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PE®EPAT

3Bit mpo ATP: 74 c., 31 puc., 2 nonaTku, 35 gxepe..

O0’ext pociaimxenHss — npouec ¢Guermarusyrdoi mMoaugikaunii mopoxy
rpPaHyJ1b0OBAaHOI0 JJAKOBHUM CIIOCO0OM.

Mera po0oTM — BCTAaHOBJEHHS 3aKOHOMipHocTed  moaudikamii
MiPOKCHJIIHOBOIO  MOPOXY  TIPaHY/JbOBAHOI0  JIAKOBHM  CHOCOOOM |
BiANpaniOBaHHA il TEXHOJIOTITYHUX PEKUMIB.

Merox  gocaimaxeHHss —  (Qi3UYHe MOJEJIOBAHHS  Npolecy Ha
eKCIePUMEHTAJIbHIH YCTAHOBIILI.

BcranoBieHi 3akoHOMIpPHOCTI mpouecy (Quermarudyw4doi moaudikaunii
KaM(popor Ta TMOYTHI(PTAIATOM NOPOXY, IPAHYIHOBAHOI0 JJAKOBUM CIIOCO00M,
po3BuHyTa ¢izuyHa moaenb nboro mpounecy. IlpuBeneni pesyabraTn
AOCJTIIZKEHHS  PO3MOAily KOHUEeHTpauili ¢uermarusaropy 3a pajaiycom
NMOPOXOBHMX IPaHyJ/l. 3alPpONIOHOBAHO MAaTEMAaTHYHHMH ONHC LbOr0 PO3MOALTY,
OCHOBHMI mapamMeTp $IKOr0 BHM3HA4Ya€TbCAd 3a  cepedHIM  BMICTOM
mwiacTuikaropy B rpanyjax. BusHadyeHi CTPYKTYPHO-IUIJILHICHI Ta 0aiCTH4HI
(WBHAKICTH rOPiHHN) XapaKTEPUCTUK MOPOXY HicJasi Moaudikamii.

Ha mincraBi oTpuMaHuX  pe3yJbTaTiB  po3po0JieHI  NPOTOKOJIM
HOCJIIKEHHSI TEXHOJIOTIYHUX pPe:XKUMIB Moau@ikamii rpaHyIb0BAHOIO MOPOXY
kamdopor Ta 1udyTuiadgranarom.

JAKOBUMH MMOPOX, HACHUYEEHHA, ETUJIALETAT,
JANBYTUII®TATAT, KAM®OPA, HITPAT HEJIIOJNO3U, EMYJbCIA,
HNBUJAKICTH I'OPIHHSI.
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BCTYII

OnHMM 3 HAUBKJIMBIIIMX BUIIB MOU(DIKAI] MTIPOKCHUIIHOBOTO IOPOXY € HOTO
drnermaTtuzaiis — HACHUYEHHS TIOBEPXHEBHX IIapiB IMOPOXOBUX  E€JIEMEHTIB
pPEYOBHHAMH, IO 3HUXKYIOTh IMIBUAKICTh TOpIHHA. Takuil TEXHOJOTIYHUNA MPUHOM
JI03BOJISIE 3a7]aBaTH XapakTep 3MIHU IIBHJIKOCTI TOPIHHS MOPOXOBHUX EJIEMEHTIB 3a
TOBLIMHOIO CrOPSIFOUOTO APy, a BIATOBIAHO, KEPYBATH T'a30MPUX0IOM IIPHU MOCTPLII.

B 3aranpHoMy BUNaAKy €(EKTUBHICTh MOCTPUIY BHU3HAYAETHCS MOYATKOBOIO
MIBUJIKICTIO  CHapsja (kym), BIZ  AKOI  3aJCKUTh  JaleKOOIMHICTH
(OpoHENPOOHUBANILHICTE) CTBOJBHOI 30poi. 30iMBIIEHHS ITOYATKOBOI IIBHIKOCTI
0e31ocepe/IHbO MOB'sI3aHe 3 MIJBUILEHHAM TUCKY NOPOXOBHX Ta3iB. [IpoTe mei Tuck
JUIsl KOHKPETHOT CHUCTEMHU 30p0i OOMEXKEHUN MaKCUMaJIbHUM 3HAUYECHHSIM Prax, sKe
3QJIEXKUTh B1Jl KOHCTPYKIIii 30poi.

[TiIBUIIMTH MOYATKOBY IIBUIKICTh KyJ1 B MEXaxX 3HAY€HHSI Pmax MOXHa 3a
PaxyHOK MPOTPECHUBHOCTI TOPIHHS MOPOXY, TOOTO 3POCTAHHS MPUILIUBY MOPOXOBUX
rasiB y mpoiieci ropiHs 3apsay. [Ipu BianoBigH1NH 3aKOHOMIPHOCTI 3MIHH IIBUIKOCTI
TOpIHHSA TOPOXOBHUX €JIEMEHTIB 3pOCTaHHS MPUILIUBY Ta3iB KOMIICHCYE 301JIbIIICHHS
3aCHApSAIHOTO MPOCTOPY NPH PYyCi CHApsay, IO J03BOJISAE€ 30UIBIIMTH HOTO
MOYATKOBY IIBUIKICTb.

3a3Buuail MPOTPECUBHE TOPIHHS TMOPOXY JOCATAETHCA 3a PAXyHOK (Hopmu
(KOHCTPYKIIII) MOPOXOBUX €JIEMEHTIB (TpyOKa, CEMHMKaHAJIbHOE 3€pHO TOIIIO).
dnermartuzariisi 103BOJISIE 3a/1aBaTH 3aKOHOMIPHICTh TOPIHHS MOPOXOBUX EJIEMEHTIB
He3aJIeKHO Bif X Gopmu. Jlyxke BaKJIMBE 3HAUCHHS BOHA Ma€ JUIsl IPIOHO3EPHEHUX
(TOHKO3BITHMX) TMOPOXiB, IO BUKOPHCTOBYIOTHCS JUIS CTpiIelbKoi 30poi Ta
MaJoKagiOepHoi apTuiiepii, TOpPOXOBI E€JIEMEHTH SKHX 3a TEXHOJIOTTYHUMH
MPUYMHAMH HE MOXYTh MaTH IPOTPECHBHY KOHCTPYKIifO. Jlo Takux MoOpoxiB
BIJIHOCUTBHCA 1 MOPOX, IPaHyJbOBAHUN JTAKOBUM CIIOCOOOM, ISl SIKOTO XapakTepHa
abcomoTHO nerpecuBHa chepudna Gopma. Taki mopoxu 6e3 drermaTuzailii MOXKYTh
OyTH BUKOPHCTaH1 B IJIaJKOCTBOJIbHIN 1 KOPOTKOCTBOJIbHIN 30poi, ajie B Hapi3Hii

30poi, A€ TOpiHHA TOPOXYy IMOBMHHO MAaTH CTPOTO TEBHY 3aKOHOMIPHICTh, IO



7

BIJIMIOBIAA€ PyXy CHapsida B CTBOJIL, iX 3aCTOCYBaHHs 0e3 (uermarusaiiii HEeMOXKIIUBO.
Ile poOute Quermatusyouy MoOAHPIKAIII0 TOPOXOBUX TpaHyld OJHIEID 3
HaWBaXJIMBIIIUX TEXHOJIOTIYHUX OIMepaliii BUPOOHHUIITBA MOPOXIB IS CTPLICIIBKOL

30poi Ta MasloKaniOepHUX apTUIEPINCHKUX CUCTEM.
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1 3AT'AJIBHI BITOMOCTI IPO ®JIEIT'MATU3YIOUY MOAUPIKALIIO
IHOPOXIB

B mpoMHCI0BOCTI BUKOPHUCTOBYIOTH JBa criocodu (iermaruzaiii mopoxis [1].
B mepmomy 3 HuX (aermMatuzatop pO3YHHSIOTH Y BIAMOBIIHOMY PO3UYMHHHUKY Ta
OTPUMAaHUN PO3YMH HAHOCATh HA TMOBEPXHIO IMOPOXOBUX EJIEMEHTIB, HaNpUKIal,
kamMbopy B €TUJIOBOMY CIUPTI 3 PO3MUJIICHHSM Ha TOPOX, SKUH TEPEMINIYEThCS B
noypyBajgbHOMYy Oapabani [2, 3]. Po3unmHHMK TpW IIbOMY BHAAIAETHCS HA CTamii
cymnHHsA. Ilpy BUKOpPHUCTAaHHI 1HIIOTO CMOCOO0Y TMMOPOX OOpPOOISAIOTH BOJIHOIO
eMyJibCi€ero uiermaTuzatopa abo MOro po3YMHOM B €MHICHOMY amapari 3 MIIIAIKO0
[1, 2]. B upoMy BHIAAKy MOPOXOBI €JIEMEHTH KOHTAKTYIOTh 3 JHUCIEPCHOKIO (a3oro
eMylnbcii 1 dermMaru3aTop MPOHMKAE 1 1X ToBepxHeBl mapu. O4eBUAHO, IO
3MIMCHUTH TaKUU CMOCI0 MOKIIMBO, KOJIM (PJIerMaTU3YyIOUUM CKJIaJ HE 3MILIYEThCS 3
BOJIOIO.

OO6uaBa pO3MISIHYTHX CIOCOOM MOoeaHye Te, 1o audysis draermaruzaropa
B1IOYBA€ETHCSL 4epe3 TOBEPXHIO MOPOXOBUX EJIEMEHTIB, B pPE3yJbTaTl YOro B HUX
dbopmyeThesl dermaTuzaliiiiHa 30Ha 3 BH3HAYEHUM KOHIICHTpAIlIMHUM MpodiieM
posnoainy ¢daermaruzaropa. lleit mnpoduis BH3HAYae 3aKOHOMIPHICTH 3MIHU
IIBUJIKOCTI TOPIHHS MOPOXY, SIKa TOBHHHA BIJMOBIIATH HEOOXITHUM OaiCTUIHUM
napametpam noctpinty [1, 4, 5]. Ilpore 3a0e3nedyeHHs Takoi BiAMOBIIHOCTI
MpEeJICTaBIIsIE CKIIAHY 3a1ady.

BBaxkaeTbcd, 0  HAWOWIBII  OaJICTUYHO ¢EeKTUBHHM  PO3MOJILI
(bnermaTu3aTopa HAOJMKAETHCA [0 MPSIMOKYTHOIO NPO(DUI0 3MIHM KOHIIEHTpAllii,
TOOTO PO IO 3 MOCTIHHOIO KOHIIEHTPAIIEIO B IIapax, M0 MPUISITal0Th 10 MOBEPXHI
ITIOPOXOBOI'O €JIEMEHTA, 1 PI3KUM MaJIIHHAM Ha JesKid BifcTaHl Bia Hel [6]. Takui
po3noain QuermaTuzaropa CHOpOIIye OaTICTUYHUM aHaji3 IOPOXOBOIO 3apsiay,
OCKIJIbKH JIO3BOJISIE BBECTH OJJHO3HAYHY XaPaKTEPUCTUKY (pirerMaTu3oBaHOi 30HU — ii
TOBIIMHY (TIMOMHY HacuueHHs (iermaruzatopom). [IpoTe, mepekoHauBI JaHi, 110

MIATBEPAKYIOTh €(DEeKTUBHICTh IILOTO MPOQLII0 B JIITEpaTypl BIACYTHI. bisbin Toro y
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JOCTIIHUKIB HEMa €IMHOI AYMKH PO T€, K 3MIHIOETHCS BMICT (piermaTu3aTopa B
MOPOXOBUX €JIEMEHTaX 1 BiJ SIKUX (PaKTOPIB 3aJICKUThH XapaKTep HOTO PO3MOILITY.

ABTOp poOIT [7, 8] BU3HAYaB KOHIIEHTpAIi0 AUOYTHI(PTAIATYy B CHEpPHUHUX
MOPOXOBUX €JIEMEHTaX METOJAOM MIUYE€HUX aTOMIB 1 HPHUHIIOB JO BHCHOBKY, IIO
KOHIIEHTpaIlisi 1pOro  (iaermMaru3aropa He 3MIHIOETbCA 32  TOBIIMHOIO
¢dnermatuzaniinoi 3oun. B po6ori [9] Ha migcTaBi JOCTIIKEHB 3a JTOIOMOIOIO
PacTpOBOi €JIEKTPOHHOT MIKPOCKOIMII 3 TMiATOTOBKOIO 3pa3KiB METOJAOM 10HHOTO
TpaBJCHHS TaKOX MPUUIUIA [0 BUCHOBKY, IO KOHIIEHTpalis (iaermaTuzaropa
MPAKTUYHO HE 3MIHIOETHCS 3@ TOBIIMHOIO (iierMaTH3aIiitHOT 30HU.

AHani3 pyHAaMEHTAIbHUX 3aJ€KHOCTEH, 0 OTPUMAaHI Ha MiJICTaBl PIIICHHS
nudepenmiiHoro piBHAHHS audy3ii [4], mokasye, M0 PO3MOALT HU3bKOMOJICKYIISIPHOT
PCYOBHHU B T0JIiIMEpi, B TOMY uuncii i B mopoci [10], He moxxe Oytu piBHOMIpHUM. Lle
MIATBEPKYIOTh EKCIEpPUMEHTANIbHI JaHl 3 eKCTparyBaHHsA dJermarusaropa i3
chepuunoro nopoxy [11], a Takox BUMIp KOHIIEHTpAIlT Pi3HUX IUIACTH(IKATOPIB B
chepuuHHUX TpaHylax HITparta IEII0JI03U 1HTEp(EPEHIIIMHUM METOAOM 1 METOAOM
CIIEKTPOHHO-30HI0OBOTO MikpoaHaii3y [12]. Panime ¢poToMeTpuyHrM METOA0M OYJI0
MOKa3aHo, 10 PO3MOALT (biierMaTru3aTopa Mae€ IUIaBHUH cragarouuii mpodins [13].

Takum 4rHOM, B TEMEPIIIHIN Yac il JaKoBUX (C(EepUYHHX) MOPOXiB BIACYTHI
JIOCTOBIPHI JIaH1 TPO XapaKTep pO3NOALTy ¢ierMaru3aTopa B IOPOXOBUX €JIEMEHTaX.
BianoBigHo BIACYTHI MaTE€MaTU4HI 3aJIKHOCTI, SIKI OMUCYIOThH IEH PO3MOJILI, IO
YCKIIAJHIOE PO3PAXyHOK OaMiCTUYHUX XapaKTEPUCTHK (IErMaTH30BaHUX MOPOXIB 1
BUOIp TEXHOJIOTTYHUX PEXKUMIB (uiermarusanii. s pimeHHs 1iei 3aga4yi HeoOX1AHO
3HaHHS COpPOLINHO-TU(Y3IHHUX 3aKOHOMIPDHOCTEH, SIKI BH3HA4yalOTh MPOIIEC
(bnermaTu3ariii.

AHani3 npoueciB, aHAJOTIYHMX QuerMarusallii, Hanpukiajd, 3a0apBiICHHS
TEKCTUJIBHUX BOJIOKOH, IIOKa3ye, M0 Led Tpouec NpeACTaBise pe3yiabTaT
MacomnepeHocy OapBHHUKA y BUTJISA 10HY a00 HE3apsHKeHOI MOJICKYJIH 13 piakoi ¢a3u
70 BOJIOKHA 3 HACTYITHHAM TIPOHUKHCHHSIM B WOr0 BHYTPIIIHIO CTPYKTYpy i
3aKpIIUICHHS B Hil 32 paXyHOK MIKMOJICKYJIIPHHX 3B’s3KiB pizHoi npupoau [14, 15].

ABTOp BBa)Kae, 0 CTPYKTYypa MONIMEPY, KU 3HaXOIUTHCS B CKIIOMOIIOHOMY CTaHi,
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HeAocTynHa Juis audysii. Monekynu GapBHHKA MOCTYMAalOTh B CEPEIUHY BOJIOKHA
pyu MepedUIbIICHH] TeMIepaTypu CKIyBaHHS B Pe3yJbTaTl MEPeXoay MOJiMepy y
BHCOKOEJIACTUYHUM CTaH C JOCTATHIM BUIBHUM 00’ €MOM JTUHAMIYHUX TIOP.

B Ttoit e wac Yammx A.€. 1 3nm0o6in B.b. mpu anamizi 3arajibHHX
3aKOHOMIpHOCTEHN H(Dy31i HU3bKOMOJEKYJISIPHUX PEYOBUH B MOJIMEpaxX HE CTaBIATH
OUTaHHS TPO HEJOCTYIHICTh MOJIEKYJ] Audy3aHTa B CKIomomiOHuii mosimep [16].
Bonu BBaxaioTh, moO MexaHi3M audy3ii B momiMepi, IO 3HAXOIUTHCS B
CKJIONIOAI0HOMY Ta BUCOKO €JIaCTUYHOMY CTaHl1, 1IeHTUYHUNA. Pi13HUIIA 3aKiIeuaeThes B
MBUAKOCTI qudy3ii, B CKIONOAIOHOMY MOJIMEpPI BOHA HA MOPSAIAOK MEHINE, HIK Y
MOJIIMEP1, U0 3HAXOAUTHCS Y BUCOKOEIACTUYHOMY CTaHI.

BinpiiicTs 1OCHIKEHb B LIbOMY HaIlpsiMi 3BOASTHCS 10 BU3HAUCHHS BEJIMUUHH,
1[0 XapaKTepusye WBUIKICTh qudy3ii — KoedimienTa Audys3li, Ta BIUIMBY HA HHOIO
pi3HUX (DAKTOPIB: MOJIEKYJSPHOI MacH, po3Mmipy 1 (GopMU MOJIEKYJT PEYOBHHH, IO
IePEHOCUTLCS, CTaHy MHomiMepy i T.J.). IX pe3ynpTaTH y3araibHeHi B pafi
moHorpadiit [17, 18]. Ilpore mpu pimeHHI NpaKTHYHUX 3amad (rerMaTu3aiii
MOpOXiB  OUIBIIOID MIpOI0, HDK MpocTo KoedimieHTH audysii, [IKaBUThH
MaTeMaTUYHUN OMUC Ipouecy AuQy3ii B OJIMEpPHINA MaTpUIl TOPOXOBUX E€JIEMEHTIB,
AKe J03BOJIUIIO O PO3paxyBaTH KIHETHKY MpoIlecy copOiii ¢uiermaruzaTopa Ta Moro
po3noail 3a (QuerMaTu3aiiiiHo0 30HOI0. B poboTax, 10 po3risnaroTh MOAIOHI
3ajavi, 3BUYafHO BUKOPHUCTOBYEThCs nudepeHiiitne piBHaHHA qudysii Dika [4, 19,
20]. BonHO wMae pillleHHS 1HTEIPY€ThCS) TIUIBKK IS TIOCTIHHOTO 3HAYeHHS
koedimienTa 1udy3ii, M0 BXOAUTh B HHOTO B SIKOCTI mapameTpy. B 1boMy BUMAIKY
st chepudyHoi popMu  TUIa, B SKOMY BiAOyBaeTbcsi audy3is, e PpillleHHS
MIPEJCTaBIIIE COO0I0 PO3IOII KOHIICHTPAIlll pEUOBHHH, IO JUDYHIYE, 3a PaalyCcoM
Tina [4].

Ha mincraBi pimenHss audepeHIiiHoro piBHAHHS AUQY3ii I MOYaTKOBOI
cTaaii mpouecy, Komu (GPOHT PEYOBUHH, SKa AUQPYHIYE, HE JOCATAE IEHTPY
chepuuHOro TiJIa, MO0 Ma€ Miciie npu dierMarusalii mopoxy, oTpuMaHa 3aJieKHICTh

JUTSI BU3HAYEHHS KUTBKOCTI pEYOBUHHU, 1110 COPOYETHS 13 30BHINIHBOTO CEPETOBUIIA
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G 6,Dr (1.1)

= _Z (2 4\05
o rC”

ne G, G, - Maca pEYOBHHH, IO copOy€eThCs, BIJMOBIAHO ITOTOYHE Ta

piBHOBa)XHE 3HaUEHHS, KT; R - pagiyc chepuunoro tina, M; D - koedimient audysii,
M/C; T - 4ac, C.
3anexHicth (1.1) 3pydHa 1 ompalloBaHHs €KCHEPUMEHTAJIbHUX JAHUX MpU

: . : G :
I‘pa(i)l"IHOMy 1X IMPpCaACTABJICHH1 B KOoopAIuHaTax — 7 05 1 ITUPOKO

Gp
BUKOPUCTOBYETHCS JIJIsl BA3HAYCHHS 3HaUeHb KoedimieHTiB mudysii [19, 21].

[IpoTe npuiiHATI TpH 3anucy Ta pilmieHH! TudepeHIiHoro piBHIHHSA qudy3ii
NPUITYIICHHS Ta OOMEXEHHS MPHUBOIATH J0 HEBU3HAYCHOCTI MpPU BUKOPHCTAHHI
OTPUMAaHUX 3aJEKHOCTEH I MOJIMEpHUX MmarepianiB. lle moB’d3aHo 3 TUM, IO
koedimieHT udy3ii D He € mOoCTIHHOI BETUYNHOIO, BIH 3aJICKUTh Bl KOHIICHTpAIIil
PEYOBHHM, 0 JUPYHAYE, a TAKOXK IHIIUX (PAKTOPIB (MICLlE BUMIPY, Yacy IpPOLECY,
BHyTpilHIX Hampyr) [21, 22]. Ha Bigminy Bif ¢ikoBcbkoi ((pizuunoi) mudysii B
[[bOMY BHUITaJIKy MOX€E BiIOYBAaTHUCh TAKOXK MIKMOJIEKYJISIpHA B3a€EMO/II PEUOBHUHU Ta
nojiMepy 3 yTBOPEHHSIM JIOCTaTHhO MIITHUX 3B’SI3KiB. Bce 11e mposiBIsS€ThCS B Tak
3BaHUX aHOMaTisAx copOuii (HedikoBchkol audys3ii) peuoBuH nomimMepamu [19, 21]. 3
(hopManbHOI TOYKH 30pYy 3a BUJOM KIHETUUHHUX KPUBUX COPOIlli BUILISIOTH YOTUPH
BUJM TaKMX aHoOMamii: S — momiOHa, TCceBAOHOpMallbHA (TIOYAaTKOBAa YacTHHA

: . .y G s . .
KIHCTUYHOI KPHWBOI JIiHIHA B KOOpAWMHATaX — —7 ); JBYCTajiliHa (KiHETHYHA
p
KpHBa Mae€ JIBa NIEPEruHu); ekcTpeMaibha [19].

[Ipu copOuii mapiB po3unHHHKA (130ME€HTaHy, H-TEKCaHy, H-OKTaHY, €TaHOIY)
noyiMepaMu  (TMOJ11300yTHIIEHOM, TOIMPOMIJICHOM, TOJ1aMiIoM) KIHETHYHI KPHUBI
copoOmii maroth S — momiony dopmy [23]. docmimpkeHHS KIHETHKH COpPOIii
PO3YMHHUKIB XIMIYHO CIIMTUM TIOJIIETUJIEHOM I[I0Ka3aj]0 aHOMAJIbHHUI XapakTep
IBOTO MPOLECY, 110 MPOSIBISIETbCA B HASIBHOCTI MAaKCUMYMY Ha KIHETHYHIN KpUBIH

IpU BHCOKOMY BMICTI pPO3YMHHMKAa B cyMmimn [24]. ABTOpH MOB’S3yHOTh IO
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aHOMAJIBHICTh 3 MPOTIKaHHAM (ha30BUX MEPETBOPEHH B mporieci copOuii. B poboTi
[25] ommcani pi3Hi TUNHM aHOMAJIH, SKi BUSBICHI MPH JOCTIHKEHHI copOuii mapiB
TeTpariipopypokcana CKJIOMOJIOHUMHU KapOOpPaHMICTKUMHU MoJiakpuiaaTamu. 3i
3017BIICHHSAM MapIiaIbHOTO THCKY MapiB CIOCTEPIraeTbCs MOCTYMOBHH TMepexin
KIHETUYHUX KPUBUX COPOIlli BiJ ICEBIO HOPMAJIbHOI 0 S — moaiOHOi, a MOTIM J0
JIBYXCTaIAHOI.

CkiazHi aHOMaJbHI SBUIIA MAIOTh MICIIE 1 IPU B3a€MO/Ii1 HITPATIB LIETIOJI03H 3
IACTU(IKYIOUMMH iX pedOBUHAMHM. [[J1s 11€1 CUCTEMHU TaKOXK XapaKTepHUU Mepexina
BiJl OHOTO THUITy aHOMaii A0 1HIIOT 31 30UIBIIEHHAM KOHIICHTpAIlil PEYOBHHHU, IO
copOyeThed. [Ipu B3aemo/1ii MOAEIBHUX HITPATIICNIONIO3HUX IUIIBOK 3 PO3UMHHUKAMU
(eTwiianieTaToM, aleTOHOM, METIICHXJIOPUJIOM, €TAaHOJIOM) TMpU  30UIbIIECHHI
AKTUBHOCTI 1X TapiB BUSBISAETHCS MOCTIOBHA 3MiHA KIHETMYHUX KPUBHUX COpOLi 3
IPOSIBOM HACTYITHUX aHOMaJlii: S-1moAi0HOT — MCEBIOHOPMAIbHOI — JBYCTaA1HHOL

[26]. Benwki 3HaueHns akrtuBHocti P/ Ppae >0.6-0.7 mpu3BOAATH 10 TOSBH Ha

KpUBHX MaKCUMyMy, XOouya 3a JaHUMH 1HIIOI poOoTu [27], s 1iei oOracTi
aKTUBHOCTI XapaKTepHa HOpMaJibHa (PIKOBChKa copOILisl. ABTOpH BBaXaroTh, 10 TaKa
MOBEJIIHKA CUCTEMH 3 HITpaTaMH IEJII0JIO3U CBIIYUTH MPO MPOTIKAHHS CIIEIMPIUYHUX
MPOIIECIB  YMOPSAKYBAaHHS MaKpOMOJIEKYJ, IO TMPHU3BOJAATH 0 YTBOPEHHS
CTPYKTYpHUX €JIEMEHTIB, /A0 CKIaAy SKHX BXOIATh MOJICKYJIH PO3YMHHHUKA
(MOJIeKyYIISIpHI KOMIUIEKCH ).

B poGoti [28] skicHI 0COOIMBOCTI MAacONEpeHOCY B HITPATIENIOI03HUX
CUCTEMaxX TIPOMOHYETHCA XapaKTepu3yBaTh (PEHOMEHOJOTIYHUM KPHUTEPIEM -

MOKa3HUKOM CTYTICHS Y B 3aJI€XKHOCTI

G (1.2)

()

pas

[Tpu y = 0,5 me#t mporiec BiAnoBinae HopManbHiK (DizuunHil) nudysii, To6TO
onucyeThes 3akoHOM Dika. Taka audysis BiZOyBaeThcsi B Marepiaiax, CTPYKTypa

SKUX HE 3MIHIOETHCA B Yacl a00 MIBUAKICTH 1i 3MIHU 3HAYHO TMEPEBUIIYE IIBUJIKICT
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mudysii. Bei Bumanku 3 v # 0,5 BigHOCATBCSA 10 aHOManbHOI nudy3ii. OgHak cami
aBTOpH BKa3ylOTh, MmO yMoBa y = 0,5 € HE0OOXITHOIO, aje HEIOCTATHHOIO IS
HOpMaTbHOCTI AUQY3ii.

B minomy, sik BUIUIMBA€E 3 aHai3y JIITEPaTypHHUX JaHUX, BCl BIAXUJICHHS BiJ
3akony dika mpu copOIii MoIiMEepHUMH MaTepialaMd PEUOBUH, 1[0 BOJIOAIIOTH JI0
HUX CHOPIAHEHICTIO, MOKHA TMOSCHUTH pelaKCallliHUMU SBUILAMHU, TMOB'A3aHUMU 3
KOH(pOpMAIII€}0  MOJIGKYJSIPHMX  JIAHILIOTIB, a00 pe3ylbTaTOM CTPYKTYPHHUX
NEPETBOPEHb, BUKIMKAHUX B3a€EMOJIIEI0 IUX PEYOBUH 3 TMOJIMEPOM B TMpoleci
copOuii. binbir TouHU KITBPKICHUN OMHC 3aKOHOMIPHOCTEH COpOLiHO-Tudy31HHIX
ABUI B MOJIIMEPAX, B TOMY 4HUCHl 1 Npu (iermMaru3anii mpoKCHIIHOBOTO MOPOXY
MO>KHa BCTAHOBHUTH Ha M1CTaBl KOHKPETHUX €KCIIEPUMEHTAIHUX JTaHUX.

3 METOI0 BU3HAYEHHS TEXHOJIOTTYHUX PEKUMIB (IIerMaTu3yrodoi Moaudikamii
MOPOXOBUX TpaHyJdl B JlaHii poOOoTi OylM TMOCTaBJeHI HACTYyIHI 3ajadl
EKCIIEPUMEHTAJIBHOTO JOCIIAKEHHS:

- BCTaHOBUTH  3aKOHOMIPHOCTI ~ HACHYEHHS  TIOPOXOBUX  TpaHyl

dermaTu3yro4yn MU miactudikaropamu;

- BHU3HAYMUTHU XapakTep po3mojiiy (jerMaTruzaropa B MOPOXOBUX IPAHyIaX;

- BU3HAUUTU OamicThuHi (MIBUAKICTb TOPIHHSA) XapaKTEPUCTUKH TOPOXY

micist Mmoaudikaiii.
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2 METOAUKA NTOCIIIKEHHHSA IMTPOLUECY HACUYEHHSA
I'PAHYJIBOBAHOI'O ITOPOXY ®DJIEI'MATHU3YIOUUM
INNIACTUPIKATOPOM

2.1 Onuc ekcnepuMeHTAIBLHOI YCTAHOBKH

[Tporec Hacu4eHHs TpaHyl MIacTH(IKaToOpaMu MPOBOIWIM Ha J1a00paTOpHIN
YCTaHOBIIl, CXeéMa fKO1 MpHBeJeHa Ha pucyHky 2.1. Ha 1iif ycTaHOBII roTyBajiu
CKJIaJIi JIJI1 HACUYCHHsI Y BUIJISAI PO3UYMHY 200 BOJIHOI eMYJIbCii 1 00poOIsiii HUMH
rpaHyfiud. YCTaHOBKAa TaKOX fK 1 yCTaHOBKa MJIsi TPaHyJIOBaHHS CKJIaJa€ThCs 31
smimryBada 1, 06’em sikoro cranosuth 1,0-10° m®, nponmeneproi Mimanku 2 Ta
npuBoay Mimanku 3. Ha BIIMIHY B1J YCTAHOBKM T'PaHYJIIOBaHHS B JJAHOMY BHIAJIKY
BIJICYTHI XOJOJWIBHUK 31 30IpKOIO 1 MPUCTPId MNPOAYBKM 3MilllyBaya MOBITPSIM.
3MilllyBa4 HE € FEPMETUYHUM, a JJIs OOIrPIBY Ma€ COpoUKy 4, yepe3 sKy HUPKYIIO€e
Harpita Boja. HarpiBaHHs 1 UPKYJISALISL BOAM 3A1MCHIOETHCS PIIUHHUM TEPMOCTATOM
5 (ITXK - 0 - 03), mo 103BOJIsIE TAKOXK PETYIIOBATH TEMIIEpaTypy CEpellOBHUIIA B

3MilryBayi. 3MillyBau Ma€ KpUIIKY 6, B Kiii BCTAaHOBJICHUHN TepMOMETp 7.

1

1 - 3mimryBay; 2 - mMimmanka; 3 - IpuBia Mimanku; 4 — copouka Jijist 00irpiBy;
S - TepmocTar; 6 - KpulliKa 3MilryBayda; 7 - TepMOMETp; 8 - mpoOKa
Pucynok 2.1 - Cxema nabopaTopHOi yCTaHOBKM JJIsl HACHYCHHS

HITPATLEIOJIO3HUX TPaHyJ
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2.2 Meroanka npoBeAeHHs PoLecy HACHYEHHS TPaHyIbOBAHOI0 MOPOXY

B nauiifi po0oTi HacWYeHHS TOPOXOBUX TpaHyl (QIerMaTUTU3YIOUUM
mactudikaropom (daermMaTu3aTopoM) MPOBOAUIMN SK PIAUHHUAM, Ta 1 eMYIbCIHHUM
croco0amMu. 3pa3ku MOpPOXY I HACUYEHHS BUTOTOBIISUIM B J1a0OpPATOPHUX yMOBaXx
IPaHyJIOBAHHSIM JIaKOBUM CIIOCOOOM TMpH JAUCIEPryBaHHI TOPOXOBOTO JIAKy Y
BOJHOMY CEpPEJIOBHINI 3a JOMOMOIOK MEXaHIYHOI MIIIaJKu (OKpeMl 3pa3Ku
OTPUMYBAJIM €KCTPY3iiiHUM nucrepryBadHsM Ha yctaHoBil JlepxHIIXII). B skocti
macTu(dikaTopiB BUKOPUCTOBYBaIM kKaMdopy Ta 1udyTundranar.

Takuit BuOiIp miuactugikaTopiB MOB'SI3aHUNA 3 THM, IO PO3YMH Kambopu B
€TUJIOBOMY CIIUPTI € TPATULIMHUM (PIETMATU3YIOUUM CKJIAJIOM, IO 3aCTOCOBYETHCS
Ha mnpaktuii. JuOytundranar, skuil yTBOPIOE 3 BOJOI €MYJbCIIO, SIK MPABUIIO,
BUKOPUCTOBYETHCSI IIPU €MYJIbCHITHOMY croco0i ¢ermartusanli. Y TOW e yac BiH
n00pe PO3YMHSETHCSA B CIIUPTI 1 LEH PO3YMH MOKE 3aCTOCOBYBATHUCS MPHU PIAUHHOMY
croco61 HacudeHHs. Takuil mMiAXia J03BOJISAE€ 3ICTaBISATH €KCIIEPUMEHTANIbHI J1aHi,
OTpUMaHl Ui PI3HUX 32 MOPUPOJOI0 IUIaCTHU(IKATOpPIB Mpu 000X crocobax
HACHUYCHHSI.

[Ipy mnpoBemeHHI HACUYEHHS PIAUHHUM CIOCOOOM HABAXKY TpaHysl
¢dpakmitaoro ckimaxy 0,315-0,4 mm - 25%; 0,4-0,63 mm - 75% mnomimand B
MOTIEPEIHBO MPUTOTOBAHUNM PO3UMH TUIACTU(PIKATOPY B €THIOBOMY CIHUPTI MEBHOI
KOHIIEHTpAIlii TPY MOJYJIi HACUYECHHS (BITHOIIEHHS MAacH PO3YMHY JI0 Macu T'paHy)
1: 2. Y npoBeaeHuX Aocaigax KpiM MOYaTKOBOI KOHIIEHTpAIlli PO3YMHY BapirOBaIUCS
Takl MapaMeTpu TMpoIlecy SK Yac HACHMUCHHS 1 Temmeparypa. Jliama3oH 3MiHH
TeMIepaTyp OOMEXYBaBCS TEMIEPATYPHUM PEXKHUMOM, IO 3aCTOCOBYETHCS Ha
MPaKTHIIL.

[Ticnst BUTpUMyBaHHS TpaHyJd B PO3UMHI MPH 3aJlaHUX MapaMeTpax MPoIecy
HAaCHYEHHS B YMOBaX MEPIOJUYHOTO MEPEMIIIYBAHHS TPaHyJIU BiJIOKPEMIIIOBAIIN Bijl
PO34MHY 1 cymm npu Temmepatypi 55-60°C. Bucymieni rpanyiu BUKOPHUCTOBYBAJIH
IUISE  MIKpPOCKOIIYHOTO aHami3y, a BIJOKPEMJIEHUM CHOUPTOBUA PpO3YUH - JUIS

BUMIPIOBAHHS KOHIICHTpAIlli B HhOMY TUTaCTU(IKATOPA, 110 3aTUIITHBCS.
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HacuuenHs eMmynbCiiiHUM crmocoOOM B JaHOMY BHMAJAKY BKIIIOYAJO
MPUTOTYBaHHS BOJHOI eMyibcli nuOyTtundranara abo HOro po3unHy B €THIIALIETATI 1
00pOoOKyY HITPATIEIOI03HUX] TpaHysl Iiei emyibcieto. [Ipu BUKOpUCTaHHI OJHOTO
(100% -Boro) muOyTmidTanara Jis MiABHIIECHHS €(pEKTHBHOCTI HOTO MPOHUKHEHHS
(mudy3ii) B rpaHyIM B JUCIIEPCIMHE CEPEOBUIIE €MYJIbCil BBOAMIM MEBHY KUIBKICTh
PO3YHMHHMKA (€TUJIAIeTaTY).

JlJis mpUroTyBaHHs €MyJbCii B 3MIIIyBay 3aJIMBajId BOJY 3 POZUYMHEHHUM Yy Hil
EeMYJIBIaTOpOM - MI3APOBUM KJICEM (IS MIABUIIEHHS CTIMKOCTI eMyJibcii), a B pasi
Bukopuctanas 100% -oro muOytwindranata, MmO MICTATH TakoX Bim 5 mo 40%
eTuianerary. BMicT emynberatopa B JUCIEPCIHHOMY CEpEIOBUILI OyI0 MOCTIMHUM 1
ctanoBmwio 1% (mac.). [ToTiMm nogaBanu ractudikatop, BMICT 3MilTyBa4ya HarpiBajiv
710 3a/J1aHO01 TEeMIIepaTypu 1 aucrepryBaiu npotsiroM 30 XB MpU 4acToTi 0OepTaHHS
mimaiakd 400 06/xB. B yTBopeHy BOAHY €MYJbCil0 3aBaHTAXKYBajJd TpPaHYIIH,
3a3HAYEHOTO0 BHIIE (PPaKIIHHOTO CKIaay, 1 TEpeMIlIyBaId TMIPU 3aJaHOMY
TEMIIEPAaTypPHO-4aCOBOMY PEXUMI. 3MIHHUMH MapaMeTpaMu, sIK 1 B pa3i pIAMHHOIO
croco0y, Oyl Temmeparypa eMyJbCli, 4yac HACHYEHHS, KOHIEHTpAIls PO3UHHY
mactTudikaTopy, a TaKOX J0JIaTKOBI B MOPIBHSIHHI 3 PIAUMHHUM CIIOCOOOM HAaCHUYECHHS
napameTpu: MOAYJb €MYJbCli (BIJHOIIEHHS Macu JIUCIEPCIHHOTO CepeoBHUINa 0
Macu quoytuidTansata abo oro po3unHy), KOHIEHTpAIlisl eTUiIaleTaTy B Bojl (Tpu
BukopuctanHi 100% -Boro nulytundranara).

[Ticnst 3akiHYeHHS TIPOIIECY HACHYEHHS TPaHYJIM BIJOKPEMIIIOBAIN  BIJ
JTUCIIEPCIMHOTO Cepe/IoBHUINA, MPOMUBAIM 1 cymuiaud npu Temmeparypi 60°C.
BimokpemitoBaHi TpaHy/lIM BWKOPHCTOBYBAJIW IS BU3HAYEHHS BMICTY B HHX

nuoyTuiadTazaTa, a TaKOXK ISl MIKPOCKOTIIYHOTO aHai3y.

2.3 MeToanka BU3HAYEHHA BMicTy ¢uierMaTu3aTopa B Hopoci

Kinbkicte kamdopu abo muOytuidranary, ska nepeinuia 3 iX CHUPTOBUX

PO3YMHIB B TPAHYJIH, PO3PAXOBYBAJIM 32 PI3HUIICIO KOHIICHTPAIlll BUX1THOTO PO3UHUHY
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1 pO3uuHy, OTPUMAHOrO TICAS BIAAUICHHS (JIErMaTHU30BaHUX TpaHysd, 13
3aCTOCYBaHHSIM 3aJI€KHOCTI

G =V(c, —0),

ne G — maca rermatuzaropa, 10 NeperinoB B TpaHyIIH;
V — 00’eM BUX1THOTO PO3UYHHY;
Cy, ¢ — KOHIICHTpAITiS PO3YHHY JIO 1 IMCJISI HAaCUYCHHS.

3HaueHHs BKa3aHUX KOHIIGHTpallli BU3HAYajIM Ha Tra3oBOMy Xxpomarorpadi
JIXM-8M/I, 1110 MaB KOJIOHKH JIaMETPOM 3 MM 1 JOBXHUHOIO | M, 3 BUKOPHUCTAHHSM B
axocTi HanoBHIOBaua xpomaTtona N-AW-DMCS, npocouenoro 5% SE-30 ana IbD 1
xpomatoHa N, npocoueHoro 5% SE- 30 ansa kamdopu.

[Ipu emynbciitHOMYy criocoOi HacMYeHHs BMICT AuOyTuidTanara B TpaHyaax
BU3HAYAIIA [UIIXOM OMUJICHHS HITPATIIENIOJI03HOI OCHOBH PO3YMHOM JyTy. JIy:KHM
pPO3YMH TICHS PO3KJIANaHHs EKCTpParyBaJd ITUKIOTEKCAHOHOM 1 3a JOMOMOTOI0
ra3oBOro xpomartorpacda BU3Ha4aJId KOHIIEHTpAIlll0 B HhoMY (priermatusaropa. [lotim

pO3paxoByBaju Macy (piiermaTuzaropa B pO3urHI

G=Vc.

MikpockomiyHui aHami3 TpaHyl, OOpOOJEHUX PO3UYMHOM ab0 EeMYJIbCIE0
rmacTudikaTopy, TPOBOJMWIM 3 METOI BU3HAUCHHS iX (pi3uyHOro crany. BuximHi
rpaHyJid HITPATIB WEIION03U, SK MPABWIO, 3HAXOASATHCS B CKJIOMOAIOHOMY CTaHI,
MpOTE pe3yjbTaTH EKCIEPUMEHTAIBHUX JOCHIIKEHb IMOKa3aiH, Mo Mpu o0poOii
MI1acTU(QIKYIOUMMH PEYOBHMHAMM MOXE B1AOyBaTHUCA PO3CKIYBaHHS HITpPATIB
LEJTI0J03M 1 YTBOPEHHS B HMX IUIAaCTH(IKOBAHOi 30HU. byna BCTaHOBJIEHA TaKOX
MO>KJIMBICTB Bi3yasi3alii Ili€l 30HU 32 paxXyHOK 3MiHH i1 ONTUYHUX BIACTUBOCTEH MpHU
nepexo/l HITPaTIB L0031 B BUCOKOenacTHUHMM cTaH. [lnactudikoBana 30Ha crae
MPO30pPOI0, MO (PIKCYETHCS 3a JOTIOMOTOI0 ONTUYHOTO MIKPOCKOTIA.

[Ipu mpoBedeHHI TakKoro aHaiizy o0OpoOJeHI mIacTU(IKATOPOM TpPaHYIH
MOMIIaJM Ha IIap eMOKCHAHOI CMOJHM 3 3aTBeppKyBadeM, HAHECEHHUW Ha CKIISTHY

MJIACTUHY, TaKUM YWHOM, 100 TpaHydud MPHUOJM3HO HA TOJIOBUHY 3aHYPUIIUCS B
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cmodny. Ilicns 3aTBepAiHHS CMOJM TPaHYJIU 3pi3ald 3a JOMOMOIOI0 TOCTPOTo Jie3a,
IUTACTUHY BCTAHOBJIIOBAIM IiJ] MIKPOCKOI, 3a0€3MeueHnil BiJ€OKaMEpPOIO 3 BUXOAOM
Ha KOMIT'IOTEp, 1 MPOBOAWIM MikpodoTrorpadyBaHHs NpU MEBHOMY 30UIbIICHHI. Y
JaHUX JIOCHTIDKEHHSX BUKOpUCTOBYBamHM Mikpockon XSP-146TP (Kwurait) 3

g posoto Bigeokameporo DSM130 (USB 2.0).

24 MeTtoauka OWIHKH po3moaiay miaacTudgikaTopiB B NOPOXOBHX

rpaHyJjax

B 3aranbHOMy BHMaaKy po3nofin (JaerMaTu3yr 4oro IUlacTH(IKaTopy B
MIOPOXOBUX €JIEMEHTaX NPEICTABIAEThCSA IMOJeM Horo koHueHTpauii. Ha mpakruii
TaKui pO3MOJIUT BUPAKAETHCA Ye€pe3 3MIHY KOHIIEHTpAIlll 3a TOBIIMHOIO CKJICMIHHS,
[0 TOpUTh, a00 TP MPUIYHICHHI NpPOo CHEPUYHICTh MOPOXOBOI TpaHyidu 3a ii
paaiycoM. CKIAIHICTh OIIHKK PO3MOJAUTY KOHILEHTpalli IuiactTudikaropy 3a
pazilycoM MOPOXOBUX TpaHyJsl, OTPUMAHUX JIAKOBHM CIIOCOOOM, TOB’sI3aHa 3 iX MaJuM
po3mipom (10 0,8-107 m).

Metoauka BU3HA4YEHHS KOHIIEHTpallli MiacTudikatopy 3a paailycoM TrpaHyi
3aCHOBaHa Ha TMOLIAPOBOMY CTPaBJIIOBAHHI TPaHysl MUIAXOM OMUJIEHHS HITpATy
[EeT0J03u  po3unHoM nyry. [lpm 11 BUKOpHCTaHHI 13 3pa3ka HACHYEHUX
mIacTu(ikaTopoM rpaHyn Opamu npoOy Mmacoro M;=5-10° kr Ta 3 Hei poOumm
BuOipky B 20 rpanyn. [ns 1€l BUOIpKM M1 MIKPOCKONOM BHU3HAUYaIU CEPEHIN
pO3MIp TpaHyJ, pO3paxOBYBaJld Macy OJIHI€] T'paHyJdu Ta YHUCJIO TPaHyl B MpoOi.
[ToTiM npoOy rpanyn nigaaBaiu TpaBieHHIO 30 %-BUM pPO3UYMHOM TIAPOKCHIY KaJIIO
npu Temneparypi 293°K npotsarom BuzHaueHoro 4yacy T1. [1o 3akiH4eHHIO ILOTO Yacy
IPaHyJIM BiIOKPEMITIOBAINA BiJl PO3YMHY, IPOMHUBAIM HACUYEHUM PO3YMHOM OOpPHOI
KHUCIIOTH, BOJOIO Ta CYMIWJIW. [3 BHCYyIIEHUX TpaHyll Takox Opanu BuOipky B 20
TpaHy, MiJ MIKPOCKOIIOM BH3HAYaJIM CEPENIHINA pajilyC TpaHysd MICIs TPaBICHHS Ta

PO3paxoByBaIK 00 €M CTPaBIICHOTO TIapy AVj.
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Onep:xaHuii B pe3yJbTaTi TPaBJICHHS T'PaHyJ JIyTOBUH PO3YUH MICIS BUMIPY
Horo 00’eMy eKCTparyBaju IIMKJIOTE€KCAaHOM, €KCTPaKT aHalli3yBajd Ha Ta30BOMY
xpomarorpadi. 3Haue€HHS  KOHLEHTpalli  IulacTUPIKaTopy B E€KCTPakTi
HepepaxoByBalu Ha 00’ €MHO-MACOBY KOHIIEHTpaLio (Kr/M%) B JIyroBoMy po34uHi Ta
BHU3HAYaJIu B HhOMY Macy IiacTudikaTopy, sika BIAMOBIIa€ HOTO Maci B CTPaBICHOMY
mapi rpaHyoi.

KonnenTpariito miactudikaTtopy B CTpaBI€HOMY IIapi TPaHyJ @1 BUSHAYAIH K

_ M 3
a, =———, KI/M°,
N - AV,

ne N — 4uciio rpadys B npooi.

Jami 6panu HOBY MpoOy rpaHysl, CTPABIIOBAIN IIAp MPU Yaci TPABICHHS T2>T1
3 3aMIipOM pO3MIpy TpaHyd JO Ta TICIAs TPaBJICHHS 1 3a PIHUIECIO Mac
miacTudikaTopy B JYyrOBUX PO3YMHAX MICHS JPYroro Ta TMEpIIOr0 TpaBJIECHHS
BHU3HAYAJIA KOHIIEHTPAIIIIO B APYroMy Iapi. TakuM 4MHOM BHU3HAYAJIW KOHIIEHTPAIIO
B HACTYITHHUX Iapax rpanyi. KoxHoMmy ofepXKyBaHOMY 3HAYCHHIO MPHUBIACHIOBAIIH
1HJIeKC, BIMIOBIIHUM HOMEpY mmapy 1, 2, 3,...n.

Ha mincraBi onep:kaHuUX 3HAY€Hb KOHIIGHTpaIlli OyayBajdu KPHUBI PO3MOILITY
macTudikaTopy 3a pagilycoM «ocepeaHeHoi» mpodu rpanyi. [Ipu 1pomMy KUIBKICTb
EKCIIEpUMEHTAJILHUX TOYOK, 3a SIKUMH OyJIyBaJM KpHWBI PO3MOJLITY, BU3HAYAIaCh

BUOOPOM 4Yacy TPaBJICHHS T1, T2, ... Tn.

2.5 Meroaquka BuH3HAYeHHs OagicTHYHHUX (IIBHAKICTH TOPiHHA)

XapaKTepPUCTHK MOTU(iIKOBAHOTO MOPOXY

3pa3kd  TMOpPOXYy, HACHYEHOro  (UIerMaTU3yl4MM  IUIACTU(]IKATOPOM,
BUNPOOYBAJIM B MAHOMETPUYHIN KamMepi eKCepUMEHTAIbHOTO cTeHay. st uporo 3a

dbopMmynaMu TIPOCTATUKK TIPH 3aJaHId MIUIBHOCTI 3apsDKaHHA, Ky 3BUYAHO



20

npuiimarote B Mexax 10 - 25 r/em®, pospaxoByBanmum Macy OCHOBHOTO 3apsiy i
HaBaXXKy 3araJibHUKA. Ix 3BOXYBAJIM HA aHAIITHYHUX Barax 3 TouHicTio 70 0,001 11
BKJIQJaJId B MaHOMETPUYHY Kamepy dYepe3 OTBip, B SKOMY BCTaHOBJICHA 3amajibHa
BTyJKa. [Ipy 1bOMy 3amaJIbHUK MOMIIAIKA B TUIB3Y 3 MamipOCHOTO Marepy, SKUii
MPOKOJTFOBAIA HIXPOMOBHUM JPOTOM. JIpiT 3aKpiuiaTy Ha mTU(TAX 3aNaTbHOT BTYJIKH
1 BTYyJIKY BrBUHYYBAJIM B KOPITyC KaMepH N0 YIOPY, 3 MOAAIBIIAM 3aTATYBaHHSIM
kiroueM. J[o 3aTrcKy 3amanbHOi BTYJIKHM 1 KOPIYCYy KaMepH NpU€EIHYBAIU APOTH JIiHIi
3amajieHHs, Kamepy MoMimaiu B OpoHekabiHy. Ilpu 3amMukaHHI KOHTAKTIB JIiHIT
3amajgeHHs BiAOyBaJIOCh 3aropsHHA Topoxy. JlIs KOXHOro BHIIPOOYBAaHHS
JAOCTIKYBAJIN 3pa3Ku MOPOXY CHATIOBAIN 3-5 MpoO C 3aMucoM KPUBUX 3MIHH THCKY
B yaci P(t) 1 momanemmm ix ycepeaHeHHsiM. Ha miznctaBi koM ’toTepHOI 0OpOOKH
OTPUMAHUX JAHUX BU3HAYAIM OaJTICTUYHI XapaKTEPUCTUKHU 3pa3KiB IOPOXY:
IHTEHCUBHICTh Ta3oyTBopeHHs ['(y), iMIynbc THCKy TmopoxoBux rasiB [ (y),

KOe(DIIIEHT MIBUIKOCTI TOPIHHS MIOPOXY U7.
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3. BAKOHOMIPHOCTI HACUYEHHSA NIOPOXOBUX I'PAHYJI
OJIEIMATU3YIOUYUM IIVIACTUPIKATOPOM

[Iporiec HacuyeHHS B JAHOMY BUNAJAKY pPO3IIIAJAETHCS SK HAKOIHMYEHHS B
nopoci (hJaerMaTu3yrodoi peyOBHHH, SIKa MEPEXOAUTh B HBHOTO 3 CEPEIOBHINA, IO
KOHTAaKTy€ 3 IMOBEPXHEI0 TOPOXOBUX eleMeHTiB. Llel mporec xapakTepusyeTbes
KiTBKiCTIO (hIerMaTisaTopa, IO HAAIHIIOB B HOpoX. Moro oco6mmBicTh s
MiPOKCUJIIHOBOTO TOPOXY, TPaHyJIbOBAHOTO JIAKOBUM CIIOCOOOM, TIOB'i3aHa 3
GhopMOIO 1 CTaHOM TOBEPXHI IMOPOXOBHUX EJIEMEHTIB, iX CTPYKTYpow 1 (i3WYyHUM

CTaHOM HITPATIIEIIOIO3HOT OCHOBH [29].

3.1 KiHern4yHi 3aj1e:KHOCTI mpouecy HACHYEHHS IOPOXOBHUX TPaHY.JI

(¢aermaTuzaropamu

HaiiGinp1 NMOBHY XapaKTEpUCTUKY MPOLECY HACUYEHHS [al0Th KIHETHYHI
3QJICKHOCTI, 10 TOAAIOThCS y BHUIVISAI KPUBUX 3MIHM B Yacl KUIBKOCTI
dbnermaruzaTopa, IO MICTHThCA B mopoci. JlaHi JOCHIIKEHHS BKIFOYAIH
EKCIIEPUMEHTAJIbHE BU3HAYEHHS LHUX 3aJeKHOCTEH NpH PI3HUX YMOBaX Moro

MIPOBEICHHS.

3.1.1 Hacu4yeHHs rpany.J kam(opor pilMHHAM C10C000M

Jocmiam 3 HAacHMUYEHHs MOPOXOBHX TpaHyl KaM(pOpOoK pPIIMHHUM CHOCOOOM
MPOBOJIVJIM [IUIIXOM 3aHYPEHHS HaBKKHU TIOPOXOBOTO 3apsdy B PO3UMH (herMaruzaropa.
[Ipy 1pOMY BH3HAUaJM BIUIMB HA KIHETUYHI 3aJIKHOCTI HACHYEHHS HACTYITHHUX
napaMeTpiB: KOHIEHTpaLlli ¢uierMaTti3aropa B pO34vHi, TEMIIEPATypH TMPOLIECY, MOMYJIS
dermaTuzarti (BiJHOIIEHHS MacH PO3YMHY JIO Macu TOpPOXY), IIUIBHOCTI TMOPOXOBUX

rpanyn, Bumy ¢uermMatuzatopa. Po3Mmip TpaHyn B gochimax OyB  TIOCTIHHHM,
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BHUKOPHCTOBYBABCS TIOPOX BY3bKOTO (ppakiiiiHoro ckmamy: 0,315-0,4 mm - 25 mac. %; 0,4-

0,63 mm - 75 mac. %, SIKUiA BIIMOBIIAE IITATHOMY JIAKOBOMY TIopoxy [30].
Ha pucynky 3.1 HaBeleHI KIHETHMYHI KPHMBI HACHUYEHHS MOPOXOBHUX TI'PaHYI
KaM(OpoIo 3 po3unHy, OTpUMaHi Ipu Temiepatypi t = 50°C, miabHOCTI TPaHyI py =

1500 kr / M® i pisHMM BMicTOM KaM(pOpH B PO3UMHI.

ﬂ T | T T

0 20 40 60 80 100 120 140 T, MHH
kpuBi: 1 - CH = 1%; 2 - 5%); 3 - 10%; 4 - 15%; 5 - 20%); 6 - 25%; 7 - 30%
Pucynok 3.1 - KiHeTnyH1 KpuB1 HACHYEHHS TOPOXOBUX IPaHyd KaM(Ooporo mpu

PI3HOMY TTOYATKOBOMY i1 BMICTI B pO3UHHI

TyT 1 gani B IKOCTI XapaKTEPUCTUKH HACUUYECHHS] BUKOPUCTOBYBaNacs BIAHOCHA

KUIBKICTB (hJIerMaTH3aTopa, KUl mepenIinoB B TOPOX

G=G/M,

ne G - maca QuiermaTuzaropa, SsKuii IepemiloB B MOPOX;
M - maca 3pa3ka BUXiiHOTO (10 (hrermaTu3aiiii) mopoxy.
Ha pucynky 3.2 - KiHeTU4HI KpHBi, oTpuMaHi pu p, = 1500 xr / M3, C, = 10%

1 pi3HUX Temmeparypax, Ha pucyHky 3.3 - mpu t = 50 °C; C, = 10% 1 pi3Hux
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HIUIBHOCTSIX MOPOXOBUX TpaHyd. Y BCIX AOCTIAaX MOIYJb (hiermMarusaiii npuimMaBcs
HOCTIMHUM pg = 2. Ha pucyHky 3.4 nokasaHi KIHETWYHI KpUBI 3MIHM KOHIEHTpauii
kam$opu B PO3UYMHAX, 5Kl 3aCTOCOBYBAJIMCH IPH HACWUYCHHI, Kl BIANOBIIAIOTH

KIHETUYHUM KPUBHUM Ha PUCYHKY 3.1.

G-10-
40 -

30

20

10

OI L) L) L) L) L) L) L) 1
0 20 40 60 80 100 120 140 160 T, MHH

kpuBi: 1 -1=20°C;2-30°C;3-50°C
Pucynok 3.2 - KineTn4Hi KpuB1 HACHUEHHS TTOPOXOBHUX TpaHysl KaM(POporo mpu

PI3HHUX TeMIlepaTypax

G-1073
0,30 -
0,25 - . . — 1

—— | ._2
0,20
0,15
0,10 ~3

. —— 4
0,05 .
0,00 ] ] ] ] 1
60 80 100 120 140 T, MHH

kpuBi: 1 — py =700 xr/m3; 2 — 1000 kr/m3; 3 — 1300 kr/m3; 4 — 1500 xr/m3
Pucynok 3.3 - KiHeTHuHi KpHB1 HACHYEHHS TOPOXOBUX I'paHys KaM(oporo rmpu

PI3HHX HIUTBHOCTSIX TPAHYI
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¢, Kr/m?

250 -H\D¥

]

]
F
|

—O
- 6
200 \ s o — -
3 5
150 > — "— -
3\ X 2 ¢ ¢ 2% !
100 A > = > %
y ]
\F A & & & ’
50 - 2
—— . . = = —- 1
0 - T 2 _*_ # T - 1 P_
0 20 40 60 80 100 120 T, MHH

kpuBi: 1 — C,=1%; 2 —5%; 3 — 10%; 4 — 15%; 5 — 20%; 6 — 25%; 7 — 30%
Pucynok 3.4 — 3MiHa B yaci KOHLEHTpalli kKaMm(popu B pO3UMHaAX MPU PI3HOMY

MOYaTKOBOMY HOTO BMICTI B PO3YHHI

3 IUX [aHUX BHIUIMBA€E, L0 B PO3MIIHYTUX YMOBax IpPOLIEC HACUYEHHS
HIPOKCUIIIHOBOTO MOPOXY KaM(OpOoro MPaKTUYHO JIOCSITa€e PIBHOBAKHOTO CTaHy IpHU
BUKOPUCTaHHI PO3YMHIB 3 ii OYAaTKOBOIO MacoBO0 4acTkoro Big 1% mo 20%. dns
PO3YMHIB, 10 MAalOTh IOYATKOBY MacoBYy 4YacTKy Ouibimie 20% xapakTepHHit
MOJAJIBIINN TAHOM KPUBUX MPHU MPOJIOBKEHHI HacW4YeHHs (KpuBi 6, 7 Ha MaJIOHKY
3.1) 1 3HMKEeHH] KOHIIEHTpalii kam(opu B BiANOBIAHOMY po3uuHi (puc.3.4). MoxHa
MPUIYCTUTH, IO TIPHU JTy’KE€ BEITUKOMY 4Yaci BUTPUMKH TpaHyJ B PO34UWHI (T — o)
3pocTaHHsi BMICTy Kamdbopu B HHX TICHS JOCSITHEHHS pIBHOBaru Oyne
CIIOCTEpITraTUCS 1 MPU MAIUX KOHLEHTpauisax kamdopu B po3unHi. Ciif 3a3HAUYMTH,
10 KOHUEHTpalis pPO3UMHY JOCSIra€ PIBHOBAKHOTO 3HAYEHHSI JOCUTH LIBUAKO
(puc.3.4), B TO# Yac K HACUYEHHS I'PaHy] 10 PIBHOBAXXHOTO CTaHy BHUMAarae TpOXu
oubmoro vacy (puc.3.1).

I3 3icTaBneHHs KIHETUYHUX 3aJICKHOCTEH, HaBeAeHNX Ha pucyHkax 3.1 1 3.2,
BUIUIMBAE, 1110 PIBHOBAXKHUU BMICT KaM(OpH B IpaHyslax B 3HAYHIM Mipl 3aJ€XKHUTh

BiJI KOHIIEHTpAIlli BUXIJHOTO PO3YMHY, HIIJIBHOCTI TpaHyl 1 JOCHTH Ciab0 Bij
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TeMIeparypu npouecy. B ocTaHHbOMY BUTIAAKY KPHBI MPAKTUYHO BCTAHOBIIOIOTHCS
Ha OJTHOMY PIBHOB)XHOMY 3HAU€HHI BMICTY KaM(OpH HE3aIEKHO BiJ TEMIIEpaTypu
(puc.3.2). Illo cTocyeThCst MBUIAKOCTI MPOIIECY HACUYECHHS, 110 OLIIHIOETHCS 32 YaCOM
JOCATHEHHSI PIBHOBXHOTO CTaHy, TO BOHA 3pOCTA€ 31 301IBbIICHHAM KOHIEHTpAIlii
PO3YUHY, TEMIIEPATYPH 1 SMEHIICHHSM IIITBHOCTI TPaHyJl.

Jlani 3 piBHOBaru B TBepAId 1 piAkikd ¢azax Npu HACHYEHHI IOPOXY

baermatuzaTopamu OyJIM BUKOPUCTAaHI JJIsl TOOYIOBH 130T€pM COPOITIi.

3.1.2 Hacu4yeHHs rpanyJ Ju0yTHIPTAIATOM PIAMHHAM CIIOCOOOM

Jocnian 3 HacUYEHHS MOPOXY AUOYTHI(TaIaTOM MPOBOJMIMCS aHAJIOTIYHO
nociigaM 3 kKam(poporo 1 B OCHOBHOMY MPU THX K€ YMOBaX, 3a BUHSTKOM TOTO, IO B
OKpeMHuX BUMajaKax BUKopucToByBaBcs 100% nubyrtuidranar.

KineTnuHi KpyB1 HACUUEHHS MOPOXOBUX TpaHysl AUOYTUI(PTATATOM PIAMHHUM
crioco6oM, OTpuMaHi rmpu Temnepatypi t = 50°C, minsHOCTI rpany p, = 1300 xr/me i
pi3HMI BMICT quOyTuidTazaTa B po3UMHI HaBEJIEHI Ha pucC. 3.5, BIAMOBIIHI IM KpUBI1
3MIHU KOHIIEHTpaIlli TuoyTridTasaTa B pO3UrHI - HA PUCYHKY 3.6.

Sk BUIUIMBAE 3 PUCYHKa 3.5 XapakTep JOCSITHEHHsI pIBHOBArv Mpu HACUYEHHI
rpanyn nuOytwidranaroM aHajoriyHuii kamdopu. Ha BinmMiHy Binm kamdopu B
JAHOMY BUIAJKy MIJHOM KIHETUYHUX KPUBHUX MICHsl JOCATHEHHS pPIBHOBAaru
BUSIBJISIETHCS BIKE MPU MAIUX BMicTax nuOytwidranara B BUuXigHOMY po3uuHi (CH =
1%). 3 migBUIEHHSM KOHIICHTpAIlll PO3YMHY LIeH MiIHOM CTa€e OUIbII BUPAKEHUM 1
MPOMIXKOK 4acy BiJ [OCSATHEHHS PIBHOBXHOIO CTaHy JO TOYaTKy MigHOMY

(BeMYMHA IJIATO HA KPUBHUX) CKOPOUYETHCS.
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G-10°
160 -

0 20 40 60 80 100 120 140 T, Mmun

kpuBi: 1 - C,=1%;2-5%; 3—-10 %; 4 —-15%; 5—-20%; 6-25%
Pucynok 3.5 — KineTu4Hi KpuBi HACHYEHHS TOPOXOBUX T'PaHyJ TUOyTUI(TaIaTOM

P PI3HOMY MTOYATKOBOMY MOTO BMICT1 B pO3YHMHI

¢, Kr/m?
200 K
f‘\$ -6
/ —
- ‘#f- 5
" 4
El’f
P 3
_. 2
—i-f
1
-

120 140 T, MHH

0 20 40 60 80 100 120 140 T, MHH

kpuBi: 1 — C,=1 %; 2—-5%; 3—10 %; 4 — 15 %; 5 — 20 %; 6 — 25 %; 7 — 100 %
Pucynok 3.6 — 3miHa B yaci KoHIleHTpallli 1u0yTuidTanaTa B po3uuHaX MPU PI3HOMY

HOT0 MOYaTKOBOMY BMICTI
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Konnenrtpariiss po3unHy B Mpolleci HAaCHMYEHHS TrpaHyd AUOyTUia(dTanaToMm
Oe3repepBHO 3MEHITYEThCS 0e3 BUXOIYy B PIBHOBaXHUH cTaH (puc. 3.6), mo He
JI03BOJIAJIO MOOYAYBAaTH 130T€PMH COPOIII /1 TAKOTO MPOIIECY.

TakuM 4MHOM, HE3aJEeKHO BiJ MOYATKOBOI KOHIIEHTpAIlll PO3UUHY, KIHETHUYHI
KpUBl HAaCHYCHHS TIOPOXOBUX TIpaHyl aAuOyTwidranatrom, sk 1 kamdoporo mpu
BEJIMKUX KOHIIEHTPAIIsX PO3UUHY, MAIOTh JIBa MEPETUHH 1 MOKYTh OyTH BiJTHECEHI JI0
KIHETUYHUX KpUBUX JnBycTaaiitHoro tury [19]. Ha mepmmiit cramii BigOyBaeTbes
JIOCUTh IIBHJIKE JOCSATHEHHS PIBHOBAaXHOTO CTaHy (KBaszipiBHOBara), Ha ApyTrid -
OLTBIII TOBUTBHE TIBUIEHHS BMICTY (piierMaTtu3aTopa B rpaHyjax, 0 BUPAKAETHCS
B IMIIHOM1 KPHUBOI.

BmivB TemmepaTypu Ha KIHETHYHI KPUBI HACHYCHHS IMOPOXOBUX TPaHYI
nuoyTwidTasaToM Mae Takuil ke xapakTtep, SK 1 B pa3l kamdopu, TOOTO
IHTEHCUBHICTh HACHWYEHHS 3pOCTa€ 3 IIJIBUILCHHSAM TEMIIepaTypyd Ha KIHETHUYHIH
CTaiil 1 MpoIleC BCTAHOBIIOETHCS MPHUOJIM3HO HA OJHOMY PIBHOBOXKHOMY 3HAa4Y€HHI

BMICTYy AuOyTuidTanara B rpanyiax (puc. 3.7).

G-10°
800 -

o __—=

600 -
x-1

400 - 02

200 -

0 L) L) L) L) L) L) L) 1
0 20 40 60 80 100 120 140 T, MuH

kpuBi: 1 —t=50 °C; 2 - 70 °C
Pucynok 3.7 — KineTu4H1 KpuBI HACHYEHHS TOPOXOBUX I'paHyl IuOyTUidranaTom

(C,=100 %, p,=1300 kr/M®) npu pi3HEX TeMIepaTypax
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3.1.3 Hacu4yeHHs rpany.J Au0yTHI(PTAIATOM eMyJIbCIiiHUM CII0CO00M

dermaTu3arisi TOPOXOBHUX TPaHyJl €MYJIbCIHHUM CIOCOOOM IMoJjsrajia B iX
00poOIT1l BOAHOIO eMyJibCielo nubOyTuiadranara abo MOro po3unHy B €THUJIAIIeTaTi.
JlucnepryBaHHd TpU NPUTOTYBaHHI €MyJbCii B I[bOMY BHUIAJKY 3A1HCHIOBAIU
IpOMeIepHOi MIMIAIKOI MPHU TMOCTIHHINA 4YacToTi obepranHs, piBHIA 400 006/xB,
npotsrom 20 xB, 1m0 3a0e3MeuyBajio Bi3yalbHO (DIKCYEMY OTHOPIAHICTH €MYJIbCIi.
JUis TiABUIIEHHS CTIMKOCTI eMyinbcli B 11 JAMCIEpCiiiHE cepeloBHUIEe BBOIWIN
emyJbraTop (Mi3ipoBuil kiei) B kuibkocTi 1% (Mac.) 710 BOAM, a IpU BUKOPUCTAHHI
muoytundranara He B po3unHi (100% BMICT) - TaKOXk MEBHA KUTBKICTh €THIIALIETATY.

Y mpoBeACHUX IOCHiJaX BH3HAYAIN BIUIMB Ha MPOIEC HACHYEHHS MMOPOXOBHUX
rpaHyJl 4Yacy HACHUYE€HHS, KOHIIGHTpaIlli pO34YMHY, TEMIIepaTypu IMpolecy 1 Mpu
BukopuctanHi 100% -Boro quOyTwidTanaTa BMICTY €TUJIALETATy B AUCIEPCIHHOMY
cepenoBuill. Yacrora oOepTaHHS MIIIAIKHU, 10 BU3HAYAE B JAHOMY BHUIAJIKy CTYIIHb
JTUCIIEPCHOCTI €MYJIbCIT 3aIMIaIacss Takow 3K, SK 1 MpH ii npuroryBanHi (n = 400
00/xB). IlocTiiiHuM OyB TakoX MOAyidb (prermMartu3zaiii, SKUil JOpIBHIOBAB iy = 2.
XapakTepuCTUKHU OPOXOBUX IPaHyI (pO3Mip rpaHyl, HIUIBHICT) OYJIM TAaKUMH XK SIK
1 IpH PIIUHHOMY CITOCOOI.

Ha pucynky 3.8 HaBeneHi KIHETUYHI KPUBI HACUYEHHS IMOPOXOBUX TpaHysl
nuoyTuiadTaraToM Mpu BUKOpHcTaHHI Woro 10% - BOro po3uuHy B eTUjAIeTaTi,
eMyJIbIOBaHOTO y BOJI mpu Temreparypi t = 50°C, B 3icTaBjIeHHI 3 aHAJOTIYHOIO
KPUBOIO, OTPMMAHOIO PIAMHHHUM CIIOCOOOM mpu Tux ke ymoBax (Cr = 10%; t =
50°C).

Sk BUJHO 3 IIOTO 3ICTABJICHHS MPEACTABJICHI 3aJ€KHOCTI MalOTh MPAKTHUYHO
0JIHaKOBHI xapakTtep. KpuBi BITHOCITHCS O ABYCTAAIMHOTO TUITY, TOOTO AOCATAIOThH
PIBHOB2)KHOTO CTaHy 1 MpPH MPOJOBKEHHI HACHMYEHHS 3HOBY BUXOSATh Ha MITHOM.
BiamiHHICTE TIOJISITa€ B MIBUIKOCTI JIOCATHEHHSI PIBHOBArW: JJISl PIAMHHOTO CIOCOOY
XapaKTepHa BeJIMKa IIBHUJKICTh HACHUYCHHS, HDK JUIsl eMmyjbciiiHoro. lle moskHa
MOSICHUTH THUM, IO TIPU €MYJIbCIHHOMY CIOCO0l TOBEPXHS MOPOXOBUX T'paHyJl

3MOYEHa BOJIOI0, SIKa TEBHOIO MIPOIO TMEPENIKOKae copOIii (aerMaTu3yr 4oro
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ckiaaay. OmgHak MiAMOM KPHUBHX TICHS PIBHOBaru NpU eMyJIbCiHHOMY crocoOi
BiIOYBA€THCS MIBUIIE, HDK TPH PIAMHHOMY. 3 MiJBHUIICHHIM MOIYJS €MYJbCIi

IHTCHCHBHICTh HACHYEHHsI 1 pPIBHOBWXHUN BMICT auOyTuiadTanara B TpaHysax

3MEHIITYIOTHCS.
G-107
80 4 o
o
60 -
1 °
._
40 5 o C 3
20
A
A

60 80 100 120 140 160 T, muH

kpuBi: 1 - 006poOka rpanyn 10% - Bum po3zunHoM nubyTtuidranata B CIIUPTI;
2 - 00pobxka BoHOIO emynbeiero 10% - Boro po3unny nudyTtmidranaTa B
eTWJIALIETAT] IPH ey = 20; 3 - Tex npH ey = 40
Puctonok 3.8 - 3icTaBieHHA KIHETMUYHUX KPUBUX HACHYEHHS MOPOXOBUX

rpanyn quoyTuiadranaToM, OTpUMaHUX NPU PIAMHHOMY 1 eMYJIbCiTHOMY crioco0ax

Ha pucynky 3.9 HaBeieHi KIHETHUHI KPUBI HACHUEHHS TOPOXOBUX T'PaHy] IPH
o0poO1i X eMyJbCi€l0 po3unMHy nuOyTtwidranata, OTpuUMaHl mpu  oOpoOIl
MOPOXOBUX IPAHYJ PO3YMHOM 3 PI3HUM BMICTOM IUOyTHII(TaNaTa.

3 mOpeacTaBiICHUX JaHUX BUILUIMBAE, MO 31 301IBIIEHHSM MAaCOBOi YaCTKH
muoytuiadTasaTa B PO3UYMHI IHTEHCHBHICTh HACHYCHHS 1 PIBHOBRXHUN BMICT
(dbnermatuzaTopa B rpaHyjiax 3pOCTal0Th, a TAKOX OUIBIIOK MIPOI IPOSIBISETHCS

JBOXCTAIIMHUN XapaKTeP KPUBUX.
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60 80 100 120 140 160 T, MHH
kpuBl: 1 - C,=1%;2-5%;3-10%

Pucynok 3.9 — KineTnuHi1 KpuBI HaCHUEHHS TOPOXOBHUX I'paHys pu 00padii ix
eMYJIbCI€I0 pO3urHIB MuOyTHidTanara B eruianerari npu temiepatypi S0°C 1

MOAYJ1 eMyJibCli, piBHOMY 20

3icTaB/ieHHS KIHETUYHUX KpPUBUX, OTPUMAHUX EMYJIbCIHHUM HACHYEHHSIM
nopoxoBux rpanyi 10% -Bum po3zunHom auOytmiadranara B erwianerari 1 100% -
BUM AUOyTWiIdTaTaTOM, MpU BMICTI B JUCIEPCIHHOMY cepefoBHInl emyibceii 10
Mac.% erunaneraTy, a TaKOoX MpPU BBEACHHI IIi€l KIUIBKOCTI (32 abCOJIIOTHOIO
BEJIMYMHOI0) B AMOyTUI(Tanar, HaBeaeHo Ha pucyHky 3.10.

3 1IbOTO 3ICTaBJICHHS BUIUIMBAE, 110 1HTEHCHUBHICTh €MYJIbCIHTHOTO HACUYCHHS
npu BuxkopuctanHi 100% -Boro nuOyrtuindranara, sk 1 OpU PIAMHHOMY CIOCOO1
(drnermaTtu3zanli, 3Ha4HO BHILE, HK MPU BUKOPUCTAHHI PO3UMHY AUOyTHI(TaNara,
TOOTO 3aNeXUTh BiJ KUIBKOCTI (ermMaru3aTopa, IO KOHTAaKTy€ 3 TIOPOXOM.
KineTnuni KpuBi, OTpUMaHi MpPU BBEAEHHI OJIHIET 1 TI€ K KIJIBKOCTI €THJIALIETATy B
JTUCTIEpCiiiHe cepefoBHIne 1 Oe3mocepenqHbo B auOyTuindrTanaT, Ha KIHETHYHIN 1
pPIBHOBaXKHIN cTafigax (KpuBi 2 1 3) Maibke 301ratoThCsi, Ha MICIAPIBHOBAXHIN cTafill
KpHUBa, OTpMMaHa TMpU BBEJAEHHI eTwianeraty B auOyTtwidtanat (kpuBa 3)

PO3TAIOBYETHCA TPOXH HUIKYIC. ban3eke ix pO3TallyBaHHA ITOKA3y€, IO B JITAHOMY
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BUMQJIKy CTHJIAIETaT € KOMIIOHEHTOM (DIerMaTH3yloUuoro CKJIaay, HE3aIeKHO Bif
TOTO KyAW BiH BBOJAMTHCA - B JHUCIEpCiiiHE cepenoBuile abo Oe3nocepeHbO B

(dbnermatuszaTop

G-10°
250 -

200
150
100

S0

[] T LI T L L) L] L}
0 20 40 60 80 100 120 140 v, MmEH

KkpuBi: 1 - emynbcisg 10% - Boro pozunny nuOyTwidTraiata B €TUIalETaTI;

2 emynbcis 100% - Boro muOytwidranata 3 10 mac. % etwnaneraty B
JTUCTICPCIMHOMY CEpPEeIOBHIIIL;

3 - emynbcist 90% - Boro po3unHy nuOyTWI(TaIaTa B €TUIIAICTATI;

Pucynok 3.10 - KinetnuHi kpuBi, OTpUMaH1 IPH PI3HUX YMOBaX eMyIbCIHHOTO

HACHYEHHS TTOPOXOBUX TpaHy qu0yTuidrasaTom

B nimomy KiHETHYHI KpPUBI MalOTh TaKUM K€ XapakTep, AK 1 MOIMepeaHi, 1o
BKa3y€ Ha OJHAKOBUH MEXaHI3M COPOIMINHOTO HACHYEHHS IMIPOKCHIIIHOBOTO IOPOXY

(bnermaTuzaTOpamMu HE3aJIEKHO BiJ] 3aCTOCOBYBAHOTO CIOCOOY (hiiermaTu3ariii.

3.2 ®izuyHa MojAeab Ipouecy HacuYeHHdA. I[3orepmMu copOUiHOrO

HACHMYEHHS NMOPOXOBHUX IPaHy.] Kam(oporo

[Ipm amamizi Ta po3paxyHKax TMporecy HacU4YeHHS (IIerMaTu3aTopom
MIPOKCHUIIIHOBOTO TTOPOXY, TPaHyILOBAHOTO JIJAKOBUM CITOCOO0M, Oy/IeMO BUXOIUTH 3

TOro, IO NOPOXOBi €IEMEHTH SBJIAIOTH CO00I0 TpaHymu chepudHoi dopmu. Ix
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HACHYCHHS 3MIMCHIOETBCS CKJIAJIOM, IO CKJIANAEThCA SIK MIHIMYM, 3 JBOX
KOMIIOHEHTIB - MJIACTU(IKaTOPIB HITPATIB LENIOJIO3U, OAUH 3 AKUX (MEHII aKTUBHHUN
10 BIIHOIIICHHIO JI0 HITPATIB IEII0JI03U) € POZUMHHUKOM iHIIOTO (po3maia 1), TodTo
HE3aJeKHO BiA crmocoly (ierMarusaiiss NPOBOAUTHCS POZYMHOM OCHOBHUX
(dhnermatu3aTopiB (0THOTO a00 AEKUIBKOX).

VY 3aranpHOMY BUNAIKY IPOLIEC HACUUEHHS MOXHA YSIBUTHU K CYNEPIIO3UIIII0
JBOX MEXaHI3MIB B3a€MOJi PO3YMHY 3 TOBEPXHEI0 TPAHYIHM: KalUIIpHOTO 1
copOmiitHoro. [lpu KamuisipHOMY MeXaHi3Mi1 BiJOYBa€ThCA 3allOBHEHHS PO3YHMHOM
KanuisipiB (Mop, TPIIMH 1 T.J.), 0 BUXOJATh HA MOBEPXHIO TPAHYJH, 3 HACTYITHUM
BIJIKJIAJICHHAM B HUX (pierMatusaTopa y BUIIISIAI oKpeMoi ¢azu. O4eBuIHO, 10 IpH
PO3BUHEHIN KaNUISPHO-TIOPUCTIM CHUCTEMI MOBEPXHEBUX MIApiB II€ BIAKIAJCHHS
BU3HAYaTUME BMICT (pJilerMaTu3aTropa B OpocCi miciis (uiermMaTu3arii.

CopOuiifHuiI MexaHi3M BKJIIOYa€e aacopOiio ¢rermMaru3aTopa MOBEPXHEIO
TpaHyM 3 pO3YMHY, 10 KOHTaKTye€ 3 HEl, 1 TMPOHUKHEHHA (audy3iro)
(dnermatuzaTopa B MOJIMEpPHY (HITPATIENIONO3HY) MaTpuIlo rpanyiu. I[lpu
HasIBHOCTI B TOBEPXHEBOMY IIapi KamlISPHO-MOPHUCTOI CUCTEMH (IIOpOBa MOJIENb
noBepxHeBoro mapy [14]) copOmiiiHa MOBEpXHS BKJIIOYAE TAaKOXK BHYTPILIHIO

MOBEPXHIO KaMISIPIB 1 TIOP, SIKI 3B's13aHI 3 TEOMETPUYHOIO TOBEPXHEIO TPpaHyH (pHC.

3.11).

a - MOHOJIITHA; 0 - TOpPOBa

1 - reomeTpHryuHa MOBEPXHS IPaHysIM; 2 - COpOLIHA TOBEPXHS

Pucynok 3.11 - Mojeni moBepxHEBOro 1mapy rpanyjiiu
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Oco0auBiCTh JaKoBOro (chepuuHOro) mMopoxy MOJsArae B TOMY, IO, 3T1THO 3
miteparypaumMu ganumu [31], B #loro mopoxoBux eleMeHTaX, sIK MPaBUIIO, BIJACYTHI
nopu Ha noBepxHi. [IpoBeieHnii HaMu MIKPOCKOIIYHUN aHalli3 MOBEPXHI OPOXOBUX
rpanyn mpu 30utbmieHHI B 120 pa3iB TakoXK MOKa3aB, M0 HITPATIIEIIOIO3HI TPaHyIIH,
OTpMMaHI JIaKOBUM CIIOCOOOM, Ha BIAMIHY BIJ MIPOKCHUIIHOBOTO MOPOXY,
BHUT'OTOBJIEHOT'O IMPECOBUM CIIOCOOOM, MAIOTh TUIAJIKY TJISHIIEBY MOBEpXHIO (puc.3.12).

Ile mo3Bomsie s HAOMMKEHUX PO3PaXyHKIB TPUWHATH, TaK 3BaHy,
«MOHOJITHY» MOJieNib TOBEepXHi rpanyiu [14], ToOTO 3HEXTyBaTH HASIBHICTIO Ha Hiif
MOPUCTOCTI 1 BBaXaTH, MO COpPOIifHA TMOBEpPXHS 30IraeTbCsi 3 TEOMETPUUYHOIO

MOBEpXHEI0 rpanyiu (puc. 3.11a).

a - J1akoB1 rpanyiu (30. x 45);

0 - mpecoBi rpanynu (30. x 30);
B - IOBEPXHS JJAKOBUX I'panyl (30. X 120);
I - IOBEPXHS MPECcOBUX rpanyl (30. X 120)
Pucynoxk 3.12 - [lopiBHSIHHS TOBEPXHI TpaHyJ, OTPUMAHUX JIAKOBUM 1

MIPECOBHUM CTIOCOOaMu
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Posrismaroun mporiec HACMYEHHSI MOPOXOBUX TpaHyJ, OTPUMAHUX JIAKOBUM
cnocoboM  kamdoporo, SK CcopOLil0 3  PpO3YMHY, 1 BHUKOPUCTOBYIOUHU
eKCIIEPUMEHTAJIbHI JIaH1 3 KIHETHKU (Miapo3/ia 3.1) s HEeBEIUKUX KOHIIGHTpaIlii
pPO3UMHY MO>KHA MOOYIyBaTH 130TE€pPMH, 10 XapakTepu3ytoTh oro. Ha pucynky 3.13
HaBeJIEH1 Taki 130TepMH, OTpuMaHi npu Temneparypax 30 °C 150 °C.

G-107
60 -

50 -

40 A

30 -

20 -

0 I I I I I I I I I 1
0 20 40 60 80 100 120 140 160 180 200 cp,pp, KI/M?

kpuBi: 1 -t =30°C;2-50°C

Pucynok 3.13 - [3otepmu copOitii kam$opu rpanysiaMmu HITpaTy LEI0I031

Amnaiiz ux i30tepMm 3 ypaxyBaHHsAM kiacudikanii [imica [32, 33] mo3Bonus
BCTAHOBUTHU Pl iX OCOOTMBOCTEH:
—  YBITHYTICTh IIOJO0 OCi aOCIUC MPHU MOPIBHSAHO HEBEJIMKUX KOHUEHTpPALISX
PO3UMHY, IO XapaKTepHO IS 130TepM Kiiacy JleHrmropa;
—  HasBHICTH SICKPaBO BHPAKEHOTO IJIATO, TOOTO B MEBHOMY Jiana3oHi 3MiHH
KOHIICHTpAIlli PO3YMHY COPOIIis 3aJIUIIAETHCS MOCTIHHOIO, IO MOXKE OyTH
MOSICHEHO TIOBHUM HACHYEHHSIM aJICOPOI[IHHOIO MOJICKYJISIPHOTO IIapy Ha

MTOBEPXHI,
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—  MmiaioM 130TepM B 00JaCTi BUCOKMX KOHIICHTpAIl po3urHy (IMicis M1aTo),
SKUW MOXKHA PO3IJISANATH SIK 1HTCHCHBHUU Tepexin kam¢opu BCEpEeIuHy
IpaHyJIy MicJIsl HACHYSHHS aJICOPOIIHHOrO Mapy;

—  MEpeTHH 130TepMaMH OCl OpJMHAT B 00JIACTI HHU3BKUX KOHIICHTpAIIii
pPO3UMHY, SIKHUW BKa3y€ Ha BEJIUKY EHEpriio copoOlii yepe3 HOCHUTh BUCOKY
CIIOPIAHEHICTh KaM(OPH JI0 HITPATIB LEITIOI03H;

—  JIHIAHICTH 130T€pM, IO CBIAYMUTH MPO CTATICTh YKCJIA aKTUBHHUX IIEHTPIB
aacopOIii, mo B [JaHOMY BHUIAJAKy TIOB'SI3aHE 3 IUTACTH(IKAIIEIO
(HaOyxaHHSIM) HITpATy LEIOJIO3U 1 MPOHUKHEHHSIM KamM(OpH BCEPEIAUHY
rpanyiu (PO3KPUTTA «BHYTPIIMIHBOI IMOBEPXHI MPOMOPILINHO KIUIBKOCTI
copOyrou0i pEYOBHHM, B Pe3yJbTaTi 4YOro y MIpPy 3alOBHEHHS OJHUX
IICHTPIB 3'IBJISIFOTHCS HOBI» [32]).

Po3BuBatoun copOLiiiHy MOJeidb HAacHYEHHA (HIerMaTU3aTopoM NOPOXOBHX
IpaHys, OTPUMaHUX JaKOBUM CIOCOOOM, MOKHa YSIBUTH, IO LEH mpouec 3a
aHAJIOTIEI0 3 I1HIIMMHU MOAIOHMMH TIpOlleCaMU, HAINPUKIIAJ, BOJONOTIIMHAHHSA
noiMepamu [34], CKIagaeThesl 3 MBOX CTaIii: B3a€MOJIl MOJIEKyn (piiermaTusaropa,
3HaXOAAThCA B PO3YMHI, 3 TIOBEpXHEIO TrpaHyau (aacopOiii) 1 NPOHUKHEHHS
(dbermatu3zaTopa 3 MOBEPXH1 BIIIMO rpanyu (audysii).

AgncopOiiisi BiAOYBa€ThCS Ha TMMOYATKOBIM CTajli HACHMYEHHS 1 TOJSATae B
3allOBHEHHI MOJIEKyJaMu  ¢ierMaru3aTopa aKTUBHUX IIEHTPIB TOBEPXHI 3
YTBOPEHHSIM Ha HI ajacopOUIHHOrO Miapy, TOBIIMHA SKOTO Ma€ MOPSIOK
edeKTUBHOTO aiamMeTpa MoJeKkynu duermatusaropa. [lpu 1pOMy JOCUTH IIBHIKO
BCTAHOBIIOETHCS PIBHOBAKHUM CTaH TOBEPXHI 3 PO3UYMHOM. AKTHBHI IIEHTPU B
JAHOMY BHIMAJKy MalTh SK (I3UYHY, Tak 1 XIMIYHY HPUPOIY, OCTaHH1 SBJISIOTH
co00r0 TOJISIpHI (YHKIIIOHAJbHI TPYNU MaKpPOMOJIEKYJ HITpATy IEI0JI03U, IO
BUXO/ISITh HAa MIOBEPXHIO TPaHyIIH.

Ha 1mi#i craaii HiTpaTeNi003Ha OCHOBA TPaHyJ 3HAXOJUTHCS, K MPABUIIO, B
CKJI0MoAI0HOMY CTaHi. MOXJIMBICT, NMPOHUKHEHHS MOJIEKYJIM B I[bOMY BHMAJKY
MoB'A3aHa 3 TMOSBOIO NOOJM3Y HEl MIKPOIMOPOKHUHU - BakaHCli, 00’eM sKOi

nepeBunye o0’em Moiekynmu [16]. B manoMmy Bumaaky Taka MOMKIIMBICTH
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BU3HAYAETHCS TEIUIOBUM KOJMBAHHAM TIUTBKM aTOMIB, IO CKJIAJAlOTh JIAHKH 1
GyHKIIOHANBHI TPYNU MaKpOMOJEKyl. ToMy Ha MOYaTKOBIM cTaaili HAaCHMYEHHs
mudy3ig QuermMatuzatopa BCEpPEeIMHY TpaHylId OOMEXeHa, MpOoIeC HACHUYEHHS
BU3HAYAETHCS aICOPOIIIETO.

Konu konmentpariis Quermatuzaropa B ajacopOIiiHOMYy Iapi Ha MOBEPXHi
J0CsIrae TIEBHOTO 3HAYEHHS, NIPU SKOMY TeMIIepaTypa CKIyBaHHS HITpATy IEIIOI03H
CTa€ PIBHOIO TEMIIepaTypi MPOIeCy, IO TMPOBEIUTHCSA, BIIOYBAETHCS MEpexin
MOBEPXHI TpaHyl 1 MPUJIETIIMX JI0 HEl MIapiB 31 CKIOMOA1I0HOT0 Y BUCOKOETACTUYHUN
cran (twiactipikyBaHHs). BOHO BHpakaeTbcs B pyWHYBaHHI 3B'SI3KIB  MiXK
MaKpOMOJICKYyJIaMH HITpaTy ILEJI0JIO3M 1 YTBOPEHHSAM HOBUX 3B'S3KIB MiXk
(GyHKIIOHATFHUMHU TPyHaMud MakKpOMOJIEKYJ 1 MoJyiekyjlamMu ¢iermarusaropa. s
BHCOKOEJIACTUYHOTO CTaHy XapaKTepHO 30LIbLICHHS KUIBKOCTI JIUHAMIYHUX
MIKpPOIIOp 32 PaXyHOK CErMEHTAIBHOI PyXJIMBOCTI MAaKpOMOJIeKyl1. B 1iboMy BUTIAAKY
MpoIleC HACUYEHHSA TpaHyd QerMaru3aTopaMyd BHU3HAYa€ThCs Horo nudysiero 3
aZIcopOLIHOTO 1Iapy BCEpeUHy rpaHysu. Y rpaHyii GopMmyeTbes miacTudikoBaHa
30Ha HACHYEHHS 3 MIIHO 3a()iKCOBAaHMMHU 32 PAXYHOK MIXMOJIEKYJSIPHUX 3B'SI3KIB
MoJIeKyJIaMHu (prrermaruszaTopa.

OueBugHO, MO B (OpMyBaHHI IIACTU(HIKOBAHOI 30HU TIEBHY pOJIb Tpae
PO3YMHHMK, IO BXOAUTh Yy (Quermarusyrounmii ckian. BiH Takoxx B3aeMojie 3
HITpaTaMu UENIOJNIO3M, ajlé Ma€ MEHUIy 3 HHUMHU CYMICHICTb, HI)K OCHOBHHIA
drmermatnsatop. Moro mnomepenHs B3aeMOmis 3 HITpAaTAMH LEJTIONO3U  CIPHUSE
AesikoMy HaOyXaHHIO TIOBEPXHEBOTO Iapy TpaHyldu, IO TMOJIerHye audys3ito
OCHOBHOTO (pyiermatuzaropa. Y AESKUX BUMNAAKAX, HAPUKIAL, Npu ¢rerMarusarii
KamM(bOpOor0, PO3UMHHUK (€TUJIOBUH CIHPT) € TaKOX TEXHOJOTIYHUM KOMIIOHEHTOM,
TICJIsl 3aBEPIICHHS TPOIECY HACUYCHHS BUJASIETHCS 3 TPAHYIL.

Hapnmumok BinbHUX (TTiCs HacHYeHHS (YHKIIOHATBHUX TPYN MaKPOMOJIEKYI
HITpaTy MEJII0JI031) MOJEKYN (piermMaTtuszaropa 3 yTBOPEHOI MiIacTU(IKOBAHOI 30HU
HAJIXOIUTh BIVIMO TpaHyid, 30UIbIIYIOUM TOBUIMHY IIl€i 30HU. B pe3ynbrarti
macTudikoBaHa 30HA TMPOCYBAETHCS JO IMEHTPY TpPaHyJIH, aX JO TOBHOTO

«PO3CKIIYBaHHS» TpPaHYJIM 1 BUPIBHIOBAHHS KOHUEHTpalii (uermaruzaropa B ii
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o0’emi. Ilpu 1poMy MOXHa MPHUMHITH, IO MPOTATOM BCHOTO IMPOLIECY HACHUEHHS
piBHOBara MK aJCOpOLIIHUM HIApOM Ha MOBEPXHI IPAHYNIM 1 POZUMHOM B YMOBax
HAUIMIIKY PO3YHUHY HE MOpylIyeThes. Binxiag Monekyn ¢uermMaruzaTopa 3 MOBEPXHI
BCEpEINHY TPaHyIH KOMIIEHCYEThCS 3aXOIUICHHSM MOBEPXHEI0 HOBHUX MOJEKYN 3
pO34YMHY, B pE3yJbTaTi YOro KOHLEHTpalis (QiaermMaTuzaropa Ha MOBEPXHI
(apcopOriifHOMY 1MIapi) 3ajJUIIAEThCA TOCTIHHOI. B yMoBax HecTadi po34yuHy
KOHIIEHTpalliss B aACOpOLIHHOMY MIapi TaKOX 3aJHMIIAETbCS TOCTIHHOIO, aie
3pOCTaHHS TOBIIUMHU IJIACTH(PIKOBAHOT 30HU 3YIIUHAETHCS HA MIEBHIN 11 BETUYUHI.

Crhig 3a3HauMTH, IO TOBIIMHA IUIACTU(IKOBAHOI 30HU HE OOOB'SI3KOBO
301ra€eThCcsi 3 TOBIIMHOIO (DIIETMAaTH30BAaHOI 30HU, SKa BU3HAYAE 3aKOHOMIPHOCTI
TOPIHHS MOPOXOBOI rpaHyIH. SK mpaBuiio, (hJerMaTu30BaHa 30Ha TPOXH MEPEBUILYE
macTU(IKOBaHy 30HY 3a paxyHOK Audy3li 3 Hei MoJiekya (iermarusaropa,
KOHLIGHTpAIlisl SKUX B TMPWIETIUX MIapax HEAOCTaTHA i IulacThdikarlil
(«po3cKiyBaHHSI») HITpaTy NENON03U. TakuM YHHOM, IUIacTU(IKOBaHA 30HA €
JacTUHOIO (ierMaTu3oBaHoi. B okpemomy Bumnaaky (riermaru3oBaHa 30Ha MOXKeE 1 HE
MICTUTH T1aCTU(IKOBAaHY 30HY.

HwxuenaBenenuil anani3 mporecy QuermMatusaiii NipoOKCHUIIHOBOTO MOPOXY,
IPaHyJIbOBAHOTO JIAKOBUM CIIOCOOOM, HOrO TOpIHHA, 1 BIJMOBIIHI PO3PAXYHKU

MPOBEJICHI Ha MMiJICTaB1 1aHO1 (PI3UYHOT MOJIETI.

3.3 ExcniepuMeHTaJIbHI JOCTIIKeHHA 3MiHM (Qi3HYHOI0 CTaHY MOPOXOBHUX

rpaHyJ B poueci ix Hacu4eHHs: (JierMaTu3aTopom

Jns  miaTBepIKEHHS  3alpomnoHOBaHOi  ¢i3uyHOl Mozaem  QuermaTu3amii
MIPOKCHJIIHOBOTO TMOPOXY, I'PaHyJIbOBAaHOTO JIAKOBUM CIOCOOOM, Oyiu MpOBEJEHI
EKCIIEpUMEHTAIbHI JOCTI/DKEHHS 3pi3iB TpaHyl, (JIErMaTH30BaHUX TPHU PI3HHUX
YMOBaX, 3 BUKOPUCTAHHSAM MIKPOCKOIIYHOTO aHamizy. [lumu mocmimkeHHIMH OyIio
BCTAHOBJIEHO MOJKJIMBICTh Bizyanii3alii MmiIacTU(iKOBaHOT 30HM 3a PaxXyHOK 3MIHU

ONTHYHUX BJIACTUBOCTEHN HITpATIB LIETIONO3U TPHU iX «PO3CKIyBaHHI». B pesynbrari
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I 30HAa CTa€ MPO30pOI0 (WIbOASHUKOBOI»), IO (IKCYeEThCS 3a JIOMOMOIOIO
MIKpPOCKOTIA.

3.3.1 3mina Qi3UYHOrO CTaHy rpaHyJl P HACHYCHHI PITUHHUM CIIOCO0OM

Ha pucynky 3.14 mnpencraBieHi MikpodoTorpadii MOpOXOBUX TpaHyIl,
0o0poOJIeHHX pO3YMHAMHU 3 PI3HUM BMicTOM Kkamdopu npu Temmeparypt 50°C
(MIKpOCKOTIIYHUN aHaji3 MNPOBOJMUIM TMpH 30UIbIIEHHI B 45 pa3iB TaKoX MpH
temriepatypi  50°C). Ili wmikpodoTtorpadii BiAMOBIIAIOTh EKCIEPUMEHTATHHIM

TouykaM Ha kpuBux 1, 4 1 6, HaBeneHuX Ha pucyHKy 3.1 (aHamizyBaiau mnpoOu

=10 xB =30 xB =60 xB =90 xB =120 xB

BIITIOBITHUX 3pa3KiB TPaHyN).

=30 xB =60 xB =120 xB

=10 xB =30 xB =60 xB =90 xB =120 xB
a—C,=1%;06—15%;B—25%
Pucynok 3.14 - 3pi3u NOpoXOBHUX TpaHyJ 3 PI3HHUMH 4YacOM HACHYEHHS 1

IMOYaTKOBUM BMICTOM KaMdopH B po3uuHi (30. X 45)
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3 mux MikpodoTtorpadiii BUIIIMBAE, IO MPHU KOHIEHTpaIlil kaMpopu B po3unH1
1 mac. % 1 HacuuenHi mpotsrom 120 xB (puc. 3.14a) mnactudixkoBaHa 30Ha B
rpanynax BiacyTHs. Lle cBiTuMTh, 110 3a UX YMOB KOHIIEHTpalis kamdopu, 10
copOyeTbCSI Ha TIOBEpXHI, HE JOCSTa€ 3HAYCHHS, NOpU SKOMY BiJOyBaeThCs
«PO3CKIIYBaHHS» HITpATy IENIOJIO3H (TeMIeparypa CKIyBaHHSI BHILE TEMIIEpaTypu
npoliecy Hacu4eHHs). 31 30UIbIIEHHSIM KOHIIEHTpalii po3uuHy a0 15 mac. % Bxe
yepe3 60 XB B TrpaHylnax BHUSBISE€TbCs IiacTudikoBaHa 3oHa (pic.3.140), mio
J03BOJISIE TIPUIYCTUTHU TPO JIOCSATHEHHS 3a3HaueHoi KoHieHrtpauii. [lpu macosiit
yactii kamdopu B po3uuHi 25% mnnactudikoBaHa 30Ha € Bxke depe3 10 xB (puc.
3.14B). Yac BUTpUMKH T'paHys B pO3UMHI BU3HAYA€E BEJIUUMHY III€] 30HU, HAIPUKIA],
pu MacoBii yactii kaMdopu B po3unHi 25% 1 HacuueHHi 120 xB rpaHyna Maiixe
MOBHICTIO «pO3CKJIoBaHay (puc. 3.14B).

AHarnoriyHa KapTUHa 3MIHM (I3UYHOTO CTaHy TOPOXOBUX  TpaHys
CIIOCTEPITa€eThCS 1 MPU BUKOPUCTaHHI B SIKOCTI (priermatusaropa auOytuidranara,
MpeJICTaB/IeHa Ha PUCYHKY 3.15 1 BIAMOBIJIHA KIHETUYHUM KPUBHUM, HAaBEJICHUM Ha
pucynkax 3.513.7.

Y Tol e wyac, aHali3 UMUX JaHUX TIOKa3ye, 10 HACHUYEHHS TPaHys
nuoyTuiadTaraToMm BiiOyBaeThCs ORI IHTEHCUBHO, HIX KaMm@oporo. Ha BiamiHy Bix
kambopu HaBiTh TpU BUKOpUCTaHHI 1% -Boro po3uumHy auOyTuiadTazaTa
maactTudikoBaHa 30HA B TpaHyJiax YTBOPIOETHCS BXKE Yepe3 S5 XB BiJ MOYATKY
HacuueHHst (puc. 3.15a). Ilpum Oinpimr TpuBaJIOMy HAacHUYEHHI 11 TOBIIMHA
30UIbIIYy€EThCS, @ dyepe3 40 XB 3'SBIISIIOTBHCS MOBHICTIO «PO3CKJIOBaH1» rpaHyid. 31
30UIBIIICHHSIM Yacy Hacu4eHHs1 A0 60 XB 1 OUIbIIE KIJTBKICTh TAKUX TPAHYJ 3pOCTAE 1
HaJaJIl BCe TPAHYJIM CTAIOTh «PO3CKIOBaHUMMWY. [IpuOIM3HO IbOMY Yacy BiAMOBIIAE
MIIAOM KIHETMYHUX KPUBHUX IIICIAS JOCSITHEHHS PIBHOBArW, IO OUIBII SIBHO
CIIOCTEPITA€ThCS TpU 3OUTBIICHHI TOYaTKOBOI KOHIIEHTpAIii po3uuHy (IUBUCH

pucyHok 3.7, a Takox pucyHki.3.156 1 3.158).






90 xB
a—C,=1%, t=50 °C; 6 — 15 %, 50 °C; B — 25 %, 50 °C; r — 100 %, 50 °C; 1 — 100 %, 70 °C

Pucynok 3.15 — MikpodoTorpadii 3pi3iB rpaHys, HACHYEHUX AUOYTHUIPTATATOM PIAUHHUM CIIOCO00
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Takum dYMHOM, SKICHO HACHYCHHS TMOPOXOBHX TpaHydl Kamdpopow i
anOyTundTasaToM XapaKTepU3YETbCS OJHUMU 1 THMH K 3aKOHOMIPHOCTSIMH.
Pi3HuIs BUpaXkaeTbes JMIIE B KIJIbKICHOMY BIJTHOIIEHHI, IO IMOB'SI3aHO 3 PI3HUMH
AUQy31HUMHI BIACTUBOCTSAMH 1 CHOPITHEHICTIO HUX (ierMaTu3aTopiB A0 HITPaTiB
IETI0NI0O3M 1 MOKe OyTH OIllHeHa 3a KIHETHKOIO Ipolecy. BiamoBigHoO, SIKIIO
IPUITYCTUTH, 10 BIICYTHICTh MOCJISPIBHOBAKHOTO MiAHOMY Ha KIHETHUYHUX KPHBUX
HACHMYEHHS TpaHyl KamM(popow NpHU BIIHOCHO MaJuX KOHLEHTPALISIX PO3UUHY
MOB'SI3aHO 3 HEJAOCTATHHO TPUBAJIMM MIPOBEICHHSIM I[LOTO MPOIIECY, TO OTPUMAaHI1 JIaH1
BKa3yIOTh Ha OJIMH MEXaHi13M HAaCHYCHHS HE3aJIeKHO Bi BUAY (iierMaTu3aTopa.

Cnig  TakoX  3a3HAUMTH, W10 BHUKOPUCTaHHS  auOyTtwidranara  sK
1HAUBITyasibHOTO (hriermaTu3aropa (0e3 po3urHHHKA) mpu Temrepatypi t = 50°C
MPaKTUYHO HE MPU3BOJUTH JO IUIACTU(IKAIT MOJIMEPHOI OCHOBH TpaHyl (PUCYHOK
3.15r), HeBenuka TuiacTU(iKOoBaHA 30HA 3'SABISEThCS Mpu Temrepatypl t = 70°C
(pic.3.15x). Y Toit yac sk HaBiTh 1% -BUif HOTO PO3YMH 3 EPIINX XBUJIMH HACUUCHHS
nae TIacTU(IKOBaHy 30HY 3 TMOJAJBIINM IMOBHAM PO3CKIYBaHHSAM TpaHyd (pucC.
3.15a). Ile miaTBepKy€e 3pOOICHUI BHIE BUCHOBOK (po3au 1) mpo OUIbII BUCOKY
(dbnermMatu3yrouy 0 0araTOKOMIIOHEHTHHX CKJIaJiB, SK MPaBUJIO, IO MICTITh
PO3YMHHUK  HITpaTIiB  IIEJNIOJIO3M, B  TOPIBHSHHI 3  IHAWBIAyaJIbHUMU

(brermaTu3zaTopamu.

3.3.2 3mina (i3M4YHOro cTaHy TrpaHyJ NPH HACHYCHHI eMYJbCIHHUM

CImocooom

Pe3ynpTaTi MIKpOCKOIIYHOTO aHalli3y 3pi3iB MOPOXOBUX T'PaHYJ, HACHUECHUX

auoyTUiIdTaTIaTOM eMYIbCIHHUM CIIOCOOOM HaBeleHl Ha pucyHkax 3.1613.17.



a—1=xB; 0 — 10 xB; B—40 xB; r — 120 XB
Pucynok 3.16 — Mikpodororpadii 3pi3iB rpaHy1, HACHYCHUX eMYJIbCIHHUM

criocobom uoyTuiadranarom i3 10 %-poro po3unHy npu pisHOMY Yaci HaCUYEHHS

a 0 B r
a—k=0%;6-1%;8—-5%;r—10%
Pucynok 3.17 — MikpodoTorpadii 3pi3iB rpaHys, HACHYCHUX €MYJIbCIHHUM
criocobom 100 %-BuM AuOyTUIADTATATOM MIPU PI3HOMY BMICTI €THIIALIETATY B

JIACTIEPCIHHOMY CEepeIOBHIIII

Ha pucynky 3.16 mikpodoTtorpadii 3pi3iB OTpuMaHi JjIsl BUMAJIKy HACUUCHHS 3
10% -Boro po3unHy nuOyTHI(TaNIaTa B €THIALETaTi, EMYJIbCOBAHOIO Y BOJI MpH t =
50°C, pey=20 i pisHOMY 4uyacy OOpoOKM TpaHyld. IX mOpiBHAHHA 3
MikpodoTorpadisiMi, OTPUMAHUMHU TPU PITUHHOMY Crioco01 HacuueHHs (puc. 3.15)
MoKaszye, 10 oOuABI (Pi3UYHI KapTUHU PO3BHUTKY MHpolecy Onu3bki. B maHomy
BUIAJIKY, K 1 MPU PIIMHHOMY CHOC001, IIBUAKICTh HACUUEHHS JOCUTH BUCOKA, BXKE
gyepe3 5 XB 00pOoOKHM TpaHysl eMyJbCIEI0 B HUX 3'SBISETHCS CTINKa TIacTU(iKOBaHA
30Ha, sIKa TPHU MOAAIBIIOMY HacWyeHH1 3poctae 1 10 120 XB rpaHyiud MHOBHICTIO
«PO3CKJIOBYEThCS». Takok Tpu BHKOpUCTaHHI TuUTbkH oxHOTO (100% -BOTO)
muOyTtundranata  OpoIleC  HACHYEHHS  XapaKTepU3YEThCS — AYXKEe  Majoko

IHTEHCUBHICTIO, 1[0 CBIIYUTH MPO BIACYTHICTh B L[LOMY BHIAJIKy IUIACTH(IKOBAHOI
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30HU B rpanynax (puc. 3.17a). BBeneHHs x B nucnepciiiHe CepeaoBHUIIEe eMYJbCii
eTHJaleTaTy pi3K0 MIJBUINYE MIBUAKICTh TMPOLECY HACUYEHHS, BXE TIpU
kKoHIeHTparii k = 5% 3'saBaserbes miactudikoBaHa 30HA, a IPU KOHIEHTpallii k =
10% rpaHyau TOBHICTIO «pPO3CKJIOBaHI», TOOTO eTWIaeTaT B JaHOMY BHUMIAAKY
TaKOX T'pa€ pojb J0JATKOBOrO KOMIIOHEHTA (hiermaTu3ytodoro ckiaay (puc. 3.17).
TakuMm YMHOM, XapakTep B3a€MOJIl MOPOXOBUX TpaHyl 3 (IerMaTu3yroduM
CKJIQJIOM TIPU €MYJIbCIHOMY cIoco01 QuierMaTusallii Takuil e fK 1 IpHu PiAUHHINA
dbnermatuzaiiii. Ile Bkasye Ha OIMH 1 TOM K€ MeXaHI3M MPOILECY HACHYCHHS
MOPOXOBUX TpaHyl (IerMaTu3yiouol0 pPEYOBHHOIO HE3AIEKHO BiJ CIOCOOY

(bnermartuzartii.
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4. PO3HOALT ®JEI'MATHU3ATOPA B IIOPOXOBUX I'PAHYJIAX.

3B'SA30K MIDK KOHIHEHTPAIIE€IO ®JIETMATU3ATOPA 1
HIBUJAKICTIO I'OPIHHA ITOPOXY

HacuuenHss mopoxoBUX TIpaHyd (ierMaTu3yrouol0 pEuOBHUHOIO TOpsT 13
3araJbHUM BMICTOM IIi€] PEYOBMHU B TOPOCI XapaKTEPU3YETHCS TAKOX MOTO
pO3MOAUIOM BcepenuHi rpanyn. lle BaxkiuBa miig  (draermMaTU30BaHUX TOPOXIB
XapaKTepUCTHKA, KA Yepe3 3MIHYy MIBUIAKOCTI TOPIHHS 32 TOBIIMHOIO MaJlalouoro
3Bo/yll BU3Hauae 3aKOHOMIPHICTh Ta30yTBOPEHHS, a BIAMOBIAHO €(EKTUBHICTH
MOPOXOBOr0 3apsiy. Y TOM K€ dYac BIJIOMOCTI MPO PO3MOALT KOHIIEHTpaIii
(dnermaTu3aTopa B JAKOBHUX (CHEPUUYHMX) MOPOXaX HOCATH CYyNEPEeUIUBUN XapaKTep
(po3ain 1), a KIIBKICHI JJaH1 MPO 3B'S30K MK PO3MOLIIOM (hiierMaTu3aTropa 1 3MIHOIO
IIBUJKOCTI TOPIHHS 3a PaflycoM (TOBIIMHOIO CKJIEHIHHS, IO TOPUTH) MOPOXOBUX

IpaHyJ B3arai BIACYTHI.

4.1 ExcniepuMeHTa bHI Ipogijii po3noainy ¢guerMmaruzaTropa B HOPOXOBUX

rpasyJjax i ix MAaTEeMATHYHHH ONHUC

Jns pocnipkeHHsT po3Moainy ¢uermatuzaTopa B TOPOXOBUX TpaHyJiax,
BUTOTOBJICHUX JIAKOBUM CHOCOOOM 1 OOpOOJICHMX CHUPTOBUM  PO3YHHOM
(dnermatuzaTopa, O0yB BUKOPUCTAHUN METOJ MOLIAPOBOTO CTPaBIIOBAHHS (PO3/id 2).
3a 10MOMOror IBOT0 METOJly BM3HAUalM 3MIHY KOHLEHTpalii ¢iermaru3aropa 3a
paniycom rpanyin. OTpumaHl NpU 3aJaHUX [apaMeTpax MpoLecy HaCHYCHHS
€KCIIEpUMEHTAJIbHI PO3MNOILIN KOHIEHTpalii quoytundranata 1 kam$popu HaBelEHI

Ha PUCYHKY 4.1.
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a, Kr/m?

160 5 a, kr/m? |
80 - J 4
140 - K ‘)
a il : ¥ :

60 - s
120 [ = i i
100 4 40 - = |
& | = |
|
80 1 20 - S i oL |
60 - ! ol % |
D '_?_E T T i % :
40 - 0 0,26 0,264 0,268 1107, m cﬁi‘ |
o |
20 - |
|
0 ¢ . o ' . —
0 0,244 0,248 0,252 0,256 0,260

a - nuoytundranar; Cr = 1%; t = 50°C; 1 =5 xB;
0 - kampopa; Cr = 10%; t = 50°C; t = 60 xB
Pucynox 4.1 - EkcnepuMeHTanbHUIN pO3MOALT KOHIIEHTpallli 1ubytundranara i

kam(opH 3a paJilycoM MOPOXOBUX IPaHyJI

AHanmi3 1mMX JaHUX TMOKa3zye, IO 3a pajlycoM TpaHyJdud KOHLEHTpalis
(nmermatuzaTopa 3MIHIOETHCS HEPIBHOMIPHO y BUTJISI CHAAalOuMX 0 OCl aOCIHC
kpuBuX. [loOnu3y moOBepxHI TpaHylu BiIOYBAETHCS JIOCUTh PI3Ke TMaTiHHA
KOHLIEHTpalli, Ipy BIJAAJCHHI BiJ MOBEPXHI KOHUEHTpAIliiHI KpPUBI MOCTYIOBO
HaOJMXKAIOTHCSA 10 OCi abCIUC, 10 XapakTepHo It audy3iiHuX mnporeciB. OcTaHHe
MPU3BOJAUTH J0 HEBU3HAYCHOCTI IIPH OIIHII TOBIIMHH (hJISTMaTH30BaHOI 30HH, TaK SIK
YiTKa KOHLIEHTpaliiHa MeXa 1€l 30HU BIACYTHS. B SKOCTI XapaKTepHOi TOBIIMHU
(dbaerMaTU30BaHOT 30HM B TOMANBIIUX PO3paxyHKax Opaiu BiJICTaHb BijJ TOBEPXHI
IpaHyJIM 10 TOYKU Ha KPUBIH, Ha sIKIM KOHIIEHTpallis ¢iiermMaru3aTopa cTaHoBUTh 1%

BiJ1 i 3HaUCHHs Ha TOBepXHi (puc. 4.2).
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a4 du

o~ fx

0,90 0,92 0,94

=
oy

5y

e
Ty

kpuBi: 1 - m=70; 61 = 17,6 mxm; 2 - m=120; 62 = 10,4 MKM;
3-m=200; 3= 7,2 MKM
Pucynok 4.2 - 3icTaBieHHs PO3paxyHKOBUX 1 €KCHEPUMEHTAIbHUX MpO(dimiB

po3noauty koHIeHTpairii kamdopu npu Cr = 10%; t = 50°C; 1= 60 xB

Jlnst  po3paxyHKy XapakTEpPUCTHK TOPIHHA (PIIerMaTU30BaHUX IOPOXIB
HEOOXITHO MaTH B PO3MOPSKEHHI aHAIITUYHUN BUpa3 PO3MOJLTY KOHIICHTpaIlii B
MOpoXoBUX rpanynax. OgHak oTpUMaTH TaKUi BUpa3 Ha MMiJACTaBl PIIICHHS PIBHSHHS
nudy3ii CKIIaIHO 1 HOr0 BUKOPUCTAHHS HE Ma€ IOCTATHIX MiJICTaB Mpu (iaerMaTu3antii
MIPOKCUIIHOBOrO Mopoxy (po3aunr 1). Tomy B pgaHii poOOTI HPOMOHYETHCS
MPEACTABISATH PO3MNOIIT KOHLEHTpalii QuerMaruzaropa y BUMISAL 0€3pO3MIpHUX

podLITIB 1 AMPOKCUMYBATH 1X HACTYITHOIO 3aJIEKHICTIO

2 (4.1)

a—a r\"
o]
ao— du R
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1€ a, a,, aop - KOHIIEHTpalis ¢rerMaTu3aTropa: MOTOYHE 3HAUYEHHA, B LIEHTPI
MOPOXOBOTO €JIEMEHTA, Ha Or0 MOBEPXHI.

[TokazHuk cTymeHs M B 3ajexHOCTi (4.1) OyaemMo Ha3MBaTH TapaMeTpoM
posnoaity (dnermarusamii), sSKui xapakTepusye (opMmy NpoPuUII0 PO3MOALTY 1
BH3HAYa€ TOBIIMHY (IIerMaTH30BaHOro mapy. Moro 3HaueHHs /IS KOHKPETHUX YMOB
BCTAHOBJIIOETHCS EKCIIEPUMEHTAIILHO.

Ha pucynky 4.2 nHaBenmeHi rpadikd, Ha SKHUX TOYKAaMHU MpPEICTaBICHUN
eKCIIEPUMEHTAIbHUN Mpo(disIb pO3NOLTy KOHIEHTpallli MpU HAaCHUYCHHI MOPOXOBHUX
rpanyn kampopor (Cu = 10%, t = 50°C; t = 60 xB) i JiHiAMU PO PO3IMOIIIIB
KOHLIEHTpalli, pO3paxoBaHl 3a 3aJexHICTIO (4.1) mpu 3HAYEHHSIX MapamMerpa
dbaermaruzanii m = 70; 120; 200. Sk BummBae 3 1ux rpadikiB Opu BiIMTOBITHOMY
nigbopi 3Ha4YeHHs mapaMerpa ¢ierMaruzaiii, B JaHoMy Bumaaky m = 120,
EKCIIEPUMEHTAJIbHUI PEXXUM PO3MOJALTY 100pe OMUCYETHCS 3aIeKHICTIO (4.1).

3 pucyHka 4.2 Tak0oX BUILTMBAE, 110 31 3MEHIICHHAM NapaMmeTpa ¢uermaTu3anii
npodum  po3nOAUTY KOHIIEHTpalii CTalTh OUIbII  MOJOTMMHU 1 TOBIIMHA
(baerMaTu30BaHOTO APy 30UTBIIYETHCS.

TakuMm 4YMHOM, MpU BIIOMOMY 3HA4Y€HHI MapaMerpa M 3anexHIcTh (4.1) Moxe
OyTH BUKOpHCTaHa JJIs OMUCY PO3NOALTY (hjerMaTu3aTropa B MOPOXOBUX IpaHysax i

BIJITIOBIJTHO JIJIs1 PO3PAXYHKY XapaKTEPUCTUK TOPIHHS (PIIETMATU3UPOBAHOTO MTOPOXY.

4.2 BuzHayeHHsl mapamMeTpa po3noAily KOHIeHTpauil (piermaruzaropa

3 MPUYHMHM CKJIATHOCTI OTPUMAHHS CKCIEPUMEHTAIBHUX KPUBUX PO3MOALTY
KOHIIEHTpaIli iermatuzaropa 3a pajiycoM TpaHyl 1 miaOoOpy 3a HUM IMapamerpa
po3moaily M B jga”Hid poOOTI Iied TmapaMeTp BU3HAYalIM 3a KUIBKICTIO
dermaruzaropa, ska nepeniia B rpanyJii, BUXOIIYH 3 HACTyHOI Mozeni [35].

Posrnsinemo rpanyny pamiycom R, Ha MOBEpXHIO AKOi 3 HABKOJHUITHHOTO

po3unHy copoupyeThes ¢uermatusatop (puc. 4.3).
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1 - ¢pmermatr3oBaHa 30Ha;

2 - HEeHACUYCeHA YaCTHHA TPaHyIH

Pucynok 4.3 - Cxema HacCU4eHHS TpaHyu (IerMaTu3aTopoM

3 MoBepXHI MOJEKYIH (pirermMaTu3aropa MNPOHUKAIOTh BCEPEIMHY TpaHyJH,
YTBOpIOIOUM  (IeTMaTU30BaHy 30HY HacuueHHA. llpu goctaTHbOMY BMICTI
(drnermatu3aTopa B pO3YMHI 3 IUIMHOM Yacy L 30Ha PO3IIMPIOEThCA 1 11 Mexka
IIPOCYBAEThCA JI0 LIEHTPY IpaHyld. 3a yac dr (pjermMatu3oBaHa 30HA 30UIbIIYETHCA
Ha dr, r - paglyc HEHACHYCHOI YaCTHMHM TIpaHydd. Toxai mpupict 00’eMm

diermarruzoBaHoi 30HM 0V MOXKHA BUPA3UTH SIK

dV =4ar’dr. (4.2)
Maca ¢nermartuzaropa B iboMy 00’emi Oy/ie BiIITOBITHO TIOPIBHIOE

dg =adV, 4.3)

e a - KoHueHTpais (06'eMHO-MacoBa) duermaTusaropa, Kr/ M3,
[TinctaBuBmn B piBHsAHHS (4.3) 3anexHICTh (4.2) 1 BUpPa3WB KOHIICHTPAIIIIO

(dbaermaTtuzaTopa 13 3a1eXHOCTI (4.1), miciis BiANOBIIHUX NEPETBOPEHD OTPUMAEMO

m 2m (4.4)
dg = 4, 2r2(L) dr—rZLL) dr
R R
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[aTerpyroun piBHsiHHSA (4.4) B Mexax Big §g=0 mo g 1 Bix =0 g0 I oTpuMaeMo
dbopmyny, mo TMO3B'sI3ye Macy ¢iaermMaTu3aropa, IO MICTUTBCS B TpaHymi, 3

napamMeTpoMm m

_ 12myR3(1+m) 4, {2R2(3+ 2m)r¥™ + (3+ m)r3+2m} (4.5)

(3+m)-(3+2m) R" R?(3+2m) - (3+m)

Anamiz Qopmynu (4.5) mokasye, M0 TPH HEBEIMKUX TOBIIMHAX 30HU
bnermatmzanii (0 =R-r), mo wmae wicre Ha TpakTHI, ST HAOTMKEHUX

PO3paxyHKIB MOKHA OOMEXXHUTHUCS i1 MEPIIUM YJICHOM

_ 127a,R%(1+m) (4.6)
~(3+m)-(3+2m)

[lepexonsun 10 BimHOCHOT Macu (iermatuzaropa (Macu dQuerMaruszaTopa,

BIJIHECEHOI 0 MACH IrpaHyian) Gpopmyity (4.6) 3anuiiemMo B HACTYTHOMY BHUIJISL

- 9a,(1+m) (4.7)
(3+m)-(3+2m)p,’
ne p, - IIUIBHICT IIOPOXOBHUX TIpaHyj, BHKOPHCTOBYBAaHUX  JJIS

(dbnermatuzartii.

®opmyna (4.7) n03BoJIAE€ TIPU BIJOMOMY (3 €KCIIEPUMEHTY ab0 PO3PaAXYHKY)
3Ha4Y€HH1 BIJHOCHOI Macu (ermaruzaTopa B rpaHyJiax 1 HOro KOHIIEHTpallli Ha
MOBEPXHI TPaHy/l do BU3HAYUTH IMapaMeTp 7 1 BIAMOBIAHO 3a 3anexHicTio (4.1)

pOo3paxyBaTy PO3MOJILT KOHIIEHTpaIliil ¢ierMaTu3aTopa 3a pajaiycoM rpaHy.
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43 BmuuB mnapamerpiB mpouecy ¢uierMatu3amii Ha  po3mOALI

KOHIeHTpauii (pierMaTu3aTopa B NOPOXOBUX IPaHyJIaX

BB mapameTpiB mporecy ierMaru3zaiii Ha po3MOJIT KOHIIEHTpaIlli B
NOPOXOBHMX TpaHylaxX JOCHIKYBaJIM HA MiJACTaBl BHUIICHABEAEHOI MOJENl 3
BUKOPUCTAHHAM €KCIICPUMEHTAIBbHUX JAaHUX 3 KIHETHKA HACHUYCHHS TOPOXY
kamdoporo (po3ain 3).

3HayeHHs BMICTY KaM(poOpu B TpaHyJaX, OTPUMAaHI TPH PI3HUX PEKUMHHX
rapaMerpax Ipolecy HacHMYeHHs, MiACTaBIUM B (opmyy (4.7), 3a KOO BU3HAYAIA
BEIMUMHY TapaMerpa M. BinoBimHy MM peXWMaM KOHIICHTPAIO  PO3YUHY
BUKOPUCTOBYBAJIM ISl OLIHKM KOHIIEHTpalii kKamM(popd Ha TOBEPXHI TpaHynd 13
3aCTOCYBaHHSM 3aJIeKHOCTI (3.1). Poznoaun koHteHTpartii kamdopu 3a pajilycoM MOPOXOBUX
rpaHysl PO3PaxOBYBAIM 3a 3alexHICTIO (4.1) 3 ypaxyBaHHsSM TOro, 1m0 Kamdopa B
TIOYaTKOBUX IPaHyJIaX, BAKOPUCTAHUX J1s (prrermatu3artii, Oyina Bincytast (a, = 0).

PesynpTaTi mociiKeHHs MoKa3ajiu, 0 XapakTep po3noiny ¢iermMmaTiu3aropa
B MOPOXOBUX IpaHyjax 3aJeKUTh Bl 4yacy HacuueHHs. Ha pucynky 4.4 HaBeneHi
KpHUB1 pO3MOALTY KaM(pOpH 3a pajilycCoM MOPOXOBUX TpaHyJ, OTPUMAaHI MPU Pi3HOMY
yaci HAaCHMYEHHSI 3 PO34YMHY, 0 MaB KoHieHTtpaiiio kamdpopu C, = 5% (Mac.) i
temrneparypy S0°C.

AHanoriuHi  pe3ynbTaTd OyJM OTpPUMaHI TPH  JIOCHIDKEHHI  BIUIUBY
temnepaTtypu (puc. 4.5) po3urHy Ha PO3MOJIIT KOHIIEHTpallli kamdopu 3a paaiycom
TpaHyl MOpHU TOCTIMHMX IHIIUX TapaMmeTpax IMpolecy HacuueHHA. JlocmikeHHs
BIUTMBY MOYATKOBOI KOHIIEHTPAIIIT PO3UHUHY MTOKA3aJI0 3BOPOTHY 3aKOHOMIPHICTh, TIPH
il BETMKUX 3HAUYEHHSX PO3MOJIT XapaKTePU3Y€EThCA PI3KUM MAIIHHSAM KOHIIEHTpALii
kamdopu, 31 3MEHIIICHHSIM - OUIBII TUTABHUM, 3 TOJOTUM PO3TAIlyBaHHSM KPUBHX. 3
PO3TJISTHYTUX ~ MMapaMeTpiB  HAWOIIBIIMKA  BIUIMB HA  XapakTep  PO3MOALTIB
(hnermatuzaTopa B MIOPOXOBUX T'paHysaxX HaJa€ KOHIEHTpallisl po3unuHy (puc. 4.6).

[3 ux JaHUX BUILTUBAE, 10 31 301IBIIEHHSAM Yacy HACUUEHHS KPUBI PO3MOILTY
CTAHOBJIATHCS OUIBIN TOJIOTMMU 1 30HAa HACHYEHHS 3allOBHIOE OUIBIIUN 00’ €M

IPaHyJIu.
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a, Kr/m?
250

- 150

- 100

- S0

| T []
0,22 0,24 0,26 0,28 0,30r-103, m

kpuBi: 1 -t=5xB;2-10xB;3-15xB;4-20xB;5-40x8B;6-60x8B;7-120 xB
Pucynok 4.4 - BriiuB yacy HaCHY€HHs Ha PO3MO/LI B TpaHyJiax KOHUEHTpallii
kamdopu mipu C, = 5% (mac.), T =50°C

a, Kr/m®
500

400

300

200

100

T - 0
0,24 0,26 0,28 0,30 r* 107, m

kpuBi: 1 - t=20°C; 2 - 30°C; 3 -50°C

Pucynok 4.5 - BB Temnepatypu Ha po3noii KOHIIEHTpalli kam$opu npu

C.=10% (mac.); = 30xB



a, Kr/m®
1000

- 800

- 600

- 400

- 200

0
0,26 0,27 0,28 0,29 0,30 103, M

kpuBi: 1 - C, = 1% (mac.); 2 - 5% (mac.); 3 - 10% (Mmac.);
4 - 15% (mac.); 5 - 20% (mac.)
Pucynok 4.6 - BIuiuB KOHIIEHTpallil pO34MHY Ha po3mo/iii kambopH B

rpanynax npu t = 50; T =30 xB
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5 BUBHAUYEHHS CTPYKTYPHO-IIJIBHUCHUX TA BAJIICTUYHUX
(IMBUAKICTH T'OPIHHS) XAPAKTEPUCTHUK TOPOXY ITICJIA
MOJIUPIKAIIIT

5.1 BiiimB BMicTy (iierMaTu3aTopa Ha CTPYKTYPY HOPOXOBHMX IPaHy.JI

CTpyKTYpHO-IIUTBHICHI XapaKTEPUCTUKH TOPOXOBHX TpaHyJd BHU3HAYalId
noOIYHO 3a 3MIHOIO iX JIMCHOI HIIJIBHOCTI TPU BBEACHHI (priermMarusaropa, IO €
IaCTU(PIKATOPOM HITpAT IENI0JIO3U, BCEpeluHy Trpanyid. Jus 1mporo mnpu
TPaHyJIOBAaHHS MOPOXY Ha EKCIIEPUMEHTAIbHINA YCTAHOBII B JIAKOBY KOMIIO3HIIIIO
BBOJIMIIM KaMm@opy abo aunbytundranar. [ificHy TyCTUHY rpaHyJ 3 pI3HUM BMICTOM
IUX IIacTU(IKATOPIB BU3HAYAIM T1IPOCTATHYHUM MeToAoM (3BIT 3a ertan 1m.2.2).
OTtpumani pe3ynbTaTH y BUTIISA1 rpadiKiB 3aJ1€KHOCTI IIUIBHOCTI IpaHyJsl BiJ BMICTY

B HUX IUTACTU(IKATOPY MPEACTABIICHI HA pUCYHKY S.1.

p,s Kr/M3

1300 -
-1

1200 < ° 2

1100 -

1000 T T T )
0 10 20 30 40 a, % mac

p,s Kr/M3
1300 -

1200 -

1100 - T —_—

1000 T T T )
0 10 20 30 40 a, % mac

1 — ekciepyMeHTaJIbHI J1aHl; 2 — pO3paxyHKOBI 3aJI€KHOCTI
Pucynox 5.1 — 3anexHiCTh MUIBHOCTI TOPOXOBUX TPAHYJI B/l BMICTY B HUX

kamopu (a) Ta nuOyTundranara (0)
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Ha mnpencraBnenux rpadikax MOpsSA 3 EKCHEPUMEHTaJIbHUMH KpPUBHMH,

HaHECEHI 3aJIeKHOCTI, pO3pax0OBaHi BUXOSYH 3 JIUTHBHOCTI 32 (OPMYIIOI0

Py =p,1=x)+p,x,

1 p, — MIUTBHICTH TOPOXY 0€3 TuracTudikaropy;

Py — HIUTBHICTD MIacTU(IKATOPY;

X —00’eMHa A0J14 I1acTUugikaTopy B OPOC.

3icTaBieHHS HaBEIEGHWX HA PHUCYHKY S.1  eKCmepuMEHTaIbHUX 1
PO3pPaxXyHKOBHX  3aJIKHOCTEM  JIO3BOJISIE  JAaTH  SIKICHY  OIIHKY  BIUTUBY
m1acTU(IKaTOPiB Ha YIIUIBHEHHS CTPYKTYpH TpaHyJu 4epe3 3MiHy HiuibHocTi. He
JTUBIITYUCH Ha HE3HAYHI BIIXWICHHS €KCIIEPUMEHTAIbHOI IIUIBHOCTI Bl aJUTUBHOI
OTpUMaHI pe3yibTaTH BKa3ylOTh HA HACTYIHY TEHACHIIIO BILIUBY.

[Ipn manomy BMICTI IUTACTH(IKATOPY B TpPaHylaxX CIOCTEPIraeTbCsa JEAKe
3MEHIIEHHS IX IIUIBHOCTI, IMOTIM 31 30UIBIICHHSM BMICTY HIUIBHICTH 3pOCTaE,
MEPEBUIIYIOYH ATUTUBHE 3HAUCHHS, JOCATAE MAaKCUMyMYy, MOTIM 3MEHIIYEThCS,
HaOJIMXKAIOUKUCh J0 QJAUTUBHOrO 3HAUYCHHS. Taka 3aKOHOMIPHICTH 3MIHM HIIJILHOCTI
XapakTepHa K st KaMmdopu, Tak 1 111 AuOyTmwidTanara. MoxxHa IpUITYCTUTH, IO ii
AKICHUN XapakTtep 30epiraerbcs 1 Juisl IHIIMX TUIacTU(]IKATOPiB, B TOMY YHCIHI 1 I
HiTporminepuHy. Ciif 3a3HaYUTH TAKOXK, 10 MaKCHMMajbHE 3HAUCHHS IIUIBHOCTI Ha
EKCIIEpUMEHTAJIbHINA KPUBINA IPUOIU3HO KOPETIOETHCS 3a BMICTOM IIAaCTU(DIKATOPY 3
«PO3CKITyBaHHSIM» Tpanyn (po3aut 3).

OTpumaHi 3aKOHOMIPHOCTI 3MIHM MIIJIBHOCTI TMOPOXOBUX TPaHyJT MOXKHA
MOSICHUTH THUM, IO BBEICHHS IIACTU(IKATOPY TPHU3BOAWTH JIO0 TOPYIICHHS
MDKMOJIEKYJIIPHUX ~3B'SI3KIB  iX moJdiMepHOi ocHOBU. [lpm wmanomy BMICTI
miacTu(ikaTopy L€ BUPAXKAEThCSA ACSIKUM HAOyXaHHSM TpaHyJ, M0 30LIbIIyE iX
00’€M 1 BIAMOBIAHO 3MEHIIYE IIIIBHICTh. 3 MIJBUILEHHAM BMICTY IUIaCTHU(IKATOPY B
pe3ynbTaTi 30UTBIIEHHSI THTEHCUBHOCTI CErMEHTAIBHOTO PYXy MaKpOMOJICKYJISIPHUX
JAHITIOTIB HITPATIB LETONI03M BiAOYBAEThCS TEpenaKkyBaHHS MaKpOMOJICKYT 31

3MEHIIEHHSIM BIJILHOTO 00'eMy MOJIIMEPY 1, MEBHOIO MIPOI0, 00’ €My I'paHyJl B LIJIIOMY,
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0 TpHW HE3MIHHIA Maci Beie 10 30UTbIIEHHS iX MIUIBHOCTI. Take yIIiabHEeHHS
CTPYKTYpPH TIOPOXOBUX TpaHyJd JOCSIra€e MaKCUMyMy TIpH iX TIEpexoai B
BUCOKOENACTUYHUH cTaH. [Ipu BenmnkoMy BMICTI muiacTugikaTopy Horo Maca moynHae
BU3HAYATH IIIJIBHICTh TPAaHYNT B IUJIOMYy, sIKa HAOMIKAETHCA 1O aJIUTUBHOTO
3Ha4YeHHsAM (puc. 5.1).

TakuM YWMHOM, BHINE HABEACHWN aHaJi3 JO3BOJIAE€ MPHUITYCTUTH, IO TNPH
BBEJICHHI B MTOPOXOBi rpanyiu npudauzao 10% (mac.) mmactudikaTopy J0CATaEThCS
MaKCHMaJbHE YIIUTLHEHHS 1X MOJIMEPHOI OCHOBH, 3a PaxyHOK YOTO CJiJl OYiKyBaTH
3MEHILIEHHS MIBUAKOCTI TOPIHHSA TMOPOXY HE3aJIeXKHO Bi TEPMOXIMIYHOTO

KoedirieHTa.

5.2 3B'S30Kk MBWIKOCTI TOPiHHA TMOPOXy 3 BMIiCTOM B HbOMY

¢aermaTuszaropa

3 MNpUYMHH TOTO, WO IIBUJKICTh TOPIHHS (hJIErMaTU30BAHOTO MOPOXY
3MIHIOETBCA 32 PaJlycoOM IOPOXOBUX TpaHyJ BIAMOBIIHO JO PO3MOAUTY B HHUX
(dbnermatuzaTopa, Il pO3PaXyHKY XapaKTEPUCTHK TOPIHHS MOPOXY HEOOX1AHO MaTH
B CBOEMY pO3MOPSKEHHI 3B'SI30K MDK MIBUAKICTIO TOPIHHS 1 KOHIIEHTPALIEO
dbnermatuzatopa. Y maHiii poOOTI Takuil 3B'A30K OyB BCTAaHOBJICHHM Ha IIiJICTaBi
MaHOMETPUYHHUX BUMPOOYBaHb 3pa3KiB MOPOXY.

3a3HayeH1 JOCTIKEHHS BKJIIOYAIHM MIATOTOBKY 3pa3KiB MOPOXY, IO MICTATh
BCEpEUHI TpaHyl 3aJaHy KIIbKICTh Kam@opu ado aubytundranary. jus 1poro
rOTyBaJIM HITPAT LEIOJIO3HUN JIaK, B KU BBOAWIN OJHY 13 3a3HAYEHUX PEUOBUH,
JaK PEeTeNbHO TMEepeMINTyBald 1 TPaHYJIbOBAIM 3a BHUIINEOMHCAHOK METOUKOIO
(po3min 2). Taka miAroToBKa 3pa3KiB J03BOJISE€ MPUITYCKATH, 110 PEUYOBUHA, SKa
BBOJIUTHCSA, PIBHOMIPHO po3MojiaeHa 3a o0emMoMm rpanyd. OTpumani 3pa3ku
BUNMPOOOBYBAIM B  MAHOMETPpUYHOI  ycTaHoBHi  (po3min  2). Pesynpratu

MaHOMETPUYHHUX BUIPOOYBaHb MOPOXY 3 PIZHMUM BMICTOM KaM(Opu BCEpenHI
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rpaHysl MpeAcTaBleHl Ha PUCYHKY 9.2, ans auOytwindranata - Ha PUCYHKY 5.3 y
Burisiai kpuBux I =1 (y) 11 =1 (y).

AmHaui3 mpecTaBICHUX pe3ybTaTiB MOKa3ye, 0 BBEIEHHS ¢uierMaruzaropa B
MOpOX, HaBITh NPU PIBHOMIPHOMY HOTO PO3MOALIL B TpaHyjaX, MPU3BOAUTH IO
3HWKEHHS MaKCHMAJIbHOTO 3HAYEHHS IHTEHCHUBHOCTI Ta30yTBOPEHHSA 3 JIEIKUM
PO3TATYBaHHSAM 1 3MIIIEHHSIM BIpaBo kpuBux I' = f (y), a Takoxx 10 IiJBUILCHHS
IMITyJIECY TIOPOXOBHX T'a3iB, TOOTO MPU3BOAUTH 110 ePekTy (prmermaruzariii. Oco6nmBo
SBHO Takuil eQeKT NpPOSBISIEThCS NpPU BBEIEHHI B IOPOXOBI TpaHyIH

muoyTridranara (puc. 5.3).

T, V(MIIa)-c L xIa-c
10 : : ; ; 279
I 1 ' '
Y Y /. S~ U W e 223
5 2 5 4
: : : Z g>/
G Voo i S e e s A il 5 i B B ki S S ] 167
™1
4.-"'
N 112
. U o ST AR ' S0
ol L0
0,0 0.2 0.4 0,6 0.8 1.0 ¥

kpuBi: 1 -2 =0 wmac. %; 2 - 0,5%; 3 - 5%; 4 - 10%
Pucynoxk 5.2 - ExcniepumenTanbhi 3anexxHocti I' = f (y) 1 I = f (y), orpumani pis

MOPOXOBUX TPaHYI, IO MICTATh BCepearHl KaMpopy
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I, 1/(MNIIa)-c L. kIla‘c
? 1 1 i : 551

441

331

1221

110

5 i i i )
0.0 02 0.4 0.6 0.8 L0

kpuBi: 1 — a=0 mac. %;2-1%;3—-2%;4-5%;5—-10%; 6—-20%
Pucynox 5.3 - ExcniepumenTanpi 3anexxnocti I' = (y) i [ = f (y), orpumani

JUTSl IOPOXOBUX TPaHyJI, IO MICTATh BCEpEIMHI TuOyTUIdTaIaT

Ha mniacraBi MaHOMETpUYHUX BHUIPOOYBaHb OyJM BU3HAYEHI IIBUIKOCTI
TOpIHHA TIOPOXOBHMX TpaHyJ, M0 MICTATh BCEPEAWHI PI3HY  KIIbKICTh
(dbnermatuzaTopa, 1 moOyaoBaHi rpadikud iX 3aJIEKHOCTI BiJ 00'€éMHO-MacoBOl
KOHIIEHTpalii ¢iermMaruzaropa B rpanyiax (puc. 5.4).

i maHi MOKa3y0Th, 1O 31 30UTBIICHHSM BMICTY (hilermMaTu3aropa B TpaHyliax
IIBUIKICTh TOPIHHSA TOPOXY 3MEHIIYETHCS, TPUUIOMY OTPHMAaHA 3aJICKHICTh HOCHUTH
THIAHANA XapakTep. SIKIo MpUIyCTHTH, MO0 TaKUW XapakTep BOHA 30epirae mpu
EKCTPAroJIIOBaHHI MPSAMOi Ha BECh Jllarla30H 3MiHU KOoe(DIIieHTa MIBUIKOCTI TOPIHHS,
TO OYEBHUIHO € 3HAYCHHS KOHIICHTpaIii (jermatu3aTropa B IpaHyjax, MpU SKOMY

U1=0, ToOTO MOPOX HE TOPHTH.
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u, 10,
m/(I1a-c)

0,0 I I I I I 1
0 40 80 120 160 200 240 a, kr/m?

KpuBi: 1 - kamdopa; 2 - qudyTundranart
Pucynok 5.4 - 3anexHicTh Koe(ili€eHTa IIBUIKOCTI TOPIHHS MOPOXOBUX
TpaHy’ BlJ KOHIEHTPALI] pi3HUX (PJIETMAaTU3aTOPIB, 0 BBOAATHCS BCEPENUHY

rpa”yJn

[Tepexigq n0 BIAHOCHOTO KOE(ILIE€HTY IIBUAKOCTI TopiHHsA Ui/Ui,, Ae Uj, -
Koe(DiIieHT MBHUAKOCTI TOPIHHS TOPOXY 0e3 (priermaTusaropa, 103BOJISE y3aralbHUTH
EKCIIEpUMEHTAJIBHI JIaH1 JIJIsl TaKUX (pierMaTu3aTopis, sk kamdopa 1 nuoytundranar,
[0 MarTh Pi3HY XiMiyHy mpupoay. lle BumiauBae 3 pucyHka 5.5, Ha SKOMY
€KCIIEpUMEHTAJIbH1 TOUKH /I 000X (hiierMaTu3aTopiB TOCUTH 100p€e YKIAAAI0ThCA HaA

OJIHY TIPSIMY, 1[0 ONMUCYETHCS PIBHAHHSIM

u; =uy, (1-0,00306a) (5.1)

[le piBHSHHS AO3BOJIAE MPHU BiAOMIM KOHIIEHTpalii ¢iermarusaTopa B Mopoci

po3paxyBaTy HOTO MIBUAKICTh TOPIHHS.
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0 I I I I I 1
0 40 80 120 160 200 240 a, Kkr/m’

Pucynok 5.5 - VY3arajbHeHa 3al€XHICTh IMIBHJKOCTI TOPIHHSA IOPOXOBUX

IpaHyJ BiJ KOHIIEHTpaIlii (ierMaTu3aTopiB, 0 BBOASITHCS BCEPEAUHY TPaHyI

Jlyist BUTIAKY, KOJW Yepe3 BEIMKHN BMICT (ierMaTu3aTopa IMopox HE TOPUTH

(u1 = 0) 3 piBastaHs (5.1) BUIIMBAE KPUTUYHE 3HAYCHHS KOHIEHTpaIii a, = 326,9

kr/M° (ycepemnene mis 000x (uermarusatopis). BumpoOyBaHHS B MaHOMETPUUHIM

OoMm01 3pa3ka TMOpPOXYy, TpaHYJIbOBAHOIO JIAKOBUM CIOCOOOM, 31 BMICTOM
¢nermaruszaropa 6i = 459,6 kxr/m°

pa OlbIlle 3a3HAYCHOTO 3HAYEHHS « ,6 Kr/M° (MacoBa yacTka

40%) nokazajo, 1o LK 3pa30K HE 3aMaltO€ThCs MPU IITATHIM HaBaXIll 3amajbHUKA

(IPII), mio miaTBepIXXye HASBHICTh KPUTUYHOTO 3HAYECHHS KOHIICHTpAIli

(dbnermaruzaTopa.

5.2 JociazkeHHs 3MiHI

IIBUAKOCTI ropiHHs (JierMaTu30BaHOI0 MOPOXY

BcranoBnenuii Buille 3B'SI30K MK MIBHJAKICTIO TOPIHHSA 1 KOHIIEHTPALIE€IO
(dnermatuzaTopa B TMOPOCI JI0O3BOJISIE BU3HAYUTH 3MIHY IIBUAKOCTI TOPIHHSA
(berMaTu30BaHOTO TOPOXY B TPOIECI HOTO TOPIHHS TEPEPaXyHKOM 3 PO3MOILTY
KOHIIEHTpaIli yierMaru3aropa 3a pajalycoM MOPOXOBUX TpaHys. Pe3yiapTatu Takoro

PO3paxyHKy MPEJCTaBICHI HA PUCYHKY 5.6 y BHUIIIsAI 0e3p0o3MipHUX MPOQiiB 3MIHH
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MIBUAKOCTI TOPIHHA B 3ICTaBIE€HHI 3 AQHAIOTIYHUMHU MNPOPUIAMU  PO3MOMALTY
KOHIICHTpAITi.

AHa3 1UX pe3yJIbTaTiB IOKa3ye, M0 XapakTep 3MIHM IMIBHUAKOCTI TOPIHHS
(bIerMaTU30BaHOTO TMOPOXY 3aJeKUTh B diama3oHy, B SKOMY 3HaXOJHUTHCS
KOHIIEHTpaIlis (jerMaTu3aTopa Ha MOBEPXHI 1 B MPUJIETIIMX 10 HEl IIapax TpaHyJiu.
SKIIo 1 KOHIEHTpAIlS do>dx, & BIAMOBIAHO u1 = 0, TO Mpodiyib 3MiHU IIBUIKOCTI
TOpiHHS BIAPI3HAETHCA BiA MPO(diTI0 KOHIEHTpallii, Ha HbOMY (IKCYEThCS ILIATO
(puc. 5.6a) 3 MOCTIMHOIO BIJHOCHOIO MMIBHIKICTIO TOPiHHA U,~ui/Us,- Ui = 1 (B
¢i3uuaNX KoopamHatax 3 Up = 0). IIpoTsKHICTh IBOTO IUIATO BHU3HAYAE TOBIIUHY
30HM TpaHyJid, B SIKId BIJICYTHE TOpIHHS (1HEPTHOIO 30HOI0). [Ipu moBepxHEBii
KOHIIEHTpaIli aermaTu3aropa ao<da, 6e3po3MipHi mpodisii po3noaily KOHIIEHTpaIlii
1 3MIHM IIBUIKOCTI TOpPIHHA 3a pajiycoM Trpanyn 30iratotecsi (puc. 5.60), mio
MIITBEPIKYE MOKITUBICTh 3aCTOCYBaHHsI CIiBBIHOIICHHS (1.2).

JInst  eKCepuMEHTAIBHOTO  JTOCHIJKEHHST 3MIHM IIBUAKOCTI TOPIHHS 32
pamiycoM (JIerMaTU30BaHOTO IOPOXYy B J1a0OpaTOpPHMX yMoBax (po3ain 2)
BUTOTOBWJIA TAPTIIO MIPOKCHJIIHOBOTO TMOPOXY 13 3aJaHUMHU XapaKTePUCTUKAMH, 3
AK0o1 HuIAXoM  (aermaTtuzanii  MIATOTYBAJIM  3pa3KM 3 PI3HUM  BMICTOM
dbnermatuzaropa. Li 3pa3ku 1 ouH 3pa3ok HeDIErMaTU30BAHOTO MOPOXY CIIATIOBAIH
B MaHOMETpH4HIN 00MO1 3 oTpumanHsM 3anexxnocredt I = f (y). Ha mizmcrasi Takux
JaHUX, 3 BUKOPUCTaHHSAM cHiBBigHOWEHHA (1.1), BH3HA4anu 3MiHY MIBHAKOCTI
ropiHHA B (pierMaTU30BaHMX 3pa3kax 3 IMEpepaxyHKOM Y Ha TOTOYHHUH pajiyc

rpaHy, o TOpATh - I [4].
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=t a = uz,.—m_'a—a-.
Wi — m:}}ﬂ:-— [ s~ Ui G:— Qs

1,0 1,0

0,8 L 0,8

2 B 0,6 B 0!6

1

B 0,4 i u!4

-0,2 - 0,2
T T T T U,D tn T T T 0.“1
0,92 0,94 0,96 0,98 100 g 09 0,97 0,98 0,99 100 R

a 6

a — ap>ay; 0 — ao<ay

Pucynox 5.6 - 3ictaBienns 6e3po3MipHUX TPo(disIiB po3MoALTy KOHIIEHTpaIlliil ¢iiermaru3aTopa B rpanynax (kpusa 1) 1 3MiHA
IIBUIKOCTI TOPiHHS (KpuBa 2)
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TunoBa  ekcmepuMeHTaJlbHa  KpUBa  3MIHM  IIBUAKOCTI  TOPIHHSA
(IerMaTH30BaHOrO MOPOXyY, OTPUMaHa IS IpaHyd pagiycom R = 0,228 - 103 m
(oGuKcIIeHOMY 3a CcepelHiM JiaMeTpoM TIpaHyin), IIbHiCTIO p, = 1300 xr/m®,
¢dnermatuzoBanux kKamgoporo mnpotsrom T = 10 xB npu temmeparypi t = 30°C 1
noyaTkoBoi KoHIeHTpaiii po3unHy Cr = 10% (Mac.) mpuBeeHa Ha PUCYHKY 5.7

(xpuBa 1).
M

IIa-¢
1,32

“1'10_9,

1,30 -

1,28 7

1,26 7

1,24

1,22

1,20

”;\\j

0,10 -

0,08 1

0,06 -

0,04 -

0,02 -~

{]!.[}U L] L] L] L] 1
0,18 0,19 0,20 0,21 0,22 0,23 r10%m

2 MEM

<
- ~

KpUBi: 1 - ekcriepuMeHTanbHa KpUBa; 2 - po3paxyHKOBa KpuBa
Pucynox 5.7 - 3Mina koedirieHTa MBUAKOCTI TOPIHHS 32 Pa/ilyCOM TpaHyII

(baerMaTu30BaHOTO NOPOXY
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AHami3 eKCepUMEHTANIBHOI KPHUBOi IMOKAa3ye, IO IIaph MOPOXOBUX TPaHyJ
o013y IMOBEPXHI MAlOTh HAHOUTBITY MIBUAKICTH TOpiHHS (¢#1=1,303), 3 BiiIaeHHSIM
BiJl TOBEpPXHI MIBHJKICTh TOPIHHS TIaja€e, JOCSATA0OYM MIHIMAJIBHOTO 3HA4YEHHS
(#1=1,219), moTiM TOYMHAE IUTABHO 3pPOCTATH BIAMOBITHO JIO 3aKOHOMIPHOCTEH
ropiHHs ¢JIerMaTU30BaHOTO TIOPOXYy, 1 TNPH JOCITHEHHI u1=1,265 3aiMIIaeThCs
He3MIHHOI0. HeBiAMOBIAHICTH MOYATKOBOI'O e€Tally TOpiHHSA TpaHya (i3UYHUM
VSBICHHSM IIPO TOPIHHA (DIIErMaTH30BAHOTO MOPOXY MOOJM3Y TOBEPXHI TPaHYI
MOKHA TIOSICHUTH JI€I0 3alalibHUKa, 33 JIOTIOMOTOIO SIKOTO 3alajlOeThCs HaBa)KKa
MopoXy, O BUIPOOOBYeThCs (po3ain 2). B manomy Bumanky 30Ha Aii 3amajibHUKA
CTAaHOBUTH 13 MKM, B TOH yac sk (uierMaTU30BaHa 30HA, 1110 OILIIHIOETHCS 32 KPUBOIO
HIBUJIKOCTI TOPiHHS, IPUOIU3HO HopiBHIOE 32 MKM (puc. 5.7).

MoxxHa ysSBUTH, LIO0 I1JeaJibHA KpWUBAa 3MIHM IIBUAKOCTI TopiHHA (0€3
ypaxyBaHHs [li 3amajdbHUKA) BIAMNOBIJA€ MyHKTHPHOI JIHII HA PUCYHKY 5.7, sdKa
CIIYKUTh TIPOJOBKEHHSIM EKCIIEPUMEHTaIbHOT KpUBOi. Lle miaTBepKyeThCs TaKoXK
KpUBOIO (KpHBa 2), pO3paxoBaHOIO 3a MapamMeTpaMH MPOIECy HACHYCHHS, MPU SIKUX
OTpYMMaHa eKCTIIEpUMEHTAJIbHA KpUBA.

Y 3B's3Ky 3 TUM, IO B JAaHOMY BHUNAAKy KOHIICHTpaIlis ¢uerMaru3aTopa B
IOBEPXHEBUX IIApaXx TpaHyll MEpPEeBUINyc KPUTHYHE 3HadeHHs (a=534,9 xr/m®)
pO3paxyHKOBa KpHMBa Ma€ BIAMOBINHE TUIATO (HIKHA YacTHHA Tpadiky Ha PUCYHKY
5.7). Lle roBopuTh NpO HASBHICTb B TIpaHyJiax IHEPTHOI 30HU, B SKIM HOPOX
CaMOCTITHO He TopuTh. Po3mip 1HEPTHOT 30HU JJIs1 PO3TIITHYTOTO BUIAJIKY CTAHOBUTH
~ 2 MKM, TOOTO MEHIIIC 30HH JIi 3amaJbHUKA.

TakuM gyuHOM, SKIIO Y (PrrerMaTH30BaHMX MOPOXOBUX TpaHysIaxX € iHepTHA 30Ha,
B SIKI KOHIIGHTpaIls (prermaruzaropa NMepeBHINye KPUTHUHY KOHIIEHTPAIIiI0, 1 BOHA
MEHIIIe 30HU [IIi 3amajbHuKa, TO (PIerMaTU30BaHUM MOPOX 3AMATIOETHCS (3aMaIbHUK
MIPOTIAIOE THEPTHY 30HY) 1 TOPUTH 32 MEKaMU 30HU JIiT 3armajbHUKA 31 MIBUKICTIO, 110
BIJIMIOBI A€ PO3MOIUTY KOHIIEHTpaIlli (hiierMatuszaropa. Y TOMy BUNIAIKY, KO IHEPTHA
30Ha O1JIbIIIE 30HM [I1i 3aMaJIbHUKA TOPOX HE 3aMaIFOETHCS 1 CAMOCTIMHO HE TOPUTH.

B 1minomy 3a cBOiM XapakTepoMm pO3paxyHKOBa KpHBa 3MIHHU IIIBHIKOCTI

rOpiHHA (PJIErMaTU30BAHOIO MOPOXY OJM3bKA 10 EKCIIEPUMEHTAIBHOI.
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6 TEXHOJIOI'TYHI IHCTPYKIII MOJU®DIKAIIL TPAHYJIbOBAHOI'O
IHOPOXY, IO 3ABE3IEYYIOTH ITPOI'PECUBHICTDH I'OPIHHA

TenepiniHi TEXHOJOTIYHI IHCTPYKLII MpH3HAYEHI A OpraHizaiii mporecy
(dhnermaTu3yro4oi Moaudikalli rpaHyJIb0BaHOTO MOPOXY B JabopaTopHUX yMoBax. B
AKOCTI1 (prierMaTu3aTopiB BUKOPUCTOBYIOTHCS HANOUIBIN HOCTYIHI JUIsl TPAKTUYHOTO

3aCTOCYBaHHS IJIacTU(IKATOPHU HITPATIB LENMI0JI03U: Kamdopa 1 TudyTuindTanar.

6.1 IncTpykuis giermaTusyrdoi moaudikamnii nopoxy kampoporo

Ha miacraBi mpoBeAeHUX AOCIIKEHb sl (iierMaTuzalli nopoxy kaMm@oporo
PEKOMEHIYETbCS PIIMHHUN cnoci0. TeXHONOrYHuM Mpolec, 3aCHOBaHUN Ha LIbOMY
cnoco0l, BKJIKOYAE HACTYMHI OMepalii: NPUroTyBaHHSA pO3YMHY KaM@opu B

€TUJIIOBOMY CIUPTi, 00p0OOKa MOPOXY OTPUMAHUM PO3YMHOM, CYIIIHHS IOPOXY.

6.1.1 IlpuroryBaHHsi po34uHy Kamdopu

B eMHICTh, 10 TEPMETUYHO 3aKPUBAETHCS, BIAMOBIIHUX PO3MIPIB 3
MEepPEMIITYIOUHUM Ta MiAIrPiBalOYUM yCTPOSIMU 3aJIMBAIOTh BIAMIPSIHUI 00’ €M CIIUPTY.
Ha naGopaTopHux Barax O0epyTh po3paxoBaHy HaBaXKy Kam(popu Ta 3arpykaroTh B
eMHICTh 31 cnupTtoM. [lepeMimnyioTh mNpu 3aAaHiii Temmeparypl A0 TOBHOIO

PO3YMHEHHS KaM(pOpH.

6.1.2 O0poOka MOpoxy po34nHOM

Ha Barax OepyTh HEOOXiJHY HaBa)XXKy IOpOXY, 3arpy’kKai0Th B 3MilIyBad 3
po3uMHOM KaMdopHu, HArpiTuM J0 HEOOXIJHOI TeMIepaTypu 1 NEepeMillyloTh

MIPOTSTOM 33JJaHOTO Yacy NPH BU3HAYEHIN 4acTOTI 00€pTaHHS MIIIAJIKH.
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[Ticnst 3aBepiieHHs: 0OpOOKH MOPOXY HOro CYCHEH31I0 B CHUPTOBOMY PO3UMHI
3MUBAIOTh B €EMHICTH 3 CITYACTUM (PUIBTPOM, Ha SIKOMY MOPOX BIJOKPEMIIIOETHCS Bij
po3unHy. Po3uuH, micias aHamizy Ta KOperyBaHHS 3 BMICTOM KaM(opu Ta COHpPTY,
BUKOPHCTOBYIOTh B HACTyIMHOMY ITMKJII 00poOku mopoxy. Ilopox mepemaroTh Ha
oTieparlito CyIiHHS.

[Ipu BeauKkii KiIBKOCTI TOPOXY HOTO 0OpOoOKY MOXHA 3/1HCHIOBAaTH CIIOCOOOM
PO3MUIIIEHHSI PO3YMHY Ha IIap MOpOXYy, KU mepemimryerbcs B Oapabani, IO
oOepraeThcsi. [ bOr0 HaBaXXKy IMOPOXY 3aBaHTaXYIOTh B OapabaH, NMPUBOIATH
Oapaban B oOepTaHHsS, MOTIM B OTBIp B TOPIEBIHA CTiHII OapabaHa BCTaBISIOTH
(dbopcyHKy, 3a JOMOMOIrOI0 SIKOi PO3MIWIIOITH PO34uH. JlIs piBHOMIPHOTO
3MOYYBaHHS IIOBEpXHI IMOPOXOBUX €JIEMEHTIB 1 YCYHEHHs arjoMeparii Mopoxy
pPO3YMH TOJAIOTh B JEKIIbKA MPUHOMIB, MDK SKUMH POOJISATH BUTPUMKH
nepeMilyoTh 0e3 mojaadl po3unHy). B 1boMy BUIaIKy YacTo (QuierMaTu3alliio

MOEIHYIOTH 3 TpadiTyBaHHSIM MOPOXY.

6.1.3 CyuwiHHsi nopoxy

[Topox 13 €MHOCTI 3 CITYACTHUM JHOM BUBAaHTaXYyIOTh B QJIIOMIHIEBUH JIOTOK
BIJIMOBIJIHUX PO3MIPIB, HA MOPOX KIAAYTh CHHIN JJAKMYCOBHUH Marip Jjisi KOHTPOJIIO
XIMIYHOI CTIMKOCTI MOPOXY, JOTOK BCTAaHOBIIOIOTH B CyIIMIbHY Mmady. CyuriHHs
BEJIEThCS MPU BUKOHAHHI BUMOT O€3MEKH MPHU BIAMOBIIHINA TeMIepaTrypl MpOTATOM
BU3HA4YeHOro 4acy. Ilicns 3aBepiieHHs CymriHHA mady BUMUKAIOTh Bl €JIEKTPUYHOI

MepexXi 1 MIOPOX OXOJOKYIOTh /10 KIMHATHOI TEMITEpaTypH.

6.2 IncTrpykuis (prermaTu3y4oi MoauQikamii MOpoxy

auoyTuwiadraaarom

dnermatusyroua Moaudikaiis TpaHyJIbOBAHOTO NOPOXY AUOYyTUI(TaIaTOM

3IUCHIOETHCS BOJHO-EMYIIbCIHHIM crIocoO00M. TexHomorigyHui mporec Moaudikarrii
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B I[bOMY BHUIAJKy BKJIIOYAa€ HACTYMHI OMepalii: NPUTOTyBaHHSI PO3UHHY
auOyTundransaty B eTuialerari, MiAroToBka BOJAHOTO CEPEIOBUIIA, TUCTICPTyBAHHS
PO3YHHY B BOJHOMY CEPEIOBHII, 00poOKa MOPOXY BOJAHOIO €MYJIbCIE€I0, BIATOHKA
PO3UYMHHUKA, TPOMHUBKA 1 BIJOKPEMJICHHS TOPOXY BiJ BOJHOTO CEpEAOBHUIIA,

CYIIIIHHS ITOPOXY.

6.2.1 IlpuroryBaHHsI pO3YHHY

B eMHICTP 3 mnepeMilllyl0OYUM Ta MIJICPIBAIOUYMM YCTPOSAMH 3aJUBAIOTh
BIIMIpSHY KUIBKICTh IUOyTWI(TamaTy Ta eTWIalleTaTy, HarpiBaloTh JI0 3aJIaHOl

TEMIIEpaTypHU MPOTIrOM BU3HAUYEHOI'O Yacy.

6.2.2 IliaroroBKa BOJHOTO CepeI0BHUIIA

B okpemy eMHICTH BIANOBIAHOTO 00’€My 3 MEPEMIIIYIOYMM 1 HArpiBarOYuM
YCTPOSIMU  3aJIUBAIOTh BIAMIPSAHMN 00’€éM BOAWM Ta HarpiBaloTh JO 3aJIaHOi
temnepatypu. Ha naGopaTopHux Barax OepyTh HaBa)XKy MI3IPOBOTO KJEHO B
KUTBKOCTI, IO 3a0e3MeuyloTh HEOOXITHY HOro KOHIIGHTpAIlll0 B BOJHOMY
CEpEIOBHUILI, 3aBAHTAXYIOTh B €MHICTh 3 BOJOK 1 MEPEMIIYIOTh JI0 TOBHOIO

PO3YMHEHHS.

6.2.3 JIlucnepryBaHHsi pO34MHY B BOJAHOMY cepeI0BHIIi

B migrororieHe BoJHE CEPENOBUIIE 3aBaHTAXKYIOTh NMPUTrOTOBaHUM 3 1. 5.2.1
po3unH uOyTundTanaTta B eTWIALETaTi 1, MIATPUMYIOUM 3aJaHy TeMIIeparypy
MEepPEMINTYIOTh 3 BH3HAYEHOK YAaCTOTOK OOEpTaHHS MIMAJKU 0 OTPUMaHHS

OJIHOPITHOI EMYJIbCII.
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6.2.4 O0poOKka Mopoxy BOAHOIO eMYJIbCi€I0

Ha maGoparopaux Barax OepyTh HaBaXKy MpPU3HAYCHOTO Il (prrermaTtu3aiii
IpaHyJbOBAHOTO MMOPOXY, 3aBaHTAXYIOTh B EMHICTh 3 OTPUMAHOIO 32 II. 5.2.3 BOJAHOIO
eMYJIbCIEI0 1 TIPU 3aJIaHiil TemmepaTypi IMEepeMilllyloTh 3 HEOOXIJHOK YacTOTOIO

oOepTaHHs MILIAJIKHU MPOTATOM BU3HAYEHOTO Yacy.

6.2.5 Biaronka po3umHHHMKA

[Ticnst 3akiHYEHHST Yacy OOpOOKH MOPOXYy MiJHIMAIOTH TEeMIIepaTypy BOIHOL
eMyJIbCii 70 3a7aHOTO 3HAYCHHS Ta B YMOBaX MEpPEMIITyBaHHS BIATaHIIOTH

CTHJIALCTAT IMPOTATOM BU3HAYCHOI'O 4acy.

6.2.6 IlpoMuBKa Ta BiZOKpeMJeHHS MOPOXY Bill BOJHOI0 cepea0BHUIIA

[Ticnst 3aKiHUEHHS BIITOHKK PO3YMHHUKA BUMHMKAIOTh MILIAIKY 1 HATPIBAIOUMIA
yCTpid, BOJHE CEpPEeIOBUIIE JACKAHTYIOTh. B €MHICTh 3 MOPOXOM, IO 3aJUIIUBCS B
HI{, 3aJMBalOTh rapsiyy BOJY, BMHUKAIOTh MEPEMINIYIOUUNA YCTpIA 1 MEPEeMIlIyIOTh
BU3HaYeHUl vac. [licns 3akiHYeHHS OO Yacy MIIIAJIKy BUMHUKAIOTh, & IPOMUBHY
BOAY JEKaHTyIOTb. llOTIM B €MHICTH 3 MOPOXOM 3aJMBAIOTh XOJOJHY BOJY,
MEePEMINTYIOTh 1 BMICT €MHOCTI 3JMBalOTh Ha CITYACTHU (PUIBTP, 110 BCTAHOBJICHUM

HaJl CIIeiaIbHOK €EMHICTIO JJIsl TPOMUBHOI BO/JIU.

6.2.7 CyuiiHHA mopoxy

[TpomuTHii TOPOX MICHS CTOKY BOJM HACKJIQJAIOTh PIBHOMIPDHUM IIAapoOM Ha
aIIOMIHIEBOMY JIOTKY. Ha mopox KjaayTh CHMHINA JIaKMYCOBHM Hamip Jisi KOHTPOJIIO

XIMIYHOT CTIMKOCTI MOPOXY, JOTOK BCTaHOBIIOIOTHh B CyIIWIbHY Iady. CymriHHS
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BEJICTHCS NMPU BUKOHAHHI BUMOT O€3MEKH MpH BIAMOBITHIN TeMIlepaTypi MpOTATrOM
BHU3HAUEHOTO 4acy. Y BUMNAAKY IMOYEPBOHIHHS JIAKMYCOBOTO Tamepy MOpOX CIij
HeraiHo mnpubpatu 13 cymmibHOI madu Ilicns 3aBepreHHs CymIiHHA —mady
BUMUKAIOTh BIJ] EJIGKTPUYHOI MEpEXi 1 MOPOX OXOJOKYIOTh 10 KIMHATHOI

TEeMIIepaTypHu.
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7 BUBHAYEHHS TEXHOJOITYHUX PEXKUMIB MOJU®PIKALIILL
IHOPOXOBUX I'PAHYJIL, 1O 3ABE3IIEYYE€ I[TPOI'PECUBHICTD
I'OPIHHA ITOPOXY

B pesynbTaTi mpoBeAeHUX MOCTIKEHb Oy BU3HAUCHI TEXHOJIOTIYHI PeKUMHU
dbaermatusyrodoi  Moaudikamii  TpaHyJROBAaHOTO TOpPOXy, IO  3abe3medye
NPOTPECUBHE TOPIHHSA, SKI TMPEACTaBlIeHI B OKPEMHUX IMPOTOKONIAX 3 TpuQOM

(mpotoxoi Nel, mM.6T; mpoTokos Ne2, am.7T).
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BUCHOBKHA

Pesynbrati BHKOHAaHHS JPYroro €ramy KaJeHIAapHOTO IJIaHy JoroBopy No
13/42-2015 Big 30.10.2015 «JlocaipkeHHs Ta BIANPALIOBAaHHS TEXHOJOTIYHUX
peXHUMiB MOAM(IKaLil TPaHyIbOBAHOTO MOPOXY» MOJSATAI0Th B HACTYITHOMY.

BcTranoBneHo, 110 KIHETUYHI KPUBI HACHMYEHHS IMIPOKCHIIIHOBOTO ITOPOXY
(baerMaTu3aTOpoM BIIHOCATHCA 10 JABOCTAIIMHOTO TUIy. Takui TUN KIHETUYHHX
KPUBUX CBIIYUTH MPO aHOMAJii MpOIeCYy HACUYECHHS, fKa XapakTepHa s audysii
HU3BKOMOJIEKYJISIPHUX PEYOBHUH B JICSIKUX MOJIMEpPHUX Marepianax. [l
PO3paxyHKy KIHETUKH MPOLIECY HACUUCHHS BUBEJICHI EMITIPUYHI PIBHSIHHS.

Po3pobnena ¢i3uyHa Mojellb MPOIECy HACUYEHHS Ha MiACTaBl MPOIECIB
azcopOuii Ta nudysii paermaruzaropa. OcoOIMBICT JaHOT MOJEINI MOJIATaE B TOMY,
[0 JOCSTHEHHS Ha IOBEpPXHI IpaHysl KOHLEHTpauii (iaermarusaTopa, IOpH SKIA
TeMIlepaTypa CKIyBaHHS HITpaTy ILEJIOJI03U CTa€ PIBHIA Temmeparypl Mpolecy,
MPU3BOJUTH J10 TUIAcTU(IKAIi Ii€]l MOBEPXHI Ta MPWIATAlOYUX 10 HEi IIapiB 3
YTBOPEHHSIM IUIACTU(PIKOBAHOI 30HU.

BceranoBnenuii  po3moniyl  KOHIEHTpalii ¢uierMartuzatopa 3a pajiycom
MOPOXOBUX TpaHylsl, OTPUMAHUX JIAKOBUM CIOCOOOM. XapakTep pO3MOILTY
dbaermaTu3aTopa 3aJ€KUTh BIJ PSKUMHHUX MapaMeTpiB MPOIECy. 3arnporoHOBaHA
3QNIEKHICTh JJIT  HOro MaTeMaTUYHOrO OIUCY, OCHOBHHH mapameTrp sAKoi
BU3HAUYAETHCS 3a CEepelHIM BMICTOM (iermMaruzaropa B rpanynax. Otrpumane
EMITIpUYHE PIBHSHHS, SKE J03BOJISE€ IIOB’S3aTH IIBUIKICTH TOPIHHSA IOPOXY 3
KOHLIEHTpAaLi€lo (iermMaTu3aropa B HbOMY.

BusHaueHi CTpyKTYpHO-IIUIBHICHI Ta OaimicTUuHi (IIBUJAKICTH TOPIHHS)
XapaKTEPUCTHUK TTOPOXY MICHs oro Moaudikartii.

BusHayeHi  TeXHONOriyHI  pexxuMu  (uiermatusyrouoi  Moaudikaiii

IPaHyJIHOBAHOTO MOPOXY, IO 3a0e3Meuy€e MPOTPECUBHE TOPIHHS.
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