HaitioHanpHUM TEXHIYHUNA YHIBEPCUTET Y KpaiHU
«KuiBCbKU MOMITEXHIYHUNA IHCTUTYT IMeH1 Irops CiKopChKOTo»
MiHiCTepCTBO OCBITH 1 HAYKU Y KpaiHU
HaitioHanbHUM TEXHIYHUN YHIBEPCUTET Y KpaiHU
«KuiBChbKU MOMITEXHIYHUNA IHCTUTYT iIMEH1 Irops CiKopChKOTo»

MiHiCTEepCTBO OCBITHU 1 HAYKU Y KpaiHU

Kgsanidikamiitna HaykoBa mpaiist

Ha IpaBaxX PyKOMHUCY

MOJUMAH I'PUTOPI CEPTIMOBHUY

VJIK 678.05:66.021.4

JTUCEPTALIS
TENJIOOBMIH TTPU KAJIIBPYBAHHI TPYE 3 TEPMOILJIACTIB

CrenianpHicTh 133 «["amy3eBe MammmHOOY/IyBaHHS

["amy3b 3HaHb 13 «MexaHiuHa iHXKEHEPIsS»

[Tomaetbest Ha 3100y TTSI HAYKOBOTO CTyNEHs JOKTOpa (hutocodii
Huceptairiss MICTUTh pPE3yJIbTaTU BIIACHUX JOCHIDKEHb. BUKOpUCTaHHS 171eH,
pe3yJbTaTIB 1 TEKCTIB 1HIIMX aBTOPIB MalOTh MOCUJIAHHS HA BIATIOBITHE JIKEPEIIO

I'.C. Iloguman

HayxoBuii kepiBauk Cemincbkuit Onexcanap OneroBud, KaHAUIAT TEXHIYHUX HAYK,

JTOLIEHT

Kwuis — 2024



AHOTANIA

Iloouman I'.C. TenmooOMiH mnpu KamiOpyBaHHI TpyO 3 TEpMOIIACTIB. -
Kpanidikariitna HaykoBa mparis Ha IpaBax PyKOIUCY.

Jucepramiss Ha 37400yTTS HAYKOBOTO CTymHeHs jJokTopa ¢imocodii 3a
cremianpHicTIO 133 «["anmy3eBe MammHOOyayBaHHs». — HallloHaIBbHUN TeXHIYHUN
yHiBepcuTeT Ykpainu «KuiBcbkuit mositexHiyHUM 1HCTUTYT iMeHl Iropsi CikopchbKkoroy,
Kuis, 2024.

[Ipouiec kamiOpyBaHHsS € OAHUM 3 BU3HAYAJIBHUX JUJIS AKOCTI TPYO 3 MOJIIMEPHHUX
MarepiaiiB, sIKI BATOTOBIISIIOTHCS METOJIOM €KCTPY3li, BiJl JOCKOHAJIOCTI KaJlIOPyBaJIbHOTO
PUCTPOIO 3AICKUTH MPOTYKTUBHICTH 1 TUTOM1 €HEPTrOBUTPATH MPU BUPOOHUIITBI TITaKUX
TpyO 3 TepMoILIacTiB, 0cOOIUBO A TpyO Masoro aiametpa (16...25 mm).

HuceprariiiHy poOOTy MPUCBAYEHO JOCHIIKEHHIO MPOIIECY KaaiOpyBaHHS TpyO 3
TEPMOILIACTIB, a caMme IHTeHCcHdiKallii mpolecy MEepeHECEHHs TeIjla Ta 3MEHIIEHHIO
Halpy>keHb B MaTepialili TpyOu, ska KamOpyeTbcs Ml MOJEpHI3alli ICHYIOUYUX
KOHCTPYKIIIH KamOpyBaJIbHUX TMPUCTPOiIB, II0 JO3BOJUTH 3OUIBIIUTH IIBUIKICThH
KaJiOpyBaHHS 1 MPOAYKTHBHICTh EKCTPY31MHOTO 00JIaTHAHHS JUTIsl BAPOOHUIITBA TPYO.

[IpoBeneHO aHAMITUYHUI OIS Cy4yacHOTO CTaHy JIOCHIIKEHb IPOIIECIB
KaJiOpyBaHHS TPHU EKCTPY3ii TepMmoruiacTiB. PO3rIsTHYTO OCHOBHI Cy4YacHI TEXHOJOTIT
KaJliOpyBaHHS Ta KOHCTPYKIIIi KamiOpyBalbHUX MPUCTPOIB, HA OCHOBI MATEHTHOTO TOIIYKY
MIPOAHAJII30BAHO OCHOBHI HAIIPSIMKU BIOCKOHAJIEHHS 1X KOHCTPYKIIIi.

3a pesynbTaTaMH aHAJTITAYHOTO OISy BH3HAUCHO MUIAXH MOJEpHi3alli
KaliOpyBaJIbHUX MPUCTPOiIB, CPOPMYJILOBAHO HANPSMU I1HTEHCH(IKALT NEepeHEeCeHHs
Temjga Ta 3MEHIIEHHS MEXaHIYHMX HABAHTAKEHb B MaTepiajl CTIHKM TpyOu, ska
KamiopyeTbes, chOpMyTbOBaHO OOMEKEHHSI TEXHOJOTIYHUX TMapaMeTpiB 1 BH3HAYAIBHHUX
r€OMETPUYHUX PO3MIpPIB KaniOpyBaibHOTO MPUCTPOIO.

[Ipu xamiOpyBaHHI TpyO 3 TEpMOIIACTIB BiAOYBa€ThCA KiJIbKa IMOB’S3aHUX MiXK
co00I0 TPOIIECIB: MEPEHECEHHs TeIia 4Yepe3 CTIHKY KallOpyBaJIbHOI TiIb3U, YTBOPEHHS

HAJMOJIEKYJISIPHUX CTPYKTYp B MaTepiail CTIHKH TpyOH, sika KaalOpyeThbcs, 31 3MIHOIO



Horo TemnogizuYHUX MapaMeTpiB, TAKOK, BUHUKAIOTh HAMPY>KEHHS BiJ TEPTS 30BHIMIHBOI
CTIHKHM TpyOHU 1O MOBEPXHI KamiOpyBaIbHOT TUTB3H.

B naniii pobOTI pe3yapTaTH Cy4aCHHUX JOCHIIKEHb BIOCKOHAJIEHO Ta IMOEJIHAHO
JUIA BUPIIIEHHS HAayKOBOi 3ajadi MiABUIICHHS €(EKTUBHOCTI MPOIECIB TEIUIOOOMIHY B
KaiOpyBaJbHOMY TIPUCTPOi MpU OJEpKaHHI TpyO 3 TEpPMOILIACTIB 13 3aJlaHUMHU
BJIACTUBOCTSIMHU.

Jis  MopenmtoBaHHS TPOILECY TIEPEHECEHHS Temia B poOOTI BUKOPUCTAHO
JBOBUMIPHY MaTeMaTU4YHY MOJEJb HECTAI[lOHAPHOI TEIUIONPOBITHOCTI 3 BPaXyBaHHSIM
TETUIOTH (pa30BOTO MEPEXOAY MPH YTBOPEHHI HAAMOJICKYIAPHUX CTPYKTYp. OOTpyHTOBAHO
BUKOPHUCTAHHS JIEKAPTOBOI CUCTEMHU KOOPJMHAT AJIsl IIBUIKOIUIMHHOTO OXOJIOKEHHS MU
KaniOpyBaHHI, cPOPMYJIILOBAHO TPAHWYHI YMOBHU APYroro pojay — MUTOMHH TETUIOBUN
MOTIK BIJ MaTepialy CTIHKM TpyOM sika KamOpyeTbcs IO OXOJOKYBaJIbHOI PIIUHMU.
BpaxoBaHo TepMiYHHMI Omip MIDK CTIHKOIO TpyOM siKa KajmiOpyeTbCsd JO CTIHKH
KaJIIOpYyBaJIbHOI I'JIb3H. PO3paxyHOK TeMnepaTypHHX MOJIIB B MaTepiaii CTIHKA TPyOH sika
KaIIOpy€eTbCcd BUKOHAHO [JIsl TOJIETHIEHY BHMCOKOi TYCTHHU: B OOYHUCIIOBAILHOMY
EKCIIEpUMEHTI 3 BHUKOPHUCTAHHSAM METOJy CKIHYEHHUX PI3HHUIb 32 SBHOIO CXEMOIO,
nporpamue 3abesnedyeHHs Python 3.7; B cumynsiiiiHoMy eKCIIepUMEHTI 3 BUKOPHCTAHHSIM
CFD cucrtem. Po036ikHICT, pO3paxyHKIB OIIIHEHO 3a JOMOMOTOI KpuTepis dimepa,
3p00JICHO BHCHOBOK IIOJ0 MOXJIMBOCTI BUKOpucTaHHs CFD cucreMm 1isi po3paxyHKy
TEMIIEpaTypHUX MOJIB MpU KajdiOpyBaHHI TpyO 3 TEpMOIUIACTIB 32 YMOBU BpaxXyBaHHS
3MIHM TerIO(MI3UYHUX TMapaMeTpiB B IIMPOKOMY Jlama3oHi TemmepaTryp. Takox,
MPOBEACHO OOUMCITIOBAIBHUIA €KCIEPUMEHT JIJIsl OJIIMPONIIeHY THUII 1.

[Ipyu  oxonomkeHHi TpyOM B  pO3IJIaBl  TEPMOIUIACTa  YTBOPIOIOTHCS
HAJIMOJICKYJISIPHI CTPYKTYpH (MIPOTIKA€E CKIyBaHHS), MPU I[bOMY 3MIHHU TEIUIO(MI3UYHUX Ta
MEXaHIYHMX BJIACTUBOCTEW  XapaKTEePU3YIOTbCS CTyMeHeM KpucrtaiaiyHocti. [lpu
30UTBIIIEHH] CTYIIEHSI KPUCTAIIYHOCTI 3MEHIIIYETHCS MUTOMHM 00’ €M MaTepiairy 1 BHHUKAE
ycanka. [[ns 3amo0iraHHs mopynieHHs TEpMIYHOTO KOHTaKTy TpyOH, sika KamiOpyeTbes, 31

CTIHKOIO KaniOpyBaidbHOI IJIb31 HEOOX1IHO MIATPUMYBATH TUCK Y BAKYYMHII BaHHI.



[Tporec ycaaxu IOCHIIKEHO TEOPETUYHO, IO JTO3BOJHIO PO3POOUTH MOJEIb Ta
AITOPHUTM JJIsl pO3paxyHKY 3HAYEHHS THUCKY, HEOOX1THOTO I 3a0€3MeYeHHS TEPMIYHOTO
KOHTaKTY.

BceraHoBieHo, 10 TMpolec CKIyBaHHS TEPMOIUIACTIB MPH OXOJOMKEHHI B
KaJ1iOpyBaJbHOMY IPHUCTPOI BiIOYBAETHCSA B JBOX TOCIIJIOBHO PO3TAIIOBAHUX YMOBHHUX
30Hax — 30H1 (OpPMYBaHHS TBEPAOi IUTIBKM Ta 30HI 1l POCTY, a MPOIEC NePEHECEHHs TeIla
st 30HU (OpPMYBaHHS JIIMITYEThCS 30BHINIHBOIO 3a7a4€l0, TOMY 1HTEHCH]IKaIlis
NEPEHECEHHs TEIlIa Bijl 30BHIMIHBOI CTIHKU KaJiOpyBaJbHOI TUIB3HU 10 OXOJOKYBaIbHOI
PIAMHU JT03BOJISIE TOKPAIUTH YMOBU KajiOpyBaHHsS. B 30HI pocTy 0XOJOIXKEHOI 1
MEXaHIYHO MIIHOI TUIIBKA TEPMOIUIACTY IHTEHCHU]IKaIisl OXOJIOJXKEHHS KalniOpyBaJIbHOI
r'JIb31 MaJio BIUIMBAE HA MPOIIEC KamiOpyBaHHS.

Jns mepeBipkM TMOJOXKEHb (DI3UYHOT Ta MATEeMAaTUYHUX MOJEIEH MPOIIECiB
NEpPeHEeCeHHsT TeIjla B KajiOpaTopi 13 3aCTOCYBaHHSIM KOHTPOJIBOBAHOTO PO3PIKEHHS
MPOBEICHO HATYPHUH EKCIEPUMEHT 3 BHUKOPHCTAHHSIM IPOMHCIOBOTO OO HAHHS.
Pe3ynbraTi HATYpHOTO EKCIIEPUMEHTY Yy3araJlbHEHO Ta TOPIBHAHO 3 pe3yJbTaTaMH,
OTPUMAHUMH 3 cepii OOYHMCIIOBAIBHUX EKCIIEPUMEHTIB, IATBEPKEHO aJICKBATHICTh
MO/I€eJIl Ta KOPEKTHICTh aJTOPUTMY 1 IPOTPaMHU PO3PAXYHKY.

3a pe3yapTaTaMy HAaTypHHUX Ta OOUYMCITIOBAIILHUX E€KCIIEPUMEHTIB 3alPOTIOHOBAHO
Kopensmitiny sanexsicth P =K (r—7,)* 111 BuU3HAYEHHS MiHIMATBHOTO THCKY
PO3PLKEHHS, SIKUM JOCTaTHINA M1l mpoTuii edeKTy ycaJku MpU CKIYBaHHI PO3IUIABY
TEPMOILIACTa 1 JI03BOJIsiE 30€perT TEpMIYHMA KOHTAKT TpyOH, sika KamiOpyeTbes 3
MOBEPXHEIO KamOpyBaibHOI TUIb3U. EKcmepuMeHTambHO BHU3HAYeHO KoedimieHTH
3aKOHOMIPHOCTI JJIsl KayiOpyBaHHS TPyOU MiaMeTpoM 25 MM, 3 MOJIETHICHY BHCOKO1
IYCTUHH Ta KaliOpyBaJIbHOIO NPHUCTPOIO 3 AaJANTUBHUM PO3PLIKEHHSIM IO 30HaM
EKCIIEPUMEHTAJILHO BU3HAYEHO KOCQILIEHTU TSI PO3PaXyHKY BEITUYMHU PO3PITHKCHHS:
k1=6'104 Ha/c1’25; k=1,25; gyac ¢opMyBaHHS MIIHOI IUTIBKK 3 po3iaBy To=0,2 c.

Po3pipkeHHsT B3IOBXK KaliOpyBallbHOI TUIB3M Ma€ BIAMOBIAATH MIHIMAJIbHOMY

TUCKY JUJIsi 3a0€3Me4YeHHs] TePMIYHOTO KOHTaKTy TPyOM 3 TMOBEpPXHEIO KamiOpyBaiabHOI



r'JIb3H, 110 J03BOJISIE YHUKHYTH BIIpUBY TpyOM BiJ MOBEpPXHI KadiOpyBaJIbHOI TUIB3H 10
3aBEPIICHHS POCTY TOBIIWHH TBEPJOTO IIapy, Ta 3MEHIIUTH 3yCHIUIS MPOTATYBAHHS, SKi
BUKJIMKAIOTh HAIpPY>KEHHS B TOHKOMY OXOJIOJKEHOMY IIIapl TEPMOILIACTY, SIKUH Mae
MEXaHIYHYy MIIHICTh. 3a0€3MeUYeHHS MOCTAaBICHOT YMOBH JI03BOJISE 301IBIINTH IIBUIKICTh
KaJiOpyBaHHS Ta, BIJAMOBIIHO, MPOAYKTUBHICT, BUPOOHMIITBA O€3 301IBIICHHS KIJTBKOCTI
0oOpHBIB JIiHII 1 BTpaTH SKOCT1 TPYyOHU.

3anpornoHOBaHO HOBi, OUIBII MPOTPECHBHI BIJHOCHO CYYacHUX, KOHCTPYKIIIT
BaKyyMHUX TpyOHUX KamiOpyBaJdbHUX TMPHUCTPOIB 3 JBOMA 30HAMH PO3PIIKECHHS.
OTpuMaHo JBa TMAaTEHTH Ha KOPUCHI MOJeNl KamOpyBaJbHUX MPUCTPOIB 3
KOHTPOJBLOBAHUM PO3PIPKEHHAM B3JIOBXK KadiOpyBalibHOI TUIb3U. HOBI KOHCTpYKIIii
3a0e3meuyloTh ~ 30UIBIICHHS  IUIOMI  TEIUIOOOMIHY — KaliOpyBaJlbHOi — TUIB3UW 3
0XOJIO/IKYBAJIBHOIO piiHOIO 10 50 % Ta 30ublIeHHsT KoedillieHTa TeraoBiaayl OuUIbIil
HIX BABIYl. J[Is  MOJEpHI30BaHMX  KOHCTPYKIIH  KajgiOpyBaJbHOTO  MPUCTPOIO
3apPONOHOBAHO AJITOPUTM PO3PaXyHKY BU3HAYAIBHUX FT€OMETPUYHUX PO3MIPIB €JIEMEHTIB
MOJIEpHI3allli — TBUHTOBOTO KaHaly Ha OCHOBI TiJIpaBii4HOrO OMOPY Ta OOMEXEHb
IPUCTPOIB CTBOPEHHS PO3PIHKEHHS (BaKyyMHOT'O HAcOCy) 1 CKIAJEHO IMporpamy B
cepenosuini Python 3.7.

Jlns  MOAepHI30BaHOTO  KamOpyBaJlbHOTO  TIPHUCTPOIO  IPOBEJACHO  CEpiio
OOYHUCITIOBAILHUX E€KCIIEPUMEHTIB 3 BUKOPHUCTAHHIM IMJIIHIPUYHOI CUCTEMU KOOPJIWHAT
Ta TPAaHUYHUX YMOB TPETHOTO POAY, OTPUMAHO TIpadikd ISl 1H)KEHEPHOIO PO3PaxyHKY
JIOBXHHH 30HHU OXOJIO/PKEHHS MiCIIs KaliOpyBaJIbHOTO MPUCTPOIO.

HaykoBa HOBH3HA OJIep:KaHUX PE3yJIbTATIB!

Bnepuwe:

- OOIrpyHTOBaHO YMOBH IIPOIIECY TEIIIOOOMIHHY 3 KOHTPOJIBOBAHUM TEPMIYHUM
OMOpPOM TpHU KOHTaKTI TpyOM Ta poOOUYOi MOBEpPXHI KamOpyroudoi ruib3u MpH 3afaHid
JUHAMIII TIpoIleCcy KpHUCTami3allii, 1o M03BOJIUThH 30UIBIIMTA MPOIYKTUBHICTE JIIHIT TIPH
30epexeHH1 IKOCTI BUPOOY;

- eKCIEepPUMEHTAJIbHO BU3HA4Y€HO 4Yac (OpMYyBaHHS TBEPIOTO Iapy MOJIMEpPY



Ha 30BHINIHIN MOBEpXHI TPyOW MPH KOHTAKTI 3 KaliOpaTopoM Ta BU3HAYEHO MiHIMAJIbHE
3HaYeHHS Ta AMHAMIKY 3MIHU PO3pLIKEHHS B Kamepl kamiOparopa st 3a0e3meueHHs
3aJIaHOTO  TEPMIYHOIO OIMOpPY TPH OXOJIOJPKEHHI 0€3 MEXaHIYHOro pYyWHYBaHHS
HOBOYTBOPEHOT'O TBEPOIO IIapy Ha TPyOHIil 3ar0TOBIIl;

- 0OTpyHTOBAaHO YMOBHM MIHIMAJIbHOTO PO3PIIKEHHS B 30HI1 KaliOpyBaJbHOTO
MPUCTPOIO JJISI TEPMIYHOTO KOHTAKTy PyXOMOi TPYyOH 31 CTIHKOIO KaiOpyBaJIbHOI TiJIb3H,
10 JO3BOJIUTH MiIBUIIUTH SIKICTH BUPOOIB.

Yoockonaneno:

- MareMmMaTU4yHy MoOJelb TMpolecy TemIooOMiHy mpu KamOpyBaHHI 3
ypaxyBaHHSM 3MiHH (DI3UYHOTO CTaHy Ta TEIUIO(MI3UYHUX MapaMeTpiB, TEPMIYHOTO OTOPY
Ha MEX1 METaJI-TEPMOILIACT;

- eKCIHEpPUMEHTAJIbHO  BU3HAYEHO  TEXHOJOTIYHI  MapamMeTpu  poOOTH
KaJiOpyBaJIbHOTO MPUCTPOIO JIJISi BAPOOHUIITBA TPYO 3 MOJIETUIICHY MPU PI3HUX PEKUMAaX
KaJ1iOpyBaHHS.

Jicmano nodanvuiuti po36umox:

- MAXOAM [0 TPOEKTYBAaHHsS I1HHOBAIIIMHUX KOHCTPYKIIM KamiOpyBaIbHUX
MPUCTPOIB JJii BUPOOHUIITBA TpyO 3 TEPMOIUIACTIB 13 3aCTOCYBaHHSM METOJIB
EKCIIEPUMEHTAJIbHO-YHCEIbHOTO MOJICIIOBaHHS.

HaykoBo-TexHiuHI  pe3yibTaTH JAUCEpPTallifHOi poOOTH  BIPOBAIHKEHO B
HaBUaJbHUN Tpouec Ha kadeapl MallMH Ta amnapariB XIMIYHUX 1 HadTomepepoOHUX
BUpoOHUNITB  HaimioHanbHOTO  TEXHIYHOTO  YHiBepcutery  Ykpainu  «KuiBcbkuit
MOJITEXHIYHUM THCTUTYT IMeHI [ropst CiKOpChKOro».

Po3po0neHo anroput™ po3paxyHKy MOJEPHI30BaHOT KOHCTPYKIli KamaiOpyr4oro
MPUCTPOIO, IO JO3BOJIUTH 30UIBIIUTH MPOAYKTUBHICTh HA 15% mipu BUPOOHUIITBI TPYyO
niamerpom 16, 20 ta 25MM.

KmaouoBi  caoa:  MOJIEJIIOBAHHS,  EKCTPVY3IdA, EKCTPYJIEP,
KAJIIBPATOP, TEIUIOIIEPEJAYA, HAIPIBAHHS, TEIUIOBI [IIPOLIECH,
TEMIIEPATYPHI  TIOJISI, ®I3BMYHI  BJIACTUBOCTI,  TEIIJIO®I3NYHI



BJIACTUBOCTI, MEXAHIYHI BJIACTHUBOCTI, TIOJIMEP, TEPTS, TEPMIUHMIA
OITIP, ®A30BUI ITEPEXI]I.



ABSTRACT
Podyman H. Heat exchange during calibration of thermoplastic pipes. - Qualifying

scientific work on the rights of the manuscript.

PhD thesis in the field of knowledge 13 Mechanical engineering 133 Branch
mechanical engineering. - National Technical University of Ukraine "lgor Sikorsky Kyiv
Polytechnic Institute”, Kyiv, 2024.

The calibration process is one of the determinants of the quality of pipes made of
polymeric materials, which are made by extrusion, from the perfection of the calibration
device depends on the productivity and specific energy consumption in the production of
small diameter pipes (16+25 mm).

The dissertation is devoted to the investigation of the calibration process of
thermoplastic pipes, namely, the intensification of the heat transfer process and the
reduction of stresses in the material of the tube being calibrated for the modernization of
existing designs of calibration devices, which will increase the speed of calibration and the
productivity of extrusion equipment for the production of pipes.

An analytical review of the current state of research on calibration processes during
the extrusion of thermoplastics was carried out. The leading modern technologies of
calibration and the design of calibration devices are considered, based on a patent search,
and the main areas of improvement of their design are analyzed.

Based on the results of the analytical review, the ways to modernize the calibration
devices were determined, directions for heat transfer intensification and reduction of
mechanical loads in the material of the pipe wall being calibrated were formulated,
limitations of technological parameters and defining geometric dimensions of the
calibration device were formulated.

When calibrating thermoplastic pipes, several interconnected processes occur: heat
transfer through the wall of the calibration sleeve, the formation of supramolecular

structures in the material of the pipe wall, which is calibrated with a change in its



thermophysical parameters, and stresses arise from the friction of the outer wall of the pipe
on the surface of the calibration sleeve.

In the work, the results of modern research are improved and combined to solve the
scientific problem - of modeling the heat exchange process during the calibration of
thermoplastic pipes.

A two-dimensional mathematical model of non-stationary thermal conductivity,
taking into account the heat of the phase transition during the formation of supramolecular
structures, was used to simulate the process of heat transfer to work. The use of the
Cartesian coordinate system for rapid cooling during calibration is substantiated, and the
boundary conditions of the second kind are formulated - the specific heat flow from the
material of the pipe wall, which is calibrated to the coolant. The thermal resistance
between the pipe wall, which is calibrated to the wall of the calibration sleeve, is taken
into account. Calculation of temperature fields in the material of the pipe wall to be
calibrated, performed for high-density polyethylene: in a numerical experiment using the
finite-difference method according to the explicit scheme, Python 3.7 software; in a
simulation, experiment using a CFD system. The calculation discrepancy was assessed
using Fisher's test, a conclusion was drawn regarding the possibility of using the CFD
system to calculate temperature fields during the calibration of thermoplastic pipes,
provided that changes in thermophysical parameters in a wide temperature range are taken
into account. A numerical experiment was also carried out for polypropylene type 1.

When the pipe is cooled, supramolecular structures are formed in the thermoplastic
melt, while changes in thermophysical and mechanical properties are characterized by the
degree of crystallinity, and the process itself is called "vitrification". When the degree of
crystallinity increases, the specific volume of the material decreases and shrinkage occurs.
To preserve the thermal contact of the pipe being calibrated with the wall of the calibration
sleeve, the minimum necessary pressure in the vacuum bath was analytically determined
according to the calculated temperature fields. Models of elastic and plastic deformations

were used.
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The results of the natural experiment were summarized and compared with the
results obtained from a series of numerical experiments, and the adequacy of the model
and the correctness of the algorithm and the calculation program were confirmed.

It was established that the vitrification process of thermoplastics during cooling in
the calibration device takes place in two sequentially located conditional zones - the zone
of formation of a solid film and the zone of its growth, and the process of heat transfer for
the zone of formation is limited by an external task, therefore, the intensification of heat
transfer from the outer wall of the calibration sleeve to the cooling liquid allows to
improve the calibration conditions. In the growth zone of the cooled and mechanically
strong thermoplastic film, the intensification of the calibration sleeve cooling has little
effect on the calibration process.

Based on a series of field and numerical experiments, the
P . =k (r—1,)regularity is proposed to determine the minimum vacuum pressure,

which is sufficient to counteract the shrinkage effect during glazing of the thermoplastic
melt and maintain thermal contact pipe being calibrated with the surface of the calibration
sleeve. The coefficients of regularity for a pipe with a diameter of 25 mm, made of high-
density polyethylene and the design of the calibration device which was used in the field
experiment were determined: k,=6E+4 Pa/s; k,=1,25; the time of formation of a
mechanically strong film from the meltt,=0,2 s.

The vacuum along the calibration sleeve must correspond to the minimum pressure
to ensure thermal contact of the pipe with the surface of the calibration sleeve, which
allows to avoid separation of the pipe from the surface of the calibration sleeve before its
growth is complete and reduces the drawing forces that cause stress in the thin cooled
layer of thermoplastic, which has a mechanical strength. Ensuring the given condition
allows you to increase the speed of calibration and, accordingly, production productivity
without increasing the number of line breaks and losing the pipe quality.

New designs are proposed that are more advanced than current vacuum tube

calibration devices with two rarefaction zones. Two patents have been received for useful
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models of calibration devices with controlled rarefaction along the calibration sleeve. The
new designs provide an increase in the heat exchange area of the calibration sleeve with
the coolant by up to 50% and an increase in the heat transfer coefficient by more than 2
times. pump), the program was compiled in the Python 3.7 environment.

For the modernized calibration device and the condition of increasing the calibration
speed, a series of numerical experiments were conducted using a cylindrical coordinate
system and boundary conditions of the third kind, graphs were obtained for the
engineering calculation of the length of the cooling zone after the calibration device.

The scientific novelty of the obtained results.

For the first time:

- experimentally determined the time of the formation of the pipe blank and obtained
regularities for determining the minimum rarefaction necessary to ensure the given
thermal resistance when calibrating thermoplastic pipes, as well as substantiate the
conditions of minimum rarefaction in the area of the calibration device for thermal contact
of the moving pipe with the wall of the calibration sleeve, which will improve the quality
products;

- the conditions of the heat exchange process with controlled thermal resistance at
the contact of the pipe and the working surface of the calibrating sleeve with the specified
vitrification dynamics of the thermoplastic are justified, which will allow for increased
productivity while maintaining the quality of the product;

Improved:

- a mathematical model of the heat exchange process during calibration, taking into
account phase transitions with changes in thermophysical parameters, thermal resistance at
the metal-thermoplastic interface;

- the technological parameters of the calibration device for the production of
polyethylene pipes under different rarefaction regimes were determined experimentally.

Received further development:

- approaches to the design of effective designs of calibration devices for the
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production of thermoplastic pipes using experimental and numerical modeling methods.

The scientific and technical results of the dissertation work were implemented in the
educational process of the Department of Machines and Apparatus of Chemical and Oil
Refining Industries of the National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute”. An algorithm for calculating the modernized design of the
calibration device has been developed, which will increase productivity by 15% in
producing pipes with a diameter of 16, 20, and 25 mm.

Keywords: SIMULATION, EXTRUSION, EXTRUDER, CALIBRATOR, HEAT
TRANSFER, HEATING, THERMAL PROCESSES, TEMPERATURE FIELDS,
PHYSICAL PROPERTIES, THERMOPHYSICAL PROPERTIES, MECHANICAL
PROPERTIES, POLYMER, FRICTION, THERMAL RESISTANCE, PHASE
TRANSITION.
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Gm MacoBa BUTpara, Kr/c

Gy - o0’emHa BUTpaTa, M3/C;

P (p) — tuck, Ila

Q - TeruoBwmii motik, Jx/c;

( - ryCTHHA TEIIOBOrO MOTOKY, JiK/(M*¢ );

A

R - tepmiuHuii omip;

S — muTo111a MOBEPXH1 TOBIIMHA CTIHKK TPYOHOT 3arOTOBKH;
T — temneparypa, K, °C;

X, Y, Z— KOOpJMHATH B ACKAPTOBIN CUCTEMI KOO IUHAT;

a - koedimienT Temosinaui, Br/(mM*-K);

X, - JiHIAHA yca/iKa NoJIMepy NMpHU CKIIyBaHHI;
Xy - 00’eMHa ycaJika MmojiMepy Mpu CKITyBaHHI;

0 — IIMPHUHA 33a30py MIX MOBEPXHAMU KajiOparopa Ta MnoiaiMepHoi TpyOu, M;

A - KoedilieHT TeronpoBigHocTi, BT/(M rpam)
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M - IMHaMiYHa B’SI3KICTh, [la'c;
V - KIHEMAaTH4YHA B’ SI3KICTh

3.
O - TyCTHHA, KI/M";

T - 4ac, C;

Inpexcu

air — moBiTps;

clb — kamo6parop;

cl-a — Ha rpanii kamxoOpaTopa 3 MOBITPSIM;
c00l — 0XO0I0MKEHHS,;

fld — pigkuit Texyunii;

max — MakCUMaJIbHHUM;

MiN — MiHIMaJIbHU;

melt — po3mas, mIaBICHHS;

pol momnimep;

PE — mosieTuieH;

PP.-. noninponiyieH:

sld — TBepauii, 3aTBEpAITH;

tb — monimepHa TpyoOa;

t-cl — Ha rpanuI mosiMepHOT TPYOH 3 KaiOpaTopoM;

W - BoJa

OCHOBHI CKOpOYeHHS:

HDPE (I1EBI") — koMno3u11ii moJiieTUJIEHYy BUCOKOI I'YCTHUHU;
LDPE (ITEBI") — koMIo3ui1iii MOJIE€TUIEHY BUCOKOTO THUCKY;
PP — xoMmo3wuilii moJinpornijieny;

PVC — xomno3u1ii modiBIHUIXJIOPUY;

SDR — crangapTHe po3MipHE BiTHOIICHHS TPyOH
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BCTYII

AKTYaJIbHICTb TEMH JOCJIiIZKEHHS.

3aBAsKu CBOIM (PI3UKO-MEXaHIYHUM BIIACTUBOCTSM TOJIMEPHI TPYOM IIMPOKO
3aCTOCOBYIOTBCS B I1HDKGHEPHHX MeEpeXax pI3HOTO TpU3HAYEHHS, 30Kpema s
BOJIONIOCTaYaHHs, Ta30MI0CTavYaHHs, OMAJCHHs, BOJOBIIBEJICHHS 1 BUTOTOBJICHHS 3aXHUCHHUX
KaHaiB JUIsl TPOKJIAJaHHA ENEeKTPUYHUX KabemiB, KaOeliB 3B'A3KYy, ONTOBOJOKOHHOIO
kabero, Tomo. 3a pe3yiabTaTaMH eKcIutyaTarii [1-2] kpali pe3yabTaTd HoKa3aid Tpyou
BUTOTOBJICHI 3 KOMITO3UIIi mosieTuieny Bucokoi ryctunu (HDPE, nami momietunien); ta
nominponiieny (PP) tunm 1, — nis BurotoBieHHs TpyO Oe3HamipHOT BHYTPIIIHBOI
kanamizarii, PP tun 2, — TpyO 30BHImMHKOI kanHamizarii, PP tun 3, — tpyOu rapsqoro
BOJIOTIOCTAaYaHHs (J1aji MOJIIPOIiJieH). A Takok KoMro3uilii nojiiBinuixiopuay (PVC), —
Uit TpyO, M0 MPALOIOTh IMiJl TUCKOM, 3aXMCHMX KaHAIIB MPOKIAIKU EJIEKTPUUHUX
kabeniB. B okpemMux BHMMagkax Ajs CHEIIAJIbHUX YMOB BUKOPHCTOBYIOTHCS KOMIIO3MIIIi
MOJIICTUPOITY 1 TIOJIIaMiJTy.

31aTHICTh TEPMOIUIACTIB MEPEXOAUTH MPU HATPIBaHHI B BUCOKOEIACTHUYHUM, a0
B'A3KOTEKY4YMI CTaH 3yMOBHWJIM HAMOUIbII MOMIMPEHE iX 3aCTOCYBAHHS MPU BUPOOHULTBI
TpyO. LI 0COOMUBICTH TaKOX O3BOJISIE 3/IMCHIOBATH MOBTOPHY MEPEpoOKy BUPOOIB 3
TEPMOILJIACTIB.

JpaiiBepamMu 3pOCTaHHSI CBITOBOrO PHUHKY TpyO 3 MOJIMEPHUX MaTepiaiiB €
30UTbIIIEHHST OOCSTIB Oy/MIBHUIITBA Ta PEKOHCTPYKIlS 1HXKEHEPHUX MEPEX 13 3aMiIHOIO
MeTajeBuX TpyO nenmeBmumMu GyHKI1OHATLHUMU aHAJIOTaMHU.

Tak, obcsru BupoOHMIITBA TpyO 3 TEpMOIUIACTIB B YKpaiHi, 3TTHO 3 JaHUMH
Jlep>kaBHOT ciy»Ou cTaTUCTHKU YKpainu (ominka Pro-Consulting), 3 KoxHUM MiBpiddsM
3poctae [1]. Tak, 3poctanHss puHkKy TpyO0 B 2019/2020pp 3 NOMIBIHUIXIOPUILY
3MmiHOBasock 5774,6 T, 7097,9 1, 2786 T koxkHe miBpiuys; 3 nomieTwieHy — 46307,7 T,
50691,9 1, 38874,4 T; 3 mominponineny — 37754 T, 5316 1, 4638,4 1. BiamosigHo
3pOCTaHHs PUHKY mojiiMepHux Tpyo 3 2019/2020pp BimOynoch Ha 55857,7 T, 63105,8 T,
46298 T, 110 MOKa3ye Ha CTIMKUN ¥ cTaOUIBHUH PICT MONUTY HA Tpoaykiito. [IpoTe yepes
NOBHOMAcCIITaOHY BiiHY BUpOOHULTBO TpyO B 2022 p B Ykpaini Bnano Ha 38% [3], i

notim B 2023 porti BupoOHUITBO 3pociio Ha 10,2 % [4].
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Ile oco0aMBO BaXIIMBO MPU BUPOOHUIITBI TPYyO Masoro gaiamerpa (16...25 mm).

BoaHoyac HEBUpINIEHUM 3alUIIA€THCA MUTAaHHS, TOB’A3aHE 3 MPOIECOM
HECTaI[IOHAPHOTO TEII000MIHY 3 (ha30BUMM IEPEXOJIOM, ITiJI 4Yac SIKOTO YTBOPIOETHCS
TBEPAMN MIap MOJIMEPY, MIIHICTh SIKOTO Ma€ OyTH JOCTaTHBOIO JUISl TOAOJAHHS CHJ
TEPTS, a PO3PLIHKEHHS Mae OyTH JOCTATHIM ISl YTPUMAaHHS TEPMIYHOTO KOHTAKTY MIXK
3aroTOBKOIO Ta TUIb3010. BUpIMIEHHS 1BOrO0 MUTaHHS J03BOJIMTH JOCATTH IT1IBHUILCHHS
e(eKTUBHOCTI MPOIleCy TEIIO0OMIHY B KaJdiOpyBaJIbHOMY MPUCTPOI, @ OTXKE 1 MiABUILIEHHS
IPOYKTUBHOCTI JIiHIi, Ta 3a0€3MEYNTH BUCOKY SIKICTh TOTOBUX BHPOOIB, 1110 pOOUTH TEMY
JOCJIKEHHST aKTYaJIbHOIO.

JlocnipkeHHsT MpoLecy TEMJI000MiHY I'PYHTYETbCS HAa poOOTax TaKWX BYECHHX, SIK
bepuxapn E., Mak-Kensi /l., PayBennaans K., ®eppantre M., Mikaem B., Kapneiino O.,
MBapu O., IlterenemMan M. Ta BiTum3HsHUX BueHux Jlykaua FO. 1O., IletyxoBa A. /1.,
Panuenka JI. b., Mikynbsonka I. O., Cokonscekoro O.J1., [lIBena M.I1, FOmkenka M.B.

3B’f130Kk po0OTH 3 AKTYaJbHHMH HAYKOBMMHM NpPOrpaMaMHu, IUIAaHAMHU,
TeMaMHU.

Huceprariitna po6oTa BUKOHaHA BIAMOBIAHO HaMpsiMy (yHIaMEHTaIbHUX Ta
npukinagHux HaykoBux gocaipkeHb KIII  im. Irops Cikopcbkoro «CTBOpEHHS
BHUCOKOE()EKTUBHUX, €KOJIOTIYHO YUCTUX, CHEPro- Ta pecypco30epiratounx TEXHOJIOTIH 1
oOnagHaHHS Yy MalIMHOOYAyBaHHI, XIMIYHIN, JIETKIM, HadTOmEepepoOHiii MPOMHUCIOBOCTI,
MIPOMHMCIIOBOCTI OyAIBEIbHUX MAaTeplajiiB, pO3pOOKHM OO0 ’€KTHO-OPIEHTOBHUX CHCTEM,
KOHCTPYKIIHHO-TEXHOJIOTTYHOTO MOJISIIOBAaHHS Ta 3a0e3MeUeHHs SIKOCTI M HaIiHHOCTI
MPOTPECUBHOT TEXHIKWY.

Po6oTa BUKOHYBanach BIAMOBIIHO /0 MJIaHY HAYKOBOI poOoTH Kadeapu MalivuH Ta
amapatiB XiMIYHHX 1 HadTomepepoOHUX BUPOOHUIITB HallioHaTbHOTO TEXHIYHOTO
yHiBepcuTeTy YKpainu «KuiBCbKuM MOMITEXHIYHUNA THCTUTYT iMeH1 Irops CikopchbKoroy»
Ta iHimiatuBHOI Temu «lIporec HecTarioHapHOTO TEIUIOOOMIHY 31 3MIHOKO arperaTHoro
cTany amop(HUX pedoBUH» (AepxkaBHuid oomikoBui Ne0220U100102, nata peectpariii 09-
01-2020).
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Merta i 3apa4i 10CJTiIKEHHS.

Mera poGoru: miaBHIIEHHS e(QEKTUBHOCTI TPOIECY TEIIOOOMIHY TpHU
Kay1iOpyBaHHI TPyO 3 TEPMOILIACTIB Ta po3poOKa KOHCTPYKIIIT KaIiOpyBaIbHOTO PUCTPOIO
IS OJIep>KaHHA MPOIYKIIIT 13 33 JaHUMH BIIACTUBOCTSIMH.

Jl1st nocsirHeHHS 1i€T MeTH c(hOPMYTILOBAHO HACTYIIHI 3a1a4i:

* OOrpyHTYBaTH YMOBHM (POPMYBaHHS KOHTPOJIBOBAHOTO TEPMIYHOTO OMNOPY MpHU
KanmiOpyBaHHI TpyO 3 TEPMOIUIACTIB B KamiOpaTopi MiX MOBEPXHEIO0 TPyOHOI 3arOTOBKH Ta
CTIHKOIO KaiOpyBaiabHOI I'JIb3H;

* chopmymmroBaTd (i3UIHY MOJICTH MPOLIECY TEIII0OOOMIHY MK MaTeplajJoM CTIHKH
TpYOHOT 3aroTOBKM Ta OXOJO/KYIOUOIO PIAMHOI0 Yepe3 CTIHKY KaliOpyroudoi TiUib3u 3
BpaxyBaHHSIM (Pa30BOro Mepexody, M0 CYHMPOBOMKYETHCA YCAAKOI 3aroTOBKOIO, TMPHU
OXOJIOJIPKEHH]1 PO3IUIaBy TEPMOILIACTY Ta TEPMIYHOTO ONOPY HAa MEX1 MeTasl-30BHILIHS
CTIHKA TpYyOu;

* PO3BHHYTM MaTE€MaTHYHUU OIHKC TPOLECy TEIUIOOOMIHY 3 ypaxyBaHHAM
0COOIMBOCTEN TEIIIOOOMIHY TIPH KamiOpyBaHHI;

* PO3pOOUTH METOIAMKY EKCIEPUMEHTATbHHUX JOCITIKEHh Ta MPOBECTH HATypHI
€KCIIEPUMEHTH, IEPEBIPUTH aI€KBATHICTD MOJIOKEHD (PI3UUHOI Ta MATEMAaTUYHOI MOJIENEH;

* y3araJIbHUTH PE3yJbTaTH EKCIIEPUMEHTATBHUX JOCTIIKEHb Ta BCTAHOBUTHU
paIrioHaIbHI MapaMeTpu Npolecy KaaiOpyBaHHS,

* PO3pOOUTH TEXHIYHI MPOMO3MIII ILIOJO0 CTBOPEHHS I1HOBALIMHOT KOHCTPYKIIIi
Kaybparopa;

* PO3POOUTH AITOPUTM Ta METOAMKY PO3pPaXxyHKY e(DEeKTUBHOTO KajidpaTopa.

O0'exT AOCTITKEHHS — TTPOIIECH TETIOOOMIHY B KaymiOpaTopi IpH oJiep>kaHHl TPyO
3 TEPMOILJIACTIB METOIOM EKCTPY3ii.

IIpeamer pociaigxkeHHss — TEpMIYHUN Omip MK TpyOHOIO 3aroTOBKOIO Ta
MOBEPXHEIO TUIB3H Kaiioparopa rpu GopMyBaHHI 3a7aHO1 TOBITUHU IIapy CKIOBaHHS.

MeTtoau T0OCTiAKEHH .

- TEOPETUYHMI aHai3 MPOoIeCy TeII000MIHY;
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- METOJ KIHIIEBUX EJIEMEHTIB I MaTeMaTHYHOTO MOJEIIOBAHHS IPOIIECY
HECTaIlIOHAPHOTO TEIJIOOOMIHY, IO JJO3BOJIUTH BHU3HAYUTH TEMIIEpATypHE TMOJe W
IPOTrHO3yBaTH TOBIIMHY TBEPAOIO LIAPY;

- OOYMCTIOBAILHUN ~ €KCIIEPUMEHT  METOJOM CKIHYCHHHX  pI3HHUIL 13
3aCTOCYBaHHSIM MOBH mporpamysanus Python 3.11;

- CUMYJSUIMHMM ekcriepuMeHT Yy mporpamHomy maketi SolidWorks 3
BUKOpHUCTaHHAM Moy Flow Simulation 3a ymoBamMu 004YMCITIOBATBHOTO €KCIIEPUMEHTY,
JUISL TIEPEBIPKU aJICKBATHOCTI PO3p0o0JIeHOT MOJIEI Ta MOJAJIBIIOT TEPEeBIPKH BIMIOBITHOCTI
TEOPETUYHUX PE3YyIbTATIB CKCIIEPUMEHTAIBHIM,

- HATypHI AOCTIHPKEHHS B JIA0OPATOPHUX Ta BUPOOHUUUX YMOBAX;

- TUIIOB1 METOJAMKHU OIIHKU SKOCT1 Ta BJIACTUBOCTEH MPOTYKIIIi.

HaykoBa HOBH3HA OTPMMAHUX Pe3yJIbTATIB

Bnepuwe:

- 0OTpYHTOBAHO YMOBH IPOIIECY TEIIOOOMIHHY 3 KOHTPOJbOBAaHUM TEPMIUYHUM
OMOpPOM MpHU KOHTaKTI TpyOH Ta poOOUYOi MOBEpXHI KamOpyroudoi rulb3uW MpH 3adaHid
JTUHAMIII TPOIECy KpHUCTaii3amii, MO0 J03BOJUTH 301IBIIUTH IMPOIYKTHUBHICTD JIHIT TIPU
30epexeHH1 IKOCTI BUPOOY;

- eKCIEPUMEHTAJIbHO BU3HAYEHO 4Yac (OpMyBaHHSA TBEPJAOTO IIApy MOJIMEPY
Ha 30BHIIIHIA MOBEPXHI TPyOW MPU KOHTAKTI 3 KaaiOpaTopoM Ta BH3HAYEHO MIHIMAaJbHE
3HAUYEHHS Ta JUHAMIKY 3MIHM DPO3PIIKEHHS B Kamepl KaiiOparopa [uisi 3a0e3neyeHHs
3aJIaHOTO  TEPMIYHOTO OMOpPYy TIPH OXOJOKEHHI 0e3 MEeXaHIYHOTO pyHHYBaHHS
HOBOYTBOPEHOT'O TBEPJAOIO LIapy Ha TPyOH1l 3aroToBIIi;

- OOIPYHTOBaHO YMOBHM MIHIMAJIbHOTO PO3PIMKEHHS B 30HI KaniOpyBaJbHOTO
MIPUCTPOIO ISl TEPMIYHOTO KOHTAKTYy PYXOMOi TPYOH 31 CTIHKOIO KaiOpyBajIbHOI TiIb3H,
110 JIO3BOJIUTH MiABUIIUTHU SIKICTh BUPOOIB.

Yoockonaneno:

- MareMmMaTU4Hy MOJeldb TMpollecy TEIUIOOOMIHY MpH KamOpyBaHHI 3

ypaxyBaHHSM 3MiHH (DI3UYHOTO CTaHy Ta TEIUIO(PI3UYHUX MMapaMeTpiB, TEPMIYHOTO OIMOPY
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Ha MEXI1 MeTaJ—TepMOILIACT;

- CKCIIEpPUMEHTAJIBbHO  BH3HAYCHO  TEXHOJOTIYHI  TapaMmMeTpu  poOOTH
KaJ1iOpyBaJIbHOTO IPUCTPOIO JIJII BUPOOHHUIITBA TPYO 3 MOMIETHIICHY TIPH PI3HUX PEKUMAX
KaJiOpyBaHHSI.

Hicmano nodanvuiuii po36umox:

- TIAXOAM JO TMPOSKTYBaHHS 1HHOBAIIMHUX KOHCTPYKIHA KaalOpyBaJIbHUX
OPUCTPOiB s BUPOOHHUITBA TpPyO 3 TEPMOILIACTIB 13 3aCTOCYBaHHSM METO/IB
€KCIIEPUMEHTAIbHO-YUCEIbHOTO MOJIEITFOBAHHS.

IIpakTHyHe 3HAYEHHS OTPUMAHMX Pe3YyJbTATIB MOJSATAE B TOMY, II10:

1. 3ampornoHOBaHO JBI MOJCPHI30BaH1 KOHCTPYKIIIT KaJiOpyBajdbHOTO MIPUCTPOIO
Ut 1HTeHCU(IKAIi PeryJIb0BaHOTO TEIUIOOOMIHY 1 3MEHIIEHHS 3yCHUIS MPOTSTYBaHHS
TpyOH, 110 KaOPYETHCS, HA K1 OTPUMAHO MATEHTH Y KpaiHU HA KOPUCHY MOJIETb.

2. Po3po0ieHo  aJirOpuT™M  pO3paxyHKY  MOJIEPHI30BAHOI  KOHCTPYKIIii
KaJIIOpYBaJIbHOTO MPUCTPOIO JUIsl 30LIBIIEHHS! TPOIYKTUBHOCTI Ha 15 % npu BUpOOHULTBI
TpyO AiamMeTpoM 25 MM.

3. PesynpraTH MOCHITKEHHS BHUKOPHCTOBYIOTHCS Yy JIEKIIHHHMX, IPaKTHIHHX
3aHATTAX 1 Ja0OpaTOpHUX NPAKTUKymMax, a TaKOX IMpH MIJATOTOBLI aTecTalliHUX poOIT
OakanaBpiB, MariCTpiB Ta acmipaHTiB 3a crnenianbHicTio 133 «["amy3eBe MamMHOOYTyBaHHS JUIS
OCBITHIX TIporpaM «KoMi’ roTepHO-IHTETpOBaHI TEXHOJOT1i MPOEKTYBaHHS 00JIalHAHHS XIMIYHOL
imKeHepii»,  «IHKUHIpUHT Ta  KOMII'FOTEPHO-IHTETPOBaHI  TEXHOJIOT1T  TPOEKTyBaHHS
IHHOBAIIITHOTO Traiy3eBoro obnamHaHHS» Ta «[amy3eBe MamMHOOYAyBaHHS». 3 JIUCIMILIIH
«IIponiecu Ta obmagHaHHA XIMi4HOT TexHoJorii.-1. Teriosi npouecu», «IIpouecu BUpoOIeHHS
BUCOKOMOJICKYJISIPHUX Crionyk», «[Ipomecu mepepoOKH BHCOKOMOJEKYISIPHUX CIOIYK» Ta
«MojentoBaHHsl CTaHy CYIUIBHOTO CEpeloBUINa», «[HXUHIPUHT 1HHOBAI[IWHUX TEXHOJIOTIA Ta
oOmagHaHHs», «[ MuboKa nepepoOka BUCOKOMOJIEKYIIIPHUX CHOTYK.

Oco0ucTnii BHECOK 3100yBa4a MOJISITA€ B HACTYITHOMY:

- KPUTHYHOMY aHaJli31 JKepe JTepaTypH,

- (opMmyIrOBaHHI METHU Ta 3aJ]1a4 TOCIIKCHHS,

- (hopMynroBaHH1 (13UYHOT Ta MATEMATHYHOI MOJEJICH MPOIECIB HECTAI[IOHAPHOTO
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TEII000MiHY B KamiOpyBaJlbHOMY MPHUCTPOi W KOHTPOJIBOBAHOTO TEPMIYHOIO OMOPY 3
BpaxyBaHHSIM MPOIECIB YTBOPEHHS HAIMOJIEKYIAPHUX CTPYKTYD;

- po3po0JIEHHI METOIUKH Ta MPOBEJACHHI EKCIIEPUMEHTAILHUX JTOCTIIKEHb;

- MATBEPIKEHHS TOCTOBIPHOCTI BCTAHOBJICHHUX 3aKOHOMIPHOCTEH 13 31CTaBICHHS
pe3yNbTaTIB TEOPETUYHUX Ta MIPAKTUYHUX JTOCIHIIKEHb.

VY3aranpHeHHsS pPe3yJbTaTIB JIOCHIIKEHb 3/IIACHIOBAJIOCh Pa3oM 3 HAYKOBUM
KEpIBHULITBOM K.T.H., norieHTa Cemincrkoro O.O.

Anpobauia pe3yJbTaTiB KaHAMAATCbKOI aucepranii. OCHOBHI IIOJIOXKEHHS
JUcepTallii I0MOBIIAIMCS 1 OTPUMAIIU MO3UTUBHI BITYKH Ha:

- IX —XXVI HaykoBO-IIpakTUYHUX KOH(EPEHINSIX CTYACHTIB, AacCHIpaHTIB 1
Mosiogux BueHHX «Pecypcoeneproszbepiratoui TexHoJorii Ta oOnaaHeHs», M. Kwuis,
VYxpaina, KIII im. Irops Cikopebkoro, 2015-2024 pp;

- XVI — XVII mixnHapoaHoi HaykoBoi KOH(pepeH i «Y 10CKOHATIEHHS TIPOLIECIB 1
oOJagHaHHS Xap4YOBUX Ta XIMIYHUX BUPOOHULTBY», M. Onecca, Ykpaina, 2016p;

IMyoaikanii. 3a maTepianamMmu qucepTarii ormyoikoBaHO 28 ApyKOBaHUX Mpaib: 1
MoHorpadis, 6 crated, 3 3 AKMX Yy HayKoBHX (axoBUX BHUJAHHAX YKpainum , 1
IHIEKCYEThCS B MIKHApOJHIA HayKOMeTpUuHiil 0a31 Scopus i 1 iHo3emHa, 3 mareHtu, 1
3BIT 3 IHIIIATUBHOI TEMH, a TakKOoX 17 Te3-IOMoBiIeH y MDKHApPOJHUX HAyKOBO-
MPAKTUYHUX KOH(PEPEHIIIsIX.

OOcsir i cTrpykrypa mucepramii. [[ucepramiiitna pobora BukiageHa Ha 211
CTOpIHKaX MAaIllMHOMUCHOTO TEKCTY, CKJIAJA€ThCS 13 TMEPEeNTiKy YMOBHUX TO3HAYCHBD,
BCTYyIMY, YOTUPHOX PO3JLIIB, 3arajJbHUX BUCHOBKIB, CIIMCKY BUKOPUCTaHUX JKepen Ta 4
nonatkiB. OOcsr OCHOBHOIO TEKCTy nucepranii ckiagae 161 cropiHky IpyKOBaHOTrO
tekcry, 80 pucynkiB, 15 Tabmuie, cnucky JitepaTypHux kepen i3 120 HaliMeHyBaHb,

nepesiky yMOBHUX MMO3HA4YE€Hb Ha 2 CTOPIHKAX, J0JaTKiB Ha 35 CTOpiHKaX.
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PO3J1J1 1. CTAH ITPOBJIEMMU TA 3AJJAYI JOCIIIKEHHSA

1.1 CBiToBi TeHaeHLii BUPOOHUIITBA BUPOOIB 3 TEPMOILIACTIB

[TomiMepHi Marepiaiu, 3ajekHO BiJ cep 3acTOCyBaHHS, MaIOTh PI3HI TEPMIHU
BUKOPUCTaHHA. SIK MpHKIIa], MOXHA PO3TJSHYTH JaHi, mo HaeeneHi B 3BiTi «PVC Pipe
Market, by Material, Type and Application: Global Opportunity Analysis and Industry
Forecast, 2022—-2031» na 2021 p. punok Tpy6 3 noxiBiHuxsiopuay B CIIA omiHIO€ThCS B
6,3 MmumiapmiB §, 1 3a mporHozamu Mae BupoctH 3a 10 pokiB (mo 2031 p) mo 12,1
mimapaiB $ [5]. Okpim mporo mms kpain €C ma 2020 p. 3 25 MIH. TOH CIIOXKHTHX
nonimMepiB 9 MitH. ToH (36 %) BUKOPHCTOBYBAJIUCH MEHIIIE OAHOTO POKY - 1€, MEPEAYCIM,
Tapa 1 yrnakoBka; 7 MiH. TOH (28 %) — BupoOu 3 Tepminom ciyx6u Big 1 10 10 pokiB —
noOyToBa €JIEKTPOTEXHIKa, TOCYJ, 1HIN CHOXUBYl ToBapu; 9 wmiuH. TOoH (36 %)
exciutyatyeTbea nmoHaa 10 pokiB — moniMepHi Marepiaau OyAiBEIbHOrO MPU3HAYEHHS,
JieTani, 10 BUKOPUCTOBYIOTHCS y aBTOMOOLIE-, CyIHO-, JiTakoOymyBanH1 (puc. 1.1).
[lopoky o 75 % matepiaiiB NOTPAIUISIIOTh Y BIAXOJW 3 3arajibHOrO 00’ €My MOJIIMEPIB
[6].

3poctanHsi 0O0CATiB BUPOOHUIITBA TMOJIMEPHUX MaTepiayliB MPU3BOAUTH [0
3pOCTaHHS iX YaCcTKH y BiaxoAax. 3a fanuMu Coro3y €BpoNeiChKUX BUPOOHUKIB MJIACTMAC
3a ocTaHHI 15 POKIB YacTka MOJIMEPHHX MartepiaiiB y Biaxogax Bupocia 3 2 % 1o
8...11 % [7].

B Toi1 e yac mepepoOka 1 yTuiizalisi oJIMEepHUX BIAXOIB JO3BOJISIE EKOHOMUTH
I[IHHY TIEPBUHHY CUPOBHUHY 1 eHeprito. Tak, yTumizaris 38 THC.TOH BIIXO/IB IJIACTMACOBOT
YIAKOBKH JIO3BOJIUTH 3a0IIaAuTH 34 THC. TOH NMEPBUHHMX IlacTMac 1 38 MiH. OaperiB
Ha(TH, a Takoxk 3HU3UTU Bukuau CO, Ha 23800 ToH. /lomaBaHHS BTOPUHHOI CUPOBUHU
pPErJIaMEeHTYEThCSL  BIAMOBITHUMHU CTaHJAApTaMd 1 BUMara€ CyBOpPOTO JOTPHUMAaHHS
TEXHOJIOTITYHUX PErJIAMEHTIB Ta BUKOPUCTAHHS SIKICHOTO OOJIaJHAHHS Ui MepepoOKu U

BUTOTOBJICHHS IPOAYKIIii 3 TepMoriacTis [7, 8].
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Pucynox 1.1 — YTBopeHHs nonimMepHuX BiixoiB (%) B pi3HUX TOCHOJaPCTBAX

exonoMik kpain €C (2010 p.), [7]

1.2 OO0rpyHTYBaHHs 32CTOCYBAHHSI TEPMOILIACTIB JJIs1 BATOTOBJICHHS TPYO

3a octanHi 60 pokiB 06111 80 % BUCOKOTEXHOJIOTTYHOTO BUPOOHUIITBA MOTIMEPHHUX
TpyO 30CEpEeKEHO Y 1HAYCTpiadbHO PO3BUHYTHX KpaiHax: HimeuunHi, Itanii, ®panmii Ta
BenukoOpuranii [7].

Haii6inpm mommpeHuM crnocoboM mepepoOKH MoNIiMepiB € MeToj Oe3mepepBHOI
EKCTPY3li, III0 XapaKTEPU3yEThCS] BUCOKUMHU MPOTYKTUBHICTIO Ta €(hEKTUBHICTIO.

SKkicHO HOBI  TEXHIYHI  XapaKTEPUCTUKU  IMOJIMEPHUX TPyO  CHIPUSUIH
BIIPOBA/DKEHHIO €] TEXHOJIOTIH B YKpaiHi. 30KpeMa BOHHU BUTICHSIOTH TPYyOH, SKi
BUTOTOBJITIOTHCSL 13 «TPATUIIAHUX» MaTepialiB (4aByHy, CTalli, Mijai). 3HAYHOIO
nepeBaror0 Tpyo 3 TOJIMEpPHUX MaTepialdiB € BHCOKa KOpo3iiiHa CTiHKICTh. Tak,
HaIpUKJIAJ], TEPMIH CIy>KOU TpyO 3 TOJIETUIIEHY JUIsl TPAHCTIOPTYBAHHS XOJIOIHOI BOJU

ckianae 50 pokis. [loieTnneH moka3aB BHCOKY CTIHKICTBh JIO il arpeCUBHUX YMHHHKIB
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JOBKUIIS — CBITJA, TEIJIa, aTMOC(EPHUX ra3iB, MIKpOOPTaHI3MiB.

Pazom 3 mum, miis 3amoOiraHHs HETaTHBHOTO BIUIMBY HA JTOBKUIIS BUTOTOBJICHHS
BUPOOIB 3 MMOJIIMEPIB MOBUHHI BiJINOBIJaTH YNHHUM HOPMAaTUBHUM JIOKyMeHTaMm [8-16].

[Tomut Ha TpyOHY NPOAYKIIFO 3 HOBUMH SIKOCTSIMH, BIJIIOBITHO JO 3BITIB
MPOBIAHUX CBITOBUX (ipM, sIKI BUpOOJISAIOTH MOJIMEPHI TPyOM 3 TepMOIUIACTIB Oyne
AuHaMivHO 301mbinyBatucs (puc. 1.2) [3, 4, 17-19]. 3rigHo [4] skio oOcsr puHky TpyO 3
TEPMOIUIACTIB B J0JIapoBOMY ekBiBasieHTI B 2015 porti cranoBuB 54460 MiTbHOHIB
nonapiB CIIA, to ouikyeThest mo a0 2022 poky BiH 3pocte Ha 41,3% 1 nocsrue 85565
MIJIBHOHIB JTOJIAPiB.

3a pesynabTataMu gociikeHb [20-22] BcTaHOBICHO, 110 XiMiyHA 1 HaQTOXiMiYHA
rajiy3i MPOMHCIOBOCTI YKpaiHU MaioTh MPUBAOJIMBI MOKA3HUKHU JIJISl 1HBECTHUIINA MO0

BUKOpHUCTaHHA TpyO 3 TepMorutactiB. (Ilomut Ha puHKy nomimepHux Tpyo 3 2014 o 2022

pik 3pic Ha 41,3 % [5].)

90 -
80 4~
70 ¥~
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50 +
m x1000000$
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Pucynok 1.2 — JluHamika 3pOCTaHHS MMOMUTY HAa PUHKY MOJIMEPHUX TPYO MO
pokax [5]

HanzBuuaiini BiacTMBOCTI TpyO 3 TEpPMOIUIACTIB IIMPOKO 3aCTOCOBYIOTHCS B
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MPOMHUCIIOBUX TEXHOJOTIAX. 30KpeMa, BUCOKa KOpPO3iiiHa CTIHKICTh 3yMOBHWJIA IIMPOKE
3aCTOCYBaHHS TPyO 3 MOJIMEPIB 11 BAKOPUCTAHHS B CUCTEMaX KaHaIi3alli mpu poOoTi 3
BHCOKO arpeCMBHUMHU CEPEIOBUILAMH, SIKI BIJIPI3HIATHCS MPOCTOIO TEXHOJIOTTUHICTIO MPHU
eKCcIuTyaTarlii.

Jlo mepeBar TpyO 3 TEpMOILIACTIB BITHOCSITHCS:

1. Marepiadx BHUCOKOCTIMKHMN J0 €JEKTPOXIMIYHMX PpEakKiii, M0 IOBHICTIO
BUKIIIOUA€ BHYTPIILIHIO 1 30BHIIIHIO KOPO3il0 TPYO, a OT>Ke 30UIbIIYyEe TEPMIH eKCILTyaTali
TpyOONPOBO/IIB Ta CAHTEXHIYHUX THKEHEPHUX Mepexk /10 SO0 pOKiB.

2. Bayrpimni cTinkd TpyO 1 QITHHTIB TiApaBIiYHO TJAAKi, IO CHOpPUSIE
3MEHILIEHHIO T1JIPaBIIYHOTO ONOpPY B TPyOONpOBOJAX 3 BUMYLIEHHMM PYXOM CYLIJIBHOIO
CEpElIOBHUINA, & TAKOXK 3HUKYE PU3UK YTBOpPEHHS (pyiopu B Oe3HAMIPHUX KaHaTi3alliMHUX
CUCTEMax; He OOpOCTalOTh BIAKIAJACHHSAMHU 1, K HACIIIOK, HE 3HUXKYETbCS BUTpATa
piLAMHMU, 10 TpaHCHoOpTyeTbes. Lle 103Bossie BUKOPUCTOBYBATH y TpyOONpoBojax Tpyou
MEHIIIOTO JllaMeTpa.

3. Marepian Tpy® Mae HU3bKY TEIUIONPOBITHICTH, MOPIBHSHO 3 METaJEBUMHU
aHaJIOraMu, 1110 3MEHIIY€ MMUTOM1 BTPATHU B CUCTEMAX TEIUIONOCTaYaHHS.

4. Marepian He BHAUISIE MIKIJJIMBUX JUIS JOBKUUIA PEYOBMH MPU MOHTAXI
TpyOOTPOBOY Ta HOTO EKCILTyaTarii.

5. TpyOormpoBig 3 MOJINPOMiJCHY J03BOJCHUIN 0 3aCTOCYBaHHS B Xap4doBiii
MIPOMUCIIOBOCTI Ta JUI TPAHCTIOPTYBAHHS TUTHOI BOJIU.

6. Masa maca TpyO 1 (PITUHTIB ICTOTHO MOJIETITYE TPAHCTIOPTYBAHHS 1 MOHTAX.

7. JlocTaTHs €nacTUYHICTh MaTepially 3arnodirae pyilHYBaHHIO T1IpaBIIYHUX
CUCTEM IIPH 3aMEep3aHHI Ta 3MEHILYE PIBEHb IIIYMIB Y MOJIMPONIIEHOBUX TPYyOONpoOBOAaX.

8. Bucoka sxicTte 3'emHaHHS - mpu nomiaudysiiiHOMYy 3BaproBaHHI TpyoOa 1
(ITUHTH YTBOPIOIOTH OJTHOPIJIHE 3'€THAHHS.

Bce HaBenene Bullle € JOCTaTHIM OOIPYHTYBaHHSAM Ui CTBOPEHHS HOBOI'O
BHCOKOMPOIYKTUBHOTO OOJIaHAHHS JI1 BUTOTOBJICHHS TPYyO 3 TepMmoracTiB. [HxeHepHa

ITpaKTHKa IIOKasaja, 10 M[MOIMHMPEHUM TCPMOILIACTOM IIpH BUT'OTOBJICHHI TPY6
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oe33amepeuno € [IEBT [6].

1.3 Tensiodizuyni Ta Pizuko-MmexaHiuHi BJACTHUBOCTI TEPMOILIACTIB

[TonmieTunen CTIMKUI A0 OpraHiYHMX 1 OUTBIIOCTI HEOPTaHIYHUX KHCIIOT, nyr|iB,
PO3YHHIB COJIEH, CIIMPTOBMICHUX MPOJYKTIB, MIHEpAJIbHUX 1 OpraHiuHMX MAacTHJ, ajie¢ B
TOM JK€ Yac He CTIMKUI J0 KOHTAKTy 3 CHJILHUMHU HeopraHiunuMu okucHioBayamMu (HNOs,
H,SO,), ramoreHamm — B iX NPHUCYTHOCTI HaBiTh MpPH HE3HAYHUX MexaﬁquI/Ix
HABaHTaXXCHHAX B1I0YBa€ThCs pO3TpiCKyBaHHs MaTepiany [23-24]. [Ipu 10BrocTpoKOBOMY
KOHTaKTl 3 apOMaTUYHUMHU 3 €JHAHHSAMHU 1 CIHOJYyKaMU TaJIOr€HIB 3 BYIJIEBOJAMU
BiZIOyBa€eThCs HAOpsikaHHS MaTepiany [23].

st migBuienHs xapakrepuctuk [IEBT, Takux sk eneKTponpoBiIHICTb, CTIMKICTh
110 yIbTpadi0JieTOBOro BUIIPOMIHIOBAHHS, IO HOTO CKJIaay JOAAOTh CHEIlalbHI MPUCAJAKU
(crabimizaropu) [24]. Tak, [Ig MIABUINEHHS CTIMHKOCTI O  yibTpadionery
BUKOPHUCTOBYIOTBCSI CBITJIOCTAOLI13aTOp (OMIIIKA-CTabLI13aTOP, 10 MICTUTh Y CBOEMY
ckiami 20 % «npocTopoBo yckiiagHeHuX» aminiB HALS).

[Ile omnHa BIAMIHHICTH MOJIETWUJIEHY BIJ IHIIMX TEPMOIUIACTIB TOJSTae y ix
3MATHOCTI 30epiratu BJIACTUBOCTI MpH OUIBIIMX BT €MHHX Temmeparypax [23].
Hanpuknan, nonierunen mapku Polystone M 36epirae ¢cBoi MexaHi4Hi BIACTHBOCTI HaBITh
npu Temieparypax 10 —200 °C.

Jns  MopentoBaHHS MPOLECIB  KadlOpyBaHHS BaXXJIMBUM € BU3HAYEHHS
BJIACTUBOCTEH TEPMOIUIACTIB [JIl PI3HUX MapoK. AHaI3 pe3yldbTaTiB Cy4YaCHHUX
JTOCHTIPKEHb  JTO3BOJIUB 3pOOMTH BHUCHOBOK TMPO HEMHIWHICTh TeIIO(I3UYHUX Ta
MEXaHIYHHUX BJIACTUBOCTEH TEPMOILIACTIB B 3aJIEKHOCTI BiJl TEMIIEpaTypH.

B [25] BcTaHOBCHO Temaodi3nyHi BIACTHBOCTI MOIMPOITIJICHY, BATOTOBJICHOTO 32

CTY 36-13-925-63 (puc. 1.3-1.4) 3 rycTHHOO 3a HOPMAILHEX YMOB 868 Kr/M°.
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Pucynok 1.3 — 3anexHicTh Bi TeMIepaTypu AJis HojinporiiaeHy [25-29]:

Temnepatypa, °C

a) TYCTHHH; 0) TEMII0EMHOCTI

Tennodizuuni BrnactuBocti [IEBT BcTanoBieHo B pobotax [25-29] mapka 20706-

016 [TOCT 16338-70], [28] (rycTuHa 3a HOpManbHHX yMOB 953,9 Kr/M°):

- npu Temnepatypi Big 20°C go 134 °C rycTtuHa po3paxoBy€eThCS:

p=906,643+0,36521-10' - T - 0,658395-10 - T° - 0,5916-10* - T° +

(1.1
+0,643968-10° - T* -0,101654-10" - T° - 0,156423-10° - T° (1)
[Moxubka po3paxyuky A =7,4555 [28]
- ipu Temnepatypi Bia 134°C go 220 °C
0=909,478-0,7455514-T . (1.2)

IToxubOka pospaxynky A=0,350354 [28].
Hns  mapxku 114020 (MPTVY6-05-890-66) 3HaueHHS TyCTMHM HAaBEIEHO B
tabmui 1.1.
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1.4 -

50

3aJIeKHICTD

noginpomnineny CTY 36-13-925-63 [30]

100

150 200

Temnepatypa, °C

TEIUIONPOBIAHOCTI  BIA  TeMIlepaTypu s

Tabmuus 1.1 — I'yctuna momietuneny mapku 114020 (MPTY 6-05-890-66) B

3aJISKHOCTI Bij Temnepatypu [25]

Temnepatypa, °C

20

40

70

100

120 |130 |135 (145 |160

['ycTiHa, KI/M®

938

938

938

938

938 (938 938 (938 938

[Tutomuii 00’€M IS MOJIIETHIICHY Pi3HOI TYCTHHHU JOCHIDKEHO B poboti [29]

(puc. 1.5).

Hns TIEBT 3 ryctunowo 927 Kr/M° 3a HOPMaJIBHHX ymoB [31], 3amponoHOBaHO

HACTYMHY aHAJITUYHY 3aJICKHICTb JUIsl BU3BHAUYEHHS I'YyCTUHHU B1J TEMIIEPATypPHU:

Pesynbrat

0
1

o

CKCIICPUMCHTAJIbHUX

L _1,05exp(0,001367)

=1,14+0.0009T

(T <135°C)

(1.3)
(T >135°C)

JTOCHTIDKEHb  3QJIEKHOCTI  T'YCTHHH  BIJ
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TEMIIEpPATypH JUIA MOJIieTHIICHY HaBeaeHo Ha (puc. 1.5).
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Pucynok 1.5 — ExcriepuMeHTaabH1 3HAYE€HHS MUTOMOTO 00’€My BIJl TEMIIEpaTypu
MOJIIETUJIEHY PI3HOI TYCTHHU (Temmeparypa TS BIANOBIZAE TOBHOMY IIJIaBJICHHIO

KpHCTaNTiB.) [29]

Sk BuAHO 3 MOpiBHSUIBHOTO aHamizy (puc. 1.6), rycruna [IEBT cyTTeBo 3amexuTh
BIJl TYCTMHHM 3a HOPMAaJIbHUX YMOB, fIka BHU3HA4Ya€TbCid CKJIAJAOM KOMIIO3UIll, CTyNEHs
KPUCTAJIYHOCTI Ta TEMIIEpaTypHOTO [llala30oHy CKIyBaHHS. TakuM UYHHOM, TMpHU
pPO3paxyHKy e(ekTiB ycaaku HEeoOXiJHO BHUKOPHUCTOBYBATH JIlaHHI caMe€ JJIsl TI€i MapKu
MOJIIETUIIEHY 3 SIKO1 Oy/ie BUTOTOBISITUCH EKCTPYIOBaHa Tpyoa.

Jns TIEBT wmapku 20706-016 excnepuMeHTanbHI 3HAYEHHS TEIIOEMHOCTI Ta

TETUTONPOBITHOCTI Bijl TeMIepaTypH mpeacTaBieHo Ha rpadiky (puc. 1.7-1.8) [28].
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Pucynok 1.6 — ExcrnepuMmeHTalIbHI 3aJIEKHOCTI TYCTHHHU BIJ TeMIEpaTypu Hjs

pizaux mapok [1EBT) [25, 28, 31].

Jus TTEBT mapku 20706-016 [TOCT 16338-70], [28] (rycTtuHa 3a HOpMaiabHUX
yMOB 953,9 kr/m’):

npu temmepatypi Bim 20°C  go 220°C  koedillleHT TETUIONPOBIAHOCTI
po3paxoByeThes, BT/(MK):

{/1 =0,342-0,361-10°T -0,374-10°T* 20°C<T <134,5°C A=0,639-10" (L4

21=0,26675-0,313476-10°T 134,5°C<T<220°C A=0,567-10"

npu Temrepatypl Big 20°C go 220 °C muTOoMa TEIUIOEMHICTH PO3PAaXOBYETHCS,

JIx/(xrK):
Co(T) =k +K,T + kT2 +k,T°+kT*. (1.5)
KoediliHTi anpokcumyrouoi 3aiexHocTi Ki Juis  BiANOBIAHMX J1iala3oHIB

TeMIepaTypH 3BeieHo B Tabmito 1.2 [28].
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Pucynok 1.7 — ExkcnepuMeHTalbHa 3aJICKHICTh TEIJIOMPOBIAHOCTI Bij

temnepatypu st [IEBT (mapku 20706-016 [28])

Tabmuus 1.2 — KoedimieHTH anmpokCUMyr0o4oi 3aieKHOCTI 1.5 sl BH3HAUCHHS

nutomoi TeroemHocTi ITEBT mapku 20706-016 [TOCT 16338-70], [28]

Temneparypuuit | Koedimintu anpokcumyrodoi 3aiexHocTi 1.5

miamnasoH, °C Ky K, Ks Ka Ks
20°C<T<80°C | 2000 0 0 0 0
80°C<T<110°C |16957,7 |-477,536 4,88453 -0,015297 |0
110°C<T<126°C | 732459 | 289,691 -14,0261 -0,017443 | 0,621235-10°
126°C<T<130°C | -2001,34 |-7264,3 58,3497 0 0
130°C<T<134°C | 148345 7038,22 -60,5631 0 0
134°C<T<136°C | 103296 -740,71 0 0 0
136°C<T<140°C | 24678,9 | -162,407 0 0 0
140°C<T<220°C | 2000 0 0 0 0
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Pucynox 1.8 — ExkcnepumeHTanpHa 3aleKHICTH IMMHTOMOI

Big Temnepatypu [IEBT mapku 20706-016 [28].

Mexaniuni éracmueocmi IEBT
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3a manumu [32-35] 3alexKHICTH MOIYJSI IPYKHOCTI MONIETUIICHIB Pi3HOI T'yCTUHU

BiJl TEMIIEpATypH Clajaroya (MOIYJIb MPYKHOCTI 3MEHIIYETHCA 3 POCTOM TEMIIEPaTypH) 3

AHOMAJTI€IO B JIialla30H1 TeMIepaTyp ckiryBaHHs (puc. 1.9).
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Pucynoxk 1.9 — 3anexHicTe MOyl IPYKHOCTI MOJIETHIICHIB PI3HOI T'YCTHUHH BiJl

Temreparypu (3a nanumu [34])
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3a ganumu [34] 3anmexHicth Moxmyns mpyxHocti I[IEBT Big Ttemmeparypu

cnanaroua (puc. 1.10).
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Pucynok 1.10 — 3anexnicte moxyns npyxHocti [IEBT Bing remmneparypu [32])

BnactuBocTi molsliMepiB 3ajiekaTh BiJl MOJIIpHOT Macu. Tak, Hampukian, 3a
nanumu [29] 3anexnicte Tpanuni MinHocti [TEBT 3 mompHOro Macoro 400000 Bix

Temrneparypu cnanaroda (puc. 1.11).
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Pucynok 1.11 — 3anexnicts rpanuni MinHocTi I[IEBT 3 monpHOIO Macoro

400000 Bix Temnepatypu [28]
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B [33] nmochimkeHo BIUIMB TeMIlepaTypd Ha MOJYJb MPYXHOCTI 1 TPAHMIIIO
mwmmHHOCTI [IEBT mapku PE-100. IlomietuneHn 3a rycTUHOIO (BIAMOBIIHO — CTENEHIO
KPUCTAJIIYHOCTI) YMOBHO MOAUTIEThCA Ha TnojieTuieH Hu3bkoi ryctunu (ITHI), cepeanboi
ryctunu (ITECT), Bucokoi ryctunu (IIEBT). Ilpu BupoOGHUIITBI TpyO sIKi MPaIIOIOTh Ii[
TUCKOM HaWOLIbII BaXJIMBUM MEXaHIYHUM MapaMeTpOM € MaKCUMallbHa TpUBaja MIIIHICTb
matepiany ctinku Tpyou (MRS), MlITa.

TpuBamicTh 30€peKCHHS BIACTHBOCTEH pPETIaMEHTYe€Thcs TepMiHOM y 50 pOKiB.
[IpoTsiroM 11bOTO TEPMiHY HAIPY>KEHHSI HE IOBUHHI 3pyHHYBATH CTIHKY TpyOu. J{ist Mapku
PE-100 MRS=10,0 MIla [36].

[Tpu xaniOpyBaHH1 TPyOH 3 MOJIETHWICHY B KadlOpyBaJbHOMY MPUCTPOI 3aTOTOBKA
TPYOH OXOJIOJIKYETHCS 1 THCKOM PO3PIIKEHHS MPUTUCKAIOTHCS O CTIHKU KaldiOpyBajIbHOI
rUIb3W, HANpPYKEHHS B  CTIHLI  3aTBEpAUIOro mapy TpyOM  IIBUAKOIUIMHHI.
Excnepumentanbhi qanHi [33] 300paxyroTh 3HaYCHHS MexaHIYHUX BractuBocTei [IEBT
PE-100 (puc. 1.12).
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Pucynox 1.12 — ExcriepuMenTanbHi 3Ha4eHHS MexaHiuHuX BiactuBoctedd [IEBT

PE-100 [33]
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Tennogi3nyHi BIaCTUBOCTI TEPMOIUIACTIB MalOTh aHOMAJIii B 00JIacTi TeMIepaTyp
CKIyBaHHA, mnpu 30utbmieHHi ryctuau [IEBT niama3on TtemmepaTyp CKIyBaHHS
3MEHIITYEThCS 1 aHOMAJbHICTh OUTbII XapakTepHa. MexaHniuni BiractuBocTi IIEBT mpu
30UTbLIEHH] TEMIEpaTypu 3MEHIIYIOThCS, 1 mpu TemrepaTypi Ounbiie 80°C MoxkHa

BBakatw po3iiaB [IEBT B's3koTexydero piuHOIO.

1.4 KpuTepii oniHKH iKOCTi BUPOOIB 3 TEPMOILIACTIB NPHU KaJIiOpyBaHHI

Kpumepii ouinku axocmi mpyo 3 mepmonacmie

3a [5, 8, 36, 37] Tpyobm wmamoro mgiamerpa (d<63 MM) MaiOTh BiAIOBIAAIOTH
BUMOTaM MO BIIXWJICHHIO CEPEAHBOr0 30BHIIIHBOIO 1aMETPa, OBAJIBHOCTI, MIHIMAJIbHOI
TOBIIIMHU CTIHKH.

Metoauka BuUnpoOyBaHb IependavyaloTh PO3PaxyHOK CEPEIHBOrO 30BHIITHBOTO
niaMeTpa Tpyou:

:M

cp 2

ne d.. — MakcMMaJbHMI 30BHILIHIN Aiamerp TpyOu, M; d . — MiIHIMaJIbHUNA 30BHILIHIN

d : (1.6)

niametp Tpyou, M; d,, — cepenHiil 30BHIIIHIN qiameTp TpyOu, M (puc. 1.13).
OBanbHICTh BU3HAYAETHCS:
: dmax — dmin
Osanvhicmp = —"2—10 x100% . (1.7)
cp
BinmoBigHO 10 cTaHIApTiB, OBaJIBHICTh HEe Ma€ nepesuiyBatu 3% [5, 8, 36, 37].
KpiMm oBanbHOCTI 3pa3kul TpyOH MEepPEeBIPAIOTH 3a PSAIOM IHIIUX KPUTEPIiB.

Hampukinaz, 3MiHy po3MipiB TpyO Miciis MPOTPiBaHHS B MOBITPSHOMY CEPEIOBHUIIT
L —
A:TLO100% : (1.8)
ne Lo 1 L cepenne apudmeTnyHe 3HAYCHHS JOBXKHH MDK IIO3HAYKaMU JIO 1 IICTS

IPOrpiBaHHs 3a pe3yiabTaTaMu BUMIPIOBAHHS TPHOX 3Pa3KIB, MM.

CepenHiii Koe(]iliEHT JHIHHOTO TEIJIOBOTO PO3IIUPEHHS B YCTaHOBJICHOMY
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iHTepBa Temneparyp, 1/K BusHauaroTs:

/1) -1
}/:( O)( 0)’ (19)
Tz _Tl
ne T; 1 T, — HwKHI 1 BepxXHI MexXl I1HTepBady TeMmmeparyp, K;

lo i | — moB>xmHM 3pa3ka Mpu HUKHIN 1 BEPXHIH IPpaHUIl TEMIIEPATYPHOTO IHTEPBATY, MM.

Oma

elh

S, — HOMiHaJIbHA TOBIIWHA CTIHKH, M; O, — HOMIHAJIBHHH JliaMeTp, M;
Smaxs Smin — MaKCUMaJIbHA 1 MiHIMaabHA TOBIIKHA CTIHKH, M;
Jimax, dmin — MaKCHMaTbHUH 1 MiHIMAJIBHUAN 30BHIIIHIH JiaMeTp TPYOHOI 3arOTOBKH.

Pucynok 1.13 — Busnauenns oBajbHOCTI Tpyou [39, 40].

['panuiis TUIMHHOCTI Martepially CTIHKA TpyOM TpHU PO3TATYBaHHI 1 BITHOCHE
MO/IOBKEHHSI TPYO NP pO3PUBI.

3HauyeHHs MEX1 TEeKY4YOCT1 pu po3TAryBaHHl o, , Mlla:

pm?
F
o =ﬂ£[0], (1.10)

ne F,, — posTaryBanbHa CUIa NpU JOCATHEHHI Mexi Tekydocti, H; Aj— modarkosuit

v . 2
nornepeyHui nepepis 3paszka, Mm”.

3HAYEHHs BIJHOCHOTO MOJOBXKEHHS NPU PO3pHUBi £, , %!
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AL,
P =tp100%, (1.11)

)4

ne AlL,, — BUMIpsHA TOBXHMHA 3pa3ka B MOMEHT PO3DHBY, MM; L, — MOYaTKOBa NOBKUHA

3pa3ka, MM.
BusHaueHHs1 CTIHKOCTI 3pa3ka MpH MOCTIHHOMY BHYTPIIIHBOMY THCKY MPOBOJSATH
He MEHIIIe HiK Ha TPhOX 3paskax. Po3paxyHoOK BUIPOOYBaIbHOTO TUCKY:

eymin
Pan =4 g 200 (1.12)

emmax ymin

ne o, — MOYaTKOBE HAMpPYKCHHs B CTiHII TpyO, MIla; d — MaKCHUMaJIbHUH CepeIHii

emmax

30BHIIIHIN JiaMeTp 3pa3KiB, MM; € MiHIMaJIbHa TOBIIMHA CTIHKH TPYOHOTO

ymin

3paszka, MM.
A06o0 x 3a:
2-[0‘]-(8—0)
Glln: 3 (1.13)
D+(S-c)
ne S - MiHiManbHA TOBINMHA CTIHKH, M, C - JOJATOK Ha MOXJIUBHHA 3HOC, M,

D - BHyTpimHIi giameTp TpyOH, M; [0] — JIOTyCTUME HaIpy>XKeHHA y CTiHI Tpyou, Ml la.

Pe3ynbraTi BUnpoOyBaHb BBAXKAIOTHCS 3a0BIILHUMH, SIKIIO:

— BCl 3pa3Kkd, W0 BHIPOOOBYIOTHhCS, HE 3pyHHYBaJuCs [0 3aKIHYEHHS
KOHTPOJILHOTO Yacy BUMPOOYBaHHS,

— B XOJl BUMNPOOYBaHb 3pyHHYBaBCA OJIMH 3pa3oK, aje TMpH MOBTOPHUX
BUTIPOOYBAHHSX OJICH 31 3pa3KiB HE 3pyHHYBaBCS.

3 ypaxyBaHHSIM YCaJK{, MPU BUTOTOBJIEHI TpyOM Ha 1i N€OMETPUYHI PO3MIpU
BCTAHOBJIIOIOTH JIOITYCKH.

J{ns1 BU3HAYEHHSI YaCTKU YCaJKU TPYOHOI 3arOTOBKM BUKOPHUCTOBYIOTH (hOPMYITY:

(DK_Ds)

<y . 1.14
D X (1.14)

K

ne Dy, - onglamerp TpyOHOI 3aroToBKHM, IO BHUXOAWTH 3  KamOpaTopa;



46

D, - niameTp TpyOu 3 ypaxyBaHHSM YCaJKH; y - 4acTKa ycajka JiameTpa TpyOou.

TakuM 4MHOM, TIPU EKCTPY3ii 13 3aCTOCYyBaHHIM KamiOpaTopa TpyOHA 3aroToBKa
MOBMHHA OyTH BUKOHAaHAa 3a JOMycKaMu, po3paxoBanumu 1o Gopmyni (1.14). Ile
JI03BOJIUTh OJIEPKaTH TOTOBUH TPOAYKT 13 3aJaHUMH TEOMETPUYHUMH Ta (i3UKO-
MEXaHIYHUMU BJIACTUBOCTSIMHU.

Crijz 3ayBaKUTH, 1110 ICHY€E MiHIMaJIbHE 3HAYCHHS PO3PIKCHHS IS 3a0e3MeYeHHs
HEOOX1THOI OBaJIbHOCTI TPYOH, SKa MIC/Isl KaIiOpyBaJIbHOTO MPUCTPOIO 1€ HE MOBHICTIO
OXOJIOJIPKEHA 1 pyXaeTbcsl y BaHHI. CwiM, SIKl JiIOTh Ha I11€ HE IMOBHICTIO OXOJIOJKEHY
TpYOHY 3arOTOBKY — CHJIU TSKIHHS (SIKIIIO OXOJIOJKEHHS 3pOIIyBaHHIM), a00 ApXiMenoBa
cuia (TIpy OXOJIOJIKEHHI 3aHYPEHHSIM).

OcCHOBHUM J€(PEKTOM, 1110 BUHUKAE TIPU HEJOCTATHHOMY 3HAYEHH1 PO3PIIKEHHS €

IIOB3/I0B)KHS yCaJ04YHa KaHABKa.
1.5 KoHcTpykuii npoMuc/IoBHX KaJiOpaTopis

Mertoro Bunaxony [41] (puc. 1.14) € 3MeHIICHHS BHYTPILIHIX HANpyXCHb B
Marepiayii TpyOu sika KaliOpyeThCsl, MOKpAIIEHHS YMOB TEIJIOOOMIHY, TPOBOAUTHCS
KOHTPOJIb 3HAYCHHS PO3PiIHKCHHS B3IOBXK KaJiOpyBaJIbHOTO MPHUCTPOIO TS MOKPAICHHS
AKOCT1 KaniOpyBaHHsA. Take TEXHIYHE pIIMIEHHS pPeali3ye€ThCs MUISTXOM BHKOPUCTAHHS
Ha0OPHOI KOHCTPYKIIII 3 MJIACTHUH, SIKI MAIOTh KaHAJIM JJI1 TUCKY PO3PIIKEHHS Ta BOJIU JIJIs
oxosio/pkeHHs. [HTeHcu(ikalisa TiAPOAMHAMIYHOTO PEKHUMY PyXy BOJM Ta PO3BHHYTA
MOBEPXHS TEIJIOOOMIHY 3HAYHO MOKPAITYIOTh YMOBH TEIJIOOOMIHY.

HenonikamMu Takoro TEXHIYHOTO PIIIEHHS € ChelialbHa KOHCTPYKIisS, IO
MPU3BOAUTL JI0 TpoOJIeM, TakuX SK: HEOOXITHICTh 3a0e3NedYeHHs CHIBBICHOCTI
[IEHTPAJIBLHOIO OTBOPY Y IUIACTHHAX MICIS CKJIQJaHHS MPUCTPOIO 1 CKIIAJIHOCTI OUHUIIICHHS
KaHaTiB THUCKY PO3PLIKEHHS BiJ BIIKJIaJAeHb (pO3IUIaB IMOJIMEPY BHUIIAPOBYE

HU3BKOMOJICKYJISIPHI CIIOJIYKH).
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1 — marpyObok Bxoay TpyOHOI 3aroTOBKM 3  pO3IUIABY  MOJIMEPY;
2 — maTpyOOK mepeiadl TUCKY PO3PIKEHHS; 3 — maTpyOOK BBOAY BOAM JIJIsi OXOJIOKEHHS;
4 — IIIaCTUHY 3 CHCTEMOIO KaHAJIB JJIsl OXOJIOKEHHS Ta TUCKY PO3P1IKEHHS

Pucynok 1.14 — HaGopHuii kaniopyBaibHuil npuctpiit [41]

Mertoro BunHaxony [42] (puc. 1.15) € 30UIbIICHHS TPOIYKTHBHOCTI €KCTPY3idHOT
JiHIT BUpOOHMITBA TPyO 3 MOJIMPOMIJIEHY 32 PaxXyHOK IOMEPEAHBOTO OXOJIOKEHHS
TpYOHOI 3arOTOBKH 3 PO3IUIABY METOIOM 3aHYPECHHSI.

Take TexHIYHE pIMIEHHS peali3yeTbCcsl IUIAXOM  BCTAHOBJICHHS  Mepen
KaJIIOpYBAJIbHOIO TUIB30I0 KaMepu 3 OXOJO/DKYIOYOI pIIuHOI0 (BOJa), dYepe3 SKY
MpPOXOAUTh TpyOHa 3aroToBKka 1 QOpPMYyeETbCS TBEPAMA, MEXAHIYHO MILHUNA 1Iap
OXOJIOJKEHOTO TIOJIIMEPY, SKUH 3amo0irae 0OpuBy TpyOH MpH MOJAIBIIOMY TTEPEMIIICHH]
B KaiOpyBaibHIN TJIb31 3 30BHIMIHIM po3pikeHHsaM. Ciijl 3ayBa>KUTH, III0 THCK B KaMepl
MOMEPEHLOT0  OXOJIOHKEHH Mae OyTh MeHIe arMochepHOro s 3amoOiraHHs
CKJIQJIJaHHIO 3aTOTOBKHU TPYOM 1 TaKuM, SKUW HE PO3IpBE 3arOTOBKY TPyOM aTMOC(hEpHUM
THUCKOM 3cepearH. ToMy aHy KOHCTPYKIIIFO MOKHA PO3TISAATH SIK TaKy IO 3a0e3medye
3MEHIIEHHS TUCKY PO3PIIPKEHHS Ha MOYaTKy KajaiOpyBaHHS.

Henonikamu Takoro TeXHIYHOTO PIIICHHS POOJISATH MPOIIEC 3allyCKy KamiOpyBaHHS
ONBII TSXKKUM, Yepe3 YCKIAIHEHHS TrepMeTu3allii mepel BXOAOM [JI0 KaMmepu

MOTIEPETHBOTO OXOJIOJPKEHHST M PETyJIOBaHHS PIBHS TMOBEPXHI BOAM B Kamepi (depes
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VIIIJTPHEHHS B KaMmMepy MOTpaIuisie MOBITPS), a TaKOXX YHEMOXKIIUBIIOE BHUKOPHCTAHHSA

JaHOTO KallibpaTopa mpu 0XOJIOKEHHI TPpYO 3 MOTieTUIICHY.

Ll Ll Ll

1 — tpy0a sixa KamiOpyeThCs; 2 — Kamepa MONePEeTHbOT0 0XOJIO0IKEHHS
3aHYpEHHSM; 3 — BaKyyMHa BaHHa; 4 — KaJuiOpyBajbHa I'iib3a; 5 — TiIpaBIIyHUMN 3aTBOD;
6 — maTpyOOK BBOAY OXOJIO/KYBAIBHOI piIuHU (BOIA)
Pucynox 1.15 — KamOpyBanbHuii nOpuCTpid 3 KamMepow MONEPEIHBOro

OXOJIOJDKEHHS 3aHypeHHsIM [42]

Meroro Bunaxoay [48], (pucynok 1.16) € cTBopeHHs crocoOy KamiOpyBaHHS 3
BUKOPUCTAaHHSM KaJiOpyBajdbHOT BTYJIKM KOHIYHOI (POPMHU, KA PETYIIOETHCSA B ITUPOKOMY
miamasoHi 1 3a0e3nedye 0e3mpoOIeMHE PETYIIOBaHHS THCKY PO3PIIKEHHSI 1 KEPOBAHOTO
po3iupeHHs. Take TeXHIUHEe PIIEHHS peali3yeThCsl 3MIHOIO KOPITyCY KaliOpyBaHHS, SIKUN
30UIbLIY€E AlaMEeTp CBOTrO MeEpepi3y B3JOBXK BEKTOPY PyXy TpyOH sika KaaiOpyeThcs Ta

JTHIAHUM TEPEeMIMIEHHSIM TEPEeTOPOAKUA ISl JABO30HHOTO PEKUMY POOOTH TIO THUCKY
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PO3PITKEHHS.
HenomnikamMu Takoro pilieHHs € CKIAAHICTh KOHCTPYKIIi, pI3HOTOBUIUHHICTD TPYOH

npu ii po3ayBl Yepe3 HEPIBHOMIPHICTh TEeMIIEpaTypHUX TMOJIB B PO3ILIaBl MICHA

(GopMyI04Oro iIHCTPYMEHTY.

1 — BakyyMHa BaHHa; 2 — KaJ1OpyBaJibHa I'Ib3a; 3 — 3arOTOBKA TPYOH 3
TEPMOILIACTY; 4 — IEPETOPOAKa JIJIsl ABO3OHHOTO PEXUMY POOOTH IO TUCKY PO3PIIKEHHS;
5 — mpucTpiii moNepeIHHOTO 0XOJIOHKEHHS TpyOHOT 3aroToBkH (3porneHHs s [T ado
06ayB noBiTpsiM jutst [TEBT)

Pucynoxk 1.16 — KaniOpyBansHuii IpUCTpiid 3 KOHIYHOIO (POPMOIO KalliOpyBaIbHOT

rine3u [48]

Meroro Bunaxony [49] (puc. 1.17) € BuUKOpucCTaHHS KaniOpyBaldbHOI TUIB3U 3
KOHCTPYKITIE€I0O MEXAHIYHOTO PETyJIIOBaHHS 11 laMeTpa, TOCTYITHOI, SIKa € JyXe HaIIHHOIO
1 MOXke OyTH BUTOTOBJICHA 3 MEHIIIUMHU BUTPATAMH.

TexHiuHE PIIICHHS MEXAHIYHOTO PETYIIOBAHHS JiaMeTpa KaliOpyBaJIbHOI TiIb3U
JOCSITAETHCS TUM, IO MPOPIi3U T1JIb3U BUKOHAHO XBUISICTUMH, a CaMa Tijib3a CTUCKAEThCS B
OCbOBOMY HAIpsIMKy 3a JONMOMOTror0 (UIaHIsl, TIOJIOKEHHS SIKOTO  PETYITIOEThCS
HaIpsIMHAMH, a caM (JIaHeIb Ma€e KOHYC, SKUH TIPU OCbOBOMY PyCi po3nupae, abo CTUCKAE
riib3y s 301IbIIEHHST a00 3MEHIIEHHS 11 BHYTPIIIHBOTO JiaMeTpa.

Henonikamu Takoro pilieHHS € Majuil Jiana3oH peryaioBaHHS BHYTPIITHHOTO

miaMeTpa KanmiOpyBalbHOT TUTh3W Ta 11 HEIMIHAPUYHICTH MPHU PETYJIIOBAHHI, 10 MOXE
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3MEHIIUTH poO0Yy MIBUIKICTH MPOTATYBAHHS TPYOH, 110 KamiOpyeThCs. AHAIOIOM TaKOTro

pimenns € koncrpykuis pipyu KUATRO PLAST [50]

1 — xaniObpyBajibpHa TUIb3a 3 XBWISICTUMH MPOPI3aMHu; 2 — HAMPSIMHI;
3 — (aHens Ha HAMPSIMHUX, KU 3aTHCKA€E KaliOpyBalIbHY TUTE3Y B OCbOBOMY HAIPSIMKY
Pucynox 1.17 — KamiOpyBanbHUIl TPUCTPIA 3 PETYIIOEMUM BHYTPIIIHIM

aiaMeTpoM KamiOpyBasibHOT rib3u [49]

Meroro Bunaxony [51], (puc. 1.18) € crBopeHHs KamiOpyBaldbHOI BTYJKH MJIs
3MIHU PO3MIpPY TIiJ 9ac poOOTH, KOHCTPYKIlS SAKOI JT03BOJISIE PETYIIOBATU 32 JOMIOMOTOIO
MPOCTUX KOHCTPYKLUIMHMX YTHUCKYyBaudiB O€3 MOTIPUIEHHS SIKOCTI MOBEPXHI TpyOW sika
KamiOpyeTbesa. 3aroToBka TpyOM sika KalliOpyeTbCs MPOXOAUTHh BTYJIKY MONEPEIHBOTO
KamOpyBaHHS, s AKid (OPMYEThCS TBEPAMA 1Iap TMOJIMEPY, 3JAaTHUA BUTPUMATHU
MEXaHIYH1 HaBaHTAXEHHS BIJ 3yCWJUIA MpOTAryBaHHa TpyOu. llonmepenHbo oxosomxeHa
TpyOa MPOXOJUTh CUCTEMY IIAPHIPHO 3’ €HAHUX IJIACTUH, SIKI MOXKYTh 0OTHCKATH TPyOy
MO0 30BHIMHIN MoBepxHi. CTymiHb OOTHUCKAHHS PErYJIOETbCS OCHOBUM IOJIOKEHHSIM
bnanus, kUit 3’€qHaHO 3 macTuHaMu. [losoxkeHHs GIaHLs PEeryoeTbCs HAPSIMHUMH.
OxomnomKeHHs TpyOu BiIOYBa€ThCS METOJIOM 3POIICHHS Yepe3 GOPCYHKH CHCTEMH To1a4l

BOJIH.
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1 — BTYyJIKa TIOTIEPEIHBOTO KATIOPyBaHHS; 2 — IJIACTUHHM 3 [IAPHIPHUAM 3 €JIHAHHSIM;
3 — HanpsimHi; 4 — dnanens; 5 — popcyHku
Pucynok 118 -  KamlpyBasibHMII  mpuUCTpii 3  peryjJbOBaHUM

BHYTpIIIHIM AiamMeTpoMm [51]

HenonikamMu Takoro pimieHHs € HEUWJIHIPUYHICTD TUIb3U MPHU PETYIIOBaHHI, 1110
MO’K€ 3MEHIIUTH po0O0Uy IIBUIKICTh MPOTATYBAHHSA TPYOH, IO KaliOPYETHCS, Ta MOXKE
3poOuTH AePEeKTH Ha 30BHIIIHIM MOBEPXHI TPYOH, SIKI MOKYTh YTBOPIOBATHUCS BiJ] TUIaCTUH
B MICIISIX IAPHIPHOTO 3’ €THAHHS.

Ax nokazye OCHDKEHHS 3Ha4Ha  KUIBKICTh  CYYaCHHUX  KOHCTPYKLIH
KaJiOpyBaJlbHUX TMPUCTPOIB BHUKOHAHO [IBO- Ta TPbOX30HHHUMM 3a PO3PLIKEHHSIM 3
IHTEeHCH(]IKaII€I0 TMPOoLleCy TEepeHeceHHs Teria y BXIiJHIA YacTHHI KamiOpyBaTbHOTO
npuctporo [28,53](puc. 1.19).

Kputnunuii anani3 cydyacHUX KOHCTPYKUIN KajliOpyBaJbHUX IMPUCTPOIB J103BOJIMB
y3arajlbHUTH HapsIMKU MOJEpHI3aIlii:

— 3MEHIICHHS THUCKY pO3PLIKEHHS Ha MOYaTKy KaJlOpyBaJbHOI TUIB3HM JUIS
YHUKHEHHS PO3pUBY W€ HE C(HOPMOBAHOI, MEXaHIYHO MIIHOI IUTIBKM OXOJIOMKEHOTO
TEPMOILIACTY BiJ HAPY)KEHb CHII TEPTs, SIKi MponopuikHi TucKy [39-41,47];

— 3a0€3nedYeHHs] PETYIIOBaHHS JlaMeTpa KallOpyBaJbHOI T1Ib3U JJII MOMJIHMBOCTI

KaJiOpyBaHHS TPYO 3 PI3HUX MapOK TEPMOILIACTIB Ta 3 pisHUMHU 3HaueHHsMU SDR [42-

44].
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[lepmra BakyyMHa WIUTMHA KaliOpyBaJbHOI TiUTb3W pPO3TAIlOBaHA Ha BiJCTaH1
15...37 MM Bia BXOIy, a MiHIMaJdbHE 3HAYEHHS PO3PIIKEHHS ISl TPYOH 3 MOJIETHIICHY

16x2,7 vm — 0,1 6ap (0,01 MITa), i s F32x5,4 mm — 0,25 6ap (0,025 MIla) [28].

Pucynok 1.19 — KoncTpykiis KajgiOpyBaJIbHOTO MPHUCTPOIO 3 TPhOMa 30HAMU
PO3PKEHHST Ta 1HTEHCU(IKAIIEI0 OXOJIOJKEHHS BXIJHOI YacTHHU KajaiOpyBajbHOI

rine3u [53]

Jns peamizamii Takoro mpoiecy, A€ OyayTh OTpUMaHl HOPMAaTHBHI KpHUTepli
[JIAJIKKUX TpyO 3 TEPMOIUIACTIB HA 3BUYAWHUX KaniOpaTopax, HEOOXITHO JOTPUMYBATHUCH
TaKUX YMOB :

1. PospimxenHs B poOouiid kamepl KamOpatopa Mae OyTH AOCTaTHIM, MI00
3a0e3neun T MiHIMaJIbHI 3HAU€HHS TEPMIYHOTO OTOPY Ta TEPTS MiXkK CTIHKOIO Kaimibparopa
Ta TIOBEPXHEI0 TPYyOHOT 3aTOTOBKH;

2. IHTeHCHBHICTH TEMIOOOMIHY B KamibpaTopi MOBMHHA 3a0€3IIE€UYUTH JJOCTATHIO
KUTBIIEBY YKOPCTKICTh TPYOHU, sIKa YCYHUTh PHU3UK IUIACTUUHMX Jedopmarliii Bif 3yCHIIb
TATHYYOTO MPUCTPOIO;

3. Marepian kamiOpatopa Mae OyTH 3 BHCOKOK TEILIONPOBiIHICTIO, IS

HIBUAKOTO OXOJIOPKEHHS TEPMOIUIACTy i (hOpMyBaHHS TBEPIOTO ¥ MILIHOTO IIapy.
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1.6 OcobauBOCTI TENJ1000MiHY NPU 0X0JI0KEeHHI TPYOM B KaJiOpaTopi

[Ipomecu y xamiOparopi TMOB’s3aHI 3 TEPEHECCHHSIM TEIUIOTH BiJ TpPyOHOI
3aroTOBKUA JI0 OXOJIOJKYBaJIbHOI TOBEPXHI KayiOpaTopa, 3 OJAHOYACHUM CKIIYBaHHSM
pO3IUIaBy TEPMOILIACTy, IO CYMPOBOKYEThCS ycankow. Ilpu 1mpoMy Ha MOBepXHI
3arOoTOBKU YTBOPIOIOTHCS TBEPJa MEXaHIYHa IUIIBKA 13 33JaHOI0 MIIHICTIO JOCTaTHHOIO
JUTSI TIOJTOJIAHHS CUJT TEPTS SIK1 BUHUKAIOTh BiJl J1i IPOTATYIOYOTO MEXaHI3MYy.

Jns 3a0e3neyeHHs TIAAKOi TOBEpXHi, 3amaHoi QopmMu 1 po3MipiB Tpu
KaJiOpyBaHHI TpyOHI 3aroTOBKM MaioThb OyTH B KOHTAaKTI 3 BHYTPIIIHHOI MOBEPXHEIO
KaJIIOpyBaJIbHOI T1Ib3W JOCTaTHI 4Yac. B kamepax kamiOparopa BHUKOPHUCTOBYETHCS
3aJlaHUi PIBEHb PO3PIHKEHHS, KUK 3amolirae mepeayacHOMy YCa/KyBaHHIO TpyOu 1
30€peKEHHIO 33JIaHOT0 TEPMIYHOTO OTOPY.

B po6orti [37] HaBeneHO OCHOBHI KOHCTPYKIIii KaiOpyBaTbHUX MPUCTPOIB 3 CYXHM
Ta MOKPUM OXOJIOJIKEHHSIM Ta BCTAHOBJIEHO, 1110:

— IHTEHCHUBHICTbh BIIB€JICHHS TEIUIOTU 3aJ€XKHUTh BIJl TEPMIYHOTO KOHTAKTy MIX
TPYOHOIO 3arOTOBKOIO, IO KalllOpPYyeThCs, Ta BHYTPIIIHBOIO CTIHKOKI KaldiOpyBaiabHOI
T'1JIb3H;

— Hecy4Ya 3[aTHICTh TpyOH, 110 KaliOpyeTbCs, MOBUHHA OYTH JTOCTaTHBOIO, IJIS
MIOJIOJIAHHS CHJI TEPTS Ta 3aJICKUTh B MPOQ1II0 TEMIIEpaTypHUX MOJIB B CTIHII TPYOH;

— TPUBAIICTh TEPMIYHOTO KOHTAKTY 3arOTOBKH TPYOHW 3 pO3IUIaBY TEPMOILIACTY
Mae OyTH AOCTaTHHOIO Jisi 30epekeHHS (PopMH Ta pO3MIpiB TPyOU MICIAS BUXOAY 3
KaJiOpyBaJIbHOTO MIPUCTPOIO;

— 17151 301UIbIIEHHS] MPOAYKTUBHOCTI €KCTPY31MHOI JiHIT KamiOpyBadbHUNA TIPUCTPIN
Mae 3a0e3MeYUTH MAKCUMAJbHO IHTEHCHBHE OXOJIOJKEHHS Ta MIHIMAJbHY CHIIy TEpTs
TpyOM B KamiOpyBaJIbHIN TUTB31 MPU JOCTATHHO TPHUBAJIOMY 30€pEKEHHI TEPMIYHOTO
KOHTAKTY.

J1yis BU3HAYEHHS CHJIM TEPTS 3arpornonoBano Bupas, H [37]:
I:friction = I:normallu ’ (115)

ne  Feicion —  3yCcWwuisl  TpoTATyBaHHA — Tpyou  mpu  kKamiOpyBaHHi,  H;
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Frormal — 3YCWJUIL TpPHUTHCKaHHS TpyOM [0 TOBEpXHI KajmiOpyBaibHOI Tinb3u, H;

L — Koe(ileHT TepTs MK TEPMOIUIACTOM Ta MaTepiajoM KaliOpyBajdbHOI TiIb3H

(puc. 1.20).

1,0
“ I\
0.8

NESAAN
T

0 100 200 "C 300
Temnepatypa T

Pucynok 1.20 — 3nadyeHHst koedilieHTa TepTs i mapu craib—modietuieH (1);

ctab—PVC (2), B 3aexxHoCTI Bijx Temneparypu [37]

JI71st po3paxyHKy TeMIIEpaTypHHX TMOJIB B TPYOl sKa KaliOpYyeThCS MPOMOHYETHCS
OJIHOMIpHE  pIBHSHHS  HECTAI[lOHApHOI  TEIJIONPOBIAHOCTI  (ZI€KapToBa  CUCTEMa

koopauHat) [37]:

ﬁ__@(aﬁj | (1.16)
ot ox\ oXx

oT : . . .
ne i 3MiHa TeMHepaTypu Marepialy CTIHKM Tpyou 'y 4aci, Kic;
oT : L . _
rvi rpaJileHT TEMIEpaTypu B Marepiail CTIHKA TpyOu B pajiadbHOMY HanpsMKy, K/u;

.. . . 2
a — Koe(ILieHT TeMITepaTypOonpOBIAHOCTI, M“/C.
Jlnst po3B’sizanHs piBHAHHS (1.16) IPOMOHYIOTHCS BUKOPUCTATH TPAaHUYHI YMOBU
II pony 1u1st po3iuiaBy, 1O MPUKJICKOETHCS 10 CTIHKY Tiib3u, [37]:

W a7
g =—/1& o=a(T,-T¢) | (1.17)
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e  — MATOMHH TEIJIOBUHM IMOTIK Bix TpyOH sika OXOJIOKYEThCS B KamiOpyBaJIbHOMY
IPUCTPOi JI0 OXOJIOMKYBAJIBHOT PIAWHH, BT/MZ; A — Koe(]iIlleHT TerIOmPOBITHOCTI
matepiany Tpyou, BT/(M'K); o — xoediuieHT TeruoBigmaul BiA MOBEpXHI Tpyou 10
oxoNMomKyBanbHoi pimman, Br/(M*K); T, — TeMmmeparypa mOBepxHi TpyoW sika
kanmiopyerbes, K; Tg — Temneparypa 0xosioaKyBasibHO1 pinuHu (puc. 1.21).

JInst  9uCeNbHOTO PO3B’S3KY PIBHSHHA HECTAIIOHAPHOI  TETUIOMPOBIAHOCTI
aBTOpOM [37] MPOMOHYETHCS BUKOPHUCTATH METOJ KIHIEBHUX PI3HMIB, a00 KIHIEBHUX
enemeHTIB. [IpoTte, 3HaI0UM MO y CTIHKM KaniOpyBajabHOI TUIb3H M y TpyOHOTO mpoQuito
TEPMOIUIACTY Pi3HI 3HaYEHHS KOe(III€HTIB TETJIOIONPOBIIHOCTI 1 TOBIIMHA IIapiB, AaHa
rpaHUYHA YMOBA MPUHOCUTH B PO3PAXYHOK MOXUOKY.

Y pobotax [28, 54] aiis MoenoBaHHS IMEPESHECCHHS TEIUIa BiJl TPYOH 3 TOJIIMEpy
KA OXOJIO/DKYETHCS BHUKOpHUCTaHO TpanuuyHi ymoBu III pomy 1 siBHY cxemy MeTony
KIHIIEBUX PI13HULIb.

1

Ede 2

'
1
L

RTl

TM
t,>0
: 7’0
TF'/E - Tf

7z

E_.& )

g'=-Ax=alTy =Ty

Pucynokx 1.21 — Monens 0OXOJOKEHHS €KCTPYIOBaHOI TPyOW, pO3IIIaBICHUN
map (1); sarBepuiauii map (2); Temmeparypa oxonomkyBaiabHOiI pimmuau (Tg); iHII

mo3HavYeHHs B TekcTi [37]

UucenpHl  METOIM  JO3BOJISIIOTH  PO3B'SA3aTH  PIBHSHHA  HECTalllOHAPHOL

TEIUIONPOBITHOCTI 3 ypaxyBaHHSIM 3aJeKHOCTEH Tero(i3uuHUX mapameTpiB  BiJ
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temnepatypu [54], BpaxyBaBImIM TEIUIOTY YTBOPEHHS HAJAMOJICKYJSIPHUX CTPYKTYP
(cxiyBaHHsI) y PpIBHSHHI HECTAllOHAPHOI TEIUIOMPOBIAHOCTI MUISXOM BHKOPUCTAHHS

napameTpy «e(peKTUBHA TEMIIEPATYPOIIPOBIAHICTh:

oT 10T 0°T | AH; oT  .|1oT 07T
—=al ——+— |+ = —=a|-——+—|(1.19)
ot ror or pC, ot ror or
. MT) . . : . .
ne a(T)=———="— — eobektuBHUI KOCDILIEHT TEMITEPATYPOIIPOBITHOCTI, SKHUii
p(T)Ce(T)

2

BpaxoBye Teruioty ckiayBaHHs [IEBT, (M—) Co (T) — temnoemuicts IIEBT; C, (T) -
C

epextuBHa Terioemuicte [TEBT; A(T) — temmonposimuicts ITEBT; p(T ) — rycruna
[TEBT.

B po6ori [55], gocnimkeHo koediieHT Teronepeaaydl Mixx tpyooto 3 [IEBT Tta
OXOJIOJKYBAJIBHOIO ~ piAMHOIO.  BigMiueHo, 110 TEpMOIUIACTH  MAalTh  HU3BKY
TEIJIONPOBITHICTh, WO YCKIATHIOE TEIJIOOOMIH 1 Terionepenaya 4YacTo JIMITYE
HIBUJKICTH MPOLIECY.

B poGoTi [57] excrnepuMeHTaIbHO JOCIHIIKEHO TEPMIYHUUN OIIp KOHTAKTY MIXK

MOJIIMEPOM Ta BHYTPIIITHBOIO MMOBEPXHEIO KaIiOpyBalbHOI TUIb3H (puc. 1.22).

X Heat flux L
g
3
g
1
o 1
E
&
Calibrator \\
a
Pucynox 1.22 — Mogens TemiooOMiHYy MK JBOMa TMOBEPXHSAMHU, SAKI HeE

nepe0yBalOTh B 1JIealbHOMY KOHTakTi: (a) cxema; (b) kamiOpyBaHHS €KCTPYAOBaHOTO

npodimio [57]. A — TepMidHMiA omip
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ABtopamu [57] cTBOpEHO CHCTEMy, IO JIO3BOJISE JIETKO BHUBYUTH 3aJIC)KHICTDH
npolecy KamiOpyBaHHs BiJ JCKUTBKOX MapaMeTpiB (BIACTHBOCTI Marepiaiy KamiOparopa,
JOBKMHA 30HU KaliOpyBaHHs, IIBHJKICTh €KCTPY3li, SKICTh KOHTaKTy TOJIIMEp-
KajmiOparop, THII, TeMmIepaTypa Ta  BHTpaTa  OXOJIO/DKYBaJIbHOTO  arcHry).
ExcnepuMeHTalbHO BHM3HAUYE€HO CEpe/lHI 3HaueHHs KoedillleHTa Teronepeaadi Bijl
MOBEPXHI E€KCTPYAO0JBAHOTO MPOMUII0 3 TMOJICTUPOIY 0 OXOJOKYBaJIbHOI PIIUHHU B
CyXoMy KaliOpyBaJIbHOMY MpHUCTpoi. J[JIT yMOB €KCIIEpMMEHTY BCTAaHOBJICHE 3HAUYCHHS
koedimienTa Teronepenadi cranoButs 435 Br/(M°K). BimsHaueHO 3HAYMMICTH BIUTHBY
TEPMIYHOTO OINOpPY Ha TEIUIONepenadyy MDK pO3IUIaBOM MOJiMEpy Ta MaTepiaioMm
KaiOpyrouoi Tijb3M, MPOTE HE BPAXOBAHO 3MIHY TEIIOMI3UYHUX XapPaKTEPUCTHUK
MOJIIMEPY MPHU 3MiHI TEMIIEpaTypH.

Biamosinuao mo puc. 1.22, Temnora, mo BiABOJAUTHCS Bi TPYOHOI 3arOTOBKHA MOXKE

6yTI/I BU3HA4YCHA K.

g=K-At, (1.20)
ne At - pizaung temmeparyp, K; K - xoedimieHT Teruionepenadi, Mo BH3HAYAETHCS 3a
dbopmyoro:
= L 1.21
‘ ii+A+ii+O:m’ .
ne o,, O, - TOBUIMHM 3aTBEPALIOrO IIapy MOJIMEPYy Ta KaliOpyBalbHOI TlIb3H;

Ay,A, - TEIUIONPOBIOHOCTI 3aTBEPALIOrO IIapy MOJIMEPY Ta KamOpyBajlbHOI TlIb3H;

A - TepMIYHUI OMIp MPOCTOPY MIX TPYOHOIO 3arOTOBKOI) Ta BHYTPIIIHBOK CTIHKOIO

KaIiOpyBaJIbHOI TUTH3H; O - KOe(IIIEAT TEIIOBIAaY1 BOIH.

800U
Takoxx B pobOorti [59] He BpaxoBaHO Te, MO TOBIIMHA TPYOHOI 3aroTOBKH
3MIHIOETBCS TMiJT Yac OXOJIOJPKEHHS, [0 HETaTUBHO BIUIMBA€ HA TOYHICTH PO3PAXYHKY
KaJ1iOpyrouoro o0iaiHaHHS.
PoGotu [57-73] cmpsiMoBaHi Ha TMOKpAIIEHHS TMPOIECY OXOJIOMKCHHS 0e3

3MEHIIEHHS] MPOAYKTUBHOCTI JIHII, @ TaKOX BCTAHOBJICHHS NapaMeTpiB, IO CYTTEBO
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BIUTMBAIOTh Ha KamiOpyBaHHS TpU OJepaHHI BUPOOIB 13 3aJaHMMU mapameTpamu. Lle
JI03BOJISIE TOYHIIIE BpaxyBaTW BIUTUB PO3PIIKCHHS HA KOHTPOJIOBAHHS CHUJI TEPTS MIXK
TpyOHOIO 3aroTOBKOIO Ta T1JIb30I0 KajiOpartopa INpu MojedtoBaHHI. B manux pobGortax
BUKOPHUCTAHO JBOCTYIIHYACTUN THUIl HAPOCTAHHS PO3PIIKEHHS, ajie HE PO3TIISTHYTO BILIUB

TEPMIYHOT'O KOHTAKTy Ha TEIJIOOOMiH.

1.7 Meta Ta 3a1a4i J0CJIi;KeHHSA

Metow poboTtu € miABUIICHHS €(EeKTUBHOCTI TMPOIECy TEeIO0OMIHY MpHU
KaJ1iOpyBaHH1 TpyO 3 TEPMOIUIACTIB Ta PO3pOOKa KOHCTPYKLII KalniOpyBaabHOIO IPHUCTPOIO
JUTSL OJIEp>KaHHSI MPOAYKIIIT 13 3aIaHUMH BIIACTUBOCTSIMU. .

Jlia nocsarHeHHs 1i€i MeTu copMyJIbOBAaHO HACTYIIHI 3aJa4i:

- O0IpyHTyBaTu yMOBH (pOpMyBaHHSI KOHTPOJILOBAHOI'O TEPMIYHOTO ONIOPY IPH
KaJiOpyBaHHI TPyO 3 TEPMOIUIACTIB B KaJIiOpaTopl MiXK MOBEPXHEIO TPYOHOI 3aTOTOBKH Ta
CTIHKOIO KaiOpyBaidbHOI I'JIb3H;

- chopMmymtoBaTu (Pi3MUHY MOJENH MPOIECYy TEIIOOOMIHY MK MaTrepiajom
CTIHKH TPYOHOI 3arOTOBKHU Ta OXOJIOHKYIOUOI0 PITUHOIO Yepe3 CTIHKY KaaiOpyrouoi T'iib3u
3 BpaxyBaHHAM (Da30BOTO MEpexojy, M0 CYHMPOBOKYETHCA YCAAKOIO 3aroTOBKOIO, MPH
OXOJIO/DKEHH1 PO3IUJIaBy TEPMOIUIACTY Ta TEPMIYHOTO OMOPY HAa MeEXl METal-30BHIIIHS
CTIHKA TPYyOu;

- JIOTIOBHUTH MaTE€MaTHYHUH OMHUC MPOIECY TEMJI00OMIHY 3 ypaxyBaHHSIM
0COOIMBOCTEN TEIIIO0OMIHY TIPH KamiOpyBaHHI;

- pO3pOOHUTH METOAUKY €KCTIEpUMEHTAIBHUX JOCHIKEHb Ta TIPOBECTH HATYpHI
€KCIIEpUMEHTH, IEPEBIPUTH aJI€KBATHICTD MOJIOKEHD (PI3UYHOI Ta MATEMATUYHOI MOJIENIEH;

- y3arajgpbHUTU PE3YJIbTaTH EKCIEPUMEHTAIBHUX JOCTIHKEHh Ta BCTAHOBUTH
palioHalbHI MapaMeTpu NpoLecy KaaiOpyBaHHS;

- po3poOUTH TEXHIYHI MPOIO3HUIIIT 1010 CTBOPEHHS 1HHOBAIIMHOI KOHCTPYKIIIT
Kayoparopa;

PO3pOOUTH aITOPUTM Ta METOJUKY PO3PAXYHKY €(PEKTUBHOTO KainiOpaTopa.
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BucHoBku no po3ainy 1

BupoOnuiiteo TpyO 3 TEpMOILIACTIB Yepe3 BEIUKHM MOMHUT y 0aratboxX raimy3six
€KOHOMIKM OyZe CTpIMKO 30LIbIIYBAaTHCh 1, OCOONMBO B YKpaiHi, uepe3 3pocTaroui
noTpeOU BiTHOBJICHHSA KUTJIA Ta IHKEHEPHUX MEPEX MiCIis 3BUIbHEHHS HAIIUX TEPUTOPIH.

Jns wHapomryBaHHsa o00csariB BupoOHuntBa Tpyo 3 IIEBT Tta BHpoBamkeHHS
PEUUKIIIHIOBUX TEXHOJIOT1HM mepepo0eHHs BTOPUHHOI CUPOBUHU HEOOX1HO MPOBOIUTH
MOJICPHI3AIlif0  ICHYIOUOTO Ta CTBOPEHHS CYYaCHOTO E€HEPro-pecypcoolaHOro
oOJnaHaHHSI.

CknagHICTh CTBOPEHHSI TaKOro OOJaJHAHHS MOJISITa€ B TOMY, IO TEIIo(pi3U4H1
BJIACTUBOCTI TEPMOIUIACTIB MalOTh aHOMallii B oOJyiacTi Temmeparyp ckiayBaHHs. [lpu
soubmieHHi ryctuHu  [IEBT  giamason temmeparyp CKIyBaHHS 3MEHINYETHCS 1
AHOMAJIbHICTh OLIBII XapakTepHa. J[pyroto ocoOIUBICTIO € TE, [0 MEXaHIYH1 BIIACTUBOCTI
[IEBT mpu nmigBUIIEHHI TeMNEpaTypHu 3HMXKYIOTbCS, 1 Npu Temmeparypi Ouibiie 80°C
posmias [IEBT HabnukaeTbest 10 B SI3KO1 P1IMHM.

JInst  30UIbIIEHHS IIBUAKOCTI TMPOTATYBaHHS TPyOM 3 TEPMOIUIACTIB B
KaJIIOpyBaJIbHOMY MPUCTPOi MPHU EKCTPY3il MOLIJIBHO BHKOPUCTOBYBATHU KaiiOparop 3
KOHTPOJIbOBAaHUM  THUCKOM  DO3pIDKEHHA B  pPOOOYMX Kamepax, 110 JO3BOJISE
IHTeHCH(IKYBaTH OXOJO/DKCHHS IUIIXOM 3MEHIIIEHHS TEPMIYHOIO OIOpY B IIporieci
MEPEHECEHHsI TeIjla BlJ 3aroTOBKM TPYyOM J0O OXOJOJKYBaJbHOI pIAMHU B Kamepi
Kanioparopa.

[TonepenHe 0XOJO/KEHHS TPYOHOI 3arOTOBKM IUIAXOM MOJIUBY, 3aHYpEHHs a0o
3pOIICHHS HE MOKe OyTH BHKOPHCTAHO uepe3 JAePEeKTH, sIKi BUHUKAIOTh HAa TMOBEPXHI,
TOMY yBary HeoOX1JHO MPUILIUTH cyXoMy KaniopyBanHio Tpy6 3 [IEBT;

[cHytoUl METOOUKH pO3paxyHKy KallOpyBaJIbHOIO MPUCTPOIO HE BPAXOBYIOTh
3aJIEKHICTh TETUIO(I3UYHUX MTapaMeTPiB TEPMOIUIACTUYHUX MaTepialiB BiJl TEMIEPATypH i

TEIJIOTY KpUCTasi3arlii.
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PO311J1 2. MOAEJIFOBAHHS ITPOLHECIB IEPEHECEHHS B
KAJIIBPATOPI

2.1. @iznyHa MoaeJIb NMPoLeCy KAJTIOPYBaAaHHA TPYO 3 TEPMOILIACTIB

Kani6parop npusHaueHuil 1yisi OCTATOYHOTO (POPMYBAHHS TOTOBOTO MOJTIMEPHOTO
BUpOOyY 3 JIOBEJEHHSM HOro JO0 CTaHy, IO BIAMNOBIJAA€ TEXHIYHUM ymoBam. I 1bOro
HEO0OX1THO 3a0e3neunT e(heKTUBHE NIEPEHECEHHs TEeIlIa Bl CTIHKH TPYOHO1 3aTOTOBKH J10
BHYTPIIIHBOI MOBEPXHI KadiOpyBaJlbHOI Tib3M, CTIHKA SIKOI OXOJOMKYETHCS PIAHHOIO.
[Ipouec 0X0noaKEHHS MONIMEPHOI TPyOU CYNpPOBOIKYETHCS 3aTBEPJIIHHS [TOBEPXHEBOTO
mapy MoJiMepy Ta yCaJkolo, 0 MPU3BOAMTH 0 30UIBLIEHHS 3a30pY MIX IOBEPXHEIO
TpyOM Ta TUIB3M KamiOpaTopa, IO, CBOEK YEprow, MNPU3BOAUTH 10 30UIBIICHHS
TEPMIYHOTO ONOPY MPOIECY 0X0J0KeHHA. HepocTaTHs: MexaHiuHa MILIHICTh YTBOPEHOT'O
TBEPJIOTO IIapy Ha MOBEPXHI TPYOHOT 3arOTOBKH Y€pe3 HU3KY €(DEeKTUBHICTb OXOJOMKCHHS
IOPU3BOJIUTH 10 PYHHYBaHHS BUPOOY MiJ AI€I0 3yCHJIb TATHY4Oro npucrtporo. Lle Bumarae
3MEHIIECHHI MIBUJIKOCTI MPOTITYBAaHHS, a OT>KE 3HWKEHHS IPOYKTUBHOCTI JIiHII.

JInsi KOHTpPOJIOBAHHS 3a30py MIXK CTIHKOIO TpPyOHOI 3aroToBKM Ta TUIb3U
KajiopaTopa B HOro poOOUYMX Kamepax CTBOPIOETHCS BIAMOBIAHUIA PIBEHb PO3PIKEHHS,
SIKU OOMEKYEThCS BEJIMUMHOKO CUJT TEPTS TP pyCl TPYOH B T'IB31 KagiopaTopa.

OXO0mn0/KEeHHS CTIHKM TPYOM 3 TEpMOIUIACTHYHOTO MaTepialy mpu KaliOpyBaHHI
CYNPOBOKYETHCSI YTBOPEHHSIM HAJAMOJEKYISIPHUX CTPYKTYP 1 3MIHOIO iX TETUIO(h13UNIHUX
1 MEXaHIYHMX BJIACTUBOCTEW, 3OUTBLIEHHSM CTYNEHS KPUCTAJIYHOCTI (CKJIYBAaHHSM),
3MEHIIEHHSIM MHTOMOro 00’emy (ycaakor). Di3M4HO HEOOXiMHO 3a0e3meyuTH
30epexKeHHs] TEPMIYHOIO KOHTAKTY MK CTIHKOI KamiOpyBadbHOI Tijib3M 1 TPyOOIO st
yTBOPEHHS PO3BMHEHOTO Iapy TBepAoro tepmoruiacty. IlepeauacHe 3HUKHEHHS
TepMIYHOTO KOHTaKTy jisg Tpyou 3 [IEBT Bukimkae HEpIBHOMIPHICTh OXOJOKEHHS Ta
BIJIXWJICHHSI (JOPMHU, PO3MIPIB Ta IIOPCTKOCTI MOBEPXHI TPYOH B[l 3aJaHUX 3HAYECHb.

Jlis YHUKHEHHS BTPaTU TEPMIYHOIO KOHTAKTy BHUKOPHUCTOBYETHCS PO3PIIKEHHS
30BHI TpyOM sika KamiOpyeTbcsi (31 CTOPOHHM OXOJIOJKYBAJIBHOI PIIUHM), MPU LBOMY

aTMOC(EpHHUI TUCK BCEpEeNMHI TPyOHOI 3arOTOBKM MPUTUCKAE i1 JO BHYTPILIHBOI CTIHKU
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KaJiOpyBalbHOI TUIB3H, IO JO3BOJISIE KOHTPOJIIOBATH TEPMIUYHUI KOHTAKT.

[Tpu 30inbIIeHHI 3HAYEHb PO3PIIHKEHHS 3HAYHO 3pOCTa€ CHiIa TEpTA TPyOHOI
3arOoTOBKH 31 CTIHKaMHU KaJliOpyBajbHOI T1JIb3H, 1110 MOXKE MPU3BECTH JI0 PO3PUBY TPYOHOI
3arotoBkd. Lle 3yMOBI€HO THM, II0 B TOHKOMY MPOIIAPKy OIS CTIHKUA KajaiOpyBaslbHOI
T'JIB3H MOJIIMEP Ma€ KpUCTAMUHY a3y, sika MOXKe CIIpUHMATH MEXaHIYH1 HaBaHTa)KCHHS.
3HauCHHS PO3PIIKEHHS MAa€ BIAMOBIIATH YMOBI 30€pEKEHHS TEPMIUHOTO KOHTAaKTy Ta
3a0e3nevyyBaTy 3a/laHy BEJIWYUHY CHJIM TEPTS 1 MOBHHHO MOCTYNMOBO 30UIbIIYBaTHCS, B
3QJIEKHOCTI BiJl TEIUIO(I3MYHUX BIACTUBOCTEH mosmepy. Tak ajsa xamiOpyBaHHS TPyO 3
[MEBT MakcuManbHe 3HAaYEeHHS pO3piKeHHs cTaHOBUTH Oitst 0,02 MIla [74].

Ha miacraBi HaBemeHoro ¢i3W4Hy MOJENb MpoOleCy KaaiOpyBaHHS Tpyow 3
TEPMOILIACTY Ha JIOIUILHO PO3UIMTH Ha JIB1 HA: TEIJIOBY puUC. 2.1 Ta MexaHiuHy puc. 2.2.

TpyOHa 3aroToBka HAaAXOAUTH N0 KadlOPYHOBAJIBHOI TIIB3U 3 TEMIEPATypPOIO
po3ruiaBy (Touka A Ha puc. 2.1) 1 mourHae 0XOJIOKYBATUCh MIPH IIIJILHOMY KOHTAKTYy 31
CTIHKOIO KaimibpaTopa, BiJl KOi TEIJI0 BIIBOAUTHCS BOOI0 Qy, puc.2.1.

B touni B (puc 2.1) Ha moBepxHi TpyOHOI 3arOTOBKH TOYHHAE YTBOPIOBATHCS
TOHKMW Iap 3aTBepAuUIoro moisiMmepa. [lpumyckaemo, 1o BHACHiIOK 3HAYHOI anaresii
moJiiMepa 31 CTIHKOIO Kajioparopa Tepmiunuid onip A=0, a BeCh TiipaBIIYHUMN HaIp, IKUMA
CTBOpPIOE (HOPMYIOUMI THCTPYMEHT BUTPAYAETHCS HA TOJOJIAHHS CHJI TEepTsS MHpU pycl
TpyOHOT 3aroToBkH Ha il aiunsHIN (3oHa I). [lpu mpoxomkenHi ainsHku I Temmneparypa
MOBEPXHI TPYOHOI 3aroTOBKH 3HUXKYETHCS JO TEMIIEpaTypy IMOYaTKy KpucTami3amli
(Temmepatypu CKJIyBaHHS), 110 CYNPOBOKYEThCS ycankor. Tomy B Touii B (1mo4atok
3ouu II) mns 30epexeHHs] 3alaHUX PO3MIPIB HEOOXITHO 3aCTOCOBYBATH MiHIMaJbHE
pospimxenHs. [Ipu nbomy B 30H1 Il BinOyBaroThCs BigBeAeHHS TEIIOTH Q, Ta 3MEHIIIEHHS
30BHIIIHBOTO JiamMeTpa TpyOHOI 3aroTOBKH Os 1 3’SBIAETHCS 3a30p MK BHYTPIIIHBOIO
MIOBEPXHEIO KajiOpaTopa Ta TMOJIMEPHOI TpyOor (8), BeMMYMHA SIKOTO BH3HAYAE
JOJTATKOBHUI TEPMIYHHUI OIIp MPOIECY OXOJIOMKEHHs MOBEpXHI mojimepy. OmaHOYacHO 3
UM 3MEHILIYEThCS CHUJIa TEPTsl 3aTBEPAUIOI IUIIBKM TOJIIMEepa Ha TPYOHIM 3aroToBIl 3

BHYTPIIIHBOIO MOBEPXHEIO KamiOpaTopa 1, BIAMOBIIHO, 3MEHIIYETHCS TATOBE 3YCHIUIS Ta
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PU3HK PO3PHUBY TPYOH, OCKITLKH BiJOYBAE€THCS BIIPUB 3arOTOBKH BiJl TIOBEPXHI T1Ib3H i
JI€I0 CUJ TSOKIHHS Ta ycaaku. Y I[bOMY BHIIQJIKy, SIKIIO HE BXKHMBATH 3aXOMiB 13
3aCTOCYBaHHSM PO3PIJKEHHs B KajiOpaTopi, CyTTEBAa IHTCHCHUBHICTh OXOJIO/KCHHS Yepe3
MiJBUIICHHS TEeMIIepaTypu TpyOW Ha BUXOJl 3 KamiOpaTtopa 3Ha4HO 30UIbIIyE PU3HK il

nedopmarii.
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ds — 3MiHHA TOBIIMHA 3aTBEP/ALIONO IIAPY MOJIIMEPY; S — TOBIIMHA CTIHKH TPYOHOT
3aroTOBKHU
Pucynox 2.1 — @i3uyHa Mojelb TMPOIECIiB TEMI00OMiHY B KamiOparopi

€KCTPYAOBaHOI TpyOH 3 TEPMOILIACTY.

Minimizaliis 3a30py Jd, xo4a 1 J03BOJIsIE 30eperTd HeoOXimHy (OpMy 3arOTOBKH,
CYNPOBOXKYETHCSL 30UIBIICHHSIM CUJIM TEPTS PyXy TPYOHOI 3aroTOBKM B KaniOparopi 1
3YMOBJIIO€ HEOOXIAHICTh 30UIBIICHHS 3yCHUJUISI TIPOTITYBAHHS 1, SIK HACHIJIOK, 3pOCTaHHS
PU3UKY PO3PUBY 3arOTOBKH.

OTxe, B 3aJ€XHOCTI BiJ MapaMeTpiB MOBEPXHI IUIIBKM TPYOHOI 3aroTOBKH 1
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TeII0(i3MYHUX BIIACTUBOCTEH IMOJIMEPY, PIBEHb PO3PIKEHHS B KaMepax KajiOparopa
MMOBUHHUN aJIalITUBHO 3MIHIOBATHCh, BIJIMOBITHO J0 TEMITY OXOJOJKEHHS 0€3 CyTTEBOTO
0OMeXEeHHSI MPOTyKTUBHOCTI EKCTPYEpA.

Ha ocHOBI 3a3Hau€HOr0 MOXKHA CKJIACTH TETIJIOBHM OanaHC y BUTJISAL PIBHSHHSA:

Ql + Qz + Q3 + Qﬂ = %(Dz —d 2)ch(z) (Trm _TK)IOn(t)’ (2.1)

ne Q1 Q. , Qz - BiAMOBITHO KUTBKOCTI TEIUIOTH, sIKi BigBOoASATHCS B 30Hax I, I1 1 111, BT; Q, -
KUIBKICTh ~ TEIJIOTH, sSKa, B pa3l HEOOXITHOCTI, BIABOAUTHCS  JIOJATKOBUM
oxoJopkeHHsM, Bt; D 1 d — 30BHIlIHIM Ta BHYTPIIIHINA AiaMeTpu TpyOH, siKa BUXOJHUTH 3
kanioparopa, M; W- mBHUAKICTE PyXy TpyOHOI 3aroToBKH 4epe3 KamidpaTtop, M/c; Cpp —
TEIUIOEMHICTh ~ TOJIiIMepa,  sKa  3alexuTh  Big  Temrepatypu,  KJDk/(kr-K);
Ppny — TYCTMHAa  @ojiMepa,  fKa  3aleXWTh Bl TEMIEparypH, Kr/M>;
T, —  Temmeparypa  mojiMepy Ipu  BXO[KeHHI B  KamOpatop, K;
T, - TeMIiepaTypa noJiiMepy npu BUXO0/i 3 Kajioparopa, K
Tepmiunumii onip ass 30Hu I:
_On1 y Oar | 1

R, = + +—, (2.2)
/IHJ] /,{‘KAJY 6xl

ae O,, - TOBUIMHA CTIHKM TpyOHOI 3aroToBKM 3 IUIaBy MOJIMEpPYy, M;
Ay - KOEQIIEHT TEIUIONPOBIAHOCTI MIaBy nomimMepy, Br/(m-K); J,, - ToBIMHA CTIHKH
KagiOpyBaJIbHOT  TiMb3U, M; A, - KOE(]IIIEHT  TEIJIONPOBIAHOCTI  Marepiairy
KaiopyBasbHO1 T11b34, BT/(M-K); ¢, - koedilieHT TemnoBiagaul BiJl HOBEpXHI TpyOu 110
0XOIIOKYBaNbHOI pizuay, Br/(M*K).

Tepwmiunawmii onip asst 30uu 11:

R”:5ﬂ+§+5”0“+5’ﬂ+i; 0<6,,<[5]=4%-,

npyou
2’17]7 ﬂ'T ﬂ’nog ﬂ'KAﬂ a2

7€ O, - TOBILMHA 3aTBEPAUIOTO LIapy HOJIMEpY, M; A, - KOEQILUIEHT TEIIONPOBIIHOCTI

(2.3)

3aTBepAiIoro mapy mnojimepy, B1/(M-K); O __ - ToBmMHA 3a30py Mik TpyOHOIO

noes
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3arOTOBKOI0 Ta KaJiOpyBalbHOIO T1Ib30I0, M; A . - KOEQILIEHT TEMIOIpPOBIIHOCTI

MOBITPS, IO 3HAXOAWTHCS B 3a30pi MK TpPYOHOIO 3aroTOBKOIO Ta KalliOpyBaJbHOIO

rine3oro, B1/(MK); @, - xoedimieHT TemioBimaul BiA MOBEpXHI TpyOH [0

OXOJIO/KYBAJIBHOI PITUHH, BT/(MZK); [5 ] - JOMYCTUMHUHN 3a30p, M; 5mpy5u' TOBIIIMHA

CTIHKHM TpyOHOT 3aTOTOBKH, M.

Tepmiunuii omip 3onu I11:

11 :5ﬂ+i+%+%+i; 5}106 S[é‘]z8%'5m}7y5”’ (24)
/117]7 2’T ﬂ’nog ﬂ’KAﬂ 6z(‘:’

1€ o, - KOoeQIUIeHT TeIIOBIAayl BlJl MOBEPXHI TPyOM 10 OXOJOKYBaJbHOI PIIAVHH,
Br/(M*K).

VY Bunazaky, konu npu Buxoji 13 30Hu Il TemnepaTypa TpyOHOI 3aroTOBKHU 1€ HE
JidIIa A0 HEoOX1THOI, JOJa€Thcsl JoaarkoBa 4-ta 3oHa (Ha puc.2.1 - 3o0Ha [l), 3
TEPMIYHUM OIIOPOM:

o o, O o 1
=g L g e AT 5,0, <[0]~8%- 5,
A
1 ﬂ’f

R r? pyou
e o - KOeQIIieHT TeryIoBiJnavi Bif MOBEpXHI TPyOM OO OXOJIOJKYBAIbHOI piIHMHHU,

—e (2.5)
inos ﬂ”KAJ? a3

Bt/(M*K).
YMoBa MILIHOCTI TpyOHu:
F
#<[G]()on’ (26)
Z (D - di )

ne F

msH

- Tarayue 3ycusuid, H; D - niametp TpyOHO{ 3arotoBku, M; d, - qiaMeTp TBEpIOTo
mapy, M; [o],,, - AOImyCcTHMe HanpysKeHHs y cTiHui Tpyou, MI]a.

Ha puc. 2.2 300pakeHO MeXaHIYHY CKJIAQJIOBYy 1 JBa OpIEHTOBHUX Trpadika 31
3HAYCHHSMH YCAJIKH Ta PO3PIIKEHHS, 10 T MPOTHIIE.

MexaHi4Ha CKJ1a/loBa Mpoliecy KadiOpyBaHHS TAKOX CKIIAAEThCA 3 3 30H: Meplla
30Ha — 30Ha MIBHUJKOTO (POPMYBAHHS 3aTBEP/ILIO] TUTIBKH HA TOBEPXHI TPYOHOI 3arOTOBKH;

Jpyra i TpeTs 30HU — 30HU POCTY TOBIIMHU 3aTBEP/IIJIO01 TUTIBKY 3 TJIaBAIOUUM TEPMIYHUM
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OTOpOM, IO BHHHUKAa€ uepe3 3OLIbIICHHS BIUIMBY CHJI YCaIAKd Ta TNPUTHUCKAHHS
pospikeHasiM. 3ouu Il 1 III BiApi3HSIOTHCS 3HAYEHHSIM PO3PIIKEHHS Ta TOBIIMHU
MOJIIMEPY, 10 3aCKITyBaBCS.

B Touri A BinOyBaeTbcs BXOHKEHHS TPYOHOTO MPOGiIo B KaTiOpyBaabHy TUTB3Y
Ta TMOYMHAETHCS 30HAa (OPMYBAaHHS TBEPAOrO IIapy Ha IMOBEPXHI TPYOHOI 3aroTOBKU
(3oHa I). Ockinbku 30BHIIIHIA JiaMeTp TpyOHOI 3aroTOBKM Ha BXOJAiI B KamiOparop
OUTBLINI HIXX BHYTPIIIHIA AlaMeTp TiIb3W Ha TPyOHY 3aroTOBKY Bipa3y * MOYHMHAIOTH
BIUTUBATU CWJIM TEPTS, a TAKOX TITOBI 3YCWJUIS, 3aBASKU SKOMY TpyOa MPOTATYETHCS
yepe3 Kanmoparop. Pi3Hi AlameTpu, a TaKoK BIUIMB aTMOC(EPHOTO TUCKY BCEPEIHHI TPYOH
CHPUYMHIOIOTh IUJIbHE TMPUTUCKAHHS TPYOHOI 3aroTOBKM 1O CTIHKHM KajiOpyBajbHOT
rub3u. B 11l 30HI modiMepHHM Martepiaid TpyOHOI 3aroToBKU e mepeldyBae y cCTaHl
PO3IUIaBY, SIKHW IHTEHCUBHO OXOJIOKYETHCS 10 TIOYATKy CKIIyBaHHS (TIOSBH KPUCTATIYHOT
dazn).

[Ticns mpoxo[KeHHs Mepiioi 30HU (Touka B), MOYMHAETHCA BIAPUB TPYOU BIJ
CTIHKH T1J1b3H Y€pe3 BIUIUB YCAJKH, 1[0 BUHUKAE 32 PaXYHOK 3aTBEP/lIBAHHS TEPMOILIACTY.
BignoBigHo, nams 3a0e3neueHHs TEPMIYHOTO KOHTAKTYy MDK PO3IJIaBOM Ta CTIHKOIO
KaiOpyBaJIbHOI TUIb3M, JOCTaTHRO HE3HAYHOTO TMepemnagy THUCKY, SKUUA CTBOPIOETHCS
3aBASKA PO3PIIKEHHIO 30BHI KadiOpyBalbHOI Tib3U. 3 I[I€I0 METOI CTIHKH KaMmepH
Kanioparopa Ha i AuUTHI nepopyroTbes. CaMe po3piKeHHs PAIOe B MYIbCYIOUOMY
peXHMi, 10 03BOJIIE WOTO pErynaioBaTH. B cBOIO X 4epry, HasBHICTh PEryJIbOBAHOTO
PO3PIKEHHsSI B KaMmepax KaiiOparopa, BIAMNOBIAHO 1O TOBIIMHU KPUCTAJIIYHOTO IIApy
MOJIIMEPY, JI03BOJIIE KOHTPOJIOBATH BEJIIMYMHY 3a30py MDK CTIHKamMu TpyOu Ta
Kanioparopa i, BIAMOBIIHO, MIHIMI3yBaTH TEPMIYHUN OMip MPOLECY OXONOKeHHS. [[s
3amo0iranHsi 0OpuBYy TpyOHOI 3aroToBKM mepdoparliss Ha MOBEPXHI KaTiOPyBaJIbHOI T11b3
PO3TaIIOBYETHCA Ha 3aJjaH1i BiJICTaHi BiJ TOUYKU 4. B 3anexHOCTI BiJ BUly TEPMOILUIACTY 1
JiaMeTpa TpyOH, Tepia Mmpopizb Moxke 3Haxomutucs Ha Biactani 10...35 MM, came Ha

IIbOMY PiBHI MOYKWHA€ETHCS 30Ha 1.
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0 4 3 r 7 Z
Ff — cuna teprs; Fy — Tarayya cuna; P, — atMmochepHUN THUCK;
P, P— pospimxenns (P1< P,); x - 00’eMHa ycajka.
Pucynox 2.2 — ®i3uuHa MOJENb TPOIECIB TMEPEHECeHHs B KamiOpatopi

EKCTPY/I0BAHOI TPYOU 3 TEPMOILIACTY

Konu po3pimkeHHs AocsAra€e MaKCUMaJIbHO JOMYCTUMOI'O 3HaY€HHs, TOYMHAETHCS
Tpets 30Ha (Touka C), B SKIA TNPOJOBKYETHCS OXOJIOJKEHHS Tpyou. UYepes
KaTOpyBaJIbHUM TPUCTPId TpyOHA 3aroTOBKa MPOTATYEThCA 13 IMIBUAKICTIO, sIKa
BU3HAYAETHCS MOTO TIPOIMYCKHOKO 3MaTHICTIO (it TyO Majoro miamerpa), abo
MPOJYKTUBHICTIO €KCTpYJiepa Ta TUIIOPO3MIpOM TpyOou (st TpyO BEPXHBOrO J1ara3oHy
MOJKJIMBOCTEN €KCTPY31MHOI JiHiT).

JI1st 0X0moKeHHST KamOpyBabHOL TUTB3H 11 30BHIITHS MTOBEPXHS 3POIITY€EThCS a00

3aHYPIOETHCA B BOJLY, 110 OXOJIO/XKYE MaTepiall T'Jib3U 1 BIABOAUTH TEILIO.



67

Opna 3 mpobiieM kaaiOpyBaHHS B 30H1 pocTy (Bianmosigae 30Ham II 1 IIT) momsrae B
yca/illi TePMOILIACTY, KA OYNHAETHCS MPU CKIIyBaHHI MOJIIMEPY 1 JOPIBHIOE BITHOCHOMY
3MEHIICHHI0 THUTOMOro o00’emy. IluToMuii 00'eM JOpiBHIOE 3BOPOTHOMY 3HAYEHHIO

MMATOMOI TYCTHHH TIOJIIMEPY:

1
t t
;(Vzp(”)lp(K)-loo%, 2.7)
p(t,)
e ,O(t,(), ,O(tn) — TyCTHHA TMOJIMEpy BKIHI[I Ta Ha IIOYaTKy IPOLECY
OXOJIOJIPKCHHS, Kr/MC.
JliniitHa ycaika BU3HAYa€ThCS SK [75-78]
= 32 .100%
A= 0, (2.8)

100%

Jiamerp KamOpyBaJIbHOI T'UIb3M Mae OyTH OUIBIIMM 3a J1aMeTp TpyOu, SIKUU
HEOOX1JTHO OTPUMATH, 3 ypaxyBaHHSM YCaJKHU IO JiaMeTpa. B 3ayie’kHOCTI BiJl JiaMeTpa Ta
MaTepially Taka pi3HUI Moxke OyTH B Mexkax Bia 3 no 10 %.

Peanizaliiro mojioxeHb 3arponoHOBaHOT (PI3UYHOI MOJIEI JIOLIIBHO MPOBOJIUTH 3
BUKOPUCTAHHSM aJIallTUBHOTO PO3PIKEHHS B KaMepax KajiOparopa ajisi 3a0e3nedeHHs

3a/1aHOi SIKOCTI BUpOOY Ta MPOJYKTUBHOCTI €KCTpYIepa.

2.2. MaremaTH4HA MOJeJIb NpoLecy KaJiOpyBaHHA TPYO 3 TepMOIIACTIB

Jlis mMaTeMaTUyHOTO OMUCY TMpolecy KajaiOpyBaHHS TpyO 3 TEpPMOIUIACTIB 3
ypaxyBaHHSIM HaBEACHUX MOJOKEHb (P13MUHOT MOENI TOUIIBHO COPMYITIOBATH HACTYITHI
TIPUITYIIICHHS

— B 30HI (OpPMYBaHHS KPHUCTAJIIYHOTO Iapy TMOJIMEpy 3ajaya IMepeHEeCeHHs
TEIJIOTU 30BHIIIHS, a MPOIEC JIMITYEThCS KOe(]IIlleHTOM TeIUIOBiIayul Bij 30BHINIHbBOI
CTIHKHM KaJiOpyBaJIbHOT T1JIb31 0 OXOJIOIKYBAJIBHO1 P1IMHU;

— B 30HI pOCTY KPHUCTAJIIYHOIO IIapy MOJIMEpY 3ajaya BHYTPILUIHS — MPOLEC
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MEPEHECEHHS TEIIOTH JIMITY€ETHCS TETUIONMPOBIIHICTIO TEPMOILIACTY;

— TEpPMIYHHI OMIp B MiCLlI KOHTAKTy TPYOH 1 KaniOpyBaabHOI rJIb3U MOCTIHHUH;

— TeMrmepaTypa posmiaBy Tepmoruiacty (Tp) Ha Bxoal B KaniOpyBaabHUN MPUCTPIH
MOCTiiHa 1O Tepepizy;

— ycajJka B MaTepiajl CTIHKM TpyOu BiOYBA€ThCA OJIHAKOBO B yCIX HaIpsSMKax 1
BU3HAYAETHCS Yepe3 3MiHY JJOKAIBHOTO 3HAYEHHS IMTOMOTO 00’ eMy;

— 3MiHa THTOMOTO 00’€eMy TEpMOIUIACTy TMpH 3MiHI HOro TeMIeparypu

BiJIOYBAETHCS OJTHOYACHO.

2.2.1. Bu3zHauyeHHs TeMIEPATYPHOrO MOJisi B CTiHUI TPYOHOI 3arOTOBKH NpPH

KaJiOpyBaHHI

Po3paxyHok TeMmepaTypHOTO TOJisI B CTIHII TOJiMepa [03BOJIUTh BU3HAYUTH
reOMETPUYH1 pO3Mipu 30HH .
TernoBuii OanaHCc IS KIHIIEBOTO i-Or0 €JIEMEHTY Ha J-iii goBxwuHI (puc. 2.3) y

BUIJISAI €JIEMEHTIB TOBIIMHOIO AY Ta nosxuno AX=A7W  [54], Br:

2 2
T o, =291 o Ty pe, =221
dr dxdy ~ dr dxdy
N1 -T..
PTG, (T;)| AW (R +ij (Ri—ﬂj Tiai =T,
’ i At 2.9)

IXTA% AVV [\ T =T . .
ae p(Tj.)Cp(Tj-) AW (R.+?yj —(R__?yj i 3 — KIJIBKICTh TEIJIOBOI €HEprii
W nl 1 1 A’Z'

(TemyoBa MOTYXHICTB), IO BUTPAYAETbCS HA 3MIHY TEMIIEpaTypu ejleMeHry, BT;

(T,.)[ i1~ '2;{ _ Azy} ATWJ — TEIJIOBa MOTY>KHICTh, 10 MEPEAAEThCS EIEMEHTY Bij

BHYTPIIIHIX /O HBOTO IIApiB TpyOM 3a paxyHOK TEIJIONPOBIIHOCTI, BT;

~A(T, .)(% 27Z-|:Ri n %} Afvvj — TEIJIOBA MOTYXHICTh, IO BIIBOJUTHCS BiJ €IEMEHTY
' y
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710 30BHILIHIX BiTHOCHO HHOTO IIApPiB TPYOH 3a paxyHOK TEIIONPOBIIHOCTI, BT.

Pucynok 2.3 — Cxema BUIIICHHA KIHIIEBUX €JIEMEHTIB Ui BU3HAYCHHS

TEMIIEpATypPHOTI'O MOJIA B CTIHII TPyOH Mpu KaniOpyBaHHI B 30H1 1

PiBHSHHS TeruioBoro OajlaHCy JONOBHIOIOTH TPaHWYHI yYMOBH JPYrOTrO PpOIY
a__r o1
ot p-C, oy’

KaJliOpyBaJIbHOTO MIPUCTPOIO:

Ta TIOYAaTKOBI YMOBHM — TeMIlepaTypa pO3IUIaBy Ha BXOMAl [0

T(y)=T, [1=0 . (2.11)

['paHn4H1 YMOBHM METOY KIHIIEBUX €JIEMEHTIB 11 BHYTPIIIHLOI CTIHKU TPYOH:

oT _ aZT 2 2 Tj+1,i _Tj,i _

EWpCp = ﬂm+ qj = p(Tj,i)Cp(Tj,i)(ATVVﬂ-[Ri - Rifl})T = (2.12)
T'i _T'i+ A

:_l(Tj,i)(J'A—yJ'lzﬂ{Ri +7y}Asz+qj’0 2R ATW

ne (jo — NMTOMHM TEIUIOBUM IOTIK IO BHYTPIIIHBOI CTIHKM TPYOM siKa KamOpyeTbcs,
Br/™’.
[Tpunyctumo 1o TeriooOMiH Ha BHYTPIIIHIA MOBEPXHI TPyOH, MO KamiOpyeTbes
Ta OXOJIOJDKYETHCS, BIICYTHIM:
0j,0=0. (2.13)
[TepeBiprMoO Iie IPUIYIICHHS. 3 PIBHAHHS TerIoBoro ocamancy (2.9) 0Xos10pKeHHS

TpyOM 3 TepMoIUIacTy Ha JiHIT ekcTpy3ii TpyO (puc.2.4) MOPIBHAEMO TEIUIOBY
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MOTYXHICTb, 1[0 BUTPAYAETHCSA HA HArpiBaHHS MOBITPS, SIKE MOTPAIUILE€ 30BHI BCEPEAUHY

TpyOH, Ta MOTY>KHICTb OXOJIO/KEHHS Tpyou, BT:

)@W—ZR(RKZ_ROZ)pCp(Tp—T

2
W ZTCRO paircpair (T ir_1 _T 4

4 a air_2

Rip. < (R —R7)p

Sk 3pazok s Tpyou 3 nomietunieHy 20x2,7 MM, OTpUMAEMO HACTYITHI 3HAYCHHS:

pipe_out ) (2 14)

(0,01-0,0027)" 1,226 <(0,01° ~(0,01-0,0027)" 802
0,65-10 < 374,6-10

ne 3a (2.9) R, =R, —s — BHyTpimHiil pagiyc Tpyou, M; R, :% :2:0,01 M — KIHI[EBUU

pamiyc Tpy6n; $=0,0027 M — TOBIIMHA CTIHKH TPYOH; p,, =1,226 KI/M° — 'yCTHHA MOBITpPS

3a Temmeparypn 288 K; p=802 kr/M°— rycTHHA IOTIETHICHY 33 CEPEHBOI TEMIIEPATYPH

posmiaBy 423 K.

Tz ar 2

v

Tz ar_]

S
g\—c <+

/%/ae_ayf
/Qﬂ/ﬂE_/ﬁ

\2

v

Pucynox 2.4 — Ox0n0/pKkeHHST BHYTPINIHBOT CTIHKH TPYOU MOBITPSIM

OTxe, TEerIoBa MOTY)KHICTh HA HarpiBaHHs MOBITPS, 110 MOTPAIUISE BCEPEIUHY
Tpyou 20x2,7 MM opieHTtoBHO ckiamae 0,17 % Bim MOTYXKHOCTI, sika HEOOXiTHA IS
0XO0JIOKeHHS TpyOu. ToMy MpuUITyIieHHs 1010 BIACYTHOCTI TEMI000OMIHY Ha BHYTPIIIHIN
NOBEPXHI TPYOH, 0 KAIOPYETHCS Ta OXOJIOKYETHCS OOTPYHTOBAHE.

3 ypaxyBaHHSM MPUIYIIEHHS LIOJ0 BIJACYTHOCTI TEIUIOOOMIHY Ha BHYTPIILIHIN
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MOBEPXHI TpyOH, 10 KamiOpyeThCss Ta OXOJOIKYETHCS, 1 TOTO, 10 B MPUHHATOMY HOLI
KIHIIEBUX €JIEMEHTIB TOBIIHMHA BHYTPIIIHHOIO KIJIBLIEBOIO CIEMEHTY IOpiBHIOE AY/2,

piBHSHHS (2.7) CIIPOIIYETHCS 10 BUPA3Y:

Ay Y T ...-T
P(Tj,l)Cp(rj,l)[AIWﬂKRO+7yj _ROZD%TM-F

(2.15)
T -T
FA(T, 1)(”A—L22ﬁ[RO +%}Af\N]=O |
YUy

[Ticnst ckopoudeHHs Temreparypa BHYTPIIIHBOI TOBEPXHI CTIHKH TpyOu Ha

HaCTyTHOMY 4aCOBOMY IlIapl CTaHOBUTHME, K

z(rjl)[ i1~ T2 Z{R +Ay}m]
Ay 2

p(Tj,l)Cp ULJ{{( Ry + Azyj - Roz}]

['paHn4H1 YMOBH METOY KIHIIEBUX €JIEMEHTIB JUISI 30BHINIHLOI CTIHKH TPYOu:

_ AYY T - T,
p(Tj,k)Cp(Tj,k)iAf\Nﬂ' sz—( k__yJ Du_

T ..=T..+

(2.16)

j+11 jl

i 2

(2.17)

T -T.. T

ATl g g A | g 22R A =0
IN Ay ' 2 j.k k

o “ . . . . . . 2
e (jx — MUTOMUH TENJI0BUH MOTIK BiJl 30BHINIHBOI CTIHKHU TPYOH sika KaniOpyeTbes, BT/m”.
[Ticnst ckopoudeHHsI TemIeparypa 30BHINIHBOI MOBEPXHI TPyOM HA HACTYITHOMY

gacoBomy miapi, K:

T
/Icr,k)( Jklzl:R Zy}Arj q;, 2RAT

p(TJk)C (T]k)[|:R2 D

JIns  mpoBeAeHHS UYMCENBbHOTO  PO3pPaxyHKY MPEACTaBUMO  HECTalllOHAPHY

Tj+1,k = Tj,k +

(2.18)
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TEIUIOMPOBIIHICTh K KBa3iCTAlllOHAPHUHN MPOIEC KOHBEKTUBHOTO MEPEHECEHHS TETIOTH.
Toni, BiAMOBIMHO 10 HaBeACHOI Bi3MIHOT Mojei (puc. 2.5) Ta 3 ypaxyBaHHAM PHHHITHX
NpUIYyLIeHb, JJIs YMOBHO pO3TOpPHYTOi TpyOM (IUlacka IJlacTWHA) AaHAJIOTIYHO [0

3anporoHoBaHoro y [50] MokHa 3amucaTw:

2 AH 2
T _Q 0T A T 0T (2.19)
ot oy pC, ot oy
i1 M(T) ] . . . . y
ne a*(7T)= (T)C(T) edeKTUBHUN KOEQILIEHT TEMIIEPaTypOIPOBIIHOCTI, SKHIA
p P

BpaxoBye Teruiory ruiaBiieHHs [IEBT, M2/c; C;,( T )- edexruBHa Termoemuicts ITEBT,
JIx/kr-K; X*(T ) - epexruna temonposianicts [IEBT, Br/M'K;
p (T ) - rycruna IIEBT, kr/m>; AH ; - muToma temiora kpucranisanii, JHx/Kr.

Bukopuctanas npuiiHATOi cucteMu KoopauHaT B (2.19) He BHOCHTH CyTTEBOI
NOMUJIKA B PE3yJIbTaTH PO3PAXYHKIB UEpe3 HEBEIUKUN pO3MIp LIapy KPUCTAIIYHOTO
MOJIIMEPY, SIKUA YTBOPIOETHCS MPHU OXOJIOJKEHHI 3arOTOBKM TPYOM B KajiOpyBallbHOMY
MPUCTPOI TOBIIMHA SKOTO 3HAXOJUTHCS B Mexax | MM mpu giamerpl Tpyow, 1o

Kaniopyerses, 20 MM.

PucyHnok 2.5 — IIpuitHsiTa cXeMa YnuCeIbHOT0 PO3PAXYHKY
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BukopuctoBytoun PI3HHUILIEBI piBasiHHS [80] 3HAaX0JIUMO PO3B’SI30K
mudepeHmianbHoro  piBHsHHA  (2.19) 3a  eramamMu  YHCETBHOTO  PO3B'S3yBaHHS
auQepeHIiaJbHUX PIBHAHD Y YACTHHHUX IMOX1IHUX, BiAMOBIIHO 10 [81]:

1. [TobynoBa piBHOMIpHOT CiTKH N-M By37I0BHX TOYOK B reOMETpHYHINA 00JaCTi,
BIJIMOBIAHO JI0 TOCTAHOBKH 3aj1a4l 1 TPaHUYHUX YMOB.

2. IleperBopenHs audepeHINaTIbHOIO  PIBHSHHS, IO PO3B'SI3YEThCS, 3
MIPEACTABICHHSIM HOTO y HAW3PYYHININ JJIs1 PO3B’SA3aHHS CHCTEMI KOOPJWHAT 1 3aMIHOIO
MOXIJTHUX KIHIIEBUMHU PI3HUIIMUA. BUKOpPHUCTaHHS OTPUMAHOTO PI3HUIIEBOTO PIBHSIHHS JIJIS
ONKMCYBAaHHS (DYHKIIOHAIBHOTO 3B'SI3Ky MIXK CYCIAHIMU BY3JIlaMH CITKH, TOOTO 3alucy
PI3HUIIEBOTO PIBHSHHS JUIS KOXKHOTO 3 BY3JIB CITKH 3 OJICp)KaHHSAM BHACHIJIOK ITHOTO
cucTteMu (N —1)-(M —1) piBHSIHB 3 (N —1)- (M —1) HeBIJOMHMH.

3. Po3p’s3aHHa cucremMu (N -1)-(M —1) PpIBHAHb 3 (N -1)-(M —1) HEBLAOMUMH
OJIHUM 13 BIJIOMUX IIBUJAKUX 1 €(PEKTUBHUX YHUCEIBHUX METOJIB, BHUOIp SKOTO
BHU3HAYAETHCS BIACTUBOCTSIMH CUCTEMH PIBHSHb.

[TpuitsiTa A5 po3B’si3aHHS MOCTABJICHOI 33/1aul TEOMETPUYHA CXEMa PO3PAXYHKY
JUTSI BUJIUIGHOTO YacoOBOTO IMapy 300pakeHa Ha puc. 2.5. Ilpu 1mpomMy 11 KOXKHOTO 3
JaCOBHUX IIapiB MPOBOAUTHLCS CBIM PO3paxyHOK.

PiBHSIHHS HecTaliOHAPHOT TETUIONPOBITHOCTI ¥ opmi (2.19) y KiHIIEBUX PI3HUIIIX

3a MPUHAHATOIO0 CXEMOIO MOXKE OyTH MPECTaBICHE Y BUTIISIIL:

OX AX
dy =~ A ot=—""~—
y =AY T W oW
2 T .. —T. . T .. =2T. . +T ..
881‘;: *Zy-lz- = L Y . Y +1AX ! :Wa* i+1,] Ay'le i-1,j (220)

['paHnyHl yMOBM Jpyroro pojay /Jis 30BHIIIHBOI MOBEPXHI TpyOHW, M0
OXOJIOJDKYETHCA Y KaliOpyBaJIbHOMY MPHUCTPOi y KIHIIEBUX PI3HUIAX, 3 YpaxyBaHHIM

«e(peKTUBHOTO TEIII00OMIHY», Ta MPUITYILIEHHS HE3MIHHOCTI 'YCTUHU MaTepiaiy:
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T ..,—T, T . =T ..
i T S o0 AY Axaz = Q. AXAZ — AL AXA7 =
At P2 ! Ay
g T , (2.21)
T ...—T
N |<,|+1A ki — o\ J S Ay y:Rk

A€ (j — TUTOMMI TEIUIOBUH NOTIK Bl 30BHILIHBOI CTIHKH TPYOH, 10 KaJIiOpyeThe, Br/M.

Judepeniiiaapae piBHIHHSA JONOBHIOIOTH TPaHWYHI YMOBH IEPIIOTO 1 JPYroro
pomy, TOYaTKOBa yMOBa — TeMIlepaTypa pO3IUIaBy Ha BXOAl JO0 KaliOpyBaJIBHOTO
IPUCTPOIO:

T(y)=Tp |t=0 -

[lepenumemo rpanuyHi ymoBU (2.14) nns BHYTPINIHBOI MOBEPXHI TPyOH, IO
KamOpyeThes, 3 ypaxXyBaHHIM «e(PEKTUBHOTO TEIUIOOOMIHY», Ta MPUITYIICHHSIM CTaJIOCTI

I'YCTUHHU Martepiaiy:

T..-T. T -T,
S pCtAyAxAz:—XJ—Ll’ 2L AxAL =
At 2 Ay
2.22
Tk,'|+l_Tk,' 2}\‘ Tl,' _TZ,' ( )
= R ‘y:F\H
AX p Cpdy Ay

OTpuMaHe pIBHAHHS J03BOJISE 3 OUIBIIOW TOYHICTIO BHU3HAYUTH 3MIHY
TEeMIIepaTypy TEPMOIUIACTY Mij] Yac MPOXOHKEHHS TpyOHOTO Tpodisito yepe3 KamidpaTop.
JUist 1boro HEoOX1AHO 3HATU TEMIepaTypy B TOYIl BXO/JKEHHs (Touka A4), Ta oOpatu
PIBHSIHHS U1 PO3PAXyHKY TEIUIO(MI3UYHUX XapaKTepUCTUK mojiMepy. Lle mo3BoauTh
BU3HAUYUTH 4Yac mepeOyBaHHS TpyOHOro mpodiito B KamOpaTopi, IO B CBOIO YEpry

J03BOJIUTH CIIPOEKTYBATH KaJliOpaTop HEOOX1AHOT TOBKUHHU.

2.2.2. Tensionepenayda B 3oHax Il i III kaaiopaTopa

Tepwmiunamii omip ansg 3ou 11 1 I kamiGparopa Bu3Ha4aeThesa 3a Bupaszamu (2.2) i
(2.3). Cxema Temionepenavi HaBeaeHa puc. 2.6.

3a piBHsHHAM (1.20) 17151 334aHOTO TEMJIOBOrO MOTOKY KOEPIIEHT Tertonepeaadi
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BHU3HAYAETHCS 32 (HOPMYIIOK0:

1

= , 2.23
7\‘1

4_AAJEEZ,4_44£L + —
)‘noe }\’2 a

600U

He nose —

noe

A - TepMiyHHII OImip y 3a30pi MK TpyOOI0, 10 KamiOpyeThCs, 1 BHYTPIIIHBOIO
MOBEPXHEI0 KalibpyBampHOI Time3n [56], (M°K)/Br; 0, — 3a30p MK CTIHKOIO

KaniOparopa Ta TIIOBEpPXHEK TpPyOHOI 3aroToBKM, M; A, — TEIUIONPOBIIHICTH

noBiTpsi, Bt/(m-K).

/T:L-‘m’ "4

ot X
/r.‘} z.{.:':'
4
f_.:w) a

T Tes T
ool f iz Fhall

Pucynok 2.6 — TeruioBuil MOTIK BiJ] 30BHIIIHBOI MOBEPXHI CTIHKU TPYyOH, WIO
KaOpyeThes, 710 si/ipa MOTOKY OXOJIOKYBAJIbHOI PIAMHU (IO3HAYEHHS B TEKCTI)

3miHa Temmneparypu B 3a3opi, K:
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ATy =054, (2.24)
TepMiunmuii omip KamiGpyBanbHOI Titb3H, (M K)/BT:
R R
rWt — pipe _out |n( kal _out ) , (225)
7\‘kal Rpipe_out

ae Rpipe_out — BHYTPIIIHIN pajiyc KaniOpyBajabHOI TiIb3H, M; Rka,_out— 30BHIIIHIN pafiyc

KagiOpyBaJIbHOT TUIB3H, M; A,, — TEIUIONPOBIAHICTh Marepiayly KaniOpyBajlbHOI
rine3u, Br/(M-K).

Pi3Hung Temmnepatyp no paalycy WMIIHAPUYHOT CTIHKM KaiOpyBalbHOI BTYNKH, K:

AT =0l - (2.26)

[luTtoMuii TemIOBMH TOTIK YEpe3 30BHIIIHIO IOBEPXHIO KajliOpyBaJbHOI
2.
BTYJIKH, BT/M":
R

__bipe_out 2927
. @227)

qkal_out = qj K
kal _out

Omnip nepeHeceHHIo Teria Bijl 30BHINIHBOI CTIHKUA KaIIOPYBaJIbHOI TUIB3U 70 sJipa

IOTOKY OXOJIOMKYBaIbHOI pimnmu, (M*-K)/Br:

r=—, (2.28)

e o — KOe(IUIEHT TErUIoB1AJayl BiJ MOBEPXHI KajdiOpyBajbHOI TUIB3M 10 TOTOKY

0XOIOIKYBaNbHOI pixuuu, Br/(M*K).
Pi3Hu1s Temmneparyp MixK CTIHKOIO KalliOpyBalibHOI BTYJKH Ta OXOJIOIKYBAJILHOIO

piauHoto, K:
AT, = =, Do 2.29
a_qkal_out (x_qj,k R o " ( . )
kal _out

VY3aranpHeHHAM (2.15-2.23) oTpHMaHO 3aleKHICTh I BU3HAYECHHS MHUTOMOTO

TEIJIOBOTO TMOTOKY BIJ CTIHKM TpPyOHOi 3aroTOBKM, M0 KamOpyerbcs, M0

OXOJIO/KYBAIBHOI PIAMHY Yepe3 CTIHKY KamiOpyBaIbHOT T1JTb3H:
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Tix = Toa =AT, + AT, + AT, =
Rpipe out
Tik = Too =0 A+ e H A5 1, =
I:ekal_out
g, = Tj,k _Tcool —
i =
. ALl + Rpipe_out r (230)
wt o

kal _out

T T

cool

qj,k:

6air + Rpipe_out In( Rkal_out )+ Rpipe_out 1

}\‘air 7\‘kal pipe _out R OLL

kal _out

OTXe, OTpUMaHO PIBHSHHS JIs1 KUIBKICHOIO BH3HAY€HHS MUTOMOI TEIUJIOTU MPH
HECTalllOHapHOMY IMPOLIECI OXOJIOJKEHHS TpyOHM 3 TEpMOIUIACTy, 13 3aCTOCYBAHHSIM
KaymOpaTopa 3 BOJSHUM OXOJOJUKEHHsAM. lle pIBHAHHS J03BOJIIE MPOTHO3YBATH
TEMIIepaTypHI MOJIsl B MaTepiail CTIHKA TpyOu, 110 KaalOpyeThCs 1 BABHAYATH JOBXHUH 30H

Kanioparopa.

2.3. YMoBH 30epe:xeHHsI €(DeKTUBHOI0 TEPMIYHOI0 KOHTAKTY TPyOH Ta NMOBEpPXHi

KaJjgioparopa

Jlns 3a0e3neyeHHs] TEPMIYHOTO KOHTAKTY BUKOPHCTOBYETHCS PO3PIIKEHHS 30BHI
TPyOHOT 3aroTOBKH, SIKa TiJ J1€0 aTMOC(PEPHOrO0 TUCKY BCEPEIUHI MPUTHUCKAETHCS 0
BHYTPIIIHBOI OBEPXHI KajaiOpyBaiabHOI riib3u. [lpu oxonomkeHH1 TpyOu 3 TEpMOILIACTIB
1 CKJTyBaHHI ii 4aCTUHU (30BHIMIHBOTO MPOIIAPKY) BUHUKAIOTH HAMPYKEHHS 4Yepe3 eeKT
yCcaJKl — 3MEHILIEHHS HUTOMOro 00’eMy Marepiany. ToMmy aiii BU3HAYEHHS YCaAKU
3p00JIEHO TMPUNYILIECHHS, [0 MIHIMAJIbHE PO3PIIHKEHHS ISl 30€pEeKEeHHS TEPMIYHOIO
KOHTAaKTy BIJTMOBIJA€ HAJIMIIKOBOMY THCKY BCEpeIUHI TpyOH, 1o aedopmye Tpyoy 10
HaOyTTs HEO JllaMeTpa KaliOpyBallbHOT T'iib3u (puc. 2.7).

3a manumu [72, 73], Bupaxena 3a (2.8) miHiliHA ycaaka MOXeE JOCSATaTH 3HAYCHb
10 %, Tomy TIpu BUKOPUCTAHHI MOJIEII MPYKHUX JedopMarliil po3paxoBaHi HAIPYKEHHS B

CTIHII TPyOH MOKYTh MEPEBUILUTH TPAHUIIO IUIMHHOCTI. J{7s BU3HAYEHHS HEOOXiIHOTO
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HaUIMIIKOBOI'0 THUCKY BHUKOPHUCTAHO BHU3HAYUCHHA BIUIMBY IIPYKHHUX Ta IJIACTHYHHX

nedopmartiii.

Pucynok 2.7 — Po3paxyHkoBa cxema 3aJaHOTO TEPMIYHOIO KOHTAKTy TpPYOHOI

3arOTOBKH 3 CTIHKOIO KaJliOpyBaJIbHOI T'JIb3U

Tuck, 3a skoro aedopmailisi TpyOu BiIOYBa€ThCS B 30H1 MPY>KHOI Aedopmarliii Ta

3abe3rneuye KoMIeHcaio ycaaku [82]:

E(T;)
Pe ji= X , (2.31)
R LY
0,85— 2
Ay
ne Ts — BepxHS Mexa TEMIIEpaTypHOTO Jlana3oHy CKIyBaHHS TepMoIiacTie, K;

Ri — pazaiyc i-oro yMOBHOTO IIapy KiJIbIIEBOTO Mepepi3y st aedopmariii aiamerpa siKkoro

HEOOXITHUN HAJIUIIKOBUNA THUCK, M; E(Tj,i) — MOJyJIb TIPY>KHOCTI TEPMOIUIACTIB 3a
temmneparypu T, Ila; p(T”) — TyCTHMHA TEPMOIUIACTIB 3a TEMIEpaTypu Ij; , KT/M;

AY — TOBIIMHA YMOBHOTO TIPOIIApKy B SKOMY BHHHUKAIOTh MEXaHIYHI HaIpy>KCHHS,
MOB’sI3aH1 3 JIIHIMHOIO yCaIKOIO IO J11IaMeTpa, M.
Tuck, HEOOXimHMM Uil KOMIIEHCallli ycaakKd B 30HI IJIaCTU4YHOI nedopmarrii

PO3paxoByeThCS 3a Bupa3zom [82]:
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_ 20(T;;)Ay
= (232)

ne o(T,; ) — TpaHuLs IJIMHHOCTI TEPMOILIACTY 3a TeMnepaTypu T, I1a.

Tuck, HEOOXiMHUIA 71T KOMITCHCAIl yCaJKH 3a YMOBH BIJICYTHOCTI nedopmartii
(Hampy>keHHsI B MaTepialli CTIHKA TPYOH, IO JOCATIN TPAHUIl TJIMHHOCTI, TIepIia Teopis

MiHocTi), [1a:

P, =min{P. ;;,P. .} . (2.33)

j
3aranpbHUN HAAJUIIKOBUN THCK JIJIi KOMIICHCAIll HANPY>KEeHb BiJl yCaJu B CTIHII
TpyOHU, 10 KaniOpyeThCsi, MOKe OyTH pO3paxOBaHUM K CyMa HAJIMIIKOBUX THUCKIB IS

BCIX YMOBHUX IMPOIIAPKIB TpyOH, I1a.

Pj_z = Z Pj,i . (2.34)

JlineHHa mnepepidy TpyOM Ha NpPOIIApKU Mae 3a0€3MeUnTd MEHIIMHA mnepenajn
TEMIIEpaTyp BCEPEIMHI YMOBHOI'O IMPOMIAPKY, MPU PIBHOMIPHOMY PO30OUTTI 1 KIJIBKOCTI

apiB [ TOBIIMHA LAY, M:
Ay=2. (2.35)

Pe3ynbTaToM poO3paxyHKy MIHIMAIBHOTO PO3PIIKEHHS [Ji1 30€pEeKEHHS TEPMIYHOTO
KOHTaKTy TpyOM 3 TEPMOIUIACTIB 1 KajdiOpyBaJbHOI T1JIb3U € 3HAYEHHS PO3PIHKEHHS U
BU3HAYEHHS yYMOB, 3a SIKMX ycaJika TpyOHOI 3aroToBKM OyAe B 3aJlaHUX MEXax, IO
3a0€3Ne4YnTh KOHTPOJIbOBAHMM TEPMIYHHUI OIIp Ta 3a/laHy SIKICTb FOTOBOTO MPOIYKTY.
Hampuknan, nmns mgiamerpa TpyOkm 25x1.5 MM gomycTuMuii 3a30p MK TPYyOHORO
3aroTOBKOIO Ta TijIb3010 KanmiopaTopa ckiagae 0,2+0,01 mm.

3acTocyBaHHS HOBOI METOJUKH PO3PAXYHKY JTO3BOJUTH BU3HAYUTU MIHIMAIBHO
HEOOXITHE 3HAYCHHS PO3PIIHKCHHS B3JIOBXK KallOpyBaJbHOI TUTH3UM JUIsl YTPUMAHHS
TEPMIYHOTO KOHTAaKTy MDK TpPYOHOIO 3aroTOBKOK Ta BHYTPIIIHBOIO TOBEPXHEIO
KaJIiOpyBaJIbHOI T1JIb3H, IO JO3BOJIUTH 3MEHIIIUTH TEPTS Ta YHUKHYTH OOpHUBY TpyOu mpu

KaiOpyBaHHI 3 MIJABUIIEHOK MBUAKICTIO, — Oinbme 6 wm/xB. (0,1 wm/c), a Takox



80

MiHIMI3yBaTH 3230p MiXk TPyOHOIO 3arOTOBKOIO Ta KIIIOPYBAITBHOIO T30 (A<IMM), mms

3MEHIIICHHSI TEPMIYHOTO OTIOPY.

2.4. Ilpouec 0xX0101zKeHHSI TPYOH micias KaJjgiOpaTopa

[Ipu BuroToBieHi TpyO0 3 BEJIMKOI TOBUIMHOK CTIHKM [IJIi BUKOHAHHS
HOPMATUBHUX BHUMOI' JO TOTOBOI MPOAYKII Ta 3MEHIIEHHS PHU3UKY IUIACTUYHOT
nedopmariii 3aCTOCOBYETHCS BOJISTHE OXOJIOKESHHS.

TpyOHa 3aroToBKa 3 po3IjIaBy MOJIMEPY PYyXa€ThCs 1 MOCTYINOBO OXOJIOKY€EThC,
MPOXOJASiYM KamOpyBalbHUI NPUCTPIN, BaHHY 3 BOJOIO Ta MOBITPSHE OXOJOIKEHHA. Yac
3HAXO/KEHHsI TPYOHOT 3aroTOBKU B KaliOpyBajdbHOMY MPUCTPOi OIS ABOX cekyHA. s
MOJIEJIIOBaHHS MPOIECY KamiOpyBaHHS MOXe OyTH BUKOpUCTaHa (13MYHA MOJIEIb MIIACKOT
MJIACTUHMU, JJ1s1 MOJICTIOBAHHS MIPOIIECIB OXOJIOKEHHSI TpyOu B OUIBIIOMY 1HTEPBAJl Yacy
00paHo PyXOMy HMITIHAPUYHY CHCTEMY KoopauHaT (puc. 2.8).

PiBHSIHHS 30€peKeHHs eHeprii A1 KUIBLIEBOTO €eMEHTY Npu Ip<I<R, 1OBXHUHOIO

dz, ToBmuHoto dr [28] B nmmiHIpUYHIN CUCTEMI KOOPAHHAT:

2
\r0<r<R,lza—-£:0
[6l0)
Gl T 10T T
—p(T)Cp(T )(2mrdrdz)=MT )| —+~=— |dr(2nrdz )+ T )—-dz(2nrdr .
o aans) )| 5520 o) ) = (230
oT T 10T 0T
o (TICp(T)=MT)| S+ =2 [+ (T
=>arp( )Cp(T ) =2 )[arz rar] ( )a22

[Ticnss mOpiBHSHHS KUIBKOCTI TEIUIOTH, SKa BIABOJUTHCA BIJ €JIEMEHTApHOTO
00’eMy TIOJIIMEpPY 3a CTaJIOi KOOPAMHATH I 32 PaXyHOK TEIUIOMPOBIAHOCTI B OCHOBOMY
HaIpPSMKY 3 KiIJIBKICTIO TEIUIOTH, SIKa BIJIBOJIUTHCS BiJl €JIEeMEHTapHOTO 00’ €My TOJIiMEpY 3a

CTaJIOi KOOPJIMHATHU I TIPY 3MiH1 HOTO TeMIepaTypu OTPUMAHO:
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oT o°T
—p(T)Cp(T) < MT)—= =
ot 0z

) (2.37)
aTp(T)Cp(r) T
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Pucynoxk 2.8 — ®di3uvHa MOJeb MPOIECY OXOJOKEHHS B MUIIHAPUYHINA CUCTEMI

KOOpAUHAT TPYOHU 3 TEPMOILIACTY

BpaxoByroun, 1mo 3MiHHI Z Ta 7 B3aeMHO 3ajexHi: Z=Wr7 , dz=Wdt Tmicis

IHTErpyBaHHs 10 Yacy:

d(dT(z)}
p(TC(M) AT (2)y - 1 L &2 Jg
MT) &0 drt W dr
= VVp(T)Cp(T)T(Z)dZ =N 4T (2) =
MT) dz
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TWTICO(M)T 7)dzde o LTIy o

WM W, dr
N WP(I()TC;O(T)T(z) s T(2) =
W?p(T)Cp(T)
= T) > 1

3 HaBeJEHOr0 MOKHA JIMTH BHUCHOBKY, IO TEIUIOBUHM MOTIK BiJl €JIEMEHTapHOTO
00’eMmy dYepe3 3MiHy MWOro TeMIlepaTypd 3HAYHO OUTBIIMN 3a TEIUIOBUWA TIOTIK BIf
TETUJIONPOBITHOCTI B3JIOBXK Bicl TpyOH, 10 KaTIOPYETHCS Ta OXOJIOMKYETHCS, HAIPUKIIA,

npu mwBHAKocTI Tpyou 5 m/xB (0,083 m/c):

WZp(T )Cp(T) _0,0832-870-2000
MT) 0,15

=79912 > 1.

TakuMm ynHOM, piBHAHHS (2.15) Moke OyTH CIIPOIIEHE 10 BUTIISLY:

2
CLRS R [CAE LI Y Y (2.38)
ot p(T)Cp(T)\ or ror

JI71s1 elleMeHTapHOTO KUIBIIEBOTO €JIEMEHTY, PO3TalllOBAHOTO HA BHYTPIIIHIN CTIHII
TpyOH, 110 KaiOPY€ETHCSI Ta OXOJIOKYEThCS, IPH ' = Iy, TOBKHUHOO (Z, TOBIIMHOIO > :

| r=r,

oT dr o°T 10T
Ep(T )Cp(T )(ano Edzj =MT )[W + FE]dr(anodzﬁ q,(2mrdz) =  (2.39)

o __2MT) (&T 1aT) 2,
ot p(T)Cp(T) or® ror) p(T)Cp(T)dr

3 ypaxyBaHHSIM MPUIYIICHHS TPO BIACYTHICTh TEIUIOOOMIHY Ha BHYTPINIHIH
MOBEPXHI TPyOHW, IO KamOpYyeEThCA Ta OXOJOMKYEThCcsA(AoBeAeHHS y po3aim 2.2.1),

npuryckaemo, mo d,(r,z,¢,7)=0. Toxi piBasuus (2.39) cupouyeTsest 10 BUIIISALY:
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2
ar __ 2MT) (5T+1ﬂ] r=r,. (2.40)

ot p(T)Cp(T) or® ror
JIns eneMeHTapHOro KUIBIIEBOTO €JIEMEHTY, PO3TAIllOBAaHOTO HA 30BHIIMIHIM CTIHII

TPyOH, 10 KaTIOPY€ETHCS Ta OXOJODKYETHCS, TP ' =R, TOBKUHOI0 (Z, TOBIIMHOO % )

Gl dr T 10T

r=R —p(T)Cp(T)| 2rR—dz |=MT )| —x +—— |dr(2nRdz 2nRdz

| T Ameu™)| 2R 5 ()[8r2 rﬁr] (2aRdz) g, (2nR02) =
or  2MT) [82T 10T

- — = +——
ot p(T)Cp(T)

(2.41)
L 20
or* ror) p(T)Cp(T)dr

: : : L .
B 30H1 0X0510/pKEHHS TPYOU Micis KaniOpyBaabHOTO NpUCTPOIO (T < Wk), MIATOMUN

TCIUIOBUHM TOTIK (5 BU3HAYAETHCS TPAHHMYHUMHU yMoBaMHu 3-oro poxay (puc. 2.9). Ilicms
IPOXOJKEHHS KaJiOpyBajabHOI TIb3UM TPyOHA 3aroTOBKA HAIPSIMY B3a€EMOJIIE 3 PIIUHOIO
Ta IPOJOBXKYE OXOIOIKYBATHUCH.

JIs1 30BHINIHBOI MOBEPXHI TPYOH, IO KamiOpyeThCS, MUTOMUN TEIMJIOBHI MOTIK

Os, Br/m*:

q5 = OLwaterZAT = O('Waterz (T( R’T ) _Tcool ) T> % (242)
I

e o — Koe(QILIeHT TEeIUIOBIA/laul BIJ MOBEpXHI TPYOHOI 3aroTOBKH N0 MOTOKY

water 2
OXOJIOIKYBATBHOI pimuHu, B/(M°K).

OcTtaTouHO cucTeMa pIBHSIHb, IO OMUCYIOTh MPOIEC OXOJIOHKEHHS TpyOu 3
TEPMOIUIACTY MICJS KadiOpyBajJbHOTO MPUCTPOIO Y HEPYXOMIM CHCTEMI KOOpPIWHAT MpHU
3aMiH1

ar _arar _ar
ot oOtoz oz

Halye BUTTISY:
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T _ 2MT) (&T  1aT r=r
oz Wp(T)Cp(T)lar? ror e
aT_ MT) (&T 1T
0z _Wp(T)Cp(T)[arz r ar] <r<R (2.43)
T..-T(r=R '
q5(ZSLk):( = :E )) q5(2>Lk):awaterZ(T(R'T)_Tcool)
G’waterl
or__ 2yT) [0°T 1aT|, 2, =R
oz Wp(T)Cp(T)| g2 ror| Wp(T)Cp(T)r "
g, IRt/
I Tcool Tk
oo Tt
R
R R R R RRRRRRRIAS
Pucynok 2.9 — Cxema miepeHEeCeHHS TeIula BIJ TOBEpPXHI TpyOHM 10

OXOJIO/KYBAJIBHOTO CEPEIOBHIIA TICIS KalllOpyBabHOTO IPUCTPOIO

Jlana cuctema piBHSIHb JUJISi YHCEJIBHOTO PO3B’SI3aHHSI HECTALIOHAPHOTO MPOLIECY
OXOJIOJDKEHHSI TpyOM 3 TEPMOIUIACTY, 13 3aCTOCYBaHHSM KaiiOpaTopa 3 BOJISHUM
OXOJIOJKEHHSIM JI03BOJISIE 33 3aJaHMMHM YMOBaMHU BHU3HAUUTH JOBXKWHY KamiOpaTopa Ta
HEOOXITHMN dYac mnepeOyBaHHA TpPyOHOI 3aroTOBKM B CHCTEMI KajaiOpyBaHHS 1

OXOJOIXKCHHA.

2.5. Po3paxyHoOK 3ycH/LISl IPOTATYBaHHA TPyOH Yepe3 KajaidOpaTop

3ycwiiis IpOTATYBaHHS TPYyOU 3 TEPMOILIACTY BUHHUKAE MPU MPUTHUCKAHHI TPyOU
JI0 BHYTPIIIHBOI MOBEPXHI KaTIOPyBaIbHOI TIH3U HAJJIUIIIKOBUM THCKOM 1 BUHUKHEHHI B
HACHiZIOK IbOTO CWJIM TepTs. BenmnunHa HAAIUIIIKOBOTO THCKY BH3HAYAETHCS 3a

BUpasom, [la:
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I:)up =Pam ~ Ppoap ’ (2.44)

ne P,,, —armocdepuuii THCK, I1a; Pp03p —po3pimkeHHs B KajiopaTopi, [1a.
Tuck npuTuckaHHs TpyOu 10 KamiOpyBadbHOI Tifb3W MEHIIUN 32 HaJJIUIIKOBUN
THUCK Ha 3HAYCHHS MIHIMAJIBHOTO THUCKY 30€pEKEHHS TEPMIYHOTO KOHTAKTY (KOMIIEHCAIIT

ycaJKh JliamMeTpa TpyOHW) 1 3alieKUTh BiJ TMOTOYHOI JOBKHHU KamiOpyBaHHS (4Yacy

0XOJIO/KeHHS), I1a:

Pj_npz(Pup—Pj_Ej. (2.45)

3ycwiuia npoTAryBaHHs, H:

an - ZM(Tj,k )ZanipeioutAx‘(Pup - Pjiz - Ppogp) ' (2.46)
0

ne M(Tj’k) — KOe(IIEHT TepTs TEPMOIUIACTY MO BHYTPINIHIM CTIHI KadiOpyBaidbHOI

BTYIKM 33  IIOTOYHOI ~ TeMIEpaTypd  30BHIIHBOI  CTIHKM  Tpyom | ik

T, 2 2 _
Pposp = —(Dy; —dg ) [0)nnna Po3p. — 3YCHILISI Ha po3pus, H;

4
[61n.11a posp. — RomycTHME HANPYIKEHHS IUIaBy Ha po3pus, Ila.
[IpoBenemMo aHaMITUYHUN PO3paxXyHOK s Tpyow 3 momietwieny [14015

JiaMeTpoM 25 3 TOBIIMHOIO CTIHKH 1,5, pe3ynbTaTH po3paxyHKiB HaBe/leH1 B Ta0nuii 2. 1

Tabmuus 2.1 Pedynbratu po3paxyHKy 3yCUIUISL Ha PO3PUB

TOBIHI/IHa TBCPAOIr'o miapy, M [G]nﬂ.Ha po3p.-» .106’ I1a Pp03p > H
0,0001 4,7 36,4
0,0003 15 349,01
0,0005 20 769,3
0,001 25 1884

Jns po3paxyHKy 3yCWUIS TMPOTATYBAHHS 3pOOJICHO TMPHUIYIICHHS M0 THUCK
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PO3PIKEHHS B 3a30p1 MK TPYOOIO 3 TEPMOILIACTY, 110 KaliOpyeThCs, 1 KaaiOpyBaIbHOIO
BTYJIKOIO JIO Tepiioi nepdopallli Ha BTYJIII JIHIHHO 3MEHIITYEThCS Bil aTMOCHEPHOTo J10

PO3pIIKEHHS B KaMepax Kaiioparopa.

2.6. O0uncJaoBaILHUH CKCIICPUMEHT 1010 BUSHAYCHHA JIOKAJIBHUX 3HAYCHD

TeMIIEPATYPH CTIHKH TPYOH 3 TEPMOILIACTY

Jl51s mepeBipky MPaBUILHOCTI MATEMAaTUYHOI MOJIEINI MPOIIeCY MEePEeHECEHHs Teria
Bl MaTepiajly CTIHKM TpyOHW, IO KallOpYyeThCSA, OO0 OXOJOKYBAJIbHOI DPIAMHH 4YEpe3
CTIHKY KaJaiOpyBajbHOI I'sib3u B mporpami Python 3.12 cknaneHo nporpamy Ta IpoBeIeHO
Cepit0 OOYMCIIIOBAIBHUX EKCIIEPUMEHTIB. B mporpaMHOMY KOJiI peaii30BaHO aJITOPUTM
METO/Ay KiHIeBHX ejeMeHTiB (mm. 2.2.1, 2.2.2) pa3om 3 30BHimHIMH ymoBamu (2.38),
PO3paxOBaHO MOXJIMBY JIHIMHY ycaJaKy INpH OXOJOKEHHI Ta CKIyBaHHI. Po3paxyHKH
MpoBe/eH] Ha puKiIaai monietuieny mapku 20706-16.

Y mporpamMHOMYy  KOMI JUISI  PO3PAaXyHKy — TeMIOMI3UYHHUX, MEXaHIYHHX
BJIACTHBOCTEH Ta KoedilieHTa TepTs Ul Mmapu «OpoH3a—momiermwieH» (puc. 2.10-2.15)
BUKOPUCTAHO METOJI JIIHIMHOI anmpoKCcUMallii Ta BIAOMI allpOKCUMYIOY1 3aJIEKHOCTI (3a iXx

HasIBHOCTI ).

950
900

850

Myctuda HDPE, krim3

ao0a

750

25 50 75 100 125 150 175 200
TemnepaTypa HDPE, rpag. C

Pucynok 2.10 — PesynpTaT ampokcumarlii eKClepUMEHTAIbHUX naHux [28]

ryctunu [IEBT mapku 20706-16
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TouHiCTh OOYHCIICHb 3BUKOPHUCTAHHAM pPO3pOOJIEHOT TPOrpaMu TEPEeBIPEHO

[UIIXOM TOPIBHSHHS OTPUMaHHUX 3HA4Y€Hb 3 JOBIAHUKOBUMHU Juist: ryctuHu (puc 2.10 i1

1.3), remmmoemuocTi (puc.2.13 i 1.4), remnonposianocTi (puc. 2.14 1 1.5).

TennomMmHicTe HDPE, Ox/(kr x K)

40000
35000 "i‘

30000 A \

25000 1
20000

13000

10000 \
co0n - ____/ |

110 115 120 125 130 133
Temnepatypa HDPE, rpapn. C

140

Pucynok 2.11 — Pe3ynbrar niHIAHOI anpoKcMMalli €KCIEPUMEHTAIbHUX TaHHUX

[28] remmoemuocTi ITEBT mapku 20706-16

0.34

D.32

0.28

0.26

0.24

022

TennonposigHicTe HDPE, BT/im x K)

0.20

0.18

25 50 75 100 125 150 175 200
TemnepaTypa HDPE, rpaa. C

Pucynok 2.12 — Pe3ynbTar JNiHIAHOI anpoKCHMMallii €KCHEPUMEHTAIbHUX JaHHUX

[28] terutonposinnocti [TEBT mapku 20706-16

[Tpu anpokcumariii eKCriepuMeHTaIbHUX TAHUX JJI1 MOAYJIS IPYKHOCTI Ta TPaHMII
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IUIMHHOCTI BUKOpucTaHo mani [33] (puc. 1.19), Ta mertom miHIAHOI ampoKcUMAIlii
(puc. 2.12, 2.13), mpu 1pOMY MJii BEPXHBOTO 3HAYCHHS Jiama3oHy TeMIepaTypu
ckiyBaHHs (408 K) mMoaysnab mpy’>KHOCTI Ta TpaHULS IIMHHOCTI JOPIBHIOIOTH HYNIO 1

MOJIIETUJIEH M€ BIACTUBOCTI P1IUHH.

N\

800

600

Moayne npyxHocTi HDPE, MIMa

200

20 40 60 80 160 120 140
TemnepaTypa HDPE, rpan. C

Pucynok 2.13 — Pe3ynbrar niHIMHOT anmpoKCHUMAaIll €KCIIEPUMEHTAIBHUX TaHUX

[33] monyns npysxuocti [TIEBT PE-100

AJIEKBaTHICTh MPOTPAMHOTO KOy TIEPEBIPEHO MIISTXOM MOPIBHIAHHS AaHUX [33] Mo

Moaymto npy>kHocTi (puc 2.13 1 1.19) irpanuni miauaHOCTI (puc.2.141 1.19).

30

20

Fpaduus nnuaHocT! HOPE, MMa

w

20 A0 60 a0 100 120 140
TemnepaTypa HDPE, rpag. C

Pucynok 2.14 — Pe3ynbTar JNiHIAHOI anmpoKCHMMallli €KCHEPUMEHTAIbHUX JIaHHUX

[33] rpanuti mauaaocTi [IEBT PE-100
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s monentoBanHs koedimienta tepts Mk Tpy6oro 3 [IEBT 1 marepianiom cTinku
KaJIiOpyBaJIbHOI T17h3W BUKOPHUCTAHO E€KCIEpPUMEHTAIbHI maHHi [33] Ta mMeTonm MiHIAHOI

anpokcuMariii (puc. 2.15).

1.0

0.8

0.6 -

0.4 -

KoediuieHT TepTa HDPE-cTans

0.2

0.0

25 50 75 100 125 150 175 200
Temnepatypa HDPE, rpaa. C

Pucynokx 2.15 — Pesynbrar niHIHHOI ampokcuMallii eKClepUMEHTaNbHUX JaHux [33]

KoeilieHTa TepTs 715 apu «OpOH3a—TOJIICTHUICH

Ak nokazano B (2.30) He BU3HAYCHUM 3JIUIIAETHCS TEPMIUYHUN OIIP MiXK CTIHKOIO
TpyOH 3 TEPMOILIACTIB Ta KamiOpyBalIbHOIO I'JIb3010, TOMY MEPIY CEPit0 OOUUCTIOBATILHUX
€KCIIEPUMEHTIB MPOBEACHO ISl PI3HUX 3HAY€Hb TEPMIYHOIO OINOPY KOHTaKTy 3

€KBIBJIECHTHOIO TOBILIMHOIO MPOINAPKYy MOBITPS O, =5...25 MKM. TOBIIMHY NpOIIApKy

MOBITPS I OOpaHMX YMOB BHU3HAUEHO HA MIACTaBl HATYpPHOTO EKCIEPUMEHTY 3
KaJ1iIOpyBaJIbHUM MPUCTPOEM Ta PE3yJIbTATIB cepli 00UMCITIOBATBHUX €KCIICPUMEHTIB.

YMOBHU 00UHCTIOBAIBHOTO T4 HATYPHOTO €KCTIEPUMEHTIB:

— paniyc KajgiOpyBaJbHOI T'Ib3M BHYTpimHIE Rpipe_out=0,03305/2=0,016525 m
(puc. 2.8);

— paaiyc KaJiOpyBaJbHOT r'Ib3U 30BHIIIHIN
Rkal_out= Rpipe_out+0,005=0,021525 m (puc. 2.8);

— marepian rine3un bpAX9-4 [TOCT 18175-78] 3 temnomnposigHicTio Akal=58
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Bt/(MK) [79, 88];

— TOBXKMHA KanmiOpyBanbHOI rinb3u Lkal=0,165 m;

— po3mipu TpyOu (HiamerpxToBmmHA) 32x3,0 MM;

— marepian tpyou [IEBT mapku 273-83 [85], ryctuna 3a HOpMaibHUX yMOB 950-
955 Kr/M°, JaHa Mapka KOMITO3HIIiI momieTrIeHy (GpakTHIHO € CYyJaCHUM aHAIOrOM MapKH
20706-016 [[OCT 16338-70], [28, 86] (rycTuHa 32 HOPMANBHUX YMOB 953,9 KI/M°);

— mouaTkoBa Temmepatypa po3smiaBy [IEBT mepen kamiOpyBadbHHM MPUCTPOEM
T,=493 K;

— TEeMIIepaTypa OXO0JIOKYBAIBHOT PIAMHU T¢pq=295 K;;

— 3a pe3yJbTaTaMHU IOIEPEIHIX TOCTIDKeHb CepeAaHiid KoedillieHT TeruIoBiaaayi
BiJl MOBEPXHI KaIOPYBAJIBHOI T1JIB3H 10 OXOJIOJKYBAJIBHOT PIAMHU Ol1 2 3=2654 B1/(M°K)
3a kputepis PeiiHonpaca 26015 (uupkynamis  3a0e3nedyeTbcsi  (POpCcyHKaMu —Ta
HUPKYJSIIIAHUM HACOCOM);

— mBUAKICTh mpoTsaryBanHs Tpyom W=52 wm/xB (0,087 m/c) (came 3a Takoi
HIBUJIKOCTI KaJliOpyBaHHs TPyOHOT 3aroToBKH OyJie POXOIUuTH O€3 BiIPUBIB);

Ipunywenns, nputinami 6 064UCTIOBAILHOM) eKCNepUMEHMI’

— Mexaniuni BractuBocti I[TEBT mapku 273-83 [TY 2243-104-00203335-2005]
Bignosigarots [IEBT PE-100 [33];

— KpOKH 110 ToBIHHI nipritasTo Ay=3-10" M (kinbkicts po36uTTin k=10);

— KPOKH B3JI0BX BiCi, BIAMOBIAHO JO YMOBH 30DKHOCTI Ta CTIMKOCTI JJIsi SIBHOT
CXEMHU PO3pPaxyHKY, M:

Ar=k,Ay=0,0192-3-10"*=5,75-10" =
AX=A7W =5,75-10"°-0,087 =5-10"

ne Kk, — xoedimieHT, BHU3HAYCHHU EKCIEPUMEHTAJIbHO TPHU MPOBEICHHI cepii

0OYHUCITIOBAILHUX €KCIIEPUMEHTIB.
HaBeneHi pe3ynbTaTul 103BOJSTH BpaxyBaTH 3MIHU TEIIO(DI3UIHUX BIACTHBOCTEH
TEPMOIUIACTY y MOILIAPOBOI MOZENI B 3aJIEKHOCTI BiJ TEMIIEpaTypud Ta PEOJIOTTYHHMX

BJIACTUBOCTEH MOJIiMeEpy, 1100 MOKPAIIUTH TOYHICTh PO3PAXyHKIB.
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2.7 Bu3Ha4YeHHS TeMIIEPATYPHOIO IOJIsl B CTiHLI TPYOH

MoskHa BUAUIATH TaKi TEXHOJIOTTYHI 0COOJIMBOCTI MPOIIECY KaliOpyBaHHS:

- IyJbcallisi Mo/aul po3IUIaBy MojimMepa eKCTPyAepoM;

- MiHIMaNbHE 3HAYEHHSA PO3PLIKEHHS MpH KajiOpyBaHHI Ha moyaTky 30HU Il
npuiimaemo 0,01 MI]a;

- KpUTUYHA MBUAKICTh KaIIOpyBaHHS TPyO Majoro JiamMeTpa 3 MOJICTHIICHY MpHU
MIHIMaJbHOMY 3HA4YCHHI PO3PIMKEHHS A ICHYIOUMX KOHCTPYKIINA KaliOpyBaJIbHOTO
npuctporo 6,5 m/xs (0,11 m/c ) [74];

- KUIBLIEBA XKOPCTKICTh TPYOU MICIIsl 30HU OXOJIO/JKEHHS y BaHHI Ma€ 3a0€3NEYUTH
BIJICYTHICTh TUTACTUYHUX JePopMalliid Micis TATHYYOTO IPUCTPOIO;

- KIHIIEBa TeMIepaTypa BHYTPIIIHbOI MOBEPXHI TPyOM HE MOxe OyTu Oiblie
323 K.

Jnst  oOuMcioBaIbHUX 1 IMITAIIMHUX EKCIEPUMEHTIB SK Marepial Tpyou
NpUAHATHIA noJieTnsieH Bucokoi ryctuau 114015 (MPTY 60-05-890-64). [lanwuii momimep
IIMPOKO BUKOPUCTOBYETHCA JUIsI BUTOTOBJICHHS IUTIBKM, TEXHIYHHUX BHUpPOOIB, TpyoO,
¢bITUHTIB, TaKyBaJbHUX 3ac001B. PasoM 3 mum i#oro temnodi3uyHi BIACTUBOCTI 3HAYHO
3MIHIOIOTBCSl B Jlanma3oHl TEMIEpaTypu CKIyBaHHSA (B 30HI CKJIyBaHHS), a MeEXaHIuYHI
BJIACTUBOCTI TOJIIMEpY 3MIHIOIOTBCS ITiJ BILIMBOM Temreparyp (pucynok 2.16-2.17). [25,
33, 87].

Ha pucynky 2.16 BumijeHO 30HY CKIyBaHHS, SKa 3HAXOIWUTHCS B JiamaszoHi
temriepatyp 383..393 K, came B naHiii 30H1 BiIOyBa€ThCs 3MiHA arperaTHOroO CTaHy, 1
po3IUIaB MOJiMEpy NOYMHA€E TBEpAITH. Uepe3 110 3MiHY BIIOYBA€ThCS TMEPETBOPEHHS
BJIACTUBOCTEHN MaTtepiall 1 BiH MEPEXOIUTh 3 HEHbIOTOHIBCHKOI PIIMHYU Yy TBEPIUN CTaH, 1110
CYMPOBOIKYETHCS PI3KUMU 3MIHAMH 1 «CTpUOKaMU» B TEIUIO(DI3UIHUX MMapaMeTpax.

Meta po3paxyHKy TNOJIITa€ Y BU3HAUEHHI TEMIIEpaTypHUX IMOJIB Yy TpyOHii
3aroTOBIIl 3 ypaxyBaHHSM 3MiHM TEIUIO(PI3UYHUX BIACTHUBOCTEH MaTepialy Bij

TeMIiepaTypu. BUKOpUCTOBYETHCS MOJIETb HECTAL[IOHAPHOTO TEIJIO0OMIHY.
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3oHa CHITYBAHAR

25 50 75 100 125 150 175 200
TemnepaTypa nonletunexy, rpad. C

Pucynox 2.16 —Tennodizuuni BracTuBoCTI nomietusieny mapku 114015

Touarkosi ymosu : 1(2=0,r)=T, =T .

25

20

Mesxa rumHHEHOoCTL. Mlla
=]

185 180 160

140

120 102

Temmepatypa, °C

]

Moy s NpyKHOCT, MITa

90 102 120 140 180 180 185

Temmeparypa, °C

Pucynox 2.17 — MexaHniyH1 BIaCTUBOCTI noJiietusieHy mapku 14015

[TomeTusieH mpu OXOJIOAKEHHI KPUCTAJI3Y€EThCA, MPU IIbOMY HOro TeriaodiznyHi

BJIACTUBOCTI 3HAYHO

(puc. 1.6, 1.7, 2.19).

3MIHIOIOTHCS

B

Jlana3oHl  TeMIeparypud  CKIIyBaHHS
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[Tporpamy po3paxyHKy ckianeHy y nporpami Python 3.12 naBeneHo y nomatky b.

HpOBeIICHO YHCENbHI CKCIICPUMCHTH, PpPC3YJIbTATH AKHX HABCIACHO Ha pPHC. 220 ta B

Tabnui 2.2.

Tabmuus 2.2 3miHa TeMmrmepaTypu Ha BHYTPINIHIA CTOPOHI

KaJiopyeThest (00YMCITIOBAIBHUN €KCIIEPUMEHT)

CTIHKH,

Xi» M Ty °C

0,000024 209,991
0,0006 209,812
0,0012 206,222
0,001464 199,492
0,0018 180,405
0,00204 153,054
0,00228 103,203
0,0024 74,042

1o
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MNoToYHa AoBXMHa KanibpaTopa, M :0.25

e
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TemnepaTypa po3nnasy, rpag. C
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MoTOYHWA paiyc cTiHKKM TPy6u, Wwo KanibpyeTbes, M

Pucynok 2.20 — TemmepaTypHi moJis B nepepisi Ha 2 ceKyHi nepeOdyBaHHS Tpyou

B KaJliOpaTopi B pe3ysIbTaTi 00UHCIIOBATBHOTO EKCIIEPUMEHTY

[IpoBeneHo imiTaiiiiHe MojeltoBaHHS y mporpamHoMy maketi SolidWorks 3
BukopuctanHsaMm moayist Flow Simulation 3a ymoBaMu 004YMCIIOBAIBHOTO €KCIIEPUMEHTY,

PE3yNbTAaTH SIKOTO 300pakeHi Ha pucyHkax 2.21-2.22 ta naBeaeHi B Tabnuii 2.3.

Tabnuus 2.3 Pe3ynpTaTu iMITAIITHOTO eKCIIEPUMEHTY (3HAUCHHS TEMIIEpaTyp Ha

MOBEPXHI TPyOHOT 3arOTOBKH Ta KOOPAWHATH MOTOYHOT JOBKUHH KaJiOpyBaIbHOI T'JIb3H)

Xi» M T °C
0,000024 209,9929636
0,0006 209,8328994
0,0012 206,8413566
0,001464 200,9360006
0,0018 182,281494
0,00204 152,5834907
0,00228 109,2201458
0,0024 73,58516688
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“3oHa
CKNyBaHHA

Temneparypa cTikior, rpag. C
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Cut Plot 1: contours

Pucynox 2.21 - TemmneparypHi mois B mnepepidsi Ha 0,2 cekyHIl JIociimy

(Bimmosigae 1 30H1)
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Pucynok 2.22 - TemnepaTypHi 1ojsi B mepepi3i Ha 2 CeKyHJIl Jociay (BiAmoBiae

MOTOYHIN JOBXHHI Kaniopy 0,25 ¥ 3HaXOAUTHCS B 3 30H1)
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B Tabmuisix 2.2 Ta 2.3 HaBeneHa BUOIpKa 3 JE€CATH TOYOK 32 OJHAKOBHUX PaJlyCiB
nepepizy npu MPOXOHKEHHI TPyOHOIO 3aTOTOBKOIO KajiOparopa Ha 2 cekyHAl. Pe3ynpTaTn
OTPUMAHUX TEMIIEpaTypHHUX IOJIB 3000paXXyrOTh MIBHAKICTh OXOJIOJKEHHS B Tepepisi
TpyOHOi 3aroTOBKM 1 BKa3ylOThb Ha HENIHIMHICTH XapakTepy TEMIIEpaTypHHUX IIOJIiB B
[TEBT.

Sk BunHO 3 pucyHkiB 2.20-2.22, nepebyBaHHsI TpyOHOI 3arOTOBKH B KayOparopi
OPOTATOM 2 CEKyHJ, 3a TepMiuHOoro omopy B 0,2 MM, 03BOJII€ OTPUMATH TOBIIMHY
3atBepAuIoro noiimepy B 0,4 MM, py TOMY IO IpU MOTpAIUIsiHHI B 30HY Il ToBIIMHA
TBEPAOTO MIapy nocsrana juiie 40 MKM.

Takox NaHi MOJENIOBAHHS JIO3BOJISIIOTh BU3HAYUTH 3MIHY TOBILMHHU TBEPIOTO
HIapy noJiiMepHOi TPyOHOI 3arOTOBKH TPH 1i TPOXOJIKEHHI B KaiOpaTopi, pUCyHOK 2.23.
0,0005
0,00045

0,0004
0,00035
0,0003
0,00025
0,0002
0,00015
0,0001

SE-05

ToBLWHa TBEPAOro Wwapy, M
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[loBXUWHa kanibpaTopa, M

Pucynox 2.23 — 3miHa TOBIIUHU TBEPJOTO IIapy TPYOHOI 3arOTOBKH BiJl JOBXKHUHHU

kanmiopatopa (Tpyda 20x2)

SAx BumHo 3 rTpadiky (puc.2.23) 3ampornOHOBAHMK MIIXiJA J0 MOJCIIOBAHHS
MPOIIeCy TEIJIO00OMIHY TIPU KamiOpyBaHHI JO3BOJISE MiIIOpaTH MapamMeTpU OXOJIOIKECHHS

TpyOM Tak, 110 3aTBEp/IBaHHS MaTepiany BiIOYBa€ThCS IMOCTYNMOBO, 0€3 CTPUOKIB IO
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TOBIIMHI. Takoro pe3yibTaTy BAAJIOCH JAOCSATTH MpH BpaxyBaHHI 3MiHU ycanku (1o 10 %
BiJl TOBIIMHU CTIHKH), 3MIHH TEIUIO(PI3UYHUX MapaMmeTpiB Ta 3aCTOCYBaHHI aJanTHBHOI

3MIHU PO3PITKEHHS, 1110 JO3BOJIMIIO 3a0€3MEUUTH SAKICHUN TepMIYHUM KOHTAKT (A<I mMM).

2.8 IlepeBipka ageKBaTHOCTI MATEMATUYHOTO ONUCY

[lepeBipka aJeKBaTHOCTI MaTEMaTUYHOIO OINUCY TIOJAra€ B  TOPIBHSHHI
IMITAI[IMHUX Ta PO3PAXYHKOBUX PE3YJIbTATIB 1 MOJSATAE B PO3PAXyHKY KpuTepio dimepa

[88-89],. F-xputepiii, abo x kputepiit Pirrepa po3paxoByeThes 3a GopMyIIoro:
Fposp =—22- (2.47)

hi(S Sa ) - 3AIMIIKOBA Jucriepcisi, abo X JUCepcis aJleKBaTHOCTI,

2 :
S54> - 3arajibHa JUCHEPCis.

OcTarouHa [ucHepcis XapakTepus3y€e BEIHUMHY CEPEIHBOTO PO3KUIYBAHHS
EKCIIEpUMEHTAILHUX TOYOK BIJHOCHO JO JIHIT perpecii. 3araibHa Jucriepcis
XapaKTepU3y€e BUMAIKOBY MOXHOKY JUIsl yCi€i BUOIPKH.

Jl1st 06paxyHKy IIUX 000X BUIB JUCTIEPCii BUKOPUCTOBYIOTH HACTYITHI (hOPMYIIH:

0 w2 Ao 62
2 Ay 2 (V-Y)
g2 _i=l _i=l

(2.48)

€ § - CEpEeIHE 3HAYCHHS EKCIECPUMEHTAIIBHUX TEMIIEpaTyp; y - 3HAYCHH:

TEeMIIepaTyp, OTPUMAHUX B XOJl PO3PaxyHKIB; n - YHCIO AOCTIAIB (3a JOMOMOTOIO
SolidWorks’y Ta Hamoro uucioBoro ekcnepumeHnty Oyno orpumano 100 mocmigHux

TOYOK).

n
> (i - ;) )2
82 — =1

3ac f

n A
_ igl(yi =Y

(2.49)
2 n-1

ne Y - 3HAueHHS TeMIlepaTypu, OTpPHUMaHE B XOAl EKCIEPUMEHTY;
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y - 3Hau€HHs TeMIepaTyp, OTPUMAHUX B XOJI1 pO3PaxyHKIB; N - YUCIO JOCTIIB.

Po3paxyHok mpoBoauUTHCS 3a gomomMororo mporpamu Microsoft Exel.

BinmoBigHO A0 OTpUMaHKUX pe3yIbTaTiB MA€EMO:

» 122762,2442

2 = =1252,68
1002
g2 _ 558,266 _ ¢,
100 —1

Jam mifgcTaBUBIIM pe3yJbTaTH pO3paxyHKIB y Qopmyny (2.47) oTpumaHo
po3paxyHKoOBHI Kputepiid Dimepa:

1252,68

"7 5,6

=222,143

Tabnuune 3HadeHHs kputepiro Dimepa mis « =0,05, 3a Hammx f, =981 f, =99,

=1,3.

Kpum
Ha pucynky 2.24 300paxxeHHO MOPIBHSHHS OTPUMAaHUX TEMIIEPATypHUX IOJIB B
nepepizi TpyOHOI 3aTOTOBKH Ha 2 CEKYH/I1 IOCTiay.

Ockinbku  QaktuyHe 3HaveHHs F > F TO KOE(IUIEHT JeTepMiHalli

posp Kpum
CTATUCTUYHO 3HAYMMMI (3HaAleHa OL[IHKA PIBHSIHHS perpecii CTaTUCTUYHO HaJilHA), 1 3
HMMOBIpHICTIO 95% 3/1aTHA 3 BKa3aHOIO TIOCTOBIPHICTIO CHPOTHO3YBATH €KCIEPUMEHTAIIbHI
pe3yNbTaTH Ta OMUCATH MPOIEC, IO CBIMYUTH MPO AJEKBATHICTh MAaTEeMATHUYHOI MOJENI,
dKa  aHaji3yBajach, 1 374aTHa 3 BKAa3aHOI  JOCTOBIPHICTIO  CHPOTHO3YBAaTH

EKCIIEpUMEHTAJIbHI PE3YJIbTaTH Ta ONUcaTH npoiiec. Lle € marsepxeHo po3paxyHKamH.
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Temmepatypa, ° C

AT

50

0 0.0005 0.001 0.0015 0.002 0.0025
ToBLMHA CTIHKU TPY6K, M

X — GKCHepI/IMeHTaJIBHi SHAUYCHHS, w=— - pOSp&XYHKOBi 3Ha4YCHHA

Pucynok 2.24 — [lopiBHSIHHS TeMIIepaTypHOTO MOJI YHCIOBOTO Ta CUMYJISALIHHOTO

€KCIIEPUMEHTIB

BucHoBku 1o posainy 2

1. ChopmynboBaHO ¢Gi3MUHY MOJIENH TPOIECy KaliOpyBaHHS TPYO 3 TEPMOILIACTIB
sgKa BPaxOBY€ CHOCIO TMEPEHECEeHHs TEIUIOTH MPU OXOJIOMKEHHI TPyOHOI 3aroTOBKH B
KaymopaTopi, Ta BA3HAYEHO MPUPOTY CHII, IKI BHHUKAIOTh TIPH IIbOMY.

2. OOrpyHTOBaHO YMOBH TPOIIECY TEIUIOOOMIHY 3 KOHTPOJIHOBAHUM TEPMIUYHUM
OMOPOM IPU KOHTAKTI TpyOM Ta poOOYOi MOBEPXHI KaliOpyBaldbHOI T'Ib3U MPU 3aJaHIN
JTUHAMIIII TPOIECY CKIYyBaHHS TEPMOILIACTY, IO JO3BOJUTH 30UIBIIUTHA MPOTYKTHBHICTh
BUTOTOBJICHHSI TPYO NP 30€pEeKEeHH] SIKOCT1 BUPOOIB.

3. JlomoBHEHO MaTeMaTH4HY MOJIeNb MPOLECY HECTAIIOHAPHOTO TEIIO0OMIHY
[IUISIXOM YpaxXyBaHHSIM aHOMAJbHOI 3MIHM TEIUIO(I3UYHUX TapaMeTpiB MOJIIMEPIB Y

Jiana3oHl TeMIlepaTyp CTIHKM TpPYyOHOI 3aroTOBKM 32 SIKMX BiJIOYBa€eTbCS CKIIyBaHHS

TEPMOILIACTY.
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4. OOrpyHTOBaHO 3MIHY PO3PIKEHHS B POOOUYMX KOMIpKax KamiOpaTopa miis
3a0€3MeUYeHHs] 3aIaHOTO TEPMIYHOTO OIMOpPY pPyXoMoi TpyOW 31 CTIHKOIO KaiiOparopa,
HEOOX1THOTO I €(PEKTUBHOIO TEIUIOOOMIHY Ta MIHIMI3AIlll CHUIX TepTs, 00 3HUZHUTH
PU3HK pO3pUBY TPYOH.

5. 3amporoHOBaHO METOAWKY aHATITHYHOTO PO3PaXYHKY 3yCHIUIS MPOTITyBaHHS
TpyOHOI 3aroTOBKM Yepe3 KajaiopaTtop, skuii 3abe3neuye cTaOUIBHUN TEII00OMIH Ta
3ajaHi (i3MKO-MeXaHIuHI BIaCTUBOCTI BUPOOIB.

6. IlpoBeneHo OOYMCIIOBANLHUNA EKCIEPUMEHT JUIsi BU3HAUCHHS BIUIMBY Ha
TEMIIEpaTypHI MOJS B CTIHII TPyOHOI 3arOoTOBKM MpPH OXOJIOJKEHHI B KamiOpaTopi 3a
PI3HHX IMIBUJIKOCTEH pyXy TpyOU Ta pi3HUX 3HAYEHb TEPMIYHOTO OMOpPY, IO J03BOJISE
BU3HAYUTH I1HTEHCUBHICTh TIPOIECY CKIYyBaHHSA, a OTXKE 1 pallloHAJIbHI TapaMmeTpu

IMPOBCACHHS ITPOLECCY OXOJIOMKCHHA.
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PO3A1JI 3. EKCIEPUMEHTAJIBHI JOCJILJIZKEHHSA ITPOLECY
KAJIIBPYBAHHS 3 YPAXYBAHHSM OCOBJIMBOCTEM TEILIOOBMIHY
Merta ekcriepuMeHTAIBHUX JIOCTIKEHD TOJIATae y TepeBipIll MoJI0KeHb (P13UdHOi
MOJIeJIi Ta MAaTEMaTHYHOTO onucy 6araTohakTOPHUX MPOIECIB IEPEHECEHHS B KaibpaTopi

13 3aCTOCYBAHHAM KOHTPOJIbBOBAHOI'O pOSpiI[)KCHHH.

3.1. KommiekcHa METOAUKA CKCIIEPUMEHTAJIbHUX I[OC.]IiIDKeHL

[IpoBenenHs gocCiiaiB Niependadaso BUTOTOBJICHHS TUIAJIKUX TPYO 3 MOJIETUIICHY
Ta TOJINPONUIEHY 3 BUKOPHCTAHHSIM 30BHIIIHBOIO KaMIOpYBaHHS 3 PO3PIIKEHHAM Ta

BOJSIHUM OXOJIOJIKEHHSIM.
3.1.1 Bumiprosannsa napamempie eneKmpoosuzyrie 00C1iOHOi yCmaHoeKu

BumiptoBaHHs 4acTOTH OOEpTaHHsS Bally €JIEKTPOJIBHUIYHA IOCTIHHOTO CTPyMY
tuny 11-32 noryxsictio N = 1 kBT y ckiiazi npuBoy TATHYYOrO MPUCTPOIO MPOBOIUBCS
taxoreHepatopoMm tuimy TMI—-30IT (nm=4000 00/xB.), 1m0 Mae Kiac TOYHOCTI 2,5, 3
MoxX1OKoI0 BioOpaxeHHs He Oinbiie 1 %.

Burpatu notyxHocTi Tpu(pa3HOro KOPOTKO3aMKHYTOI'O €JIEKTPOJIBUTYHA TPUBOAY
poropa tury AO2-42-4 (Na=7,5 xBt, n=1450 00/xB.) 3anucyBajiaCh CaMO3alUCyIUYUM
tpudazuum BatmerpoMm tunmy H-348 (kmac Tounocti 1,5) 3 TpanchopmaTopamu cTpymy
tuny [54 nns 3MiHM MeX BHUMIPIOBaHb, a TaKOX KOHTPOJIIOBajlach MEPEHOCHUM
BHUMIPIOBaJIBLHUM KOMIUIEKTOM THIy K—51.

[ToTyXHICTh €JIEKTPOJIBUTYHA MOCTIHHOTO CTPyMy NPHUBOAY HAcoCy JUIsl TMmojadi
BOJM BU3HAYAJIaCh HEMPSIMUM METOAOM IILJISIXOM BUMIPIOBAHHS CTPYMY CaMO3alMCyIOUYUM
amnepmerpoM tuny H-370 (mexa BumiptoBaHoro crpymy Ao 54 npu V=50mV, kmac
TO4HOCTI 1,5) Ta Hanpyru — BobTMeTpoM Ty H-372 (Meka BUMIpIOBaHOI HAINPyTH 10

500V, knac ToyHocTi 1,5).
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3.1.2 Bumiprosanns memnepamypu po3niaey noJiimepa

Temnepatypa posmiaBy modiMepy B (QOpPMYIOUii  TOJOBII  €KCTpyAepa
BUMIpIOBajach rpediHdyactTumMu Tepmomnapamu tuny XK, po3ramoBaHux B Te(I0HOBOMY
KUIBITl, IO BCTAHOBJIEHO B MATPHWINl TakK, IO MPHUOJMU3HO TOJIOBHHA TapsSdoro CHaio
TEpMOINAapyd OMHBAJIACh PO3IUIABOM TMOJIMEpPY Ta 3alucyBajach 3a JOIMOMOTIOIO
aBToMatu4Horo mnoteHriomerpa tumny 149-100R (xnac Tounocti 0,5; rpyna XK, mkana
273...473 K (0...200°C)).

[lepen BCTaHOBJIEHHSM B TOJOBKY, MAaTpHIlsl pa3oM 3 TepMmolapamMu Oyia
nporpanyiioBana 10 473 K B tepmoctati tuny TC—15M, 3amoBHEHOMY MacjioM MapKu
«IHITIHIPOBE—6Y.

Taka KoHCTpyKIIisl He0OXiaHa ISl 3a0e3eUeHHs 110/1a4l 0X0JIOKYBaIbLHO1 PIIUHA
3 HEOOX1JTHOIO IIBUKICTIO, 1110 3a0€3MEeUUTh IIBUAKE YTBOPEHHS TBEPIOIO MIaApPy.

Jlns  BU3HAUEHHS TeMIEpaTypud 3aroTOBKM Ha BHXOAI 3  KamOpartopa
BUKOPHUCTOBYBABCSl TEIUIOBI3Op, IIO0 BCTAHOBIEHO B MoOOUIbHMI Tenedon Blackview

BV9800 Pro, FLIR Lepton. Ilina nomxinku 0,1 °C.

3.1.3 Koncmpykuii kaniopyeanbHozo npUcCmporwy npu 6upooHuyumei mpyo 3

mepmonnacmie

[Ipn kamiOpyBaHHI ™I pO3PLHKEHHSIM TpyOHAa 3aroroBka B MepIIid 30HI
MPUTHCKAETHCS IO TTOBEPXHI KaniOpyBajabHOI TUIb3U BHYTPIIIHIM aTMOC(HEPHUM THUCKOM.
[Ipu BxOIKEHHI B Jpyry 30HY TpyOHa 3aroTOoBKa NPHUTHCKAETHCA 1O TUIb3HU
PO3PIKEHHSIM, IO MepeacThes Yepe3 nepdopailito B TUIb31, K 0OpPMIICHO y BUTJISIII
miiMH (popisiB) abo OTBOPIB B CTIHIN TUIB3H, (pHC. 3.1).

Taka KOHCTpyKIIA KaniOpaTopa J03BOJISIE:

— B pasi 30UIBIIEHHS IIBUAKOCTI MPOTATYBAaHHA TPyOM 3 TEPMOIUIACTIB B
KaJIiOpyBaJbHOMY TMPHUCTPOi MPU EKCTPy3il BUKOPUCTOBYBAaTH KOHTPOJILOBAHUN THCK
PO3pIIKEHHS 1 IHTeHCU(IKYBATH T1IAPOJIUHAMIYHUN PEKUM OXOJIOKEHHS KamiOpyBaabHOT

TUIB3M JIJI1 3MEHILIEHHS] TEPMIYHOTO OTOpY B MPOIEC] MEPEHECEHHs Teria BiJ TpyOu, 110
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KaTIiOpYy€eThCs, 10 OXOJI0KYBAIBHOI PiTUHU;

V.‘f

el
Mo

W | " | ' ' S

[T} w

L/ L , _:_ p |
I-IIT — 30onm kamiOpyBanHs; |V — BXiI OXOJOKYBAJIBHOI piIuHHM, V — BXiJ
JI0JTATKOBOI OXOJIOJKYBaJIbHOI pimnHK; VI — BUXix NOBITpsi (YTBOPEHHS PO3PIIKEHHS Y
BaHHiil); VII — Buxig oxonomxyBanbHoi pignau; VIII — Bxig TpyOHOI 3arotoBku; [X —
BUXI1]] TPYOHOI 3aTOTOBKH
1 — xaniOpyBanbHa T'i1b3a; 2 — 3’ €IHYBaIbHUM KOpIyC; 3 — raiika;

4 — (pmanenp; 5 — npuTHCcKay; 6 — mMaTpyOOK JUIs Toaa9l OX0JIOKYBaabHO1 piguau B 11 11
30HU KayOpaTopa; 7 — nmaTpyOoK JJis mojadi JOAaTKOBOI 0XOJI0KYBAIBHOI PITUHU 10
BaKyyMHO1 BaHHU; § — MaTpyOOoK Uisl 3’ €IHaHHS 3 BAKYyM-HacOCOM;

9 — maTpy0OOK 75 BiIBEICHHS 0XOJIOKYBAIBHOI PITUHU 3 BAKYYMHOI BaHHOT;

10 — BakyyMHa BaHHa OXOJIO/>KEHHS; 11 — r'yMOBHi yIIlJIbHIOBaY

Pucynok 3.1 — TexHiyHa iJIed KOHCTPYKIIi KajJiOpyBaJlbHOTO MPHUCTPOIO st

rIagKux TpyO 3 Kommosuiii momiermieny [90]
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— 3a0e3MeunTd SKICHE IIOYaTKOBE OXOJIO/DKCHHS, OCKIUIBKH  IIOTIEPEIHE
OXOJIO/KCHHS TPYOHOT 3aTOTOBKH IIJISIXOM ITOJIMBY, 3aHYPEHHS a00 3pOIICHHS JIJIS JSSTKUX
TUITIB TOJIIMEPY (BYACHOCTI TOJIETUIIEHY) HE MOXKE OyTH BUKOPHUCTAHO 4epe3 AcheKTH,
SIK1 BUHUKAIOTh Ha TTIOBEPXHI.

Takox HaBeJeHa KOHCTPYKIliA KaliOpyBaabHOI TJIb3W HAHOLIBII epeKTUBHA 3 TI€T
MO3UIII1, 10 MIBUJIKICTh MPOTATYBAHHS € HE3MIHHOIO.

Jlnst perymioBaHHS BHUTpAT BOoAM, pa3 Ha 20 XBUIWMH NPOBOAWIIACH TEpEBIpKa
TEeMIlepaTypyu TPyOHOi 3aroTOBKH 3a JIOMOMOTOIO0 TEIUIOBI30pa, 1, SKIIO Ta HEe Oyla B
Mexax +6 K Big TemmepaTypu Ha BHUXOIl 3 KajmiOpatopa, TO B PYYHOMY pEKHMI
301JIBIITYBAJIaCh MIBUAKICTh TTOAa4l PIIUHH.

Jlnst  perymioBaHHS — IIBUJKOCTI  MPOTSATYBAaHHS ~ TATHYYMM  TIPUCTPOEM
BUKOpUCTOBYBaBcs meperBopioBad dactotu SINUS N. 3a HeoOxigHOCTI, B pydHOMY
pexuMi, 30UTBIITYBATIUCh a00 3MEHIIYBAJIUCH MapamMeTpu poOOTH MPUCTPOIO, OJTHAK IMPHU

MPOBEJICHHI €KCIIEPUMEHTY PETyJIFOBaHHS B1I0YBaJIOCh B ABTOHOMHOMY PEKUMI.
3.1.4. BumiprosanHnsa po3piodceHHa 6 Kamepax Kaaiopamopa

Jlnst  BUMIpIOBaHHS PO3PLIKEHHS B TUIb31  KajgiOpa BUKOPHUCTOBYETHCS
MaHoBakyymmerp MBII3-y2. Marepian — crans. JliamazoH BuUMIpIOBaHHS Big -
0,1...0,06 MIla. Creninp 3axucty IP40. Knac tounocti 1,5. IlITynep po3ramoBaHo 3HH3Y,
pizs0a mryrnepa M20x1,5. Marepian Mexanismy — natyHb. TY 25-05-1664-74. Ilina
nmoauaku 0,005MTI]a.

ITix yac mpoBeeHHS TOCTIAIB MPOBOIUIACH 3aITUC TTOKA31B JIaTurKa.

[lepen ycTaHOBKOIO JATYMKIB THUCKY IMPOBOJMIIACH iX TIOMEpPEAHE TapyBaHHS Ha
CHeIiaJpHOMYy CTEeHII Ta OyayBajlach TapyBajdbHa KpuBa. J[JI1 BUKIIOYEHHS BIUIMBY
TEMIIEpaTypHUX PO3MIMPEHh HA TMOKAa3u JaTyuka TMiJg dYac 3aMmipiB  KOpIyC HOTO
OXOJIOJIKYETHCS TIOBITPSIM.

3a [0mOMOror peje Ha BaKyyM-Hacocli BHUCTABIISJIOCH paHille BHSBJICHE

€KCIIEpUMEHTAJILHO MPU MPOOHUX 3aIyCKax PO3PIIKEHHS, 3a SIKOTO, MICIs MPOXOJKEHHS
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TpyOHOTO PO TI0 Kamidparopa, Bi3yallbHO CTiHKA HE Maja AedeKTiB i He Oyio oOpHBiB

MIPU TECTOBOMY BHUTOTOBJICHHI.

3.1.5. Busnauenna 3ycunna npomsa2yeaHHa mpyoHOI 3a20moeKu uepes

Kaniopamop

JUisi BUMIPIOBaHHS 3yCHJUISL MPOTATYBAaHHS IMOJIIMEPHOI 3arOTOBKH 4epe3 Kaiop
BukopuctoByetbest ntuHamoMerp PROTESTER WDF-300. Marepian — cranb. [lianason

BumiproBanHs Bij 0 1o 300 H. [{ina moxinku 0,1.
3.1.6 Bumiproeanns npooykmuenocmi no 20moeiit npooyKuii

Yac BigOopy mMaTepiany BUMIPIOBABCS €JIEKTPOHHUM cekyHaoMmipom tuny MBITP—
203M, 3 6a30BOIO MOXHMOKOI BUMIPIOBAaHUX BEJIWYWH +1 MC B Jiama3oH TeMmIepaTyp Bif
278 K no 308 K.

Macy rotoBoi NpoAyKIli 3BaKyBaJid Ha eneKTpoHHUX Barax Domotec Ms-400 3

TOYHICTIO BUMIpIOBaHHS £1 T, i 3 MaKCUMaJIbHOIO BUMIPIOBAJIBHOIO Macoro 10 kr.
3.1.7. Busnauennsa sumpam ma memnepamypu 0Xo01004cy8aibHoi piouHu

BusHaueHHs1 00’eMy BiIOyBaloCh 3a JAOMOMOIOI0 MIPHOTO CKJISTHOTO CTakaHy Ha
500 Mn 2-oro Kjacy TOYHOCTI 3 IIIHOIO IMOMUIKH 25 M, 1 IPHIYCTUMOIO TMOXHOKOIO
BUMIpIOBaHHA +12,5 M.

TemnepaTypa BOIM BHU3Ha4yajlach 3a JIONOMOIOIO €JIEKTPOHHOrO LU(POBOro
TEPMOMETpPa 3 BHHOCHHM JaT4YMKOM, SIKWH mpaimroe B miamazoni 223...383 K (

- 50...110 °C), 3 TounicTio 0,1 K i npunycrumoro noxuokoro B =1 K.
3.2. OCHOBHI XapaKTePUCTUKH MOJiMePiB

JInst mpoBeeHHsI €KCIIEPUMEHTIB 0OpaHO HaWOUIbII MOIIUPEHUN Yy BUPOOHUITBI

MOJIIETUJIEH BUCOKOI TycTUHM (Hu3bKOoro THCKy) Mapku HXF-4810H Bix dipmu
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KapnatHadToxim y BUrsSAl TpaHyd OUTOTO KOJBOPY 3 YCEpETHEHHM A1aMETpOM 5 MM
(pucynok 3.2) [91].

di3uK0-MexaHIuHI XapaKTepUCTUKH nojiietusieny Mapku HXF-4810H:

- moka3HuK Teky4octi po3uuny (I1TP), mpu 211,8H, r/(10xB): 8-12;

- BimHomenus I1TP21,6/I1TP5,0: 18-33;

- I'yCTHHA, KT/M 0,946-0,950;

- TpaHHULS TEKy4OCTi npu po3tsaryBanni, MIla: 18;

- minHicTh ipu po3puBsi, Mlla: 30;

- BIJHOCHE BHJOBXKEHHS IMpHU po3puBi, %o: 550;

- Moxaynb enactuaHocti, MIla: 750.

Pucynok 3.2— I'panynu [THT mapxku HXF-4810H ¢ipmu KapmarHadToxim [91]
3.3. Onuc ekcnepuMeHTAIbHOI YCTAHOBKH

Jocnigm npoBOoAWSIMCH HA JIHIL JUIsi BUPOOHMIITBA MOJIMEPHUX TpPyO Mayoro
JiaMeTpa 13 BCTAHOBJICHHSM KajiOpaTopa JJisi BaKyyMHOTO 30BHIIIHBOTO KaliOpyBaHHS 3

OpoH3H, PUCYHOK 3.3.
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['panynu nmosimMepy MOAAOTHCS A0 eKCTpyaepa 1, Ae BOHM, MPOXOIIYH KOXKHY 3 30H
eKkcTpyaepa (B KOXKHIM 3 SKHX 3a JOIMOMOTOI0 TepMomap BilOyBa€TbCA BHMIPIOBAHHS
TEMIIepaTypH PO3IUIABY), IUIABIATHCS Ta IEPEMIIIYIOThHCS. 3a TOTIOMOIOI0 TaXOreHeparopa
(8, TT') BU3HAUAETHCS YMCIIO OOCPTIB YEPB’sIKA.

[ToTiM po3MiaB TEPMOILIACTY MOTpaIlisie B GOopMyrody TOJIOBKY 2, /1€ BIJOYBA€ThCS
dbopMyBaHHsS TIiJI THCKOM TpyOHOro mpodiato Ta mnepBuHHE GopmyBaHHS. s
3a0e3neyeHHs] MIHIMAJIbHOTO BHUHUKHEHHS JCPEKTIB Ha MOBEpXHI TpyOHOTO mpodisio,
BiJICTaHb BiJl (POPMYIOYOi rOJIOBKH /10 KasiOpaTopa 3 poOUThCSI HEBEIHUKOIO (B MPOBEACHUX
JOCIIKEHHAX BiacTaHb Oyia 30 MM). B BanH1# kaniOpaTopa BUMIpIOBAINCH TEMIIEPATYpa
po3raBy Ta THUCK. [lo 3akiHYEHHIO MPOXO/KEHHS KaldiOpyBajbHOI TUIb3U, TPYOHUU
npo¢iab NOTPaBIsIB A0 BAaHHU OXOJIOPKEHHS 4, 3allOBHEHOI BOJIOI0 TeMIlepaTypa, SKOi

BUMIPIOBAJIACH 32 JIOTIOMOTOI0 EJIEKTPOHHOTO TU(PPOBOTO TEPMOMETPA.

A
s Il T BT 'E ¥
/ Z ] 4 5 6 i
\ 5 .
|
b Wb NN
oSS \ r ¥
\ = . L / ¥ -
i i 4 . 3 1
1= E. ! Bl
7 ; :_. - H— L — T - T v 37
& 7 — i o~ -
— 4

1 - Bona; 1.1 — Harpita Boaa; 2 — noBiTps; 2.1 — Harpite noBitps; 30 — rpanyiu
nosiimepy; 31 — TpyOHa 3aroToBka
1 - exctpynep; 2 - hopmyroua rojioBKa; 3 - kanioparop; 4 - BAaHHA OXOJIOHKEHHS; S -
TATHYYUU TIPUCTPI; 6 - pi3adbHUN TPUCTPIN;
/ — TpyOHa 3aroTOBKa; 8 — IBUTYH €KCTpyepa; 9 — TaxoreHeparop;
10 - muramomeTp
Pucynok 3.3 — EkcnepumeHTanpHa YCTAaHOBKA MJisi JOCHIDKEHHS MPOLECY

KaJniOpyBaHHs TPYO 3 TEPMOILIACTY

Ha Buxo/1 3 BaHHM TpyOHA 3aroTOBKa HAAXOAUTH A0 TATHYYOTO MPUCTPOIO 5, AKUMN
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BUKOHYE JIB1 QYHKIII1: MPOTATYE Yepe3 KaaiobpaTop, THM CaMHUM JoNoMararoudu (GpopMmyBaTu
MalOyTHIO TIPOMYKIIO, Ta TOJAa€ TPyOHY 3aroTOBKY 10 PI3aJIbHOTO TPUCTPOIO 6, 1
BiIOYBa€ThCS BIAMIPIOBaHHS, BiApi3aHHS 1 (acyBaHHA MPOAYKIIi JO IOJATIBIIOTO
TPAHCTIOPTYBAHHS W OXOJIOKEHHS.

Binbip mpo® s JOCHiKEHHS OTPUMAaHOi MPOJYKINT 3I1HCHIOBABCA ITICIIA
pI3aJIbHOTO MPUCTPOIO. 3a JAesSKUA NPOMDKOK Yacy Opanack mpoda MpoayKuii 1
3Ba)KyBaJIach, TICJISl YOTO BIATMPABIISIACH HA OCTATOYHE OXOJIOIKCHHSI.

Butpata Boam BuMIpIOBasach OKpeMO Ha BxOjAl Ta Buxojl. B 000x Bumagkax
3aciKaBCsl Yac HAITOBHEHHS MiPHOTO CTaKaHy.

[Ipu mpoBeAeHHI EKCIEPUMEHTANBHUX JOCIIKEHb IMPOBOJIUIOCH Oe3nepepBHE
BUMIPIOBAHHS:

- TeMIIepaTypu B 30H1 (pOpMyBaHHS IJIaBy eKcTpyaepa, °C;

- 3HAYEHHSI CEPETHHLOTO PO3piKEHHs B KaniOpaTopi, Mlla;

- 3YCHJUISA MPOTATYBAHHS, KT

Ha pucynkax 3.4-3.7 noka3aHo 30BHIIIHII BUA TPyOHOI JiHiI.

1 — ¢popmytoua rosoBKa eKcTpyaepa; 2 — kamopaTop; 3 — MaHOBaKyyMeET);
4 — BaHHA OXOJIO/DKCHHS, 5 — TpyOHA 3aroToBKa

Pucynok 3.4 — ExcriepuMeHTa bHa yCTaHOBKA
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1 — popmyroua romnoska; 2 — ekcTpyaep; 3 — OyHKep 1ojiadi rpaHy1 0 eKCTpyIepa;
4 — I030HHUY TeMIlepaTypHHU KOHTPOJIEp eKCTpyaepa; 5 — mudpoBuid
HNOTEHLIOMETP AJI1 BUMIPIOBAHHS TEMIEPATypH IUIaBY B €KCTPYIEpi

Pucynok 3.5 — ExcriepuMeHTanbHul EKCTPYIep

Pucynoxk 3.6 — ®otorpadis Tepmonapu Pucynok 3.7 — MaHoBakyyMMeTp
JUIT BUMIPIOBAHHS TeMIepaTypu IUlaBy B IS BUMIPIOBAHHS  PO3PIIDKEHHS B

eKcTpyaepi Kamepi kambparopa

VY rtabmuui 3.1 HamaHO TEXHIYHY XapaKTEPUCTHUKY EKCIEPUMEHTAIbHOI TPYOHOI

JIHII.



Tabmuns 3.1 — TexHiuHa XapaKTepUCTHKA €KCIIEPUMEHTAIbHOI TPYOHOI JTiHI{

HalimenyBaHHs mapameTpa

Iloka3Huk

[lepepobmroBanuii MaTepian

[TonieTuneH BHCOKOI T'YCTHHH

mapku HXF-4810H

MaxkcruMmasbHa NpOyKTUBHICTS JTiHii, KI/TO 40
YacTtoTa oOepTaHHs 4epB’sika, 00/XB. 20-200
Omnip dpopmyrouoi ronosku, Mlla 2.0-7,0
BcranoBiieHa noTyKHICTbh, KBT: 11,2
— IIHEKOBOTO J03aTOpa 0,2

— YepB’STYHOTO EKCTpyAepa 7,5

— HarpiBadyiB 3,5
JloBxHHa KaniOpyBaabHOI I'JIb3H, M 0,22
[IBuAKICTH KaNiOpyBaHHS, M/XB. 3
Butpatu 0xo101pkyBanbHOI pianHu (BON), KT/C 0,083

[louarkoBa Temmeparypa BOJIM Ha BXOIl B

Kaiioparop i oxonomKyBanbHy BaHHyY,K (°C)

293-294 (20-21)

Temneparypa Ha BuXOAl 3 KamiOpatopa (1o

BakyymHoi kamepn), K (°C)

297 (24)

Temneparypa Ha Buxojl 3 kamiOparopa (micis

BakyymHoi kamepn), K (°C)

311-312 (38-39)

KinneBa temmepaTtypa BOIM Ha BHUXOHl 3

0x0J10/pKyBaibHOT BanHu, K (°C)

324-327 (41-44)

3.3.1 TenJioBuii po3paxyHoK KajgiOparopa
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Meta po3paxyHKy — BHU3HAUEHHS T'€OMETPUYHHMX MapaMeTpiB KaliOpyBaJIbHOI

r'JIb3H, 10 33JI0BUIbHSIE YMOBAM ITPOBEIEHHS JOCII/IIB.

Buxigai gagai:

[TouaTkoBa TemnepaTypa 0X0JI0KyBaJIbHOI BOIH , t,, °C (K)
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Kinnesa Temrieparypa 0Xoi0mKyBalibHOI BoH, 1, , °C (K) 38 (311)
Temmeparypa TpyOHOI 3arOTOBKHM Ha BXOJi B Kamioparopa, t,,, °C (K) 200 (473)
Temneparypa TpyOHOT 3aroTOBKH Ha BUXO/i 3 Kamiopatopa, t,,.,°C (K) 80 (353)

Temnepatypa ckiyBaHHs nojimepy, i, °C (K) 125 (398)

Po3paxyHOk reoMeTpu4HUX po3MipiB KajibpaTopa I 30Hu
Po3paxoByemo cepenHio Temreparypy Boau, 'C:

_ty+t, 20438

7l > > 29

BuznaunmMo 0CHOBHI mapaMeTpH BOAM 3a JJaHOi TeMrieparypu (Tadmmis 3.2).

Ta6murs 3.2 TemmodisuyHi BIaCTHBOCTI BOAU NPH cepeaniii TemmepaTypi 29 °C [92]

IHapamerp Boaa
P, % 995
: Kff”; 4174
,u><106,17a-c 801,5
210, j—”;{ 61,8

OxonomxyBalbHa BOJAa TNPOXOAMTH 4Yepe3 TBUHTOBUN KaHal Ha 30BHINIHIN
noBepxHi Kaymbparopa (pucyHok 3.8)
Bucora 1 mmpuHa kaHay JOPIBHIOE, M:
h=b=6-10"
JInsi BU3HAYEHHA IO TEMJI000MiHY B 30HI | BHM3HAUaeMO MIBUAKICTH PYXY

OXOJIOJKYBAJIHOT BOIH, M/C:
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5
~ .10
G __60 231

W= = =
b-h 6-6-10°-10°°

ne G - BuTpaTu BOJ, Kr/c;

Pucynok 3.8— Cxema pyxy 0XO0J0)KyBaJIbHOI BOJIM B KaHAJIax KajaiOparopa 30HH .
Po3paxoByemo kputepiii PeitrHonbaca mis Boau [93]:

wd,, 2,31-0,012
Re=—% =
v 1,002-10°°

= 27665,
1€ ey — €KBIBAICHTHHI JiaMETP, M;

4 _AF_ 4b-h  4-6-10°-6-10°
1 (2b+2h)  2(6+6)-10°

=0,012;

. 2. . . .
F — moma nepepisy Kanany, M°; I1 — mepuMerp mepepisy KaHaiy, M, V — KiHEMaTHYHA
B’sI3KicTh BOIH, M2/C.

Kpurepiit [Ipanaris:

_Cu 4174-810,5-10°

Pr
A 61,8-107°

=54,74

ne C - TtemnmoemHicth Bomu, JDK/kr; u - §$uHamiyHa B’A3KicTh Boau, lla-c
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A — TemIonpoBiaHicTh Boau, B1/(m-K)

Kputepiit Hyccenpra [94]:

Pr

Nu =0,021- (Re)*® - (Pr)**(=—)°? = 0,021 (27665)°° - (54, 74)°*(1,1)°% = 428

st
ae Pr - kputepii  [lpanartns  mpu  cepedniii  Temmeparypi  BOIH,
Pr, - xpurepiii [IpanaTns ams Boau npu TeMnepaTypi CTiHKH.
Koeoimient Terwtosimmaui Big crinku go Bomu, Br/(m*-K):

-3
a, = Nui:428~w:2204,2
d 0,012

ecv
[Tpu mboMy 3 MeTOAMKH, HaBeeHoi B [95, 96]:

- OlbIa pI3HUIIST TEMIIEPATYP

At, =200-20=180°C;

- MEHIIIA PI3HULS TEMIIEPATyp

At, =80-38=42°C.

Ockinbku At /At =4,3 cepenHs pi3HUIIS TEMIEPATyp BU3HAYAETHCS 32 (HOPMYIIOLO:
At —At,  180-42
cep -
nf 2| [ 22)
At, 42

Cepenns Temmneparypa nojiimMepy:

At =94,5°C.

t,, =t . +At,, =1235°C.

cpl

TemnepaTypu mnojiMepy Ha BXOAl Ta BUXOIl 3 TIEBHOI 30HHM, OepyThCs 3
PO3paxyHKiB, 110 MPOBEACHI B po3imi 2 (mm. 2.7).

Po3paxyHOK TemoBOro HaBaHTaXEHHS 11 30HU [, KBT:
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T
Ql = Z(DZ - d Z)WCn(t) (Tm _Tk)p"([) =
=7, (0,025" ~(0,025-0,00006)")- 0,05 -2,3-(200~175) - 799,8=0,0054

ne D - 3oBuimmHi# giamerp TpyOHOI 3arotoBku, M; d =D—25 - mgiamerp 3aTBepainioro
miapy TpyOHOi 3arOTOBKH, M, O - TOBIIMHA TBEPJOTO LIAPY MOJIMEPY, M (3T1iAHO 3 1m.2.7);
W - mBUAKICTh BUTOTOBJICHHS (TIPOTATYBaHHS) TPYOHOI 3aroTOBKH 4epe3 Kanioparop, M/c;

Cipy=23 - TemnoemHicTh mnomimepy 3a  temmeparypu  175°C,  xJD/kr;

Py = 199,8 - TycTMHa  TOJiMepy 3a  TeMmIeparypu 175°C, Kr/M>;

T, - Temnepatypa miaBy Ha Bxogi B 30ny 1, °C; T_ - Temmeparypa nojiiMmepy Ha BUXO/II 3

ni

30HH 1, °C

Toxi Tepmiunmii omip st 30mwu I, (M*+K)/BT:

R :5ﬂ+5KA/} +i_0,003 0,006 1

| = + + =0,0145
Aor s @ 0,215 105 2204,2

Koeoimient termonepenadi, Br/(m*K):

K= =68,97 .

11
R, 0,0145

Toai mIoma MoBepXHi TemIo0oMiHy 11 30HH 1, M*:

F-—2 __ 5% 00083,
K-At, 68,97-94,5

Toni noBxnHA 30HU | BUBHAYAETHLCS, M:

F,  0,00083

= = =0,0105
7-D 7-0,025

I_I

Po3paxyHok TemnoBoro HaBaHTaxeHHs 111 300U 11, kBT:
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T
Q2 = Z(D2 - dz)WCn(t)(Tnﬂ _Tk)pﬂ(f) -
- %(0,0252 —(0,025-0,00015)°) -0,05-2,36 - (175~125) -825= 0,029

ne C,,=2,36 - TtemnoemHicTh nodiMepy 3a Temmeparypu 125°C,  kJDK/Kr;
Py =825 - I'yCTHHA nojimMepy 3a TEeMIEPATypu 125°C, Kr/M>;

T, - Temmeparypa posiuiaBy Ha Bxoni B 30Hy II, °C; T - Temmeparypa moiimepy Ha

n
BUXO/1 3 30HH 2, °C

[IpuitMmaeMo MNpUNYIIEHHS, L0 BEJIWYMHA MOBITPSHOIO 3a30py MIDX CTIHKOIO
KayOpaTopa Ta TpPyOHOIO 3aroTOBKOIO MO J0OBkWHI 30HU Il J,,, 3MiHIO€THCS Bl 0 10

0.00012 m. Toxi TepMiunmuit omip mst 3ouu 11, (M*K)/Br:

RI’: (5nog :O):é‘ﬂﬁ-i{-%_i_é‘]{i_i_i_
ﬂ“Hﬂ ﬂ’f ﬂ“nog ﬂ“KAﬂ aZ

—0’0025+O’OOO5+ 0 +O’006+ 1
0,215 0,221 0,025 105 2204,2
R, (5, =0,00012) = Oy + Or + Onen + rear - 3

ﬂ’Hﬂ AT /7“)106 ﬂ’KAﬂ aZ

~ 0,002 0,001 0,00012 0,006 1

0,014

= + + + + =0,019
0,215 0,221 0,025 105  2204,2
Cepeniii Tepmiunuii omip o 30mi II gopisrioe, (M*-K)/BT:
R, = (Ri +Ri) _(0,014+0,019) _ 0.0165

2 2
KoedimienT Termonepenadi, Br/(m*-K):

K :i: L =60,61.

R, 0,0165

[Tpu 1poMy TII01IIa TTIOBEPXHI JTOPIBHIOE, M

Q 29

F, = - =0,0051.
K-At, 60,61.94,5
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Tomi nosxkuna 30uu 11, M:

F, _ 0,0051

L = =
" 2.D 7-0,025

=0,065.

JloB:krHA TBUHTOBOT HAp13KH, M:

( (D+h)|) )05

(25-107° +6-107)0,0755
2-6-10°°

L, = (1

=(0,0755% + (7 )?)%* =0,617

ne =L, +L, =0,0105+0,065=0,0755— yacTHHA JOBXWHU KaJiOpyBaJbHOI I'JIb3U Ha SIKIA
po3TarioBaHa TBHHTOBA Hapi3zka, M; D — 30BHIIIHIN qiametp kamiOparopa, M; S=2b — Kpok
I'BUHTOBOI Hapi3Ku, M.

KiIbKICTh BUTKIB,

Po3paxyHok TemnoBoro HaBaHnTtaxeHHs 11 3004 111, kBT:

T 2 2
B Z(D —d )WCn(t) (Trw _Tk)p"(f) -
_ %(0,0252 —(0,025-0,0003)°)-0,05-2,13- (125-80)-974,5=0,052

ne C,,=213 - remnoemuicte mnomimepy 3a Ttemmeparypu 80°C, kJDK/kr,
Py =974,5 - ryCTHHA nojimMepy 3a TeMIepaTypu 80°C, Kr/M;
T, - temnepatypa posmiaBy Ha Bxoai B 3ony III, °C; T - temmnepartypa moiimepy Ha
Buxoi 3 30HH 111, °C

[IpuitMmaeMo TNPUTYIICHHS, [0 BEJIWYWHA TIOBITPSIHOTO 3a30py MIXK CTIHKOIO

KanmiOpaTopa Ta TpyOHOIO 3aroTOBKOIO 10 0BXKuHI 30HU I J,,, 3MiHIOETHCS Big 0,00012

110 0,00024 M. Toxi Tepmiunmuii omip 3ouwu 111, (M*K)/Br:

R, =R! =0,019
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R}, (0, =0,00024) :5ﬂ+ﬁ+%+5’ﬂ+i—
/117]7 AT ﬂ’nos /’i’KAﬂ aZ
0,001 0,002 0,00024 0,006 1
= + + + + =0,022
0,221 0,291 0,025 105  2204,2
CepeHiit Tepmiunuii omip 1o 3oui 11 gopisaioe, (M2-K)/BT:
R, = (R, +RA) _ (0,019+0,022) —0.0205.

2

KoedimienT Teronepenaui, Br/(m*-K):

1 1

R, 0,0205

IIpu 1EOMY IIOIIA [IOBEPXH JOPIBHIOBATHME, M°:

Q 52

F, = = =0,0113.
K-At,, 48,78-94,5
Toni nosxuHa 308U 111, M:
L, =m o Q03 50
" 7.0 x-0,025

3aranpHa JOBXKHMHA KaTiOpyBaIbHOI TJIb3H, M:

L, =) L, =0,0105+0,065+0,144 =0,2195.

[IpuitHsTa OBXHHA KanmiOpyBanbHOI riib3u 0,25 M.

3anac I0BXKMHU KaJIIOPYBaJIbHOI T'Ib3U

- L, — L] 100% - 10,2195-0, 25|

E 1

-100% =12,2%

OCKUIBKH PIZHUIT MK pO3paxyHKaMH Ta EKCIEPUMEHTAIBHUM KaliOpaTopom
ckinagae 12,2%, mo B Meax HOPMH, BUMIPIOBaHHS TEMIIEpAaTyp MOXKHA BBa)KaTu
tounuMu. OTxe, BIAMOBIAHO A0 PO3PAXYHKIB, MEpIia BAKyyMHA MPOPi3h 3HAXOIUIACh HA
BijgcTani 12 MM (1Mm — 3anac). KoHcTpykiis Takoi KaniOpyBajdbHOI T3 300pakeHa Ha

pUCYHKY 3.9.
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/ 4 W

226
225

250

Pucynok 3.9 - I'eomeTpuuni po3Mipu KamiOpyBaldbHOI T'JIb3U, PO3PaXOBaHOI 3a
3aMpONOHOBAHOIO MOJEIUTIO UIsi BUTOTOBIIEHHS TpyOu 3 IIET 25x3MM nmpoayKTUBHICTIO

3,6 Kr/rox.
3.3.2 Po3paxyHok koedinienTa nepdopamii

Meta po3paxyHKy — BH3HAueHHA KoedimieHTta mnepdopaliii KamiOpyBaIbHOI

rinb3u (puc.3.10).

25
25
15 f'%?
- = = = 2 \a_ —
t—:

Pucynox 3.10 — Cxema niepdopariii kamiOpyBaabHOT T1Ib3U
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JloBxurHa KaaiOpyBaabHOT TUTE3H 3 TIepQOopalli€ro, po3paxoBYETHCS TaK, M:
L,=L,+L, =0,065+0,144=0,209

KinekicTs miimiH nepdoparlii, Ha 0JHINA CTOPOHI:

N, = o 929 5368
T t, 0,025 !

ne t, =0,025 - KpoK MIXK LIIJTMHAMU niepQopallii, 110 3HaXOAAThCA Ha OJIHIN CTOPOHI, M.

Inoma miinuay nepdoparii, M*:

RN 7-0,025-105
f = k=
180 180

-0,0015=0,000068 ,

7€ n - KyT MK KpasiMH IIUTHHK; K - JOBXKWHA IIJIUHU, M.

Koedimient nepdoparii, %o:

22N, £y 000, _ 2-2:8-0,000068

= : = -100% =13,27 .
(F, +F,) (0,0051+0,0113)

¢
Takum urHOM, IIOmMA MIIUH niepdopaiii ckinagae 13,27 % Biag 3araabHO1 IO

TEIJIO00MIHY.

3.3.3 IIpoaykr, OTpUMaHWii 3 BHKOPUCTAHHAM €KCHEPUMEHTAJLHOIO

KaJgioparopa

JocnipkeHHss TMPOBOAWIOCH MNpH  IIBUAKOCTI  KanmiOpyBanus 0,05 wm/c 1
npoayKTUBHOCTI JiHIT — 10,6 kr/roa. Buroroinsiiace TpyOa aiamerpa 25 MM, 3 TOBIIUHOIO
cTiHky 3 MM. ToBIIMHA CTIHKH KaiOpyBajabHOI FIb3H 6 MM.

3a pe3ynbTaTaMu €KCIEPUMEHTY OTPUMAHO IMOIETHIICHOBY TpyOy JiaMeTpa 25mMm

3 TOBILMHOKO CTIHKA 3 MM.
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OtpumaHuii 3pa3oK Mae OBAIBHICTh 3,9 %; mepeman TOBImMHH CTiHOK 2,8 %
(tabmursa 3.3 Ta 3.4); rmaaky noBepxHiO (pucyHok 3.11-3.12), 6e3 BizyanbHUX ne(eKTiB,

1110 TIOBHICTIO BiamoBigae airounm Bumoram JICTY b B.2.5-32:2007 [97] Ta ISO [98, 99].

Pucynox 3.11 - ®ororpadii moBepxHi OTpUMaHOI TPYOM IIiJi MIKPOCKOIIOM 3

NpUOJIMKEHHIM X36

Pucynox 3.12 - ®otorpadis moBepxHi TpyOM TiJ 3BUYAWHOIO KaMepow 3

MPUOJIMKEHHAM X2.6.



Tabmus 3.3 - ['eomeTpis oTpuMaHOTO 3pa3zka Tpyou

BuyTpimHiit giametp

30BHIIIHIN TiaMeTp
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[Iponosxxenns Tabmumi 3.3
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Tabnuns 3.4 TOBIIMHA CTIHKM OTPUMAHOTO 3pa3Ka Tpyou

mm/finch #

mm/inch ¢

ON = ZERO

mm/inch ¢

mm/inch ¢

) il

ON  omm ZERO

mm/inch #
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BinmoBigHO A0 JaHUX BUMIpIB, BIAXUICHHS PO3MIpiB 3aHECEH] y TaOmuIo 3.5.

Tabmuns 3.5 Cepenni BIAXUICHHS PO3MIpIB

[TapameTp CepenHe BiaXHICHHS
BuyTpimHiit giametp 6%
30BHINIHIN T1aMeTp 0,4%
ToBIMHA CTIHKA 2,9%
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HagiTe 3Bajkaroum Ha JIesIK1 BIIXUJICHHS, 110 BUAHO 3 Ta0uwuil 3.3 1 3.4, BIAMOBIIHO

JI0 CEPEIHBOTO BIIXUJICHHS, OTPUMAHUM 3pa30K BIATMOBIIA€ IIFOYUM HOPMaM.

POBpElXYHOK ITOXHOKH IIpu HpOBGIIGHHi HAaTYPHOI'O CKCIICPUMCHTY HABCIACHO Y

noaaTky A.

3.3.4. I'inpaBaiyHnii pO3paxXyHOK THCKY B TBUHTOBOMY KaHaJi KaJiOpyBaJbHOL

riJib3u

Meta po3paxyHKy — BH3HA4YEHHS T1APABIIYHOTO OIMOPY KaliOpyBaJbHOI TiIb3U

[100-102].

Bxigui maui:

G, =83kr/ron=22,95 r/c - npoayKTHBHICTh KajiOpaTopa

hk =0,0015 - Bucora kaHamty, M

bk =0,0015 - mmpuHa KaHaIy, M

A =0,221 — TermnonpoBigHicTh Bou 3a Temmeparypu 20°C, B1/(m-K) [102].

p=996,65 — ryctrna Boxu 3a Temmeparypu 20°C, kr/m° [102].

1 =0,801-10"° - B’si3kicTs Bomm 3a Temmeparypu 20°C, I1a - ¢ [102].

BiamoBinHO 10 po3paxyHKy B po3aiii 3.3.3 qoBKHUHA TBUHTOBOI HAPI13KU:
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L, =0,617 x.

YacTrHa JOBKUHU KaniOpyBadbHOI T'JIb3H, HA Kii po3TalioBaHa TBUHTOBA Hapi3Ka:

| =0,0755.m.

KijibKiCTh BUTKIB:

Kpox cmipasneii:
s, =S,=b+0=0,0015+0,0005= 0,002 m.
[TpuitnsaTo paaiyc HaniBButka I = 0,0016 m.

KisbKicTh HaMBBUTKIB CITIpali:

nk:(O,S—L)+\/(L)2+2—I
S s, -

1

=(0,5

_0,0016,  [0,0016,, 20,0755 _, . .
s, 0,002

0,002 7-0,002

KoeditieHT TepTs AJ1 0X0JI01KYBaNbHOL PIAUHU:

v = 0856 _ 0,856 0079,

(Re,)"™ (13850)"*

["ippaBniynuii omip, Ila:

2 2
W'p _ ) 0790:0755:7.42° -996,95
2d,,, 2-0,0015

AP =y = 30560.

3.4 OcobauBoCTI KaJiOpyBaHHS NPU BUTOTOBJIEHHI TPYO 3 TEPMOINJIACTIB

Jns kamOpyBaibHOTO OOMaJHAHHS TEepiia Mpopi3b POOUTHCS HA BIACTaHI BiJl
10...30 MM, OCKiTBKHM CaMe TI0 MTPOXO/KEHHIO TaKoi BiJICTaHI TpyOHA 3aroTOBKA ITiJT €0
CWJI yCaJKH Ta TpaBiTallili TMMOYMHAE BIAKJICIOBATUCH BiJI BHYTPINIHBOI CTIHKU
KaJIiOpyBaJbHOI TiIb3M. 3TiAHO 3 po3paxyHkamu (13 3amacom) o0 3a0e3neduTH SKiCHE

OXOJIOJDKCHHS, HJisi TpyOu miametpoMm 25 MM 30Hal ckimamae 12 MM, micias doro
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nmounHaeThes 30HA II, a micmst mpoxomkenus me 119 mm, - 3oma III, mo Wae mo KiHIA
KanmiOpyBanbHOI T'iib3H. Taki oBkuHU 30H | 1 I 3yMOBIIeHI HasBHICTIO TBUHTOBOI HAPi3KH,
IO J03BOJIIE BUKOPUCTOBYBAaTH ACMHXPOHHE HAPOCTAHHS PO3PLIKEHHS (pUCYHOK 3.13),
IO CBOEIO YEProI0 JI03BOJISIE MIHIMI3YBaTH TEPMIUYHUHN OMip MK TPyOHOIO 3aTOTOBKOIO Ta
MOBEPXHEIO CTIHKM KaJiOpyBajbHOI T'JIb3H, a TAKOXK JO3BOJISIE KOHTPOJIIOBATH TEPTS MIXK

IMUMH IMOBCPXHAMMU.

Yepes cTpimMke TerwioBiaBeAeHHS Bojoio B 30Hax [ i1 II, ma mouatky 3oHu III
HOTPIOHO J0JaBaTH OXOJIOJDKEHY BOAY JUIS JIOCTaTHBOI 1HTEHCHBHOCTI 3MEHILEHHS
TeMrepaTypu TpyOHOI 3aroToBku (10 Temmeparypu Mmenmoi Hix 100 °C, a mns TpyO
@ 25 mM - HaBiTh 70 80 °C), 1m0 3a6€3MmeYnTh BiJICYTHICTh YTBOPEHHS MapH MPU KOHTAKTI

TpyOH 3 BOJIOIO B PIAMHHIN BaHH1 OXOJIO/KCHHSI.
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Pucynok 3.13 — I'padix 3MiHM po3piKEHHS IO JOBXKUHI KallOpyBalbHOI T'JIb3U
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3.5. Bu0ip 0CHOBHHMX TeXHOJIOTIYHMX NapaMeTpiB KaJiOpyBaHHS

s obOpanoro wmarepiamy (mm. 3.2), TemmepaTypy TpyOHOI 3aroTOBKH IIpH
HaJIXOJPKEHHI 10 KanmiOopyBaibHOT Tiib3u npuiiMaemo 483 K (210 °C).

[TouaTkoBa Temmeparypa OXOJOMXKyBalbHOI piguHU (Boam) craHoBmia 293 K
(20°C), 3 ypaxyBaHHSM TOJOXKEHb (i3U4HOT Mojenm, Jjas TpyO miamMeTrpoMm 25 MM i
TOBIIMHOIO CTIHKU 3 MM.

Butpatu 0Xo001KyBanibHOI BOJIM, pO3paxoBaHi 3a MaTeMaTHYHOIO MOJEIIIIO, TIO
o6om kananam cranoBwim 0,028 kr/c, mo Biamosigae unciy PeliHonbaca 27665.

[IIBUAKICTE BHUTOTOBJIICHHS TpPyOM Ha €KCIEPUMEHTANbHIA YyCTaHOBII 3a
pe3yibTaTaMu po3paxyHKiB 1o mojeni Buobpano 0,05 m/c.

OxpiM 1bOTO, 3BakaruW Ha maparpad 2.3 Ta Ha pe3yibTaTH PO3PaxyHKY,
noOyoBaHO TIpadik, 0 TMOKa3zye MpU SKOMY PO3PIIKEHHI BIIOYJIETbCA BIJIPUB
3aTBEPJIUIOTO IIapy Ha MOBEPXHI TPYOHOI 3arOTOBKH BiJ] PO3IUIABY, TOOTO BiOYyAETHCS
BTATYBaHHA B IIIIMHY nepdopanii (pucyHok 3.14).
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<< —
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60000 P=6-10°(z T0)1,25
= 0000 7,€[0,2,1,32]
=
g R? =0,9894
£
B 30000
20000
10000
0
0 1 1,2 14

Yac popmyBaHHS KPHCTAJIiMHOIO mapy, ¢
O — eKCIEPUMEHTANIbHI 3HAYEHHS; X — TOUKA BIJPUBY
Pucynox 3.14 — OOuucmoBaibHUI EKCIIEPUMEHT 3 BU3HAYCHHS MIHIMAJIBHOTO

TUCKY JIsI 3a0€3MeUEHHS TEPMIYHOTO KOHTAKTY
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BianoBimHO 710 po3paxyHKiB, MaKCUMaJIbHE PO3PIIHKEHHS, IO MOXKE BHUTPHUMATH
3aTBEpAUTHHN Tmap momimepy, ckiaanae 72,231 klla, o moxke Oytu mocsrHyTo 4epes 1,32

CeKyHu nepeOyBaHHs TPYyOHOI 3ar0TOBKM BCEpEANHI Kaioparopa.

3.6 BusHayeHHsl 3yCHJLISI NMPOTATYBAHHS NPH 3aCTOCYBaHHI KaJjiOpaTopa

00paHoOro THILY

JlocnmipkeHHsT TIPOBEACHO 3a METOJIMKOI0, HaBEJAEHO B po3aumn 2.7, mpu
BUTOTOBJICHHI TPYOH JliaMeTpOM 25 MM 1 TOBIIMHOIO CTIHKH 3 MM.

[TokazHukoM e(EeKTUBHOCTI KOHTPOJIHOBAHOTO PO3PILIKEHHS B KajdiOpyBajbHIN
riib3l MpPU BHUTOTOBIEHHI MPOMYKIi Ha JiHIT Oymo 3ycwiuis npoTsaryBaHHs. s

BHUMIPIOBaHHS JAHHOTO MapaMeTpy BUKOPUCTOBYBaBCs quHaMomeTp (puc. 3.15).

Digital push-

pull force meter

Pucynok 3.15 — ®oto nuHamomeTpa

3a  pesyiabTaTaMud  BUMIPIOBaHb  OTPUMAHO  3HAYEeHHsS,  3alMcaHl B

TadmIro 3.6.

VY3aranbHEHHs [aHUX, OTPUMaHUX 3a pe3yJbTaTaMH HATYpPHOTO EKCIIEPUMEHTY
npoeeHo B mporpami MS Exel (puc. 3.16).
AHami3 MOCHIIHUX JaHUX JIO3BOJIMB 3alpOIOHYBATH 3aJIEKHICTh, IO TOB’S3Yy€

3YCUJIJISI IPOTATYBAHHS 1 PO3PI1IKESHHS:



F, =13,005-P

out

ne k. -3ycwmia nporsarysanns, H; Pout

Tabmuus 3.6

Pesynbpratn

+275,55,

- po3pimxkeHHs, kl]a.

CKCIICPUMCHTAJILHOT'O

BU3HA4YCHHA
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(3.2)

3yCHIIIA

npotsaryBanHs Tpyou 3 I[IEBIT agiametrpom 25 MM 1 TOBIIMHOIO CTIHKM 3 MM IIpHU

MpOXyKTUBHOCTI JiHIi — 10,6 Kr/ToA

Pozpimxenns, klla
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3ycuiuis npotsaryBaHHs, H
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[loka3HMK BENUYMHM JOCTOBIPHOCTI ampokcumaiii ckiaB 0,9921

BIJIIOBIJa€ JaHUM, TOMHUJIKA MIHIMaJIbHA.

- KpuBa

1400

1200

R*=0,

y=13,005x+ 275,55
9921

[
o
o
o

800

600

400 =

3ycunnanpotaryBaHHA, H

200

20

40

Po3pigxeHHa, kla

60

o — CKCHCpI/IMeHTaHBHi 3HA4YCHHA

80

Pucynoxk 3.16 - 3anexHIiCTh 3yCWIJISl MPOTATYBAHHS BiJ] BEJIMUYUHHU PO3PIIKEHHS

Kamepi kaimobparopa

CxeMa nmpoBeIeHHsI 10CIiy 3 BU3HaYeHHs Koe(dillieHTa TepTs MaTepiaity TpyOou mo
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MaTepialy KaniOpyBajabHOI rIb3M HaBeleHa Ha pUCYHKY 3.17.
Curoro Q 300pakeHO cujla HATATY JUHAMOMETpA Ta MPOTHUItoYa 1 CHa piBHA 3a
moxyneM F,, (cuna tepts). Cunoro Y 300pakeHO Bary 3paska Ta Horo peakuito onopu N.

KoedirmienT tepts po3paxoBaHo 3a GOpMyIIok0:

Q

=—. 3.3

H=N (3.3)

B Toii ke Jac, cuily HaTATY Ta PeaKIlito OMOpH, MOKHA BU3HAUNTH 32 HACTYITHUMHU
dbopmynamu:
=Y -sina
N (3.4)

N=Y -cosa

Pucynok 3.17 - Cxema npoBeJeHHsI NOCHIAIB i CHJI IPHU MOXUJIOMY Hampsmi

MMOBEPXHI KOB3aHHSA 3pa3KiB
[TincraBuBmmm Gopmynu 3 (3.4) B piBHSHHS (3.3) OTpUMAEMO:

Q sina
=—=——=1g0a. 3.5
H N cosa J (3:5)

TakuM ynHOM, BU3HAYUBIIN QO , MOXKHA 3HAUTH KOE(IIIEHT TEPTH.
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Jna 3HaxomkeHHs BenumuuHu {Qo. mpoBeneHo HaTypHuiMl exkcnepuMeHT 3 10

MOBTOPIOBAHUX BUMIPIOBaHb. {1 OLIHKH TOCTOBIPHOCTI OTPMMAHUX JAaHUX BH3HAUYCHO
KoediuieHT Bapiamii. Po3paxoBaHo cepenHiii kKoe(illi€eHT TepTA sl KOHTAKTHOI Mapu
«ToJIIMEP-MeTa, SKui Bu3HaueHut pisHuM 0,789.

OTpuMaHe 3Ha4YeHHsS KOe(IIlieHTa TEPTs Ja€ MOKJIHUBICTH PO3paxyBaTH 3yCHILISA

POTATYBaHHS, III0 BUHUKAE, IPH KaliOpyBaHH1 Tpyou, H:

F,=pn-n-D-L-P (3.6)

ne D - npiamerp Ttpy6HOi 3arotoBku, M; P - BenuuuHa po3pimkeHHs, Klla;
L - noBkrHa KayiOpyBaJIbHOI T'Ib3H, M.

PesynpTaTn o6unciaeHs 3aHeceHi 10 Tabmuiri 3.7.

Tabmuusg 3.7 IlopiBHSHHS pe3ynbTaTiB JOCIIDKEHHS Ta PO3PaXyHKY 3YCHIUIS

IMIPOTSIKKHU

Pospimkenns, klla 20 40 50 60 70

Jycuis MPOTATYBaHHS
309,7 | 6194 | 774,2 | 929,1 | 1083,9

eKCIiepuMeHTalIbHe, H

3ycuiuis MpOTATYBaHHA po3paxyHkose, H 557,8 768,1 | 916,4 | 1046,8 | 1209,8

[Tpu mopiBHIHHI JaHUX HAaBEIEHUX 3HAYEHBb, MOYKHA TMOMITUTH, III0 BOHU CYTTEBO
BiJIPI3HSIOTHCA (PUCYHOK 3.18).

BiamosinHo 1m0 rpadika BUAHO, IO 3HAYEHHS BIAPI3HSAIOTHCS, Ta WAYTh Manke
napajienbHo, nounHatoud 3 po3pimkeHHs B 40 xlla. IlpoanamizyBaBiiu, pi3HUII MIX
3HaYEHHSIMU TATOBHUX 3yCHUJIb 3@ OJHAKOBHUX 3HAUYEHb PO3PIIKEHHS, MOXKHA MOMITHTH, 1110

cepeHE 3HaUCHHS 1TUX pi3HULbL Oyje AopiBHIoBaTH 215,2 H.
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® — PO3pPaxXyHKOBI 3HAUCHHS; X — EKCIIEPUMCHTAIbHI 3HAUCHHS
Pucynok 3.18 — IlopiBHAHHS €KCIEPUMEHTAIBHUX Ta PO3PAXYHKOBUX 3YCHILISA

MPOTATryBaHHA TpyOuU AlaMeTpoM 25 MM

B3sBmm 1o yBaru Te, mo aiameTp TpyOHOI 3arOTOBKM Ha MOYATKY KaliOpyBaHHS
npuoimM3Ho Ha 1 % TOBIIMHM CTIHKM OUIBIIMKA, HDK JlaMeTp MHpU po3paxyHKax, I,
BIJIMTOBITHO, HEOOXI1IHICTh BpaxyBaHHS JOJATKOBOTO 3YCHJUIS, K€ HEOOX1THO MPUKIACTH
JUTSL TIOAOJIAHHST CHJT 34YETUJICHHS PO3IIaBy TPYOHOI 3arOTOBKH 3 KasliOpyBaJIbHOIO T1Ih3010
B 30Hax [ Ta I, nis ogepkaHHs peieBaHTHOTO 3HAYEHHSI Koe(illieHTa TepTs € moTpeda Jis
BHECEHHSI KOpPEryBaHHS 3 JIOJIaBaHHSAM 3yCHJUISl MPOTATYBaHHS HAa MOMEHT BXOJKEHHS
TpyOHOI 3aroTOBKHM B Tib3y KaiiOparopa. IlizcraBuBmim naHuii Koe(dilieHT B PIBHSHHS

(3.6), orpumaemo:

F,=pn-n-D-L-P+A, (3.7)
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ne A — modaTtkoBe TepTs TPyOHOI 3arOTOBKH IIPH BXOJI A0 30HU |, 1711 BUSHAYEHHS SKOTO
HEOOXITHO TPOBECTH OUIBINE MOCHIKEHBb, I TPYO aiamMmeTpoM 25 MM BIATIOBITHO 3
OTPUMAaHUMHU pe3ysibTaTamu ckiagae 215,2 H.

PiBusiaHs (3.7) MO3BOJII€E BU3HAUMTH TOYHE 3HAYCHHS 3YCHUJUIS MPOTITYBAaHHS Ha

BCIi IJIOIIMHI MOPIBHSAHHS €KCIIEPUMEHTY 3 PO3paxyHKaMHu.
3.7 IIpouec 0X0J10:KeHHS TPYOH Y BOAsIHIi BaHHI

Ha Buxoal 3 kamOpyBaJIbHOTO MPHUCTPOIO, YaCHMHA MaTepialy CTIHKM TpyOHOI
3aroTOBKHM MPOJIOBXKYE MepedyBaTh y cTaHl po3iuiaBy. ToMy BoHa moTpedye IpOAOBKEHHS
OXOJIOJKEHHS, SIKE 3J1MCHIOEThCS B ClellalibHIN BaHHIA (pucyHok 3.19), iHOI1 BOX, MO
3aBEpUICHHIO MPOXOJDKEHHS AKOi 3aTBEpAUIMH Marepian TpyOHOi 3aroTOBKM Ma€ MaTu
JIOCTATHIO MIITHICTD JUIsl 30€pEKEeHHSI 1UIICHOCTI 1 ((OpPMU MPU HABAHTAXKEHHI HA TATHYYIH 1
pi3asibHIM MamuHax. B Xoal eKCepUMEeHTAIbHUX JOCHIIKEHb OyJI0 MOMIYEHO, IO MPHU
HESIKICHOMY OXOJIOJDKEHHI B OXOJIO/DKYBaJIbHINM BaHHIM CTiHKa TpyOWM MOXKe HAOyTH
MOPYUIEHHSI T€OMETPii, K 3 BHYTPIIIHbOI CTOPOHM, TaK 1 3 30BHIMIHBOI. OTXE SIKICHE
OXOJIOJPKCHHS MICJISl KaliOpyBaHHs 3aiiMae BaXJIMBE MiCIle MPU BUPOOHMIITBI TPyO 3
TEPMOILIACTIB.

TeMneparypa BHYTpIIIHBOT MOBEPXHI TPyOM HaA BUXOJl 3 BaHHM HE TOBHUHHA
nepesurnyBati 323 K [32], ockinbku 3a Ii€l TeMIepaTypy MOJiMep Ie Mae JI0CTaTHBO
KUTBILIEBOT JKOPCTKOCTI TpyOH (1110 Ma€ 3a0€3MeYUTH BiJICYTHICTh MJIACTHYHUX JAedopmariii
MICsl TATHYYOrO MPUCTPOIO) sl 30€pekeHHs (POpMHU MICHS MPOXOHKEHHS TITHYYOIO
OPUCTPOIO, a TaKOX I 30epexeHHs Kpyriaoi (B Mexax JOmyckiB) ¢dopMH Ticis
pi3aibHOTO IHCTpYMEHTY ((pe3u, HOoxka, aucka). Crnmparoduch Ha gociipkeHHs [33],
OPUMHATHOIO CEepeHbOI0 TeMmriiepaTyporo st nojaui Tpyou 3 IIEBT ngo tarmydoro
npuctporo moxHa BBakatu 308 K. 3a Takoi Temmneparypu MoyJib PY>KHOCTI, HATPUKJIIA],
U1 ToJiieTusieHy ckiamae 74 % Big Moayis mpyx)HOCTI 3a temneparypu 293 K, o

3a0e3neunTh BIACYTHICTH Aedopmartii mpu BUKOPUCTAHHI Pi3aJIbHOTO MPUCTPOIO.



134

Pucynox 3.19 — Cxema oxoJoiskeHHs TpyOu B BOJIsIHINM BaHHI

OCKUJIbKM y OUIBIIOCTI BUIAJKIB BAaHHA OXOJIOJKEHHS 3aliMa€ OCHOBHY JIOBXKUHY
BCI€1 JIHII, TO TOCHIIKEHHS 4Yacy rnepeOyBaHHS B HIW JUIsl OTPUMaHHS TOTOBOT MPOAYKIIIi
JI03BOJIUTH OUThII €()EKTHBHO KOHTPOIIOBATU POOOUY IIJIOILY, a TAKOXK Yac BUPOOHHUIITBA
TpyOu.

[lepmmii eTan MOCHIKEHHS TOJSATaB Y BU3HAUYCHHI YMOB OXOJIOJKEHHSI TPYOHOT
3aroTOBKM B BaHHIN OXOJIOJKEHHS, PO3MIIIEHIN michs kamibpaTropa. BukopuctoByroun
BUXIHI AaHH1 3 po3auny 3.1, crBopeHo cumydsiito y cepenoBuii SolidWorks, 3a
normomororo noaatky Flow Simulation, pe3ynsTaTu sikoro HaBeAeH1 Ha pucyHKy 3.20.

[IpoBeneHO IOCHTIKEHHSI 3 BUMYIICHOK KOHBEKIIE€I0, MPU MIBUAKOCTI TMOTOKY
Bm

2

M

0,25 M/c, mo 3abesneuye Koe(IMIEHT TEIUIOBIIa4l o = 2654 (oOrpyHTYBaHHS

3HAaXOJDKEHHs Koe(illieHTa TeroBiAaayul HaBeaeHe y nonatky B3). Ha mepmomy erami
kputepiit PeitHonbaca cranoBuB 36493. TpyOHa 3arotoBka giamerpa 25 MM, 3 TOBIIMHOIO

CTiHKH 4,4 MM, IIBUIKICTH NpoTsATyBaHHS Tpyou — 0,133 m/c (8 m/xB)
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Pucynok 3.20 — TemmiepaTypHe mojie Mpy OXOJIOMKEHHI TPYOHU 3 MOJIETUIICHY Y

BOJI (3HAYEHHSI TeMIlepaTyp 1 KOe(Iili€HTIB TEIIOBIAAa4ul BIAMNOBIAHO A0 IIKal) 3

BHUMYIIIEHOIO KOHBEKLIIEIO

HonaTkoBo 0yJi0 MPOBEICHO JOCHIIKEHHS 3 BUILHOIO KOHBEKIIIEIO, 110 3a0e3neuye

Bm

KOoe(ilieHT TeroBiaaul o =617 T
M

(pucynox 3.21). TpyOHa 3aroToBKa JiaMmeTpa

25 MM, 3 TOBIIMHOIO CTiHKH 4,4 MM, MBUAKICTh TpoTaryBanHs Tpyou — 0,133 m/c

(8 m/xB).
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Pucynok 3.21 — TemmepaTypHe mojie Mpu OXOJIOMKEHHI TPYOU 3 TMONIETHICHY Y
BO/I1 (3HAUYECHHS TeMrepaTyp 1 KoedilieHTIB TeIIOBIA1a4l BiMOBIIHO J0 IIKaJl) 3a BIJILHOT

KOHBEKIT

PesynbraTty JaHOTO MOCIHIKEHHS CBITYATh MPO TE, 110 Yepe3 BILUIUB BHYTPIIIHBOI
3a/la4l aHl BUMYIIEHA, aHl BUIbHA KOHBEKI[ISS HE MAalOTh CYTTEBOIO BIUIMBY JJIs
MPUIIBUAIICHHS] OXOJIO/DKEHHSI TPYOHOI 3aroToBKH. ToMmy, 3riHO 3 yMOBaMHu pi3aHHS 3
BHKOPHCTAHHSM Pi3aJIbHOTO MPUCTPOIO, a TAKOXK TEMITepaTypH OXOJIOKYBAIBLHOT PiAMHM,
no6ynoBaHo rpadiku, (pucyHok 3.22-3.23) 11 BABHAUYCHHS JJOBKUHU 30HU OXOJIOIKCHHS
miHid BupoOnunTBa Tpyd 3 I[IEBT, HeoOxigHOi misi cTaOuUTbHOT pOOOTH TATHYYOTO Ta
p13aJIbHOTO MPUCTPOIB. YMOBH JJIsl KOPUCTYBaHHS TpadikaMu — TeMIeparypa po3IjiaBy Ha
BUXx0a1 3 (¢opmyBambHOTO 1HCTpyMeHTY 483 K; 0XO0J0KeHHS BOJOI0 3 BUMYIICHOIO

Tediero 1 reMmeparyporo 293 K.
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Pucynox 3.22 - Cepenns temmeparypa crinku Tpyou 3 I[IEBT Bim wacy
OXOJIOJIPKCHHSI Ta TOBIIMHU CTiHKU (S) Bia 1 mo 5 mm, mBuakicts tpyou — 0,133 m/c (8

M/XB) BCIi€1 JIiHIT BATOTOBJICHHS TPYOH

3agarounch 4acoM OXOJIOJPKEHHS Ta TOBIIMHOIO CTIHKA TPYOHOI 3aroTOBKH, 3a
J0TOMOror0 rpadikiB Ha pucyHkax 3.22 1 3.23, MOKHA BU3HAUUTH TEMIEPATYypy CTIHKU
TpyOM (Ha 3OBHINIHIA TIOBEpXH1), MO0 Mae OyTw 3abe3medyeHa MpU BHUXOAI TPYOHOI
3aroTOBKH 3 KajiOparopa 3aJisd 3a0e3MeUeHHs 3a/1aH0i FEOMETPUYHOI (POPMHU Ta TIaJAKOCTI

MMOBEPXHIi BUPOOY.
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Pucynok 3.23 - Cepemnsa Ttemmepatypa crinku Tpyou 3 IIEBT Big wacy
OXOJIOJIPKEHHS Ta TOBIIMHU CTIHKH (S) Big 6 g0 20 MM, mBuakicts Tpyou — 0,133 m/c (8

M/XB) BCI€i JIiHIT BUTOTOBJICHHS TPYOHU.
BucHoBkmu 10 po3aiay 3

1. CTBOpEHO EKCIEPUMEHTAIbHY YCTAaHOBKY 1 CKJIAJEHO METOJMKY IPOBEICHHS
eKCIIEPUMEHTAJIbHUX  JIOCIIJKeHb, SKa JIO3BOJIA€ BU3HAYUTH OCHOBHI MeEXaHIYHI
napamMeTpu mpouecy KamOpyBaHHS, Takl SK 3yCWUIS MNPOTIATYBaHHS NPU 3MIHHUX

3HAYEHHSX TUCKY PO3PIKEHHS.
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2. Anami3 mnoxXuOOK TMpH TMPOBENEHI EKCHEPUMEHTAIbHUX JOCHIIKEHb, Ta
pE3yNbTaTH OLIHKH BIIHOCHUX MOXUOOK CBIAYUTH MPO T€, IO MPUJIaan, TPOBEJACHI BUMIpU
Ta METOAM J03BOJISIOTH JOCTaTHHO TOYHO MPOBECTH BUMIPU MOTPIOHMX BEJIUYUH B
HEOOX1THUX MEXKax.

MPOLIECIB Ta MOXJIMBICTh IX BUKOPUCTaHHS MpPH PO3PAXyHKAX T'€OMETPUYHHX
PO3MIpIB OKpEMHUX 30H KaJiOpyBaHHS MpPH 3aCTOCYBaHHI aJIallTOBAHOTO PO3PIKEHHS B
KaMmepax KamiOparopa. lle mo3Bossie 3a0e3MeYuTH BHUCOKY SIKICTh TOTOBOi MPOTYKINT
IUIAXOM aJ€KBATHOTO BUOOPY pPEXHMIB OXOJIOJKEHHS Ta YTOUYHEHOTO pPO3paxyHKY
TATHYYOTO 3YCHILIS.

4. EXxCcieprMEHTaIbHO BCTAHOBJIEHO JOLUIBHICTh PO3paxyBaHHs MO TEMIEpaTyp
B TPpYOHI 3aroTOBIIl JIJISi PO3PAaXyHKY TEIJIOO0OMIHY B MEPIIi 30HI, Ta BUSHAYECHHS YMOB
YTBOPEHHS TBEPJOTO MIApY.

5. ExcnepuMeHTanbHO MiATBEPAKEHA JOIUIbHICTh 3aCTOCYBAaHHS aJalTUBHOTO
PO3PLIKEHHS ISl KOHTPOJIIO TEPMIYHOIO OMOPY MIXK MOBEPXHEI0 TPYOHOI 3aroTOBKU Ta
CTIHKM KajiOparopa, HUISIXOM CTBOPEHHS 3aJaHOT0 PO3MIpYy MOBITPSHOIO 3a30py, IO

ckianae Big 0 1o 8 % Bij 3a/1aHOT TOBIIUHM CTIHKH TPYOHOTO TTPOQIITIO.
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PO31J1 4. OGTPYHTYBAHHS TA IPAKTUYHE BIIPOBAIKEHHS
PE3YJDbTATIB JOC/IIIKEHHSA

4.1 Onuc TeXHOJIOTIYHOI 0 MPoLeCy OAeP:KaHHA IIAAKUX TPYO 3 TePMOILJIACTIB

3a pe3yapTaTaMH TEOPETHKO-EKCIIEPUMEHTAIBHUX  JOCTIKEHb  PO3pO0JICHO
TEXHOJIOTIYHY CXEMYy IIPOMHMCIIOBOT YCTAHOBKM JUISl OJIpXaHHS TIIAAKUX Tpyo 3

TEPMOILJIACTIB 3 BUKOPUCTAHHAM KajiopaTopa (pucyHok 4.1).

/ 8
\ p A
5o 7 5 6§ 4 |2 z ! i v g
|: N i .'
il T ’.f-'
L ) - #
. > ‘ >
’. Y,
ﬁ?" Al
| — rpanynu Tepmorutacrty; Il — TpyOGna 3arotoBka; |1 — oxonomkyBanbHa pianHa;

IV — BimcopToBana TpyOa
1 — TArHy4Mii TAaHIIOTOBUN MPUCTPIif; 2 — OXOJIOAKYBaJbHA BaHHA;

3 — BakyyMHa BaHHa 3 KaiibpaTtopom; 4 — kaniOpaTop; 5 — HarpiBaJIbHI €JIEMEHTH;
6 - hbopmyroua rooBka; 7 — eKCTpyaep; 8 — OyHKep i3 rpaHyJlaMy TEPMOILIACTY;
9 — penykrop; 10 — cmonyuyna mydTa; 11 — enexTpoaBHUTyH;

12 — mexani3m pizanss; 13 — mrabenep; 14 — TpyOHa 3aroToBKa

Pucynok 4.1 — IIpomuciioBa cxema JIiHiT BUpOOHHUIITBA MOJIIMEPHUX TPYO

['panynu momaroThes 10 OyHKepy (8), 3 AKOTO MOTPAIUIIIOTH 10 ekcTpynepa (7). 3a
nornoMoror cnoiiydHoi mydtu (10) Bixm enekrpoaBuryHa (11) KpyTHHI MOMEHT
nepenaeThes 10 peaykropa (9), 1 3MylIye 4epB’sik eKcTpyaepa 00epTaTUCh, THM CaMHUM

3MINIYIOUM Ta TPAHCIOPTYIOYM PO3IUIAB TEPMOILIACTY 110 dopmyrouoi rojioBku (6). Bech
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IUIAX B €KCTpyAepi Ta PopMyroUiid TONOBLI MIATPUMYETHCS TeMIlepaTypa, HeoOXiaHa A
MIATPUMKA ~ TEPMOILIACTUYHOTO Marepiadly y pO3IUIABICHOMY CTaHi, MJIsS YOro
BUKOPHCTOBYIOTHCSI HArPiBHI €JIeMEHTH (5).

Jam ytBOopeHa TpyOHa 3aroToBka (14) morparuiie g0 kamiOpatopa (4),
po3TamioBaHoro y BakyyMHiiM BaHHi (3). Y kamiOpatopi BinOyBaeTbcs (opmyBaHHS
TCOMETPUYHUX PO3MIPIB BUPOOY 3 OJHOYACHHM OXOJIOJKEHHSIM 30BHIIIHBOI IOBEPXHI
TpyOHOI 3aTrOTOBKH, IO TIPU3BOIUTH 10 YTBOPEHHS TBEPJOTO APy MOJIMEPY JOCTATHHOI
UL TpOTATYBaHHSA Npodiias MIimHOCTI. OXOJIOMKEHHS  KaliOpyBaJIbHOI  TlIb3U
B1IOYBAETHCS 3a JIOMOMOTOIO 3POIICHHS PIAMHOIO 3 TeMmepaTyporo Big 288 mo 298 K, mo
JI03BOJISIE  OXOJIOJUTH TiAb3y 1, BIJMOBIIHO, 3aroToBKy. I[lomanbiie OXOJO0KEHHS
BiJI0YBA€ETHCS BOJOIO B OXOJIO/HKYBaIbHIM BaHHI (2). Ha Buxo/11 3 BaHHU TpyOHA 3aroToBKa
MOTPABJISE€ 10 TATHYYOTro HpUCTporo (1), mo OkpiM mpoOTIATyBaHHSA TPYOHOTro MpOodiito
4yepe3 CUCTEMY OXOJIOJKEHHS TaKOX MOJIa€ 3ar0TOBKY JI0 pi3ajibHOTO mpucTporo (12), ne
TpyOa HEOOXiTHOI JOBKHMHHU BIJpi3a€Tbcs Ta MOJAEThCS Jami Ha mmradenep (13), i

TPAHCHOPTYETHCS 10 CKIAACHKOTO MPUMILICHHS.

4.2 KOHCTPYKTHUBHO-TEXHOJIOTiYHA KOHIENisl IPOMUCJI0BOI0 KajidOpaTopa

[IpoBemeHi  eKCIEpPUMEHTAJbHI  JOCHIIKCHHS  IIATBEPAWIN  JIOUUIBHICTH
3aCTOCYBaHHS KaiiOpaTopa, IO Mpaioe 3 aJalTHBHUM PO3PLIKEHHSM 1, BIIMOBIIHO,
KOHTPOJIbOBAHUM TEPMIYHUM OMNOPOM MIXK TPYOHOIO 3aroTOBKOIO Ta BHYTPIIIHBOIO
CTIHKOIO KamiOpyBalbHOI Tiib3u. Jlo mepeBar Takoro crmoco0y ¢GopMyBaHHS TBEPAOTO
mrapy TpyOHOI 3arOTOBKM BIJHOCHUTBCS T€, IO TAaKH METOJ JT03BOJISIE KOHTPOJIOBATH
TEPTS MDK TMOJIMEPOM Ta BHYTPIIIHBOIO TOBEPXHEIO 31 30EPEeKEHHSIM SKICHOTO
TEMJI000MIHY.

Pe3ynpTaTu mpoBeAeHUX IOCIIKEHb KanmiOpaTopa 3 alalTUBHUM PO3PIIKEHHSIM
BUKOPHUCTaHI TIPU CTBOPEHHI KOHCTPYKIII MPOMHCIOBOTO KajiOpartopa, 300pakeHoi Ha
PUCYHKY 4.2.

BignoBimno mo m.a. 2.3, mpW MNPOXO/PKEHHI B3JIOBX JOBXKHHU KaiiOparopa
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301IBIIYETHCS TOBIIMHA 3aTBEPALIOL CTIHKH 3arOTOBKH, IO MOTPEOYy€e TaKOK HEMHUTTEBOTO

3pOCTaHHS PO3PIIKEHHS JIsl 30€peKeHHsI KOHTAKTy W MiHIMI3allli TePTS MIXK 3arOTOBKOIO
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1 — mepiia kamepa po3piKeHHs; 2 — KaliOpyBalibHa TIb3a; 3 — apyra KaMmepa
po3pikeHHs; 4 — (raHelb; 5 — TYMOBUH yIIUIbHIOBAY
| — mepmra 3ona kanibpyBanus; || — qpyra 3ona kaniopysanus; |11 — Tpets 3ona
kaniopyBanss; |V — BXig oxonomKyBaabHOI piinHu; V — BUXiJ MOBITPS (YTBOPEHHS
po3pimkeHHs nepioro piBHs); VI — Buxin oxonomkysansHoi pinuay; VI — TpyOHa
3aroToBKa, /X— BUXiJ MOBITPs (YTBOPEHHS PO3PIHKEHHS APYTOro PiBHSA)

Pucynok 4.2— KoHCTpyKIlisi HpOMUCIOBOTO KanidpaTopa

4.3. ba3oBi BuUMOrM /10 TIPOBeJEHHSI Mpolecy KaJdiOpyBaHHs TPYyOHOL

3arO0TOBKH i3 32CTOCYBAHHAM PO3PiTKeHHS

[Ticns BUXOAy MOJIMEPHOI TpyOM 3 €KCTpyjepa, BOHA MOJAETHCS O BAKYyMHOTO
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KaTiOpyBaJIbBHOTO TpUCTpPoro. [apsya Ta M’ska TpyOHA 3aroToBKa 3 TEPMOIUIACTY,
MPUTHUCKAETECA aTMOC(HEPHUM THCKOM JIO BHYTPIIIHBOI CTIHKM KamiOpyBajbHOI TUIB3H.
[Tpu npoMy TeMmIieparypa TpyoHOro mpodiaro ctaHoBUTH 01r3bk0 523 K [103].

[Tpu kamiOpyBaHHI BENWKE 3HAYCHHS Ma€ TeMIlepaTypa CTIHKM KaliOpyBaJbHOI
riae3n. Haaro pi3ke OXOJOKEHHS TOMIMEpy MOKE BHUKJIMKATH MIKPOTPIIIMHA Ha
noBepxHi mpodimo. 3aHaATO ciabKe XK OXOJOKEHHS MOXKE 3aTSITHYTH B IIUIMHU
KaymOpaTopa 3aTBEpAUTUN MOTIMED, M0 TMPHU3BEIE 10 HEOOXITHOCTI MOBTOPHOTO 3aITyCKY
miHli. OJHOYACHO 3 MM TMOTPIOHO 3a0€3MEUUTH TEeMIEpaTypy, HUXKYY 3a TeMIEeparypy
MPWINIIAHHS, OCKIJIBKH SIKIIO TeMIlepaTypa Oye BHILOI0, TO 3HAYHO 3pOCTE KOE(IIEHT
TEpTs TPYOU MO CTIHII TUIB3H, IO BUKIIWYE MOSBY BHYTPIIIHIX HAMPY>KeHb HA 30BHINIHINA
CTOPOHI TPYOHOTO MPO(]ITIO, a TAKOXK MOTIPIICHHS SIKOCTI MOBEPXHI TPyOU. Y TOM ke yac,
3QJIEKHICTh ~ AKOCTI  MOBEpXHI TpyOM BiJg  TeMIeparypu TIIb3H  3yMOBJICHA
HaJMOJIEKYJISIPHOIO CTPYKTYPOIO MosiMepy. SIK mpukian, aias amopHUX IMOIIMEpiB 3
MIJBUILEHHAM TEMIEPAaTypu KadiOpyBalbHOI TUIb3U, 3MEHIIYETbCS KOHIIEHTPALIIs
3QJIMIIKOBUX HAIPY>KEHb, K1 3yMOBJIIOIOTh 3MEHILEHHS aH130TPOMIi MILIHOCTI MO Hepepi3y
TpyOu. Ilpum mepepoOIli KpHUCTAIIYHUX TOJIMEPIB 3 MIABUIICHHSIM TeMIIepaTypu
KaJIIOpYBaJIbHOI T1JIb3H 3HUXKYETHCS CTYMiHb KPUCTAIIYHOCTI, IO NPHU3BOAUTH MO
3MEHIIICHHSI IOPCTKOCTI MOBEPXHI 1 TOBEPXHEBOI MIITHOCTI TIPOP1ITIO.

Jlj1s 0X0JI0/IKEHHS 3a3BUYail BUKOPUCTOBYIOTh BOJY, TEMIIEpaTypa SKOi 3aJeXKUTh
BIJl LIBUJKOCTI MPOTITYBaHHS TPYOH 1 ii po3MipiB. SKIO MIBUIAKICTh IPOTATYBaHHS TPyOU
1 miaMeTrp TpyOHOI 3aroTOBKM BEJHKI, TO, BIAMOBITHO, HEOOXITHO OUIBII 1HTEHCHUBHE
OXOJIO/DKEHHS. 3a3BUYail OXOJIOJKEHHS MPOQIII0 PETyIIOEThCS KUIBKICTIO BOAM, SKa
MOJAETHCSA JI0 KajaiopaTopa Ta BaHHU OXOJIOKCHHS.

B 3anexHocTi Bin miameTpa TpyOH, TOBIIMHH CTIHKH 1 THITY MOJiMEpPy 0OMpa€eThCs
PO3pIIKEHHS KamOpyBaHHS. [3 3pOCTaHHSAM PO3PIIKEHHS 3pOCTa€ BEIMYMHA HANPYKEHb,
AK Yy paliaJbHOMYy, TaKk 1 B OChOBOMY HampsiIMKax TpyOHOI 3aroTtoBku. Haamipue
PO3PIIKEHHS] BUKJIMKAE 3MEHIIIEHHS MILIHOCTI TPYOH, BHACTIAOK YTBOPEHHSI MIKPOTPIILIMH

yepe3 TepTs 3aroTOBKM Ta BHYTPIIIHBOI CTIHKM KadiOpyBalbHOI TiIb3M, L0 MOXKE
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MPU3BECTH N0 pO3puBY TpyOu. HemoctatHe po3pimkeHHS NPU3BOIUTH N0 3HIDKECHHS
AKOCTI MOBEPXHI TPYOH, OCKUIBKH YTBOPIOE TMOBEPXHEBY HIOPCTKICTh. ToMy, 3a3BUYAif,

BEJMYMHA PO3PIIHKEHHS MiAOUPAETHCSA EKCIIEPUMEHTAIIBHO.
4.4. Metoauka po3paxyHKy IPOMHUCJIOBOI0 KajiOpaTropa

4.4.1 Po3paxyHOK TeIUIOBHMX IOJIIiB TPYOHOI 3ar0OTOBKH NpH KaJiOpyBaHHI Ta

pO3pixKeHHs

Bxigni pganHi: Matepian rinb3um kamibpy — BbpAXK9—4 T'OCT 18175-78 3

o _ Bm . VI . _
TEILTONPOBIIHICTIO ﬂKani6p =61 K [73, 84]; BHyTpimHi#i miameTp rinb3u — 500 mwm;

TOBIIMHA CTiHKM Tinb3u — O .. =0,03 mm; nosxuna L=880 mm; marepian tpybu —

Kaniop

MOJIIETUJIEH HHU3bKOI TYCTHUHM 3 TeIJIO(pI3MYHUMH BIIACTUBOCTSMU HABEJICHUMU Ha
pucynkax 1.7 i 1.8 [28].

MeToro po3paxyHKy € BU3HAUCHHS BEITUYMHH PO3PIIKEHHS, HEOOXITHOrO s
3a0€3MeUYeHHs] TEPMIYHOTO KOHTAaKTy TpPYOHOI 3aroTOBKM 3 CTIHKOIO KalllOpyBaiabHOL
T'UIb3H.

3a METOJIUKOI0 3ampOINOHOBAHOIO B po3auIi 2.3 AJii KOHCTPYKIl MPOMHCIOBOTO
KaOparopa BeJMYMHA KoOe(]illieHTa TEIIOBIAAa4Yl BiJA CTIHKH J0 BOJIU CTaHOBUTH

Bm

ZK'

a =891

M
Meronuka po3paxyHKy peaiizoBaHa y mporpami. PesynbTatél po3paxyHKIB s
Tpyou niamerpom 500 MM 3 ToBUIMHOIO CTiHKM 30 MM, 3a IIBUAKICTIO 8 M/XB, 3
TEMIIEpaTypol0 TOJIMpoMiJieHy Ha Bxoal 1m0 kamiOpatopa 523K (250°C) Ta
TEMIIEpaTypol0 BOIM, fKa IMOJaBajlach Ha OXOJO/DKEHHS 10 30HM | KamiOpartopa —
293 K (20°C), naBenmeni B [lomatky B i 300pakeni Ha pucyHkax 4.3-4.4, a TakoX B

tabmumi 4.1.
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Tabnums 4.1 Po3paxyHOK 3MiHM BEMYMHHM PO3PIIKEHHS B 3aJICKHOCTI B Yacy

nepeOyBaHHS B MPOMUCIOBOMY KajibpaTopi 3a piBHSIHHIM 2.33

Tuck Ha 947,7 | 11382 | 20552 | 33650 | 42381 | 50545 | 56208 | 65089
mapi, Ila

Yac
nepeGypanns, | 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

CCK

250

200

150

100

TemnepaTtypa nnaey,C

[%,]
=

0
PRI IPFEPCPRL PP SRS PP TE LSOO F @

[MpOXOMKEHHA B CepeauHi kanibpatopa, MM

Pucynox 4.3 — 3MiHa TeMiiepaTypu MOBEPXHEBOTO MIapy TPyOH IO TOBXKHKHI KayiOpaTopa

Takum YuHOM, 3ampoOIOHOBaHI (I3MYHA Ta MaTEMaTUYHI MOJETi JO3BOJIIIOThH
BU3HAUYUTH €(PEKTUBHI YMOBH TEIJIOOOMIHY HUIIXOM KOHTPOJIbOBAHOTO TEPMIYHOIO OMOPY
3 30HI KOHTaKTy TpyOHOI 3arOTOBKH 3 BHYTPIIIHHOIO CTIHKOIO KallOpyBaJIbHOI T'iIb3U Ta
pO3paxyBaHHS TEMIIEPATypHOTO TOJS B CTIHII TPyOM, IO y CBOIO 4Yepry, T03BOJISIE

BU3HAUYUTH TMapaMEeTpU pO3pIIKEHHS B poOOYMX 30HaxX KajgiOparopa, MNpU SKUX
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3a0e3Meuyl0ThCsl YMOBU MIIIHOCTI HEOOX1/IHI 7Sl MPOTATYBAaHHS C(POPMOBAHOTO BUPOOY 13

3aJaHMH BJIaCTHUBOCTSAMMU.

250

200

150

100

TemnepaTtypa nnasy,C

50

0

O X a® 12 ©aY gk 0P, g% ol WX (@ ® R gl X \O 0P b (P @ o

MMoToyHuI pagiyc wapy, Mm

Pucynok 4.3 — TemnepatypHe nose TpyOu B repepisi Npu BUXO/I1 3 KaniOpaTopa npu
MIBUIKOCTI €KCTpy3ii 8M/xB, 30BHIMIHBROMY aiameTpi S00MM Ta TOBHUHI CTIHKKA 30MM

po3paxoBane 3a 2.35

4.4.2 MeTOoAUKA AHAJITHYHOI0 PO3PAXYHKY JI0BKMHHM KaJi0pyBaabHOI IJIb3H

BimoMi METOAMKH pO3paxyHKy KaaiOpyBaabHOI T'iib3u HaBeneHi y [24, 104-107].

MeTa aHaNITUYHOTO PO3PAXYHKY IMOJIATa€ y BU3HAYCHHI MIHIMAIbHOI HEOOX1AHOI
JOBXHUHH KamiOpyBaabHOI TUTb3H (puc. 4.4).

[TuTomMull TEnmiaOBUIM MOTIK yepe3 Marepian CTIHKM TPYOHOI 3arOTOBKH, KOHTAaKT
MDK TpyOOIO Ta CTIHKOIO KayiiOpa, CTIHKY KajaiopaTopa 70 siapa MOTOKY OXOJIOKYBaIbHOT

plauHU BU3HaYaeTbes piBHSHHAM (1.8).
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[Tpu BU3HAYCHHI TEIJIOBOTO MOTOKY MPUHUMAIOTHCS TaKl MPUITYIIICHHS:

— TeoMeTpist TPyOHOT 3aTOTOBKH 1 i pO3Mipy HE3MiHHI;

— rpaHWYHI YMOBH nocTiiHi (a=const, T. = const);

— PpIBHOMIpHUH PO3MOMALT TOYATKOBOI Temmeparypu (B MomeHT dYacy T=0

TEeMIIEpaTypa B OyIb-sIKil TOYIll JOPIBHIOE T ).

Fon <Pyl <Py oy <Pe<f;

ty

Ly

Pucynox 4.4 — Cxema 0X0JIOPKEHHS 3arOTOBKH B KaliOpyBalibHIN TiIb31

OpHoBUMIpHA Teruionepenadya B IJIACKOMY TiJIl  OMHUCYEThCS  PIBHAHHIM
HECTaIllOHAPHOI TerutonpoBigHocTi (1.19).
BuximHi nagui:

[TouaTKOBa TemMITEpaTypa 0X0J0KyBaIbHOI Boau , 1 ,, °C 20
Kiniesa temmepaTypa 0XoJ0mKyBaibHOI Boay, t,, , °C 40
Temneparypa TpyOHOI 3arOTOBKH Ha BXOJi B KamiOparopa, t,,, ,°C 250
Temneparypa TpyOHOI 3arOTOBKM Ha BUXO/i 3 Kaiibparopa, t,,,°C 70

Temneparypa ckiryBaHHs ToimMepy, to, "C 135
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3Hauu 11l TapaMeTpu, MOKHA MPOJIOBKUTH PO3PAXYHOK

Binbmia pisauis remmneparyp, “C:

At =t,, —t,, = 25020 = 230

Memina pisaui temmeparyp, “C:
At, =t,,-t,, =70-40=30
CepenHio pi3HUIIIO TEMIEPATyp BU3HAYAETHCS 32 (DOPMYIIOIO:
_At,—At, 230-30
cep -
In & In(zgo)
At, 30

Cepenust TeMrieparypa mosimepy, °C:

At =98,2

t,, =t . +At,, =30+98,2=128,2

cpl

Temneparypu mnojiiMepy Ha BXOAl ¥ BHUXOAl 3 TMEBHOI 30HHU, OEpyThCA 3
PO3paxyHKiB, 1110 IPOBEJIeH] B po3aut 2 (maparpad 2.7).

Po3paxyHok TemnoBOro HaBaHTaX€HHS 11 30HM [, KBT:

T
Ql = Z(D32 - dZ)WCn(TK)(Tn/z _TK)pn(T,\) =
=7 (0.5 ~(0,5-0,00002)°)-0,134-2,34-(250 ~185)-1050 = 0,336

ne D, - soBuimmiii mgiamerp TpyGHOI 3aroroBku, m; d=D,—25 - npiamerp
3aTBEPALIONO mapy TPyOHOI 3aroTOBKH, M, O - TOBIIMHA TBEPAOrO IIAPy IMOJIMEpy, M
(3rigHo 3 11.2.7); W - mIBHAKICTH BUTOTOBJICHHS (MPOTATYBaHHS) TPYOHOI 3arOTOBKH Yepe3

KamopaTtop, M/c; Cn(T,() - TEIUIOEMHICTh TOJIMEpY 3a TemmepaTypu T, , KJx/Kr;
Py - TYCTHHA MOJIMEDPY 3a TEMIEPATypH Ty, Kr/M; T, - TeMmeparypa IUIaBy Ha BXO[1

B 30HY 1, °C; T, - TeMmepartypa mnoiiMepy Ha BUxoi 3 308U 1, °C

Toni TepmiuHuUit omip Jyist 30HU
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R :5ﬂ+%;ﬂ+i: 0’3+0103+ 1
| A Aer @, 019 61 891

=1,58

Koedirient Temionepenayi:

K1=i=%=0,63

c L

Toni rutoma Tera000MiHy JiJist 30HH 1, M™:

Q 0,336

F = = =0,0543
K,-At,, 0,63-982
Toni noBkxnHA 30HU | BU3HAYAETHLCS, M:
L - F, 00543 _ 0,035
7-D, x-0,5

Po3paxyHOK TemmoBOoro HaBaHTaKeHHS 1711 30HHU 11, kBT:

T
Qz = Z(D32 - dz)WCn(TK)(TnJl _TK)'O"(TK) -

= %(0,52 —(0,5-0,0015)%)-0,134-1,66 - (185-135) -1350 =17,65

ne T - TemmepaTypa IUIaBy Ha BXOAl B 30HY 2, °C; T, - TemnepaTypa nojimepy Ha

BUXO/1 3 30HH 2, °C
Tepmiunaumii onip ass 30Hu I1:
[IpuitMmaeMo NpUNYIIEHHS, L0 BEJIWYMHA MOBITPSIHOIO 3a30py MIX CTIHKOIO

KaJaiOpyBaJIbHOT TUTB3H Ta TPYOHOIO 3aroTOBKOIO 10 moBkwuHi 30HU I & €[0;0,04S]

noe

R (6, =0) = 2 .00 O Oian L
. At A e A %
0,25 0,05 0 0,03 1 173

= - - + +
0,17 0,198 0,025 61 891
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5ﬂ 5_ 9 _|.—5K‘U7-|-i

R, (0,,=0,04-S)= —os. =
2’17]7 ﬂT ﬂ“ ﬂ“KAﬂ aZ
025 0,05 0012 003 1 _o91
“017 0198 0025 61 891
Toni cepenniil TepMiuHMIA OMIp MO 30HI 2 TOPIBHIOE:
R, = (R, +R}}) _ 1,73+2,21) _197
2 2
Koediuient Temionepenayi:
1 1
Ky==—=-—--=0,51
2 R” 1,97
IIpy EOMY IUIOIIA [IOBEPXHi TEI000MiHy 30HH 2, M%:
Q
F” 2 _ 17,65 0,35
K2 Atcep 0,51.98,2

Toni noBxxuHa 201 30HU TOPIBHIOE, M:

F 0,35
L, =—H == _02
Il 7Z"D3 7-0,5 0,223

Po3paxyHok TemnoBoro HaBaHnTaxeHHs 11 3004 11, kBT:

Q3 = %(DS)Z —d Z)ch(rK) (Tha _TK)IOI’!(TK) =

:%(0,52 —(0,5-0,003)2)-0,134-1,36 - (135 — 70) -1405 = 39,08

ne T, - reMieparypa miaBy Ha BXoAl B 30Hy 3, °C; T, - TemnepaTypa 1ojiiMepy Ha BUXO/I
3 30HH 3, °C
Tepmiunuii onip 30nu I11:

[IpuitMmaeMo MNpUMYIIEHHS, L0 BEJIWYMHA TMOBITPSIHOTO 3a30py MIXK CTIHKOIO
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KajiOparopa Ta TpyOHOIO 3aroToBKOO 1o AoBxkuHI 30HU Il &, €[0,04S;0,08S]

le“ = RI,I =2,21

S O )
R\ (Spoq =0,088) = 1L . nos , OKAT 1 _
Ar A fnos Agar 2
01 02 0024 003 1
+ + + +

= :2,54
0,198 0,186 0,025 61 891

Toni cepenniit Tepmiunuit omip 1o 30Hi 11 gopiBHIOE:

_ (R +Ri) _ (2,21+2,54)

R, = =2,375
2
KoedimienT remmonepenayi:
1 1
K, = = =0,42
3 RIII 2,375
IIpH 1bOMy IITOIIA OBEPXHi TEMmI000MiHy 30HH 3, M*:
Q 39,08
Fy=o—5—=—>25 __0,948
I K3'Atcep 0,42-98,2
Toni noBxuHa 3 30Ha JOPIBHIOE, M:
F
_ 0948 _
ol 7D, 705 0,604

3aranpHa AOBXKHMHA KaniOpaTopa, M:

LP =2L= Ll+ L2 + L3 =0,035+0,223+0,604 =0,862

3pobuMO MepeBipKy 3 MPOMHUCIOBUM KalliOpaTOpoM il MpoBeaeMO NepeBipka Ha

noxuoKy, %o:
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Lo, -L _
g:m-m%: 10,862-0,880) 100% —

L 0,880 205.

Ockinbku moxuOKa ¢ He mepeBunrye 15 % po3paxyHOK TpOBEIEHO BIpHO, a
pO3paxoBaHMl KamiOpaTop Mae€ BHUKOHYBaTH cBoi 3amadi. OTe, BIAMOBIZHO 0
PO3paxyHKiB, Ieplia Mpopi3h MOBUHHA 3HAXoJaWiach Ha BijactaHi 35 mM. KoHcTpykitis

Takoi KamOpyBaJIbHOI T'JIb31 300pa’keHa Ha PUCYHKY 4.5.

865
35 225 = 605
[ LI Ar!
] \ A e
Sl
~ |
ENIEN
| I' i | v | s | i = A=
.
N

Pucynox 4.5 — KoHCTpyKIIisi MpOMHUCIOBOTO KaidibpaTopa
4.4.3 Po3paxyHok miomti nepgopauii

MeTtoto po3paxyHKy € BUSIBIIEHHS KoedilieHTa nepdopallii KaaiOpyBaabHOT Ib3u

(puc. 4.10) [108].

JloBkrHa KagiopaTopa 3 nepdopalliero, M:
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LH =Ly =0,605

KinpkicTs miinus nepdopariii, Ha 0JiHI CTOPOHI:

L
Lz 0,605
N_ = — 20V

=24,2~24
t2 0,025 ’

ae t, =0,025 - KpoK M HIUIMHAMU Tiepdopailii, 10 3HaXOAThCS Ha OJHIM CTOPOH1, M

o5 60°
;'f—_ S "’r—__x\(
]
{
2 \v B500

Pucynok 4.10 — Cxema niepdopariii kanioparopa

Inoma miinuan nepdoparii, M*:

RN 7-0,5-60
f, = K =
180 180

-0,001=0,00052

7€ N - KyT MK KpasiMu IIUTMHA; K - TOBXKHUHA ITIJTUHU, M

Koedimient nmepdoparrii, %o:

o 28Ny fy g, 2:4:24:0,00052

-100 =10,32

Takum uwmHOM, KoedimieHT mnepdoparii ckimamae 10,32% Big yciel Twiomi
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teriooOminy B 30Hi 111.
4.4.4 BuzHayeHHs TATHY4Y0I0 3yCHJLJISI B IPOMMCJI0BOMY KaaidpaTopi

BianoBigHo 10 pe3yiabTaTiB OTPUMAHUX B po3aiil 3.6 Ipu BUTOTOBJICHHI TPYOHOI
3arOTOBKH, MPOBEACMO PO3PaXYHOK TATHYYOTO 3yCWIUIA I TpyOu miamerpom 500 MM i
TOBILUHOIO CTIHKY 30 MM.

3 piBHsAHBb (3.2) 1 (3.7) MOXHaA 3pOOUTH TPUIYIICHHS, 10, OCKUIBKU JlaMeTp
TpyOHOI 3aroToBku 3011bIIeHO B 20 pa3iB, a TOBIIMHY CTIHKM B 10, (B MOpIBHSHHI 31
3pa3koM B po3aium 3.6) TO BIANMOBIAHO W 3YCHIUIS BXO/DKCHHS Mae€ OyTH OlIBIIUM,
npubiau3Ho B 10 paziB Takox, A=2755,5. Toxi piBHSHHS sl pO3paxXyHKY TSATHYYOTO

3ycuyuist HaOy/ie BUTIIALY:

Fe =n-m-D-L-P+27555 (4.1)

f
me p - koedimient Teprs momimepy; D - miamerp TpyGHOi 3arotoBkm, M;
P - BeninuuHa po3pikeHHs, klla; L - 1oBxkuHa KamiOpyBaJbHOI T'JIb3H, M.

[Ipn poGOTI 3 MPOMUCIOBUM KallOpaTOpOM BUKOPHUCTOBYBABCSA MOJIMPOIUIEH Y
axoro koedimieHt tepts gopiBHioe 0,34. [Ipu gomxwuni kamioparopa 880 MM, mpoBeaeMo

PO3paxyHKH.

Fe=p-m-D-L-P+27555=

(4.2)
=0,34-7-0,5-0,88-P +2755,5=0,47-P +2755,5

PesynbTaTi po3paxyHKy TSATHYYOro 3YCWIIS 3a piBHAHHSAM (4.2) HaBeJcHI B

Tabmmid 4.2.

Tabnuus 4.2 Pe3ynbTaTu poO3paxyHKy TATHYYOTO 3YCWILIS B 3aJIEKHOCTI BiJl

PO3pIIKEHHS PY BUPOOHUIITBI TpyOH miameTpoM S00MM Ta MBUAKICTIO 8M/XB

Pospimxenns, klla 0 20 40 50

Tarnyue 3ycumns, H 2755,5 12150,38 21545,26 262427
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OTpuMaHi pe3yabTaTH MOXKYTb OyTH BHUKOPUCTaHI TpU BHOOPI TATHYHYOTO
MPUCTPOIO 110 3abe3mneuye 3alaHy MPOAYKTUBHICTh, a TaKOX JOTPUMAaHHS JOMYCKIB Ha
reoMeTpudHy ¢opmy BUpoOy, BIICYTHOCTI Je(EeKTIB Ha 30BHIIIHIN MOBEPXHI TPyOH Ta

MIHIMI3aIlif0 pU3UKY OOPHBY.
4.4.5 YTouHeHNH PO3PaXyHOK TOBKUHHU

binpm TouHMI pO3paxyHOK MO>KHA BHKOHATH 3 BUKOPUCTAHHSM KOMII FOTEPHUX
METOJIB PO3paxyHKy, IO ONUCaHO B poOoTi [mocunanHs Ha poOoTy]. Po3paxyHok

IIPOBOJIMTHCS 32 AJITOPUTMOM, 1110 300paxkeHo Ha puc. 4.11.
Po3paxyHOK NpoBOAUTHCS 3a BXIAHUMU NapaMeTpaMu, 10 po3nucaHi B Tabmnuii 4.4.

Tabnuus 4.3 Buxinni mapaMeTpu Ijsi pO3paxyHKy

[Tapamerp Innexkc | 3HaueHHs

Marepian kaniOpyBaiabHOI IJIb3H BbpAK9—4

BryTpimHiit giameTp rinb3u, MM Dout 500

ToBmMHA CTIHKK TPYOHOT 3arOTOBKH, MM S 0,03

Marepian TpyOHOi 3arOTOBKU [TonmietuneH BHCOKOI TYCTHUHHU

mapku HXF-4810H

[IBuaKiCTH KamiOpyBaHHs, M/XB W 8
[ToyaTkoBa  TemmepaTypa  OXOJOMXKYHOUOI | tyy 20
BoaH, °C

KinmeBa Temmeparypa OXOJOIKYHO4Oi BOJH, | oy 40
°C

Temneparypa TpyOHOI 3aroTOBKM Ha BXOA1 B | i1, 250

KaJiOpyBasbHy riib3y, °C

Temneparypa TpyOHOI 3arOTOBKM Ha BHXOAI 3 | iy, 70

KaliOpyBaJIbHOI T1J1b3H, °C

Temnepatypa ckiryBaHHs noJiimepy, °C to 135
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METOJIMKH,

Pucynok 4.11 — biok-cxema po3paxyHKy KajaiOpyBaJbHOT T'JIb3U

C ITouaTok )
tlv, tZV! t1p, |
t2p, tsk: Dout, \l/
W, A, Cp, p,
Ao, CPp, Py,
S, o, Xk, 8k - —|—
Buznauenns |
TEIIOTH 3a
= (dhopmyoro
At 2.27) Ta
TEPMIYHOTO 0,05=0.04S 0,0:=0.08S
onopy 30HH I 3a
/ \ (opmyaoro \l’ V]
i: 1 n (2.2) Busnadyenus Busnauenus
o TEIUIOTH 3a TCIUIOTH 3a
\l/ dopmyoro dopmysoro
4 - \ (2.27) 1a (227 1a
J=1 ..k TepMiuHOro TEPMIYHOTO
omnopy 30HH 11 omnopy 30HH III
\l/ 3a (OpMYIIOI0 3a hopmyIo
BusHagaeMo (2.3) (2.4)
TeMIepaTrypHe
ToJie 3a J/ \V
topmyxnoio L1=QR/(m'AteD_ ) L2=Q-Ry/(m-AtD, ) L3=QRu/(wAt:D, )
(2.18)
P
- \
S(iyj)zl'(S/l’l) J
j L=L1+L2+L3
i L, L1, L2, L3, Toome
j=1..k y
C Kinenp )

JloBxkuHa KajmiOpyBadbHOI TUIB3M, BHU3HAYEHA 3a JIOMIOMOTOKO 3alpPOTIOHOBAHOT

CTaHOBHUTDH

0,862 M,

1o

MaiKe

JIOPIBHIOE

JIOBXKHHI

IIPOMHUCIIOBOT
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KaTOpyBaJIbHOI Timb3H, sika ckimagae 0,880 m. BimHocHa moxmOka pO3paxyHKY CKJIagae
2 %, M0 CBIMYUTH MPO BUCOKY TOYHICTH METOJWKHU 1 JTO3BOJISIE PEKOMEHIYBATH ii IS

BHU3HAYEHHS MMapaMeTpiB KaTOpyBalbHUX T1JIb3.

4.5. EdpexkTHBHiCTH Bil BIPOBasKEHHsI pe3yJbTaTiB qucepTaumii
4.5.1. Couianvna

CTBOpEHHSI TEXHOJIOTIYHUX 3acajJ BUPOOHMIITBA IIaJAKUX TPYO 3 TEPMOILIACTIB 3a
JIOTIOMOTOI0  MOJIEPHI30BaHOTO KamiOpaTopa JO3BOJHUTH 3a0e3MeuuTd e(PEKTUBHUIMA
TEIJI000MIH MiXK TPYOHOIO 3arOTOBKOIO Ta TUJIb3010 3 OJJHOYACHUM 3MEHIICHHSM BUTPAT

BOJIH, SIK OXOJIOJIXKYBaya, 1110 IMiABUIIUTH €KOJIOT1YHY 0e31eKy Ha BUPOOHMIITBI.
45.2, Texniuna

2.1 MOXIUBICT MiABHUILIEHHS MPOJYKTUBHOCTI MPOMHUCIIOBOI JIiHII BUPOOHUIITBA
(mHa 15% nns rmagkux Tpyo aiamerpoM 500 MM 3 TEpMOILIACTIB) HPU CYTTEBOMY
3HM>KEHHI pU3UKY YTBOPEHHS OpaKy.

2.2 IlipBUIMTH HaAIMHICT POOOTH KajmiOparopa, 1 TUM CaMHM 3MEHILIUTU
KUTbKICTh OOPHUBIB MPH POOOTI JIiHii.

2.3 3anponoHOBaHa KOHCTPYKLISl KamiOpyBajdbHOI TUIb3M JI03BOJUTH 30€pertu
SKICTh Ta BIJICYTHICTh A€(PEKTHOCTI B MIPOIYKIIii.

2.4 Po3pobiieHHs TeXHOJIOTI, sika OyJe B HOPMAJIILHOMY PEKHUMI MPAIOBATH MPU
PEUUKIIIHTY JO3BOJIUTh JOCSITH CYTTEBOI €KOHOMII Ha Marepiani BUpOOHMIITBA (HE

MOPYIIYIOUH MPH IIbOMY TEXHIYHI YMOBH SIK BUPOOY, TaK 1 BUPOOHUIITBA).
4.5.3. Ekonomiuna

Po3paxyHOK OKYITHOCTI IPOEKTY Ta MOBEPHEHHS IHBECTHUIIIH.
Cranom Ha 20.04.2024 3a nanumu onnaitH-marazuny «Po3eTka» BapTicth 1 OyxTu

(100m) momieTuneHoBoi raakoi Tpyou niamerpom 25mm - 1055rpH. [Ipu ubomy BapTicTh
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kajioparopa ckimagae 195608 (Kamioparop ¢ipmm Qingdao). 3a 3BuvaiiHUN poOOUMi
JIeHb, TPU BIJCYTHOCTI OOpWBIB W HOpMaibHIN pPOOOTI, MOXHA BUTOTOBUTH 24 OyXTH,
T00TO — 2400M TpyOU. 3a cepennboro kypcy 2024 poky, npu nepepaxyHky, o3Hayae, 1o
JTaHWi KagiopaTop «3apodiisie» 633$ B 1eHb, i OKyIAEThCs BiaMOBIIHO Yepe3 31 pobounii
JIEH.

[Ipn 3amiHi X jga”Horo KamiOparopa, Ha MOJEpPHI30BaHUM, y sSKoro pobouya
MIBUKICTh OlbIa, W BIacHe IiHA 3a caM KaliOpaTtop MEHIIa, OTPUMAaeMO HACTYIIHI
pesynbrat. Ilpu mini 3a kamioparop B 5000$, B neHs ipu HhOMY Oyjie BUTOTOBJIATHUCH,
IpU BiJICYTHOCTI BifgpuBiB, 31 Oyxrta, a6o x 3100m TpyOu, mo cknamae 817,68 B nenn. A
I[e O3HaYae Te, 1m0 Yepe3 6 poOourx NHIB BIH OKYNUTh ceOe, M0 CBIAYUTH MPO OUIBII
MIBUJIKE OTPUMAHHS MPUOYTKY.

JlaHi po3paxyHKU I'PYHTYIOTbCS Ha 17i€alibHIM poOOTI 1 3aMiHI JIUIIE OJHIET JaHKU
BUPOOHMYOT JIiHIT, @ TaKOX MPOJAXy NPOJYKIIi IMICIs BUTOTOBIEHHSA. Y pasi
Hernepen0avyyBaHUX OOCTaBHUH, 3yIIMHOK, BUXOAY 3 JIaly 1HIIUX JIAHOK JIHIi, TOBEPHEHHS

IHBECTULIIN MOYKJIUBE ITI3HIIIE.
BucHoBku 10 po3ainy 4

1. OOrpyHTOBaHO TEXHOJOTIYHY CXEMY MPOMHUCIOBOI YCTAHOBKU OJiepKaHHS TPyO
3 TEPMOILIACTIB.

2. Po3pobreHo TpoMHCTIOBY KOHCTPYKIIIIO JBO30OHHOTO KamiOparopa 3
MPOJIYKTUBHICTIO A0 8 M/XB Ta aiameTpoM S00mm.

3. OTpumaHi pe3ysibTaTH MNPOBEACHUX TEOPETUYHUX Ta EKCHEPHUMEHTAIbHUX
JOCIIKEHb BUKOPUCTaHI MpPH PpO3pOOJIEHI METOAMKM PO3PAXYHKY KaiaiOpatopiB 3
aJanTUBHUM PO3PIIKEHHSM JIJIsi TEPMOILIACTIB.

4. CdopMynbOBaHO PEKOMEHIAINT IOJ0 TMPOEKTYBAaHHA KalliOpyBaJIbHOTO
IPUCTPOIO.

5. [TinTBepmkeHO e(heKTUBHICTH Bij BIPOBAKEHHS PE3YJIBTATIB JOCIIHKCHHS.
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BucHoBkn

JluceprariitHa poboTa crpsiMOBaHA Ha BUPINICHHS Ba)KJIMBOi HAYKOBO-TEXHIYHOI
3a7a4l — MIABUIIECHHS €()EKTUBHOCTI TEIIOOOMIHY B KaliOpyBaJlbHOMY IPUCTPOI TpHU
BUPOOHMIITBI TJAAKUX TpyO, [0 3abe3reuye oOAep)KaHHA MPOMYKIi 13 3aJaHUMHU
BJIACTUBOCTSIMHU, 3MEHIICHHS BHUTpPAT OXOJO/KYBAJIbHOI BOJAM Ta MIHIMI3allli pPU3UKY

0o0puBY.

1. O6rpyHTOBAaHO YMOBHU IPOIIECY TEIJIOOOMIHHY MPU CKIYBaHHI TEPMOILJIACTIB 3
KOHTPOJIbOBAHUM TEPMIYHUM OIIOPOM IMpPU KOHTAKTI TPYOHOro mnpoduiro Ta podoyoi
MOBEPXHI KamiOpaTopa, IO AO3BOJHUTH 30UIBIIMTH MPOAYKTUBHICTH TPYOHUX JIHIA 10

15 % npu 306epekeHH1 IKOCTI BUPOOY.

2. TeopeTuyHO OOTPYHTOBAHO Ta €KCHEPUMEHTAIbHO TOBEAEHO, 1110 3aCTOCYBAHHS
KajgiOpaTopa 3 aJaNTUBHUM HapOLIYBaHHSAM pO3PIIKEHHS [03BOJIE KOHTPOJIKOBATH
3HAYEHHS TEPMIYHOIO OMOPY MIXK MOJIMEPOM Ta MaTeplajoM KamiOpyBaldbHOI T'JIb3H, IO
7A€ MOXUIMBICTh 3MEHIIUTH TEPTS MK TPYOHOIO 3arOTOBKOIO M CTIHKOIO BHYTPIIIHBOIO

CTIHKOIO KaniOpy, 30epiratouu npu LbOMY SIKICHUI TEMJIO00OMIH.

3. IlpoBeneHO YMCIOBUI EKCIIEPUMEHT IO J03BOJMB BHU3HAUWUTU TEMIEPATYpHI
MOJISI B CTIHLI TPYOHOT 3arOTOBKHM MPHU OXOJIOXKEHHI B KaJIOpaTopi 3a pi3HUX IBUIKOCTEN
pyXy TpyOH Ta pi3HUX 3HAUYEHb TEPMIYHOTO OTIOPY, Ta IHTEHCUBHICTh MPOIIECY CKIOBAHHS,

a OTKe 1 pallioHaJIbHI TTapaMeTPH MPOBEJACHHS MPOIIECY OXOJIOIKECHHS.

4. 3a pe3yabTaTaMu eKCIIEPUMEHTAIBHUX Ta IMITAIIMHUX JOCIIHKEHB OJIePKaHO:

- BIAMOBIHO 710 c(hOpMyILOBAHOI METOAUKH, BU3HAUYCHO 3HAUYCHHS MaKCUMAaJIbHOTO
Ta MIHIMaJIbHOTO PO3PIAKEHHS MPHU OXOJOKEHHI MOJIMEPHOI TpyOH aiaMeTpoMm 25 M,
Kl BUKOPHCTAaHO TPU Po3poOIi HOBOI KOHCTPYKINi KamiOpyBaabHOI TUIB3H, IS
3a0€3Me4YeHHs] KOHTAaKTy MIDK TMOJIMEpOM 1 METajoM 1 BHKJIIOYEHHS OOpHBIB MpHU
BUPOOHUIITBI,

- 3aJIeKHICTh I BU3HAYEHHS 3yCWIIS MPOTITYBAaHHS, IO JTO3BOJUTH MiIIOpaTH
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pallioHaJabHY BEJIHUMHY 3yCUIUIA IPOTATYBAHHS JIJIsl YHUKHEHHSI OOPHUBHOCTI TPYO;

- 3QJICKHOCTI 3MIHM TeMIIepaTypu 3 4acoMm oxoJiokeHHs TpyO 3 [IEBT 3 ToBumHOIO
ctinky Bia 1 g0 20 MM, 1110 J103BOJISIE BUBHAYMTH JOBXXHUHY BAaHHU OXOJIOHKCHHS.

5. PesynbpTatu ekcriepuMeHTaIbHUX JOCTIKEHD MIATBEPIMIH MOT0KEHHS (13MIHOT
Ta MaTeMaTHUYHOI MOJeNel KaliOpyBaHHS, IO JO3BOJWJIO BIOCKOHAJIUTH METOJIUKY
PO3paxyHKy KamiOpaTopiB 3 30HaMHU aJIallTABHOTO PO3PiHKCHHS BKIIFOUYHO 3 BH3HAYCHHSIM
r€OMETPUYHUX PO3MIpPIB OKPEMHUX 30H KalmiOpaTopiB 1 3aKkiano WIATPYHTS s
3a0€3MEeUeHHS] BUCOKOI SIKOCTI TOTOBOI MPOAYKIII HIJSAXOM OLIbIIT KOPEKTHOTO BHOOPY

PEKNMY OXOJIOPKCHHA Ta BEJIMYMHU TATHYYOI'0 3yCHUJLIIA.

6. ExcnepuMeHTalIbHO MIATBEPIKEHA OIUIBHICTh 3aCTOCYBAaHHS aJallTUBHOTO
PO3PIKEHHS JUIsl KOHTPOJIIO TEPMIYHOIO OMOPY MIXK MOBEPXHEI0 TPYOHOI 3aroTOBKHU Ta
CTIHKH KamiOparopa, IUIIXOM CTBOPEHHS 3aJaHOT0 PO3MIpy MOBITPSHOIO 3a30py, IO

cTaHOBUTH 0 8 (£ 0,5) % Bia TOBIIMHU CTIHKU TPYOHOTO MPODLIIO.

7. 3a pe3ynpTaTamMH JIOCIIKEHb YA0CKOHAIEHa METO/IMKA PO3paxyHKy KaiiopaTopa,
B OCHOBY $IKOi MOKJIaJIeHa MOJIENIb PO3PaXyHKy TeMIEpaTypHUX IOJIB B CTIHKaxX TPyOHOI
3aroTOBKHU, Ta C(POPMYIHOBAHO PEKOMEHJAIli 010 KOHCTPYKIIT MPOMHUCIOBOTO anapara

st Tpy6 miamerpom S00MM i MPOAYKTUBHICTIO TPYOHOT JTiHIT 8 M/XB.

8. 3a pesynbraramu JOCIHIJKEHb 3allPOTIOHOBAHO BJIOCKOHAJIEHY KOHCTPYKIIIIO

KaJiOpyr0uoro MpUCTPOIO 3 aIANTUBHUM PO3PITIKEHHSIM.

9. PesynbraTu qucepraiiiitHoi poOOTH BIPOBAHKEHO B HABYAIILHUN TIpo1iec Kadeapu
MallMH Ta amapariB XIMIYHUX 1 HadTonepepoOHux BuUpoOHULTB HarioHansHOTO
TEXHIYHOro yHiBepcuTeTy Ykpainu «KuiBcbkuit IlomiTexHiyHMil 1HCTUTYT 1MeHi Irops

CiKOpCBKOTO0Y.

3a marepianamu auceprailii omy0aikoBaHo 29 ApyKoBaHMX Mpailb: 1 MoHOTpadis,
[ craredf, 3 3 SKMX y HayKOBUX (DaxoBHX BHJAaHHSAX YKpaiHu, | 1HIEKCYeTbCs B

MDKHAPOJHIA HAyKOMETpUYHii 06a3i Scopus i 1 iHo3emHa, 3 nateHTH, 18 Te3-nonoBiaei y
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MDKHApOJAHUX HAYKOBO-TIPAKTUYHUX KOH(EPEHIIIsIX, a TAKOXK | 3BIT 3 iHIIIIATUBHOI TEMHU.
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Jonarok A. Ouinka noxu0oxk BUMIPHOBaHHS

MeTouKa OIiHIOBaHHS MTOXHMOOK BUMIpIOBaHHS onrcana B [113]
Jns  OIIHKM JIOCTOBIPHOCTI OTPUMAaHUX JaHUX MPOAHATIZYEMO IMOXHUOKH

BUMIpIOBaHb. | paHu4Hi aOCOJIIOTHI Ta BiTHOCHI MOMMWJIKH MO3HAYAEMO BIAMOBITHO Yepes

€Ta5.

SIKImo0  HempsAMOBHMMIpIOBaHA — BennuwHa Y €  (QyHKIiE0O  BETUYHH
Xiy X540y X BUMIPIOBAHUX MPSAMHM CIIOCOOOM, TO 3TigHO Teopili mnoxubok [114]

rpaHn9yHa abCOJIFOTHA MOXUOKA NPU BU3HAYCHHI Y piBHA.

2 2 2
g, =D} + D} +...4 D (A1)
He D,,D,,...,D, — yacTkoBi moXuOKK HENPSIMOTO BUMIpPIOBAHHS, 110 BU3HAYAIOTHCS

3a popmynamu:

:ﬁ-gx;Dzzﬂ-gx;...;Dn=ﬁ'6'x (A2)
ox, ox, 7 Xy "

n

Dl

EHE g, - aOCONIOTHI MOXUOKW pe3yibTaTiB MPSIMUX BUMIPIOBAHb BEIMYMH

Xl’ XZ,..., X

Xy Xy yeeey X,

I'panu4Ha BiIHOCHA MOXMOKA MMPH Bu3HaueHHi Y Oyjie piBHOIO:

\/D12+D22+...+ D?
o, = v

A 1. OOpoOka npsiMUX BUMIpIOBaHb

(A3)

B tabnuii A.1 HaBejeH1 3HaUEHHS 3aMipiB Barv Ta TUCKY.

Tabmuus A.1 - 3naueHHs 3aMipiB 3yCHILIS Ta THCKY.

Fe,H P, 6ap
55,95 0,19
56 0,2
56 0,2
56,02 0,2
56,06 0,2
55,86 0,18
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Ha wmaHoMeTpi HaHECEHO 3HA4YeHHsS 1HCTPYMEHTAJbHOI TOXHOKHM 1 BOHH
CTaHOBJISITh:

A, =0,05 6ap

Ha nuHamMmoMeTpu HAaHECEHO 3HAuUeHHS I1HCTPYMEHTaIbHOI TOXWOKM 1 BOHHU
CTaHOBJISITH:

A,=0,01H

Jlns 3amaHoi goBipuTenbHOI WMOBIpHOCTI 0=98 % 1 KiUIbKOCTI BUMIpiB N=5
BU3HAa4YaeMO KoedimieHT noBipu t o= 4,54

Po3paxyemo cepeaHe 3HaYCHHS:

~ \_ P, _5595+56+56+56,02+55,86
< fr>_ N - 5

=55,966

(P)- > P 01940,240,2+0,2+0,18
N 5

3HaxXOAMMO CEepeHE KBAIpaTUUHE BIAXUIIEHHS PO3PaXyHKIB:

=0,194

Ffr -

N -1
~ \/(55,95—55,97)2 +(56 - 55,97) + (56 — 55,97)° + (56,02 - 55,97)” + (55,86 — 55,97)° 0,065
5-1 ’

erl(an—<a>)z

;- J2?1<P—<P>>2 i

N -1 -

) \/(0,19—0,194)2+(O,2—0,194)2+(O,2—0,194)2+(0,2—O,194)2+(0,18—0,194)2 0.0089
5_1 '

Po3paxoByeMo BUIIQIKOBY CKJIa/I0BY MOXHOKH

S
Fr :%=0,029 H

NN T =
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Ar, =tunSe,) =4.54-0,029 =0,132H

S, 0,0089
POIN B

Ap =t,-Sp) =4,54-0,004 =0,01826ap

S =0,004 6ap

Po3paxyeMo noBHY MOXHOKY.

AOCOIOTHY:

AF, = \/Azﬁ +A2, =40,012 +0,132? =0,0166

AP = \JA?, + A?, = /0,05 +0,0182% = 0,05326ap

BigHocny:

s _AF, 00166
" (F,) 5586

=0,29-10° ~1%

_ AP 0,0532

- = =0,274~ 27,4%
(P} 0,194
[Ticnst okpyrJieHb pe3ynbTaT BHUMIPIOBAHHS THUCKY Ta 3yCWIUIS 3alHCYEMO Y

BUTJISAL:
F, =55966+0,0166; oJ=1%; o =98%
P=0,194+0,0532; o6~=27,4%; a=98%
A 2. BuzHaueHHs MOXUOKH HENPSIMUX BUMIPIOBAHb:

[IpolyKTUBHICTh YCTAaHOBKH MO PO3IUIABY BU3HAYAIIH:

G, =2 (A4)
T

Jie g — Bara po3IujiaBy 3a OJUHHUIIIO Yacy, K.

['pannyHa BiTHOCHA MOXMOKA BUMIPIOBAHHS MTPOTYKTUBHOCTI PiBHA

) [TE e

9
T




180

ne & =0,5CTa Eq = 0,0023ke

Toni ais npoaykTuBHOCTI B 40 Kr/To;

2 2 2 2
55, = (g—j T (O’Zj +(0’0023j 100% ~1%
’ T T 60 60

A 3. JIns omiHKM MOXHOKH MIX TEOPETUYHMMH 1 €KCIEPUMEHTATbHUMH JaHUMU

CKOPHCTAEMOCH METOJIMKOIO HaBEJICHOO B [54]:

Busnagaemo Benuuuny A;:

Aax Y (ay Y Ir20% (20Y
X; Y, 50 49

ne AX— moxuOka MK EKCIEepUMEHTATbHUMH JaHUMHU Ta pe3yibTaTaMu

pO3paxyHKy 3a MaTeMAaTHYHOI0 MOJEJUII0; X; — 3HaueHHS oOepTiB B TOUIll 3a

pPO3paxyHKOBUMH JaHUMH; Ay, — moxuOka MK EKCIepUMEHTAIbHUMHU JaHUMH Ta
pe3yibTaTaMu PO3PaxXyHKy 3a MaTEMaTUYHOI MOJEIUII0 MO BICI MPOJIYKTUBHOCTI B 1
TOULl; Y; — 3HaYEHHs MPOJYKTUBHOCTI 1 B TOULII 32 PO3PaXyHKOBUMU JaHUMH;

Bennunau noxubok 3HaX0AUMO 3 PUCYHKY 4.2.

Buznauaemo BennumnHy A, :

n

D Ai
A, =-1—=0,0831
n

e N — KUIBKICTh JOCIIAHUX TOYOK

3aranpHa moxuOKa JJIst cepii BUMIpIOBaHb Oyje:

0=A,-100% =0,0831-100 =8,31%.
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JIOJIATOK B

IIporpama po3paxyHKy TeMnepaTypHUX MOJiB Ta TUCKY PO3PiTKeHHS
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Ha pucynkax b.la mpeacraBrnena Oiok-cxeMa 10 PO3paxyHKy TEMIEPATypHHUX
TIOJIIB Ta THCKY PO3PIIKCHHS.

Bxinni gani BBoasThCs B 610111 1, a B 610111 2 3a/1a10THCSI KPOKU PO3PAXYHKY CITKH
10 Yacy Ta TOBIIWHI CTIHKH.

Jani mpoxoauTh OOYMCIICHHS] TeMIlepaTyp Ha BHYTPIIIHIM MOBEPXHI MOJIMEPHOI
3aroToBkH B 010111 4. [ToTiM B 610111 6 MPOBOUTHCS PO3PAXYHOK TEMIIEPATypH B CEPEaNHI
TpyOHOi 3aroTOBKM, a B OJoli 8 BeJAETbCS BHU3HAUCHHS TEMIIEpaTypH Ha 3O0BHILIHIN
MOBEPXHI, 3aKPUBAIOYH PO3PAXYHOK TEMIEPATYPHUX IOJIIB.

[Ticnst BBEEHHS HOBHUX MMOYATKOBUX MapaMeTpiB I pO3paxyHKy THUCKY B 0ol
11, npoBouTHCS po3paxyHOK Jedopmaliiid yCaakHu.

Haini, B Osoui 14, nNpoBOAUTHCA MOPIBHSAHHS BIUIMBY NPYXHHUX YU IJIACTUYHUX
nedopmartiil, mciast 4oro NPOBOJUTHCS MPUCBOEHHS HEOOX1THOTO THCKY PO3PIIKEHHS, 110
PO3paxOBYETHCS 32 ypaXyBaHHSM BIUIMBY JedopMarliil.

VY O6nom 19 BinOyBaeTbCs BUBEIEHHA OTPUMAHUX PE3YJIBTATIB 1 3aKIHUYETHCS

PO3paxyHOK.
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C TTouaTcw )

Birxi o gam

4

Kpok o uacy
TA TOBIIIIHL
CIHKII

4

FPospaxyHok
TEMITEPATV]
HA
BHY TPAIIHII
[0 BEPXHL

h

Pospaxveor 6
TEMIIEPATY]P B
cepe I
TPYOH

Pucynok b.1 — biiok-cxema 10 TeMriepaTypHUX MOJIB Ta TUCKY PO3PIIKEHHS
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\/ 8

PospaxvHok
TEMITEPATY]
HAa 30BHILIHII1
TIOBEPXHI,
PO3PAXYHOK
TEILTOBOT O

IMOTOKRY

/

IIpricBoerHa
i 11
10 IATKOBHX
SHa'UeHDb 1A

TIICEY

) ]12

13

Pucynox b.1 — biok-cxema a0 TemmepaTypHUX IMOJIB Ta THUCKY PO3PIIKEHHS

(TPOIOBIKEHHST)
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12

13

PospaxvHok

aedopmarnii
VCagKI Ta

HATIpV ke Hb

VNoBH
IInacTirmol

a0 0 IPVKHOL
nedopmaini 1
bor ['comeTpuuHi
| 16 papamerpu,
15 ) IIpinmiaento AR IDLEN
Hl?fﬂm'laf“mv M1 HIM a6 HIT T THCK
MIHIMaTBHII —— ’
THCK 32 E 1
TP YACHHMIT PO3PIIKEHHSA
TUTAC THYIHIMI JedophaLianII
1eopuarn A
<
i 17
N o
W
i 18
. F

Pucynox b.1 — brok-cxema m0 TemmepaTypHUX TMOJIB Ta THCKY PO3PIIHKCHHS

(IpOAOBKEHHS)
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Ko nporpamu 11t po3paxyHKy TeMIEpaTypHUX OB Ta TUCKY PO3PIIKEHHS

# -*- coding: cpl251 -*-

# BHyTpimHs 3a/1a4a TEII000MiHy
import matplotlib.pyplot as plt
import numpy as np

import math as math

fas = open(‘text.txt', 'w')

fast="cerce'

T1=[]
T2=(]
T3=[]
Tsr=[]
temp=0
r=[]
LAMM=[]
roM=[]
CpM=[]
templ1=1.0
temp2=1.0
pi=3.1415926535
R4=0.0002
z=0.0

i=1

j=1

f=0.01
ff=0



Jkkm=11

# JliameTp Tinp3u KamiopaTopa, M
Dkalin=0.025

Rkalin=Dkalin/2

# ToBmMHA CTIHKU TPYOH, 10 KaIiOPYy€EThCs, M
Str=0.0024

# KinmbKiCTh pO30UTTS 1O TOBIIWHI TPYOH, mT. (50)
k=100

# JloBxkuHA KaniOpyro4oi I'Jib3u, M

Lk=0.22

# lar citku B310BXK Tpyou, m (0.00002)
dz=0.00005

# Illar ciTku 1o TOBUIMHI TPYOH, M
dr=Str/(k-1)

jkkk=int(Lk/dz)

jkkm=1

# 30BHIIIIHIN JlaMeTp KaJiOpyrouoi T'Ib3U, M
Dkalout=Dkalin+0.0035

Rwall=Dkalout/2

In=math.log(Rwall/Rkalin)

rin=Rkalin-Str

# llIBuakicTs KamiOpyBaHHs (IPOTIAryBaHHS TPyOu), M/c
W=6.5/60

# Temmepatypa po3ruiaBy Ha BXoi B kaiioparop, rpaia. C
Tp=210.0

# TemnepaTypa BojH, 110 OXOJIOKYE KaniopaTop, rpad. C
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Tcool=20.0

# KoedirieHT TeroBiamayi Bij CTIHKA KamOpaTopa 10

# BOJIM, 1110 OXOJI0/KY€E Kanmbparop, BT/(M2 x rpan) 2654

Alfal=891

Alfa2=12.14

# KoediiieHT TEIIONPOBITHOCTI MaTepially TUIb3U Kanioparopa, Bt/(Mm X rpan.)

LAMkal=56

# I'ycTrHa noJieTuieny, Kr/m3

tro=np.array([0,13.5,38.8,61.3,80,102,124.2,142,163.8,170.6,173.5,174.2,210,250]
) # TabnuuHI 3HAYEHHS TEMIIEPaTypH

rot=np.array([862,862,859,857,851,844,828,810,793,758,750,741,702,702]) #
Tabnu4aHi 3HaYCHHS 171 TYCTUHU

def ro(T):

return np.interp(T,tro,rot)

# Tennoemuicts nomeruneny, Ix/(xr x K)

tCp=np.array([0,13.5,38.8,61.3,80,102,124.2,142,163.8,170.6,173.5,174.2,210,250
) # TaGnuyHi 3HaYEHHS TEMIIEpaTypu

Cpt=np.array([1810,1810,1840,1940,1990,2160,2610,3280,5400,9770,2930,2420,
3810,3810]) # TabauuH1 3HaYCHHS JJIs1 TEIUIOEMHOCTI

def Cp(T):

return np.interp(T,tCp,Cpt)

# TenmonpoBiHICTh nonieTuiieny, Jx/(kr x K)

tLam=np.array([0,13.5,38.8,61.3,80,102,124.2,142,163.8,170.6,173.5,174.2,210,25
0]) # TaGnu4uHI 3HAYEHHS TEMIIEPATYPH

Lamt=np.array([0.193,0.193,0.194,0.194,0.195,0.195,0.194,0.188,0.168,0.160,0.20
5,0.214,0.237,0.237]) # TabauuHi 3HaYEHHS JIJIs1 TETJIONPOBIAHOCTI

def Lam(T):



return np.interp(T,tLam,Lamt)
for i in range (0,k+2):
T1.append(0)

T2.append(0)

T3.append(0)

r.append(0)

#print i, T1[i-1],T2[i-1],T3[i-1]
for i in range (1,k+1):
TLl.insert(i, Tp)#-5*i)
r.insert(i,rin+(i-1)*dr)

for i in range (0,k+2):

print i, T1[i],r[i]

for i in range (0,jkkm+2):
Tsr.append(0)

plt.ion() #interactive mode on
figl = plt.figure(figsize=(15, 9))
plt.show(block=False)

plt.axis([(Dkalin/2-Str), Dkalin/2, 20.0, 220])
plt.tick_params(labelsize=14,pad=10, grid_alpha=1)

plt.grid(True)
#print "z=",z, T2[1],T2[K]

print 'Ilar no gacy, ¢'+str(round(j*dz/W,5))

titlel=u'Yac nepeOyBanHst B kaniopatopi (mar 0,2 ¢), ¢ :'+str(round(j*dz/W,1))
plt.title(titlel,fontsize=16,pad=15)
plt.plot(r[1:k+1],T1[1:k+1],color="k',linewidth=1)

plt.scatter (r[1:k+1],T1[1:k+1],20,color="k")

plt.scatter (r[1:k+1],T1[1:k+1],4,color="w")

plt.ylabel(u'Temneparypa posmiaBy, rpaa. C',fontsize=16,labelpad=12)
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plt.xlabel(u'TloTounmii  paniyc CTIHKM  TpyOw, 10 KamiopyeTbes,
M',fontsize=16,labelpad=12)

plt.pause(0.1)

for j in range(1,jkkk+2):

templ=(T1[2]-T1[1])/(dr**2)+(T1[2]-T1[1])/(r[1]*dr)

temp2=(2*Lam(T1[1])*dz)/(ro(T1[1])*Cp(T1[1])*W)

T2.insert(1,(T1[1]+templ*temp?2))

#print T2[1]

for i in range(2,k):

templ=(TL1[i-1]-2*T1[i]+ T1[i+1]/(dr**2)+(T1[i+1]-T1[i-1])/(2*r[i])
temp2=(Lam(T21[i])*dz)/(ro(T1[i])*Cp(T1[i])*W)
T2.insert(i,(T1[i]+templ*temp2))

g=(Tcool-T1[Kk])*(Alfal)
templ=(T1[k-1]-T1[K])/(dr**2)+(T1[k]-T1[k-1])/(Dkalin*dr)
temp2=(2*Lam(T1[k])*dz)/(ro(T1[K])*Cp(T1[k])*W)
T2.insert(k,(T1[k]+templ*temp2+(2*g*dz)/(ro(T1[K])*Cp(T1[K])*W=*dr)))
if j%(int(jkkk/10))==0:

temp=0

for i in range(1,k+1):

temp=temp+T1[i]

Tsr.insert(jkkm,temp/k)

titlel=u'Yac nepeOyBanus B kanioparopi (mar 0,2 ¢), ¢ :'+str(round(j*dz/W,1))
title2=u"), ¢ :"+str(round(j*dz/W,2))

title2=u"), ¢ :"+str(round(j*dz/W,2))

plt.title(titlel,fontsize=16,pad=15)
plt.plot(r[1:k+1],T1[1:k+1],color="k',linewidth=1)
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plt.scatter (r[1:k+1],T1[1:k+1],20,color='k’)

plt.scatter (r[1:k+1],T1[1:k+1],4,color="w")

plt.ylabel(u'Temneparypa posmiaBy, rpaa. C',fontsize=16,labelpad=12)

plt.xlabel(u'TloTounmii ~ pagiyc CTIHKM  TpyOH, oo  KamiopyeTrbed,
m',fontsize=16,labelpad=12)

plt.pause(0.1)

fas.write(str(round(j*dz/W,1))+'\n")
for i in range (1,k+1):
fast=str(round(T1[i],3))

fas.write(fast+\n")

for i in range(1,k+1):
TLl.insert(i, T2[i])
z=z+dz

for i in range(1,k+1):
print i, T1[i],r[i]
figl.savefig('18")
plt.close(figl)

fas.close()

#figl = plt.figure(figsize=(11, 9))
#plt.show(block=False)

#plt.axis([20, 220, 700, 865])
#plt.tick_params(labelsize=16,pad=10, grid_alpha=1)
#plt.grid(True)
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#title2=u'TermoemMHiCTh TIOTiETHIICHY'

#plt.title(title2,fontsize=20,pad=15)

#plt.ylabel(u'Temmmoemuicts momietmireny, x/(kr x K)',fontsize=20,labelpad=20)
#plt.xlabel(u'Temnieparypa nosieruieny, rpau. C',fontsize=20,labelpad=14)
#for i in range(0,12):

# T1[i]=20%i

# CpM.append(0.1)

# CpMIi]=Cp(T1[i])

#plt.plot (T1[1:12],CpM[1:12],color="k’)

#plt.pause(2)

#figl.savefig('17")

#plt.close(figl)

Tuck

# -*- coding: cpl251 -*-

# BHyTpillIHA 33/1a4a TEMII000MIHY
import matplotlib.pyplot as plt
import numpy as np

import math as math

ffp = open(‘text.txt’, 'r")

#Koeoiuient TemnepatypHoro posmupensss HDPE
alfat=2.3/10000

r=[]

LAMM=]]

roM=[]

CpM=[]
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pi=3.1415926535

z=0.0

=1

=1

data="csd'

datal=[]

data2=[]

# JliameTp ruib3u KaniopaTtopa, M

Dkalin=0.025

Rkalin=Dkalin/2

# ToBiMHA CTIHKY TPYyOH, 10 KaTIOpyeEThCs, M

Str=0.0024

rin=Rkalin-Str

# IlIBuakicTh KaniOpyBaHHs (IPOTATYBAHHS TPYOH), M/C

W=0.11

# Temmeparypa po3ruiaBy Ha BXoi B kKaiioparop, rpana. C

Tp=210.0

# KinbKicTh pO3OUTTS MO TOBIIMHI TPYOH, IIIT.

k=100

# 1lar ciTku B310BXK TpyOH, M

dz=0.00001

# Ilar ciTku 1o TOBLIMHI TPYOH, M

dr=Str/(k-1)

# I'yctuna nomjietusieny, Kr/m3

tro=np.array([0,13.5,38.8,61.3,80,102,124.2,142,163.8,170.6,173.5,174.2,210,250]
) # TabnuuHI 3HAYCHHS TEMIIEPATYPH

rot=np.array([862,862,859,857,851,844,828,810,793,758,750,741,702,702]) #

TabnuyH1 3HaYEHHA ISl TYCTUHU
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def ro(T):
return np.interp(T,tro,rot)
# Monyns nipykHocTi nosietwieny, MITa
tE=np.array([0,23,40,50,70,140]) # TabnuuHi 3HAYCHHS TEMIICPATypH
ZNE=np.array([923,670,407,291,223,0]) # TaOmuuHi 3HaAYe€HHI  MOMYJs
PY>KHOCTI
def EROZ(T):
return np.interp(T,tE,ZNE)*10**6
# Mea IIIMHHOCTI nojietusieny, MIla
tPL=np.array(][0,23,40,50,70,140]) # TaGauuHi 3HAUCHHS TEMIIECPATyPH
ZPL=np.array([29,23,16,14,9,0]) # Tabmuuni 3Ha4eHHS I MEXI INIMHHOCTI
def PLROZ(T):
return np.interp(T,tPL,ZPL)*10**6
def PPL(temper,rad):
return (EROZ(temper)/(0.83*rad/dr))*(((ro(temper))/ro(Tp))**(0.333)-1-
alfat*(Tp-temper))
def PYS(temper,rad):
return(2*PLROZ(temper)*dr)/(2*rad)

for i in range (0,150):
datal.append(0.0)
data2.append(0.0)
r.append(0.0)

for i in range(1,11):
pzagggl=0.0
pzaggg2=0.0
data=ffp.readline()
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datal[i]=float(data)

#print datalli]

for j in range(1,101):

data2[0]=Tp

data=ffp.readline()

data2[j]=float(data)

#print ' ',data2[j]

# Tuck Ha mapi, [1a
pzagggl=pzagggl+PPL((data2[j]+data2[j-1])/2,rin+dr*(j-1))
print pzagggl

for iin range(1,11):
print datal[i]

print "
print data2[0]

ffp.close()



PesynbTaTu nmporpamu

200 4

175 4

TemnepaTypa poaniaaey, rpad. C

50 -

25 1

t,cek

0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9

1,1
1,2
1,3
1,36

MoTo4Ha noBMKUHa KanibpaTtopa, M :0.25

150 4

125 4

100 -

75 -

0.0105

MoTo4yHUA pagiyc cTiHKKM Tpybw, Wo kanibpyeTscs, M

Tuck Ha

mapi, [1a

373,5153
3374,048
8024,884
13321,49
19086,5
25226,89
31684,02
38417,03
45395,6
52596,2
60000
67591,5
72231,02

0.0110

0.0115

0.0120

0.0125
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B Tabmumi b.1 HaBemeni imeHTH(IKaTOpH 0 TPOrpaMHU  PO3PAXYHKY
MIPOTYKTUBHOCTI TUCKOBOTO EKCTPyAepa.
Tabmus b.1 — Inentudikatopu 10 TporpaMu po3paxyHKy IPOJYKTHBHOCTI

JMCKOBOTO €KCTpyepa.

[Ho3nauenusa

HaiimenyBanus OJIMHUIb Inentudikarop OnuHUI BUMIpY
BEJIMYNHUA

JliameTp riib3u

. Dx Dkalin M
KajmopaTopa

30BHINIHIN J1aMeTp

: . D Dkalou M
KaJI1OpyoUuoi T'JIb3u

Pagiyc i :
am.yc U3t Rk Rkalin M
KajmopaTopa

30BHINIHIA paalyC
. batly Rer Rwall M
KaTiOpyI0U0i TIb3H

ToBuMHA CTIHKH

TpyOHu, 1110 Stp Str M
KaJOpyeTbes

JloBxrHa

: . Lk Lk M
KaJ11I0pyIOUOi TIb3U

[IBuakicTh
KaniOpyBaHHS

W wW m/c
(mpoTsryBaHHS

TpyOH)

Temneparypa
pO3ILIaBy Ha BXO/I1 Tp Tp °C
B Kariopatop

Temnepatypa BoaH,

110 OXOJIOKYE Tox Tcool °C
Kayoparop

Koedirmient
TEIUIOB1Ia41 BiJ
CTIHKH KaiibparTopa
110 BOJIH, 1110
OXOJIOIKYE

al Alfal Br/(M*°C)

KanopaTop




Koedimient
TEIIONPOBLIHOCT] - LAMKal B1/(mC)
MaTtepiay riib3u
Kaybparopa
r
}.]CTHHa p(t) ro(T) Kr/M°
MOJIICTHIICHY
TermnoeMuicTh
. Cp(t Cp(T /(xrK
HOJICTUIICHY P() P(T) flac/(xerK)
T —
eILIOMNpPOBIIHICTE () Lam(T) T/ (kK
MOJIICTHIICHY
M .
OAYIIL TIPYIRIOCT] E(t) EROZ(T) MITa
MOJIICTHIICHY
Meska TeKy4ocTi o(t) PLROZ(T) MIla
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JTOJATOK B

IIporpama rigpaBjiiYyHOro po3paxyHKy THCKY B TBUHTOBOMY KaHaJIi KajiOpaTopa
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Bxigni mani BBomsThCs B Onomi 1, a B Omomi 2 3amaloThesl BHUCOTA 1 MIMPUHA
CHIpanbHOI KAaHABKH JJIS1 OXOJIO/IXKYBAJIBHOT PITMHU HA KaliOpaTopi B 30Hax 1 Ta 2.
Jlani mpoXoAuTh OOYMCIIEHHS JOBKMHHM KaHaBKHU, MIBUIKOCTI pinuHH, PeitHonbaca
B Ostonti 3. Jlami B 610111 4 TPOBOAUTHCS MOPIBHSIHHS OTPUMAHOTO THUCKY 3 PO3PaXyHKOBHUH,
3aBJISIKMA YOMY, J1ajli BU3HAYAIOTHCS Kallli BUCOTA i MIMPUHA TBUHTOBOTO KaHAIy B OJIOI 5

BuBeneHHs pe3ynbTaTiB po3paxyHKy B 010111 6.
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< IlouaTtok >

A\ 4
l BuBenenus

BHCOTH ¥ IINPUHHU

Bxiani manni

BBGI[GHHH BHCOTHU 1
MU PUHHA KaHaBKH B

30Hax 112

Po3paxyHok
PO3PITKEHHS, 110
YTBOPIOETHCS

BIAIIOBITHO 10 TOBIIWHU

HIUTMHA KamOpaTopa

[TopiBHsSIHHS HEOOX1IHOT'O

PO3PIIKEHHS 3 pO3PaXyHKOBUM

A 4

OOupaemMo BHCOTY W UIIMPUHY

IUIAHA

Pucynox B.1 — brok-cxema TripaBiiyHOTO PO3paxyHKY THCKY B TBHHTOBOMY

KaHal KajmiopaTopa
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Kox mporpamu ayis po3paxyHKy TeMIIepaTypHHX IOJIB Ta THCKY PO3PLIKEHHS 3

pe3ynbTaTaMu pO3paxyHKy

Aptreba = 2.2'10Jr
5 -3 1= 1..
Q= __*10( ) 1:=1..100
60
e
| = 0.075 v = 1.006-100
Fatay
1 = 1:= 0.025
b 0.00].-= k=1 d:= 0.0
1 10
h.:= kb
1 1
t.:= 2-b.
1 1
|



0.5
2
3 ) \
L. = l_+|:11"((1+11.) —i| -
1 )
1
D)
W. = (" =
L b..h.
1 1
Jf-l)i‘h1
delov. := - — =
1 (2b+2h)
1

W..dekv.
1 1
Re. = =
1 v
0.856
lJr)]_ = - et
- \0.25
(Re.)
1
0.856
- v 0.25
\ 1

boL ( \&1) 2.006.95

Api =

2. (161\3’i
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1-2
[
—_

]
]

N
—

Ap; . \

12
12
—_

Aptreba
2.15-10"
2.1-10"
5.95.10°° 5.97.10° 59910 °
]Ji
- -3
lx:ql =1 1)1‘1 = 5.98-10
brozr == 1:r1‘1 hrozr = l\:ql-broz:r

_3
= 7. - — ay
Cpe= 4185.10° M= 100210 N\ = 0.604

Cp-pL ) trozr ;= 2-brozr
Pri= —2 — 6043 ‘ ‘
A
nvitrozr := = 6271
trozi
)
Ww = ; =233
brozr-brozr
. 4-brozr-brozr _ _3

deloviv .= =598 < 10

(2-brozr + 2-brozr)



Ww-deloviv 1
Rebr ;== ———— = 1.385 < 10
v
08 043
Nu:= 0.021-(Rebr) -Pr = 99378
: 4
alfa == Nu- — = 1.004 »« 10
delviv
0.5
,
2 1| .
Lrozr = |1 + | 7v-(d + hrozr)- = 0.615
trozr
0.856 _
Prozr ;= —— = 0.079
0.25
( Rebr)
5
Wwrozr-Lrozr-( Ww) ~-996.95
Aprozr = e ozt | ) > 2196 10Jr

2.delkiv
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B Tabmumi B.1 HaBenmeHi imeHTugikaTopu 0 TporpaMa  po3paxyHKy
TEMIIEPATYPHUX TOTIB Ta TUCKY PO3PIIKEHHS
Tabmums B.1 — InenTudikaropu a0 mporpama po3paxyHKy TeMIEpaTypHUX IOJIIB

Ta TUCKY PO3PIKEHHS.

Ilo3nauenus

HaiimenyBanns OJIMHUIH Inentudikarop OnuHUI BUMIpY
BEJIMYNHA

HeoOxinaunii
nepenaj TUCKY
) AP Aptreba ITa
OXOJIOKYBTBHOT

PIIUHA

O06’emHa BUTpaTa Q Q M/c

Yucno po3outTs i [

YacTrHa TOBXUHHU
KaJiopyro4oi

TUJIB3HM HA AKIH | | M

po3TalioBaHa

IBUHTOBA Hapi3ka

Kinemarnuna

B A3KICTh BOJIH

[[Iuprna
TBUHTOBOTO b(i) b; M

KaHajy

Bucora
TBUHTOBOTO h(i) h; M

KaHaiy

30BHIIIHIT

niaMeTp Tpyou




KoedimienT, mo
TIOKAa3ye€ y CKIIbKH
pa3iB BUCOTA
BIJIPI3HAETHCS BiJl
IITUPUHHA BUCOTH

BiJT ITUPHH

Kpok BuTka

(i)

Kiu1bKiCTh BUCKIB

(B 3aJ1€KHOCTI BIJI

K)

JloBkrHa
TBUHTOBOTO

KaHary

[IBUAKICTE PYXy

PIIUHA

M/c

ExBiBaJIECHTHUIA

alameTp

dekv

dekv

Kpurepiii

Petinonnica

Re

Re

KoedirienT reprs
JUISL
0XOJIOZKYBaJIbHOI
piauHN

TennonpoBiAHICT

BOJHU

Bm/(m-K)

I'yctuna Bogu

KI/M°

JIlunamiyHa

B’SI3KICTh BOJIH

Ila-c
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TermnoeMuicTh
C Cp KJIK/KT
BOIN
Kputepiit
Nu Nu
Hycenpra
Koedirmient ,
_ _ o o B1/(Mm*K)
TETUTIOBIIaYi
Kpurepiii
Pr Pr

[Ipanarns
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JTOJATOK T

AKTH BIIPOBA/I’KEHHS Pe3yJbTaTiB po0oTH
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JATBEPJIKEHO
Jlexkan nokenepro-xiMmiunoro gpakynsrery
KII im. 1. Cikopeskoro

AT HeTipod:
C ‘l" / '
A/ €sren TTAHOB
i

«Al» 1L 2024 p.

AKRT BITPOBA/UKEHHS
PESN INTATIR Ameepraniiioro goenimxenns [oavana Mpuropis Cepriiiosnua
wa Temy: « TenmooOmin npu kaniGpysansi TpyG 3 TepMorLIacTiB»

Mu, U0 RHRIC MUTTHCATHCS, npeacTaBHK HauloHansHO TEXHIYHOrO YHIBEpCHTETY
Vxpatan «KuiBehkvit momTexwignni iRcTHTYT iMeni Irops Cikopcbkoro», 3asiayBay xadeapH
Mawws Ta anapatis Nimivawx 1 wadronepepoGuux BupoGHnuTE (MAXHB) K.T.H., JOLEHT
Crenarox: AP, maykosnii xepisnvk xadeapn MAXHB, a.r.m., npodecop Kopuienko SM.,
HAVRORHH KOPIBRWX K.T.H., aonerT Cemincskuit 0.0., acnipanT Moauman I.C., cknam nanuit axt
TN RANOPRCTANNS Y HaBvanbHOMY npoueci xadpeapy MAXHB naykoBux pesynsTaTiB, sKi
QTPIMARD 1T 9aC BUKOHAWNS JucepTaniinoi poboti Ha TeMy « Tennoo6Mmin npu kaniGpysansi
TOVE 8 TOPMONITACTIBN.
Brposamrenns PesyabTaTis ANCEpTaii B OCBITHIMN Mponec 3abe3neqyeThes:
Pesymsrata HJP SWKOPHCTOBYIOTHCS Y HABYATBHOMY ITPOLEC] Ml Yac MiZArOTOBKH:
1. 3nofysawis mepmoro (6axkamaBpCHKOr0) piBHS BHINOI OCBITH 3@ OCBITHBOK
morpavor  «Komm IoTepHO-IHTerpOBaHl  TEXHONOrii MPOeKTyBaHHsA obOnanHaHHS
XIMISHOT THOREHEPIIN:
V HOPMATHBHIN JWCIATLTIRI:

—~ TIO 12.2 Tlpouecn Ta obmamranHs XiIMiYHOT TexHonorii.-1. Tennosi npouecu»,
JIACIWTUTIHAX BITBHOTO BROODY:

- «llponecm mepepoOKM BHCOKOMONCKYISPHHX CHNONYK» Ta «MoJaemoBaHHS CTaHy
CVINTHHOTO CEPEAOBAIIAN

~ TPV BAKONANHI KYPCOBOIO Ta AWILIOMHOTO MPOEKTIB.

2. 3p06ysaywis APYTOro (MaricTepchKoro) piBHS BHINOI OCBITH 32 OCBITHBOK MPOrPaMOK
«IEORERIPDAET T2 KOMN IOTEPHRO-IHTEIPOBAHI  TEXHOJNOTH  NPOGKTYBAHHS  iHHOBALINHOIO
TANYISBON0 O0NANRaRESM:

~ v wopwarwsriii jwcmwmaini [104 [mKWHIpHET iHHOBAUINHWX TexHonorii Ta

ofnanranns;

358
24

S Pl
LT TN TP
Wias Lt

..-J:kéo‘x.-é:. e




Brposapkenns pesynpraris HIP no3sonse 3100yBavaM BHIIOT OCBITH OTPHMATH 3HANRS
Npo CyYacHi MiJX0/IH 10 MpoIiecis TenioBoi B33EMOIIT 06’ €KTIB 3 JIOBKULIAM T2 niAsAMeREs iX
eHeproe()eKTHBHOCTI Ha OCHOBI 3aCTOCYBaHHA iHTeNeKTyaTbHHX CHCTEM eHEPro30CpPERCHNS Ta
03MAHOMHTHCA 3 HOBITHIMH HAIPSMH MOJIEMIOBAHHAS LIHX POLECIB.

BlpOBA/UKEHHA pe3yibTaTip JAHCEpTAliHHON poGoru 3abesnedwTs Ginbm  SKICHS
(dopmyBaHns y 3106yBavis BHIIOT OCBITH HACTYMHHX KOMTeTeHTHOCTel!

— sparmicts a0 pospobnenns  disnuHoi Ta MATEMATHYHOI MOACSi MPOUCCis
HECTAIOHAPHOTO TETMIOOOMIHY;

— 3naTHiCTh N0  OOIpYHTYBaHHA — METOJMKH NpOBEIeHHs  eKCIEPUMEHTATBRIIX
JIOCITIIKEHb}

— BMIHHS TPOBOJMTH MaTeMaTHHHY obpofKky Ta Y3araTbHEHHESN pesyasTans
eKCIIepPUMEHTIB.

3apinysay Kadenpu

K.T.H., IOIEHT 7 / Angnpiit CTETIAHIOK
HaykoBwii KepiBHUK npu MAXHB,
JLT.H., mpodecop ———%Spocnas KOPHIEHKO
/ (
KepiBuuk acripaHTa
K.T.H., IOUEHT .’/WV Onexcanap CEMIHCBKUI

Acnipat e, T'prropiét TIOTMMAH

211



		2025-01-07T16:16:45+0200


		2025-01-07T16:16:47+0200




