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Axkmyansuicmo memu 00cniodncenna. OXon004ceHHs. NONIMEPHUX TUCMI6, K [ Oilbuicms npoyecie nepepodKu niacm-
Mac, Hanexcums 00 Hei30MepPMIYHUX npoyecie, Mobmo HeOOXIOHO po38 a3yeamu meniosgy 3aoauy. Bio mounoeo pospaxyHky
Menio6020 OANAHCY Oyoice 3aNedcums KiHyesull pe3yiomam ekcmpysitiHoeo npoyecy. Tomy 3anponoHosana mamemamuyHa
MOoOenb ma npoepamHutl 610K 05 ii peanizayii 0ONOMONCYNb 3HAYHO NOKPAWUMY MEXHOL02IUHI MA eKOHOMIYHI NOKA3HUKU
eKCMpPY3IUHUX NIHT I3 GUNYCKY NONIMEPHUX TUCTMIG.

Ilocmanoeka npoonemu. Bucomosnennio nonimeprux Iucmie npucesueno bazamo Haykoeux npayw. Ilpu yeomy maxomy
npoyecy, sk 0X0I00HCEHHS KIHYe68020 NPOOYKIY NICIS eKCmpy3ii npuodileHo He 6aeamo yeazu.

AHnaniz ocmanuix 0ocnioxncens i nyonikauyin. Cmeopero 0exinoka MamemMamuyHux Mooenell meniosux npoyecie 0s me-
nioeHepeemuyno2o obaaonanus. Hanpuxknao: ons 0o0nouepe sunux, 060uepe sunuxX, ueps siuHo-0UCKOGUX eKCIpyoepie moujo.
Ipu yvomy 3anponoHo8aHo pisHi po3paxyHKoei cxemul, Memoou ma PiGHAHHA 0N IX 6UPIULEHHS.

Buoinenna nedocnioxncenux yacmun 3a2aavHoi npoonemu. Mamemamuuny mooens 0iis 8i00OPANCEHHS NPOYecie 0xXo-
JNOOJCEHHS NONIMEPHUX TUCIIG NICISL IX eKCmPY3il MOJCHA 88ANCAMU POZULUPEHHM YUX OOCAIONCEHb.

Ilocmanoeka 3ae0anna. OcHogna mema yiei cmammi NoAseA€ 8 po3podyi MameMamuyHoi Mooeui Ol AHarizy memne-
DpamypHo20 Nois npu 0X0N00MCeHHI NONIMEPHUX JUCMIE HA eKCMPY3IUHUX NIHIAX, Wo 003601umMb ONMUMI3y6amuy He MilbKy
MexXHON0IYHI napamempu, a 1 KOHCMPYKMUGHI XapaKkmepucmuKu aiHil.

Buknao ocnosnozo mamepiany. llpu 6ubopi cpanuynux ymos mpeba 6paxoeyeamu peaibhi KOHCMPYKMUGHI 0coOIU8OCmi
cucmemMu OX0N00HCEHHS NONIMEPHUX TUCTNIB, U0 00ePIHCYIOMb HA eKCcmpY3iHuX Niniax. [lpeocmasneno po3spaxynkogy cxemy
ma pigHsiHHs menioeozo banancy. Q0epoicanHs MameMamuyHoi Mooeni 30IHCHI08AI0CH 3a OONOMO20I0 ONePayiitHo20 Menooy,
8UKOpUCNO8YIOUU IHMezpalbHe nepemeopenns Jlannaca. Pospobneno npoepamy po3paxyHky napamempie Oisi KOHKpPemHux
VMO8 8UPOOHUYMEA.

Buchoeku 6ionogiono 0o cmammi. [Ipueedeno cyuacnuil rimepamypHuil o2nso meniogux 3aoay. Pospobieno mamema-
MUYHY MOOelb 0I5 MOOETIOBAHHSL NPOYECi8 0X0N00XHCeHH s NONIMEPHUX Tucmie nicis ix excmpysii. [1o6ydoeano npospammuil
bnox Ha 6azi mamemamuunoeo nakema MathCAD ons peanizayii po3pobreHoi mamemamuunor Mooeii.

Kniouoei cnoea: excmpysiiina 1inisi; pigHAHHS 6ANAHCY, MENI08A eHeP2isl; MAMEMAmMUYHa MOOelb;, NPOZSPAMHULL OILOK.

Puc.: 7. bion.: 15.

AKTyaJbHicTh TeMH JocaikeHHA. OXOJIOIKEHHS MOJIMEPHUX JIUCTIB, K 1 OLIBIIICT
MPOIIeCiB 13 MepepoOKH IUIacTMacC, HAJICKUTH J0 HEI30TEpMIUYHUX MPOIECiB, IO BUMAarae
PO3B’sI3aHHS TEIUIOBOI 3ajaui. Bijl TouHOro po3paxyHKy TEIUIOBOrO OajaHcy AyXkKe 3ajeKUTh
KIHIICBHI pe3ysIbTaT eKCTpy3iiHOTO IpoIiecy. ToMy 3amporoHoBaHa MaTeMaTHIHa MOJIENb Ta
nporpamMHuid 610K JUIs i1 peatizalii JTomoMOXyTh 3HAUHO MOKPAIIUTH TEXHOJIOTIYHI Ta €eKOHO-
MIYHI TIOKa3HUKH €KCTPY3IHHUX JTiHIH 13 BUITYCKY TOJIMEPHHX JIACTIB.

VY 11i#t po6oTi po3pobIeHO MaTEMaTHYHY MOJIEINb MPOIIECIB OXOJIOKSHHS MOTIMEPHUX JTH-
CTIB, oJiepkaHuX Ha 0a3i eKCTpy3iiHuX JiHii. [Ipr po3po0IeHHI MaTeMaTHIHOI MOJIeIi BUKO-
puctano JlekapToBi cucTeMu KOOpAUHAT. AHAIITUYHE PillIeHHS ITi€] TEII0BO1 3a/1a4i 3HAXOH-
JIOCH 3a JIOTIOMOTOFO OIIEPaIlifHOTO MeTO 1y (METOIOM iHTEeTpaJIbHOTO ITepeTBopeHHs Jlamaca).
YucnoBa peanizallis oTpuMaHoi MaTeMaTHYHOI MoJieNIi BiO0yBaacs Ha 0azi MareMaTHIHOTO
naketa MathCAD 3 BUKOpHCTaHHSM HU3KHA BOYJIOBaHHX Y IIeH MakeT pyHKIIIH Ta 00YHCIIOBa-
JHHUX OJIOKIB, IPU IIbOMY PO3p0O0OJIEHO BiIMOBITHUM TpOrpaMHUi OJIOK.

ITocTanoBka npo6aemu. [ToriMepHi TUCTH B O1IBIIOCTI BHITAIKIB OJCPKYIOTh HA €KCTPY-
31MHUX JIHISX 13 BUKOPUCTAHHSM Pi3HUX THIIIB €KCTPYAEpiB (OJAHOYEPB’IUYHHX, JIBOUEPB’sU-
HUX, YepB’ TYHO-IUCKOBHX TOIIO). THITOBY cXeMy JIiHIi IS 0OepKaHHS MOJIIMEPHHX JIUCTIB 30-
OpaxxeHo Ha puc. 1.

s JTiHIS CKJIATaeThes 3 TAKAX OCHOBHHX BY3JIIB 1 MEXaHI3MiB: eKcTpyepa /; eKCTpy3iitHol
(TUTOCKOIIITUHHOT) TOMIBKH 2; KaniOpyBajibHOrO (INIaJuIbHOIO) KalaHapa 3; poibranra s
OXOJIODKEHHS JIUCTIB 4; MPUCTPOIO JIIS TO30BKHBOTO Pi3aHHs OIYHUX KPaloK J; TATHYYOTO
HIPUCTPOIO 6; IPUCTPOIO JUISI TOTIEPEUHOT0 Pi3aHHs JIUCTIB 7; mrTadeneykianaya §8.

SIK 1 GUIBIIICTB TIPOIIECiB TePepOOKH IIaCTMAC, OXOJIOKEHHSI TIOTIMEPHUX JIUCTIB BiHO-
CAThCS 0 Hel30TepMiyHuX mporieciB. Lle moTpebye po3B’si3aHHs TemI0BOI 3a1adi. J[71s1 iboro B

3araJlHOMY BHIIAJIKy CJIiJl CKOPHUCTATHUCS PIBHSHHSIM TETUIOBOTO OajaHCy.

© Kyzses 1. M., Murpoxin O. A., Kazimipos 1. 1., 2020
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Puc. 1. 3aeanvnuii éuenso ninii 0ns 6upodHUYymMea 00Howaposux nucmis. 1 — ekcmpyoep,
2 — excmpy3itina 20106Ka, 3 — Kaniopysanvhuil Kaianop, 4 — poiveane 0 0X0JL00HCeH NS
Jucmis, 5 — npucmpiil 0Jis1 NO3008AHCHLOR0 Pi3anHs OIYHUX KpAUlOK, 6 — msaeHy4ull npucmpii,
4 — npucmpiti 0152 nonepeyno2o pizanns iucmis, 8 — wmabeneykiaoay

Y BEKTOPHOMY BHIJISIII, TOOTO HE 3aJI)KHO BiJ CHCTEMH KOOPJIHUHAT, B SIKiH pO3IISIAETHCS
KOHKPETHHH Mpoliec, piBHSIHHS TEIIOBOTO OaaHCy MOJKHA ITO/IaTH TaKUM YHHOM [ 1-5]:

DT - < -
p.cp.E:—(V-qj+(a;VVj, (1)

5
ne Cp — KoediIlieHT TeII0OEMHOCTI MaTepially pH HOCTIHHOMY THUCKY; ¢ — BEKTOP TEIJIOBOTO

- -
notoky; 7' — temmeparypa; VV — rpazuient Bekropa V' ; DT/Dt — cyOcraHIioHanbHa MoxijgHa
-

BiJ TeMnepatypH; (V- ¢ ) — ckanspHuit 100yTOK BEKTOpa V na Bextop q.

Jpyruit nonaHok y npasiit yactusi piBHSHHSA (1) sBIsie c000I0 TEH30pHUH 3amuc, 1110 3 ¢i-
3UYHOTO MOTJISA/TY € IBHJIKICTIO HEOOSPHEHOTO PYXy BHYTPIIIHBOT €HEPTil OJMHHMII eJleMeHTa-
pHOTO 00’ €My 3a paxyHOK B’si3koi qucumnaiii. [{e#t nogaHok iHoAi HA3UBaIOTh (PYHKIII€IO TUCH-
narii. Skmo 3Ha4yHWX JedopMallii B elleMeHTaX, IO pPO3IISIAIOTHCS, HeMae, TO IIEr0
BEJIMUMHOIO MOKHA HEXTYBATH.

BuxopucTtoByroun JekapToBi cucTeMu KoopauHaT piBHSHHS (1), y pa3i HexTyBaHHS (QyHK-
i€I0 UCHTIAIIT, HAOMpae TaKUi BUTIIS

oT oT oT oT |

p-C, | —+V, -—+V, +V, =
ot ' Ox, ' Ox, POx,

dq, 9q, 0Oq.
+ +

ox, Ox, Ox,

ne xi(i=1,2,3) — xoopauHaTHI oci (y 6ararboX BUIAIKAX Ii OCi BIIMOBITHO TO3HAYAIOTHCS

TaK X, ), Z.

JLtst IpOo€EKITii BEKTOpa TEIUIOBOTO MOTOKY ¢; Y OUTBIIOCTI BUNIAKIB € CIIpaBeJTMBAM 3aKOH
Oyp’e, sKU MOKHA MTOJIATH Y BUIJISLIL

2

S

)

Jie A — KoeQiIlieHT TeILIONMPOBIIHOCTI ITepepoOIIFOBAaHOTO MaTepiaiy.
Jlist po3B’si3aHHs piBHSAHHS (2) 3 ypaXyBaHHSM CHiBBiIHOIICHHS (3) HEOOXiTHO MaTH MO
JIBI MEKOBI YMOBH IIOJTO JIIHIMHAX OCei KOOPJWHAT ¥ OHY IIOYaTKOBY YMOBY 32 9acoM t.
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[cHYIOTH TpY OCHOBHHMX THUIIU MEXOBUX TEMIIEPATYPHUX YMOB:
— MeX0Ba YMOBA IEPIIOro pojly; 1€ KOJIU Ha MOBEPXHI €JIeMEHTa, L0 PO3IJISIAEThCs, 3a-

JaeThest TeMmeparypa 1
T:Tér mpu X, =< (aGo X, =0), 4)

ne & — XapakTepUCTHIYHUN TeOMETPUYHME PO3MIp Y3/I0BXK BiINOBIHOI KOOPIMHATH;

— MeX0Ba yMOBa JPYToro poy; Iie KOJIM Ha TIOBEPXHi eJIEeMEeHTa, 10 PO3TIISIIA€ThCS, 3a1a-
€THCSI TETLJIOBHUH MOTIK ¢

iﬂ,'g_T:% npu X,=¢ (abo X, =0); ®)

X

1

— MEKOBa YMOBa TPETHOTO POJY; 1€ KOJIM IOBEPXHS eIeMEHTY Ma€ KOHBEKTUBHUI TeIIo-
OOMIH 13 30BHIIIIHIM CepeIOBHUINEM

£ _ g, (1. -7) npu x,=& (aco x,=0), ©)

y
ne T. — TemmepaTypa 30BHIIIHBOIO CEPeIOBHINA; ¢, — KoedilieHT Temoimtayi, [Br/(M*K)].

3HaKM IJIIOC 1 MIHYC BIANOBIZAOTh HAIPABIEHOCTI OCi KOOPAMHAT 1 BEKTOPA TEIIOBOIO
MOTOKY. SIKIIIO HampaBJIeHOCTI 30iratoThesi, TO Oy/ie IIIIOC, B iIHIIOMY BHUIIAIKy — Oyie MiHYyC.

SIKIIIO IPUITYCTUTH, IO B TOYATKOBHI MOMEHT Yacy TiJI0 MaJlo MOCTiHY TeMueparypy 7,
TO TIOYAaTKOBY YMOBY MOYXHA 3aIIHCaTH TaK

T(xl.,t)=7; mpu 1=0. (7)

IcHye 1m1e # MekoBa yMOBa 4ETBEPTOTO POAY, IO BiANOBiAa€ TEIUIOOOMIHY MMOBEPXHI Tijla 3
HABKOJIUIIHIM cepefoBUINEM (KOHBEKTHBHHM TEIIOOOMIH TiNia 3 PiIMHOI0) a00 TermIo00MiHy
CTUKOBUX TBEPJAUX TiJI.

AHaJi3 ocTaHHIX T0CTIKeHD i myoaikamii. Y po6oTi [6] po3po0aeHo MaTeMaTudHy MO-
JIeITh JIJTsl TETUIOCHEPTeTHYHOTO 00aaHanHs. [Ipy 1boMy po3paxyHKOBY CXeMy IOJaHO, K 30-
OpakeHO Ha puC. 2, JIe MaOTh MiCIle TakKi eeMeHTH: / — MacHBHE Harpite Ti10; 2 — MOTIK Tell-
JIOHOCIST;, 3 — TEIUIOI30 LIS,

2

Wil

"h2

X

3 -
Ns[n2
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o +

Puc. 2. Pospaxynkosa cxema 05 anaiizy memnepamypu npu 63aemoo0ii nOmoxy menioHocis 3
meepoum minom: 1 — macuene Haepime mino; 2 — nomix menioHocis, 3 — menioizonayis
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JIiist omEicaHHST TIPOIIECIB 3T1IHO 31 CXEMOIO Ha pHC. 2 3a 0a30Be PIBHSHHS MPUHHATO TaKe
PIBHSIHHSI HECTAI[IOHAPHOI TEIUIONPOBITHOCTI:

oT (GZT asz

-C '—=ﬂ,' + —
P ox* 0y’

i ®

[Tpu mbOMy IPUIHATO TaKi MEKOBI YMOBH:
— MEKOBI YMOBH JUISI OCi )

oT
A— =dr>

ay y=—h/2
or| - _,,

ay y=h/2

)

— MEKOB1 YMOBH JJIS OC1 X

oT
ox
oT
ox

x=0

(10)

x=L/2
[ToyaTkOBY YMOBY B3SITO TAKHM YHMHOM:
T=T npu t=0. (11)

Bukonyroun BiJIOBi/IHI TeperpynyBaHHs 3 BAKOPUCTAHHSIM 1HTEIPAIbHOTO TIEPETBOPEHHS

Jlannaca, ozmep)kaHO HACTYIHE PIBHSHHS JJIS PO3MOAUICHHS TEMIEpaTypH B JIUCTI 3TiIHO
CXEMH, II0JIaHO1 Ha pHC. 2.

qr
IT'(y,t)=T, - X
.1) 7a,
2
> 71, t 71,
2-exp| — - |——v1, -erfc +
2 p{ 4.tj\/ﬂ & (2-% - (12)
2
S 72, ! (72kj
+ 2-exp| — - |——92, -erfc
; p( 4.fj\lﬂ S CWA

TennoBwuii moTiK qr Bi,[[ OXOJIOJHOTI'0 CEPCAOBHUIIA MOKE 6}7TI/I BH3HAYCHUM 13 TAKOTO BUpa3y

G -p -C
=L (1, - 1), (13)

qr
rg

ne P, —rycruna; G, — surparn; C pi — TETIOEMHICTB; S r¢ — TUIOIIA OBEPXHI, Ha AKY M0]1a-

€THCS OXOJIOJKYIOUe cepenoBuiie; 7, 77 — TeMrepaTypH BiIOBITHO TOBEPXHI TBEPJIOTO Tijia
# 0XOJIOJDKYIOUOTO CEPEIOBHUIIIA.

Kpim Toro, y miif po6oTi po3paxoBaHO TeMIIepaTypHE HANIPYKEHHS, BAKOPUCTOBYIOUH TaKe
PIBHSIHHS

El1 " 3.
O'(y,f)zlﬂ_—v' m I T(y,t)dy+ >
—hy

- fy-T(y,f)dy—T(y,t) : (14)

_hZ
1e ff — KoeiIieHT JHIHHOTO PO3IMUpPEeHHS;, £ — MOYJIb MIPYKHOCTI; v — KoedirieHT [IyaccoHa;
h,=h/2.
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VY po6orti [7] cTBOpeHO MaTeMaTHYHY MOJENb ISl TeTUIOBUX MPOIECiB Y 30HI >KUBICHHS
OJIHO-YEPB’IYHOTO EKCTPYyAepa, IPpH IIbOMY PO3PaXyHKOBY CXeMY IPHUBEIECHO JO0 MJIOCKOI MO-
TN, SIK 300pakeHo Ha puc. 3.

kL

Puc. 3. Pospaxynkoea cxema OJisl aHaizy memnepamypu 6 30Hi HCUG/IeHHS.
00HOYeps sIYH020 ekcmpyoepa: I — kopnyc, 2 — nonimepruti mamepiai, 3 — ocepost uepe ‘aKa
MatemaTuuHy MOJIENb JJI1 MOJIETIOBAaHHS TEMIIEPATYPHOTO MOJISL OJIEP>KaHO 3 BUKOPUCTAH-
HSIM 1HTETPaJIbHOTO METOTY, IPU IHOMY Ha TPAHUIISIX MOIMEPY 31 CTIHKaMU KaHaTy BUKOPHUC-
TaHO MEXOBI TeMIlepaTypHi YMOBH JPYTOTO POy .
Jlnst BU3HAUEHHS TeMIlepaTypH B IMOJIMEPHOMY MaTepiaii oJep>KaHoO BHpa3 Y TAKOMY BH-
LIS

1 !
T2<z,y>=T2n—ﬂ—,/§é Vo f,-P.=T, -k, +T,, -k, )- EX, (2, y)-
S P

—%Jf(v Sy BTy ok + Ty ey ) EX (2, 9). (15)
nie EXl(Z»y)=2{2-\/%@4{—%}61’1,{ -erf{ﬁ;‘;j}
Sl fE {20 2 )|
ol ]

h h
dl, = LN y——=\+h -(2-k+1)|;d2, Ve y——=L|+h, -2 k+1)|;
a, | 2) ¢ a, 2 #
v, | h, V. h,
d3, = |-+ —[y+—*j+hg-(2-k+l)};d4k —P-[[y+—”j+hg-(2-k+l)]
a, | 2 a, 2
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V HaBeleHUX BHILE PiBHSHHAX BXOJSTH TaKi MO3HAYECHHS: fp, fy — KOe(ili€eHTH TepTs MiX
MOJIIMEPOM 1 BiJIIIOBITHO KOPITYCOM i OCepIIsiM; V), — BHUIKICT PyXY MOJIMEPHOTO MaTepiaiy;
P- — TuCK, cTBOproBaHU# y mosliMepi; ds — KoeQillieHT TeMIIepaTypOIPOBiTHOCTI.

3HaYHYy KUIBKICTh MaTeMAaTHYHUX MOJEJNIEH sl aHalli3y TEIJIOBUX 3aj7a4 HaBEeICHO B Ha-
CTYIIHUX Ipargix [8—12].

BugineHHss HeZoCTi/UKeHHX YACTHH 3arajbHOI npodJjeMu. MareMaTHIHy MOJAETH JUIS
BiJIOOpaXKeHHS IPOLIECIB 0XOJIOKEHHS ITOJIIMEPHUX JIUCTIB M IX eKCTpy3ii MO’KHA BBa)KaTH
PO3IIMPEHHSIM [IUX JTOCIiKEHb.

ITocTanoBka 3aBaanHs. OCHOBHA MeTa Ili€l CTATTi MOJIATae B po3poOIli MaTeMaTHYHOT MO-
JIeNl JJIs aHauTi3y TeMIIepaTypHOTO TOJIS MPU 0XOJIOKEHHI IMOJIMEPHUX JIUCTIB HA €KCTPY3iii-
HUX JIHISX, 10 JO3BOJIUTH ONITUMI3YBaTH HE TIIHKH TEXHOJOTIUHI apaMeTpH, a i KOHCTPYK-
THBHI XapaKTePUCTUKH JIIHII.

BukJaa ocHoBHOro MaTtepiauay gocaimkenns. [Ipu MosenoBanHi TemMrepaTypHuX MoJIiB
y TIPOIIeCi OXOJIOJDKSHHSI TIOJIIMEPHHX JIUCTIB BUKOPUCTAEMO MPSMOKYTHI J[ekapToBi Koopiu-
HaTH. [Ipu BHOOpI TpaHUYHUX YMOB CIIiJ] YpaxOBYBaTH pealbHI KOHCTPYKTUBHI OCOOIMBOCTI
CHCTEMH OXOJIOKEHHSI MOJIIMEPHUX JIMCTIB, 10 OJIEPKYIOTh Ha €KCTPY31MHUX JTIHIsX.

BepxHs OBEpXHS JIMCTA MEPEBAKHO OXOJIOKYETHCS MOBITPSIHUM MOTOKOM a00 B TOBIT-
PSIHO-BOJITHOMY CEpeJIOBHINI, P IIbOMY MOKHA MPHHHATH MEXOBI YMOBU TPETHOTO POJY,
TOOTO KOHBEKTUBHUMU TeII000MiH. HIOKHS MOBEpXHS JIMCTA HA MEBHIM, IOCTaTHRO JOBTil Ya-
CTHMHI PyXy JIUCTA, IPOXOJUTH IO POJUKAM OXOJOKYIOUOTO POJIbraHry, M0 Ja€ JI0JaTKOBY
MOXJIUBICTD y TIPUIIBUANICHH] ITBUIKOCTI OXOJIOPKEHHS OJICP>KyBaHOTO BHPOOY.

Po3paxyHKOBY cxeMy MO>KHA HOJATH 3TiAHO 3 pHUC. 4, e MPUHHATO Taki Mo3HauYeHHs: T,
Ty — TemrmiepaTypH BiIIOBITHO HA BEPXHIiH 1 HIDKHIM MOBEPXHSIX JIUCTA; 1 — TEMIIepaTypa 0XoJo-
JUKYIOYOTO Cepe/IOBHUINA Ha BEpXHill HOBEpXHi JiucTa; 1, — MoyaTkoBa TeMIeparypa JUCTa Ha BXO/Ii
B 30HY OXOJIO/DKEHHS; }- — IIBUKICTH PyXy JIUCTA.

3 ypaxyBaHHsIM [eBHUX MPHITYIIEHb PIBHSHHS TEIUIOBOTO OalaHCy MOKHA MO/IATH TAKUM YHHOM:

or o’T
pm.Cpm'Vz.Ez/Im' ayz ‘ (16)
YA /Tﬁ' T
A
—V,

Al To

¥

0 N7

0
Puc. 4. Pospaxynkoea cxema 01 MOOENIOGAHHS MeMNEePAmMypPHUX NPOYecie
npU 0XOJIOONHCEHHT TUCIB

Merx0Bi YMOBH JUTSl CXEMH 3a PHC. 4 3aMUIIYTHCS TAKAM YHMHOM (3 ypaxyBaHHS MPURHITHX
paHiIie 3ayBayKeHb):

orT

A 'a=%‘(T-—Th) npu - y="n;

m c

, (17)
I,=T, -exp(—z : klj pu y=0,

I 0 — Koe(iieHT TeIUTOBIIa4l MidK 0XO0JI0DKYIOUNM CePEOBHINEM 1 BEPXHBOIO TUIOIIHHOIO
nucta; kI — mapaMeTp, 10 XapaKTepH3ye MIBUAKICTh OXOJIOKEHHS HIKHBOI TOBEPXHI JINCTA.

65



Ne 3(21), 2020 TEXHIYHI HAYKU TA TEXHOJIOT'IT
TECHNICAL SCIENCES AND TECHNOLOGIES

OnepxaHHs MaTeMaTHYIHOT MOJIEITI 3T1/THO 3 IBOMa OCTaHHIMH BHpa3aMu 0y1eMO 3/TiHCHIO-
BaTH 3a JOIOMOIOI0 OIepaIliifHOro MeToy, BHKOPHCTOBYIOUH iHTeTpaJIbHE TIEPETBOPEHHS
Jlamtaca 3a xoopauHaroro z [13, 14]. Oneparopuuii anamor piBHSHHS (16), TOOTO BHpa3 (16)
ITiCTIs iHTerpalTbHOTO IepeTBopeHHs Jlaraca, Moke OYTH TIOJJaHUM Y TAaKOMY BHTJISI

2 L
d Tz _i.TL:_T_P’ (18)
dy”  a, a.

L
ne T — mykana remueparypa B 300pakeHHsX; s — oneparop Jlamaca;

A

m

az=—.
pm'Cpm I/:

OmneparopHi aHAIOTH TSI MeKOBHX yMOB (17) 3aIUIIyThCS TaK
ort _a.(I.-T,)

= npu y=nh
ay S ﬂ'm (1 9)
- : npu  y=0
s+kl/L '

Pimenns pipastaas (18) mae Burmsn [15]:

T
T'==L4(, -exp(— /i-yj+C2 -exp( /iyj (20)
S Cl__ Cl__

Jliis Toro mo6 ckopuctarucs piBHsSHHAIM (20), Tpeba BU3HAUUTH cTaii iHTerpyBanus C; i
C>, s 9oro HeoOXiTHO Oe3mocepeTHRO MiJICTAaBUTH JAPYTy MEeKOBY yMOBY i3 (19) B (20). Jlns
BH3HAYCHHS 000X CTaIMX IHTEIpyBaHHS HEOOXITHO CIIOYaTKy BUKOHATH AH(epeHITiFOBaHHS Pi-
BHsIHHS (20) 332 KOOPAMHATOO ), MIC/IS YOTO ITiICTAaBUTH HEPITy MEXKOBY YMOBY i3 (19).

BukoHyr0OuM BHIIICHABEICHI TIEpEerpyyBaHHS, B OIIEPaTOPHOMY BUTIISII piBHIHHS (20) Mo-
JKHA TIOJIATH TaKUM YHHOM:

7! = T_p Tp kl exp( K \/_) Tp kl eXp(Ky'\/;)_ eXp(_Ky'\/;)

s s+klL L s s+k1/L L -[exp(Kh-\/;)+ exp(—Kh-\/;)] -

a. _eolK s)-expl-K 5)

_ R : 1)
A \/? s-[exp(K h.\/§)+ exp(—K h\/;)]

pe K, =y/\a. ; K,=h/a. .

CJIiI[ 3a3HA4YUTHU, IO B OCTAHHbBOMY piBHSIHHi B KBaJApaTHUX AYIKKaxX, SIK1 3HaxXodiAThCA B
3HAMCHHUKAX, Y PCAIIbHUX YMOBAX MOKHA BUKOPUCTATH YMOBY:

explK, s ) >> exp-K,s . (22)

3 ypaxyBaHHsM yMOBH (22) Bupa3 (21) crportyeTbest 10 BUTIISITY

- _Q T, kl exp(—K x/_) Tp ﬂ exp(—K,Hy-\/;)_exp(—Kh_y-\/;) N
s s+k1/L L s s+k1/L L s s
o, (T, _Th)'\/Z.L. eXp(_Khw"/;)_ exp(—Kh_y-\/;) (23)
A, Js s S ’

e K,,, =(h+y)/Ja.: K,_, =(h-y)/\Ja. .
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Ha octannbomy etami ojep)kaHHS MaTeMaTHYHOI MOJIENI CIIil MEepeUTH Bif 300paXKeHHS

temmeparypu 17 1o i opurinany 7. JIjist IIbOTO CKOPHUCTAEMOCS TAKUMH (POPMYJIaMH TIEPEXOTY
i Teopemamu [13-14]:

T expK +s) T, ki k1 ( k1 j
L oT ;— L. — T -—-expl——-z|;
s fzf s+k1/LL e A

1, expCK, V) 1
\/_ -z s s+k1/L j L (Z §))d§

OcTato4Ho BHpa3 AJis BU3HAYCHHS TEMIIepaTypH 3a CXEMOIO, IO BIAMOBIAAE puc. 4 1 3riHO
3 IPUHHATUMHI MEKOBUMH YMOBaMHU, OyJie MaTH BUTJISIA:

I'(z,y)=T,- fl(z,y)+ f2(z.y) - f3(z,y) . (24)
B ocrarEBOMY piBHSIHHi BBEJICHO TaKi QPYHKIIIT

SNz y)=T ,— p{—— (z— f)} ¢,
g { 2 IJ
f2(z,y)=f21(z y)—f22(z )

h+y
f21(z,y) T —-|e p|:—— (z— rf)} {
’ ’ 2 fa S

kl
f22(z, )—T — [{—— (z-9) r{ — ]d
y L .(!. ‘e \/_
f3(z.y)= f3Uz.y)- f32z.y);

AT T, (2))-a. 7
f31(zjy):0!c ( ¢ ih( )) \/;-J‘erf{le/lla:y\/gJ ;é_dga
1

e )

Ha npomy erarri TpeGa 3a3HAYMTH, IO y JBOX OCTAHHIX BHpa3ax BeNWYHHA 1h(Z), sIKa BH-
3HAYae TeMIIepaTypy Ha BEpXHil IUIOMIKHI JIUCTA, € HeBigoMoro. I100 oepxaT ocTaToOIHUN
po3paxyHOK, TpebOa i1 Bu3HAUuTH. J[JI1 MbOTO, HAPHUKIA, MOKHA CKOPUCTATHCS (YHKITIEIO
root, KMo KopuctyBaTucs maketoM MathCAD.

IHo6ynoBa nmporpamuoro 6,10y MathCAD niis peasizaunii po3po06.ieHoi MaTeMaTHYHOT
Moj1eJIi. YMOBH JIJISl pO3PaxyHKY:

W
o = 28.6——

m2.K Tp = 430-K Tg := 300K

ke ]
o = 0350 —— P’ —810—Cpm =22:10°——

m-K kg-K
m _ . Am
h := 8mm V2= 0'02'? T Pm CpmVz
a,=9.82x 10 %m L := 800mm T, = 303K
kl1:=0.3
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Pimenus:
z=1mm,5mm.. L y:=0,Imm..h

k1
To(z) := Tp-exp —f-z

450

400
To(2)

350

300 | | |
0 02 04 0.6 0.8

4

Puc. 5. I'pagpix 3minu memnepamypu Ha HUICHIU NIOWUHT TUcmd

kl k1
fl(z,y) =Ty —- fi B d
(z Y) p L erfc 2\/_\/_j exp|: ( g)} g
0
L fay
v0
22(z,y) := Tp‘%_ aexp__Tld-(z ﬁ):| (erfc( \/_ \/_jj
JO B
2(z,y) = 21(z,y) — 22(z,y) f12(z,y) = Tp = f1(2,y) + £2(z,y) Tly:= T,
Tn(z) :=rootl =T1p + f12(z,h) — OLc'(TC_Tlh)'\/;Z. erfc h+h . 1 o 1
h : h 5 }\‘m 2\/52\/5 \/n_g s Tlp
_Tlh \/— JJ | dg
S bvord =
450
400
Th(2)

350

3OOO 02 04 06 0.8

4

Puc. 6. I'pagix sminu memnepamypu na 6epxuiil NIOwWuHi 1ucma
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o (T —kzl(z))'@.Jﬂ (erfc(z.jaiz.yﬁ)) Ji_i "

ote-(Te ~ Th(2)) /2, ( ( I D Jl
32(z,y) = . erfc . dg
Am 2.\/?2.\@ &
0
f3(Zay) = BI(ZaY) - Bz(ZaY) f(Z’Y) = Tp—fl(Z,y) +f2(Z,y) _B(Z’Y)

T := CreateMesh (f,0.001 ,L.,0,h,8)

31(z,y) :

Puc. 7. I'pagix sminu memnepamypu no 06 'emy nucma

BucnoBku BignoBiaHo 10 crarri. HaBeneHno cydacHuit niteparypHuit Orisy TeMIOBHUX 3a-
nad. Po3po0ieHo MareMaTHIHy MOJIENb TSl MOJICITFOBAHHSI TPOIIECIB OXOJIOPKEHHS TOTiMep-
HUX JIUCTIB micnd 1X ekcTpy3ii. [lodynoBaHo nmporpamuuii 6710k Ha 6a31 MaTEMaTHYHOTO TTAKETa
MathCAD niis peaiizaiiii po3po0ieHoT MaTeMaTHIHOT MOJIEI.
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UDC 004.94+532.135
Ivan Kuzyayev, Oleksandr Mitrochin, Igor Kazimirov
MODELING PROCESS OF CHILLING OF POLYMER SHEETS

Urgency of the research. The chilling of polymer sheets, as most polymer processing processes, refer to non-isothermal
process. This means that it is necessary to solve the heat task. Accurate calculation of the heat balance is one of the main
components for achieving the result of the extrusion process. Therefore, it had been suggested mathematical model and program
block for it realization help increase technological and economics index of extrusion line for production of polymer sheets.

Target setting. Many scientific works are devoted to the production of polymer sheets. However, the process of chilling
polymer sheets received less attention.

Actual scientific researches and issues analysis. Several mathematical models of thermal processes for thermal power
equipment have been created. For example, for single-worm, double-worm and worm-disk extruder, etc. It had been suggested
different design scheme, methods and equations for its solution.

Uninvestigated parts of general matters defining. The mathematical model for process of chilling of polymer sheets after
its extrusion can be considered as an expansion of investigations.

Setting a task. The main task of this article is in developing mathematical model for analysis of temperature field when
chilling polymer sheets on extrusion lines, that permits to optimize technological and constructional parameters.

The statement of basic materials. Border conditions depend on real constructional features of chilling of polymer sheets that
produced on extrusion lines. Scheme and heat balance equation were designed. The mathematical model was received with help
of Laplace transform. Computer program for calculation of parameters for specific production conditions was created.

Conclusions. A modern literary review of thermal problems is given. A mathematical model for modeling the cooling
processes of polymer sheets after their extrusion has been developed. The program block on the basis of the mathematical
package MathCAD for realization of the developed mathematical model is constructed.

Keywords: extrusion line; balance equation; thermal energy; mathematical model; program block.
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