YACTb MACCOOBMEHHDBIE
IIEPBAA (ANODY3NUOHHDIE)
ITPOLNECCHI

TJIABA 1 OCHOBHDIE IIOHATUA
N 3AKOHbI MACCOOBMEHA

POJIb MACCOOBMEHHBIX ITPOIECCOB
B HE®OTETASOIIEPEPABOTKE 1 HEOTEXUMHUN

MaccooOMeHHBIe UAU AUGDPY3UOHHBIE IIPOLECCHl UTPAIOT BaXK-
HYI0O POAL IIpU IlepepaboTKe HedTH, PA3AMYHBIX YTAEBOAOPOAHEBEIX U APYTUX
cMmecein. Ilyrem pexmugukayuu u3 HedTH IIOAYYAIOT Pa3AWMYHBIE IIPOAYKTHI:
OeH3UH, KEePOCUH, AM3EABHOE TOIIAMBO, Ma3yT, MAcCASHBIe (DPAKLUM, y3KUe (IO
TeMIlepaTypaM KuleHus) 6eH3MHOBBEIe dpaknuu. [Ipu peKTH(HUKALUU CKUKEH-
HBIX Ta30B BBIAEASIOT 3THAEH, 3TaH, IponaH, OyTaH U APyrHMe KOMIOHEHTHI. [ly-
TeM NeperoHKU B BaKyyMe IIOAYYAIOT CIleIJHaAbHBIE MacAa.

Abcopbuyulo KUAKMMHU HOTAOTUTEASIMU U agcopOyuio TBEPABIMHU BeIlleCTBa-
MU HCIOAB3YIOT AAS M3BAECUEHUS U3 IPUPOAHBIX M MOIYTHEIX Ta30B, & TAKKEe U3
ra3oB HedTellepepadaTHIBAIOIINX 3aBOAOB IIPOIIAH-IPOIUAEHOBOM, OyTaH-OyTH-
AEeHOBOMY, 6€H3UHOBOU (PpaKIiii, KOTOPhIe CAY>KAT CHIpDbeM AAS HedTexuMmudec-
KOM IIPOMBIIIAEHHOCTH.

AAS U3BA€UEHHUS apOMATUUYECKUX YTAEBOAOPOAOB U3 O€H3MHOBBIX (PPaKIUU
IpY IIPOU3BOACTBE MaceA M OUYMCTKe He(MTEempOAYKTOB IPUMEHSETCS Mpolecc
3KCMPAKyUuU.

[Mpomecc cywku HallleA IpUMeHeHHe B IIPOU3BOACTBE KaTaAW3aTOPOB U
apACOpPOEHTOB.

Kpucmaaruzayus HCHOAB3yeTCS TPU AelapaUHU3ALUMKA MaceA, IIPOU3-
BOACTBE CepEl, Tapa(pUHOB U IIePe3UHOB, PA3AEAEHUU KCUAOAOB.

Aake TaKoOW HENOAHBIM IlepeueHb MCIIOAB30BaHUSI MacCCOOOMEHHBIX IIPO-
1IeccoB B HedTenepepabaThIBaiollel M He(pTeXMMUYECKOU NTPOMBIIIAEHHOCTHU
CBUAETEALCTBYET 00 UX IITMPOKOM PAaCIpPOCTpPaHEHUM U Ba’KHOCTU pellaeMBIX C
IIOMOIIBIO 3TUX IIPOIIECCOB TEXHOAOTHUECKMUX 3aApad.



OBIIME ITPU3HAKN MACCOOBMEHHDBIX ITPOIIECCOB

Bce mMaccooOMeHHBIE TIpPOIleCCHl 00AAAQIOT PSIAOM  OOIIUX
NIPHU3HAKOB.

1. OHU OPUMEHSIOTCS AT Pa3AEAeHUs CMecell.

2. B AroOoM mporecce y4yacTBYIOT IO KpaWHel Mepe ABe (pasbl: JKUAKASA U
napoBas (IleperoHka, peKTuukanus), >Kupkad U razopas (abcopOius), TBeppas
U IaporasoBas (apcopOuus), TBepAAd M KUAKAdA (apCoOpOIusA, SKCTPAKIUSA), ABE
JKUAKUX (3KCTPaKLus).

3. Tlepexop, BelllecTBa U3 OAHOU (ha3bl B APYTYIO OCYIIECTBASETCS 3a CueT
Anddysun.

4, ABVXYIIIEN CUAOM MacCOOOMEHHBIX IIPOIECCOB SIBAIETCS PA3HOCTh KOH-
IeHTpalui (IpaAueHT KOHIEHTpanui) (PakTUUYeCKOM B AaHHOU dasze G u
PaBHOBECHOU C (paKTuuecKom B Apyrou ¢ase L. I'lpomecc mpoTekaeT B HAlpas-
AeHUM TOU (pa3bl, B KOTOPOW KOHIIEHTpAllMd KOMIIOHEHTAa MeHbIIe, 4eM 3TO
CAeAyeT U3 YCAOBUS paBHOBecus (puc. I-1).

a 7 [/
G | y>J, G ‘ y<y, G Y=y,
L L L

——x<x, I ——ox, T — —sc=,

Puc. I-1. Cxema nepeHoca BellecTBa MeXAY ABYMs (da3zamu:
a — u3 da3el G B a3y L; 6 — u3 daswl L B dasy G ; B — paBHOBecue a3

5. TlepeHoc BerrecTBa U3 OAHOM (pa3bl B APYTYIO TPOUCXOAUT Yepe3 TPaHU-
1y pasapeaa gas.

6. Auddys3uoHHBIEe TIpOIleCCEl OOPATUME], T. €. HallpaBAeHUe IIpollecca OIl-
peAensieTcsl 3aKOoHaMM (pa30BOTO paBHOBeCUS, (PAKTUUECKUMU KOHIIEHTPAITUSIMU
KOMIIOHEHTOB B 00enX (pa3ax W BHEIIHUMHU YCAOBHSIMH (TeMIIepaTypa, AaBAe-
Hue). Tak, HapuMep, IPH IOBHIIIEHUM TeMIePaTyphl U IOHWKEHUN AABAEHUSI
TIOTAOIIEHNEe Tra3a JKUAKOCTBHIO (aOcopOIius) MOXKeT HmeperTu B OoOpaTHLIM MIpo-
Ilecc — B yA@AEHHe ras3a M3 >KUAKOCTHU (pecopOoInus).

7. Tlepexop BemjecTBa U3 OAHOU (Pasbl B APYIVIO 3aKAHUYMBAETCSA IIPU AO-
CTVKEHUM AMHAMHUUYEeCKOro paBHOBecus. [Ipm 3ToM OOMeH MOAeKyAaMH uepe3
IpaHUIy pasjpera (a3 He IpeKpallaeTcs, OAHAKO KOHIIEHTPAIlM{ KOMIIOHEHTOB
B 06emux (pa3zax OCTAIOTCSI HEeM3MEHEHHBIMH U PAaBHBIMU PABHOBECHBIM.

CIIOCOBBI BBIPAKEHUA COCTABA ®A3

IMTpu m3yyeHUU MacCOOOMEHHBIX NPOIIECCOB IIPUXOAUTCSI UMETH
AEAO He C OTAEABHBIMM KOMIIOHEHTAMH, & C UX CMeCSIMHU B PA3AMYHEBEIX (Dasax.
AAS XapaKTEepPUCTUKHM COCTaBa TAKOM CMEeCH IIOAB3YIOTCSI OTHOCHUTEABHBIMH CO-
AEPIKAHUSAMU (KOHIEHTPANUsAMU) TeX UAM MHBIX KOMIOHeHTOB. Hamboaee wacTto
HCIIOAB3YIOT MacCOBBIe, MOABHBIE M OOBbeMHbIe KOHIIEHTpalui, KOTOphle CBsA3a-
HBI MEJKAY COOOM.
[TockoABKY B IpolleccaX MacCcooOMeHa Yy4acTBYIOT IIO KpalHel Mepe ABe
as3el, TO OTHOCUTEABHOE COAEPIKaHHe KOMIIOHEHTa C HOMePOM [ B OAHOM hase
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(HammpuMep, B JKHMAKON) OOO3HauuM uepe3 X; B Apyrod ¢ase (Hampumep, B
IIapoBOl) — uYepe3 V.

Ecam Macca Bcelt hba3bl paBHA g, @ Macca COAEPIKallUXCsI B HEW OTAEABHBIX
KOMIIOHEHTOB ¢; (I = 1, 2, ..., n, TAe I — YHCAO KOMIIOHEHTOB B CMe€CH), TO
MacCOBBIE AOAM KOMIIOHEHTOB (MacCCOBBIe KOHIIEHTPAIIMM) OIMPEAEASIOTCS CAe-
AVIOIIUM 06pa3oM:

(L1)

MoAbHEBIE AOAHN KOMIIOHEHTOB CMeCH X'i OIIPEAENAIOTCA KaK OTHOIIeHUe

n

YBCAa MOAEU A@HHOTO KOMIIOHeHTa N; K 00IeMy YUCAy MOAeld cmecu N =EN,. ,
i=1
T.Ce.

Xi, = N_l N;

N N.

1

s

1

CooTBeTcTBeHHO X, < 1 u
1

n

' \ PL
Exi =EN—=1.

i=1 =1

AHaAOTMYHEIE BBIPa’KEHHS MOJKHO 3allMCaTh U AAS KOMIIOHEHTOB y'; BTOPOU
da3sml.

MaccoBsle U MOABHBIE KOHIIEHTPAIlMW He 3aBUCAT OT TeMIepaTypbl U
AABAEHUS, YTO BBITOAHO OTAMYAET MX OT OOBEMHBIX KOHII€HTPAIIUi.

OObeMHasT AOAS vU; HIPEACTaBAsieT CcOOOM OTHOIIeHHe o0beMa AAHHOI'O
KOMIIOHeHTa V,; IIpu 3aA@HHOM AABAEHHM K 00meMy OOBEeMYy CUCTEMBL
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EcaAm BBIMOAHSIETCS IIPABUAO AAAUTHUBHOCTH 06'BEEMOB IoIpn cMelnieHuu, T.e.
eCAM IIpU CMelleHUn 06BEMBI OTAEABHBIX KOMIIOHEHTOB HE€ M3MEHAIOTCAd, TO

vV, =V,

n
L
=1

1
1 B 3TOM CAy4dYae CyMMa 06'BEMHBIX AOAefI TaK>Xe pPaBHA epAVHUIe

(L.2)

AAS B3aMMHOrO IlepecyeTa MacCOBBIX U MOABHBIX AOAEU HCIOAB3YIOT
COOTHOIIIEHHE MeXKAY YMCAOM MOAed N;, Maccoum ¢g; U MOABHOU Maccom M,

HpOI/IBBOAbHOI‘O [-TO KOMIIOHEHTa
N, =9,
Mi

Toraa YpaBHeHVEe B3aMMOCBA3U AN MOABHBIX Y1 MAaCCOBBIX AOAEN

gi gi Xi
Xl.’=Nl MM M
Z n n nox
EN’ Egz E gi E i
i=1 i=1 M; i=1 gM, i=1 M,
T.€.
X
x; = M;
i=1 M;
AnanroruyHO
N; M;
oo O NiM N XM
! 1 pil n 1l !
N; M; )
g DN M P yxi M
i=1 i=1 2N i=1
T.€.
x! M.
; =—— (L.3)
EXI, Ml
i=1
3HaMeHaTeAb BeIpakeHuda (1.3) mpeacTaBageT COOOM CPEAHIOIO MOABHYIO
Maccy cMecu
n
!
M, = Ex,. M, . (1.4)
i=1
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CpeaHIOI0 MOABHYIO MacCy M., MOXKHO HAWTH TakXKe M 4Yepe3 MacCOBHIe
AOAM, TTpeoOpa3oBaB BhipakeHue (1.4):

Moo 1

cp
>

-1 M,

[Tpu mnepecueTe OOBEMHEIX KOHIEHTPAIUM B MaCCOBBEIE HAU MOABHEBIE
(HanpuMep, IpU IlepecyeTe KPUBBIX pPa3rOHOK, IIOCTPOEHHBIX B OOBEMHBIX
AOAGX) TIOAB3YIOTCA (OpMyAaMu Ilepecuera. Tak, ecau B ypaBHeHuu (I.1)
Maccy KOMIIOHEHTAa §; 3alHCcaTh 4Yepe3 ero IMAOTHOCTB p; U 0o0BeM V), TO moO-
AYITIM

X, = ngi - nVi Pi  _ Vifi _ Vibi ’
Soi SVier  pewdV,  Por
i=1 i=1 i=1
T.e.
Xi pCM = Ui pi ‘ (IS)

W3 ypaBuenuii (1.3) u (1.5) moarydyaeM cooTHOIIEHUE
Xi/ Mi pCM = McppiUi .

CpepHIOI0 IINOTHOCTB CMECHU P, MOKHO OIPEAEAUTH 4epe3 OObeMHBIE UAU
MacCCOBBIe KOHIIEHTPAIlMM KOMIIOHEHTOB. TakK, CAOKUB A€BBIEe U IIpaBBIE YAaCTH
ypaBHeHus (1.5), moayumum

pcm=ivipi‘

i=1

C ApYroOM CTOPOHBI, BOCIHOAB30BaBIINCH ycaoBueM (1.2), u3 ypasrenusa (1.5)
MIOAYYHUM

1

pCM =

X

s

1

lpi

Ha 1npakTuke TOAB3YIOTCS Tak)Xe OOBeMHOM KOHIleHTpaluel c,
IIpPeACTaBASIoONIe coOOM OTHOIleHWe MacChl [-TO KOMIIOHEHTa (¢; K 0O0BbeMy

l

cMecu V=EV., T.C.

c, =2 Ji_ (1.6)

Ecau mpocyMMupoOBaTE OOBEMHEBIE KOHIIEHTPALIUM C; BCEX KOMIIOHEHTOB,
TO IOAYYHUM MAcCy CMeCU B epMHUIle ee 00beMa, T.e. IAOTHOCTb CMEeCH (P!
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HHe

pCM

INpu pacyeTax MacCOOOMEHHBIX IIPOIECCOB MOTYT IIPUMEHSTBECSI U APYTHe CIIOCOOBI BBEIpa’ke-
HHUSI coCTaBa cMecH. Hampumep, copep>kaHUe KOMIIOHEHTOB MOIYT OIPEAEASITbCSI OTHOCUTEAB-
HO OAHOTO M3 HUX HAU COAep>KaHUe KOMIIOHEHTOB Ha €AMHUILY MacChl (06beMa) pacTBOPUTEAS U

AP.

ITpu abcopOIMM >XUPHBIX ra30B, B IPOIeCCaX 3KCTPAKIMU, KOTAA IPOUCXOAUT HM3MEHEeHHe
COCTaBOB ¥ KOAMYECTBA ITOTOKOB IIO BLICOTE alllapaTa, YAOOHO IOAL30BAaThHCS IMPUBEACHHBIMU KOH-
nenTpanuamu X 1 Y, X' n Y', onpepensis coCTaBbl KOHTAKTUPYIONIUX (Pa3 IO OTHOIIEHUIO K BXOAS-
IIUM I[IOTOKaM.

EcAm B mpoIiecce y4acTBYeT BeIleCTBO-HOCUTEAb, KOAWYECTBO KOTOPOTO He MEHSIeTCs, TO CO-
cTaB (pa3 MOKHO BBIPA3UTh B OTHOCUTEABHBIX KOHIIEHTPAITUSX, T. €. B BUAE OTHOIIEHUS MacCChl UAU
YHUCAa MOAEH KOMIIOHEHTa (CYMMEBI KOMIIOHEHTOB) K MacCe WAW YHCAY MOAEH HOCHUTeAsd. B oramume
OT KOHIIEHTPAIIUHM X U ¥, X' U Y, KOTOPbIe U3MEHSIOTCS B Ipeperax oT 0 A0 1, OTHOCHUTEABHBEIE KOH-
LIeHTPalluld MOTIYT U3MEHAThCS B IIpeperax oT 0 po «.

OCHOBHBIE 3AKOHbBI MACCOOBMEHA

MaccoobMmer — AUGM@Y3UOHHEBIN IIPOIECC IepeHOCa paclpeae-
AEHHOTO BellleCTBa U3 OAHOW (pas3bl B APYIVIO Uepe3 Pa3AeAdIoNIyI0 UX IPaHUILY
UAM BHYTPHU OAHOM (pa3bl B HEOAHOPOAHOM IIOA€ KOHIIeHTpaluu. ABWKYILENU
CHAOM CAY’KAT I'PAAUEHTHl KOHIEHTPAIUM, NapIUaAbHBIX AABACHUN, XUMUYECKUX
IIOTEeHIIMAAOB MAU TeMIIepaTyp (Ipu TepMopuddy3un).

Pa3zanuaioT ABa BUA@ MaccooOMeHa: OAHOCTOPOHHUM (Hampumep, npu ab-
COpOIMY KOMIIOHEHTHI U3 ra30BOM (Da3bl MEPEXOAAT B JKUAKYIO) M ABYXCTOPOH-
HUU (IpU peKTU(PUKALIUN).

MaccooOMeH OCYIIeCTBASIETCS IIyTEeM MOAEKYASIPHOU, MypOyAeHmHOU WAU
KOHBeKMUBHOU guggy3uu, 13 KOTOPEIX HauboAee MEeANEHHOM SBASETCS IlepBad.
[NepeHoc BemecTBa BHYTPU HEIIOABHMIKHOM (Pa3bl OCYIECTBASIETCI TOABKO IIyTEM
MOAEKYAIPHOU AuUDPy3unu. B ABIKYIIENWCS Cpepe IepeHOC BelleCTBa MOJKET
IIPOUCXOAUTH KaK MOAEKYASIpHOM AU dy3nel, TaK M KOHBEKTHUBHEIM I[E€PEHO-
COM CaMOU CpeAOM B HAIIpABAEHUU ee ABUKEHUS.

KOHBEKTUBHBIM I€peHOC BellecTBa IOA AeUCTBUEM TypOYA€HTHBIX
IIyAbCAIIUM HA3bIBAIOT TYPOYAEHTHOU Audy3melt.

MoaekyasspHas AuG@Py3us oOyCAOBAeHA II€PEHOCOM MOAEKYA BeIecT-
Ba U3 obOaacTu C OOABIIEM ero KOHIleHTpalued B OOAACTh C MEHBIIeM KOH-
IleHTpaluel U IpoTeKaeT B HEIOABMIKHOM CpejAe WAM AAMUHApHBIX IIOrpaHHd-
HBIX CAOaX. IlepeHoC BellecTBa HNPU MOAEKYAIPHOU AMMPY3UU OIPEAEAsIeT-
csa 3akoHOM DUKa, KOTOPHIM (DOPMYAHPYETCS CAeAyiomuM obpas3oM. Koauue-
CTBO BellecTBa dM, AU YHAUPYIOUIETO Yepe3 CAOM B €AMHHUITy BPEMEHH, IIPO-
MIOPIUOHAABHO IIAOLIAAU CAOS dF, NeprneHAUKYAIPHOM HaIpaBAeHUIO AUPQY-
3MOHHOIO IIOTOKQ, M TPAAUEHTY KOHIIEHTpPAUMM B HAIpaBAeHUM AUDPYy3UU
dc/dn, T.e.
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dc

dM = —D(
dn

)dF‘

3HaK MUHYC yKa3blBaeT Ha TO, YTO AUM@Y3Uus BellleCTBa HMAET B HAIpaB-
AEHUU yMEeHBIIeHUs KOHIIeHTPAIuH.

ABIDKYIIIeN CHAOM IIpollecca MOAEKYAIPHOU AUPY3UU ABAGeTCS TPapueHT
KOHITeHTpanu# dc/dn, KOTOPBEIM B OOIEeM CAydYae M3MEHSIeTCS B HAIpaBACHUM
nepeHoca BellecTBa. CpepHUM TPAAUMEHT KOHIIEHTPAUUM B II€PBOM NPUOAU-
KEeHUU paBeH

( dc) Ac

dnj d '

rae Ac — wu3MeHeHMe KOHIEHTpAIuM KOMIIOHEHTA II0 TOAIIMHE CAOS; O —
TOAIIIUHA CAOA.

AAS 3aA@HHOU I'MAPOAMHAMUYECKOU OOCTAHOBKM M KOHCTPYKIIMM KOHTAKT-
HOTO YCTPOMCTBA, KOTAQ TOAIIMHA IIOIPAHUYHOTO CAOS HMeeT BIIOAHE OIIpepe-
A€HHOe 3HaueHMe, TPAAWEHT KOHIIEHTpAllM MOJKHO CYUTATh HPOIOPIMOHAAB-
HBEIM M3MeHEeHHIO KOHIIeHTPalluU B IIPeAeAaX CAOM.

Koaddunuent nponopnuoHaAbHOCTU D, XapaKTepU3YIOUUN CKOPOCTh
A y3un, Ha3eBAIOT Kosgpuyuenmom gugpgysuu. OH NOKA3EIBAET, CKOABKO
BellleCTBa IIPOXOAUT Yepe3 eANHHUITY IIAOIIaAN TOBEPXHOCTH B €AWHHUITY BPEMEHU
IIpU TPaAWeHTe KOHIIEHTpAaIluy, PaBHOM eAUHUIIE.

B CU epunuiia o603HaveHust Kosdduimenta auddysun — m2/c.

KosdhdunueHnT andpdy3num npepcTaBasieT coO0M (PU3UYIECKYI0 KOHCTAHTy U
XapaKTepusyeT IPUPOAHYIO CIOCOOHOCTh OAHOIO BellleCTBa IIPOHUKATH B CPEAY
Apyroro. Kosddunuent auddysun 3aBUCUT OT CBOUCTB AUMPYHAUPYIOIIETO
KOMIIOHEHTa M (pa3bl, B KOTOPOU OH AUPPYHAUPYET, a TakKe TeMIIepaTyphl U
AaBAeHUSA. YuMCAOBBIe 3HaueHUs D ONpeAeAsioT 3OKCIePUMEHTAaAbHO, OHU

IIPUBEAEHBl B CIIPABOYHOU AUTepaType.

[MpubAM>KeHHO 3HaueHUs KOd(MOUIMEHTOB AUMP@PY3UN MOKHO PACCUUTATH IO CAEAYIOUIUM
YPaBHEHUSM.

INpu pnddysuu raza A B raze B

1057372
D=O,OO4310 T - 1 + 1 '
P(Vj/3+V§/3> \ M, My
rpe T — Ttemmeparypa, K; P — paBaenme, MIla; V, u V, — MoABHBle OOBEMBI ra3oB A u B,
cM®/MOAB; M, u My — MOABHBIE MaccChl Ta3oB A u B, KI'/MOAB.

Ipu anuddys3mu raza A B xuprkoctu B mpu 20 °C rosddunmeHT AuPQPYy3uH MOKHO
paccyuTarh Mo QOopMyAe

106
De 110 11

—_—

2
A’B’u1/2<Vj/3+Vé/3> M, Mg

'

TA€ W — AMHAMHWYecKas BSI3KOCTh KUAKOCTH, MIla-c; A’ m B’ — mompaBouYHBbIe KOIMDUITUEHTHI AAS
A YyHAUDYIOIIEro BellleCTBa U PACTBOPUTEAS], KOTOpPble YYHUTHIBAIOT OTKAOHEHHWE CBOMCTB AAH-
HOTO BellleCTBa OT CBOMCTB HEACCOIIMMPOBAHHBIX BEIECTB.

Ars TeMrniepaTyphl ¢ KoaddunueHT AUpdYy3un B JKUAKOCTU OIIPEAEAdeTCsl YpaBHEHUEM

D, - D20[1+ Ht- 20)],

B KOTOPOM KO3(ddunueHTt b onpeapeasercd 1no popmyare



) OQMUZ

1/3
p

rAe W — AMHAMMYecKas BA3KOCThb KHMAKocTH mpu 20 °C, mIla'c; p — TAOTHOCTb KMAKOCTH, KI/M°,

[lpuBepeHHbIe ypaBHEHUS II03BOASIOT IIPOAHAAU3UPOBATh BAWSHUE BHEIIHUX (PaKTOPOB
(AaBAeHHA M TeMIepaTypekl) Ha AU(M@y3uro. B 4aCTHOCTH, IOBBIIIEHUE TeMIIEePATypbl NPUBOAUT K
yBeAnuyeHHIO Kosduiuenta AUM@y3un Kak Tra3oB, TaK U JKUAKOCTEH. YBeAWYeHHe AABAEHUS B
CHCTeMe yMeHBIIaeT CKOPOCTb AUMPY3nM B rasax, a IOBBIIIEHHE BI3KOCTUA >KHUAKOCTU CHUJKAET
CKOpPOCTh AU PY3UM ra3a B KUAKOCTH.

CAepyeT OTMETHUTh, UTO YHCAEHHBIe 3HaueHUs Ko3(dduuueHToB Auddy3un B razax NpUMepHO
Ha 4JeThIpe IOpsiAKa OoAbIle, yeM KoM UIUEHTH AUDPY3UU B SKUAKOCTSIX.

TypoyaentHas Auddys3usa. KorrdyecTBo BelllecTBa, IIepeHOCUMOTO B Mpe-
Aenax (pasbl TypOyAeHTHOU Auddy3Hel, II0 aHAAOTUM C MOAEKYASIPHOU Auddy-
31el ONIPEAEAdIOT 110 YPAaBHEHUIO

dc

aM, = ST(
dn

)dp,
rae €, — KoadduiueHT TypOyAeHTHOU aAnddy3un.

Kosddunuent typOyreHTHOU AuUPPy3unu UMeeT Ty >XKe pa3sMepHOCTh, UYTO
1 KO3(P(PUIMEHT MOACKYASIpHOM aAuddysun D, T.e. M’/C, OAHAKO B OTAMYHE OT
D on He ABAdeTCI (PU3NUYECKOM KOHCTAHTOU M 3aBUCUT OT TUAPOAUMHAMUYECKUX
YCAOBUH.

KonBekTuBHas aAuddysusa. KormuecTBo BellecTBa, I€EPEHOCUMOrO B IIpe-
Aenax (pa3bl BCAEACTBHE KOHBEKTUBHOTO IIepeHOoca BMeCTe C CaMOM CpepAoM B
HallpaBAEHUM ee ABWJ)KEHWS, IPOIOPIIMOHAABHO CKOPOCTH ABWJKEHHS CPEABL.
CyMMapHEIM [IepeHOC BelllecTBa B pe3yAbTaTe KOHBEKTHMBHOIO IIepeHOCa U MO-
AEKYASIpDHOM AMMPY3UHU IO aHAAOTHU C TENAOOOMEHOM HAa3bIBAIOT KOHBEKMUB-
HBIM MACCOOOMEHOM WAU KOHBEKMUBHOU guggy3uel.

PacripepeneHne KOHIIeHTpAUMY IIpM IIepeHocCe BellecTBa IyTEM MOAEKY-
ASIPHOM U KOHBEKTHUBHOU AUPDY3UM OIpepersdeTcss B caMOM 0OleM BHAe AUd-
(pepeHIMaABHEIMY YPaBHEHUSIMU.

ANDOEPEHIIUAJIBHBIE  YPABHEHUSA
MOJIERYJIAAPHOU 1 KOHBEKTUBHOU JUDDY3UN

MoaekyaspHas Audody3usa. BeiaeAuM B cpeape TTapasAeAelUIiel

c pebpamu pArmHOU dx, dy M dz ¥ PacCMOTPHUM IIOTOKHU BellleCTBA B IIpeAerax
paHHOoro ooweMa (puc. I-2). Ecau oObeMHas KOHIIEHTPAIlMd Ha BXOAE B BBIAE-
AEHHBIM 3AeMeHT paBHa C, TO IIepeHOC BelllecTBa OyAeT MPONCXOAUTH 3a CUeT
HaAWYWS I'PaAHeHTa KOHIJeHTPAIlui BAOAL COOTBETCTBYIOIINX OCel KOOPAWHAT.

PaccMoTpuM, HanipuMep, IepeHoC BellleCTBa B HAlPaBAEHUU OCH X.

Yepes AeByIO I'PaHb MaparreAelluliepd IAOIaAbio dydZz B eAWHUITy BpeMeHU
BXOAMT Macca BelrecTBa M,, KoTopas, COTAacHO 3aKoHy DuKa, paBHa

M, =-D dydz.
0x

OAHOBpEMEHHO Yepe3 IIpaByIO TIpaHb YXOAUT Macca BemecrBa M, , 4,
KOTOpasi OIPEAEAUTCS CAEAYIOIIUM 00pa3oM:

M., =-D2 (c 2 ax)dydz.

x+dx = ox
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Puc. I-2. Cxema K BBIBOAY AuddepeHnuarb- z
HOTrO0 ypaBHEHHUSI MOAEKYASIPHON Auddy3un M 'y
Mz+dy f /
dy I
dx
M x dz _ | _j_” x+dx
My+ay
A
7
//
Mz|
X

y

Pa3HOCTE MIpUXOAHOU M PACXOAHOM CTaTel AACT IIpUpallleHue BellecTBa 3a
cuyeT MOAEKYAAPHOU AU Y3Un B HANIPABAEHUU OCHU X

2

a"c
= D—dxdydz.

X+dx 2
0x

dM, =M, - M

AnanorudHo Ard pAMY3UM BellleCTBA B HAIIPABAEHUU APYTUX OCEU IIOAY-
YUM BBIPa’KEHUS:

B HAIIpaBA€HUU OCHU Yy

82C

dM, = M, = My, = D~ dxdydz

y+dy
B HAIIpaBA€HUU OCHU Z

2

e
= D ——dxdydz.
2
0z

dM, =M, - M

z+dz

OO01ee npupallleHUe BelleCTBa B BEIAGAEHHOM OO0beMe OyAeT PaBHO

/82c ¢ azc\
dM =dM, +dM, +dM, = D| — + — + —|dxdydz. (L7
ax” 0y2 az”

C ApyroM CTOPOHBI, 3TO >Ke HaKOIIAeHUe BellleCTBa B CUCTeMe MO’KeT OBITh
BBIp@’KEHO uepe3 U3MeHeHHe KOHIIeHTpallud BO BpeMeHU

dM = % dxdydz. (L8)
Jat

W3 conocraBrenus ypaBHeHui (1.7) u (1.8) moayumM ypaBHeHHE MOAEKYASD-
HOU AUPPY3UH AN HECTAIIMOHAPHOTO IIPOoLecca:

ic (82C a’c 82c\
— = l)L-——E + — + ——fzJ. (1'9)
0x ay 0z
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Ecau mporliecc cTaniuoHapHBIN, T. €. KOHIIEHTpaIlud BO BpeMeHM He H3Me-
HAIOTCS, TO ypaBHeHUe (1.9) mpuMeT BuA
azc BZC azc
—+—+—=0.

x> 8y2 az°

KonBekTuBHass Auddysns. B oO0memM caydae 1epeHOC BellleCTBa
OCYIIIECTBASIETCS IyTeM KaK MOAEKYASIPHOM, TaK U KOHBEKTUBHOM Aupdy3uu
IpU ABWXKEHWM BelllecTBa CO ckopoctsmu W, W, u W, o COOTBETCTBYIOUUM
ocssM KooppuHaAT (puc. [-3).

B aTOM caydae IOTOK BellleCTBa, HanmpuMmep M, depe3 AeBYIO TPaHb BAOAb
ocHu x, OyAeT CKAAABIBaThbCA U3 AUp@y3uoHHOro M', U KOHBeKTHBHOro M",
IIOTOKOB

M, =M. +M..
CoOOTBeTCTBEHHO pacxop BelleCcTBa 4epel3 IIPpaBylo I'PAHbL PaBeH

+ M

X+dx *

=M

X+dx

M

X+dx
INpupalleHre MacChl BellleCTBa B 0ObeMe 3AE€MEHTAPHOIO IIapasieAelIUIleAd
B HAIIPpABA€HHHU OCH X COCTABUT
’ "
dM =M, -M,,, =dM. +dM! .

x+dx
[MTpupamenre Maccel BerecTBa dM', 3a C4eT MOAEKYASIPHOU AUMDQY3Uu O1-
peaensierca ypaBHeHUueM (L.7). AAd onpepenreHUd NpHpaIeHUs MacChl BellecTBa
3a CUeT KOHBEKTUBHOU Anddy3uu dM", HaiaeM MacCy BelecTBa, MPOXOASIITYIO
B €AMHUITYy BPEMEHHU Yepe3 AeBYIO I'DaHb IIapaAACACIIUIICAd TTAOMIAALIO d, d,:

M. =cW _dydz.

Ha mpOoTWBOTIOAOKHOM (IIpaBOM) TpaHU MaparireAenurieprd oObeMHasi KOH-
IIeHTpanus W CKOPOCTb OYAYyT OTAMYATHECS OT COOTBETCTBYIOIIUX BEAMYWH Ha

W,

A€BOM TpaHU U OYAYT PaBHBI (C+EdX) u (Wx+ dx). Torpa uepes

0x 0x

IIPAaBYIO I'PAHB IIAPAAAEAETIUIIeAd BbeIAeT Macca JXUAKOCTHU

4 M,
W,
Mz+dz 'er (—)zzdz/y
dy /| 1_ '/”f»
I dx
I
| M,
Mx dz | __>x+dx
> IMy+dy —
" L/ Wt x dx
ya ¥ oW,
o Wty dy
M
1 I
X
y Puc. I-3. Cxema K BBIBOAY Au(depeHIHarb-

HOT'0 ypaBHEHHS KOHBEKTUBHON Aupdy3un



w,
M, . 0 = (c+£dx) (WX + dx)dydz.

0x 0x

IIpeneOperas OeCKOHEUYHO MaAbBIMU OOAee BBICOKOTO INOPSAKE, 4YeM Ilep-
BLIfI, U IIPpUHAB BO BHUMAaHUE YCAOBUE HEPA3PBIBHOCTU IIOTOKA

an + aWY + 6‘/VZ

=0,
0x ay 0z
IIOAYyYNM
’ " Jc
MX+dX = Mx+dx + x+dx T _G_XWX dXdde'

IToanoe npupalnieHre BelleCTBa B BEIACACHHOM ob6beMe COCTaBUT

(9%  o% 9%
dM =Dl T Ty ey, +Lw, + 2y, ) dxdydz.
ox2  9y?  o9z2 L ay 0z J

C yueroM ypaBHeHH4 (1.8) MOAyYHMM cAepyIOIlee YpaBHEHHE MOAEKYASPHOM
U KOHBEKTUBHOU AUDPDY3UU AN HECTAlMOHAPHOrO IIpollecca

2 2 2
(ac a°c ac\ [ oc Jc Jc \

E=DL—+—+—J—L8—XW + Lw, (I.10)

+— W, .
gt ox?  ay? oz Yoy 7oz ZJ

HpI/IBeAeHHBIe BBIIIIe YPAaBHEHUS B O6I.L[eM BUAE He MHTEeIrpUpYyrOTCsi, OAHAKO
OHU MOTYyT OBLITH MCIIOAB30BaHBI ANST TIOAYYEeHU TdK HA3BIBAEMBIX KpHUTeEepHeB

MMOAOOUST METOAAMU TTOAOOHBIX ITpeobpa3oBaHUM.
[lpy mpakTHYeCKUX pacueTaxXx IPUMEHSIOT 3aKOH KOHBEKTUBHOM AUMDY3UH B CAepylolleM

BHUAE
dM = B oA, dF = ﬁA<c—ch>dF, (L.11)
rae B, — KoapduLKeHT MaccoOTARUY; A, = € — ¢, — ABWKYIas CHAQ MEXKAY SAPOM IIOTOKa |

rpaHunel paspera as; ¢ U ¢, — KOHIEHTPAMM COOTBETCTBEHHO B sIADe ITOTOKA W Ha TPaHWIe
pasaena das.

YpaBHenue (I.11) orparkaeT pakT nmepeHoca MacChl M3 siApa MOTOKA K TpaHulle paspera das
p) AAH OT TPAHUILI B SIAPO IOTOKA (€ < Cyp).

f{osq)cpHuHeHT MaccooTAauu f3, IpPeACTaBAseT cOOOM MacCy BelllecTBa, IPOIIEAITYIO depe3
€AVHUITy NOBEPXHOCTH B €AMHUIy BpeMeHU NIPM Pa3sHOCTH KOHIEHTPAIMU B sSApe IOTOKa M Ha
rpaHuIe pasapera a3, paBHOU eAVHHIIE.

KoaddumueHT MaccooTpayu XapaKTepudyeT CKOPOCTb IIepeHOCa MacChl B IIpeAeraX OAHOM
as3kel; ero BeAMUMHA 3aBUCUT OT THAPOAWHAMUUYECKHX B (PU3UKO-XUMHYECKUX (DaKTOPOB, a Takke
THTIa ¥ pa3MepoB almapara.

[lpu mepeHoce BellleCTBA B IIPEA€AAX OAHOM (pasbl ABMJKYIIEM CHUAOHM SIBASIETCSI Pa3HOCTb
KOHIIEHTPAUA ¢ — C,, B sApe IIOTOKa U Ha IpaHulle paspera das.

Ansg pacueTa Ko3(dUIMEHTa MaCCOOTAQYHU (3, OOBIYHO MCIIOAB3YIOT YPaBHEHUS BHAA

(c > c

NuA=ARemP13A“, (I1.12)
1 Wl Wi
rae Nuy, = ﬁAD — puddys3uonHbl KpuTepuii Hycceavra; Re= — = RAC KpUTepun
\4 u
Peitnoabaca; Pr, = LD = % — AU dy3noHHBIN KpuTepuil ITpaHATAS; | — XapaKTepHBIM AMHENHBIN
p
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pasmep, M; p — IAOTHOCTH IOTOK@, KI/M’ v — KHHeMaTudeckas BsI3KOCTb IIOTOKa, M%/¢c; w —
AMHAMUYECKasl BA3KOCTh MOTOKA, H'C/M2.

Beanmuynnbl koaddunuenta A M IOKaszaTeAell CTeNeHM m U N OUPEAEASIOT B pe3yAbTare
06paboTKN 3KCIIePUMEHTAABHBIX AQHHBIX.

OCHOBHOE YPABHEHUE MACCOIIEPEJAYN

AAS pacdeTa pa3MepoB alnapara, B KOTOPOM AOAKEH OcCyllle-
CTBASITBCSI AQHHBIN MPOIleCC Maccolepepayd, HeOOXOAUMO 3HATh CKOPOCTH 3TO-
ro mporecca.

Cxopocmb npouecca macconepegaiu paBHa Macce BellleCTBa, IIepPeAaHHOTO
yepe3 eAWHUITy IOBEPXHOCTH B €AMHUIY BpeMeHH, T. e. dM/dF.

C Apyrol CTOPOHEl, CKOPOCTH MacCOOOMEHHOro IIpoliecca MIPOIIOPIINO-
HaAbHA ABWKYIIIEN CHAe Iponecca A M oOpaTHO HPONOPIMOHAABHA CONPOTUB-
AEHUIO MaccorepeHoca R.

CAepOBaTEABHO, MOJKHO 3allliCaTh, YTO

aM _ A _ kA

dF R

HAT

dM = KAdF. (1.13)

BeanumHa K Ha3blBaeTcs KosgguyueHmom macconepegaiu, OH XapaKTepu-
3yeT MacCy BelleCTBa, IIePepaHHYIO U3 (ha3sl B a3y depe3 eAMHUITy NOBePXHO-
CTH B €AUHUIlY BPEMeHU IIPU ABUKYIIIEM CHAe, PAaBHOU eAWHUIIE.

KoaddunueHT Macconepepadn OTpakaeT YpPOBEeHb MHTEHCHU(MUKALIUU IIPO-
mecca: 4eM OOAbllle BeamunHa K, TeM MEHBIINX pa3MepoB TpeOyeTcs anmapar
MST TIepepaul 3aAaHHOTO KOAMYecCTBa BelllecTBa. Hauboablllee BAMSHNE Ha HH-
TEHCUBHOCTh MaCCOIlepeHOCa OKa3bIBAIOT IMAPOAMHAMHYECKHe W KOHCTPYKTUB-
Hble (PAKTOPHI, OINPEAEASIOlINe WHTEHCUBHOCTb U XapaKTep B3aUMOAENCTBUS
KOHTAKTUPYIOIUX as.

[TocKOABKY OOBIYHO ABWKYINAA CHAA M3MEHSeTCs B XOA€ IIpolecca
MacCONepeAauH, MOAB3YIOTCS yCpepAHeHHbIMU BeawunHamu K, wu A, Toraa
ypaBHeHue (1.13) B uHTerpaAbHOM (DOpMe 3aNUIIETCS B CAEAYIOIIEM BUAE

M = KA F. (I.14)

ABVXKyIliast cura A vau A, MOXeT OBbITh BBIpa)XeHa B AIOOBIX E€AWHUIAX
KOHIIeHTpallii, 0 KOTOPHIX peYb IIIAA BHINIE, OAHAKO He3aBUCHUMO OT 3TOTO,
A = ¢ — ¢, TAe ¢ — pabouas (PpakTHUeCKas) KOHIEHTPAIs KOMIIOHEHTa B
siApe TTOTOKa COOTBETCTBYIOINeH (hasel, €, — KOHI|EHTPAIlUs KOMIIOHEHTa AAS
AAHHOM (ha3bl, paBHOBeCHAsA ¢ (QaKTUUECKOM KOHIIeHTpalluel B Apyrou dase.

W3 conocraBaenus ypasHenunt (I.11) m (1.13) BHAHO, 4TO KO3(PUIUEHTHI
MaccooTpauu [, M Maccomepepaun K, HMeEIOT OAMHAKOBYIO pa3MepHOCTb. B
3@aBUCHUMOCTU OT CHOcOOa BBEIPA’)KEHUS ABIJKYIEM CHABI IIpollecca Macco-
oOMeHa OyAyT U3MeHSThbCS KaK eAMHUILl U3MepeHus 3, U K, TaKk U ypaBHEHUS
ML UX pacueTa.

ABIXKyIllasg CcHAa IIpoljecca MaccooOMeHa MOJKeT OBITh BbIpakeHa
PA3HOCTBIO KOHIIEHTpAUMW B TOU HAM Apyrou ase. IlosToMy ypaBHeHUe
Macconepepaun (I.14) MOKHO 3anIMCaThb B BUAE
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M=K,(y-y,) F=K([x,-x) F.

cp cp

OueBUAHO, UTO

(), -k -

cp cp
WA
K, = -, K, =Yg (I.15)
<Xp - X) Cp Ax g,
OTHo1leHue

<Y—Yp>cp _ Ay

<Xp - X) o Ax g,

OIpepensieT CPEAHUN TAHTeHC yTrAd HAKAOHA AMHUM PAaBHOBECHUS B pacCMaTpUBae-
MOM AMalla30He MU3MEeHeHUs KOHIIEHTpAallui, T.e. KO3(P(PUIUMEeHTE Maccollepera-

qu Ky 1 K, B3aUMOCBSI3aHBI Yepe3 COOTBETCTBYIOLINE ABUJKYIINE CUABL

Korpa peficTBUTeAbHas IOBEPXHOCTh KOHTAaKTa (pa3 He ONpeAereHa, B KaueCTBe PACUYeTHOTO
rapaMeTpa HUCIOAB3YIOT YCAOBHYIO IIOBEPXHOCTh KOHTAKTa (HAIpUMep, MAOLIaAb IIOIEPEYHOTO ce-
JeHMsI allllapaTa) MAM pabouuil oObeM amnmnapara. B 3TOM cAyuae MOAY4YalOT YCAOBHBIE BEAWUUHBI
Ko3(duirneHTOB Maccomnepepayy, KOTOPEIe, KaK IIPABHUAO, MOTYT OBITh HCIIOAB30BAHBI IIPU pacye-
TaxX allapaTyphbl TOABKO OIPEAEA€HHOIO THIA.

Ecam B KauecTBe pabouel XapaKTEpPUCTUKU HCIOAB30BaTh paboumit obbeM ammapara V, TO
ypaBHeHue (I. 14) 3anumercsa B CAEAYIOIIEM BHAE:

M= K,A_F = (KAfV )ACpV = K,A,V,

rAe f, — TIOBEpXHOCTh KOHTaKTa (a3 B epuHHIle pabouero ob6beMa aIlmapara, M%/m% K, —
KO3(pdULMEeHT Maccollepepauy, OTHECEHHBIM K eAUHUIle pabodero o6'beMa anmnapara.

AASL TapeAbY4aTOro MacCOOOMEHHOTO ammnapaTa Ko3(M(UIMEeHT Maccolepepadyd MOJKEeT OBITh
OTHeCeH K KOHTaKTHOM IIAOIIAAM TapeAKuU

M=K,A_F = (KAfF )ACPSNA - K.A_,SN,,

rAe f; — TIOBEepPXHOCTb KOHTAKTa (a3, NMPUXOAAIIASCS Ha €AMHUIy KOHTAaKTHOM IIAOIIAAW TapeAKH,
M?/M% Kp — KO3(pUIMEHT Maccomepepaud, OTHECEHHBIM K eAWHUIle KOHTAKTHOW IIAOLIAAM
TapeAkd; S — KOHTAKTHAas IAOLIAAL TapeAKH, M2 N, — 4YHCAO TapeAOK B KOAOHHE.

YpaBHeHue Macconepepauu (I.14) u ero pa3HOBUAHOCTH OOBIYHO MCIIOAB3Y-
IOTCSI AAS HaXOKAEHUS ITOBEPXHOCTU KOHTaKTa (a3, pabodyero oOwpeMa amnmapa-
Ta UAU YMCAQ TAPEAOK B KOAOHHE IIPM HAWAEHHBIX IIO COOTBETCTBYIOIIUM YypaB-
HeHUAM Kod(h(UIIMeHTe MAacCOoNepepadr U CPeAHEN ABUJKYILEM CHAe IIpoIiecca.

OIIPEJAEJIEHUE KO9®OUIINMEHTA MACCOIIEPE/IAYN
YEPE3 KOOODOUIIMEHTBI MACCOOTAAYN

CxeMa IepeHOca BellleCTBa MeXXAy (azaMu IIpeACTaBAeHA Ha
puc. 1-4.
ITyctes B dasze G KOHIEHTpalus paccMaTpPUBaeMOro KOMIIOHEHTa OOABIIe
KOHIIeHTPAIlMU TOTO K€ KOMIIOHeHTa B pa3e L, T. €. KOMIIOHEHT IIEPEXOAUT U3
dasel G B asy L.
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dF Puc. I-4. Cxema K OIpEAEAEHHI0 KO-
3¢ dunmeHTa Maccomepepayn 4epes
Ko3(puiineHTsl MacCooTAQuu

D) o
Sopo /-DC »R A \) Aodpo
p DL
pazot G D) ‘ \ = ¢azor L
SHIHIN

IlepeHoc BemjecTBa K TpaHHUIle pa3pera a3 OCYIEeCTBAIETCS KaK IIyTeM
MOAEKyAApHOU guggys3uu, T. e. ABUKEHHS MOAEKYA BelleCTBa Yepe3 CAOM
AAHHOM (ha3bl, TaK U IIyTEM KOHBEKMUBHOU guggy3uu, T.e. 3a CUET ABUKEHU
YaCTUL, AQHHOU (Da3kl.

B kaxxpo0lM (hasze pa3aMYarOT SIAPO MOTOKA, B KOTOPOM IIepPeHOC BelllecTBa
OCYIIEeCTBASeTCSI NPEeUMMYILIeCTBEHHO 3a CuYeT KOHBEKTUBHON Aupdys3uu, u
IIOTPAHUYHBIE CAOUM TOAIIMHOM J; M §;, B KOTOPHIX MacCCOIEePEHOC MPOUCXOAUT
B OCHOBHOM 3a CYEeT MOAEKYASIpHOU AU dy3un (POAb KOTOPOM BO3pacTaeT IPU
3aTyXaHUU BUXpEHN IO Mepe NPUOAMIKEHUS K rpaHulle paspera das). Toamumnaa
IIOTPAHUYHEIX CAOEB B IIEPBYIO OuepeAb 3aBUCUT OT CKOPOCTeM ABMKEHUS
B3aUMMOAEUCTBYIOMUX (a3, T. €. OT THAPOAMHAMHYECKOTO pe’KHMMa B KaXAOMU
daze. TIOoCKOABKY B IOTPAHMYHOM CAO€ IIePeHOC BellecTBa HIPOUCXOAUT
MeAAEHHee, 4eM B gApe IIOTOKQ, TO CYUTAIOT, YTO OCHOBHOE COIIPOTHBAEHUE
IIepexoAy BelllecTBa U3 OAHOM (ha3bl B APYIVIO COCPEAOTOYEHO B NOTPAHUYHOM
chaoe.

B sape moTOKa 4YacTUIBI BellleCTBa IIepeMeIINBaloTC UHTEHCHBHO, YTO
IIPUBOAUT K YCPEAHEHUIO BCEX XapaKTepPUCTHUK Ipollecca. [lo3ToMy IIpuHU-
MalOT, YTO B SApe IMOTOKA KOHIIEHTPAllMK He MEHSIOTCSd, a BCe H3MeHeHHe
KOHIIeHTpaluii KOMIIOHEHTOB B KaXAOM M3 (a3 HMMeeT MeCTO B IIpejperax
IIOTPAHUYHOTO CAO4.

Ha rpanune paspenra (a3 mpearnonaraeTcss paBHOBecHe MeXAy (asamy,
OIpeAeAsiolllee IPAHWYHEIE KOHIIEHTPAIUK Y, CO CTOPOHHEI (a3l G U X,, CO
CTOPOHHBI (pazel L.

I[Mepenoc maccel dM BemlecTBa u3 ¢a3bl G K TpaHUlle paszpera das
B EeAUHHIy BpEMEHH OIpeAeAdeTcd II0 yPaBHEHUIO KOHBEKTUBHOM AU(D-

dys3un
dM =B, (y -y, JaF. (L16)

COOTBETCTBEHHO TO JK€ KOAMYECTBO BeIeCTBA IIePEAAeTCs OT TPAHMUIIBI
pasaena a3 B dazy L, T.e.
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dM = B (x,, - x)dF. (1.17)

KpOMe TOT'O, COTAACHO OCHOBHOMY YpPABHEHHNIO MaccoIlepepady, MOXXeM
3alliCaThb, 4TO

dM = K,(y - y, |dF. (1.18)

CocTossHHe PaBHOBeCHd, B TOM 4YHCA€ MW HA TI'PaHUIlEe pPa3AeAd (bas,
OIIMCHIBAETCs YPaBHEHHUEM

y, =A,x-B,. (I.19)

B ob6uiem caydae A, u B, MOTyT OBITb HEKOTODPLIMH (PYHKIMAMM KOHIIEHT-
panmit. Ilpm B, = 0 KoahdunueHT A, OTOXACCTBASIETCS C KOHCTAaHTOH
(a30BOro paBHOBECHS.

W3 ypaBHenuit (1.16) — (1.18) BBIpasuM pa3HOCTM KOHIIEHTpAILUM uepes
OCTaAbHBIE TIEpEeMeHHBIe

dM
Y=YV =——
B, dF
X, - X = Bd% . (1.20)
dM
Y=Y, =
Kde

[MpunsAB BO BHUMaHMWe ypaBHeHUe paBHoBecus (I.19), BTopoe ypaBHeHue
cuctembl (1.20) 3anuiiieM B BUAE

Yep = Vp = - Xl (1.21)
B dF

CAOXMB AeBBle U IIpaBble YacCTU IIepPBOTO ypaBHeHUs cucrteMmbl (1.20) u
ypaBHeHus (1.21), noayunm

Y=Y =—"|— —p)- (1.22)

ComnocTaBUB MeXXAy cob0U TpeThbe ypaBHeHHe cucTeMbl (1.20) u ypaBHeHue
(I.22), TpUXOAUM K CAEAYIOIIEMY COOTHOIIEHUIO
A
SIS B N (1.23)
Ky By Px

OTO ypaBHEHWE U OTpa’kaeT 3aKOH AAAUTUBHOCTUA (DA30BBIX CONPOTHUBAE-
HUM MacconepeHocy. OOIlee COIPOTUBAEHHE MacCOIlepepaue pPaBHO CyMMe
AUMPPY3IUOHHBIX COIIPOTUBAEHUU CO CTOPOHBI KOHTAKTUPYIOIIUX (has.

EcAu ocHOBHOe ypaBHeHMe MacCOIlepeAaud 3allicaTh B BUAE

dM = K, (x, - x)dF,
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TO IIyTeM aHAAOTMYHBIX HpeO6paBOBaHHﬁ IIOAYYHNM BBIPpAa’KeHUe

1 1
—+

4
KX ﬁX ApBy

(1.24)

OTo BTOpas (popmMa 3aKOHA AAAUTUBHOCTU (PA30BBIX COIPOTUBAEHUN Mac-
COIIepeHOCYy.
W3 ypasrenuii (1.23) u (1.24) caepyer, uto

K, = AK,. (1.25)

B otanume ot ypaBHeHud (I.15), OIUCEIBAIOIIEr0 3aBUCUMOCTb MEXAY CPEA-
HUMHU BeAMYMHAMM KO3((PUIMEHTOB Macconepepauy, ypaBHeHue (1.25) cmpasea-
AUBO AAS AOKAABHOTO ydacTKa IIpoliecca.

YpaBuenus (1.23) u (1.24) TO3BOASIOT ONPEAEAUTH BEAWUYMHBI KO3 pUITneH-
TOB Maccomnepepauu K, u K,, pacmonaras KO3UIMEHTaMU MacCOOTAAuu f, U
By Tlpu sTOoM KO3 DUIMEHTH B, U [, MOKHO OIPEACASTH IKCIIEPUMEHTAABHO
MM OIBITHBIX CHCTEM, MOAEAMPYIOIIUX CONPOTHUBAEHHE MacCCOIEPEHOCY IIpe-
HAMYIeCTBEHHO TOABKO B OAHOU (ase.

EcAam paBHOBecHasi 3aBUCHUMOCTbL KPUBOAWHEMHa, TO AAS  HaXOXKAEHUS
KO3(hUIMEHTOB Macconepepaunn K, u K, mo AByM KO3(D(UIMEHTAM Macco-
OTAQUU NIPOILEeCC MacCoIepeAdud pa30UBAIOT HAa OTAEABHBIE YYAaCTKU, B IIpeAe-
A@X KaXXAOTO U3 KOTOPBIX A, CUMTAIOT BEAWYMHOMW IOCTOSHHOW. B 3TOM cayuae
KO3 (PULUEHT Macconepepadn OyAEeT U3MEHATHCA 110 AAWHE alllapaTa (3aBUCeThb
OT KOHIIeHTpAaLuli).

Ecan conpoTuBAEHHE MaCcCOIEPEHOCY COCPEAOTOYEHO B OAHOM u3 (a3
(opmH KO3 (HUITMEHT MacCOOTAAUU 3HAUUTEABHO MeHBIlle APYTOT0), TO BeAWYHHA
Ko3(dunumeHTa Macconepepauu Ipolecca MosKeT OBITh IPUPaBHEHA K MeHbIIle-
My KO3(PPUITUEHTY MacCOOTAQYU.

KoadunipmeHTsl MaccooTA@um 3aBUCAT OT MHOTHX (PAKTOPOB, OHPEAEASIO-
IIUX CKOPOCTb MOAEKYAIPHOU U KOHBEKTUBHOU AMPAY3UH, T.e. CKOPOCTEU (a3
U uX (PUUKO-XUMUYECKUX CBOUCTB. TeOpeTWYeCKH II0KA3aHO U 3JKCIepu-
MEHTAAbHO YCTAHOBAEHO, 4TO

_ (0,50-0,56),
By =D y !

6 — DO,SO

MATEPUAJIBHBIN BAJIAHC
MACCOOBMEHHOTO ITPOI[ECCA

B3auMmopaelicTBue (pa3 B IIpeperax BCEro ammapara WAU ero OT-
AEABHBIX YYaCTKOB (KOHTAKTHBIX YCTPOMCTB) MOJKET OCYIIEeCTBAATHCS IIO TPeM
OCHOBHBEIM CX€MaM: B IIDOTUBOTOKE, IIPIMOTOKE UAM B IlepeKpecTHOM ToKe. OT
CXeMBl ABWJKEHHUS IIOTOKOB 3aBUCAT IIPEAEAbl U3MeHeHUd KOHIleHTpaluil B all-
mnapare.

ITpoTuBOTOYHBINT KOHTAKT (a3. [TycTs uepe3d MaccOOOMEHHBIM amnmnapar
ABWJKYTCS IIOTOKH ABYX pa3 (puc. [-5). CeKyHAHBIM pacxop OAHOM das3bl
(HammpmMep, Ta3a UAU Napa), ABUJKYIeNCs CHU3Y BBepX, COCTaBaseT G, a Apyrou
da3sl (Hampumep, KUAKOCTH), ABIDKYyIIeNCsS cBepxy BHU3, — L. KoHIeHTpanuu
KOMIIOHEHTOB B KOHTAKTHPYIOIINX (pa3ax 0003HAYMM COOTBETCTBEHHO 4Yepe3 y

34



a

7]
G,y 1 l L x, -
dy
G,(.V—dy) L)x y
~=_¢_1\1 t/ ! —= y
=y 2 2 P~ K
-1 D s S A7)
G, y/f—l\ L(x+dx) %‘/\3\\\\\
X ~— x“
6ol Tix, 0 L ;

Puc. I-5. CxeMa K pacyeTy NOTOKOB M KOHIIEHTPAluil B IIPOTUBOTOYHOM MacCOOOMEHHOM ammapare:
a — cxeMa IIOTOKOB; 6 — M3MeHeHHe KOHIIEHTPAIlUi BAOAb ITIOBEPXHOCTU KOHTaKTa a3

u x. B pesyapraTe Maccoob6MeHa KOHIIEHTPAIIMU PAacCMaTPUBAEeMOTrO KOMIIO-
HEeHTa U3MEHATCA B OAHOU (haze OT y, AO ¥, @ B APDyrol — OT X, AO X,. B
IIepBOM IPUOAMIKEeHUU OyAeM CUMTaTh, YTO HNOTOKM G 1 L He U3MEHSIOTCS IO
BBICOTe aIllapara.

OO0mui MaTepUaAbHBEIM OaraHC IO AAHHOMY KOMIIOHEHTY AAd  BCEro
anmapaTa 3aluIlIeTcs Tak:

Gy, + Lx, = Gy, + Lx_.

CAepOBaTEABHO, KOAMYECTBO IepPeAaHHOM MacChl M MOJKHO BBIPaA3UTH
CAEAYIOIIUM 00pa3oM

M = G(yH - yK) = L(XK - XH)..
OTcropa COOTHOLIIeHNEe Me’KAY IMOTOKaMU KOHTaKTUPYIOIIUX (a3 paBHO

L _ Y-V (1.26)
G x . -x,

K

I =

ITpu 3apaHHBIX KOHIIEHTPAUUIX 3TO BEIP@KeHHE MOJXKET OBITh HUCIOAB30Ba-
HO AAS ONPEeAEAeHUd BEeAWUMHE! I, a IpU 3aAaHHOM BeAawuuwHe | — AAd pacdeTa
OAHOM M3 KOHEUHBIX KOHIIEHTPAUUM y, UAU X .

AASL OIIpepeAeHUsT COCTAaBOB BHYTPEHHUX IIOTOKOB B IPOM3BOABHOM Cede-
HUM amnmnapara [—I cocTaBUM ypaBHEHHe MaTepHUaAbHOro OanaHca, HAIpUMeD,
MAST YaCTU allapara, pacloAOKeHHOM HuKe cedeHus [—I. OTOpocuB 6eCKOHeu-
HO MaAble IIePBOTO MOPSAKE, ITOAYUYUM

Gy + Lx, = Gy, + Lx.

3anncas 3TO ypaBHEHVE B HECKOABKO MHOM BHAE, IIOAYYMM TaK HA3bIBae-
MoOe ypaBHeHHe pabodyel AMHUMN

L L
y=EX+(yH —EXK) =]X(yH —IXK). (L.27)

YpaBHeHHue pabodel AMHUM AQeT 3aBUCUMOCTE MEKAY paboyuMu (HepaBHO-
BeCHBIMHU) COCTaBaMu (pa3 B IPOU3BOABHOM ceueHUM amnmnapara. OHO IO3BOASIET
BBISIBUTH M3MeHeHNe KOHI[eHTpallu¥ KOMIIOHEHTAa II0 BLICOTe allllapaTa.
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B koopauHaTax x—y ypaBHeHHe pabouell AWHUU SBASETCS YpaBHEHHEM
IPAMOM C TA@HTeHCOM yTAa ee HaKAOHa K ocu abcrucc paBHBIM [ (puc. 1-6)

L
G
INNpu x = x, ¥ y = Yy, ypaBHeHHe paboueld AVHUU IIPUBOAUTCA K
ypaBHeHu:o (1.26).

Ha pawmarpaMMe x—y paboudass AWHHS B 3aBUCUMOCTH OT HalpaBA€HUS
ImepeHOCa AQHHOTO KOMIOHeHTa u3 a3sl G B a3y L man HaoOOpPOT MOJKeT
pacroaaraTbCd Kak HUJKe, TaK U BBIIIe paBHOBeCHOM KpuBoM. Ha puc. [-7 aaHBI
B3aUMHBIE IIOAOJKEHMS PABHOBECHOM M pabodyel AMHHN, COOTBETCTBYIOIINE

PasHBIM CAyYasaM IIepeHOoca KOMIIOHEHTa MeXAy (as3aMu.

3HaueHUe ABWJKYIEM CHABI IIPOIecca OIPEAEAseTCsI KaK Pa3HOCTh KOHIeHTpanui A y B
OTAEABHBIX y4acTKaX MacCOOOMEHHOrO allllapaTa: OHa paBHa IIPU Maccolepepade u3 ¢das3bl G B
tasy L (cm. puc. I-7, @) Ay =y — y,, a npu mMacconepeaaue us daset L B hasy G Ay =y, —y (cm.
puc. I-7, 0).

ABWKyIasl CUAA IIpollecca MOJKeT M3MepsSIThbCsl TaKyKe pa3HOCTbIO KOHIeHTpauui B ¢ase L
A x = x, — X pu nepexoAe BemecTsa u3 ¢asel G B dasy L (cm. puc. I-7, @) m A x = x — x, 1pu
Macconepepaue u3 dasel L B a3y G (cMm. puc. I-7, 6).

W3 rpaduKOB BUAHO, YTO BEAMUMHBI ABIDKYIIeN CUABI II0 daszaM G u L AN Pa3sHBIX CeYeHUN
anmapara OYAyT U3MeHSThCs, IIO3TOMY AAS anllapaTa B 1IeAOM HeOOXOAWMO OIIPEAEASITh CPEeAHIOI0
ABIDKYLIYIO CUAY MacCOOOMEHHOro mpouecca Ay, u A x.

B oOmieM cayuae 3HaueHHsI A y 1 A X He paBHBI MeKAy COOOM M HMO3TOMY KO3((pUIMEHTH
Macconepepaun K, mo dase G u K, 1o ase L. OyAyT UMeTh HEOAVHAKOBLIE 3HAYCHUsL.

ABWIKyllass CHA@ IIpollecca HM3MeHseTcs 1o ero xopy. OHa TeM MeHblIle, 4eM OAMIKe
PacIOAOXKEHBI APYT K Apyry pabouass W paBHOBeCHas AMHHU. IlepeceueHHe HAM KacaHUe WUX
O3HavaeT, 4To AU @Py3UOHHEBINM IIPOLIECC HE MOJKET UATH B 3aAAHHBIX IIPEAEAdX.

I == = const.

y Puc. 1I-6. I'padhuk ypaBHeHus: pabGoueil AWHUU
AASI IPOTUBOTOYHOTO IIpoLecca

yl'l

_VK Puc. I-7. B3aumuble MoAoKeHus paGoueir (1) u
paBHOBeCHON (2) AMHMI MPHM Pa3HBIX HaIpas-
AEHUSIX IepeHoca BellecTsa:
a — u3 da3el G B a3y L; 6 — u3 ¢dassl L B

dazy G
0
y

~
\d‘
Vi

2 LY




AAST XapaKTEepUCTUKM TOTOKOB U KOHIIEHTPAIMM B AOKaAbHOM obObeme
anmapara BHIAGAWMM B HeM 3AeMEHTapHBIM 00BeM MesKpAy cedeHusmu [—[1 u 2—2
(cM. puc. [-5) u cocTaBUM AAST HETO MaTePUAABHBIN MOKOMIIOHEHTHBIN OaraHC

Gy + Lx = G(y - dy) + L(X + dx),

OTKyAQ
~Gdy + Ldx = 0. (1.28)

[MTpounTterpupoBaB ypaBHeHue (1.28) B mpeperaX OT HAYaABHBIX AO
KOHEUHBIX KOHIIEHTPAaIUM IIOAYUUM AAS BCETO ammapara ypaBHeHue (1.26), a ppaa
YacTH allapaTa — ypaBHeHue pabdoueit aunuu (1.27).

Heo0xopMO OTMETUTBH, YTO IIPU NPOTUBOTOKE MOJKET OBITh OOeclieueHa
OOABIIIag Pa3HOCTh KOHIIEHTPAUUM V, U X, B OTOKAX, IOKUAQIONINX amnmnapar. B
3TOM COCTOUT OAHO U3 NPEMMYIIeCTB IPOTUBOTOYHOTO KOHTAKTUPOBaHUS das.

ITpaMOTOYHBIN KOHTAKT (pa3. CxemMa NIPSIMOTOUHOTO ABWKeHUS Qa3 u
rpauKk M3MeHeHMHsI KOHIIEHTPAIlUM BAOAb IIOBEPXHOCTHM KOHTAKTa IIPUBEAEHBI
Ha puc. I-8.

B caydae mpgaMoToka OOIIUM MaTepHUaAbHBIM OanaHC AAS alllapaTa 3allu-
CBIBAETCH, KaK M AASI IPOTUBOTOKQE, B BUAe ypaBHeHUd (1.26). CoOTBETCTBEHHO
MaTepUAABHBIM 0AaAaHC AAS AOKAABHOTO OOBeMa ammapara OyAeT IPeACTaBACH
ypaBHeHueM (1.28).

YpaBHeHUe pabodell AMHUU MOJKeT OBITb IIOAYYEeHO IIPM PacCMOTPEHUU
MaTepHUAABHBIX IIOTOKOB AAS YACTH alllapaTa HUKe cedyeHus [—I

Gy, + Lx, = Gy + Lx.

H

OTcropa IOAYYUM YpaBHeHHe pabodyel AUHUM AASI IPSMOTOKA:
y=-Ix+ (yH + ]XH).

Takum oGpa3oM, IIpU NPSIMOTOKE B OTAMYHME OT IIPOTHBOTOKA TAHTEHC YTAA
HaKAOHAa paboueli AMHUM oTpuIllaTereH. ['paduk pabouelt AMHUM TPSIMOTOYHOTO
mmpoilrecca IpeAcTaBAeH Ha puc. [-9.

OTAMYUTEABHOM OCOOEHHOCTBIO NPSIMOTOYHOTO ITPOIIECCA SIBASETCS TaKiKe
TO OOCTOSATEABCTBO, UTO B MIPEAEABHOM CAydYae BBEIXOAHBIE KOHI[eHTpanuu a3 yy
U X, CTpeMsATCS K paBHOBecuio. [loaToMy, KaK IIPaBHAO, Pa3HOCTb KOH-
IIeHTpaIuil KOMIIOHEHTa B (pa3axX Ha BBIXOAE M3 anlapaTra He3HauUTeAbHa.

: o
G, Y 1 1 L, x, y o dy
G,(y—dy) L, (x+dx) y
<7 1 \L J/ 1 f(\; ¥,
S|2 2 Hh=1)
G,y /1 L\L,x ”/’/__4” p— Xx
XH'f/( dx *
Gl tLx, 0 dF F

Puc. I-8. Cxema K pacueTy IIOTOKOB ¥ KOHIIEHTPAallUi B MIPSIMOTOYHOM MacCOOOMEHHOM ammnapare:
a — cxeMa IIOTOKOB; 6 — H3MeHeHUe KOHI[eHTpalluil BAOAL IIOBEPXHOCTH KOHTaKTa a3z
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B aTOl CBsI3U MPSIMOTOK OOBLIYHO CO3AAQIOT B IIpeAeAax OTAEABHOTO KOH-
TAKTHOTO YCTPOMCTBA, TOTAA KaK B IIeAOM B allapaTe Pearnu3yeTcs IPOTUBO-
TOK. OTO AOCTUIAeTCs COOTBETCTBYIOIIEM CXeMOM COeAMHEeHHs IOTOKOB a3
CME>)XHBIX KOHTAKTHBIX YCTPOWCTB.

ITepekpecTHbIll TOK. CxeMa IIOTOKOB U rpauK U3MeHeHUs KOHIeHTpalui
IIpU IIepPEeKPeCcTHOM cIIoco0e KOHTAKTHpOBaHUsA a3 IpuBeAeHbl Ha puc. [-10.

OO6mIuil MaTepUaAbHBINM OanaHC AASL CAydYas IIepPeKpPeCcTHOTO TOKa IIPeAC-
TaBAgeTcs ypaBHeHueM (1.26).

Ecam BBecTu oTtHOCHTeABHYyIO KoopamHaty § (E=h/H, 1 = § = 0, 1ae
H — oOmasgd AAMHAa KOHTAKTHOM 30HBI), TO AASI IIPOM3BOABHOTO ceueHus [—I1
MOJKHO COCTaBUTH CAEAYIOIIUM NMOKOMIIOHEHTHBIM MaTepUaAbHBINM OaAaHC, IIOA-
pasyMeBas IIOA Y CPEAHIOI0 KOHIIEHTPAIMIO Ha BBIXOAE M3 paccMaTpUBaeMoro
y4acTKa KOHTAKTHOM 30HBIL:

Lx,_ + GEy, = Lx + GEy.

OtTcropa OAYyYMM ypaBHeHHEe pabodeld AMHUM AAS CAy4Yasd INIEePeKPEeCTHOTO
TOKa

1 1
y=—gx+(yH+gXH). (L.29)
y Puc. I-9. I'padhuk ypaBHeHus: paGoyeil AMHUH
B AASI IPSIMOTOYHOTO Mpolecca

uc. 1-10. Cxema K pacyery IOTOKOB U
I P I-10. C

| KOHIIEHTpauuii B MacCOOGMEHHOM alapare
I EPEKPECTHOTO TOKa:

|
|
|
|
X X X KOHL[eHTpaL[HfI BAOABL ITOBEPXHOCTH KOHTAKTA

a - cxeMa IIOTOKOB,; 4] - HN3MeHeHue
" « das
a
TG,y 7]
AL K
" e,y )
£ yl
b1t ldGy dy
L x,| L,x_ii 2i£f+dx Lx, [ B/ A
1] 2| Mp——= T TT—d__
h_|dh X dx N
H ’\Tx“
Jrrrrrrety 0 dF F
Y
1G’ y]{



Puc. I-11. I'paduk ypaBHeHUs] paGoyux y
AMIHUI AAS IIPOLECCa C MEPEKPECTHBIM B
TOKOM (a3 yl__ N S
H ~ \/
sty (
Ly
& ga=-1
y s £
o
£=0 E=1
vl N3
14, A A|
! |
|
X " X Xy X

Kak m B cAydae IpsSIMOTOKA, IPU IIePEKPECTHOM TOKe pabodasi AWHUS uMe-
€T OTPUIlaTEABHBIN TAHTEHC YrAd HAKAOHQ, BEeAMYMHA KOTOPOTrO (4epe3 KOOpAM-
HaTy &) 3aBUCUT OT IIOAOJKEHUS pPacCMaTpPUBAeMOIO CeUYeHHUs B KOHTAKTHOM 30-
He. [Ipu sTOM Bce paboune AMHUM, COOTBETCTBYIOIIVE AIOOOMY 3HaueHUIo &,
NIPOXOAAT 4Yepe3 TOYKy B(x,, y,). Pa30HMB KOHTAKTHYIO 30HYy Ha HECKOABKO
Y4aCTKOB, MOJKHO IIOAYYUTH W3MeHeHVe KOHIIeHTPAIMNi BAOAL KOHTAKTHOM!
30HBHI.

Ha puc. I-11 paHO rpadndeckoe IIpepCTaBAeHHe PAabOYMX AMHUU IIpU Hepe-
KPeCTHOM TOKe.

[Ipu § = luwx = x,, y = ¥, ypaBHeHue (1.29) cBopWUTCS K ypaBHEHUIO
o0111ero MaTepuasbHoro 6araHca (1.26).

[ToCKOABKY IIpM TIEPEKPECTHOM TOKe H3MeHeHVe KOHIIEHTpAaIlUM B IIpeae-
AAdX KOHTAKTHOMU 30HBI OIIPEAEASIETCS COBOKYIHOCTBIO PAOOYUX AMHHUU, YCAOBUSA
paBHOBECHS Ha BBIXOAE U3 allllapaTa y>Ke He OKa3bIBAIOT CTOAb CHUABLHOTO BAMS-
HUS Ha BEAWYMHBI KOHIIeHTpaUui X, U y,. [lo3TOMy Ipu NIepeKpecTHOM TOKe B
IpepeArax KOHTAKTHOM 30HBI 00ecIleunBaeTCsl OOAblllee M3MeHeHUe KOHIeHTpa-
OMY, 4eM IPU IPSIMOTOKe. B 3TOM OTHOIIEHUU IIePeKPeCTHBIM TOK 3aHUMAET
IIPOME’KYTOUHOE TTOAOJKEHHE MEKAY NMPSIMOTOKOM U IIPOTHBOTOKOM, IPUOAMIKA-
SICh K IIPOTUBOTOKY. OOBIYHO B allapaTe YCTAaHABAMBAIOT PsiA KOHTAKTHBIX YCT-
POMCTB, paboTaIOUINX MO0 CXeMe IIePEeKPEeCTHOTO TOKA M COEAMHEHHBIX IIOCAEAO-
BaTeABHO IIO0 IoToKaM @a3. Ilpu 3TOM IO anmapaTy B ILIEAOM OCYIIEeCTBASETCS
IPOTUBOTOK.

Anst OeCKOHEYHO MaAOro ydacTKa ammnapaTa MeXAy cedeHusmu [—1 u 2—2
(cm. puc. I-10) MaTepuarbHBIN 0aAaHC OYAET BBITASIAETH CAEAYIOIIUM 00pa3oM:

L(X + dX) + dGy

Lx + dGy,

WAU
(yH - y)dG = Ldx.

[MTpomHTerpupoBaB 3TO ypaBHeHHe B Ipeperax oT & = 0 A0 3aAaHHOTO
3HaueHUs §, nmoayumM ypaBHeHue (1.29) paGoueir AmHUH, a B TIpeperax ot § = 0
20 E = 1 — ypasuenue (1.26) obmiero marepuarbHOTO H6anraHca.
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CPEAHAA ABHIKYIIIAA CUJIA
ANODY3NOHHOTO ITPOIECCA
N Y1CJa0 EAVNHUIL ITIEPEHOCA

Kak caepayer M3 OCHOBHOrO ypaBHeHHs Macconepepaun (1.14),
CPeAHssI ABUJKYIIIasl CHAA IIPOIlecca OIIPeAeAsdeT KOAUYECTBO NepPepaHHOM MacCh
BemlecTBa. ITOCKOABKY pabounie W pABHOBECHBIe KOHIEHTPAIIUM W3MEHSIOTCS
BAOAB IIOBEPXHOCTH KOHTakTa a3, HeOOXOAUMO PaCCUMTHIBATH CPEAHIONO
ABWDKYIIYIO CHAY IIpOIEcca.
IToBepxHOCTE (ha3zoBOro KOHTaKTa F omnpepeasgercsas u3 ypasHeHusa (1.14)
CAEAYIOLINM 00pa3oM:

M

F = uau F =

K, Ay, K, Ax

x=%ep

(1.30)

AA BEIUMCAEHWs], Hampumep, Ay,, HamumeM AxAddepeHIHaALHEE
ypaBHEHUST MaTepUaAbHOTO GaraHca (a3bl G U Macconepepauu

dM = — Gdy
n

dM = K,y - y, JdF,
OTKyAa

dF=-G _4
Ky y-¥p

C ApyTo¥ CTOPOHBH],
M=y, -v.). (1.31)
T.€.
dF=-— M &
Ky<YH _YK> Y=¥p

HHTerpupysa nocarepHee BEIDAKEHHE B NIPEAEAAX U3MEHEHMs KOHIIeHTpallui
B allapare, IIOAYYUM

Yu

o M dy (1.32)
Ky(yH—yK)f Y=Yp

Yk

CpaBHUB 3TO BeIpakeHue ¢ ypaBHeHueM (1.30), 3anuinem

AYCP=M- (1.33)
Yu dy

J

Y y_Yp
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Hanncas auddepeHnuarbHoe ypaBHeHHe MaTepHaAbHOro OaraHca U ypas-
HeHVe Macconepepauu A as3bl L ¥ MPOMHTErPUPOBAB €ro, IOAYIUM

Xk

- M dx )
e e

p
Xu

ComnocTaBuB HalipAeHHOe ypaBHeHUe ¢ ypaBHeHueM (1.30), umeeM

Xy — Xy
Ax, =
*x dx
X, —X
xy P

[Tpr DpPAKTUYECKOM WCIHOAB30BAHUU IIOAYUYEHHBIX PABEHCTB WHTETPAABI
5TUX BBIPA)KEHUU MOTYT OBITh HAWAEHBI YUCAEHHBIM WAM IpauyecKUM UHTEr-
pupoBanueMm. Ha puc. I-12 npuBepeH npumep rpaUuecKoro MHTEIPUPOBAHUAL.
AAS PIAQ 3HAYEHHM y HAXOAAT COOTBETCTBYIOIIYE UM BeAMYMHEL X, Y, ¥ — ¥, U
1/(y — y,), 3aTeM B RooppuHartax y, 1/(y — y,) CTposaT Kpusyio. [Iromaas S,
Me’KAy OpPAMHATAMU y, U Y, U IOAYYEHHOM KPHUBOU B COOTBETCTBYIOIIEM Mac-
mrabe U OIpepeAsdeT MCKOMBIY MHTETPaa.

HHTerpanst
Yu d
”Y=f Y _Yu~¥x (1.34)
Yy-Yp Ayep
Yk

UMEIOT M OIIPeAeA€HHBINM (PU3WUYECKUM CMBICA. B MOABIHTErparbHOM ApoOU
YUCAUTEAb BHIpA’KaeT U3MeHeHMe KOHIleHTpaluuu B pasze G uAM L B pe3yAbraTe
MaccooOMeHa (ba3 Ha IOBepPXHOCTU dF, a 3HaMeHaTeAb — ABIDKYIIYIO CHAY Ha
5TOM MOBEPXHOCTH.

ApoOb B IIeAOM TIPEACTaBASIET COOOM U3MEeHeHUe KOHIIEHTpalluil B

Puc. I-12. Tpacduyeckoe ompepereHUE BeAUYUHBI

Yu

d
HHTerpana f Y

Y-¥Yp N




IIpeperaX KOHTAKTHOM 30HEI, INPUXOAAIIEeCs Ha EAMHUIY ABIVKYINEN CHAEBL, U
Ha3bIBaeTcst uucaom egunuy nepenoca (HEIT). B HeKOoTOpHIX cAydasx ypoOHee
BECTHM pacueT MaCCOOOMEHHOTO allllapaTa, UCIOAL3YS eAMHUIIHI IePeHOoCca.

N\ﬂ HACAAOYHBIX AIIIIapaToB IIOBEPXHOCTH MaccoobMeHa MOJXKHO BBIPA3UTH KAk

IIpousBepeHHe pabouero oobeMa allapaTa Ha IOBEPXHOCTh KOHTaKTa (a3 B epAuMHHIle ero ob6beMa
f, . Torpa ypaBHeHHe (1.31) MOKHO 3amucaTh B BUAE

y
HSt, =——M fH v
Ky(YH_YK>yK Y=Yp

OTKyAa ¢ yderoM ypaBHeHu# (1.31) u (1.34) moayumm

G Yu G
H= dy __Ca ny, (1.35)
K, fyS* y-yp Kfy

Yx

rae Hu S — coOTBeTCTBEHHO BRICOTA UM ceyeHue anmnapata; G — pacxop daswel "G"(kr/c); G, =

wn|Q

MaccoBasi CKOpoCThb ¢asel "G" (kr/m*c).
Taxk kKak B AeBoM uyacTu ypaBHeHus (1.35) HcIoAb3yeTcsi BeAMUMHA BBICOTHI amlapaTa, a B
[paBoOX — Npou3BeAeHMEe 0e3PasMEpPHOr0 YMCAA EAMHHIL IepeHoca u coorHouwenus G,/Kf, To
HOCAEAHEE AOAKHO BBIPa’KaTh BBICOTY, 9KBHBAACHTHYIO OAHOW eAMHHIE IHepeHoca H,, KOTOpyio
OIPEAEASIIOT dKCIIepUMeHTaAbHO. OKOHUAaTeABHO pacyeTHOe ypaBHEHHEe UMeeT BUA

H=H,n,.

AHAAOTMYHO MOJKHO IIOAYYUTH YpPaBHEHUE AASL pacuyeTa BBICOTHI allllapaTa, €CAU pacueT BeCTH
1no Apyrou dase L:

H =H_,n

axtx

CeueHre U AMaMeTp anmapaTra HeOOXOAWMO OIPEAEASTh IIPU TOM J>Ke 3HaueHUHW MaCCOBBHIX
CKOpOCTe, IIPU KOTOPBIX OBIAU MOAy4YeHB! 3Hauenus H, u H

ax *

EcAau paBHOBecHass m pabodas AWMHUU SBAGIOTCA NPAMBIMH, TO MOLYT
OBITH TIOAyYEeHBI OOnee IIPOCTBIE COOTHOUIEHUSI AAS BBIYMCAEHUS CPEAHUX

ABWDKYIIUX CHUA U YMCAA €AVHUI IIepeHoca.
[MycTh ypaBHeHHe pabodeil AUHUU OyAeT NMPEACTAaBAEHO B BUAE

y = Ax + B,
a ypaBHeHHe PaBHOBeCHsl B BUAE
Vp =Apx +B,.
HaiiaeM pas3HOCTb pabouell U paBHOBECHOM KOHIEHTpaIui

y—yp=(A—Ap>X+(B—Bp>

U IIpOUHTerpupyemM 3TO BBIpa’keHue, IIPHUHSIB BO BHUMaHUe, 4TO

dy = Adx .
IMoayuum
/ B-B B-B
dl x+ P X+ p
Yu dy A Yu -A, A " A-A A y_Yp>
- A-A B- A-A B- B A-A
Y Y=Yp PYK x4 P P Xy + P p (y—yp)
-A, A-A, K
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Takum oOpazom

A <Y_VP>H= A Ay

- 1
v A-A, n(y—yp)K A=A, Ay,

C Apyro# CTODOHEL,

VA ﬁ(@ﬂ - AYK)~

INpumenss ypasHenue (1.33), moayuum

Ay - Mu =M

AHaANOTUYHO MOJKHO ITOKAa3aTb, YTO

Ax, — Ax
Mcp=#'
In—+
Ax

K

Takum 06pa30M, €CA PpAaBHOBECHAas1 U pa60qas{ AUHUU SABMAAIOTCA IIPSIMBIMHU, TO CPEAHSA
ABIDKYIIIasi CHUAQ IIpOIeCcCa pPACCUUTBIBAETCA KAaK CPEAHAsa AOI‘apI/Iq)MI/I‘{eCKaﬂ ABIDKYIIUX CHA B
Ha4YaAe U ero KOHIIe.

YUCJ0 TEOPETUYECKUX TAPEJIOK

IMpu pacyerax MacCOOOMEHHBIX aNllapaToOB IIWNPOKO MCIIOAB-
3yeTcs IIOHSATHE O meopemuueckoll mapeAke (meopemuuieckoll cmyneHu
KOHMAxKma), oA KOTOPOM IIOHUMAIOT TaKoe KOHTAKTHOE YCTPOMCTBO, KOTOPOEe
obecrleunBaeT IIOAyYEeHUE  DPABHOBECHBIX IOTOKOB  (ha3, IOKHAAIOIIUX
KOHTAKTHYIO 30HY.

Ha puc. I-13 paHa cxeMa IIOTOKOB AASI TEOPETUYECKOM TaPEAKH.

[Morokn G m L KOHTaKTHUPYIOMWIUX (pa3 BXOAIT B KOHTAKTHYIO 30HY, HMes
HavyaAabHBIEe KOHIIEHTpAIlMM KOMIIOHEHTa y, U X,. B pesyabTaTe mpoliecca
MaccooOMeHa KOHIEHTpAIlUM KOMIIOHEHTAa B IIOTOKAaX W3MEHSIOTCS U CTAHyT
PaBHBIMH YV, U X,. AAI TeOpeTHYeCKON TapeAKM O3TH KOHIIEHTpAluM OyAyT
PABHOBECHBIMH, T.€.

Vi = Yox = f(X)

KoHnleHTpanum y, u x, UAU y, U X, COOTBETCTBYIOIINX BCTPEUYHBIX IIOTOKOB
YAOBAETBOPSIOT YPABHEHUIO Pabouell AMHUM.

[TockOABKY AAI  AOCTHDKEHUS — paBHOBecus TpeOyeTcsl OIIpeAeA€HHOe
BpeMsl KOHTaKTa (a3, TO B PeaAbHBIX YCAOBUAX TaKOe COCTOSIHHe He BCEerAa
MOJKeT OBITh oOOecIledeHO. IJTO TpeOyeT BHECEHHMSI KOPPEKTHUB B pACYeTHI,
BBHIIIOAHEHHBIE C MCIOAB30BAHMEM IIPDEACTABACHHS O TeOPeTHMYeCKOM Ta-
PeAke.

B meaom psipe CcAydaeB HCIOAB30BAHME JTOIO IIOHATUSA IIO3BOASIET HC-
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G, Y=y = f( xx) L, x, Puc. I-13. CxeMa MOTOKOB AASl TE€OPETHYECKOM

TapeAKH
_J_/V%IV\_ J—
3ona
KOHmaxma
¢as
Puc. I-14. TI'paduyeckoe omnpepereHHEe YHCAQ
TEOPETUYECKUX TapPeAOK:
| | i . )
a — cxeMa IIOTOKOB; 0 — paCueTHBIU Ipaduk;
1—3 — HOMepa TeopeTHMYeCKUX TapeAok; AB —
G, Yu L, X, paGouasi AMHUS
0
a y
Yu 0B
G, yK=)’3 1 l L, x,
%)
% >
xl 3 E /
3
1% P % D
%
by 2 y
X l 1 2 A
1 —
yl(_y3
G, ,V“ 1 l L’ xl(:xl
xH x3 x2 xK= .X,'l X

CA€AOBATh OCHOBHBIE 3aKOHOMEPHOCTM IIpollecca U TIOAyY4aTh Ba’kKHEIE
IIpaKTU4YeCKHe Pe3yAbTATHl IIPU pacyeTe MacCOOOMEeHHOU anlapaTyphl.

AOCTOMHCTBOM METOAOB PAcyeTa, OCHOBAHHBIX HA HMCIIOAB30BAHUU NOHATHUSI
O TeOpPeTHYEeCKOM TapeAKe, SBASETCSI TO OOCTOSATEABCTBO, UYTO AAS  UX
pearmszanuu HeOOXOAMMO PACIOAAraTh AMIIbL YpaBHEHUSIMU paBHOBeCHS U
paboyel AMHUU, B OTAEABHBIX CAyYasX NPUBAEKAas AUIIbL YPaBHEHUS TENAOBBIX
0anaHCOB.

YUTOOBl MOAYYUTH JKeAaeMoe U3MeHeHHe KOHIIeHTpalui [OTOKOB B
amnmnapare, B HeM HeOOXOAMMO UMEThb OIPEAEACHHOE YHCAO TeOPEeTHUYEeCKUX
TapeAoK.

PaccmoTpum rpacduueckuii pacueT 4rMcAa Teopertudeckux TapeAok (UTT) nHa
npuMepe NPOTMBOTOYHOTO amnapara (puc. [-14) nmpu mepexope KOMOOHEHTa U3
aser G B dasy L (y >y,).

Ha nepBoii Tapeake mOoTOK (G C HayaAbHOM KOHIIEHTpAalMel KOMIIOHEHTa
(yu) KOHTAKTHUPyeT C IIOTOKOM L, CTeKaloIIuM C BBHIIIEAEXKAIled TapeAKu Hu
UMEIOIIM KOHIIEHTPAIUIO0 KOMIIOHEHTA (X,).

B pesyabTraTe B3amMMOAEMCTBUS YKa3aHHBIX IIOTOKOB WX KOHIJeHTpAIuu
U3MEeHATCI W IIOAydYaT 3HadeHHsA y; U X, =X,. COTrracHO OIpepAeAeHHI0
TeOpeTUUYeCKOM TapeAKU KOHIIeHTpalluM y, U X; =X, HaXOAATCS B paBHOBECHH, a
KOHIIeHTPAalluu V, U X; =X, AOAJKHBI YAOBAETBOPSATh YPaBHEHUIO paboudell AMHUM.
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OTO OIpepeAsdeT CAEAVIOIIUM XapakKTep IIPOLeAypPHl IIOCTPOEHUS YHCAd
TEOPETUYECKUX TaPEAOK.

Touka B ¢ KoOppMHATaMu y, M X; =X, HAaXOAUTCI Ha pabo4edl AWMHUU U
OIIpeAEeAsieT COCTaBBI IIOTOKOB (G Ha BXOA€ B ammapar m L Ha BBEIXOAe H©3
annapara. Touka D ¢ abCIUCCOU X, =X,, HAXOAAIASICA Ha PABHOBECHON KPUBOY,
AaeT COCTaB Iapa y;, YXOAMAIIero C IepBOM TapeAKU. DTOT COCTaB Iapa y, U
COCTaB CTeKamllell CO BTOPON TapeAKH >KUAKOCTH X, AOAKHBI YAOBAETBOPSTH
YpaBHeHUIO pabouell AWHUHM. [IpoBepsd TOpU3OHTaAb dYepe3d TO4YKy D po
nepecedeHuss C pabodyell AMHHEN, NOAYYMM TOYKy E, abcuucca KOTOPOM paB-
Ha X,.

[Torok G ¢ KOHIeHTpanuey Yy, IIOCTyIaeT HA BTOPYIO TAPEAKY, TAe
BCTyIIaeT B KOHTAKT C IIOTOKOM L, MMeIOIIMM KOHIIeHTPalluio X;. B pesyabTare
IIOAYYAIOTCSI TOTOKH (a3 COOTBETCTBEHHO C KOHIIEHTpPaIUSIMH y, U X,
HaXOAAIIMMUCS B paBHOBeCHHU. [IpoBepsd pacCy>KAeHHS, AQHAAOTHMYHBIE TeM,
KOTOPBIE HCIOAB30BAAUCH IIPU IIOCTPOEHUHU IIEPBOM TEOPETHUYECKOM TapPEAKH,
MOXXKEM OIIDEACAUTH KOHIIEHTPAUMU IIOTOKOB AAS BTOPOM TEOPETUYECKOM
TapeAKH, HauaB IIOCTPOEHHue C TOYKHU E.

[TopoOHEIE IIOCTPOEHUSI IPOBOAATCI AO TeX IOp, IIOKa IIOCAEAHSS
TOPHU30HTAaAbHAs NpsAMas He IIPOMAET uepe3 TOUKYy A C KOOpAMHATaAMHU y, U X,.
[Mpu sTOM mOAy4YaeTCd AOMaHasg AWHUS, COCTOSALIYIO W3 TOPU3OHTAABHBIX U
BEPTUKAABHBIX YyYaCTKOB, KOTOpAas BIMCAHA MeXXAy pabouell W pPABHOBECHOM
AMHUAIMHU. HeTpypHO BHAETH, YTO YHUCAO TOPU3OHTAABHEIX HAU BEPTUKAABHBEIX
OTPE3KOB AOMAHOM AMHHMU PABHO UYHMCAY TEOPETHYEeCKUX TapeAok N,
HeOOXOAMMBIX AASl 33AQHHOTO H3MeHEeHHs KOHIEHTpAIuM KOHTAKTUPYIOLINX
da3. B paHHOM cayuae N, = 3.

YncAao TeOpeTHYeCKUX TapeAOK 3aBHUCUT OT B3aWUMHOTO PACIOAOKEHUS
pabouell U paBHOBECHOW AMHUM, T. €. OT BEAWYMHBI ABIKYILIEN CHABI IIpoIlecca.
Ilpu B3auMHOM COAMIKEHUM PabOuyell M PABHOBECHOU AMHUM CPEAHSIS ABWJKYIIAS
CHAQ TIPOIIeCCa YMEHBIIAeTCs, @& YACAO TEOPETUYECKUX TAPEAOK YBEAUMYUBAETCH.
[MTpu yBeAmyeHNUU PacCTOSTHUS MeXXKAy pabouel M PaBHOBECHOM AMHUSIMU CPEAHSS
ABWKYIIIasl CHAA IIpollecca BO3pacTaeT, YTO HIPUBOAUT K YMEHBIIEHUIO YHCAQ
TEOPEeTUUYEeCKUX TapeAOK. HalipeHHOe  4YHMCAO  TeOpeTHYEeCKUX  TapeAOK
HUCIIOAB3YeTCS A OIPEAEA€HUsI BBICOTHI KOHTAKTHOM 30HBI anmapara H uan
YMCAQ PEAAbHBIX TapeArok N,. B 1mepBOM CAydYae HCIOAB3YIOT BBICOTY
KOHTAKTHOU 30HBI H,, SKBUBAaA€HTHYIO OAHOM TeOpeTHYeCKOoMu Tapeake (BOTT),
TOrAQ

H=H,N,.

Bo BTOpOM cAydae OIPEAEASIOT YMCAO PEAALHBIX TapeAOK N,, HCIOAB3YS
nouatue KIIA Tapeaku n,:

Ny

a BBICOTY KOHTAKTHOM 30HBI TapeAbYaTOroO allapaTa pPaCcCYUTHIBAIOT, 3Hasg
YKMCAO PEAABHEIX TapeAOK N, M PACCTOSHUE MeKAY HAMHU H.:

H=H,N,.

BeAanunnbl I‘I3 U 1, OIIPEACNSAIOT 3KCIIEPUMMEHTAABHO UAWM PACCUYUTLIBAIOT II0
OMIIMPpUYECKUM YPABHEHUSIM.
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AAs pacyeTa MacCOOOMEHHEBIX alllapaToB HCIOAB3YIOT TaKKe IIOHATHe
3¢ deKkTUBHOCTU TapeAku 1mo mapamM E ; m mo xxupakoctu E ;. B oTamume ot
KIIA, TapeAkm 1, BeAMYMHa KOTOPOM BCeraa MeHbIle EeAWHUITHl, 3HaueHue
3 (PEKTUBHOCTH ONpPEAEASIETCI CXEMOU ABWKEHMS IIOTOKOB Ha TapeAke U
MOJKeT OBITh KaK MeHbIIle, TaK M OOABIIIe eAMHUITHL.

IIOZAOBHUE B ITPOIECCAX MACCOOBMEHA

IToaryueHHBIe paHee audepeHIIUAABHBIE YPABHEHUSA MOAEKY-
ASIPHOM U KOHBEKTHUBHOU AUPY3UU He pelIaroTcd aHAAUTUYEeCKH B OOIleM BU-
Ae. OpHAKO OHU MOTYT OBITH MCIIOAB30BAHBI AAS TIOAYUYEeHUsI Oe3pa3MepHBIX
KpUTeprueB NMOA0OUS, TIPUMeHeHUe KOTOPHIX IPU 00paboTKe 3KCIepUMeHTaAb-
HBIX AQHHBIX II0 MAacCOOOMEHY II03BOASIET IIOAYYATh AOCTATOUYHO IIPOCTHIE pac-
4JeTHBEIEe ypaBHeHUs. [IpuMeHeHne KpUTepueB MOAOONS yKa3blBaeT OOAee pamnuo-
HaAbHBIE IIYTU IOCTAHOBKM 3KCIIEPUMEHTA (KaKHe BEAUUYUHEBI CAEAYET U3MEPITh
B OIIBITaX, B KAKOM BHAE 0OpabaThIBATL ONBLITHBIE AQHHBIE M B KAKUX IIpepenax
CIIPABEAAUBEL IIOAYYEHHBIE 3KCIIEPUMEHTAABHBIE 3aBUCUMOCTH).
Kpurepuu nopo6ust MOTyT OBITE IIOAYYEHBI, HAIIpUMep, IPU IpuBepeHUU AuddepeHInarbHO-
TO ypaBHEHUSI K 683paSMepHOMY BUAY. HpI/I OTOM CAeAyeT PYKOBOACTBOBATBLCA IIPABUAOM, B COOT-
BETCTBUU C KOTOPBIM pPa3MepHOCThb Au(depeHIiuara n-ro nopspkKa COBIApaeT C Pa3MepHOCTBIO ca-

MOU IepeMeHHOM, a IMpousBepeHUue n AU @epeHIInar0B IIePBOTO MOPSIAKA UMeeT Pa3MepHOCTh Iie-
PEeMEeHHOM B N-U CTelleHH, T.e.

4]

o

PaccmoTrpuM, HanpuMep, epeHOC BellleCTBa U3 sApa IIOTOKAa K rpaHulle paspera ¢as. Toraa,
cornacHo 3akoHy @uka, K rpaHulle paspera a3 3a cdeT AUPPY3UM TOCTYIUT CAeAyIOllee
KOAMUYECTBO BellleCTBA B €AUHUITy BpeMeHU

[ dc)
dM = -DkaJdF.

To >ke KOAMYECTBO BelllecTBa OYAeT IepepaHO K IpaHHIle paspera a3, COTAACHO 3aKOHY
KOHBEKTUBHOU AP dy3un

dM = BAcdF.

HpI/IpaBHHB A€BbI€ U IIpaBble YaCTU ABYX IIOCACAHUX YpaBHeHI/H;I, IIOAYyYUM

—D(%) dF = BAc.

PaszpeAuB mpaBylo 4acTh YpaBHEHHSI Ha AeBYIO U IIPUHSIB BO BHHMaHue cooTHomleHus (I.36),
noAyuuM Aud@ys3noHHbIM Kputepuid Hycceabra

)
Nu, = % .
rae | — XapaKTepHBIM AMHENHBIN pa3mep.

Kpurepuit HycceabTa COAEPKUT UCKOMYIO BEAUUHHY — KO3(M(UIHEHT MaccooTaauu f.

AASL TIOAYUYEHHS APYTUX KPUTeEpUeB BOCIHIOAb3yeMcs ypaBHeHueM ([.10) MoaeKyAsdpHOU U
KOHBEKTUBHOU AP dY3UH.

Pa3peAuB Bce uneHBI ypaBHeHUs Ha dc/dt ¢ yueTroM npasura (1.36), moaryuum Aup@y3UOHHBIN
kputepuri Oypbe

Dt

Fo, = — |,
A ]2
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KOTOPBIM XapakTepu3yeT HecTalloHapHble ANM(Y3UOHHBIE IIPOIECCHI.
Aerenue caaraemoro, Hanpumep, (J ¢/d x)W, Ha D (d *c/d *x) npuBoput K AuDOY3HOHHOMY
kpurepuio [Tekne

Kpurepuit Ilekre MOXHO IIPEACTaBUTh TaKKe B BHAE IIPOU3BEACHUS ABYX KpPUTEpPUEB:
KpuTepusi PeiiHoabpaca Re, XapakTepusyromjero TrHUAPOAMHAMHYECKOe II0A0OHe TIOTOKOB B
MaccOOOMeHHBIX —amnmaparax, ¥ Aud@ysuonHoro kpurepus [Ipamatas Pr,=v/D, xapakre-
PHU3YIOILIEro BAUSIHUE CHUA BSI3KOCTU

rI/IApOAI/IHaMI/I‘{eCKOQ HOA06I/Ie B CHCTeMaX, 'Ae OCHOBHO€ BAHWSHHE OKA3bIBAECT CHAA TAXKECTH,
XapaKTepus3yeTcda KpurepueMm CDpyAa

2
Fr=m.
gl

AAST IOTOKOB A@MHHApHBIX U II€PEXOAHBIX IIePEHOC MacChl OIPEAEASeTCs KpuTepueM ApXU-
MeAa, aHAAOTHMYHBIM KpHUTepuio I'pacroda B Temromepepaue:

3 3 2
1 A 1 A
ar-19.80 19 to
v p w P
rAe p — IAOTHOCTb PACCMAaTPUBAEMOU MACCHI BellleCTBA A0 MaccooOMeHa; Ap — H3MeHeHHue IIAOT-
HOCTH, BBI3BAaHHOE MAacCOOOMEHOM (M3MeHeHHeM KOHIleHTpalui).
KpurepruarbHOe ypaBHEHHE MacCOIlepeHOCa MOKHO IIPEACTaBUTh B CAEAYIOLIEM BHAE!

Nu, = f(Re, Fr, Ar, Pr,, Fo, ).

AAst ycTaHOBHBIIIErocs: potiecca kpurepuit @Oypbe HCKAIOYaeTcs. B caydae BBIHY’KA€HHOTO
ABIDUKEHUs (BAMSIHME OOBEMHBIX CHA HecyllecTBeHHO) Kputepum Opypra u ApxuMepa MOIKHO
HACKAIOUHTE.

B urore ¢hopMyAy AAsT pacueTa BeAMYMHBI KO3(M(pUIMeHTa MacCOOTAQuu 3 OOBIYHO 3allu-
CBEIBAIOT B BUAe ypaBHeHus (1.12)

Nu, = ARe™Pr,".

Ecau B pe3yabTaTe 06pabOTKM AAQHHBIX 3KCIEPHUMEHTOB HaWAEHBI BEAMUMHBI KOd(MMUINEHTa
A ¥ moKaszaTeAel CTeIleHH m U N, TO, OIPEACAUB U3 IIOCAEAHETO ypaBHeHUs KpuTepui HycceabTa,
HaXOAAT KO3((HUIIMEeHT MacCOOTAAYN

_ Nu, D

1

OnpeperrB KOIP(PUIMEHTH MacCOOTAQUM AAST Ka’kKAOM M3 (a3, HaAXOAAT Ko3duimeHT
MaccoIlepepauy IO YPaBHEHUIO aAAUTHMBHOCTH (Pa30BBIX COIPOTHMBAEHHUN MacCONEepPeHOCY.

B npuBepeHHBIE BHIIIE KPUTEPUU BXOAWUT XapaKTePHBIM pasMep I, BHIOOP KOTOPOTO AAS
anmapara, B KOTOPOM OCYIIEeCTBASIETCSI MPOIleCC MaccooOMeHa MeXKAY AByMs U Oonee daszamu,
AAAEKO He OAHO3HaueH. B KaXAOM OTAEABHOM CAydYae AAs amlapaTa OIPeAeAeHHOTo THIA
NIPUXOAUTCS CIEIIMaABHO pelllaTh BOIPOC O BhIOOpe XapaKTepHOro AMHeHHoro pasMmepa. [Ipu sTom
AL YpaBHEHHM MaccooOMeHa B KakAOM hasde MOIYT OBITb B3SITBl PAa3AMYHBIE XapaKTepHBIE
AnHelHBIe pa3Mepbl. OueHb YacCTO B KaueCTBe XapaKTePHOTO AWHEMHOTO pa3Mepa UCIIOAB3YeTCS
KoMOUHaNus (HU3UKO-XUMUUECKUX XapaKTePUCTUK, HMeIolas pa3MepHOCTb AAWHBL, HaIPUMep,
KaluAASIPDHAS ITOCTOSTHHAS

'

pg

TA€ O — IIOBEpPXHOCTHOE€ HATAXEeHUe Ha I'PAaHUIEe pa3AeAd (bas.
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MACCOOBMEH B CUCTEMAX C TBEP/IOi1 ®A30I1

B cayuae maccooOMeHa TBepaOHM (Da3bl C JKUAKOCTBIO UAU Ia30M
IIPOIleCC MAacCollepeAduy IIPOUCXOAUT II0 CXeMe, IIPUBEAEHHOM Ha pUC. I-15.
KoHIeHTpanus KOMIIOHEHTa BHYTPU TBEPAOIO BellleCTBA yMeHBIIaeTCsl B Ha-
IIpaBAe€HUM K IIOBEPXHOCTH pa3pera (pas. [lepeMellleHre BelllecTBa K TpaHUIle
pasaera a3 IPOUCXOAUT II0 3aKOHAM MaCCOIPOBOAHOCTH, SIBASIOIINXCS aHAAO-
rOM 3aKOHOB MOAEKYASIPHOU AMPPY3UU AAST SKUAKOCTEN M ra3oB. Y IIOBEPXHOC-
TH TBEPAOU (pa3bl BOZHUKAET IIOIPAHUYHASA MAEHKA JKUAKOCTH (ra3a) TOAIIMHOM
0, B IIpeperax KOTOPOM IIepeHOC BeIIeCTBa OCYIECTBASIETCS MOAEKYASIPHOU
pud@dysuen. Ha BHellIHel IrpaHuUlle IIAEHKH, COIPATAIOMIENCA C SAPOM IOTOKA
JKUAKOU (ra3oBoi) (ha3bl, IPOUCXOAUT BhIpaBHUBaHME KOHIIEHTPAIIMM C KOHITEH-
Tpanueln B dApe IMOTOKA C,. B gApe MOTOKa >KUMAKOCTH (ra3a) KOHIIEHTPAIUU BHI-
PaBHUBAIOTCS 3@ CYET KOHBEKTUBHON U MOAEKYASIPHOMN AUMDDY3UN.

Ilpu mepexoae BeljecTBa U3 TBEPAOU (pa3bl ero copepykaHue B 3TOM (pase
OyAeT HelpepbIBHO YMEHBINIAThCS KaK BO BpeMeHH, TaK U IO HAIPaBAEHHIO K
rpaHulle paspera (as. [losToMy Bce HpoIlecChHl C y4acTHEM TBepPAOM hasbl
SABASIFOTCS HeCTallMOHAPHBIMU.

Auddysuga nepepaBaeMoro KOMIIOHEHTA B TBEPAOHN (pa3e IIPOUCXOAUT aHa-
AOTHYHO MOAEKYASIPHOM AMMPY3UHU U ypaBHEHUE MACCONIPOBOAHOCTH 3alMCHIBA-
eTcsl aHaAOTUYHO 3akoHy DuKa

dM = -K(f)df‘, (1.37)
dn

rae K — KO3h(PUIMEHT MacCOIPOBOAHOCTH, AHAAOTHUYHBIN KO3(MDUIUEHTY
MOAEKyAIpHOU pAuddysuu D.

KoangecTBO BelecTBa, Nepelleplllee B SIAPO IIOTOKAa J>KHMAKOCTH (rasa),
OIIPEAEASIETCSI YPaBHEHHEM KOHBEKTUBHOU aAuddys3un

dF Hoegauutmbui
s caoi
/20 C

AT C ”) )

T‘szfﬂ ‘ ‘ ) /> \)
}I()po

| | R ¢a3bt Luwm G

JO
C
O

Puc. I-15. Cxema Maccomepepayu C
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dM = [3(ccp _c, )dF - BAcdF. (1.38)

[TockoABKY Ha IpaHUIEe paspera (a3 BelleCTBO He HAKAIIAMBAETCS M He
ucyepnsiBaercs, To u3 ypasHeHul (1.37) u (1.38) moayuum

“K % _pAc. (1.39)
dn

Pazpeaus npaByro yacThk ypaBHeHud (1.39) Ha AeBylo M IIPMHSAB BO BHUMAaHUE
cootHOoweHua (1.36), moayuum AUPEOY3UOHHEIN KpuUTepuil buo aad MaccooO-
MEHHBIX IIPOLIECCOB B IIPUCYTCTBUU TBEPAOU (Pa3bl

_B
-

Bi,
AnanrornuHo ypaBHeHUIO (1.9) mMoaeKkyasdpHON AUDY3UM MOKHO IIOAYUUTH

caepyrolee AuddepeHIIMaAbHOEe YPAaBHEHNHE MacCOIPOBOAHOCTU

[ 42 2 2.\

g g Le e ey (1.40)

[ ax? 8y2 822J

Ilpu perenum neBou yactu ypaBHeHus ([.40) Ha OAMH K3 YAEHOB IIPABOU
YacTH ¢ yueToM cooTHoueHu# (1.36) moayumMm anddy3uoHHBIN KpuTepuii Oypbe
MAS TIpOIecca Maccollepepadd B TBePAOH dase

Fo -Xt
A .
12
B mpeaenax TBepaol (has3bl KOHIEHTPAIUS PacIpeAeAeHHOTO BellecTBa Bce
BpeMsi M3MeHAdeTCd. YT0o6B! IIOAYYUTH 06mee YpaBHeHVE B3dUMOCBA3U MEXAY
IepeMeHHBIMU O0Ka3aA0Ch YAOOHBIM BBeCTH 6e3pa3MepHyIO0 KOHIIEHTPAIIUIO

C - Cp
1
Cy — Cp
rAe ¢, ¢, Hu Cp — COOTBETCTBEHHO TeKylllasd, Ha4YaAbHAad W PpPAaBHOBECHAs
KOHIIEHTpPAIUuH. B umncamreae sTOro BBEIpA>KEHUsA CTOUT BEAMYMHA ,A,BI/I}KymefI
CHUABI B AFOOOM MOMEHT opoinecca, a B 3HaMeHaTeAe — MaKCHMAAbHAsA BEeAWMYKWHA

ABWKYIIENM CHUABI B Hadane Inponecca. Od4eBHAHO, 4TO Oe3pa3MepHas KOH-
IleHTpalus HU3MeHseTcd B IIpeperax OT eAMHHIBI A0 Hyad. Kpome Toro,
BEAUYMHBl KOHIEHTPAIUM B OTAEABHBEIX TOYKaX TeAa 3aBUCAT OT UX
OTHOCUTEABHOTO IIOAOJKEHMS, T.e. OT CUMIIAeKca n/l, TAe n — paccTogHUE B
AQHHOM HalpaBA€HUM, a | — XapaKTepHBIU AMHEWHEBIN pasMep.

Ha ocHoBe BEINIEU3AOKEHHOTO 00OOIeHHOe ypaBHeHHe MaccOoIlepepauu C
y4acTheM TBepAOU (pasbl OYAeT UMETh BUA

C —Cp

f{— Bi, FoA,?] -0 (141)

B mpakTumdyecKuX pacdyeTax OOBIYHO OIIPEAEATdIOT BpeMs T,, B TeueHUe
KOTOPOTO CpeAHss KOHIIEHTpalus KOMIIOHEHTA B TBePAOM (da3e AOCTUTHET
3aA@HHOM BEAWYMHEI C,. Toraa u3 ypaBHeHUd ([.41) MOJKHO UCKAIOUUTE CUMIIAEKC
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cC —C
K Puc. I-16. OOmuii BHA 3aBHCHMOCTeHd IPHU

— cp MaccooOMeHe C ydyacTueM TBepAo# (pa3bl
H

Bi,

TeOMeTPUUYECcKOro IoA0OMs n/l W pe3yAbTHUpYIOllee ypaBHEHNWE IIPEACTaBUTH B
ob111eM BUAE

(CK—Cp

Fo, = fL

)
,BlA).
Cu = Cp

OOmut BUA IMTOAOOHBIX 3aBUCUMOCTEM MMpUBeAeH Ha puc. 1-16.
OmnpepermB  BeanunHy kpurepuss Dypbe, pacCUUTHIBAIOT TpebyemMyro
ITPOAOAKUTEABHOCTE TIPOITecca
12

TK = FOA?‘
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