPUBOANT K VBIAXKHEHNIO OeJibs, BATHI B ChIPBIX NOMEN[CHH-
X, 3aTPyAHAET CYIIKY TMI'DOCKOMMYECKNX TeJ, CIOCOOCTBYeT yaep:xKa-
HWIO BJarv B nouse u T. 0. HaobGopor, HecMaunBawnine »XUJKOCTH He
NPOHMKAIOT B nopucTsie Tesia, C 3TuM cBA3aHa, HAIPUMeED, HENIPOHU I A-
€MOCTb JIJIA BOABI HIEePLEB NTHI, CMa3aHHbIX XXUPOM.

PacemorpyM moBefeHHNe Ny3bIPbKa BO3AYyXa, HAXOAANIETOCA B Ka-
NMJLIsIpe ¢ dXUAKOCThIo. Ecay naBneHne M uaKOCTA Ha Iy3bIPEK ¢ Pags-
HbIX CTOPOH OAMHAKOBO, TO 00a MEHMCKA Ny3bIPbKa OyAyT UMETh OgH-
HAKOBBIA PagMyc KPUBU3HBI, W CHJBI NONOTHATENBHOrO JABICHUA
OyAyT ypaBHOBEIINBATHL APYT APYTa F1 F (puc. 7.14, a). IIpn n3-

Puc. 7.13

ObITOUHOM OABJCHWM C OLHON M3 CTOPOH, HANPHUMEP NPH ABHIKEHHUN
KHALKOCTHA, MEHNCKHN AeOPMHPYIOTCH, MBMEHATCA UX Pagnychl KPH-
BU3HBI (pnc. 7.14, 6), IODOJHUTEJNBHOE HaBJeHne Ap ¢ pa3HbIX CTOPOH
CTaHeT HEOOMHAKOBLIM. OTO NPHUBENET K TAKOMY BO3LEHCTBHIO Ha
MKUIKOCTD CO CTOPOHBI MY3bIPbKA BO3AyXa (rasa), Koropoe 3aTpygHUT
WJIN NPEKPATUT ABMXKCHNE KUTKocTUu. Takue ABJEHHA MOrYT IIPOMC-
XOJAUTh B KPOBEHOCHOH CHCTEME 4eJIOBEKA.

IlonaBiune B KpoBb My3bIPLKM BO3yXa MOTYT 3aKyIIOPUTL MKW
COCYZ M JINILUNTh KPOBOCHAGYKEHWA KAKON-AIN060 oprad. ITo ABJCHUE,
HasbiBaeMoe amboaued, MOXKeT HPHBECTH K CEPLE3HOMY (PYHKM-
OHAJLHOMY paccTpoilcTBy MIN make JeTalbHoMy mcxony. Tak, Boas-
AVIIHASA SMOONNA MOMKET BOZHMKHYTb NPHW PAaHEHWM KPYMNHbIX BeH:
NPOHMKIIMA B TOK KPOBM BO3LyX 00pa3yeT BOSAYIUHBIN Ny3bIPh, NIpe-

Puc. 7.14
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NATCTBYONINM NPOXOAKIEHNIO KpoBH. I1y3bIPDBKM BO3IYXa He LOJMKHBI
IONaLaTh B BeHbl TP BHYTPUBEHHBIX BAWBAHNAX.

l'azoBble y3bLIPBKM B KPOBHU MOTYT HOABATHLCA y BOLOJNA30B NPH
OBICTPOM HoabeMeE ¢ OOJBIION TIYOMHBLI HA TTOBEPXHOCTS, Y JETUYNKOB
1 KOCMOHABTOB IPH PasTepPMETH3NPOBAHNM KAaOWHBI NMJIM cKadaHapa
Ha OOJIBIION BbICOTE (ra3oBas dMO0ANA). D10 06YCIOBIEHO NEPEXOIOM
ra3doB KPOBHM M3 PACTBOPEHHOI'O COCTOAHWA B CBODOAHOE — razoobpas-
HOE€ — B Pe3yJbTaTe NOHMXKEHNA OKpyMKaloniero armocdepHoro gas-
Jeaud., Bepyniaa poas B 0Opa30BAHWM Ta30BLIX NY3LIPBKOB NpPH
YMEHbIUeH W SABJCHWA NPUHALIEXKNT a30Ty, TAK KaK OH 00yCJIOBIN-
BaeT OCHOBHYIO YacTb 00NIero faBJIeHNA Ta30B B KPOBNM U He yUacTBYyeT
B ra3oobMeHe OPraHn3Ma M OKPy:Karomniero Bo3yxa.

I'/\ABA8

MexaHn4ecKkme CBOMCTBa TBEDAbIX TeA
1 OUOAOTUYECKMX TKAHEM

X3OAKTEPHbIM MDU3HAKOM TBEDAOIO TEAQ SBASETCS CrOCOBHOCTL
COXPaHATL GOPMY. TBEPABIE TeAG MOXHO PA3AEAUTD HA KDUCTAA-
AMHECKUe Y aMOPHbIE.

Tak Xe Kak 1 B TA. 7, PACCMATPMBAEMBIN METEPUAA UMeeT OTHO-
LEHUE K PEOAOTU 1 OUOREOADT M.

§ 8.1. Kpucraanmnueckune u amopchHnbie Tea.
IlouMepsl 1 OMOMOJIHUMEPHI

OTAnYnTeNbHbIM NPU3HAKOM KPUCTAMINYECKOTO COCTOAHNA CJIy-
KT AHU30mponui — 3aBUCUMOCTbL PU3NYECKNX CBONCTB (MeXaHnde-
CKHMX, TEILNIOBBIX, dJEKTPUYECKN X, ONTHYECKNX) OT HANPaBJICHNA.

IIpynunHa aHN30TPONNN KPUCTANIOB 3AKJIIOUACTCA B YHODPALOUYECH -
HOM DACHOJOXXEHMHM ATOMOB MM MOJEKYJa, N3 KOTOPLIX OHWM NOCTPO-
€Hbl, NPOABIAIONIEMCA B NPABMJILHON BHEIIHe# OrpaHKe OTIebHBIX
MOHOKpPHcTanaoB. OnHAKO, KaK TNPaBUJIO, KPHUCTANJNYECKHe TeJa
BCTpeYaTea B BUAEC HOJWKDPHUCTANIOB — COBOKYHOHOCTH MHOMECTB
CPOCIINXCA MeXAY coboil, 0ecnOPAZOYHO OPUEHTUPOBAHHBIX OTHENb-
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HBIX MAJEHbKNX KPUCTANINKOB (KpucTananTel), B arom ciyyae ann-
30TPONNA HAbOJMIOgaeTCHd B Ipegesiax KPUCTANINATOB.

YropsanoueHHOCTh B PACHIOIOMEHWN aTOMOB WM MOJEKYJI KpHC-
Tadaa 00yCJaOBJIEHA TeM, UTO OHY PasMeIaTceAa B y3jaax reoMerpmuie-
CKM NPaABWILHBIX CTPYKTYp, 00padyd NPOCTPAHCTBEHHYIO KpUucmani-
Auveckyro peuemky. B zaBycuMocTH OT NPUPOABLI YACTHUL, HAXOIS-
niuXcd B y3Jdax, W Xapakrepa CuJ B3aUMOAEHCTBHA PAa3IN4aIOT
yeTslpe THHA KPUCTAJIMNYECKUX PEIllieTOK: UOHHble, AMOMHbLE, Me-
maanuieckue N MOAEKYAApHbLe.

B yanax KpucraaandecKOH pellleTKHW WOHHOZ0 KpucmaJia Haxo-
IATCSA WOHBI PA3HBIX 3HAKOB. CHJBI B3AMMOMEUCTBUSA MEXJAY HHUMH B
OCHOBHOM KVJOHOBCKMe, Takoi KpHUCTANI B 11eJI0OM pacCMaTpUBaeTCHA
KAK OLHA MOJEKYJa. ¥ 3Jbl PEILIeTKN a/MOMH 020 KPUCMAALQ 3AHATHI
HEeHTPAJBHBIMMA ATOMAMM, MEXIY KOTOPBIMHM JENCTBYIOT KOBAJEHT-
Hble ¢cBA3U. BO BceX yanax memaanuieCkol peutemyxu pacnooxKeHbl
NOJIOKNTEbHbIe MOHBI MEeTAJIOB. MeXay HMMM XaoTHIeCKN IBUKYT-
cA dJeKTpoHbI. CycreMa MOHOB WM DJEKTPOHOB CO3J4eT Merajanande-
CKYI0 CBfA3b. B y3lax KpucTanJaudyecKoil pellieTKH MOACKYAAPHOZO
KpuUcCmaJaia HaxomfATCA OPMEHTWPOBAHHBIE ONPENEJCHHBIM 00pa3oM
MOJEKYJbl, yAePKHBaeMbple Ha CBOMX MECTAX CHUJIAMM MEXMOJICKY-
JISIPH OT'O B3aMMOIeAICTBHS.

C sHeprernyecKoi TOUYKM 3PEHUA MACAJbHBIN KPHCTAJI HPOTHBO-
IOJOXKEH UAeaTbHOMY ragy. B ngealbHoM raze abCoMIOTHOE 3HAYCH €
PHEPrUM B3AMMOAEHCTBUS MEMAy aroMaMu MHOro Menbilie BT —
cpefHell PHEePTUM XaoTMUYEeCKOro TenjJaoBoro aBrmkeHnsa. Haobopor, B
KPHUCTAJJIe BCJIeNCcTBHEe OOJbIUMX CHUJI B3auMozencrBrua abcosioTHoe
3HAUYEHME 3HEPTUU B3auMoAelcTBuA MHoro boasilie kT, [Tosromy ren-
JIOBOE IBMKCHNME B KPUCTANLIAX HE MOXeT Pa3pylUnTh CBA3bL MEXIy
YACTHIAMM, BCJIENCTBHME Yer0 OHM COBEPIUAIOT MaJsle KOJIeDaHMA OKO-
JIO TTIOJTOXKEH I paBHOBeCHA.

BzaumopeicTrBue Me)XAy YacTHIAMM JIOOOTO BMAA B KDPHCTAJJIE
BBIDAYKAETCA 3ABMCHMOCTHIO MOTEH IMAJIBHON 3Heprun E_ or paceros-

auA r mexxkay aumu (puc. 8.1). KpuBasa ne
o CUMMETPUYHA OTHOCHUTEJBHO MMHUMYMA.
Paccroanune ry Mex 1y B3anMOAeNCTBY 0

E

NAMH 4aCTUIAMH COOTBETCTBYET MWHMU-
Ay Ty MyMy NOTEHI MaJbHON sHepruu npu T =
= 0 K. Ilycrs npn remneparype T, cyMm-

g_m MapHad (KMHETHYEeCKAs ¥ MNOTeHIHAJb-
Ez Has) oHepruaA papHa E,. Oro osnayaer,
) -

gT0 4acTHIa KoJiebJaerca MeXXOy TOUKAa-
mn A, n B,. Cpegnee pacerosinne Mexay

Puc. 8.1 nBymsa yactnuamu r; = (OA, + OB,)/2.
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IIpn T, > T, sHeprus yactuisl pagaa E, > E,; n OHa KOJE6GJIETCA MEX-
ny roukamun A, n B,. Cpexnee paccToAHME MEXY YACTHUIAMM PaBHO
r, = (OA, + OB,)/2. Beuay T0ro 4ro noreHynajisHas KpUsas acuMMer-

pMUHA, CPefHNe PACCTOAHNA MEXIY YaCTUHAMM IO Mepe HarpeBaHWsd
YBEJIMUMBAKTCHA: Iy <1y < Iy, < ry < ..mpn 0K < T, <« T, < T, < ..,
4T U 00yCJOBJINBAET TEIJOBOE PacllinpeHne Tel.

OcHOBHAA MAKPOCKONMYECKad OCODEHHOCTH aMOP(HBIX TEJ 3aKal0-
YaeTCs B €CTeCTBEHH O M30TPONNY MX CBOMCTB M OTCYTCTBUH ONPEICICH-
HOH TOYKHM IJIABJIEHN, YTO 00YCJIOBIEHO BHYTPEHHHUM CTPOCHMEM Tell,

1aBHOM 0COOEHHOCTHIO BHYTPEHHETO CTPOEHUSA TeJ, HAX OLANINX-
cs1 B aMOP(HOM COCTOSHWN, ABJAETCH OTCYTCTBUE AAJbHET0 NOPAIKA,
XAPAKTEPHOr'O OJA KPHUCTAJNJINYECKOrO COCTOAHWA, T. €. CTPOron Mo-
BTOPAEMOCTH B PACNIOJIOKEHNH ATOMOB WJIH TPy ATOMOB BO BCEX Ha-
npaBJeH UAX BIOJb BCETO TeJa.

Bmecre ¢ TeM y BenjecTBa B AMOD(PHOM COCTOAHWM (KaK W B XKUJ-
KOM) cynjecTByeT OJMMKHNN NOPALOK, T. €. HEKOTOPLIM HOPALOK B pac-
IIOJIOXKEH M CMEeKHBIX JacTull. C paccToOAHMEM 2TOT NOPALOK YMEHb-
ImaercH.

Obsagasa Menbilleld yIOPAZOYEHHOCTHIO BHYTPEHHETrO CTPOEHMA,
aMop(HbIe TeJla B OAMHAKOBBIX YCJIOBHAX MMeEIOT 00IbINe, YeM KPHC-
TAJJIbI, YACJIbHBIA 00beM, 9HTPONNIO 1 BHYTPEHHIOIO DHEPIUIO,

JlocTarouHO PaBHOBECHOE COCTOAHWE 3TH Tejaa 00pasyloT TOJBKO
IPY BLICOKON TeMIeparype W MaJioM AAaBJCHWH, YTO CBA3AHO C yCTa-
HOBJICHWEM OINPEIEJCHHOTO PACTIONOKEHNA YacTHI, W PACCTOAHWH
MeKay HMMA. B coorBeTcTBNHM ¢ 9TUM aMop(dHbIe TeJia B 3aBUCHMOCTH
OT CKOPOCTH BHEIIHEro BO3AEHCTBIA MOT'YT OKA3aThCA yNIPYT MMM WA
TekyunmMu. Tak, HAIpUMep, €CJN KYCOK Bapa MOJOXWTh B COCYH, TO
o MCTeYeHHN HGONBLIOTO NPOMEXKYTKA BPpEMEeHH OH npuMeT (popMy CO-
cyga, T. €. IPOABHAT CBOMCTBA TeKydecTH. EcCan »e aror Kycok yaa-
PATHh MOJIOTKOM, TO OH PACKOJeTcA KaK XPyHnKoe Temlo.

AmMopdHoe cocTosiHMe CBONCTBEHHO BENjeCTBAM CaMON Pa3INYHON
XuMnidecKord npupoasl. [Ipn Manom gaBieHnM M BBICOKOW TEMIIEPATY -
pe BemjecTBa B 3TOM COCTOSAH MM BECbMA NMOABUMHbBI: HU3KOMOJIEKYJIAP-
Hble ABJAITCA MUIKOCTAMM, BEICOKOMOJIEKYIAPHBIE OKA3bIBAIOTCA B
BBICOKORJTACTNYECKOM cocTofAHNHN., C HMOHMMKEHNeM TeMIeparypsl #
POCTOM IABJEHWHA HOLBMKHOCTh aMOPMHBIX BEHjeCTB YyMEHbLIAETCA 1
BCEe OHM CTAHOBATCA TBepPABIMM Teaamu. Teeppoe aMopdHOe COCTOA-
HIe THaYe HA3bIBAIOT cMeKaoobpasnbim,

IToarumepamu HA3LIBAIOT BEN|ECTBA, MOJEKYJbl KOTOPBIX Ipex-
CTABJAIOT CODOHM MJMHHBIE IIeIH, COCTABJIEHHBIE N3 OOJBIIOTO 4YnuCia
aTOMOB WM ATOMHBIX T'PYNIHWPOBOK, COEIMHEHHLIX XWMHWYECKHMH
cBaA3sIMM, OCODEHHOCTh XMMMYECKOTI 0 CTPOCHHMSA TOJNMepPoB 00yCI0B-
JINBAeT N uX ocobsle pnandecKne cBOICTBA.
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Haubonee pe3rko orandaTeA NOJAMMEPHl OT HU3KOMOJIEKYJIAPHBIX
BEIIECTB B MEXaHNYEeCKNX cBoicrBax. MsBecTHo, 4TO 1A TBEPABIX TN
XapaxkTepHsl OOJMLIIHe NPOYHOCTH TPHU Majblx 00parUMbIX Aedopma-
usx, dMngroern o6aa5a10T CIOCOOHOCTHIO K HEOTPAHMYEHHON Jedop-
Man iy OIpPHA BecbMa MaJon npoyHocty. Ilonnmepsl — 3To marepuadsl,
MEXaHMYECKHEe CBOMCTBA KOTOPHIX SABIAIOTCA COYETAHWEM CBOWCTB
TBEPALIX TeJ W UAKOCTEH; OHM JOCTATOYHO MPOYHBLI U BMECTE C TeM
CTHOCOOHBI K JOCTATOYHO OONBIINM 00parnMeIM gedopMansiM,

K nmonmMepHBIM MaTeppajaM OTHOCAT HNOYTH BCe >KMBbIE M PACTH-
TeJbHBIE MATEepHaJbl, TAKNe, KakK LIepcTs, Koxka, por, BOJOC, LIeJK,
XJIONOK, HATYPAJbHBIMA KaAy4yK U T, M., & TAKXKE BCAKOTO pOAA CHMHTE-
THUECKNEe Mareprajbl — CHHTETWYECKHH KaydyK, NJIacTMAacchl, BO-
JIOKHa 1 JIp.

BoasInHCTBO TPUPOAHBIX MOJNMMEPHbBIX MAaTE€pHATIOB NIPEJCTaBIA-
er co0oll OeJKOBBLIe BellecTBa; Npocrhle fenKky — anbOymMnH, I00y-
JIMH; CJIOMKHBIE — Ka3enH, KepaTWHbI N KoJared. B arap-arape co-
Jep:uTcesa 1o 85% yrieBonoB, TJIABHBIM 00pPa3oM Moancaxapumaos, KO-
TOpblEe TAKMKE ABJIAKOTCA NOJINMEpaMu.

Kpome MexaEnuyecKuX, noJauMepsl 00185a10T U IPYTHMHA 0COOBIMM
cBoiicrBamu. Tak, HanpuMep, UX PacTBOPbLI MMEIOT NOBBIIIECHHYIO BA3-
KOCTb; yNPYTroCTh Hapa pacTBOPUTENA HAJ PACTBOPOM MEHbIlE, a oc-
MOTHYECKOe JaBJeHue DoJibllie, YeM AOMMXXHO OBITH AJA MOEAJbHBLIX
pacTBopoB. IlonrnMepsl cnocoGHBI CHJIBHO HADYXaTh B XXUIKOCTAX,

I anHEHOIENIOYeYHOE CTPOEHNE MOJIEKYJ NOJMMEpPOB CHOCODCTBYET
00pa3oBaH M0 ILTCHOK M BOJIOKOH,

B macroanjee BpeMA MoamuMephl Bee LUIMPE NCHOIb3VIOTCHA B KAYeCT-
Be INAJECKTPUKOB.

IIpocreiiinmM opraHnMyecKMM MOJHMMEDPOM ABJIAETCHA NOJWMITHJIIEH,
IOJMMEPHAas b MJIM MAKPOMOJEKyJia KOTOPOro COCTABJIeHa U3 MHO-

TOKPATHO TOBTOPAIONIMXCA MOHOMED-
..... -A-A-A-A-A—-A—-- HBX 3BEHbBEB, 00pasylommuxcs OpH CO-
eIVMHEeH U1 MOJCKYJ 3TUJICHA!

n + CH,=CH, —» [—CH,—CH,—]n.

a)

A ITonnarnnen — npexpcraBUTeNb JH-

| HeHHbIX ToJAnMepoB. Jlunellnbimu Ha-

""" "A""“ll“A"A “A"ﬁl“""’ 3LIBAIOT MOJIMEPHI, MAKPOMOJEKYJIbI KO-
A A TOPBIX COCTOAT M3 AJWHHBIX OJHOMEp-

A A HBIX nenein (puc. 8.2, a; A — MOHO-

: : MepHOe 3BeHO0). Pa3zgeménennotil NOIN-

Mep, KpoMe OCHOBHOW nenm, nmeer 00-

0) KOBBIE OTBETBJEeHNS — OOKOBBIE Ienu

Puic. 8.2 (pwnc. 8.2, 0).
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I[MoxnMepsl, TOCTPOEHHBIE N3 AJWHHBIX neneil, COeqMHEHHBIX JPYyT
¢ APYyrOM B NPOCTPAHCTBEHHYIO CETKY, ABJIAIOTCA CETYATHLIMM, WJIN
npocCMpanHcmeeHHbiMi, a4 TIOCTPOEHHBIE W3 OJMHAKOBBLIX TOJHMe-
poB — zomonoaumepamu. IlonnmepHsle coefMHEHNA, NENN KOTOPBIX
COCTOAT M3 PA3NMYHBIX MOHOMEDPHLIX 3BEHbEB, OTHOCAT K Zemepono-
Aumepam.

MaxkpomMoJieKyJaa NoJuMepa He ABIAeTcs XKeCTKoW. Beaeacrene
TEIJIOBOTO JIBHUYKEHWUA WIN TNOJ JeiicTBMEeM BHEILIHero MNoJda ee Npo-
crpaHcrBeHHaA (GopMa MOMKeT M3MEeHATLCA., ITH M3MEHEeHMA Hal3bIBa-
10T KORPOPMAYUOHHBLMU NPEEPAL,eHUAMU.

IIpenenbro rnbKo ABAAeTCs CBODOJHOCOUTIeHeHHAA 1ens (puc. 8.3).
B Taxoir nenu yriasl Mexay BAJCHTHBIMHM CBA3AMM He (PUKCHPOBAHLL 1
BpAallleH M€ BOKPYI HUX CBOOOgHOE. B peanbHBIX NMOAMMEPHBIX HENIX
BAJIEHTHBIE YIJILI O MMeEIOT onpenereHHoe 3HadeHme (puc, 8.4), Iro
NPUBOANT K 3aBUCUMOCTH TMOJOMKEHWA OTHOTO 3BEHA EeNHN OT HOJOMXKe-
HIA npeasiaymero, Takaa nens NPUHMMAET MEHLIIIee YMCJIO0 KOHQOpP-
Manui, 4eM cBOOOAHOCOUJEHEHHAaA, HO M OHA cHoco0HA CHMJIBHO M3ru-
parbes.

MaKpoMOJeKyabl B pe3yJbTaTe TellJIOBOI'O IBMKEHNA 3BEHbEB IIPH-
HUMAIOT Pa3HOo00pa3HbIie KOHPOPMANIH, 13 HUX KPAallHMMM SABIAIOTCA,
C OLHOUM CTOPOHBI, YKeCTKAas NPsMasi Naao4dKa, ¢ APyroi CTOPOHSI, npe-
IEeJbHO TNOKas 1efb, CBePHYBIIaACA B KJIYOOK (rmobya).

MaKpoMOJEKYJIbI MOTYT OTOCTATATh OTPOMHBIX DAa3MepoB, obaanas
OTHOCUTENBHON MOJAPHON MACCOM OT HECKOJBKWX THICAY OO COTEH
MWJJIMOHOB U Jayke muaanpapna. Ma-za 6oasllioro pasmepa MOJeKyJI
MOJIMEPAa TeMIeparypa KMIeHWs ero Ype3BblyaliHO BLICOKA (Heo0Xo-
JAHUMa OYeHb OOJMbILAA DHEPTUA AJA NCHAPEHUs OTPOMHBIX MOJIEKYJI).
Orciona y Bcex MOJMMEPOB TEMIIEPATYPa PA3JOXEH A HNMKE TeMIepa-
TYPbI KUTIEHWA W TA30BOE COCTOSIHME Y HUX HE Peain3dyercs.

FPuc. 8.3 Puc. 8.4
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CaepgoBaTelbHO, TIOIMMEPHI HAXONATCH B KOHICHCHUPOBAHHOM CO-
CTOAHWW: XXUIKOM NN TBepaoMm. Cpenn TBEPABIX MOJMMEDOB ClEayer
pas3nnyaTh AMOPhHbLe T KpUuCcmaiiuieckue.

AMOp(HBIT NTOJMMeED B BEICOK03IacTNIECKOM cocTosaamm (cM. § 8.3)
MoyKeT cHJbHO gedopmupoBarses (1o 1000%), ero gedopmanms obpa-
TUMAa, HeoOparnMoe TedeHne oTcyrcrByer. B aroM cMbIcie BBICOKO-
AMACTHUYECKOE COCTOAHNE — TIPOMEKYTOYHOE MEXAY HKUIKMM 1 TBep-
aIbIM. BBICOKO3NMacTMUYeCcKOEe COCTOsSIHME MNOJMMepPa BO3HWKAET BCJIEN-
CTBYE TMOKOCTH €0 MAaKPOMOJIEK 1.

MakpoMOJIeKy bl BO BCEX COCTOAHMSX NMOJIMMEPOB Beerga Doslee MIH
MeHee YIOPSILOYEHbl, YTO NPHUBOTUT K HAOMOAEKYAAPHOIM CMPYKmMy-
pam. IzBecTHO, 4TO HOAMMEDH! XapaKTePU3YIOTCs DOJIBIINM MHOr000pa-
31eM HaAMOJeKYISAPHBIX CTPYKTYP He TOJBKO B KPUCTAJLJIMIECKOM, HO 1
B aMop(HOM cocToAHNU. IlepBUYHBIMI 3JIEMEHTAMW 3TUX CTPYKTYP AB-
JISAIOTCA TTOIMMepPHbIe MOJEeK YL, TUO0 CBEPHYTHIE B IJI00Ysl, 1100 pas-
BepHYTHIE B JHHEHHYI0 MaKkpomosekyay. lIpm korraxkre riobyn mMoryr
o0pazoBarTbes IVIOOYIsipHBIE CTPYKTYPHI, comep:Kaniie OoNbIIoe YUCIO
monerya, naorga 10 1000. IIpn KoHTaxkTe pa3sBepHYTHIX MAKPOMOJEK Y.
BO3HMKAIOT NPONOATOBATHIE NAYKH (puc. 8.5), KOTOpbIe HMEIOT QPIYKTY-
aI[MOHH VIO TIPMPOLY — B OOHMX MECTaX MCYe3arT, B IPYIMX — TOHABJIA-
I0TCs, HO BMECTE € T€éM CYIIEeCTBYIOT LOBOJbHO JJIATEIBLHO.

IIpocretillivie nepBNYHbIE HAAMOJIEKYIAPHbIE CTPYKTYPBI — MAaYKN
OAVMMEPHBIX [1enell — HaOMIogal0T KAK B HEKPHCTAJAINYeCKNX, TAK 1 B
KPpHCcTaJAIndYecKnx noammepax. Ilpn kpucrannnsanny mayky CKJIAAbI-
BaIOTCHA B «JIeHTHI». Ha puc. 8.6 nzoOparken bl BoInpaMaeHHas (@) M CJIO-
JKeHHas B Jenty (6) naukn. CrpeMaeHe K yYMeHbIIIeH M0 TOBEPXHOCT -
HOT'O HATAXKEHWNsS NPUBOLUT K CKJAALIBAHWIO JIEHT B IJIACTHHBI (pPHC.
8.7) n obpasopannio ceponntos (puc. 8.8) MIU eIMHUYHBIX KPHCTA-
JOR (prc. 8.9, eIMHNYHBLIN KPHUCTAJJ BUpyca HeKpoaa rabaka).

MHoroumciaeHHble HAMOJMEK YIS PHbIE CTPYKTYPHI pa3aeeHbl aKa-
nemnkoMm B. A. KapriuaslM Ha YeThIpe OCHOBHBIX THUTIA: 2106y AAPHbLIL
(CBEPHYTH OAMHOYHBIE MOJEKYJABl WJIW TPYHNBl MOJEKYJ), NOAOCA-
mbotil (CTPYKTYPHI BCEeX MOJWUMEDPOB B BBLICOKOIJNACTUYECKOM COCTOS-
HHHN), PUbpuaaaproill (JUHENHBbIe NAYKW WJINW WX COBOKYIIHOCTH, CO-
XpaHdAoniue npogonarosaryio Gopmy), kpynrocmpyrmyprsiii (che-
POJUTHI, EIMHMYHBIE KPUCTAJJIBI U T. ).

\ { /’ (
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Puc. 8.5 Puc. 8.6 Puc. 8.7
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PopMbI U pasMeps HAaIMOJIEKYJIAPHBIX CTDYKTYP OKA3BIBAIOT
DONbIIOe BaAMsIH}E HA npodnocers noanmepos. Tak, nanpumep, oOpa-
3€11 ¢ MAJBIMHI cHepoTnTaMy OBJIALAET BBICOK O NPOYHOCTBIO M XOPO-
MK d1aCTUIECKMMH CBOMCTBAMM, 00pasibl e ¢ KPynHbIMK chepo-
JTATAMI PAa3PYIHAIOTCA XPYyNKO.

Kax BunrO 13 BBILIENBITOKEHHOr0, NONMMEPHBIC MATEPHUanbl Xa-
PAKTEPNBYIOTCH IUMPOKMM HAGOPOM [EHHBIX DUBNKO-XUMNYecKnX
CBOJICTB, 4TO TO3BOJAET MCIONbB3OBATE NX B PA3JMUHBIX OOJIACTHX
HayKHN M TEXHWKW, a TAKIKE B MegnniHe.,

W3 nonnmepos tuna NOMM3TUIECHA, IONVBUHNIXIOPHLA U AD., JETKO
oOpabarsiBaeMbIX AABJICHVEM, W3TOTOBIAIOT PA3INYHbLIe MEeINIMHCKHE
WHCTPYMEHTBI 1 npucnocobiaennsa. Tedon, KallpOH M1 JaBscaH, Muiap,
CMTACTUKOBBIA IONNMED 06IafaiOT BBICOKOMN XAMIYECKON CTONKOCTLIO,
BCIENCTBHE YETO UX MCIIOAB3YIOT NPH MACOTOBICH U HNPOTE30B BHYTPEH-
HUX 4acTel opraanama (KpOBEHOCHBIX COCyn 0B, KJIATIAHOB CePIA, CYyXO-
AHHUINHA, BYKMBIACMBIX TJIA3HBIX JIMHE 1 T. 1.). PacrBop nonnmepa nonn-
BHHWINHWPPOINIOHA — XOPOIOWH 3aMEeHUTes KPOBJHOH HJIa3MBl.

B macrosniee Bpems B NCKYCCTBEHHON MOYKE NPHUMEH A10TCs 1EeNT0-
(aHoBbIe MeMOpanbl. Takpue MeMOPaHbl 3aJeDKUBAIOT DCJIOK U KJTe-
TOYHbIE d/eMeHTsl KPoBU. IIpoBojgsaTes OKCIICPUMEHTHI TTO CO3IAH MO
HCKYCCTBEHHBIX JIETKNX C CHJIMKOHOBBI MM mMeMOpanaMm, obazaron -
MM BBICOKOH HPONYCKHON CHOCOBH OCTBIO TIO OTHOLIEHHIO K KACJIOPONyY
Y TUOKCHUIY yIJepoja.

Bonbioit uarepec pns MEINIUHBL IPEACTABISIOT TKAHECBLIE KJeH,
HANpyMep alnKuiI-o-uNaHOKPHIATHI, n-0y TWJI-0L-IMAHOKPIJIAT, GhICT-
PO momnMepnayomnecs B NICHKY, KOTOPBIE HCTIOMBAYIOT AJIH 3aKPHI-
THA paH 0e3 HAJIOKEeH U [IIBOR.

K BoicokoMonexynsipabim COCAMHEHNAM OTHOCATCAH TAKMKE BUONOIN-
MEDBI, ABJIAININECH CTPYKTYPHOH OCHOBOM BCEX KMBLIX OPTaHM3MOB U
Nrparvommne riaBHyo Ponab B Ipopecce nx HUBHEAECATECNBHOCTH, — HTO

135



0eJKM, HYKJIEeMHOBBIE KMCJOTHI, IToMncaxapuabl, NIMKONPOTENAbI, JN-
OOIIPOTENIbI, TJNKOJAUINAL 1 OD.

Tar, Momexkysa 6e1Ka COCTOMT U3 OTHOW MAWM HECKOABKWX MOJUTICI-
TUZHBIX 11€Iel, 00pa30BaBIIMXCSA B Pe3yabrare NOJMKOHACHCAIINT aMH-
Hoxucaor. I[Ipn ofbeMHEHHM aMMHOKHMCIOT B OEaK0NBYIO 1eNb 00pasy-
1orcsi nenmudnste céasu — NH —CO—, erpoerne Koropbix ObiJ10 yCra-
HoBJeHO [Tonnmarom m Kopyn mMeronoM pedTreHOCTPYKTYPHOTO aHaJan3a
(cm. § 19.7). CocraB aMMHOKMCJIOT M MX TI0CJE0BATENBHOCTD IPEICTAR-
JsieT coBOI nep8uyuHyro cmpyrmypy GesKka, MMEINYIO onpenesaiee
3HAUYEeHWe IOJA ero (pyHKnMH. ITO HOATBEP)KIAETCA ABYMSA I'DyNnamMu
(paxToB. Bo-nepBuIX, pA3INYNAMHA M CXOACTBOM CTPYKTYP OZHOTHIHBIX
0eJIKOB Pa3HBLIX BUAOB M, BO-BTOPbIX, NATOJOIMUYECKNMM M3MEHEH NAMHA
(GyHKIMH OEJKOB NPH 3aMelleHUuax (MyTAnMOHHBIX) AMWHOKHMCIOTHbBIX
ocTaTKOB. MyTanny BRIPAXKAIOTCH B 3aMEINEHNH aMHWHOKHCIOTHBIX OC-
TATKOB. B peayabrare nMcka)keHne Bcer1a MMeeT cepbe3Hble Oposornye-
CKJE MOCJIeNCTBUA, TN ABJIEHNA NeTAJIbHO N3YyYeHbl Ha TeMOIJIOOMHE.

HU3sBecTen psAn HacaeICTBEHHBIX 3a00JeBAHHMI KPOBM — aHEMMH.
IIpn rak HazbIBaeMOM CEePHOBUIHOKJETOYHON AHEMWH, pacmnpocrpa-
HEHHOH B HeKOTOPHIX panonax Adpuku, IOro-Bocrounon Asuu, Cpe-
IN3EMHOMOPbS, DPUTPOLMUTH MMeloT ¢Gopmy cepnoB. B aTom caydae
reMorJioOMH MMeeT CTPYKTYpPY, HOLO0OHYIO Kpucraiany. B peayiasrare
APUTPOLNATHL CANTAIOTCA U MOABepralresd reMmoansy — pacnany. T#a-
JKesble HAPYIUeHWs KPOBooOOpaIlleH s, BLIZBAHHbIE ATHUM 3a00/JeBAH-
€M, 3a4acTyIO IPUBOIAT K CMEPTH B pPAHHEM Bo3pacre.

Brinmy obmapy»KeHbl pasandud TMOLBUIKHOCTU TeMOTHOOMHOB IIPH
aJieKTpodopese B HOpME U IIPW AaHEMHN, YTO O0'bACHAETCA Pa3TuINEM
B AMMWHOKWCJOTHOM COCTABE M TEM CAMLIM B 4YpcJe 3apsAXKEHHBIX
rpynn. Bonesau reMoriodbnaa Ha3BaJIn MoKy IAPHEBIMI. OKazaniocs,
4TO OTJINYKE AHOMAJBHLIX TeMOrJIOOMHOB OT HOPMAJbLHOTO ONpenesd-
eTcs 3aMelleHeM BCero JIMIUG OZHOI'0 OCTATKA B OEJIKOBOH 11eNu.

HyKJaenHOBBIE KUCJIOTH IPEACTABIAIOT cODOII ele OAMH BAXXHe NN
tnh OronoanmepoB. OHM cay:Kar 00A3aTe/IbHBIMM Y4aCTHMKAMM CHHTE-
3a 6enKoB. OCHOBHAA €NBb HYKJIEHMHOBOI KMCJIOTEI COCTONT U3 YEpPeayIo-
mMXxcA 3BeHbeB PochOPHOI KMCIoTh 1 caxapa — pubo3st B pUOOHYKJIE-
naoBoil Kuciore (PHK) n desoxcupubosst B 1e30KCHPNOOH yKIEMHOBOI
kucaore (JJHK). B orom cmseicne ocaoBasie nenn PHK n JTHK aninen s
NEePBUYHON CTPYKTYPLI, OHM ABIAKTCA MOHOTOHHBIM OPHAMEHTOM, HO
He rekcroM. OHAKO K caxapaM NPHCOEIMHEHBI TAK Ha3bIBaeMbIC A30-
mucmble O0CHOBAHUA, KOTOPblE Y¥KEe HE MOBTOPAIOT ApPYr apyra. B ne-
JIOM, CXeMa 1NN HYKJEeMHOBON KUCJIOTH MMEET CJIe YOI BI:

AzoTuceToe OCHOBAH e A30THCTOC OCHOBAHWE

Caxap -— PDocoar

— Caxap — Pocpar
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ITocnepoBarebHOCTh A30TUCTHIX OCHOBAHWHN B HYKJEWHOBOH KHC-
JIOTE HeceT BAKHYIO OMoJIormyecKyo nHopMmannio. Onpenennts nep-
BUYHVIO CTPYKTYPy HYKJIEMHOBOHM KWCJIOTHI 3HAYMNTEJILHO CJOXHEee,
yeM OesKa. HykaenHoOBLIE KMCJIOTH ABIAITCA ACHMMMETPUYHBIMH MO-
JeKyJaMM M Bpallal0T NJOCKOCTh TOAAPHU3ANNNA NOJAPUIOBAHHOTO
cBera Bripaso (cm. § 20.4).

YraeBoasl, noaucaxapudsvi, TakKe OTHOCATCA K OMONOJIMMepaM.
ITonncaxapupHpie 1E€NN HOCTPOEHBI N3 MOHOCAXAPUOHBLX 3BEHLEB,
IMEIOIUX B MOHOMepHoM coctostann popmyny C;H,,O,. B ornmnyue or

HYKJENHOBBIX KHMCJIOT, NMEPBHYHAA CTPYKTypPa MOJACAXAPHAOB HE He-
ceT KakoW-nubo Omosiormyeckoid mHpopmanun. Mx pasmepsl m paas-
BETBJICHHOCTH BAPLUPYIOT B IHNPOKMX Npenesiax, MOJEKY.JIbl He HMeloT
ompeaesIeHHON nJanHbBI, B pemom, noaucaxapujbl MIPAIOT BAXKHYIO
pOJIb B HAPYKHBLIX MeMOpPAHAX HEKOTOPLIX KJEeTOK, yUACTBYIOT B 00pa-
30BAHWH KJeTOYHLIX 000JI0ueK DaKTepPUi MHOTMX BHI0B. B MemMOpanax
noJucaxapuibl HAX0AATCH B KOMILIEKcax ¢ DeJKaMu M JUNNJIAMHA —
)KMPOBBIMH BEIECTBAMM, HEM3MEHHO HIPUCYTCTBYIOINMMM B HADYKHbIX
¥ BHYTPeHHuX MeMOpanax. MemOpansl o0pa3oBaHbl KOMILIECKCAMN
DeJIKOB ¢ JNNNAAMA 1 B pALe cayyaeB ¢ noancaxapugamn (em. § 11.1).

§ 8.2. IKugkue Kpucraiian

AHudkumu kpucmaanamu Hasbiéarom éewecmeéa, Komopwvie 06-
aadarwm céolicmeéamu u mudkocmeil, U KpUCMaAAnos.

IIo cBOMM MeXaHMYEeCKHM CBOHCTBAM dTH BEIECTBA TOXOXKHW Ha
KUAKOCTH — OHM TeKyT. [Io omTHYecKMM CBOMCTBAM MKHIKHWE KPHC-
TAJAABI BelyT cebA KaK aHN30TPONHBIEC Teaa — KPWCTAJJBI: BPAIAIOT
NJOCKOCTD NOAAPAZANIN, 00HAPYKNBAIOT TBOHHOE JIyYeNI PeJOMICH He
M T. I. Hamge BCero XNIKOKpHcTallndecKe ¢cBONCTBA BelECTBO NPO-
SIBJSET B ONpPEAEJEHHOM TeMIepaTyPHOM MHTepBaJe, BhIIlIEe KOTOPOTO
OHO HAXOINTCA B AMOPGHO-HUIKOM COCTOSHUN, HUXKE — B méepdo-
KPUCMAAAULECKOM.

I BOHCTBEHHOCTDH (PU3NUYECKNX CBOWCTB O0yCIOBIEHA BHYTPEHHHM
CTPOEHHEM XUAKNX KpHUCTaalos. BaanMHOe PACTIONOMKEHTEC MOJEKY 1
B HMX SIBJSETCA MPOMEMYTOUHLIM MEXKIY aMOP(HBIM COCTOSHNEM, B
KOTOPOM HOJHOCTBIO OTCYTCTBYET NAJBHWI TOPANOK, W TBEDPABIM
KPHCTANIMYECKNM, B KOTOPOM CYINECTBYET KaK JAJbHWI NMOPAJLOK B
PACHOJOMKEHNH LIEHTPOB MOJEKYJ, TAK ¥ YIOPALOYEHHOCTb B OPHEH-
rapuy Mmojerya. JHUAKOKpHCcTaIInyecKoe COCTOAHYEe HAGAIonaeTcH y
BeecTB, MOJEKYJALl KOTOPBIX MMEIOT BHITAHYTYIO (pOpMYy B Bue Iia-
JIOUKW WIW YAJIMHEHHOHN niaactnHKNW. Takasa ¢popmMa MOJIeKyJ NPHBO-
JUT K BOBMOXXHOCTH YHOPANLOYEHUA NX OPUEHTAI .

ITo xapaxkTepy MOJEKYISAPHON yNMOPALOUYEHHOCTH DPA3JINYaIOT He-
Mmamuueckue 1 cmekmuieckue XHUAKNe Kpucralaasl. B Hemarndec-
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KHX MKHUAKUX KPHUCTAJJIAX MOJEKYJbl OPMEHTHPOBAHLI HapaJjeIbHO
(pnc. 8.10, a), HO NX HEHTPHI PACTIONOMKEHBI DecnopALOYHO, CMEKTH-
YeCcKHe KPHUCTANILI COCTOAT N3 NapPalIeJbHbIX CJIOEB, B KOTOPBLIX pac-
NIOJIOXKEeHNe MOJIeKyJa ynopanoderso (puc. 8.10, 6). Ocobeiil k1aCC CO-
CTaBJIAIOT KPUCTANTLI Xoaecmepuieckozo! tnna. MoleKyJbl B TAKNAX
KpHcTanjax, KAK 1 B CMEKTHYEeCKNX, cobpansl B ¢iaou. OgHAKO BHY-
TPW KAXKIPT0 CJIOA Hapaie/IbHOe PACIIONOKEeHNE oceit MOJEKyJI HATIO-
MMWHAET HeMaTndecKkoe coctoarane (puc. 8,10, 8). Mexny cIosMu Tax-
e mMeeTcA yOnopAgOodYeHne: NPH nepexone K COCeIHUM CJH0AM HM3Me-
HAeTCA HA HEOOJILINON YroJ 00Inast OpHeHTAN WA TJAaHHOTO CJO0S TIo
OTHOILICHMIO K O00NIE€N OpHEeHTaI N NPeabIAyIero caoda (Habaonaercs
BHHTOBAA 3aKPYYEHHOCTH MOJEKYJJISAPHON CTPYKTYPBI).

Monerkyasipaas CTPyKTypa XOJeCTePHUYECKUX KUIKNX KPHCTAJLIOB
O4eHb YYBCTBUTEIBHA K JIIODOMY MaJjeillieMy BHEIHEMY BO3neHCTBUIIO.
Masoe BoaMyIIeHNE MOMKET HAPYIINTDH CAA0ble MEXKMOJIEKYISPHLIE CH-
JIbl, 4YTO IPMBOANT K 3aMeTHLIM N3MEHEeHNAM ONTHYecKnX cBoiicTB, Tak,
TeMIIEPaTypa OKa3blBaeT GOMNbILOEe BIMAHME HA 11BET KPHUCTAJLIA, B 3aBU-
CHMOCTH OT TeMIIepaTyphsl OH MOKeT ObITH JIIO0OOT0o 1iBeTa — OT (hMOJIeTO-
BOr'O 10 KpacHoro. Taxkpe CBoHCTBA MMUIKWX KPHUCTAJLIOB MCIIONL3YIOT
IJIA N3MEPeH sl N3MEeHEH M TeMIIEPATYPHI PA3IMYHBIX YUYACTKOB TEI.

B MeaniyHe 3TO MO3BOJAAET (PMKCHMPOBATH PACHOJOKEH e BEeH, ap-
TepU ¥ Apyrux o6pa3oBaH M, TMEIOIIMX WHYIO TeIJIOOTAAUYY, YEeM OK-
py:xaromue cpenbl. JKuaKOKpHCcTATINYeCKE BEIECTBA TAKMKe HPH-
MEHATCA B PA3NHMUYHBIX TeMIEePATYPHO-UYBCTBUTEJIbHBIX CHUTHAJL-
HBIX YCTPONCTBAX.

MonexkynapHas CTPYKTYPA MMULKWX KPHCTAJJIOB, 4 CJAEI0BATEIb-
HO, W NX ONTWYECKNE CBOMNCTBA U3MEHAITCH B IPUCYTCTBUN HUUTOMK-
HBIX KOJHMYECTB NAPOB HEKOTOPHIX XMMWYECKNX BEI[eCTB. JTO MO3BO-
JIAeT WCHONb30BATH MUAKNE KPHUCTAJNILI 49 OOHAPYXKEHUS MAJBIX
KOJIAYeCTB (CJIeL0B) OTUX BEIEeCTB.

00

000

0f
%ﬂgﬁg%d(())ﬁ%gm
000000000

a) 0) 8)
Puc. 8.10

1 Yx cTpoeHue XxapakTepHO A COeIUHEHHUI, cogep aluX XoJecTeprH.

138



Ha usaMeHeHMHY ONTHYECKHUX CBOWMCTB XKHUAKKUX KPHUCTAJNJIOB HOJ BO3-
IeHCTBHEM 3JIeKTPHYECKOrO IOJA OCHOBAHO NPUMeHeHHe UX B Npudo-
pax ¥ yacaxX B Ka4yeCTBe I{UQPPOBLIX MHIWKaTOPOB.

HUccnenoBalue MXUIKUX KPHCTAJJIOB B dKHUBBIX OpraHuaMax — OT-
pOMHas, MAJIOM3yJeHHas, HO 4yPe3BbIYaHO NepcneKTHBHAA 00J1acTh.

§ 8.3. MexannuecKkne CBOMCTBA TBEPABIX TeJ

HameHeHMe B3aMMHOT'O PaCcHIOIOXKeHUA TOYeK Tela, KOTopoe NPUBO-
OUT K U3MEHeHHMIO ero ()OPMEI M Pa3MepOB, HA3bIBAKOT degpopmayuett.

NeopMany MOTYT OBITH BBHI3BAHBI BHEIUHMMM BO3JedCTBHAMU
(MexaHWYeCKHMH, 3JeKTPHUECKMMH MJIH MAaTHUTHLIMH) MM H3MeHe-
HHEeM TeMIepaTyphl Teaa. 3/lech paccMaTpHBaKOTCA fedopmaIiii, BO3-
HUKaOIWe NPHU 1eMCTBUU CHJI Ha TeJIO.

B TBepabix Tesax mnedopmainio Ha3bIBalOT ynpyzoll, eCJH HOCTe
NpeKpaieHus OJedcTBUA CUJILI OHa HcdezaeT. Ecau e aedopmamnmusa
cOXpaHAeTCA M HOoc/de IpeKpameHHs BHEIIHero BO3NeHCTBHUA, TO ee
Ha3bIBAIOT naacmuieckoud. IIpoMeXyTOUHBIN ciIydal, T. e. HEIIOJHOe
HCYEe3HOBeHMe OedOopMaruyd, NPHHATO Ha3bIBATh Ynpyzonaacmuie-
ckou pedopMaluen.

Haubosee npocTelM BUAOM AeOpPMAIUU ABJIACTCA PACMANCCHUE
(cocamue). OHO, HanpuMep, BO3HUKaeT B cTep:kHe (puc. 8.11) npu
NeMCTBUHM CHJILI, HaNPaBJeHHON BAOJL ero Ocu. ECnu cTep:keHb LJIH-
HOMH [ pu sToM yaauHmIca Ha Al, To € = Al/l aBnaerca mepon fedop-
MAIMK PACTAKeHUSA U Ha3blBaeTCSA OMHOCUMEeNbHbLM YONUHEeHUeM.

Ipyrum BumoM Aedopmanuu ABIseTcs cdeuz (puc. 8.12). Cuna,
KacaTenbHas K OJHOM 13 IpaHedl NpAMOYTOJbHOTO NapaijesienUuIle/ia,

7 —»
y/ ] = 7 fFJ""
7 | F ,Y/f ’.I
| B i
4 . /1 .'I
7 { - Al 7 2 77
a) a)
Z S
| o~ e
T
)— — % — 4
4 \S L% 7 A
0) 0)
Puc. 8.11 Puc. 8.12
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BBI3BIBaET ero AedopMaIii, NpeBpalnas B KOCOYTOJbHBIN HapaJjeJie-
nunes (CM. IITPpUXOBLIe JUHUK Ha PUCYHKe). ¥TOJ Y Ha3dbIBalT yIJIOM
CIBUTa, a tg Y — OTHOCHUTeNbHBIM cABUTOM. Tak Kak oOBIYHO yroJa y
MaJi, TO MOMHO CUUTATL tg v = 7.

IIpu nelicTBHMM Ha TeJO BHELIHEH AepOpPMUDYIOINEH CHUJIbI PACCTOA-
HUe MeXAY aToMaMi (MOHaMK) U3MeHAeTCA. ITO NIPUBOLUT K BO3HUK-
HOBCHHIO BHYTPEHHUX CHJ, CTPEMAIMXCA BEPHYTb aTOMLI (MOHBI) B
nepBOHAYANBHBIE TONOXeHUA. Mepoil aTHX CUJ ABJAETCA MeXaHUue-
CcKoe HanpaXcenue (WK NPOCTO HANlPAXKeHHUeE).

HenocpeacTBeHHO HanpsAxkeHHe He mamepsercd. B psane ciydaeB
ero MOXKHO BBIUMCJHTL Yepe3 BHEILIHMe CHILI, JeHCTBYIOIIe Ha TENo.
KocBeHHO Hampsi)XeHHe MOXKHO ONPeNe/JUTh N0 HEKOTOPBIM (pHU3uUe-
cxum 3 dexraMm (cm., Hanipumep, § 20.5).

IIpuMeHUTENBHO K eQOPMAIIMY PACTAMEHUSI HAIIPSIXKEHHEe G MOXK-
HO BBIPA3UTh KaK OTHOLUeHHE CUJIBbI K MJIOM[ag¥ MONePedHOro ceYeHuA
cTep:kHA (cM. puc. 8.11, 6):

c=F/S.

g mepopManyy CABUra HalPSYKeHUe T BRIPAXKaIOT KaK OTHOLIeHUe
CHJIBI K ILJIOIAAU 'paH¥, K KOTOPOU cuia KacaTeabHa (eMm. puc. 8.12, 0).
B sToM cnydae T Ha3bIBAlOT KACAMEAbHbLM HANPANCCHUEM:

T=F/S.

Yupyrue geopManuy NOAYUHAOTCA 3aKkoHy ['yKa, cOrstacHO KOTO-
pOMYy HanpseHUe NPONOPIHOHANBHO Nedopmanuu. a8 AByX pac-
CMOTpPEHHBIX caydaeB (pacTs)KeHUe-cKaTHe U CIABUT) 3TO aHAJIUTHYE-
CKH 3alHCLIBACTCA TaK:

c = Eeurt =Gy, (8.1)

roe E — monyas FOHra, a G — Mo yabL ¢IBUTA.

JKCTepUMeHTaAJBHASA KPUBaA pacTs)KeHUA NpuBeleHa Ha puc. 8.13.
Y4yacTox OA COOTBETCTBYET YIPYTHUM AeGOPMALUAM, TOUKa B — npede-
AY ynpyzocmu, XapaKTepU3ywINeMy TO MaKcHMAaJIbHOe HallpsaXKeHUe,
IpU KOTOPOM ellle He UMEIT MecTa JedopMalliy, OcTamiecs B Tele
nocJie CHATUA HanpAxeHUA (ocTaTounble Aepopmaniu). [opu3oHTANb-
HBI ydacToK CD KpHBOH pacTAKeHUA COOTBETCTBYET npedeny mexy-
Yyecmu — HaNpAMXKeHUIO, HAaUMHAA ¢ KOTOporo AedopMarnid BO3pacTaeT
0e3 yBenuueHuA HanpsixkeHusa. 1 Hakonern, HanpsaXeHue, onpelese-
MOe HauDoJbIIeN Harpy3KOH, BbIAEPKHMBAEeMON Iepel pas3pylleHUeM,
ABJAECTCA npedenom npoLHocmu.

Mexny ynpyrumu cBOMCTBAMH KPHCTAJIHYeCKHX MOHOMEPOB U
NOJUMEPHbBIX MaTepHaJOB CYILECTBYeT OTPOMHAaA U NPUHIUOHAJIBHAS
pa3HHIla, HaIPpUEMep, B npelejaX NPOYHOCTH CTAJb Pa3phbIBaeTCa yaKe
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0)

Puc. 8.13 Puc. 8.14

mpu pacTtsa:xkenuu Ha 0,3%, a MATKHe pe3MHbLI MOXHO paCTATHBATH
1o 300% . IT0 cBA3aHO C KAaYeCTBEHHO APYTUM MeXaHH3MOM yHDPyroc-
TH BHICOKOMOJEKYJIAPHBIX cOeqHHEeHNN.

Kax y»xe rosopmiocs, npu aedopManu¥ KPUCTAIJIHYECKHUX TBep-
IBIX TeJl, HanpUMep CTajJl, CHJIBl YIPYTOCTH BCEIEJO ONpenesaiTCs
H3MCHeHHEeM MeXXaTOMHBIX paccToaHUi. CTPyKTypa BBICOKOMOJIEKY-
JAPHLIX COeAUHCHMN He peryaspHa. OHM COCTOAT U3 OUeHb NJHMHHBIX
rEOKHMX MOJIEKYJ, KOTOpbIe TNPUYYIAJIUBO KM3OTHYTHI, JAaCTH MOJEKY.I
HaXOAATCA B Xa0THUYECKOM TeILIOBOM ABHXKEHHM TaK, 4TO UX QopMma U
IJIUHAa BCe BpeMA H3MeHs0TcA. Ho B Ka)AbIH JaHHbLIM MOMEHT 0OJb-
IDHHCTBO MOJeKYJ B HeZe)opMHpoBaHHOM oOpasie umeeT IIUHY,
OMU3KYIO K HauboIee BepoaTHoH . [1pu npuiioykeHn Harpy3xk# K MaTe-
puany (puc. 8.14, a) ero MoJIeKyJIbl BHIIPAMJIAIOTCA B COOTBETCTBYIO-
II[eM HaOpaBJeHHM ¥ IJHHa obpasia yBenuumBaerca (puc. 8.14, 6).
ITocse cHATHA HAarpy3KH BCJIEACTBHE XaOTHUECKOTO TEIJOBOTO ABUMKE-
HUMA qJIHHA KaXXI0H MOJEKYJbl BOoccTaHaBIMBaeTCs U obpasel] YKopa-
YHBaETCH.

Yrupyrocrs, CBOHCTBEHHYIO HOJHMepaM, Ha3blBalOT KAYHYKONO-
do6Hol anacmuunocmbio (6b6COKOU INACTMUHHOCMIBIO WIIH 6bLCOKO-
INACMULHOCTBIO).

IIpuBenem JaHHBIE N0 MEXAHHMYECKUM CBOMCTBAM HEKOTOPBIX Ma-
TepHanoB (Tabn. 16).

Tabruya 16
Marepuas Moayas FOnra, I'lla IIpenen npounocTn, Mlla
Craan 200 500
KanpoH crexsoHano-
HeHHbI I 8 150
OpraxguuecKoe CTEKJO 3,0 h0
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Paznuume memxny nedopmainyiedl KPHUCTANITUYECKHX MOHOMEPOB. U
NOMUMEPHBIX MaTepHaJioB HPOABJIAETCA ¥ BO BPEeMecHHOI ee 3aBUCH-
MOCTH. [lesio B TOM, YTO NPpaKTHYECKH BCe MaTepHaabl 001aIaioT noa-
3yyecmolo: NOJA AeHCTBHEM MOCTOAHHON HAarpy3KM NPOMCXOAUT KX Je-
¢popmanua. B nosrMepax pacnpaMJeHNe MOJEKYJ IPH Harpys3Ke Ma-
TepHaia U CKOJbXKeHIe MAaKPOMOJIICKY.T IPOKCXOAAT Dosee LIUTETbHO,
yeM, HalpuMep, NoJ3y4YecTs B MeTasnax. B Kakol-To Mepe np¥ noJa3y-
4yeCcTHU MNPOIECChl, NMPOUCXOAAILIKNEe B TNOJUMeEpe, COOTBeTCTBYIOT Tede-
HUIO BA3KON sUaAKocTU. CoueTanMe BA3KOrO TeUeHHA ¥ BHICOKOMH 3Jac-
TUYHOCTH TMO3BOJAeT Ha3blBaTh NedopMariio, XapaKTepPHYIO AJA 10-
JIEIMePOB, 6A3K0YnpY20il.

¥Ynpyrue u BA3KHe CBOMCTBaA TeJl YAOOHO MOACIUPOBATL. JTO IaeT
BO3MOYKHOCTH HarJIsgHee NPeJCTaBUTh MeXaHHYeCKMe CBOMCTBa OMO-
JIOTHYECKHX 0ObeKTOB (cM. § 8.4).

B rauecTBe mMozenH ynpyroro rena (ynpyrou gedopmanuu) Bolbe-
peM npyxuHy (puc. 8.15, a), manaa gedpopmania KOTOPOH COOTBETCT-
ByeT 3aKoHY ['yKa.

Mogaenbl BA3KOTO TeJla ABISAETCA NOPIIeHL C OTBCPCTHAMY, IBH-
KYIUNCA B MUIHHIPE ¢ BAZKOH KUAKOCThIO (puc. 8.15, 0).

Cuny conpoTUBJEeHUA CpeAbl B 3TOM CJydae NMPUMeM HNPONOPLH-
OHaJIbHOW CKOPOCTH NepeMelljeHus NopIuHA [cM. (5.16)]:

dx

FC(mp = —ra_t. .

(8.2)

=

IIpeobpasyem ypaBHeHue (8.2), ocHO-

Tl BbIBaACh Ha aHaJOTHM., BMeCTo CHUJIBI CO-
7 a) NpOTHBJIEHUA  3alUIIeM  HanpAeHHe
(F — ©), T. e. CHJIYy, OTHECEHHYIO K eIH-

COIp
HUIe NJI0magu, KodppuieHT TpeHHUA,
XapaKTepU3yKHI Ul CBOMCTBO cpelbl OKa-

’——-—-—-——-———o

F{::::::: 3BEIBAThH CONpOTHUBJIEHHE IOBHXYINEMYCA B
0)
8)

N

AN

Hell Tesny, 3aMeHUM KOI(PQPUIIMeHTOM BA3-
KOCTH Ccpenbl (I' — 1)), CMeIlljeHue Tejla —
OTHOCUTENLHBIM yIoJIuHeHUEeM (X — €). Tor-
Ja BMecTO (8.2) MOMYyYHUM CBSI3b MEMIY
CKOPOCTBIO BA3KOUN HedopMany U Hanps-

N

7J00

P TS eHHEM
de
. —-a G = n_ . (8‘3)
y dt
7 —{—— B copaBegimuBocTu (8.3) 4acTHYHO MOMK-
2) HO y0eAHTbCA TIPOBEPKOH pa3MepPHOCTEH:

s [Ma], n [Ha * c], dd_“; [c"1]. U3 (8.3) Bux-
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HO\ YTO HalpAXeHHe 3aBUCHT He OT CaMOM ae(popMalivu, a oT ee CKO-
podTH (CKOPOCTH HepeMen|eHUsA o PIUHA).

Baarcoynpyrne CBOMCTBa TeJ MOAEJHPYIOTCA CHCTEeMaMI, COCTOS-
QUMY B3 Pa3JRYHBIX KOMOUMHAIMY ABYX NPOCTLIX MOJeJeH: NPy KUHA
¥ NOpileHb. PacCMOTpHM HEKOTOPHIE U3 HUX.

Haubonee mpocToil cucTeMol, COYeTaIled ynpyrue M BA3KHE
CBOHCTBa, sIBJISETCA MoJesab MaKcBendla, B KOTOPOH HOCAeLOBATEBHO
COCAUHCHB YNIPYTrUil ¥ BA3SKUI 3j1eMeHT (puc. 8.15, 8).

IIpu Bo3meHCTBIM NOCTOAHHON CHJIOHN NPYXKUHA YIPYTO MITHOBEHHO
yIJUHAETCSA 00 3HaYeHUdA, onpegensaeMoro sakoaom I'yka, a nopilieHb
OBHIKETCA € TMOCTOAHHOH CKOPOCTHIO OO TEX NOp, NOKa JeHMCTBYET CH-
na (HanpsxkeHue). Tak peanusyeTca Ha MoJAeJH IOJ3ydyecTh marTe-
pHasa.

Ecau 6eICTpO pacTaHyTs Mozenb MakKcBensia M 3aKPenHUTh 3TO CO-
cTossHue, TO gedopmanud 6yaeT coxpaHATbeA. [Ipy»KHUHa nocle ObICT-
poro pacra)XeHUSA HadYHeT COKpainarbcsd, BbITATHBas nopilieHb. Co
BpeMeHeM OyJeT NMPOMCXOIUTH pellaKcalMs, T. e. yMeHbIlleHKNe (pac-
caabieHe) HAOPAXKEHU A.

OnuilieM maTeMaTH4YeCKM 3Ty moaedb, M3 dakoHa 'yka (8.1) cue-
RyeT €, = o/E, roe €yyp — YADPYrad 4acThb 001men gegopmanu B MO-
denu MakcBeana. CKopocTh 3ToH gedopMainu paBHa

dsynp L 1 dG
dr Edi’ (8.4)
Cxopocrs Baskol gedopMan i BeIpasum 13 (8.3):
de fe3
BAJK = -, .5
17 - (8.9)

Cymmupysa (8.4) u (8.5), HaxoquM CKOpPOCTh OD0Inel (CyMMapHOKR) fae-
(popmanum mozeau MakcBesJia:
de _ d‘c‘vnp dSBHSK _ 1do fe]

dt dz d¢ Edi n’ (8.6)

U3 ypaBHeHusa (8.6) MOKHO NOJYYUTH BpeMeHHEIe 3aBUCHMOCTH
KaK gepopMaiu¥, TaKk U HanpAMKeHUA.

d
Ecnu o = const ¥~ = 0 (NOCTOAHHASA CHJIa NPHJIOMXKeHa K MO-

dt
nesu), To u3 (8.6) caenyer

de _ o mir de = 2 dt.
dt n

i
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O ) O t
a) 0)
Puc. 8.16

Hurerpupysa nmocienHee Bulpa)keHKe OT HAYAJIBLHOO MOMEHTa BpeMe-
HHU ¥ HYJIeBoi gedopMaIrMy 0 TEKYI[UX 3HaUeHUN { U €, HOJydaeM

fdszgfdt,g—‘ﬁ’t. (8.7)
0 0
JTO COOTBETCTBYeT nonaydecTu (puc. 8.16, a).
Ecnu € = const u j_‘:’ = 0 (nopfepxkuBaeTCA NOCTOAHHAS AedopMa-
1 1s), To u3 (8.6) caenyer
é%ﬁ; = —% MK (;1_? = —‘%dt.

Hurerpupys nociefsee BeIpa)keHUEe OT HAYAJILHOIO MOMeHTa BpeMeHHU
¥ Ha4aJbHOTO HAIPAXKEHUSA G, 10 TeKyINUX 3HAYCHUI { U G, moaydyaeM:

E
~Zt
dt, In2 =- Et, c=04e N . (8.8)

Go n

tm—s, O
o,
al§
= | =
O ey

IJTO COOTBeTCTBYeT peJlaKcan Uy HanpsaxkeHus (puc. 8.16, 6).

B pamkax monenn MakcBesna noj AefCTBHeM HarpysKH NPOMCXO-
AUT, Kak ObLIO NOKAa3aHo, ObICTPOe (MITHOBEHHOE) NepBOHAYAIBLHOE YII-
pyroe pacrameHue. B pealbHBIX NoIMMepax BASKOyHpyras aedopma-
1uA O0BIYHO TIPOMCXOAHUT CPady e MHocJe NPUJIOKEHHUA HaTPY3KH.
IMoaTomy Gonee noaxonsmel Mo eT Oka3aTbes Monens KenpBuHa —
DoiiXTa, COCTOAIAA U3 Napasie/]bHO COeAUHEHHLIX NPYKUHBl K O-
pIIHA, HEYTO BPOJAE aMOPTHU3aTOpa B aBroMallinHe (cM. puc. 8.15, 2).

Ec/iin MIrHOBEHHO CO3[1aTh B TAKOI CHCTeMe HanpAKeHUe

G=0,,1T0O (8.9)

BA3K?

NPUJIOKHUB HOCTOAHHYK CHIY, TO AeopMalUuA CHCTeMbl OyIeT BO3-
pacrars. Menonbaya (8.1) u (8.3), npeobpasyem (8.9):

G=EG+T]§ HJII/I—dS—=g.
dt o—E¢ n
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IIpounTerpupyem HocjiefHee BbIpaXKeHde €
OT HA4YaJbHOTO MOMEHTa BpeMeHU U HY-
JieBoH medopManuy 4O TeKYIIUX 3Haue-

HUN t U C;
Code 1! 1, s-Ec _t '
[ =2]d, zIn T ZF =2, 0 t t
UU—EIJ Nya E O n
Puc. 8.17
1n(1—§a\=—§t.
o) i
Ilorennupysa, umeem
P E
E =t '] *“t)
—Zg=e " = _i1l—-e N |
1 08 e UIN & E( e

Kax Bugno, B pamrax mogeau KeasBuHa—@PolixTa gedopmanusa dKC-
NOHeHIIMAJbHO BO3pacTaeT co BpeMeHeM. IIpu cHATUM Harpys3ku (c = 0
B MOMEHT ?,) nedopmMalnusd HayHET dKCIOHeHHUaJbHO yOwniBaTh. Oba

3TH cIydad NOKal3aHsl Ha puc. 8.17.

B nonumepax peanusyoTcsa pasHble BUALI geopManuu: ynpyras
obparumas (MofeJib — HPY»KHHA), BA3KOynpyrasa odparumas (Mogenb
KenpBuna—®oiixTa) U HeobpaTuMaa BA3KaA (MoJesb — HOPINeHb).
CoueraHre 3THUX TpexX 3JIEeMEHTOB NO3BONAET CO3LABATL MOJe/H, HAU-
0oJIee MOJHO OTPAXKAIOIHe MeXaHMYeCKHe CBOUCTBA TeJl ¥, B YACTHOC-
TH, QHOJIOTHYECKHX O0'beKTOB.

MogenupoBaHue MeXaHMYeCKHUX CBONCTB Tes IIMPOKO MCHOJAb3yeTCs
B peosozuu. OCHOBHAA 3g5a4a PEOJIOTHH — 3TO BHIACHEHHe 3aBHCHMOCTH
HAOPAMKEHUS OT OTHOCHTEeIbHON nedopManiii: ¢ = f(g); HanpA>XeHU OT
BpeMeHH (pelaxcallid HanpsAKeHUA): ¢ = f(¢) npu £ = const; oTHoCH-
TeJBLHOHN IeopManuy OT BpeMeHH (1o3yduecTs): € = f({) npu ¢ = const.

§ 8.4. Mexannueckune cBoiicTBa
OMOJIOTMYEeCKMX TKaHeH

IToxm MexaHHYECKHMH CBOHCTBAMH OMOJOrHYECKHX TKAHEH IMOHH-
MAIOT ABe UX pasHoBHAHOocTH. O Ha CBA3aHA ¢ nporeccamMyu OMOJIoTru-
YeCKOI MOABUYKHOCTH: COKpallleHHe MbIIII[ KUBOTHLIX, POCT KJETOK,
JBIKeHME XPOMOCOM B KJIeTKaX NPH UX JeJeHUH B p. ITH NpPOIeccs
00yCJIOBJICHBI X MMHYECKEMHY TIPOIlecCaMU U 9HepreTHdecKu obecneqyu-
BaioTca AT®, ux npuposa paccMaTpUBaeTCa B Kypce OMOXUMHK. Y-
JIOBHO YKA3AHHYIO TPYHNNY HA3LIBAIOT AKTUBHBIMM MeXaHHUYECKUMH
CBOMCTBAME OHOJOrMYECKHX cucTeM. JIpyrad pasHOBHUAHOCTb — flac-
CUBHBIC MeXaHHMUCCKHe c¢BOicTBa OHONOTHYeCKHX Tena. PaceMoTpum
3TOT BONPOC NPUMEHUTENbHO K OMONOIHYECKUM TKAHAM.
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Kak TexHUYecKUN OOBEKT OHOJOTHUYeCKAs TKAHb — KOMIO3UILK-
OHHBIN MaTepHaJ, OH 00pa3oBaH 00’ beMHBIM COYETAHHEM XHMHUYECKU
PaA3HOPOAHLIX KOMIOHEHTOB. MexaHMYecKHe CBOHCTBa OMOJIOTHYe-
CKOM TKAHM OTJIHYAKTCA OT MeXaHUUECKHUX CBOMCTB KaXJIOI'0 KOMIIO-
HEHTa, B3ATOTO B OTAENbHOCTH. MeTOAbl onpeneTeHUa MeX AaHHYEeCK UX
CBOWCTB OMOJIOrHYeCKUX TKaHeH aHAJOIMYHLI METOLAM ONpeleeHUA
ATHX CBOMCTB y TeXHHYECKHX MaTePHUAJIOB.

KoctHas TkaHb. KocTh — OCHOBHON MaTepHas ONOPHO-IBHTA-
TeJBHOTO annapara. B ynpomeHHOM BHIe MOXKHO CUHTATD, UTO 2/3 Mac-

CBbI KOMIAKTHOM KOocTHOU TKaHU (0,5 ob'bema) cocTaBisgeT Heopraumuye-
CKUiT MaTepHas, MUHEpPaJbHOEe BEIIECTBO KOCTH — THIAPOKCHIANATHT
3Ca,(PO,), + Ca(OH),. ITo BeleCcTBO HpeACTaBIeHO B (JopMe MHKPO-

CKONHMYECKHX KPUCTAMIHKOB. B ocTaJbHOM KOCTH COCTOUT K3 OpraHH-
4eCKOT'0 MarepuaJa, IMaBHbIM 00pasoM KoJJareHa (BLICOKOMOJEKY-
JIApHOe coeaUHeHKe, BOTOKHUCTHIN Oeliok, 00JIafaloIniil BRICOKOIIAc-
THYHOCTbIO). KpHCeTANINKK IrHAPOK CHIanaTuTa PaciloIOMKEeHbl MY
KOQJLJIaTeHOBLIMH BOJIOKHaAMU (pubpHIIamMHu).

ITnorHocTs KocTHON TRaHU 2400 Kr/M3. Ee MexaHnuyecKHe cBoiicTBA
3aBUCAT OT MHOTHX (DAKTOPOB, B TOM YHKCJIe OT BO3PacTa, MHAUBUIYAIb-
HBIX YCJOBHUU pocTa oprasuama ¥, KOHe4HO, OT y4acTKa OpPrasusMa.

KomnosunuoHHoe cTpoeHNe KOCTH NPUIACT el HYKHbIC MeXaHude-
CKHe CBOHCTBA: TBEPJAOCTS, YIPYTOCTh ¥ NPOYHOCTL. 3aBUCHMOCTh G =
= f(g) A1 KOMIIAKTHON KOCTHON TKAHHM MMeeT XaApaKTePHLIN BHI, NO-
Ka3aHHLIN Ha puc. 8.18, T. e. mogobHa aHAJIOTHMUYHOM 3aBHCHMOCTH
AnA TBepaoro tenaa (cMm. puc. 8.13); npu HeGoAbIINX AedopMAaIlUAX
BRINOJNHACTCA 3aK0H ['yka. Moayas Oura oxoso 10 I'lla, npengen npo-
yHocTH 100 MIla. ITose3Ho 3T gaHHBIC CONOCTABUTL ¢ JAHHBIMHE LA
KanpoHa, apMHUPOBAHHOIO cTeKJoM (cM. Tabua. 16, sameTHO Xopollee
COOTBETCTBHE).

IIpuMepHBIH BUJ KPHUBBLIX HOJ3YUECTH KOMIAKTHOH KOCTHONM TKa-
HU NpuBeleH Ha puc. 8.19, Yuactox 0A coorBercTBYyeT OLICTPOI Ae-

£, Y%

14

0,57

€

0123845 6 ta
Puc. 8.18 Puc. 8.19
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dopmanuu, AB — noasydecTun. B MoMeHT ¢, COOTBETCTBYKONMHI TOY-

ke B, Harpyska 0b11a cuATa. BC cOOTBeTCTBYeT ObICTPOU gepopManiu
cokpaimneuuda, CD — oOpaTHoN noJsaydecTu. B pedynbTraTe naske 3a
IJIUTeIbHLIN nepuon obpasel; KOCTH He BOCCTaHABJAHBaeT CBOUX
NPesKHUX pasMepoB, cOXpaHAeTCA HEKOTOpafA ocTaTodyHasd aedopma-
KA &, .

ITON 3aBUCHMOCTH NpPUOJMKEHHO COOTBEeTCTBYeT MoJelb (pHC.
8.20, a), coderawniad mocjefoBaTeJibHOe CoeIUHeHHe NPYMHUHBI C
mofenbio Kenspuaa—®oiixTa. BpeMeHHAA 3aBUCHMOCTS OTHOCHUTE/Ib-
HOHW gedopManuu noxkasaHa Ha puc. 8.20, 6. IIpu gelicTBuEN nocTosaH-
HOH HArpy3KH MI'HOBEHHO pacTAruBaeTcs Npy»kuHa I (ydactor OA),
3aTeM BBITATHBACTCA MOPILIeHb (NOJ3y4yecTh AB), Toc/le npeKpaleHua
HATPY3KM NPOMCXOAHUT ObICTpOe CiKaTHe NpyuHsbl I (BC), a npy»Ku-
Ha 2 BTATHBaeT NOPLIEHbL B NMpexKHee NOJOKeHHe (nonsydecTs CD).
B npennoxeHHON MOAe N He MpegycMaTpHUBaeTCA OCTaTO4YHAA nedop-
MAaIMA.

CxeMATHYHO MOXKHO 3aKJIOYHUTH, YTO MUHEPAJbHOE COIeDKHMOe
KOCTH 0DecnedyuBaeT OLICTPYIO AedopManyi, a NoJHMepHAaA 4acTb
(kosnareH) onpegesseT NOJ3Y4eCThb.

Ecnauz B KocTH MK B ee MeXaHMUYECKOH MoaeJH ObLICTPO CO31aTh
HOCTOAHHYIO AeopMaIuio, To CKadyK0oo0Pa3Ho BOZHUKAET U HaNPSAMKe-
Hue (ydactok OA Ha puc. 8.20, g). Ha
MOJeJIK 9TO O3HA4YaeT pacTAkeHue Npy-
KUHLI | ¥ BOBHUKHOBeHUe B Hell Hanps-
KeHudA. 3arem (ydyactox AB) sra npy-
JKUHA OyHeT CcoKpalnaTbes, BBITATHBAA
MOpILlIeHb M PACTATUBAA NPYXKUHY 2, Ha- ¢ a)
Nps>XeHUe B cHcTeMmMe OyaeT yOBIBATH B
(penakcanua Hanpaxenus). OfHaKo fa- A C
JKe CIyCTA 3HAayuTeJbHOe BpeMs cOoXpa-
HUTCA OCTATOYHOEe HaNpAMeHHe O,.,. D

2

SRR

Hna mogenum 3To o3HadyaeT, 4TO He BO3- O p #

HUKHeT ApPH NOCTOSAHHOH medopmMarumn )

TAKOW CUTyaruu, 4To0bl NPYKUHLI Bep- A

HyNuch B Hege@OpMHUPOBaHHOE COCTOA-

HUE. B
Kosxa. OHa cocTouT 13 BOJOKOH KOJI- oo

JareHa, 3JacTHHA (TaK Ke KaK M KoJlJa-

reH, BOJOKHUCTBLIH OeJIOK) M OCHOBHOH O ;

TKaHM — MaTpuubl. Koamarem cocTas- 8)

JAET OKOoJ0 75% CyXOoH macchl, & 3Jac- Puc. 8.20
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TUH — OKO0J0 4% . [IpumepHble 1anHbBIe N0 MeXaHNYECKUM CBOMCTBAM
npuBeaeHs B Tada. 17.

JNnacTHH pacTATHBaeTCA oYeHb CHAbHO (1o 200—300% ), npumep-
HO KakK peamHa. Komaaren moxxer pacraruparsca g0 10%, 4To coor-
BETCTBYeT KAallpOHOBOMY BOJIOKHY.

Tacauuya 17

Marepuan Monpyas ynpyroern, MIla IIpenen upounocru, MIla
Konnareu 10—100 100
InactTuH 0,1—0.6 5

N3 ckazaHHOTO ACHO, UTO KOXKA ABJISACTCA BASKOYNPYIUM Marepua-
JIOM € BBICOKOJJACTHYECKHMMHM CBOMCTBAMU, OHA XOPOILO pacTATUBAET-
CcA ¥ YANUHSAETCA.

Mbiminsl. B cocTaB MBI BXOIUT COCAUHHUTENbHAS TKAHb, CO-
CTOAIAA U3 BOJOKOH KoJ1areHa 1 ajacTuHa. [1osToMy MexaHHUYeCKHe
CBOICTBA MBILII[ NOAOOHBI MeXaHHUYECKIM CBOMCTBAM NMOJHMMEPOB.

Penakcanua HanpsykeHKA B TJIAKKUX MBIILIIAX COOTBETCTBYET MOJETH
MaxkcBesuna (em. puc. 8.15, 8; 8.16, 6). IToaromy riaagKue MBILII[EI MOTYT
3HAYUTEJILHO PACTATUBATLCA 0e3 0c0DO0ro HaIpayKeHU s, YTO CIocobeTByeT
YBEeTUYEHHIO 00beMa MOJIbIX OpPraHoB, HanpHMepP MOYEBOTO NMYyabIPA.

Mexannyeckoe noBellcHUE CKEJIETHON MBIIIBI COOTBETCTBYET MO-
genu, npeicTaBieHHON Ha puc. 8.20, a. Ilpu 6sICTpOoM pacTAKeHHH
MBI HA ONpefeJIcHHYIO0 BeJUUYNHY HANPAKeHUe Pe3ko Bo3PacTaer, a
3aTeM yMeHbIllaeTcA 10 6, (cM. puc. 8.20, 8).

3aBUCHUMOCTS O = f(€) AJISl CKeJIeTHON MBILUIBI HenmuHelHa (puc. 8.21).
Ananus 370l KPUBOH MOKAa3bIBAET, UTO NMpPHUMepHO 10 £ = 0,25 B nopr-
HS>KHOM MBblIIIe JATyIIKM MeXaHuaMm pedopmariyii obyclIoBIeH pac-
IpAMIEHNeM MoJeKyJa koJuiareHa (cm. § 8.3). Ilpu oubinenn nedopma-
I[UH TPOMCXOAUT YBeIWUEeHUEe MEXKATOMHBIX PACCTOAHMI B MOJICKYJIaX.

TraHb KPOBEHOCHBIX COCYZOB (COCyaMCTas TKaHb). Mexanuye-
CKMe CBOHCTBA KPOBEHOCHBIX COCYLOB ONPEAeJAITCA IVIABHBIM 00pasom
CBOHCTBAMH KOJLTATeHA, 3JACTUHA U TJIaAKHUX MBIIIIeYHbIX BOJIOKOH. Co-
Nep:KaHKe 3TUX COCTABIAKINNX COCYIUCTON TKAHK M3MeHAeTCA MO XO-
Y KPOBEHOCHOM CHCTeMbI: OTHOLUeHHe 3JACTHHA K KOJJIareHy B obmjet
coHHoU aprepuu 2: 1, a B 0eapeHnoii aprepuu 1 : 2. C yganeHuem oT
CepAIa yBeJIMYUBAECTCA JOIA I8 IKUX MbLILIEYHBIX BOJIOKOH, B apTepHO-
JIaX OHM y2Ke ABJAITCA OCHOBHOM COCTABIAWOINEH COCyaUCTON TKaAHH,

IIpn pgeTansHOM HCCAeIOBAHWH MeXAaHUYECKHX CBONCTB COCYAMC-
TON TKaHM Pa3nu4anT, KAKUM o0pasoM BBIPpe3aH M3 cocyna odpaaer
(Bponb MK NomepeK cocyna). MoxKHO, OOHAKO, paccCMATPHBATHL Je-
(hopMaruw CoCyna B I[eJIOM KaK pel3yJabTaT neldcTBUA AaBJIeHUA H3-
HYTpU HA YyIPYyruyl uJIHHID.
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a) 0)
Puc. 8.21 Puc. 8.22

PaceMoTpuM MUAVMHAPHYECKYI0 YacTh KPOBEHOCHOIO cocyaa AJH-
HOM [, ToamuHON A 1 paguycoMm BHyTpeHHel yactu r. CeueHHA BLOb
1 HONepeK OCH IIMIKHAPA HOKa3aHbl Ha puc. 8.22, a, 6. ][ Be HOJIOBUHBI
MUINHAPHIYECKOTO COCYAA B3ANMOAECTBYIOT Mex Ly coDoil o ceyeHH-
AM CTeHOK HMUJHHApA (3alliTpuxoBaHHbIe obisacTu Ha puc. 8.22, a).
Ob1mas mJIoMmAAb dTOTO «CeUeHUA B3aumoaelicrsua» paBHa 2hl. Eciu B
COCYAMCTON CTEeHKe CYIIEeCTBYyeT MeX aHHYeCKOe HAaNpsXKeHUe G, TO CH-
Jia B3aaNMOAeCTBUA ABYX IOJOBUHOK COCYa paBHA

F=oc +2hl (8.10)

JTa cujia YpaBHOBECIIKBAETCA CHJIAMY NaBJIeHKA HA IUJINH/D U3HYTDH
(OHM MoKasaHbl cTpedkamu Ha puc. 8.22, 6). Cuabl HanpaBJeHbI NIOJ
PA3HBIMHM YIJAMK K TOPH3OHTAIBLHON NJOCKOCTH (Ha pucyHKe). [as
TOTO YTOOLI HANTH UX PAaBHOAEHCTBYIOUIYIO, ClefyeT IPOCyMMHPOBATSH
FOPU3OHTAJbHBIe NpoeKnuu. OQHAKO NpoIne HANTH PABHOAENCTBYIO-
YK CHUJIY, eCIM YMHOMHUTL JaBJeHHe HA NPOeKIIHI0 NI0onagHu mnoJry-
MUJINHAPA HA BepTHKAJbHYIO IUIocKocTs OOQ'. Ota mpoeKuusA paBHA
2rl. Torpa BelpakeHue OJA CHJILL 4epesd JaBJIeHNe NMeeT BHUJ

F=p - 2rl (8.11)
IIpupasuuas (8.10) u (8.11), nmonydyaem ¢ * 2hl = p * 2rl, oTKyna
c=Pr (8.12)

L
1o ypasHenue Janme. !

Byzem cunrarh, 4TO NpH pacTAKeHUU COCyna 00beM ero CTCHKH He
uaMeHsdeTcs (MJI0LaLb CTeHK BO3PacTaeT, a TOJNIIHA yObIBaeT), T. e.
He U3MeHseTCA MIOINALb ceUeHHUA CTeHKM cocyla (puc. 8.22, 6):

2nrh = const, T. e. rh = b = const. (8.13)
C yuaerom (8.13) npeobpasyem (8.12):

_pr_prr_pr 4
°T % rh b’ (8.14)
M3 (8.14) BugHo, uTo B Kanuiaaapax (r — 0) HanpAKeHUe OTCYTCT-

ByeT (c — 0).
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B zakJawdeHMe OTMETHM pasfesibl ¥ HApaBIeHUA MeJWIUHbI, JJ19
KOTOPBIX 0CO00 BAXKHO UMETH I PeJICTABJIeHKe O NACCHBHLIX MeXaHHUe-
CKHX CBOHCTBAX OMOJOTHUYECKHX TKAHEH:

— B KOCMHYECKOH MeIMI[MHe, TAK KAK YeJIOBeK HaXOIUTCHA B HO-
BbIX, 9KCTPEMAJILHLIX, YCJIOBUAX OOUTAHUSA,

— B CHOPTHUBHOI MeauIIMHE pPe3yJbTATUBHOCTHL IOCTHIXKEHUH U ee
BO3PACTAHUE NOOYKIAIOT CIOPTHBHLIX MEAMKOB 00palllaTh BHEMAaHKe Ha
(huznyecK e BOSMOMHOCTH ONOPHO-ABUTATEeJILHOTO annapara 4eIOBEKa,

— MeXaHUUYeCKUe CBOMCTBA TKaHed HeoOXOINMMO YYUTHIBATH I'MI'H-
eHHCTAM NpPU 3alKUTE YEJTOBEKA OT NelCTBUA BUOPAIHN;

— B NPOTE3UPOBAHUU NpH 3aMeHe eCTeCTBeHHLIX OPraHoB M TKAa-
Hell HCKYCCTBEeHHBIMHM TAKYK e BAXXHO 3HATH MeXaHHUECKHe CBOMCTBA U
napaMmeTpsl OHOJOTHUCCKUX 00bEKTOB;

— B CyAe0HOH MeIUIVHe cJeAyeT 3HATHL YCTOMYHMBOCTL OHMOJIOTHYe-
CKUX CTPYKTYD IO OTHOLUCHHKIO K PA3JIHYHBbIM Ae(QOPMAIHAM;

— B TPaBMATOJOI'MM ¥ OPTOHELUM BOIPOCHl MEXAHHUYECKOTO BO3-
NeVCTBUA HA OPraHU3M ABJAKTCA ONPeLe A UM,

JTOT mepedeHb He MCUEPHLIBACT 3HAUEHHA MaTEPHAA, HM3JT0XKeH-
HOT'0 B HACTOALIEN IJIaBe, 1A BpaueOHOTO 00pa3OBaHUA.

FANABA

Dusmyeckme Bor POCbl FTeMOAMHAMUKA

FeMOAMHAMMKOM HA3bIBAIOT 0OABCTE BUOMEXAHMKI, B KOTOPOM
NCCACAYETCS ABUXEHME KPOBM NO COCYAMCTOM cucTeme. Puan-
YECKOW OCHOBOM MeMOAMHAMIKIA SBASIETCS MMaPOAMHAMMKE. Te-
YEHWeE KPOBW 3aBUCUT Kak OT CBOWCTB KOOBMW, Tak 1 OT CBOMCTB
K[POBEHOCHBIX COCYAOR.

B raaBe paccmarouBatoTcs Takke duanyeckne OCHOBbI PaboThl
HEKOTOPbIX TEXHUHECKUX YCTPOMCTB, MCMOAL3YEMbIX B CBA3M C
KPOBOOOPALLIEHNCM.

§ 9.1. Moaeau kpoBooGpamenus

Pacemorpum ruapoguHaMudecKy0 MOJe b KPOBEHOCHOH CUCTEMbI,
npepyaoxkeanyio O. @paakom. HeeMoTpa Ha gocTaroyHYIO IPOCTOTY,
OHA TO3BOJIAET YCTAHOBUTHL CBA3b MEMXIAY yOAPHHIM 00beMOM KPOBHU
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(00'beM KPOBH, BbLIOpACHIBaeMBIH XKeJly- .

JOYKOM CepAIa 3a OLHY CHCTOJNY), THJI- r— / VP ——-—XU Q)
PaBIMYECKUM CONPOTUBJIeHNEM Nepude- Q——’U_L_ :

pHYeCKOHN 4acTu CHCTeMbI KpoBoobOpariie- : /

Husi X, ¥ H3MeHeHHeM [JaBJIeHHS B

apTepuax. AprepHaJibHaA 4acThb CHCTe- Puc. 9.1

MbI KPOBOOOpAIeHHUA MOIeNUPYeTCH YiI-
PYTuM (3JaCTHYHBIM) pesepByapom (puc. 9.1, obosHadeno YP).

Tax xax KpoBL HAXOLUTCA B YIPYroM pedepByape, To ee odbeMm V B
J000 MOMEHT BpeMEHU 3aBHCUT OT JaBJeHUA p MO CAeAYIOHIEMY CO-
OTHOILUCHUIO:

V=V,+ kp, (9.1)
rae kB — DJaCTHYHOCThL, YIPYTOCTh pedepByapa (K03 @UIMEeHT Npo-
NOPUHOHANLHOCTH MEXAY JaBJeHHeM M 00bemoM), V, — oObem pe-

3epByapa npu orcyrcrtBuu naBiaeHus (p = 0). IIpoauddeperniupoan
(9.1), noryuum
dv dp
- =k, 9.2
d¢ k d¢ (9.2)
B ynpyrui peaepByap (apTepui) nocTynaet KpoBb u3 cepaiid, o0b-
eMHAafA CKOPOCTHb KPOBOTOKA paBHA (. OT yNpyroro pesepByapa KpoBb
oTTeKaeT ¢ 00beMHOH CKOPOCTBIO KPOBOTOKA @, B NepH(pepHICCKYIO

cucTeMy (apTeproJbl, Kanuaaapsl). Ilpegnonaraem, 4To ruapaBinde-
CKOe COTPOTHBJEeHNe NepHu(eprIecKor CHCTeMbl HOCTOAHHO. ITO MO-
JeJUpyeTCcs <« KeCcTKOM» TpyOKOM Ha BBIXOAE YNpYyroro pesepByapa
(puc. 9.1).

MO’KHO COCTaBHUTh JOCTATOYHO OUeBHIHOEe ypaBHeHHKe (puc. 9.1)

Q=% +Qp (9.3)

NOKaablBawinee, 4To 00 beMHAA CKOPOCTh KPOBOTOKA U3 CepAlla paBHA
CYMMe CKOPOCTH BO3pacTaHUA 00'bemMa YIPYToro pe3epByapa u CKOpocC-
TH OTTOK& KPOBHU U3 yOIPYyroro pesepByapa.

Ha ocHOBanuu ypaBHeHus [Iyaseiinsa (7.8) u ¢popmyasl (7.9) Mox-
HO 3amuCaTh AJA nepudepuuecKoil 4aCTH CHCTeMbI

P~ Py
= , 9.4)

rfle p — JaBJeHHe B yIDPYroM pesepByape, p. — BCHO3HOe JaBJieHHe,
OHO MOJKeT OBITh IPUHATO PABHBIM HYJIIO, TOTAA BMecTo (9.4) uMeem

Qp = Xio' (9.5)

151



IMopcrapasasa (9.2) u (9.5) B (9.3), norydaem

_pdp P
Q@ =kFkX + L unu
dt ' X,

Qdt = kdp + £ ds. (9.6)
XO

ITponsTerpupyem (9.6). Ilpenens! HHTerpupoOBaHUA IO BpeMeHH COOT-
BeTCTBYIOT NepHOAYy NyJibca (NIepuoay cokpamenus cepana) ot 0 go T .
ITUM BpeMeHHEIM IpeesiaM COOTBETCTBYIOT OAUHAKOBBIC NABJICHUA —
MHHHUMAJIbHOE IHACTOIMYECKOe NaBJIEHME P ;

Tu pﬂ 1 Tl'l
[Qdt = k[ dp + = [ pde. (9.7)
0 Pa 0o

HWnTerpan ¢ paBHLIME NpefelaMU pABeH HYJ0, N03TOMY U3 (9.7) umMeeM

T, 1 Tn
Qdt =1 [ pdt. (9.8)
£ Xo g

JKCIepHMeHTaJbHAA KPHUBAas, NOKA3bIBAKIINAA BPEMEHHY) 3aBHCH-
MOCTS AaBJeHUSA B COHHOU apTepuu, npuBeleHa Ha puc. 9.2 (cnaomrHas
auHudA). Ha pucyHKe noxkasad nepuon myJsca, ATuTeJbHoCTH T cuc-

TONBI B T IHACTOJMBI, p, — MAKCHMATbHOE (CHCTOMMYECKOe) NaBIeHue.

WUHTerpan B neoil yactu ypaBHeHusd (9.8) paBeH o0beMy KPOBH,
KOTODBIM BBITAJIKHMBAETCA M3 CepAlla 3a OJHO COKpAalleHue, — yaap-
HuIl 00beM. OH MoKeT ObITH HAHAEH dKenepuMeHTanbHo. MHTerpan B
npaBod 4yacTu ypaBHeHHUA (9.8) coOTBeTCTBYeT NJIOIIALM (DUTYPbI, OT-
paHMYeHHON KPHUBOH M 0CbI0 BpeMeHH (CM. PHC. 9.2), 4TO TAKKe MOXK-
HO HalTu. Mcnons3ya yKkazaHHbIe 3HAUYCHUA MHTErPpajioB, MOXHO BbI-
YUCJAUTE N0 (9.8) ruapaBIMYecKoe CONPOTHBJICHKE TepupepudyecKoi
4ACTH CHCTeMbl KPOBOOOpAIeHHA.

Bo BpemsA cucTonsl (COK pallieHHe cepl-
1[a) NPOMCXOAUT pacIliHMpPeHUe YIPYyroro
pesepByapa, nocJjie CUCTObI, BO BpeMs LU-
aCTOJbI — OTTOK KPOBHM K NepupepHH,
@ = 0. [Ina sToro nepuoa u3 (9.6) umeem

p, klla
161

d dt
0= D diu @9 =- 2 (9.9
kdp%—X0 R0 F EX, (9.9)
IIpounTerpupoBas (9.9), nmonydaem 3a-
;  BHCHMOCTH IaBJEeHHS B pedepByape Toc-
Jie CHCTOJIBI OT BpeMeHH:

10,5

_t

p=p.e "o (9.10)
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CoorBercTByOmAn KpuBasa uzobparxeHa TOHKONH JIMHUeH HA PUC.
9.2. Ha ocHoBauuu (9.5) nosyyaeM 3aBHCHMOCTH 00'bEMHOI CKOPOCTH

OTTOKa KPOBH OT BpeMeHK!
t

R=Qe ", (9.11)

Pe
Xo
apa B KOHIE CHCTOJbI (Hayaje JuacTOb).

3asucumoctu (9.10) u (9.11) npencraBasAT coO60NH DKCHOHEHTHI.
XoTA paHHas MOJelb BecbMa rpy00 ONMCHIBAET pealbHOe ABJIEHHE,
OHA 4YPe3BLIYATHO NMPOCTA ¥ BEPHO OTPAXKAEeT NPOIEeCe K KOHIY ANacTO-

BMecTe ¢ TeM u3MeHeHHA NaBJIeHHUS B Hadale AHMACTOJBI C HO-
MOIIbIO 9TOHM MOJIe U He ONMNCHLIBAIOTCH.

Ha ocHoBe MexaHMYeCKON MOJENH MO AaHAJOTHMHU MOXKET OBITH HO-
CTPOEeHA dJleKTpHUYecKaa moaenas (puc. 9.3).

3necs ucToyHUK U, gawomuii HeCHHYyCOHIANAbHOE IepeMeHHOoe 3JIeKT-
pUdecKoe HANPSKeHUe, CAYKHUT aHAJOIOM cePAna, BB IpAMUTe s B —
cepleuHoro xkianada. Korgercarop € B TeueHHe NOJyneproga Hakar-
JINBAET 3apsAl, a 3areM paspsaKaeTcA Ha pesucrop R, TakuM o0pasom
ITPOUCXOAUT CrIaKUBaHME CHJILI TOKA, IPOTEeKAaIILero uepes peanucTop.
HellcTBre KOHAEHCATOpPA AHAJOTHYHO AeHCTBHI) YIPYTOI'o pesepByapa
(aopThl, aprepun), KOTOPLIN CrIAXKUBACT KoJleDaHMe NaBIeHUS KPOBU B
aprepmoJiax U Kanuansapax. Pe3sucTop ABIAETCSA JJEKTPUUYECKUM aHa-
JIOTOM nepudepudecKor COCYANCTOR CHCTEMBI.

B 6075ee TOUHON MOAETH COCYAHUCTOTO PYCJAa HCIOIb30BAJIOCH HOIb-
IIee KOJHNYeCTBO 3MAaCTUUHBIX Pe3ePBYAPOB AJIA yueTa TOro (paKra, 4To
COCYLHCTOE PyCJo ABJAETCA CHCTEMOM, pacnpelesieHHON B IPOCTpaH-
cTBe. [[/1 ydeTa HHePIIMOHHBIX CBONMCTB KPOBU N PH NOCTPOCHUH MOJe-
JY OPeJNoJaransoch, UTo JJACTHUYHBIE Pe3epByapsbl, MOAEJTUDYIOLITE
BOCXOAALYIO U HEUCXOAAIYI0 BeTBH a0OPTHI, 00J1a1aI0T PA3JIUYHON YiI-
pyrocreio. Ha puc. 9.4 npuBenero uzobdparxeHne Mogenu PocToHa, co-
croduiel U3 ABYyX pe3epBYapoB ¢ PA3JUUYHBIMU JMACTUYHOCTAMY (yII-
PYTOCTAMME) M ¢ HEYNPYTI'MMHU 3BeHbAMHK PA3HOT'0 THAPABINYECKOr0 CO-

rae Q. = — 00BbeMHAaA CKOPOCTh KPOBOTOKA U3 YIIPYroro pesepBy-
Y P pesep

‘L ? M Qs

(@) cl 1, Pl“”—\/—) “"u*

Puc. 9.3 Puc. 9.4

[
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N POTUBJIEHHA MEXIy PedepByapamMmu. JTon
MOJEJNH COOTBETCTBYET 3JeKTPHUYeCKAaA
cxemMa, wu3o0pa'keHHas Ha pwuc. 9.5.
31ech MCTOUYHMK TOKa 3aJaeT IyJabCU-
pywoinee HanpsxeHue U(¢), ABasAIOLIEe-
cA aHAJIOTrOM AasJjeHus p(t); emkoctu Cy

1 C, COOTBETCTBYIOT YNIPYTOCTAM De3ep-

ByapoB k, ¥ k,, 9JeKTpUYeCKHe CONPO-

TuBjleHuda R, R, u R, — ruapasindye-

Puc. 9.5

ckuM conporuBnenuam X ,, X, u X, cu-
asl TOKa [ u I, — 00'beMHLIM CKOPOCTAM OTTOKA KPOBH @, 1 Q,.

Tarkasa mogens MareMaTUYeCKH ONMCHIBACTCA CHCTEMON ABYX Oud-
(hepeHITHANBHBIX YPABHEHUH NePBOTO NOPAAKA, UX pellleHUe gaeT LBe
KPHBbBIE, COOTBETCTBYIOIIHE NePBO ¥ BTOPOM KaMepaM.

IByxxamepHas MoJe b Jydllie ONHUCH BACT HPOLECChl, HPOHCXOA-
e B COCYIHCTOM pycJe, HO ¥ OHA He o0bACHACT KOoNeODaHUA IaBJie-
HUA B HayaJle JHACTOJbI.

Mopgenu, cofep:Kainiie HCCKOJABKO COTEH JJIEMEHTOB, HA3LIBAIOT MO-
JlensMU C pacupeie/IeHHBIMY apaMeTpaMu.

§ 9.2. Ilyascosas BoxHA

IIpu cokpameHn cepAeYHON MbIIIIBI (CHCTOA) KPOBb BHIOpACHIBA-
eTcs U3 cePALIa B a0PTY U OTXOAAINHe OT Hee apTepunt. Ecau OB CTeHKHT
3TUX COCYAOB OBLIM JKeCTKMMHM, TO LaBJieHHe, BOHHKAKIee B KPOBU
Ha BBIXOJE M3 cepAla, cO CKOPOCTHIO 3BYKA NMepelasoch OB K nepude-
puH. ¥ IPYTOCTh CTEHOK COCYAOB HPHBOAUT K TOMY, YTO BO BpeMSA CIC-
TOJIBI KPOBBL, BHITAJKHUBAEMas cepAIeM, pacTATUBaeT aopTy, apTepuu U
apTEepPHOJLI, T. €. KPYIHbIE COCYAbl BOCIPHMHHMAIOT 32 BpeMA CHCTOJIBI
foJbilie KPpOBH, YeM ee OTTeKaeT K Nepupepun. CHCTOMMYeCKOe gaBJie-
HUe 4esloBeKa B HopMe paBHO npudaunsurtensHo 16 klla. Bo Bpemsa pac-
caabaeHus cepina (quacTosia) pacTAHYThIe KPOBEHOCHBIE COCYABI CHa-
JAIT M TIOTeHHMANbHAsA JHeprud, cooblieHHAsS UM cepaneM duepes
KpPOBb, NEPeXOoJUT B KMHETHUYECKYIO SHEPrHUIi TOKAa KPOBH, NPH 3ITOM
IOALePXKHUBAETCA JHACTOJMIHYEeCKOe JaBleHNe, IPUOJIN3UTEIbHO paBHOE
11 xIIa.

PacnpocTparawmyocs o aopTe ¥ apTepUAM BOJIHY NOBHIICHHOTO
IaBJeHHs, BbI3BAHHYI0 BBIOPOCOM KPOBH M3 JE€BOTO XKEJYLOUYKa B Ie-
pHOJ, CHCTOJIBI, HA3BIBAIOT NYAbCOBOU 60NHOU.

ITynscoBaAa BoJHaA pacnpocTpaHsieTcs co CKOpocThid 9—10 Mm/c u
naxxe Oosee. CienoBaTesbHO, 3a Bpems cucroJsl (okoso 0,3 ¢) oHa
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NOJ)KHA DPAcIpOCTPAaHUTLCA HAa PacCcTos- I,
Hue 1,5—3 M, uTo Hosbllle pacCTOAHUA OT

cepana K KOHEYHOCTAM. JTO O3HAYaer,
YTO HAYAJO NMYJLCOBOM BOJHBI JOCTUTHET 77 /// //‘ T
KOHEYHOCTeH paHblle, YeM HAUHETCH CHA / /
naBimeHus B aopre. [Ipoduns gactu apre- 6)

pHM cXeMaTHUYeCKM ToKasan Ha puc. 9.6:

a — TmocJie IPOXOMKIeHUA MYJI5COBOM BOJI- 7 / /// // /
8)

L

a)

HBl, 6 — B apTepHH HAYAJIO HYJILCOBON
BOJIHbI, 8 — B apTepUH NMyJbCOBAS BOJIHA,

2 — HaAYHMHAaeTCd CIaa NOBLIMNIEHHOTO LAB- ///
JIEHIA.

ITynbcoBO# BOJHE OyIeT cOOTBETCTBO- 2)
BATh NYJbCHUPOBAHE CKOPOCTH KPOBOTO-
Ka B KPYHOHBIX aApTepHAX, OJHAKO CKO-
pOCTh KPOBH (MAKCHMAJIILHOE 3HAYCHHKE
0,3—0,5 M/c) cywecTBeHHO MeHbIIe CKOPOCTH pacopocTpaHeHUs
NYJLCOBOM BOJHEI.

M3 MoaensHOrO ONLITA M U3 00X TIpeacTaBJIeHUN O paboTe ceph-
[a ACHO, UTO HYJbCOBAs BOJHA He ABJIAETCA CHHYCOHLAJLHON (rapmo-
HUYecKkol). Kak Bcakuil nepuogMuyecKUN mpoiece, NyabcoBas BOJTHA
MOX<eT OBITh TPeACTABICHA CYMMOH rapMOHMYECKHUX BOJH (cM. § 5.4).
ITosromy ymeamm BHHMAaHHE, KaK HeKOTODOM MOJeNnH, rapMoHHUe-
CKOM MyJILCOBOU BOJHE.

IIpeamooKyM, YTO rapMoHMUYeckasa BosHA [cm. (5.48)] pacnpoct-
paHAeTcs 0O COCYAY BAOJBL ocH X €O CKOPOCTHIO U. BA3KOCTH KPOBH U
YIPYTOBA3KHEe CBOKCTBA CTEHOK COCYLA YMEHBIIAKT AMIOJUTYAY BOJI-
Hbl. MOXXHO cumTaTh (cM., Hanpumep, § 5.1), 4To 3aTyxaHHe BOJHBI
OyIeT 3KCHOHeHHHaIbHbIM. Ha OCHOBAHME JTOIOC MOXKHO 34HHCATH
clenyolee ypaBHeHHE A TYJIbCOBOM BOJTHBIL:

Puc. 9.6

p = p,e **cos [w(t —~ gﬂ, (9.12)

rie p, — aMIIUTYAa LABJIeHKHA B NYJIbCOBOU BOJIHE; X — DACCTOSHUE
10 I POU3BOJNILHON TOUKHU OT MCTOYHMKA KOMebaHuH (cepamna); ¢ — Bpe-
MA; () — KPyroBasd 4yacToTa KoJeDaHMH; ¥ — HEeKOTOPasa KOHCTAHTA,
ONpeAensrInad 3aTyXxanue BOJHLL. [[JIMHY NyIbCOBOM BOJHBI MOXKHO
HalTH U3 POPMYJIbI
v _ 21
A=_=_", (9.13)
A% 1))
BosHa naBiieHUsS npeAcTaBiseT HEKOTOpOoe «M30LITOYHOE» AaBlie-
uHue. [ToaTomy ¢ yueTom «OCHOBHOTO» NaBJeHUA p, (aTMOcepHOe naB-

155



JIeHue UJId JaBJjieHue B cpele, OKPYxKawnield cocyn) MOXKHO H3MeHe-
HUeE JaBJEHM S 3a0uCaTh CAeLYIOI UM odpas3oM:

p=p,+pse chos[w(t - g ﬂ (9.14)

Kakx Bugno usz (9.14), no Mmepe npoABM»KeHUS KPOBU (IO Mepe yBe-
JUUYeHus x) KoneDaHUA HOaBJIeHUS cIakuBaioTca. CxeMaTHUYHO Ha
puc. 9.7 mokasaHo KoJebaHue SaBJIeHUS B aopTe BOJIM3K cepana (a) u
B aprepuoJiax (6). 'padpuxu JaHB B OPeIIOOKEHUN MOLEJH TapMo-
HUYeCcKOl MyJIbCOBOM BOJHBI.

Ha puc. 9.8 npuBegeHb 9KCHePUMEHTANBbHBIC TPAGUKK, TOKA3bI-
BAIOIMEe HM3MeHEeHMe CPeJHeTO 3HAYCHMA AABJICHUA M CKOPOCTH U,

KPOBOTOKa B 3aBUCHMMOCTU OT THIa KPOBeHOCHLIX cocynoB. ['uapocra-
THYeCKoe AaBJeHHe KPOBH He y4UTbiBaeTcs. [[aB/leHMe — H30BITOY-
HOEe HaJ aTMOC(QepHbIM. 3alUTPUXOBaHHAA 00JaCTh COOTBETCTBYET KO-
JieDaHUIO fTaBJeHUS (IyJAbCOBAA BOJIHA).

CKOpOCThs NyJILCOBOM BOJHB B KPYIMHBIX COCYJaX CIEAYIOIHEM 00-
pa3oM 3aBUCHUT OT UX napameTpoB (popmyara Moenca—Kopmeaeza):

_ |Eh
v= N/;A—d, (9.15)

rae £ — MOAYJAb YOAPYTOCTH, p — ILIOTHOCTSH BelljecTBa cocyaa, h —
TOJITIIMHA CTeHKM cocyaa, d — nuaMeTp cocyaa.

Ugps CM/C
Dy MM DT, CT.
P 120
100§
80
0] t
a) 60‘
40
P 23 Vsp
[ N Y
TERYNEE
58 2 EQ HER
0] i >8 2 = Ead
% S -
< § l:'a
=
Puc. 9.7 Puc. 9.8
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HuTepecHO conmoctaBuTs (9.15) ¢ BbIpakeHNEM A1 CKOPOCTH pac-
NPOCTPAHEeHUA 3ByKa B TOHKOM CTeDKHe:

v= @ (9.16)

Y ugenoBeka ¢ BO3pacTOM MOAYJbL YOPYTOCTH COCYAOB BO3PACTAET,
NO3TOMY, Kak caeayeT u3 (9.15), craHoBuTcA HoJbille B CKOPOCTH
NyJALCOBOM BOJHSLL.

§ 9.3. Pa6ora u MmommoCTSH cepaua.
AnmapaTt HCKYCCTBEHHOTO KPOBOOOpameHusa

Pabora, coBepiliaemad cepirem, 3aTpauyHMBaeTcAd HA TNpeogOJeHHUe
CHJI LABJICHNA U COODIeHNe KPOBY KMHETHUYECKON dHEepruu.

Paccuuraem paboTry, coBepliaeMyl NPH OJHOKPATHOM cOKpaine-
HUHW JIeBOTO Kedygouka. M3obpasum Vy — yZAapHbIit 00'beM KPOBHU — B

BuAe nuauHgpa (prc. 9.9). MoHO cUHTAaTh, YTO CepAlle NPOLABJINBA-

eT 3TOT 00beM N0 a0pTe cedeHHeM S Ha paccTosHue [ nmpu cpegHeM
napiaenuu p. CoBepimaemas npu 3ToM padoTa

A,= FL=pSL=pv,.

Ha coobmeHre KMHEeTHYeCKOH 3HEePIHMH 3TOMY 00'beMy KPOBH 38-

TpaueHa padora
A, = mv?/2 = pV v?/2,

Tae p — MJIOTHOCTH KPOBH, U — CKOPOCTH KPOBH B aopTe. Taxkum obpa-
30M, paboTa JIeBOIO JKeJYLOUKa CepAlla NPH COKPaIeHUN paBHa

A, = A+ A, =pV, + pV02/2.

Tak kak pabora npaBoro »eJayLodka npuHuMaeTcsa papHoil 0,2 ot pa-
H0THI JIeBOT'O, TO padoTa Bcero cepAiia NPH OAHOKPATHOM COKPALLICHUH

A=A, +0,24, - 1,2 (pV, + pV,0%/2). (9.17)

dopmysia (9.17) cupaBeninBa Kak AJA NOKOA, TAK U AJIA AKTUBHO-
IO COCTOAHUA OPraHM3MAa. JTH COCTOAHUA OTINYATCA PasHOI CKOPO-
CTHIO KPOBOTOKA.

IlopcraBuB B ¢Gopmyny (9.17) 3Haye-
HuA p = 13 klla, V, =60 M1 =6 + 10°° v, !

P i
p=1,05 "+ 103 xr/m3, v = 0,5 m/c, MOTY- \ S
YyuM paboTy pasoBOTO COKpaleHuda ceph- ; ) - ‘
11a B cocToAHuU nokodA: A; =~ 1 [x. Cuu- -~
Tasg, 4YTO B CcpegHeM cephie coBepilaeT Puc. 9.9
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OIHO COKpallleHue B CEKYHIY, HalAeM paboTy
cepAna 3a cyrku: A, = 86 400 [[ox. IIpu akTus-

HON MBIIIEYHOH AeATeabHOCTH padora cepama
MOJKeT BO3PACTH B HECKOJILKO pa3.

Ecnu yyecTs, 4TO NPOROIIKHATENBHOCTD CHC-
TOJIBI OKOJIO ¢ = 0,3 ¢, TO CpefHAA MOILHOCThH
cepaia 3a BpeMsa OOHOro coxpaineHus (W) =
= A,/t = 3,3 Br.

IIpu onepanusax Ha cepaue, KOTOpue Tpeby-
I0T BPEMEHHOTO BHIKJKYEHUSA er0 U3 CHCTEMBbI
KPOBooDpareHus, NoJab3yIOTCs CenHaJbHBIME
annaparaMy MCKyCCTBEeHHOTO KPOBOOOpAaILieHHIA
(puc. 9.10). Ilo cymecTBy, 3TOT annapar ABJA-
eTcs COYeTaHUEeM HMCKYCCTBEHHOTO cephiia (Ha-
COCHAA CHCTeMa) ¢ MCKYCCTBEHHBIMU JICTKUMU
(oxcureHarop — cucTeMa, o0eCHeYHMBAOINAS
Puc. 9.10 HACbIIjeHe KPOBY KHUCIOPOAOM).

§ 9.4. ®usnueckue 0CHOBBLI KIMHMYECKOTO METOAA
u3Mepenus JaBJIeHus KPOBH

PusndecKUN NapaMeTp — AaBJeHUE KPOBH —  HUIPAET GOJBIIYIO
poJik B AUATHOCTHKE MHOTUX 3a0ojseBaHui. CHUCTOIMYeCKOe U ITUACTO-
JHYeCKOoe JaBIeHUA B KAKON-Tu00 apTepuy MOTYT ObITH M3MepPeHbI He-
HOCPEACTBEHHO C TOMOIN[bIO UIJIBI, COeAMHEeHHOM ¢ MaHOMeTpoM. OgHa-
KO B MelUIMHe IIHPOKO KMCHOJb3yeTCA DECKPOBHBIA METOH, Npemio-
xxeHABId H. C. KoporkoBeiM. PacemorpuM manyecKkre OCHOBLI 3TOTO
MeTOJa Ha NpUMepPe H3MePCHUA NaBJIeHUs KPOBU B MJIeUeBOH apTepHu.

BoKpyr pykH Mexxay IIedoM ¥ JIOKTeM HaKJIaaLIBaoT MaHxeTy. Ce-
yeHHUA MaHxKeThl M, vactu pyku P, nieueBoit kocru IT u niiedeBoii apre-
puu A nokasaHsl Ha puc. 9.11, a — 9.13, a. [Tpu HaKayNBaHUH BO3AYXAa
Yepes ILLTAaHI B B MaHyKeTy pyKa CiUMaeTcd. 3aTeM Uepe3 3TOT JKe
LIUIAHT BO3AYX BHINYCKAIOT ¥ ¢ NOMOIIbI0 MaHOMeTpa B uaMmepsAoT mas-
JleHHE BO3AyXa B MaHxkeTe. Ha nosumun 6 Tex ke pUCYHKOB M300pasKe-
Hbl IPOLOJAbHBIE CeYeHHA MJIedeBoil apTepHH, COOTBETCTBYIOIIHE KAaMKI0-
My cayuaro. CHadana u3dbITOYHOE Haj aTMOC(EePHBIM JaBJIcHHe BO3AYXA
B MaHeTe paBHO HyJI0 (puc. 9.11), maH)KeTa He CoKUMAeT PYKyY U apTe-
puto. Ilo Mepe HaKauMBaHKA BO3AyXa B MAHKeTy NOCTeIHSA CIABIUBACT
IJIeYeBYIO apTepHIO U IIpeKpaliaeT ToK KpoBu (puc. 9.12). Ecau mycKy-
JaTypa pacciaad/ieHa, TO AaBJeHHe BO3AYXa BHYTPHU MAHKETHI, COCTOSA-
el M3 3JACTUYHBIX CTEHOK, NPUOJIM3UTEIbHO PABHO NABJIECHUIO B MAT-
KHX TKaHAX, CONPUKACAIINMUXCA ¢ MAaHKeToil. B aToM 3ak/JI04yaeTca oc-
HOBHaA pusndecKad Haed 0eCKPOBHOTO MeToLa H3MepPeHUA JaBJIeHU.

158



L 2

0)
Puc. 9.11 Puc. 9.12 Puc. 9.13

Brinyckasa Bo3gyX, YMeHBINAIOT HABJIeHUE B MaHMXeTe M B MATKUX
TKAHAX, ¢ KOTOPLIME OHA conpukKacaerca. Korpa naBieHue cTaHeT paB-
HbIM CHCTOJHYECKOMY, KPOBb Oyler cnocofDHa NpoOUTHCA Yepe3 CAAB-
JEHHYIO apTepPHI0 — BO3HUKAaeT TypOyJeHTHOe TeueHUe (pue. 9.13).

XapakTepHble TOHBI M IIYMbI, CONPOBOXMJAWIME 3TOT HpoIlece,
IpoCIyILUNBaEeT Bpadu NMpW M3MepeHHM JaBJeHHUA, pacnosarad (QpoHeH-
NOCKOII HA apTepU¥ AUCTAJIbHEe MAHKeThHI (T. e. HA DOJbIIEM pPaccToA-
HUM OT cepana). IIpomgonxasa yMeHbIIATH faBleHHe B MaHMKeTe, MOMK-
HO BOCCTAHOBHUTL JaMUHApHOEe TeueHHe KPOBH, UYTO 3aMeTHO IO PE3KO-
My ocaabJieHHI0 NPOCAyIIMBAaeMBIX TOHOB. JlaBneHwme B MaHXXKeTe,
COOTBETCTBYIOIIIee BOCCTAHOBJIEHHIO JAMUHADHOTO TeYeHUA B apTe-
puH, PEeTUCTPUPYIOT KAK IHACTOIUYECKOe,

IIna usMepeHUS apTepHaJIbHOTO AABIeHHUA NPHMEHSAIT NPHUOOPH,
NnokasaHHble Ha puc. 9.14: ¢ — cpuUrMoMaHOMETD ¢ PTYTHBIM MaHO-
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MEeTpOM, 6 — CUTMOTOHOMETD ¢ MeTaJJIMYeCKM MeMOPaHHBIM Ma-
HOMeTpOM; 31eck M — manxera, I’ — rpyina ni1da HakKadyuBaHuA BO3-
nyxa, P — maHoMmerp. Tako# ke npuHIunD paboTs HMEIOT aBTOMAaTH-
YeCKHe U NOJyaBTOMAaTHUYeCKHe NPUOOPHI, KOTOPHE cedyac noJTydaT
I POKOe pacnpoCcTpaHeHue,

§ 9.5. Onpenenenne ckopocTH KpoBOTOKa

CyiliecTByeT HECKOJBKO MeTOOB ONpelieleHHUA CKOPOCTH KPOBOTO-
ka. PacemoTpum pusmyecKue OCHOBBI IBYX U3 HUX.

Yabmpassyxkoeoul memod (yasmpassykosas pacxodomempus)
ocHoBaH Ha 3 dekTe Jomaepa (eMm. § 5.10). Ot reHepaTopa I 31eKTpH-
YyecKUX KoJebaHU ¥ 3-yacToTh (puc. 9.15) curHan mocTynaeT HA U3-
JydaTeJb 2 1 HAa YCTPOUCTBO CcpaBHeHUA YacToT 3. ¥ 3-gonHa 4 npoHU-
KaeT B KPOBEHOCHBIM COCYZ 5 U OTpaxKaeTCA OT IBHIKYIHUXCHA 3PHTPO-
uuToB 6. OTpakeHHass ¥Y3-BogHa 7 momagaeT B NpUEeMHHK &, rie
NpeodpasyeTcAa B JIEKTPHUECKOe KoJMieDaHMe ¥ YCHUIUBAeTCA. ¥ CHJICH-
HOe dJIeKTpUYecKoe KoleDaHie NonajaaeT B yeTpouceTBo 3. 31ech cpaB-
HUBAKOTCA KoJebaHUA, COOTBETCTBYIOI[He HaJAIOINEH ¥ OTparKeHHOHN
BOJIHAM, M BBIJEJAETCA AONJEPOBCKUII CABUT YACTOTHI B BHAE DJICKT-
pUYEeCKOro KoJeDaHUA:

U=U, cos 2nv ¢.

N3 popmyast (5.65) MOkKHO OIpeeTUTH CKOPOCTH 3PUTPOIHMTOB:

<|<
=]

-

(9.18)

<
ol <

B KpynHBIX cocymax CKOpPOCTH IPHUTPOIHUTOB pas3jUuyHa B 3aBHCH-
MOCTH OT MX PaCHOJOXKeHUS OTHOCUTEJILHO OCH: ¢«IIPHOCEBBLIe» JPHUT-
POIMTHl ABIIMKYTCA ¢ OOJBIIEH CKOPOCTBIO, a «NPHCTEHOUYHBLIE» — C
MeHbIIel. Y3-BoJTHA MOMKeT OTpaKaTbCs OT PasHbIX IPUTPOLHTOB,
MO3TOMY NOIJIePOBCKHH CABUT NOJydaeTCA He B BHIC OSHON 4acTOTHI,
a Kak MHTepBaJ yacToT. Takum obpasom, 3ddekT Jlonaepa no3BoaAET
Onpene/ATL He TOJBKO CPeJHIOI0 CKOPOCTh KPOBOTOKA, HO ¥ CKOPOCTH
IBH)KEHUA PasIHYHbLIX CJIOEB KPOBH,

dnexkmpomazHumnoll memod (Inekmpomazrumnas pacxodo-
Mmempua) U3MepeHUS CKOPOCTH KPOBOTOKA OCHOBAH HA OTKJOHEHUU
ABIDKYIIUXCA 3aPAL0OB B MAarHUTHOM noJie. J[eso B ToM, 4TO KPOBb, OY-
AYy4U JIeKTPUYEeCKH HeWTPAJbHON CHCTEMOHW, COCTOMT W3 TOJOMKH-
TeJbHBIX ¥ OTpHIATeJbHbIX HOHOB. CllegoBaTe IbHO, IBMMKYIladAcs
KPOBb ABJAETCA NOTOKOM 3apAMKEHHBIX YACTHI[, KOTOPHe NepeMelra-
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Curuan
JOILTEePOB-
CKOI'0
CIBUTA

Puec. 9.16

I0TCA €O CKOPOCTHIO U, . Ha geroRyimmuics dJeKTPUYECKHH 3apsal ¢ B
MAarHUTHOM NOJie ¢ HHAYKueit B fgeiierByer cuiaa (cMm. § 13.3)

F=qU,, xB. (9.19)

Ecnu 3apajn oTpunaTelbHbIM, TO CHJIA HanpaBJeHA IPOTHBONOIOKHO
BeKTOPHOMY N POU3BEeXCHUIO i)’Kp x B.

Kak nmokaszano Ha puc. 9.16, cuinbl, gelficTByoLe cO CTOPOHLI MAar-
HUTHOTO TOJIA Ha pa3sHOMMeHHbIe 3apAbl, HAIPaBJeHbl B I POTHBOMNO-
JIOXHBIEe cTOpOHBI. OKOJIO ONHOM CTeHKKM KPOBEHOCHOTO COCyaa nmpeod-
JajaeT MOJOMUTENbBHBIN 3apAm, OKOJO APYyroil — oTpHuAaTebHBbII.
IlepepacnpeneneHle 3apsaL0B N0 CEYEHHIO COCYa BLI3OBET NMOABIEHUE
3JIeKTPHUYECKOTO NOJA.

Bo3HuKAaWOINee dJeKTpUYECKOe HANpPA- T
xkeHue U (cm. puce. 9.16) saBucur or cko- IpHGop
POCTH ZBUKEHUA MOHOB, T. €. OT CKOPOCTH | |
kpoBu [cMm. (9.19)]. Takum ob6pa3zom, u3- Yeunurels
MepAA 3TO HaNPAXKEHHe, MOMHO Ompeje-
JUTH U CKOPOCTH KPOBOTOKa. 3HadA cede- U K poBeHOCHBII
HUe S cocyza, HeTPYAHO BLIYKUCIUTL 00b- @ ~ cocyn
eMHYIO CKOPOCTH KPOBOTOKa (M3/¢):

Q= v,,S. (9.20)

IIpakTudyecku yaobHee B 3TOM MeTOE
HCIOJb30BATH IepeMeHHOe MAarHUTHOe MO- .
Je (puc. 9.17). 9To IPpUBOAUT K BO3HHKHO-

BeHUIO TepeMeHHOro Hanpskenusa U, Ko-
TOpOe 3aTeM YCHUJIMBAeTCA U U3MepAeTcA. Puc. 9.17

11 — 2495
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TepMoAMHaAMUKA.
Pusmyeckme npoLiecchl
B OMOAOIMYECKMX
MeMOpaHax

B pas3ziene paccMaTpUBAKTCA
ABJMEHHA, CYIHHOCTb KOTOPBIX onpegedeTcs XaoTUYeCKUM JBUXKEHHA-
eM OT'POMHOTO Ypeaa MOJeKYJI, W3 KOTOPBIX COCTOAT TeJsia pa3HOH I pH-
ponbl. Mayuasa 3T ABIeHWA, NPUMeHSAKOT ABa OCHOBHBIX MeTOJd.
OnuH u3 HUX — mepModuHamuveckuil, OH UCXOAUT M3 OCHOBHBIX
OnbITHLIX 3AKOHOB, NOJYUYHBIINX Ha3BaHKHe HayaJ (3aKOHOB, npUHIU-
noB) TepMoauHaMmuki. IIpu Takom nogxome He yduThIBaeTCA BHYTPEeH-
Hee CTPOEHUE BelecTBa.

Hpyrou Merom — MONCKYAAPHO-KUHemMUyecKuiLt (cmamucmuye-
CKUll) — OCHOBAH Ha NpPeACTABJICHUH O MOJEKyJAPHOM CTPOCHHH Be-
INeCTBa. YUYUTHIBAA, 9TO YHCJAO MOJIEKYJ B JIIOOOM Tesle O4eHb BEIUKO,
MOYHO, HCHOJL3YA TCOPUIO BEPOSATHOCTEH, YCTAHOBHUTH OupejescH-
Hble 3aKOHOMEPHOCTH.

B pasgesnie B pasgHO# CTeneHU HCNOIb3IYVIOTCA 004 NOAXO0A.

Menukam ganHHbBIe BONPOCHI BAXXKHbBI AJIA NOHHUMAHUSA 3HEPIreTUKH
opraEmama, TenJgooOMeHa OHOJOTHYECKHX CHCTEM € OKDYXXaKIen
cpeloil, BbIACHEHUA (PUIHUYCCKHUX NPOLECCOB, NPOUCXOAAINUX B OHO-
JOTHYEeCKHUX MeMOpaHaX, a Ap.
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TepMoAHAMMKA

[ToaA TEPMOAMHAMWKOW TIOHWUMAIOT PA3AEA GU3WKKM, RaCCMaTM-
BAIOWMM TEAQ, MEXAY KOTOPLIMA BO3MOXEH OOMEH dHepruen
(TePMOAMHEMYECKME CUCTEMbI), He3 YyeTa MAKROCKOMUYECKO-
roO CTPOEHUS TeA, COCTABAIIOLLIMX CUCTEMY. PazAMyaloT Tepmoam-
HaMMKY DABHOBECHbBIX CUCTEM AU CUCTEM, TIEREXOAALMX K PaB-
HOBECHIO (KAGCCUYECKasA, MAW PABHOBECHAS, TePMOAMHAMMKE,
YaCTO Ha3bIBaEMas MpOCTO TEPMOANHAMUKOW), N TEDMOAWMHAMMI-
KY HEPABHOBECHLIX CUCTEM (HEPaBHOBECHAA TEORMOAMHAMMKA).
HepaBHOBeCHas TepMOAMHEMUKE UrpaeT OCODYIO DOAb AAS DAC-
CMOTPEHMS BUOAOTUYECKNX CUCTEM.

B raaBe Hapsiay C TROMOAMHAMUKOW M3AOXKEHDI TAKKE BOMOOCH!,
CBA3@HHbIE C UCTIOAB3OBAHWUEM HU3KMX TemIeparyr M HarpeTbiX
CPEA AN ACYEHMS, @ TAKKE SAEMEHTbI TEPMOMETOMW U KAAODM-
MeTONA.

§ 10.1. OcnoBHEIe NORATHA TEPMOJAHMHAMHKH.
IlepBoe HauaJO0 TEPMOAUHAMHUKH

CocToAHME TepMOAMHAMHYECKOM CHUCTeMbl XapakTepuayeTcsa (Qu-
3UYECKHMY BeJIUUYMHAMM, HA3bIBAEMbIMU RAPAMEeMPAMU CUCTEMbL
(o0beM, mJaBiIeHUE, TeMnepaTypa, nJIOTHOCTS U T. I.).

Ecnu napamMeTpsl cCTeMBI 1 PH B3AHMOIEHCTBHE €€ ¢ OKPY KA H-
MH TeJJAMH He H3MEHAITCA ¢ TeUYeHHeM BpeMeHH, TO COCTOAHME CHCTe-
MbI Ha3bIBAKT cmayuonaprbim. IIpuMepaMmn TakuxX cOCTOAHUN B Te-
yeHMe HeOOJbINOro OTPe3Kka BpeMeHH ABJIAKTCA COCTOSAHHe BHYTPeH-
Hei dacTu paboTamoinero IoMalllHere XOJOAUJbHKHKA, COCTOAHHUE TeJsa
YeJIOBEeKAa, COCTOSHHE BO3AYXA B OTANJIMBAEMOM nmoMelleHuu U T. [.

B pasubIiXx uyacTax cucTeMbl, HAXOAAINEHCA B CTAlMOHAPHOM CO-
CTOAHWUM, 3HAUEHUA napamMeTPOB OOBIYHO pa3/HyaloTcsa: TeMnepaTypa
B pPa3dHBIX ydyacTKax TeJa JYeJoBeKa, KOHneHTpanua Iu(QOyHIUPYIO-
IMX MOJIEKYJ B PaA3HbLIX YACTAX OUOJOrHYecKod MeMOpaHBI KU T. II.
B cucreme, Takum 06pa3om, noAnepKUBAIOTCA nOCTOAHHBIE I'DagHEH-
THl HEKOTOPBIX mapaMeTpPOB, ¢ NOCTOSHHOI CKOPOCTBHID MOTYT mpoTe-
KaThb XMMHYECKHe PeaK1H,
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a) 0)
Puc. 10.1

CranuoHapHOe COCTOAHHE NOAAePKUBAETCH 34 CUeT IOTOKOB 3Hep-
I'HHU U BelleCTBa, NPOXOAAINUX deped cucTemy. CxeMaTudecku Ha puc.
10.1, @ nokazaHo cTaymOHapHOe COCTOAHHe, TeMnepaTypa HeonuHa-
KOBa B pa3HBIX TOYKAX CUCTeMbl, f1CHO, YTO B CTAMOHAPHOM COCTOS-
HAX MOTyT HAXOAHTHCA TaAKHe CMCTEeMbl, KOTOpHIe G0 OOMeHHUBaIOT-
CA U PHeprueu, U BeIeCTBOM € OKDYKAKIUMU CHCTeMaMu (OMKpbL-
mule cucmemut), MO0 OOMeHHUBAIOTCA TOJBKO dHEPrueu (3axKpovimoie
cucmembl).

Tepmodunamuieckaa cucmema, Komopaa He obmernusaemca ¢
OKPYHCAIOULUMU MenamMu HU IHepauell, HU geuLecmeom, Ha3viéaem-
ca uzonuposannou. VazonuposaHHasA cuCTeMa CO BPeMEHEM IpHXO-
IUT B COCTOSSHHE TepMOAWMHAMHYeCKOr'o paBHoBecus. B srom cocros-
HHUH, KAK 1 B CTAIlMOHAPHOM, nmapaMeTpPhl ciHcTeMbl COXPDAHAIOTCA He-
M3MeHHLIMHM BO BpeMeHH, CylnecTBeHHO, UYTO B PaBHOBECHOM
COCTOAHMH napamMeTpbl, He 3aBucAIlre OT MACChl WA YHUCJIa YacTHiy
(naBieHKHe, TeMnepaTypa H ap.), OAWHAKOBBI B PAa3HBIX HACTAX 3TOH
CHCTEeMBbI.

EcTecTBeHHO, UTO JI06ad peaJbHAA TepMOIMHAMHYECKAA CUCTeMa
He OyzeT W30 POBAHHOH XOTSA ObI TIOTOMY, UTO €€ HEBO3ZMOMKHO OKpY-
JKHATH 000JMIOUKOH, He npoBondAmed TenaoTy. M3onupoBaHHYIO cHUCTe-
My MOXKHO paccMaTpuBaTh KaK yAOOHYI TepPMOIWHAMHUYECKYH MO-
pesb. CxeMaTuyeCKu paBHOBeCHOe COCTOSAHHe M30JIHPOBAHHOM CHCTe-
MbI nokaszaHo Ha puc. 10.1, 6.

PacemoTpum noapoGHee B3aUMOJAeHCTBHE 3AKPBITOH CHCTEMBI € OK-
pyxawmumu Tenamu. OOMeH sHeprueil MeXAy HUMU MOXKeT OCy-
IIECTBAATLCA B JABYX Pas/JHUYHBIX N POLECCAX IIPH COBEPIIeHUuN paboThl
1 NPy TenJa000MeHe.

Mepoit nepenauu sHepruu B nponecce Ten1ooOMeHa ABAAeTCA KO-
JIUYeCTBO TenJoThl, 2 MePOH nepefadu IHEPIUU B mponecce coOBepille-
HusA paboThl ABNAeTCA padoral.

! He Bmmoste ygauso, uTo pafoToi HA3LIBAKT W OJHH K3 BO3IMOMKHBLIX IPO-
11eCCOB mepeiadu SHEePTHH, U Mepy nepejadu 3HePTHH B 3TOM OPoIecce.
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Haipgem BbIpakeHHe I8 BBIYUMCIE-
HUA pad0Thl, COBeplIaeMoOn IrasoM npu
u3MeHeHHH ero oobema. IlpegmonoxumM, A 2 o A
YTO ras, HaxoAAIWWCA B UWJIUHIpHYe- S s e
CKOM COCyje nojJ nopliHeM, u€300apHO  ,j I

pacmupsiercs or V, mo V, (puc. 10.2), 7

npu 3TOM noplieHs, nepeMelaeTcad Ha f*{+{-i }
paccroanue Al = [, — [;, a ob'beM n3MeHs-
ercaHA AV =V, — V. m———

Ha nopllieHs, ILIOIAAL MONEPEYHOIO Puc. 10.2
ceYeHHs KOTOpOro S, co CTOpOHBI rasa
BCJeACTBHE NABJCHUA p JelicTByeT cuia F = pS. Tak kak Hanpasie-
HKe 9TOR CHJIBI COBNaZaeT ¢ HanpaBJeHHeM nepeMelleHrnsa nopIluHa, TO
paboTa, coBeplliaeMad rasom,

A = FAL = pSAL = pAV. (10.1)

IIpu paciunpeHuun rasza AV > 0 u pabora nojgoxuTenbHa (A > 0);
npu coxaTuu AV <0u A < 0. 3ameTum, 4TO peub UaeT 0 paboTe, coBep-
IaeMOR r'azoM, a He BHEIIHuMY cujiaMmu. PabdoTa BceX BHeIIHHUX CHJI,
HA0G0POT, npy paciliipeHuu raza OKaMeTc OTPUIATENBHOH, a NPH
CoKATHHA — ITOJOMKHUTEILHOM.

Eciu npu usMeHeHHH 00'beMAa JaBjeHue ra3a uaMeHdeTcs, TO cle-
LyeT BBIYHCIATH 3JTeMeHTaApHYI paboTy, COOTBeTCTBYWINYHK L0OCTa-
TOUYHO MaJIOMy H3MeHeHu obobema dV:

dA = pdV. (10.2)

IIpounTerpuposas (10.2), nosyuyum paboTy, COBepIIaeMyH I'a30M:

VZ
A= [ pdv. (10.3)

Vi

B kauecTBe npumepa HaiigeM paboTy uAeaJbHOTO rasa npu U3oTep-
MHUYeCKOM nponecce. s aToro noacraBuM B popmyay (10.3) Bmecto
IABJeHHA ero BeIpaxkeHue u3 ypasHeHns MeHzaeneeBa — KnaneuipoHa:

_m RT
P= 3 v (10.4)
ITonyuum
i m I dv m Vs
A= J‘dVﬁMRTJ‘T/. = HRT lnﬁ. (10.5)
Vi Vi
3necs m — macca rasa, M — wmoJaspHas Macca (Macca moad), T —

TepMogUHAMuYecKas TemnepaTtypa, R = 8,31 JI»x/(moas * K) — mo-
JApPHAA ra3opas nOCTOAHHASL.
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N3 ypasuenusa (10.3) sacHo, uTo padoTa, coBeplliaeMad ra3zom, rpa-
(bvideckn onpegenseTcss KaK NJOIAAb KPUBOJHHEMHON Tpanenydu B
KOOpAuHAaTax paBiaeHue — obbeM (puc. 10.3). U3 pucyHKa, Ha KOTO-
POM npeacTaBieHbl rpaukKyu IBYX PA3IMYHBIX IPONECCOB C OLHHAKO-
BHIM HAYAJbHBIM W KOHEUHBLIM COCTOSAHHUAMM, BUIHO, UTO paboTa 3aBu-
cuT oT npouecca. Tak, padora A, (puc. 10.3, a) Gonpiue, yem padora

A, (puc. 10.3, 6).

3aKOH COXPaHeHHA YHEPruHu AJAS TenJOBBIX npoueccoB Gopmyau-
pyeTess KaK nepeoe Hadano TepMoguHamuku. Koauwecmeo menno-
mbot, nepedarnnoe cucmeme, Udem Ha U3MeHeHUE BHYmMpPeHH el IHep-
2uu cucmembl U cogepuieHue cucmemol pabomui:

Q=AU + A, (10.6)

Ilon enympenneii anepezueil cucTeMbl NOHUMAIOT CYMMY KHHETH-
YeCKO W MOTeHIHAJIbHON 3HEePIUHA YaCcTHIl, K3 KOTOPBIX COCTOUT CHC-
TeMa.

BayTpenusas sueprud U apnsgercs GyHKuueld COCTOSHUA CHCTEMBbI
U IJS JAHHOTO COCTOAHKUA MMeeT BHOJHE OnpeaeieHHOe 3HaueHue; AU
eCThb Pa3HOCTL ABYX 3HAUEHHII BHYTPeHHEH dHepIruu, COOTBETCTBYIO-
KX KOHEYHOMY U HAYaJIbHOMY COCTOAHMAM cucremsl: AU = U, —U,.

KomnuuectBo Tensiorel €, Kak u pabora, ABasercsa QyHKIHAed IPo-
ecca, a He cocTogsHuA. M KomdecTBO TEnJaoTsl, U paboTy HeJIb3A BhI-
PasuTh B BUAE PA3sHOCTH ABYX 3HAUYEHMH KaKoro-numbo mapameTpa B
KOHEYHOM M HAYAJbHOM COCTOAHUAX. B c¢BA3u ¢ atum @ u A B (10.6)
3anucanbl 0e3 3HaKa npupatneHus A.

Ina gocTaToOyHO MadbIX 3HAaUeHur §, A u Mansix npupaineEunn U
HCHOJB3YIOT COOTBETCTBCHHO 0003HaueHUA 0Q), 84 u dU, nogdepku-
Bafg 3TUM OTJUUYKHE NOHATHN KOJWUYECTBA TenJOTHl B PaboThl OT BHYT-
pPeHHel DHEPIHH.

Pagu ynpoineHus B gajdbHerllieM HCHOAb3YIOTCA OIHHAKOBLEIE 000-
3HaveHundA (dQ, dA u dU), ogHaKO clenyeT nOMHUTH Da3juyue 3THX

p /% p %
- _
O V%% |4 O V%//{j' |4
a) 6)
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pusuveckux BequduH. C yyeTOM U3T0KeHHOTO nepBoe Hauyaao TepMo-
JAHAMHKH MOYXHO 3anuCaTh B BHE:

dQ = dU + dA. (10.7)

3HaueHuda @, A, AU ndQ, dA, dU moryT ObITh KaK mOJOMUATEIbHBIM KA
(TensoTa nepefaeTcss CHCTeMe BHEIIHHMHA TeJlaMH, BHYTPeHHSAA dHED-
r'usd yBeJWUYHBAeTCHA, ras pacliupfAeTcs), Tak W OTPHUIATeJbHBLIMHA
(TensIoTa OTHHMAETCS OT CHCTEeMbl, BHYTPCHHSAS SHeprus YMeHbINAeT-
cA, ra3 cKuMaeTcs).

§ 10.2. Bropoe nauamo TepMOAMHAMUKH.
JHTPOINHA

IIepBoe HauaiO0 TepMOAZUHAMUKH, ABIAOINEECTd, 10 CYIECTBY, BbI-
pakeHHeM 3aKOHa COXpaHeHUA YHEePruu, He YKAa3bIBaeT HanpaBIeHUA
BO3MOMKHOTO npoTekaHus npopeccoB. Tak, HanpuMep, no nepBoMy
Hayaay TepMOIHHAMHKH, n1PpH TenJoob6MeHe OAHHAKOBO BO3MOMHBIM
Ob11 ObI KAK CAMONPOU3BOJILHBIN nepexo TenJIGThI OT Tela foJiee Ha-
rpeToro K TeJjly MeHee HarpeTomy, Tak #, HaoBGOPOT, OT TeJia MeHee Ha-
IrpeToro K Teay 6oJee Harperomy. M3 noBceAHeBHOIO ONbITA, OAHAKO,
XOPOIIIO W3BECTHO, UYTO BTOPOH npoiecc B upupojie HepeadeH; Tak, Ha-
npumMep, He MOXXeT CamMonpPOu3BOJLHO HarpeThCsa BOAA B YanlHHKe
BCJIEICTBHE OXJAKIeHMA BO3LYyXa B KOMHaTe. JIpyros npumep: npu
nafgeHn KaMHA Ha 3eMJII0 NPOMCXOAUAT er'0 HarpeBpaHue, Y9KBHBAJIEHT-
HOE W3MECHEHHIO NOTeHIHAJbHOM DHEpIr'uH, 00paTHLIH nponecc — ca-
MOII POH3BOJBHOE NOIHATHE KAMHSA TOJBKO KH3-3a er'o OXJaKIeHUuA —
HEBO3MOJKECH,

Bropoe Hauano TepMoLfHHAMMKH, TAaK Ke KaK U nepBoe, SBIAETCA
00001eHHeM JaHHBIX OnbITa.

CyimecTByeT HeCKOJIbKO (GOPMYJTUPOBOK BTOPOrO 3aKOHA TePMOIHU-
HaMHKH: Menaoma camonpou3éonvho He Mmoxcem nepexodums om
mena ¢ menvuiell memnepamypoi k meay c 6onvureli memnepamy-
pou (popmyruposra Knaysuyca), Wi HEB603MOMEH BeuHbll deuza-
menab émopozo poda (popmyruposka Tomcorna), T. €. HeBO3IMONCeH
makxod nepuoduieckuili npoyecc, eJUHCMEEHHBLM pe3YyLbmamom
Komopozo 6Guino 6Gb. npespaujenue menaoms. 8 pabomy ecaed-
cmeue oxaaxcdeHus menda.

B Tennopoii maimHe coBepliaeTcsa paboTa 3a cueT nepegaHHON
TenJOThI, HO NPy 9TOM YacTh TenJOTHI 00S3aTeILHO nepegaeTcs X0JI0-
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Beunniit
Osurareib
11 poza

Harpesartensb

a)

Q1 Q2

Tennosas
MAaUIsHa

XoToauasHEK

Harpesatenb |

A=Q1_Q2

0)
PHC. 10.4

nnbEUKY. Ha puc. 10.4 cxemaTiHyecKH moKa3aHbl COOTBETCTBEHHO
HeBO3MOXKHBIN (@) 1 BO3MOXKHBLIM (), 10 BTOPOMY HAa4Yaly, nepuoinye-
CKHE NPONLECCH.

PaccmoTpum HekoTopble TepMOguHAMHUYeCKHE NOHATHA, KOTOpbIE
HO3BOJIAIOT KOJNMYECTBCHHO BLIPA3UTh BTOPOe HAYAJIO TepMOJAHMHAMUKHA.

IIpouece I—2 HA3BIBAIOT 06pamumesim, €ClIi MOMHO ‘COBEPINUTH
oOpaTHbIM npounecc 2—1 dyepeld Bce NPOMeXyTOUHBIE COCTOAHUA Tak,
4TO0bI MOCJIE€ BO3BPAIEHHUA CHCTEMbI B HCXOJHOE COCTOSHUE B OKPY-
JKAUIUX TeJaX He nPOU3OIII0 KaKUX-JIu00 u3MeHeHH .

O6paTuMbIi npouecc ABasgeTca pusndeckon abeTpakyuen. Bee pe-
aJbHbIC NPOLECCH HeoOpPAaTHMbI XOTA OBl M3-3a HAJIWUYKUA CHUJIBLI Tpe-
Hus, KOTOpad BHI3bIBAeT HarpepaHMe OKpyxxawinux Tea. Hexkoropsie
XapaKTepPHble npUMepPsl HEOOPATHMbBIX HPONECcCOB: pacllimpeHue rasa
B IyCTOTY, Auddys3una, TennoodbMeH 1 T. A. J[1a BO3BpAIeHAA CHUCTe-
MbI B HaYaJIbHOe COCTOSTHHE BO BCeX 3TUX CIydasax HeoO0XOLuMO COBep-
IlleHe pabOThLI BHEIIIHHMH TeJIaMH,

Huxnom uau xpyzoesim npoyeccom Ha-
3bléarom npoyecc, npu Komopom cucmema
6038paaemca 6 Ucxognoe coCmoanue,

I'paduk nukna npepcrapager co60M 3aM-
KHyTyI0 auHH0. [{ukna, uzobpaykeHHBIH Ha
puc. 10.5, — npamoi, OH COOTBETCTBYyET
TenJIOBOU MallliHe, T. €. YCTPOWUCTBY, KOTO-
poe noaydaeT KOJUYeCTBO TenJIOTbI OT HEeKO-
TOPOro TeJla — menaoomoamyura (Razpeaa-
Puc. 10.5 mena), copepiiaer paboTy U OTAaeT 4acThb

<V
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3TOH TENJOTHI APYIOMYy TeNy — menaonpuemHuKy (xonodunbvHuxky)
(puc. 10.4, 6).

B aTom nukie pafodee BelnecTBO (Ta3) B 1e/I0M COBEpIIAET TOJIOMKH-
TedbHYI0 padory (puce. 10.5): B nporecce 1 —a—2 rag paciiiupsiercs, pa-
foTa noJOKUTEIbHA M YXACJAeHHO paBHa miaomagud nox kpusou I —a—2;
B npouecce 2—6—1 paboTa oTpupare/]bHA (CXKaTHe rasa) H YUCIACHHO
paBHa ILIOMIAAH MO COOTBETCTBYIOLIEH KPHBOM. AJirefpanyeckoe cyM-
MHUPOBaHHE JaeT B 1EJI0M HOJIOMKHTENbHYIO paboTy, COBEPIICHHYIO ra3oM
3a ymuikJa. OHa YHC/IeHHO paBHA nJOIaAd, OTPAHWUYEHHOW 3aMKHYTON
KpuBo# | —a—2—6—1.

Kosppuuyuenmom none3nozo delicméus mennoeol MmauluHbl
UAU NPAMOZO UYUKAA HA3BLEAIOM OMHOULeHUe cosepuieHHoU pabo-
mbuL K KOAUYHECMEY menniomel, NOAYHeHHoMmY pabouum eewecmeom

om uazpeeame.rm:
n=A4/Q,. (10.8)

Tak Kak paboTa TeIIOBOW MAIIIMHBI cCOBeplliaeTCA 3a CUET KOJude-
CcTBA TenJoThl, a BHYTPEeHHASA dHepruda pabouero BeinecTBa 3a UK He
uamenserca (AU = 0), ToO n3 nepBoro 3ak0OHa TepMOAUHAMUKH CJleay-
eT, UyTO paboTa B KPyroBbIX NpPOneccax paBHA anredpandeckon cymme
KOJIHYeCTB TenJoTsl: A = @, + Q,.

CnenoBaTebHO,
n=(Q; + Q,)/Q,. (10.9)

KonudecTBo TenJioTsl @, 10JydeHHOE Pa0OYHMM BEILECTBOM, [OJIOMKH-
TeJbHO, KOJHYECTBO TenJIOTH §,, OTAAHHOe PaboyuM BEIECTBOM XO-
JTOOWILHUKY, OTPALATEIbHO.

O6pamusiii yuka! cooTBeTcTByeT paboTe XOIOAWIBHOW MAIIHHBI, T. €,
TAKOH CHCTeMe, KOTopas oTéupaeT TeIIOTy OT XOJMOAUIbHHUKA U nepesaeT
OoJIbIIIee KOJIHYECTBO TeIJIOTHI HarpeBaTe-
aw. Kak crnenyeT u3 BTOPOro 3axkoHa Tep- ol
MOAHHAMHKH, 3TOT nponecc (puc. 10.6) He
MOXKeT npoTeKkaTs caM cob0ii, OH npOUCX0-
IUT 3a cdeT padorsl BHeINIHUX Tes. lIpwm
3TOM ra3 COoBepillaeT OTPHATEJILHYIO pa-
foTy: pabora cxxaTud B nponecce 2—a—1
OTpupaTeJibHa, padboTa paclinpeHus B
npouecce I —6—2 nonoxuresisHa. B pe-
ayJabraTe aarebfpandeckKoro CyMMHPOBA-
HysA moJy4aeM OTpUIATeIbHYIO paboTy ra- O 7
3a, YHCJIEHHO PAaBHYIO IJIOIAaA, Or'paHu-

YeHHOU Kpupon 2—a—1—6—2, Puc. 10.6

I He caeayet nyraTh obparHblit muka ¢ 00paTuMbiM. O6paTuMblil UK CO-
CTOUT M3 00PAaTHMBIX [TPOLECCOB, OH MOKET GBITHL KaK IMIPAMBIM (TEDJOBasg Ma-
ITTYHA), TAK U OOGPATHRIM (X0JM0AKJILHAA MalllKHAa).

169



Paccmorpum yuka Kapro (puc. 10.7), T. e. KPpyroeoui npomece, co-
CTOALIUNA U3 ABYX n30TepMm I —2, 3—4, KOTOPBIM COOTBETCTBYIOT TEM-
nepatypel T, u T, (T > T,), u aAByx aguabar 2—3, 4—1. B aToM nuk-
Jle paboYuM BellecTBOM ABIAeTCA UAealbHLIN ra3. Ilepegaua Konude-
CTBa TelJIOTHI OT HArpeBaTeJa paboueMy BelecTBY mPOUCXOAMUT IPH
Temuneparype T, a or pabodero BeinecTBa K XOJOLWIBHHUKY — IPH

temnepaType T,. Bes nokasaTenscrBa ykaxem, uro KIIJ[ o6paTumoro
pkaa Kapao aapucut TonbKo oT TemnepaTyp T, u T, HarpeBaTens u

XOJOOHJIbHHUKA:
n=T,-Ty)/T,. (10.10)

Kapno, uncxopsa u3 BTOporo Havajda TepMOAMHAMHKH, JOKA3aJ cClie-
ayomue nonoxxenusa: KIIIT Bcex obpaTuMbIX MAaIlluH, padoTalO{MX
o0 UKIY, COCTOALLeMY M3 ABYX M30TePM W ABYX aauabar, ¢ Harpepa-
TeJieM npu TeMneparype T, u xoloauisHUKOM npu Temneparype T,
paBHbBI MeXx Iy cOO0I U He 3aBUCAT OT paboyero BeIecTsa 1 KOHCTPYK-
MY MalluHbl, coBepiiamwinen nuka; KIII HeobpaTumoll MaIluHBI
MmeHbIle KIIJ[ o6paTumMoil MallInHbI.

ITi noJIoKeHuA Ha ocHOBaHUH (10.9) 1 (10.10) mokHO 3anncaTsb B

BHUJE
Q, t@Q; < T, _Tz,
Ql Tl
Ie 3HAK «=» OTHOCHUTCA K 00paTUMOMY IIUKJY, a 3HAK «<» — K He0O-
paTUMOMY.

OTO BbIpaXKeHHe NnpeACcTaBasgeT coObOW KOMnMYeCTBeHHYIO (DOPMYJIH-
POBKY BTOpOro Haua/la. [lokaskeM, UTO ee cleICTBHEM ABJAAKTCA 0be
KayecTBeHHbIE (POPMYJIHPOBKH, NPHBEIEHHBIE B HAUaTe naparpada.

JMonycTUM, YTO NPOUCXOAUT TENJIOOOMEH MEX Iy AByMA TelaMu 0e3
COBepIUCHUA PabOTHI, T. €. @ + &, = 0. Torga [em. (10.11)] T, - T,> 0
uT, > T, 4yTo cooTBeTCTBYeT hopMyaupoBke Kiayauyca: B camonpo-

(10.11)

H3BOJBHOM Iponecce TelJI0Ta nepegaeTes oT Tel ¢ 60/1ee BhICOKOR TeM-
nepaTypoi K TeJiaM ¢ 60Jiee HU3KOH.

B Tom ciyuae, eciu TennoBas MalllMHa nOJHOCTHI) 3aTpavdyyBaeT
BCIO NOJIYYCHHYIO nNpH TenJooOMeHe 3HepPIr'uio Ha CcOBEPIIeHKe paboThI
1 He OTAaeT 9HePrulo XOJ0JuJIbHUKY, @, = 0 1 u3 (10.11) nmeem

(1-T,/T)>1,

4TO HEBO3MOMXHO, Tak Kak T, u T, monoxnrensHsl. OTciona ciaenyer
hpopmysnupoBka ToMcoHA 0 HEBO3ZMOMHOCTH BEUYHOI'O ABUIaTeNs BTO-
poro poxa. [Ipeo6pasyem Boipaxkerne (10.11):

A Q,
1+ 22<1 -2 24 _2<0. 0.12
Q, Ty T, T, (1 )
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0 v o) %
Puc. 10.7 Puc. 10.8

OTHOIlIeHKe KOJgMYecTBa TenJoThbl, NOJYYeHHOrO uJnd OTIAaHHOIO
pabouuM BelecTBOM, K TeMnepaType, npyd KOTOPOH HPOUCXOLUT TeI-
J000MeH, Ha3bIBAIOT NPUGECTCHHBLM KOAUHECME0OM Menaiombl.

IToaromy (10.12) moxHO chopMyaupoBaTh Tak: ajaredbpandecKas
CyMMa NPUBEAEeHHbIX KOJHYECTB TenJOThI 3a MK He 60Jbile HYA (B
o0paTHMBIX NUKJIAX paBHA HYJIO, B HeOOpaTUMbIX — MeHbINe HYJIA).

Ecnu cocTosnme cucTeMbl U3MeHAETCA He no nukJay KapHo, a no He-
KOTOPOMY I DOM3BOJLHOMY IIMKJIY, TO €I0 MOYKHO npeAcTaBUTh B BHIE
COBOKYMHOCTH HOCTATOUHO MaJjbIXx nukiaop KapHo (puc. 10.8). Torgpa
BeIpaykenue (10.12) npeobpasyeTcss B CyMMY JOCTATOYHO MaJbIX I1PH-
BeJIeHHbIX KOJWYECTB TenJOThl, YTO B npefelie BbIPA3UTCA HHTErPAJIOM

dQ
- < 0. (10.13)

Bripaxxenue (10.13) cupaBennuBo A4 JHOO0I0 HeoOpaTHMOro (3HAK
«<») Wu o0paTUMOro (3HaK «=») nukia; dQ/T — anemenTapHad npH-
BeJlcHHaA TensoTa, Kpy»KoK Ha 3HaKe HHTerpaja o3HadaeT, YTO MHTET-
pHpoBaHKe NPOBOAUTCS N0 3aMKHYTOMY KOHTYDY, T. €. 10 LMKy,

Pacemotrpum oOpaTtumeiin nuka (cm. puc. 10.5), cocTosinmuii us
ABYX nmpopeccoB a u 0. [[1a Hero cnpaBeaIiBO paBeHCTBO!

2 dQ
SRERE
(a) (6)

Ha ocuoge (10.13) nsa oOpaTuMbIX EKJIOB HMeeM

[ ]%-0

— e,

1 T y T
(a) (6)
HNamenus npepesbl HHTeIPpApOBaHNAA N0 OYTH 6, NOJYIHUM
2 2 2 2
!‘iT@—{dTQ=o,nm{d_Q_=Jd (10.14)
(a) (0) (a) (6)
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ITocnenmee o3HA4YaeT, 4YTO CyMMa O pPHBEeIeHHLIX KOJIHYECTB Termo-
THI N1PpH O0PAaTHUMOM nepexoje CUCTEMbI 3 OQHOTO COCTOAHUA B JPyroe
He 3aBHCHT OT nponecca, a AJA JaHHOH Macchl rasa onpegeseTcs
TOJMHKO HAYAJBHBIM M KOHEYHBLIM COCTOAHUAMH CucCTeMbl. Ha puc.
10.9 nokaszaHsl rpadguKku pasJHIHBIX 06paTHMBIX npoueccos (a, 0, 8),
O0IIMMH AT KOTOPHIX ABAAIOTCA HAYaJbHOe | ¥ KOHeYHOe 2 COCTOoA-
Huda, KonndecTBo TenJIOTHI 1 paboTa B 3THX npoueccax pasjinyHbl, HO
CyMMa nNPUBEAEHHBIX KOMWUYECTB TenJOTHI OKa3blBaeTCA OJUHAKOBOK.

Du3nyecKyw XapakKTepUCTHKY, He 3aBHUCAINYIO OT mporecca HIn
nepeMeineHusa, 0OObIYHO BHIPAXKAT KAK PAsHOCTb ABYX 3HAYeHHUH He-
KOTOpOoK (QDYHKIHH, COOTBETCTBYIOIIHX KOHEUYHOMY ¥ HadaJlbHOMY CO-
CTOAHKUAM NPOIECCa WK MOJOMKEeHHAM cucTeMbl. Tak, HanpuMep, He-
3aBACHMOCTHL PabOThI CHJIbI TAMKECTH OT TPACKTOPHH MO3BOJIAET BbIpa-
3UTL 3Ty paboTy uyepe3d PpasHOCTb NOTEHIHMAJLHBIX JHEPIruid B
KOHEUHBIX TOUKAX TPAeKTOPHUH; He3aBUHCUMOCTDL PA0OTHI CHJI 3JIEKTPO-
CTATHYECKOTO noJd OT TPAeKTOPUHA 3apALa no3BOJAAeT CBA3aTh 3Ty pa-
00Ty ¢ PasHOCTBHIO NOTEHIHAJNOB TOUEK nOJsA, ABAAKINAXCA I'PaHAY-
HbIMH NPH €TI0 nepeMeIeHu .,

AHaJTOTHYHO, CYMMY NPHBEJEHHBIX KOJUYeCTB TenJOThl 119 o6pa-
THMOT'O NPONECcca MOXKHO npeAcTaBUTh KaK pa3HOCThH ABYX 3HAYEHUN
HEKOTOPOH (PYHKIHUKA COCTOAHHAA CUMCTeMbl, KOTOPYIO Ha3bIBAIOT IHM-
ponueu:

AS=5,-8,=] %, (10.15)

bt e, B3

rae S, u.S; — BHTPONKA COOTBETCTBCHHO B KOHEYHOM 2 B HaYaJbHOM

I coctoannax. Urak, snmponun ecmdv pyHKyuUs cOCMOAHUA cucme-
Mbi, PA3HOCTH 3HAUEHHU KOTOPOH OJA ABYX COCTOAHHH paBHA cyMMe
npuBeJeHHbIX KOJHYECTB TenJoOTsl npu 00paTHMOM nepexoje CHeTe-
MBI i3 OJHOTI'O COCTOAHUA B APYyroe.

Eciu nponecc Heo6paTum, To paBeHCTBO (10.15) He BhIMOJHAETCA.
IIycrs mas nura (puc. 10.10), cocroamun na3 obparumoro 2—6—1 nu

p P -
l‘a 2 //, \‘-\
1 I
a b 2
™
N
1 - b
O | 4 O 14
Puc. 10.9 Puc. 10.10
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HeoOpaTumoro I —a—2 nponeccoB. Tak kak yacTs IHKJIa HeoOpaTuMa,
TO ¥ BeCh IIMKJ HeoGpaTHM, n103Tomy Ha ocHopaHuH (10.13) sanumem

d@
' < 0 unn

2d td
I Queoﬁp _+_J' Qoﬁp < 0. (10.16)

T 2 T

d@Q .,
T

1
Cornacho (10.15), S; - S, = |
2

2d
u Torga BmecTo (10.16) nonyuum J' —Q;ﬁﬁ—" +8,-8, <0, nin
1

AS=S,~8,> f ooty

(10.17)

Hrak, B HeoOpaTHMOM mpopecce CyMMa npuBeleHHBIX KOJWYeCTB
TenJIOThl MeHbIe u3aMeHeHus 3HTponuu. O6beAMHAA npaBbie YacTH
(10.15) u (10.17), nonyuaem

2
AS > | d_T@, (10.18)
1
rje 3HAaK «=» OTHOCHTCA K OOpaTHMbIM, a 3HAK «>» — K He0oOpaTu-
MBIM nnponeccaM.
CooTtHowmenue (10.18) nonyuero Ha ocHoBaHuu (10.11) u noatomy
TaKe BbIpakaeT BTOPOe HaYaa0 TEPMOIUMHAMUKHA.
YcTaHOBUM (PU3HUYECKHHA CMBIC] 3HTPOIIHHA.
dopmysa (10.15) gaeT ToMbKO Pa3HOCTL YHTPONUH, CAMA Xe DHT-
POIHA onpegelseTcs ¢ TOYHOCTHIO O 1 POU3BOJIBHOK NOCTOAHHON’:

2
d
S = { TvQ + S, (10.19)

Ecnu cucreMma nepelliia U3 OFHOT'O COCTOAHMA B IpPYroe, TO HE3aBUCH-
MO OT XapakTepa npoliecca — 00paTUMbIii OH WK HeOOpaTHMbIA — H3Me-
HeHue 3HTPonuy BbluucigeTesa no ¢popmyse (10.15) pna mwodoro obpatu-
MOTO npo1ecca, NPOMCXOZAINET0 MEXKAY 3THMH COCTOAHHAMU. ITO 06yC-
JIOBJIEHO TeM, 4TQ SHTponuA ABaAeTcA QYHKIHe COCTOAHKUA CucTeMbl.

PasHocTs SHTpOnUH ABYX COCTOSHHK JIETKO BbIUMCAAETCA B 00pa-
THMOM HM30TEePMHUUYECKOM npoecce:

2 dQ 1 2 Q

S~ 8= =g[dR=7,
1 1

rge ¢ — noJIHOe KOJHYeCTBO TenJIOTHI, NOJyYeHHOe CUCTEeMOH B npo-

1ecce nepexona ud cocToauud I B COCTOsAHMe 2 NPy NOCTOAHHON TeMIe-
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parype T. [locnenHI010 OPMYyNy UCHOJB3VIOT NIPH BRIYKMCICHUH BH3Me-
HeHHA dHTPONKWM B TAaKHX npolueccax, Kak mjasleHue, NapoodbpasoBa-
Hue ¥ T. n. B 3Tux cnyuaax ¢ — menaoma (pa3o6020 npespaujeHus.

Ecnu nporece npoucxonuT B M3OJAHPOBAHHON cucTeMe (d@ = 0),
To [em. (10.18)] B oGpaTumMoM nponecce SHTPONXWS He H3MeHSCTCH:
S, — S, =0, § = const, a B HeobpaTuMOM — BO3pacTaeT, ITO MOMHO

NPOMITIOCTPHPOBATh Ha npPUMepe TenJooOMeHa Mex Ay IBYMSA TeJa-
MH, 00pa3yIMMH H30JHPOBAHHYIO CHCTEMY W HMEIMMH TeMnepa-
Typy Ty u T, coorBercTBeHHO (T, > T,). Ecin HeOoIbIIOE KOJIHYECTBO

TenJIOTHl d@) nepexoauT OT HepBOTO Tela KO BTOPOMY, TO IpPH 3TOM
SHTPONKA MepBOro Tena ymeHbinaeTca Ha dS; = d@/T,, a Broporo —

yBeaunduBaeTceda Ha dS, = dQ/T,. Tak Kak KOJAKMYECTBO TenJOTHl HEBe-

JHKO, TO MOXKHO CYHTATh, UTO TeMIlePATypPhI NePBOrO 1 BTOPOTO TeJ B
npomecce TenJIOOOMeHa He naMeHAOTcA, [lonanoe usmenenue anmpo-
nuu cucmemvb, NOAOHUMENbHO:

d d
ds = -ds, + ds, = 49 - 49
T T
2 1

cJed0OBaTeJIbHO, 3HTPONUA U30JHPOBAHHOH cHCTeMbl Bo3pacTaeT. Ec-
Jix Ol B 3TOH cACTEMe N POHCXOAMJ CAMONPOU3BOJILHLIN Nepexox Ter-
JIOTBI OT TeJa ¢ MeHbIllej TeMnepaTypoil K Tely ¢ OoJbilier TeMIepa-
TYPOH, TO 3JHTPON KA CHCTEMbI IPH 3TOM YMeHbIIHJIACh ObI:

ds = ds, - ds, = 2 - ¢2 <o,
1 2
a aTo npoTuBopedyutT (10.18). Takum obpazom, 6 uzoauposannoii cuc-
meme He MOZYym npomexKamb MaxKue npoyecch.,, Komopbvie npueo-
dam K YMeHbWeHUI0 IHMPonuu cucnmemast (eme ogHa GOPMyJTuPOB-
Ka BTOPOTrO HayaJia TePMOIUHAMMKH).

YBeJnyeHHe JHTPON UM B H30JUPOBAHHOMU CHCTeMe He Oyper mpouc-
XOnuThb OecnpenensHo. B paccMOTpeHHOM BoIIIe npuMepe TeMnepaTy-
pbl TeJ cO BpeMeHeM BLIPDABHAITCA, TemJolepenadya MeXAy HUEMHK
npeKpaTHTCA 1 HACTYnWUT paBHOBecHoe cocTosgHue (cM. § 10.1). Batom
COCTOAHMM mapaMeTpbl CUCTEMBI GYAYT OCTaBaThCA HeM3MEHHBIMHU, a
SHTPON KA JOCTUTHET MAKCUMYyMA.

CorutacHO MOJIEKYJIAPHO-KHHETHYECKOK TeOPUH, SHTPOIHIO HAanbo-
Jiee YIAUYHO MO/KHO 0OXapaKTepru30BaTh KAK MePy HeynopALoYeHHOCTH
pacnoJIoXKeHU A 4acTun, cucTeMbl. Tak, HanpuMep, npPH YMEHLIHEHlH
of’/beMa raza ero MoOJIeKyJibl BEIHYKAECHBI 3aHMUMAThL Bce BoJee onpege-
JIEHHbIE NOJIOMKEHUA OfHA OTHOCHTEJBHO APYIroH, UTO COOTBETCTBYET
foJbllleMy nOPAAKY B cHCTeMe, IPU 3TOM pHTponus yosisaer, Kor-
JAa ra3d KOHJeHCHpYyeTCa WIH MKHAKOCTh KPUCTANIM3YETCHA npH mnoc-
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TOAHHOH TeMnepaType, TO BblAensieTcA TenJoTa, JHTponus yObiBaer.
W B sTOM ciydae npOMCXOIUT yBeJdrUYeHUe nOPALKAa B PACHOJOXKeHHHA
JacTHII.

HeynopagodeHHOCTh COCTOAHHSA CHCTEMBI KOJHYeCTBEeHHO XapakK-

Tepu3yeTcAa TEePMOAHHAMHYECKON BEPOATHOCTHIO WTep. Ina BBISICHE-

HHS ee CMBICIA PACCMOTPUM CHCTEMY, COCTOAINY I U3 YeTbIpeX YaCTHIL
rasa: a, b, ¢, d (puc. 10.11). 3tu yacTusl HaXoaATCA B 06beMe, pas-
JeJIeHHOM MBICJIeHHO Ha ABe paBHbIEC AYeMKHU, U MOI'YT CBOOOLHO B HEM
nepeMernaTbe.

CocTodAHue CHCTeMbI, OonpefenseMoe UHCJIOM 4YacTHl B HEePBOH H
BTOPOI1 SIYeHKAaX, HA30BEeM MAKPOCOCMOAHUEM; COCTOAHUEe CUCTEeMBbI,
onpezenaeMoe TeM, Kakue KOHKPeTHO YacTHIbl HAXOAATCA B KAXKIOH
u3 syeek, — muxpococmoanuem. Toraa (puc. 10.11, a) makpococros-
HHe — OJHAa YACTHIIA B NePBOH AYeilKe u TPHU YAcCTHIbl BO BTOPOH —
OCYILECTBAACTCA UYeTHIPHMSA MHUKPOCOCTOSHHAMK. MaKpococTosHue,
COOTBETCTBYIOILICE PASMEIEHH 0 YeThIpeX YacTHI PABHOMEDHO 1O IBE B
KaKJ0H AUYeliKe, OCYIeCTBAAETCA LIECTbI0 MUKPOCOCTOAHUAMH (pPHUC.
10.11, 6).

Tepmodunamuueckolli 6epoamMHOCMbI0 HA3bLEAIOM YUCAO CNOCO-
606 pa3amewerus wacmuy UAU HUCAO MUKDPOCOCMOAHUU, peanu-
3Yyrwux danHoe MaxKpococmoanue.

B paccmoTpenHbIX npuMepax WTep = 4 B nepBOM cayyae u WTep =6

BO BTOpoM. OUeBHAHO, UYTO PABHOMEPHOMY pacupeleneHUI0 YACTHI 110
AYeiiKaM (mo Be) cOoTBeTCTBYeT GOMbIIAs TepMOgUHAMUYeCKAA Bepo-
ATHOCTH. C 1pyroi cTOpPOHbI, pABHOMEPHOe pacnpeieeHne JacTuiy OT-
BeYaeT PABHOBECHOMY COCTOSIHHIO ¢ HauboJabIel 3HTponuei. U3 Te-
OpHH BepOATHOCTel ACHO, UTO CHCTeMa, npefocTaBJIeHHAaA caMoOu ce-
e, CTPEMHTCH NPHHTH K MaAKPOCOCTOAHHUIO, KOTOpDOe peasu3yeTcs
HauOOJbINKHM KOJHYECTBOM Crnocob0B, HaHOOMBIIUM KOJHUYECTBOM
MHUKDPOCOCTOAHUH, T. €. K COCTOAHUIO ¢ HauboabIlieii TepMOLUHAMHKYe-
CKOH BEpOATHOCTBIO.

I | I I
a 'bed b leda c 'dab d 'abce
I | ! I

I | I I I I
ab! ed ac ' bd ad) be be ' ad bd ' ac cd! ba
I | I I I I

0)
Puc. 10.11
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3aMeTuM, YTO ecJid rady npefocTaBUThL BO3MOMHOCTH PACIIUPATH-
cA, ero MOJIEKYJbl OYAYT CTPEMHTHCA PABHOMEPHO 3aHATH BeChb BO3-
MOKHBIE 06beM, npu 3TOM npomecce 3HTponudA yBeauunsacTceda, O6-
paTHBINA npouece — CTpeMJIeHHe MOJICKYJT 3aHATH JUIIb YacTh 06'beMa,
HanpuMep nmoJOBHHY KOMHAThLI, — He HAOJIIOIAeTCA, 3TOMY COOTBETCT-
BOBAJIO OBbI COCTOAHHE CO 3HAYUTEJIbHO MEHbIIeH TePMOIHHAMHYCCKOUN
BEPOATHOCTHIO U MEeHbLUIEH SHTPONIHEH.

OTcona MOXHO cIeNaTh BbIBOJ O CBA3H SHTPONHH ¢ TEPMOJUHAMU -
YecKOH BepOATHOCTHIO, BOoNMb1iMaH yeTaHOBKII, YTO SHTPONUA JUHENHO
cBA3aHa ¢ JorapuMoM TepMOIHHAM HYeCKOU BEPOATHOCTH !

S = kanTep + const, (10.20)

rae k — nocrogaHHaa Bonrbumana.

Bmopoe Hawano mepmodunamuku — cmamucmuiecKuil 3aKon,
B OTJa1HYHe, HanpuMep, OT IIepBOI0 HaYaja TepMOOIUMHaAaMHUKHA UJH BTO-
poro 3akoHa HerwoToHa,

YTBepKIeHue BTOPOro Hayasia 0 HeBO3MOKHOCTH HEKOTOPBIX IpoIec-
COB, IO CYIIECTBY, ABIAETCA YTBePXKACHHEM O UYPEe3BbUaiHO MaJIOi BEpO-
ATHOCTH KX, NPAKTHYECKH — HEeBEPOATHOCTH, T. €. HEBOZMOXKHOCTH.

B rocMuueckmx MaciuTabax HabaogamwTcsa cyleCTBeHHbIe OTKJO-
HeHiA OT BTOPOro Hadajia TepMOZKWHAM KU, a KO Bceil BeesleHHOM, Tak
e, KAK U K ChcTeMaM, COCTOAIMAM M3 MAaJOT0 YHCJAA MOJeKyJa, OHO
HeIIpUMEeHHMO.

B zaxnoueHue elle pa3 OTMETHM, YTO eCJIH nepablil 3aKOH mepmo-
Jurnamuru codeprcum 3nepzemuieckull 6aaranc npoyecca, mo 6mo-
POl 3AKOH noKassviéaem €20 603MOMCHOE Hanpaénerue. AHamsorny-
HO TOMY, KaK BTODOM 34KOH TePMOJUHAMMKH CYI{ECTBEHHO NONOJHSA-
eT nePBbIH 3aKOH, TAK H 9HTPONHKA JONOJHACT NOHATHE dSHEPTUH.

§ 10.3. Craunonapnoe cocrosanue.
IIpuHITMII MUHUMYMA
IPOU3BOACTBA IHTPOIMH

HNanoxeHHble Bblilie BONMPOCH TEPMOAUHAMUKHA OTHOCHJIHCHL B OC-
HOBHOM K PaBHOBECHBLIM mpopeccaM UM K nponeccaM, KOTOpPble npu-
BOAAT K PABHOBECHBIM COCTOAHHAM. Takmne orpasudeHusl nO3BOJIUJIN
O0BACHUTL HANPABICHHOCTb TEPMOJIMHAMHWYECKHX NPONECCOB B H30-
JAPOBAHHOHU CcHCTEMe.

Peanvnwvie npoyeccot u cocmoanua 6 npupode u mexnHuxke a8nsa-
IOMCA HEePABHOBECHBIMU, @ MHOzZUE CUCMEeMb. — OMKpbimbimu.
Imu npoyeccol U cucmemob. paccmampusardmca 6 HepasHogecHol
mepmodurnamuxe.
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AHaJOIMYHO TOMY, KAK B PAaBHOBECHOU TepPMOJWHAMHKE OCOOLIM
COCTOSTHHEM ABJIAECTCA COCTOAHKE DABHOBeCHdA, TaK B HePAaBHOBECHOH
TepMOIHHAMUKe 0COOYI0 POJIb HI'PAIOT CTanMOHAPHbIE COCTOAHMA.

HecMmoTpa HA TO YT0 B CTAlMOHApPHOM COCTOSAHUH HeoOpaTHUMBbIE
npoueccsl, npoTekawinue B cucTeMe (Audpdysua, TenIonpoBOIHOCTD
U AP.), VBEJIHUYHBAIOT SHTPONKIO, JHTPOIUA CUCTEeMBl HE U3MeHAeTCAH.
Kax noHATH 3TO npoTHBOpedne?

IIpencTaBuM u3MeHeHHe HTponuu AS cHCTeMbl B BHUAE CYMMBI

JBYX claraeMbix:
AS = AS,+AS,, (10.21)

rae AS, — u3MeHeHue DHTpONnuHK, 00yCaoBIeHHOe HeOOPATUMBIMH PO~
neccamu B cucTeMe, AS, — n3MeHeHUe 9HTPONMM, BBIZBAHHOE B3auMO-

JEMCTBHEM CHCTeMbl C BHEILUHHMHK TeJlaMu (MOTOKH, npoxXondAiue de-
pes cucTeMy).
Heobparumocrs nponeccoB npuBOAMT K AS, > 0, cTannOHaPHOCTS CO-

crosHusl — K AS = 0; ciegoBarensHo, AS, = AS — AS,; < 0. Ito ozHaya-

eT, YTO SHTPOnuA B n1POAYKTaX (BEIIeCTBO U JHEPruf), NOCTYNaIoIHX B
CHCTEMY, MEHBIIIE 3HTPONKUH B IPOAYKTAX, BBIXOIAIUX U3 CUCTEeMbI.

B paBHOBeCHOM COCTOSSHWHM, KAK yXKe 0TMeYanoChb, JHTPONUA MaK-
cumanbHa. J[na crapunonapabix coctoanui . IIpuroyxxns Takxe yka-
3aJ1 3KCTpeMaJbHOe 3HaueHHe HeKOTOPON (DYHKHUH, cPOPMYJIHPOBAB
NPAHIHI MEHHMYMA 01 POU3BOLCTBA SHTPONUUA: 8 CMAYUOHAPHOM CO-
CMOAHUU CcUCMeMbl CKOPOCMb BO3HUKHOBEHUA IHMPONUU 6CJel-
cmeue Heo6pamuMblX npoueccos uMmeem MUHUMANLbHOE 3HAYeHUe
npu OaHHbIX BHEULHUX YCJOBUAX, NPENAMCMBYIOWUX J0CMUNERUN
cucmemotl pasnogecrozo cocmoanua (dS,/d¢ > 0 u murumarvra).

Cornacso npunuuny IIpurosxkuHa, B cuCTeMe npu CTanuMOHAPHOM
COCTOAHNY BHYTPeHHHe HepaBHOBECHbIe npouecchbl (nuddysud, Temn-
JONPOBOAHOCTb, XUMHUUYECKHe PeaKiyuu U ApP.) NPOTEeKawT TaK, 4To
eIKEeCeKYHIHBIM NPHPOCT 3HTPONXUM MUHHMAIEeH. ITO O3HAayaeT, UTO
cucTeMa 32 cyeT BHYTPeHHUX He0OpaTHMBIX nPOLECCOB He cnOCoOHA
BLINTH M3 CTalMOHApHOro cocToAHuA. Tak, ecnu 3a cueT HeGOAbIINX
OTKJIOHeHHH (DAYKTya1ii) CUHCTeMa HeCKOJIbKO U OTKJIOHHNACH GBI OT
CTAMOHAPHOTO COCTOAHMSA, TO CTpeMJieHWe BHYTPeHHHUX NPOIECCOB
yMeHsIINUTh d.S,/d¢ BepHeT cuicTeMy BHOBb K 9TOMY COCTOAHHIO.

OrMeTumM, UTO BCEe M3JOXKEHHOE, B TOM 4Yucje u npuHuun IIpuro-
MKHHA, CHIPABEIJIUBO NP 38aHHLIX ¥ HEM3MEeHHbLIX BHEIIHHX YCJIOBH-
ax. Ilpn naMeHeHuHn BHELIHero BO3AeHCTBAA (HOTOKOB, BXOAAINUX H
HCXOAAIIMX U3 CHCTEMBI) cucTeMa YXOAUT M3 OJHOIO CTanHOHADHOTO
COCTOAHUA Y NePEeXOIHUT B APYyroe B TOM caydae, eCJH HOBble BHEIIIHHE
yeaopud OyayT COXPAHATHLCA BO BpeMeHH,

177



IIpuMepaMi nepeXOgHBLIX MPOLECCOB MeXKAY CTAlMOHAPHBIMH CO-
CTOAHUAMH B OHOJOrnYeCKuX cucTeMax ABJAKTCA reHepanmus HepB-
HOT'O HMINYJIbCa, MbIIIIeYHOE COKPALIeHne | AP,

§ 10.4. Opranusm Kak OTKEpBITasi cucTemMa

HauanpHOe pa3Burue TepPMOAUHAMM KU CTHMYJIMPOBAJIOCH NOTpeOHOC-
TAMHE 0 POMBIIILIEHHOrO 1 POKH3BoAcTBa. Ha aTom atane (XIX B.) ee OCHOB-
Hbie JOCTHMKECHHA 3AKJIYAINCH B (POPMYJIHPOBKE 3aKOHOB, pa3paboTkKe
TCOPHUH LMKJIOB 1 TEPMOAUHAMHAYCCKHUX MOTEHIIHAJIOB [1PHUMEHUTEBHO K
HIea/IM3HPOBAHHLIM nPOLIECCAM: PABHOBECHBIM U 00paTHUMBIM.

TepMmoaguHaMuKa 6HOTOTHUECKHX CHCTEM B 3TOT nePHOJ HE Pa3BU-
BaJsiack, OQHUM APKHM HCKJIOYeHHEeM U3 3TOro Ovljaa patora Maiiepa,
KOTOPLIX mO 1 BeTy BeHO3HOW KPOBU MaTpPOCOB, PAGOTAKINHUX B YCIO-
BHAX TPONHUYECKOro KIuMara, cpopMyaupoBai, no cyiuecTBy, npuo-
KHUMOCTh 3aKOHA COXpaHeHHs YHEePIuM B TepMOAWHAMHKe (IEPBOIO
Ha4Ya/Jaa TepMOAHHAMKUKH) K JKHBBIM CHCTEeMaM,

IlepBolli 3aKOH TepMOAMHAMHKE KaK 3aKOH COXPAHEeHHSA SHEPIUH
HAaCTOJIbKO OYeBHJIEH, UYTO ero npuMeHeHUA K OGHOJMOTMYeCKHAM CHCTe-
MaM 3jech He paccMaTpHBAKOTCA, TeM 0oJiee YTO B Kypce HOPMAJAbHOMU
(pusnuoIOoruy U3ydyaloTcea Takue TeMbl, KaKk «O0MeH BellleCTB M 3HEP-
run. [Turtaaue. TepMmoperyaanusa», a B § 22.5 ananusupyeTrcs Tenjo-
o0MeH 4YeJI0BeKa C OKPYKaAIINei Cpeol NocpescTBOM TENJIOBOIO K3-
aydyeHuA. Dojiee CyinecTBeHHO pacCMOTpeTh HEKOTOpble BOIPOCHI,
CBA3AHHBLIE CO BTOPLIM HAYAJOM Te PMOAWHAMHKHA H SHTPONHEH npH-
MEHHUTEJIBHO K OHOJOTHUeCKUM CHCTeMaM.

Buonozuvecrkue o6szexmut ABAAIOMCA OMKPbIMbIMU MepMOGuUHa-
muyeckumit cucmemamu. OHu 06MeHUBAIOMCA C OKpyMcawuiel cpe-
dolt IHepzuell U 6eu,ecmaom.

Boo6me ropopd, »XuBOI OpPraHu3M — pPa3BUBAIOINAAcCA CuUCTeMa,
KOTOpaA He HaXOAHUTCA B CTAIlMOHAPHOM cocToAHMU. OAHAKO OOBIYHO
B KAKOM-JIU00 He CIUIIKOM OOJBLIOM HHTEpBaJe BpeMeHud nNPUHHMA-
IOT COCTOAHUE DHOMOTHUECKON CHCTEeMbl 3a cCTallHOHAPHOE.

PacecMOTpuM B 9TOM npeamoJoXXeHHUH HEKOTOpble BONpochl. Jliad
OpraHu3Ma — CTAHOHAPHON CHCTeMbl — MOXKHO 3amucaTe dS = 0,
S = const, dS, > 0, dS, < 0. 3To osHayvaer, 4To GoNbINAA BHTPOMUSA

AOMKHA ObITH B nPOAYKTaX BbIIENEeHUSA, & He B NPOAYKTaxX NUTAHKA.
DHTpOnUA CHCTEeMbI 0P2AHU3M — OKpYyMawas cpeda BO3pacTaeT Kak
y H30JUPOBAHHOI CHCTEMbl, OLHAKO 3HTPONMKA OPraHU3Ma NPH ITOM
COXPaHACTCA NOCTOAHHOKW. JHTPONMA €CTh MePa HeynOPAJOYEHHOCTH
cucTeMsl (cm. § 10.2), no3ToMy MOMHO 3aKJIOUKUTL, YTO yIOPALOYEH-
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HOCTH OPI'aHU3Ma COXPAHAECTCA [€HOH YMeHbIUIeHUA YuopAagoYeHHOC-
TH OKPYIKAIOIICH CPeIbl,

IIpx HEeKOTOPBIX NATOJOTHYCCKHX COCTOAHHAX IHTPONHUA OHOJTOTH -
YeCKOW CHCTeMBbI MOXKeT BodpacTaTh (dS > 0), 9TO c¢BA3aHO ¢ OTCYTCT-
BHEM CTAIMOHADPHOCTH, YBeJWUYeHUeM HeynopsAgoUYeHHOCTH; TaK, Ha-
npuMep, NPy PAKOBBLIX 3a00JeBAHUAX NPOUCXOAUT XAOTHYECKOe, He-
yunopAansoYeHHOe padpacTaHue KJIeTOK.

Popmyny (10.21) MokHO n1peo6pa3oBaTh K BULY

dS _ dSl + dSF’
dt d& dt
WM AJA cTaipoHapHoro cocToauud (S = const, dS/d# = 0)

ds,  ds,
LS (10.22)

W3 (10.22) BuaHO, uTO npu OOBIYHOM COCTOAHHMM OPraHU3Ma CKO-
POCTb KH3MEHEHHMA SHTPONHH 3a cueT BHYTPEeHHHX NPONECCOB paBHA
CKOPOCTH M3MeHeHHsA OTpUIATeJbHOH SHTPONMM 3a cueT O0OMeHa Be-
I[ECTBOM U 3HEPTHeld ¢ OKPYKAKINENR CPEOM.

ITockonbky, corjgacHo npunyuny Ilpuzowuna, npousBonHasA
dS,/d¢ > 0, npuyeM MHHHMAaJIbLHA, MUHAMAaJIbHOe 3HAYEeHHe HMeeT M

ds,
l_ dt
POnHMHM OKPYKAIIIEH Cpelbl N1PX COXPAHEHHH CTAallMOHAPHOI'O COCTOSA-
HuA OpraiusMa TakKe MUHAMAJIbHA.

OcHoBa PYHKIIMOHUPOBAHUA »KUBLIX CHCTeM (KJETKH, OPraHbl, Op-
raHu3M) — 3TO NOJAepP:KaHue CTAIIMOHAPHOIO COCTOAHHUA NPH YCJIO-
BUM IIPOTeKaHUA AUGPY3UOHHLIX IIPOIECCOB, DHOXHMMHYCCKUX peak-
IMHA, OCMOTHYCCKHX ABJICHUNA U T. I1.

IIpu n3aMeHeHWH BHEILUHHX YCJIOBHH NPOECCH B OpraiusMe Pa3Bu-
BAIOTCA TaK, YTO er'o COCTOSAHHe He OyIeT npeKHUM CTallHOHAPHLIM
COCTOSAHHEM,

MoskHO yKa3aTb HEKOTOPbIN TePMOJUHAMUYECKHUH KPUTEPUU TPH-
cnocobeHA OPraHu3MoOB 1 OHOJMIOTHUECKHUX CTPYKTYD K U3MeHEHHUSAM
BHEINHUX ycaoBui (aganTanuu). Ecan BHelllHHe yCAOBUA H3MeHAIOTCA
(Bo3pacTaeT uJn YyMeHbIIIaeTCA TeMIlepaTypa, U3MeHAeTCA BJIaXKHOCTD,
COCTAB OKPYIKAIOIero BO3AYXa U T. M.), HO NpH 3TOM OpPraHusM (KJjeT-
K1) cnoco0eH nogfep:KuBaTh cTanMOHAPHOE COCTOAHHE, TO OPraHu3M
aganTupyeTca (npucnocadbauBaeTCA) K 9TUM U3MEHEHUAM U CYIIECTBY-
eT. Eciii opranuaM npy u3MeHeHHHW BHELIIHMX YCJIOBHH He cocoOeH co-
XPaHUTh CTalMOHAPHOE COCTOAHNE, BBIXOTUT M3 3TOT0 COCTOAHUA, TO
9TO NPHUBOIUT K ero rubenaun. OpranusM B 9TOM CJaydae He CMOT aJanTH-
poBaThCd, T. €. He CMOT CpaBHUTEJIBHO OLICTPO OKA3aTHCA B CTAMOHAD-
HOM COCTOAHHH, COOTBETCTBYIOIIEM M3MEeHHUBIUUMCA YCIOBUAM.

. OTCIO,IIa MOXXHO cgeJiaTh BLIBOJ, YTOQ CKOPOCTEL H3MCHeHHUA 3HT-
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§ 10.5. TepmomeTpua u Kanopumerpus

Tounble naMepeHud TemnepaTyp ABJAAITCI HeOTheMJle MO YACThIO
Hay49HO-HCCJe10BaTeIbCKHX W TeXHHYECKHX paboT, a TaKiKe Meldu-
MAHCKON AMarHOCTUKHU 1 OHOJOTHHA.

Hurana3oH uH3BeCTHLBIX TeMuepaTyp o4YeHb InupoK. CaMasi Hu3Kad
TeMuepaTypa, NOJYYeHHaA K HaCTOSeMy BpeMeHH, oko10 2 * 1072 K,
Bepxuuii npene IOCTHKHUMBIX TeMnepaTyp HWUeM He orpaHudeH, Ha-
1b0JblIaA TeMnepaTypa AOCTUIHYTa B 36 MHBIX YCJIOBHUSAX NPH B3PbIBE
BOLOPOLHOM 60MOB1 11 cocTaBasAeT npuMepro 102 K. B menpax 3Bess, no
CHEeKTPOCKOIMYECK UM JaHHBIM, TeMnepaTypa MoxeT nocturats 10° K
u DoJee.

TeMneparypHbIA HHTEPBa 1 OKPYIKAaIOIed cpe/ibl, B KOTOPOI MOI'yT
IJNHUTEeJbHO WIH KPaTKOBPEeMEHHO HaXOLUTHCA OHOJIOTHYECK He CUCTE-
MbI, COXPaHAA CHOCOOHOCTb K (PYHKUMOHHPOBAaHUIO, 3HAYWTEJLHO
yike. U copeceM HeBeaunK (npudamnsntensao or 0 xo 90 °C) guranaszon
TeMunepaTyp caMHX KHBBIX OPTaHW3MOB B COCTOSAHHM MX aKTUBHON
KUIHENeATCTHHOCTH.

Metoabl noNydeHHA 1 U3MepPeHU s TeMnepaTyp B HIXPOKOM Juana-
30He BecbMa pa3uuHbl. Omden npurkiadHoll PUILKU, 8 KOMOPOU U3Y-
yarnomes memodvt U3MepeHUs memnepamypov. U C6A3AHHbLe € IMUM
B8