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AHOTALIA

KOpkoB P.C. MogentoBaHHsi €HEPreTUYHUX TIOTOKIB B TEIJIOBUX
aKymyJsTopax 3 (a3oBUM IEpexonoM “TBepae Tino — piamHa’. — KsamidikamiiiHa
HayKoBa po0OOTa Ha MpaBax PyKOIHUCY.

Hucepramiss Ha 3100yTTS HAYKOBOTO CTyIeHA JAokTopa dinocodii 3a
cunemianpHicTio 113 Ilpuknamna matemartuka. — JIHIOPOBCHKHI HalllOHAIBHUN
yHiBepcuteT iMeH1 Onecst 'onuapa, [quinpo, 2024.

HuceprartiitHa po6oTa IpUCBSIUYCHA JOCTIKEHHIO B3aEMOTIOB’ I3aHUX MPOIIECIB
($ha3oBOro nepexojty Ta KOHBEKTUBHOTO TEIIOOOMIHY B (pa3omnepexiTHOMY TEILIOBOMY
aKyMyJISITOP1 “TBEpJIE TLJI0 — piAMHA”, AKUH oOyA0BaHMi 1Mo TUIY “Tpyda B TpyO1”.

Memoto pobOTH € po3poOka Ta y3arajdbHEHHS METOAIB MaTEMaTHUYHOIO 1
KOMII'FOTEPHOTO ~ MOJICJIIOBAHHS ~ IPOLECIB  TEIUIOMAcollepeHOCy B  CHUCTEMax
aKyMyJIFOBaHHS TEIUIOBOI €Heprii 3 (ha30BHUM MEpPEeXoioM ‘“‘TBEpAe TUIO — piiuHA”;
MOIIYKY METOJIIB MIJBHUILEHHSA TEIIOBOi €()EeKTUBHOCTI (Pa3zomepexiTHUX TEMI0BUX
aKyMyJISITOPIB; JOBEJCHHS TEPCIEKTUB BUKOPHUCTaHHS (Da3omepexiJHuX TEIIOBUX
aKyMyJISITOPIB Yy CKJIAJl COHAYHUX TEPMOJMHAMIYHMUX CTAHIIM; BU3HAYEHHIO
HaWOUIBII eHeproe(HeKTUBHUX T€OMETPUYHUX, TEIIO(PI3UUHUX Ta T1APOAMHAMIYHHX
napameTpiB (azonepexilHUX TEIUIOBUX aKyMYJISITOPIB TUITY “TpyOa B TpyOi”.

HepiBHOMIpHE HAIXOKEHHSI COHSYHOI €HEprii MPOTATrOM AHS, MICALSA, POKY, a
TaKO)X HEBHU3HAUEHUN XapakTep CHOKMBaHHS NEPETBOPEHOI eHeprii poOuTh
HEOOX1THUM BKJIFOYEHHS B CKJIaJl COHSYHUX TEPMOJMHAMIYHUX CTAHIIN TEMIOBUX
aKyMYJISITOPIB, Cepell SKUX TEPCIEKTUBHUMU BBAXKAIOTHCSA TEIUIOBI (hazomepexiaHi
aKyMyJISITOpPY, IO CIPOEKTOBaHI MO TUMy “Tpyba B TpyOi”. Teroakymyso0unit
matepian (TAM) 3HaxonuTbes B TpyOuaTOMy KaHalll, B CEPEAMHI SIKOTO MICTUTHCA
TpyOuaTuii kananm 3 temtoHocieM. Ha pexumi 3apsnku TAM 3Haxoauthes y
TBEpJIOMY CTaHi, @ Ha BXIJl Y KaHaj IMOCTYIa€ TEIUIOHOCIM 13 TeMmIepaTyporo, sKa

nepeBuInye TeMmieparypy tiaBieHHs TAMy. TemnoHocii mepenae CBO€E TEILIO
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koHBekiiero TAMy, rpie Woro Ta MmjiaBuTh W, THM CaMUM, aKyMYJIIO€ II€ TEIJIO B
TAMi. Ha pexumi po3psaku aKymyJbOBaHE TEIUIO MEPEAaeTbCsl TEIUIOHOCIIO B
3BOPOTHOMY TOPSKY. TEIIoOBH aKyMyJIsITOp MPOCKTYETHCSI HA PIBEHBb TEMIIEPATyp,
KU CcriBMajae 13 Temneparyporo miasieHHs TAMy, a usg temmeparypa MOBUHHA
BIJIMOBIIATH TEMIIEPaTYpHOMY PEXHUMY TEPMOJIMHAMIYHHMX CTaHIIN, 10 3a0e3neuye
ix Oe3nepebiitHe PyHKIIOHYBaHHS.

[IpoBeneHnuii aHami3 Cy4yaCHMX METOJIB TEIUIOBOI aKyMYJIslii B COHSYHHUX
TEPMOJUHAMIYHAX CTAHI[ISAX JTO3BOJUB BUSBUTH CYTTEBI TMEPEBAru Ta MEPCICKTHBH,
Kl Ma€e BUKOPHUCTaHHS (ha3onepexiIHUX TEIUIOBUX aKyMyJSTOpIB “TBepje TUIO —
piIMHA® B TaKUX CTaHIAX. ToOMy JOCHIJDKEHHS TIPOIIECiB E€HEProoOMiHYy B
dhazonepexiIHUX TEIUIOBUX aKyMYJISTOpaX Ta BUSHAYCHHS Ha OCHOBI ITUX JOCIIIJI’)KEHb
HaWOLIBII paliOHAJIBHUX T€OMETPUYHMX, TUHAMIYHUX Ta €HEPreTUYHUX IMOKa3HHKIB
TaKUX TMPHUCTPOIB € aKmyaIvbHOW HAYKOB0IO 3ajadvero, sika Oyna po3B’si3aHa B XOi
BUKOHAHHSI TUCEpTAallii.

06 ’ekmom AOCTIJKEHHSI € B3a€MOIIOB’si3aH1 Tpoiiecu (Ha3oBOro mnepexoay Ha
KOHBEKTHBHOTO TEIJIOOOMiHY, III0 MalOTh MICTO B TETUIOBHX aKyMyJIsITOpax ‘‘TBepne
TIJI0 — P1AMHA” COHSYHUX TEPMOJAMHAMIYHUX CTaHIIIH.

Ilpeomemom NOCHAIIHKEHHSI € MOJIEN, 1[0 ONMKUCYIOTh MPOIECH €HEProoOMiHYy B
dazornepexiTHIX TETUIOBUX aKyMYJISATOpaX, METOIU Ta aJTOPUTMH IS PO3B’S3aHHS
Ta aHaJI3y 3alPOTIOHOBAHUX MOJICTIEH.

[lin 4vac pocnipkeHHs OyJM TIOCTaBJIEHI Ta PO3B’Si3aHI HACTYIHI HAYKOBI
3a0aui:

- po3pobimeHa Ta BepudikoBaHa chopsbkeHa 3D MaremaTHdHa — MOJEIb
eHeprooOMiHy B (ha3onepexigHOMY TEIUIOBOMY aKyMyJaTopi Tumy “Tpyba B
TpyO1”, sika CKIaaaeThes 13 HecTaionapHoi 3anaui Credana nis mapy TAMy Ta
KBa31CTaIlIOHAPHO1 HEJHIMHOT 3a/1aul MPO KOHBEKTHUBHUN TETUIOOOMIH B IMOTOII

TEIIOHOCIS;



- OOrpyHTOBaHO BUOIp METOJy YSBJICHOI TEIUIOEMHOCTI JJI1 BpaxyBaHHS TEIUIOTH
¢dazoBoro nepexoay npu MojaentoBanHi 3anayi Credana;

- po3po0JieHO MeTOJ BpaxyBaHHS BUIbHOI KOHBEKIIi B posmraBi TAMy Ta
BU3HAUYCHO BIUIMB BIJIbHOI KOHBEKIIIT Ha Teraoo0MiH B mapi TAMy;

- po3po0JsIeHH KOMIT IOTEPHHUM aJlTOPUTM Ta CTBOpPEHA Mporpama po3paxyHKy s
BU3HAYEHHS TeMIIepaTypHUX 1oJiB B mapi TAMy Ta B mOTOIIi TEMIOHOCIS;

- TPOBEICHUNA TapaMeTpUYHUN aHalli3 Ta po3poOJIeHI METONU YIpPaBIiHHA
MOTOKOM TEIJIOHOCIS, IO CIPUAIOTh MOKPAILIEHHIO Tem1000MiHy B mapi TAMy;

- MpOBEJIEHA TEPMOJUHAMIYHA ONTUMI3allis TEIJIOBOIO aKyMyJISITOpa THUILY “TpyOa

B TpyO1” BEJIMKOI TOBKUHHU.

OcHoBy nocmipkeHHs ckiagae 3D copsbkeHa MaTeMaTH4HA MOJEINb, SKa
onucye mpoiec (azoBoro mepexony “rBepae Tio — piauHa”’ B mapi TAMy Tta
KOHBEKTHUBHUM TEIJIOOOMIH TEIJIOHOCIS B OAMHUYHOMY €JIEeMEHTI (ha3omepexiHOro
TEIJIOBOTO aKyMmyJisiTopa TUIly “Tpyba B Tpy6i”. Mogenb ckiamaerbes 13
HecTalloHapHoro piBHsAHHA eHeprii st TAMy, sike Bianosinae 3agadi Credana, Ta
KBa31CTAIllOHAPHOTO PIBHSHHSA €HEprii UIs TEIUIOHOCIs, sike OyayBajlach Ha OCHOBI
KJIacU4yHOi cuctemu piBHAHb Hap’e-CTokca B paMKax MPUMYIIEHHS TOHKOTO Iapy.
PozrisigaBcs ik 1aMiHapHUM, Tak 1 TypOYyJIEHTHUN PEXHUM PyXy TEIUIOHOCIS.

[Tepexin Bix kimacuuHoi 3amayi Ctedana 13 po3pUBOM MapaMeTpiB HA TPAHMIIL
dha3oBoOrO MEpexoay A0 HEMEPEPBHOI 3a7adil TEIJIOMPOBIAHOCTI AJig O0araTomapoBoOro
TiJla TIPOBOJMBCS Ha OCHOBI METONY YABIICHOI TeruioeMHoCTi. Ha rpanumi “TAM —
TEIJIOHOCIN™ CTaBHJIMCh YMOBH CIPSDKEHOCTI — TPAHUYHI YMOBH YE€TBEPTOTO POy 200
YMOBH 17I€aJIbHOTO TEIUIOBOTO KOHTakTy. Uepe3 i yMOBH MPOBOIMIIACH CTHKOBKA
HEeCTaI[lOHapHOi 3amadl mpo (a3oBuil mepexia Ta KBa3iCTAIlllOHAPHOI 3aaadl Mpo
KOHBEKTUBHUN TETUIO0OOMIH MIXK TerioHocieM Ta TAMowm, 110 103BOJIMIIO BUSHAUUTH

TeMIepaTypy TEIJIOHOCIS B Yacl B 3aJISKHOCTI BiJl po3noAuty Temnepatyp y TAMi.



Po3pobnena marematnyHa mojienb Oyia po3B’s3aHa METOJOM KOHTPOJIBHUX
00’€MIB 13 pO3IICIUICHHSIM 110 (I3UYHUM IIpoIlecaM Ta KoopAauHaTaM. TemmepaTypHa
3aJICKHICTh  TEIIO(I3UYHUX BIACTHBOCTEH TEIIOHOCIS BHU3HAYalach ILITXOM
anpoKcUMalli eKCIepUMEHTAIbHUX JaHUX [UJI KJIACHMYHOi TEPMIYHOI  OJIii
Syltherm800, a B sikocti TAMy 1151 TPOBEICHHS YUCIIOBUX EKCIIEPUMEHTIB OOMpPaBCs
HiTpat HaTpito NaNOs.

Ha oCHOBI CTBOPEHOro YHCIOBOTO aJIrOPUTMY Ta BIAMOBIJIHOTO BIIACHOTO
IPOrpaMHOTO KOy MPOBEIEHI YHMCIOBI €KCHEPUMEHTH MO BHU3HAYEHHIO THUIIOBOTO
posnoauty temneparyp B TAMi 1 TemnoHocii B pagialbHOMYy Ta IOB3JI0BKHBOMY
HanpsiMkax. OKpemMo i 4ac MOJENIOBaHHS JIOCHIIKYBajJoCh MUTAHHS MPO BILIUB
BUIbHOI KOHBEKIIII, IKa pO3BUBAEThCA B po3iuiaBy TAMy, Ha eHepreTuyH1 MOKa3HUKH
TEIJIOBOTO aKyMyJisiTopa. BpaxyBaHHS BIUIMBY BUIBHOI KOHBEKIIi IPOBOJIUIIOCH
IUISIXOM BBEJICHHS B YMOBH CIPSIKEHOCT] BIAMOBIIHOTO KOoedilieHTa TEIIoBIaui,
3HAQYEHHS SIKOTO 3MIHIOBAJIOCH B 3JIEKHOCTI BiJ] TOBIIMHU LIAPY PO3ILIABY.

BusiBneno, mo mnpu TypOyJIEHTHOMY peXHUMI Tedii TeIJOHOCII BlUIbHA
KOHBEKIII1 B pO3IJIaBl Mali’e He BIUIMBAE HAa MBUJIKICTh PyXy TPaHMIN po3noAity ¢a3s
3aBJSIKM BHCOKOI 1HTEHCHMBHOCTI KOHBEKTHBHOTO TEpeHocy B TerioHocii. [lpu
JaMIHAPHOMY PEXKUMI1 Teuli TEIUIOHOCISI CIOCTEPIra€ThCs 3HAYHUN BIUIMB BIIBHOI
KOHBEKIIIi Ha pyX rpaHuIll po3noauly (a3, 1o MOSCHIOETHCS HU3bKOT TEIJIOBIAAAUECIO
MK TeruioHocieM Ta TAMowm npu 1aMmiHapHOMY PEKUMI.

YucioBl €KCHEpUMEHTH TMOKa3aldh, M0 ICHY€ 3HayHa HEPIBHOMIPHICTb
po3noaury Ttemrepatyp B TAMi, sika 0COONMBO BiMUYBA€ETHCS MPU 3O0UIBIICHHI
MIBUAKOCTI TerioHocis. [le mpu3BoanTs 10 HE0OXiAHOCTI 30UTbIIeHHS 00’ eMmy TAMy
JUIsL OTpUMaHHS CTaOUIbHUX TEeMIEpaTyp Ha BUXOJ1, IO 301IbIIye T€OMETpPUYHI
pPO3MipHU TEIJIOBOTO aKyMYJISITOpa Ta 3HUXKY€E HOT0 eHepreTUyH1 MOoKa3HUKU. Y poOoTi
3aMpONOHOBAHI METOJM BUPIBHIOBAHHS TeMIlepaTypHUX IMoka3HUKIB B TAMi 3a

paxyHOK Bapiallii MIBUIKOCTI TEIUIOHOCIS. 3HAMJIEHO, IO TrajdbMyBaHHS IOTOKY
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TEIUIOHOCIS MO JOBXHKHI ab0 y Yaci B MOYATKOBIA 30HI IPH JIAMIHAPHOMY PEXKHUMI
TeYil MPU3BOJUTH JI0 MOBHOTO BUPIBHIOBAHHS TeMIEpaTypHOro po3mnoainy B TAMi.
JlokazaHo, 1110 OLIBIII JOPEYHUM 1 TEXHIYHO MEHII CKJIAJHUM € TaIbMyBaHHS MOTOKY
B Yaci.

[TpoBeneHo rimpoauHaAMIYHMNA aHami3 Tedil TEIJIOHOCIS B KaHalll TEIIOBOTO
aKyMyJIITOpa Ta 3HAWACHO CHIBBIAHONMIEHHA MDK TiAPOAMHAMIYHMMH  Ta
TeII0(I3MYHUMH TMapaMeTpaMu TerioHociss. Ha oCHOBI I11bOTO  CITIBBIAHOIICHHS
po3po0JieHa METOJIUKa TEPMOJAMHAMIYHOI ONTUMI3AIlli MMapaMeTpiB TEIJIOBOTO
aKyMyJISITOpa, SKa MPOBOAWIIACH 13 BUKOPHUCTAHHSIM MPHUHIUIIB HEPIBHOBAXKHOI
TEPMOJIMHAMIKM Ta €HTpOMiiiHOro anamizy. OTpumaHi 3HadeHHs uucen PeliHonbica
JUIS  TEIJOHOCISI, SKI  BIAIIOBIJIAIOTh MAaKCUMAJbHUM 3HAQUECHHSIM  TCIUIOBOIL
e(eKTUBHOCTI MPU MIHIMAJIbHUX T1IPaBIIYHUX BTpaTaXx.

Bepudikaiiis pe3ynbTaTiB KOMIT FOTEPHOTO MOJIEIIOBAaHHS MPOBOJIUIIACH B TPU
eranu. Ha mepmomy  erami  4YMCIIOBI  pe3yjibTaTH  MOPIBHIOBAIKMCH 13
EKCIIEPUMEHTAJILHUMHU JTAHUMH, OTPUMAHUMH HIMEIIbKUMHU JOCIITHUKAMU. 3HAWIEHO
3aJIOBIJTLHO Y3TO/DKEHHS MK YHCJIOBUMH Ta EKCIICPUMEHTAILHUMH JTaHUMH, TPU
SKOMY BIJIHOCHE CEpE/IHE BIJIXWICHHS 3HAa4eHb HE3HayHO mepeBuinye 4%, 110
BIJIMOBIJa€ BUMOTaM 1H)XEHEPHOT MOXHOKHU Ta PIBHIO TEMIIEpaTyp, K1 XapaKTepHI JJIs
TEIUIOBOTO aKyMyJIsITOpa.

Hpyruit Ta Tperiii eram Bepudikaiii MPOBOAWINCH ILISXOM TOPIBHIHHS
YUCJIOBUX Ta aHAJTITUYHUX pe3yJbTaTiB IJId TECTOBUX 3ajad. B sKOCTI TecToOBOi
3amaui st TAMy oGpaHo ogHOBUMIpHY 3anauy CtedaHa B KIAaCHYHIN MOCTAHOBIII,
sKa Ma€ aHaJITUIHUN PO3B’S30K. B SIKOCTI TeCTOBOi 3ajavi AJig TETUIOHOCIS 00paHo
ONHOBUMIpHY 3agady [I'perna-Hyccenbra 1po  KOHBEKTHMBHUM  TEMI00OMIiH
TEIJIOHOCISA, IO PYXAEThCS B KPYIJIOMY KaHajl TMpU JIAMIHAPHOMY pEXUMI Ta
MOCTIMHIN TeMreparypi CTIHKA KaHaly. [IOpiBHSHHA aHAJTITUYHUX Ta YHCIOBUX

PO3B’SI3KIB  MOKa3aJio Maike TOBHMUM 30ir pe3yJbTariB, IO CBIAYUTH MPO
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aJICKBaTHICTb ~ 3alPOTIOHOBAHOIO  MAaTEMaTHYHOrOo  MIAXOAy Ta  30DKHICTB
PO3pOOJIEHOTO YUCIOBOTO AITOPUTMY .

B po0oTi po3B’s3aHi BCl MOCTaBIIEH] 3a/1a4l, MPU YOMY JAEsIKI OTpUMAaHI MiJ] 4ac

PO3B’s3aHHSI BUCHOBKH Ta MOJIOKEHHS MAlOTh HAYKOBY HOBH3HY.
HaykoBa HoBHU3HA po0oTH

1. Bnepme po3po6aena 3D matemarnyna mojens cupsbkeHoi 3agadi Credana,
CTBOPEHHUY BIJMOBITHUM YHCJIOBUN aJTOPUTM Ta BJIACHMHA NMPOrpaMHMH NMPOAYKT
JUISl BU3HAUEHHSI 0COOJIMBOCTEN TEMIOOOMIHY B TEIJIOBOMY aKyMyJsTOpl 3 (ha30BUM
MEePEXOJIOM “TBEpJe TUIO — piauHa” TUMY “TpyOa B TpyOi”.

2. Bnepuie po3poOJjeHO METOJI BpaxyBaHHS BUIBHOI KOHBEKIIi B pPO3ILIaBi
TEIJI0AKYMYJIIOI0YOr0 MaTepiay AJis TEIJIOBOrO akyMyJiaTopa Tuiy “tpy0a B Tpy0i1”,
BU3HAYECHO BIUIMB PEXUMY TeUii TEIUIOHOCIS Ha 1HTEHCUBHICTh BUIbHOI KOHBEKIIIi B
pO3ILIaBi.

3. Buepuie 3ampomnoHOBaHI METOAW BUPIBHIOBAHHS PO3MOJIIY TEMIIEpaTyp Y
TEIJIOAKYMYJIIOIOUOMY ~ MaTepiaii, 1o 0a3yloThCs Ha Bapiallisix IMIBHAKOCTI
TEIUIOHOCISI B MPOCTOPI1 Ta vaci.

4. Bnepuie, 0a3ylouuCh Ha TMPHUHIMIIAX HEPIBHOBAXKHOI TEPMOJAMHAMIKH,
NPOBEJICHUI EHTPOMIMHUI aHami3 Ta BHU3HAUEHI ONTUMAJbHI 3HAYEHHS YHCEI
Pelinonbraca, Akl 3a0e3MeuyyroTh ~ MakCMMajbHy  TEIUIOBY  €(EKTUBHICTb
dazornepexiIHOTO TEIUIOBOTO aKyMyJIATOpa TpH MIHIMAJIbHUX TIAPOAMHAMIYHHUX
BTparax TEIMJIOHOCIS.

IIpakTUyHe 3HAYEHHSI OTPUMAHUX Pe3yJIbTATIB

1. Ha ocHOBI po3p0o0JICHOTO YHCIOBOTO alTOPUTMH, MO0 0a3yeTbcs Ha
METO/1 KOHTPOJBHUX 00’€MiB, OYB CTBOPEHUN BJIACHUW MPOTPaAMHUN KO, KU Mae
y3arajqbHEHUN XapakTep i, B pa3l HE3HAYHOI KOPEKIIii, MOXE 3aCTOCOBYBATHCS JIJIS
dazonepexilHUX TEIJIOBUX AaKyMyJsTOpiB Tumy “Tpy6a B TpyO1” pi3HOro

TEMIIEPaTypHOTO PEKUMY Ta Ipu3HayeHHs. KpiM TOro, CTBOpeHUi MporpaMHuil Koj
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Mae THYYKYy Ta TpO30py CTPYKTypy, IO J03Bojsie 0e3 3MiH CTPYKTypHU
MiJJIAITOBYBaTH HMoro mif Oyab-akuii Tunm TAMy 1 TemioHocis Ta OyJb-IKI YMOBHU
(GYHKIIIOHYBaHHS CUCTEMH.

2. Pe3ynbpTaTi MpoBeNeHOro JOCIIKEHHS MOXKYTbh OYTH BHUKOPHCTAaHI I
yac TMPOEKTyBaHHS Ta (YHKIIOHYBAaHHS CYYaCHHX COHSYHHX TEPMOIMHAMIYHUX
YCTAaHOBOK PI3HOTO TEMIIEPaTypHOTO pPIiBHSI Ta MPU3HAYCHHS, B SKUX B SKOCTI
TEXHOJIOTIYHOTO  OOJIaJIHAaHHS  BUKOPUCTOBYETHCS  (ha3omepexigHUil  TErIOBHM
aKyMYyJISITOp ““TBEpE T1I0 — piauHa’.

3. TeopernyHi Ta MNpPaKTUYHI TOJOXKEHHS POOOTH CTalld CKJIAJIOBOIO
YAaCTUHOI HABYAIBHUX TUCHUIUIIH “Mojeni 1 METOAu NPUKIAJHOI MaTeMaTUKu,
“Metonu 1neHTU(IKaALli TapaMeTpiB MATEMATHYHUX MOJENEN”, Kl BUKIAJAIOThCS
JuIs 3100yBauiB BuIoi ocBiTh piBHsA PhD crnemiansrocti 113 Ipukiagna MmaremaTruka
y JIHIMpoBChKOMY HalllOHaIBHOMY yHiBepcuTeTl iMeH1 Onecs ['onuapa.

4, [IpoBeneHi MOCHIKEHHS Ta iX pPe3yjabTaTH CKJIaJal0Th BIJIMOBIIHUI
O3/ 1HIIIATUBHOT HAYKOBO-AOCHIIHOI poboTh “JleTepMiHOBaHI Ta CTOXaCTHYHI
QITOPUTMH KOMIT IOTEPHOTO MOJIENIOBaHHS 00’€KTIB Ta MPOLECIB PI3HOI MPUPOIU~
(2022-2024, naykoBuii kepiBHMK mpod. Kuum JII., nepkaBHuil peecTpariiitHuii
Homep 0122U001467), sika mpoBOAMTBCS Ha Kadeapi KOMITIOTEPHUX TEXHOJOTIH
bakynpTeTy npukiaaHoi matematuku [[HY.

Kniwwuosi cnosa: meperBopenHsi eHepris CoHIS, TEIJIOBUH aKyMYJISTOD,
TEIUIOAKyMYJIIOIouuid  mMatepian, Qa3zoBuil mnepexin “TBepAe TUIO — piauHa”,
TEIUIOHOCIH, KOHBEKTUBHHMH TEIJIOOOMIH, CHpsDKEHAa MaTeMaTHYHa  MOJICIb,
HECTAI[IOHAPHUM PEXUM, YHUCIOBI METOJU, KOMITIOTEPHUN aJIrOpUTM, 3ajada

Credana, ynciaoBe MOJEIIOBAHHS, aHAITUYHUIN O3B’ 130K, Bepu(iKallis pe3yiabTaTiB.



ABSTRACT

Yurkov R.S. Modeling of energy flows in thermal energy storage systems with
“solid - liquid” phase transition. — Qualifying scientific work on manuscript rights.

PhD thesis for the scientific degree of Philosophy Doctor in a specialty 113
Applied Mathematics. — Oles Honchar Dnipro National University, Dnipro, 2024.

The dissertation is devoted to research of interconnected processes of phase
change and convective heat transfer in latent heat thermal energy storage module
“solid — liquid”, which has double-tube design.

The purpose of the study is development and generalization of methods of
mathematical and computer modeling for heat and mass transfer processes in latent
heat thermal energy storage systems with phase change “solid — liquid”; search of
methods for increase of thermal efficiency of latent heat thermal energy storage
modules; proof of prospects using of latent heat thermal energy storage models as part
of solar thermodynamic plants; determination of most energy efficient geometric,
thermophysical and hydrodynamic parameters of the latent heat thermal energy
modules double-tube design.

Uneven supply of solar energy during of day, month, year and also uncertain
consumption of the converted energy requires applying of the heat thermal energy
storage systems as part of solar thermodynamic plants. The latent heat thermal energy
storage systems double-tube design have the significant advantages among other heat
storage systems.

The phase change material (PCM) is located in tubular channel. The tubular
channel with heat transfer fluid is located inside of PCM.

The PCM is in solid state during the charging. The heat transfer fluid is
supplied on channel entrance. The heat transfer fluid temperature exceeds of the PCM
melting temperature. The heat transfer fluid transfers own heat to PCM by
convection, heats and melts PCM and thereby this heat is stored in the PCM. The
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stored heat is conducted to the heat transfer fluid during discharging in reverse order.
The latent heat thermal energy storage module is designing on the temperature level,
which is corresponded to the PCM melting temperature and the PCM melting
temperature is corresponded to the temperature regime of thermodynamic plants. It
ensures uninterrupted operation these plants. The conducted analysis of the modern
methods of heat storage in solar thermodynamic plants allows to determine significant
advantages, which the latent heat thermal energy storage systems “solid — liquid” has
in these plants.

Therefore, researches of energy transfer processes in latent heat thermal energy
storage systems and determination based on these researches of the most rational
geometry, dynamic and energy parameters these systems are an actual scientific
problem, which was solved in this dissertation.

Object of study is interconnected processes of phase change and convective
heat transfer in latent heat thermal energy storage system of solar thermodynamic
plants.

Subject of study is models, which describe processes on energy transfer in latent
heat thermal energy storage systems, the methods and algorithms for solution and

analysis of the presented models.

The scientific problems, which were set and solved during the research, are follow:

- development and verification of coupled 3D mathematical model of energy
transfer in latent heat thermal energy storage module double-tube design, which
consist on non-stationary Stefan problem for PCM layer and quasi-stationary
nonlinear problem about convective heat transfer of heat transfer fluid.

- justification of choice of the apparent heat capacity method for taking into

account of latent heat during Stefan problem modeling
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- development of method for taking into account of free convection in the PCM
melt and determination of free convection influence on heat transfer in PCM
layer

- creation of computer algorithm and software for determination of temperature
fields in the PCM layer and the heat transfer fluid;

- conduction of parametric analysis and development of methods for the heat
transfer fluid flow control, that help improvement of heat transfer in the PCM
layer;

- conduction of thermodynamic optimization of a long-length latent heat thermal

energy storage module double-tube design

The bases of research is the coupled 3D mathematical model which describes
phase change process “solid - liquid” in PCM layer and convective heat transfer of
heat transfer fluid in the latent heat thermal energy storage module double-tube
design.

The model was composed of non-stationary energy equation for PCM, which
corresponds to Stefan problem and quasi-stationary energy equation for the heat
transfer fluid, which was build based on the classic Navier-Stokes equations systems
at thin layer assumptions. Both laminar and turbulent regimes of the heat transfer
fluid flow were considered.

Transfer from classis Stefan problem with gap of parameters on phase change
boundary to continuous problem of thermal conductivity for a multilayered body is
carried out based on the apparent heat capacity method.

The coupled condition on boundary “PCM — heat transfer fluid” is condition of
ideal thermal contact or fourth-order boundary condition. This condition connected
non-stationary Stefan problem for PCM and quasi-stationary problem about
convective heat transfer between the heat transfer fluid and PCM. This made it

11



possible to determine the heat transfer fluid temperature over time depending on the
temperature distributions in the PCM.

The developed mathematical model was solved by finite volume method with
splitting by physical processes and coordinates. The temperature dependence of
thermophysical features of heat transfer fluid is determined by approximation of
experimental data for classis solar oil Syltherm800. The sodium nitrate was chosen as
PCM for numerical experiments.

Numerical experiments for determination of the typical temperature distribution
in the PCM and the heat transfer fluid in radial and angular directions were carried out
based on the created numerical algorithm and corresponding software.

The question about impact of free convection in the PCM melt and her
influence on energy parameters of the latent heat thermal energy module is also
studied during modeling. Impact of free convection in the PCM melt is taken into
account by introduction of corresponded heat transfer coefficient in the coupled
condition. Value of this coefficient depends on thickness of the melt layer.

It is discovered that free convection in the PCM melt almost does not affect the
speed of movement the phase change boundary at turbulent regime of heat transfer
fluid flow. It can be explained by high intensity of convective transfer in the heat
transfer fluid. Significant impact of free convection on speed of movement the phase
change boundary is observed at laminar regime of the heat transfer fluid. It can be
explained by the low heat transfer between the PCM and the heat fluid transfer at
laminar regime.

The numerical experiments show that the PCM temperature is distributed
significant ununiformly. It is especially felt when the speed of the heat transfer fluid
increases.

Therefore, a larger volume of PCM must be used to ensure a stable outlet
temperature. It increases geometric sizes of the latent heat thermal energy module and

12



decreases its energy characteristics. The methods for equalization of PCM
temperature due to variation of heat transfer fluid velocity were proposed in this
study. It was found that braking of the heat transfer fluid along the length or in time in
the initial zone at the laminar flow regime leads to a complete equalization of the
PCM temperature distribution. It is proven that the inhibition of flow in time is more
appropriate and technically less complicated.

The hydrodynamic analysis of the heat transfer fluid in channel of the latent
heat thermal energy storage module was carried out, the correlation between
hydrodynamic and thermophysical parameter of the heat transfer fluid was found. The
thermodynamic optimization of parameters of the latent heat thermal energy storage
module was conducted based on founded correlation. The non-equilibrium
thermodynamics principles and entropy analysis were used for the thermodynamic
optimization. The Reynolds numbers for the heat thermal fluid, which correspond
maximum of thermal efficiency and minimal hydraulic losses, were obtained.

The verification of results of computer modeling was conducted in three stages.
In the first stage the numerical results are comparison with experimental data, which
obtained the German researchers. Satisfactory agreement between numerical and
experimental data was observed. The relative average deviation slightly exceeds 4%
and it corresponds requirements of the engineering error and temperature level, which
are typical for a latent heat thermal energy storage system.

The second and third stage of verification was carried out through comparison
the numerical and analytical results for test problem. The classic 1D Stefan problem,
which has analytical solution, was chosen as test problem for PCM. The 1D Graetz-
Nusselt problem about convective heat transfer in circular channel at laminar regime
and constant wall temperature of channel was chosen as test problem for the heat

transfer fluid. Comparison of analytical and numerical solution shown almost a
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complete match of results. It proved adequacy of presented mathematical approach
and convergence of developed numerical algorithm.
All planned scientific problems were solved during dissertation study. Some of

the results obtained has the scientific novelty.

The scientific novelty of the obtained results

1. The 3D mathematical model for coupled Stefan problem, the
correspondent numerical algorithm and the customer software for determination of
heat transfer features in latent heat thermal energy storage module “solid - liquid” of
double-tube design were developed in the first time.

2. Method of taking into account of free convection in the melt of phase change
material of the latent heat thermal energy storage module of double-tube was
developed in the first time. The impact of the heat transfer fluid flow regime on the
free convection intensity in the melt was found.

3. The methods of equalizing temperature distribution in the phase change
material, which based on heat transfer fluid velocity variation in space and in time
were presented in the first time.

4. The optimal Reynolds numbers, which ensures maximum thermal efficiency
of latent heat thermal energy storage module at minimal hydraulic losses of the heat
transfer fluid were determined. These numbers were found in the first time based on
the principles of non-equilibrium thermodynamics and the carried out entropy

analysis.

The practical significance of the obtained results
1. The customer Python software was created using the developed
numerical algorithm, which based on the finite volume method. The software is
generalized and can use in case of minor correction for analysis of parameters of
14



latent heat thermal energy storage system of double-tube design, which operate in the
different temperature regime. Moreover, the created software has flexible structure
that allows without significant changes to transform its in depend on chosen phase
change materials and heat transfer fluids and the system functioning conditions.

2. The results of presented study can be used during design and operation of
modern solar energy plants of different temperature level and purpose in which use
the latent heat thermal energy storage systems “solid - liquid”.

3. The theoretical and practical provisions have become an integral part of
educational subjects “Models and methods of applied mathematics”, “Methods of
identification of parameters of mathematical models”, which are taught to students of
higher education at the PhD level, specialty 113 — Applied Mathematics in Oles
Honchar Dnipro National University.

4, Conducted researches and their results make up the corresponding
section of initial scientific work “Determinate and stochastic algorithms for computer
modeling of objects and processes of different nature” (2022 — 2024, research
supervisor Prof. Knysh L.l.) (state registration number: 0122U001467), which is
carried out on Department of Computer Technologies, Faculty of Applied
Mathematics, DNU.

Keywords: solar energy conversion, latent heat thermal energy storage system,
phase change material, phase change “solid — liquid”, heat transfer fluid, convective
heat transfer, coupled mathematical model, non-stationary regime, numerical
methods, computer algorithm, Stefan problem, numerical modeling, analytical

solution, verification of results.
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BCTYII
AKTYaJILHICTh TeMH

AKyMyJIIOBaHHs €HEprii € OJIHIEI0 3 aKTyaJIbHUX MPOOJIeM CydacHOI HayKH Ta
TEXHIKU. BUIBLIICTP €HEpPreTMYHMX TEXHOJOTIH MOXJIMBO 3HAYHO IOKPAIIUTU Ta
ONTUMI3yBaTH, BUKOPUCTOBYIOUM BIAMOBITHI CHUCTEMHU akymyiroBaHHs. CUcTeMH Ha
OCHOBI BIJTHOBJIIOBAaHUX JDKeped €Heprii B3araii OyayThb MaloeeKTUBHUMHU Oe3
aKyMyJISITOPIB €HEprii BU3BHAYEHOIO TUILY.

B COHSUHMX €HEePreTUYHHX CHCTEMax BHKOPHUCTOBYIOTHCS Ba OCHOBHUX THUITY
aKyMyJISITOpiB eHeprii. B cxemy (OTOENeKTpUYHUX CTaHIIN BXOJATh €ICKTPOXIMIYHI
aKyMyJISITOPH, @ B CXeMy TEPMOJMHAMIYHMX COHSIYHUX CTaHLii — TemnoBi. Cepen
TEIJIOBUX aKyMYJISITOPIB 3HA4HI MEPCIEKTHUBU MalOTh MACUBHI TEIJIOBI aKyMYJIATOPH
13 Ga30BUM Iepexo oM “TBepjae TUIo — piauHa”. Taki cucTeMu MarOTh €HEpreTUYHi,
€KOHOMIYHI Ta €KOJOTrIYHl T[epeBaru Imepea TPagulIiHUMHU TEIUIOEMHICHUMU
aKyMyJIsITOpaMu 3aBASKH 30€piraHHIO €Heprii BHCOKO1 IIUIBHOCTI, BIJACYTHOCTI
nerpajaiii, KOMIIAKTHOMY pPO3MIpY, BIJCYTHOCTI PYXOMHX €JIE€MEHTIB, HEBHCOKOI
BapTOCTI OUIBIIOCTI TeroakyMmyatorounx marepiaiiB (TAMiB), 3BOPOTHOCTI ITUKIIIB
3apSAAKU — PO3PSAIKU TOLLO.

TennoBuil akymynarop i3 ga3oBUM MEPEXOJIOM MPOEKTYEThCS i Hamepen
3alaHUid  TeMIEpPaTypHUl pPIBEHb CHCTEMH NE€PETBOPEHHA, SKUW JIOPIBHIOE
temneparypi ¢azoBoro nepexoay TAMy. Tomy akmyanvroro naykogow 3adauero €
BUOIp palliOHAIbHUX TE€OMETPUYHUX, JUHAMIYHUX Ta EHEPreTUYHHUX IapaMeTpiB
¢dazonepexiIHUX TEIUIOBUX aKyMYJIATOPIB, SIKI y MOBHIM Mipl peani3yloTh IepeBaru
dazonepexiiHOrO  TUIy  aKyMyJllOBaHHS Ta  3a0e3meuyioTh  OesmepeOiiiHe
(GyHKI10HYBaHHS BIMOBIIHOT CUCTEMU NIEPETBOPEHHS.

JocnimxenHss mapamMeTpiB  (pa3omepexigHOro  TEMIOBOTO  aKyMyJATopa
MPOBOAWIIACH HA OJMHUYHINA [WTHAPUYHIN Mozenl Tumy “Tpy6a B TpyOi1”. Ls Monenn

CKJIajiajach 13 IuiIiHApudHOro o6’emy 3 TAMowm, y cepeanHi SKOTo 3HAXOIUBCS
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KaHa 13 TeruionocieM. Ha pesxxumi 3apsaku TAM mnepeOyBaB y TBepAOMY CTaHi i Ha
BX1J] B KaHaj I[OCTylaB TEIUIOHOCIH 13 TeMIepaTypolo, siKa IepeBUllyBaa
TeMIiepatypy Horo ¢a3zoBoro mepexomay. IIpoTsrom wacy 3apsakd TETUIOHOCIH
nepeaae Temio Koupekiiio TAMy, 1m0 npu3BouTh 10 HArpiBy Ta miasieHHs TAMy.
Ha pexumi po3psiiKH TpoIec MPOXOIUTh y 3BOPOTHOMY mopsinky — TAM Bimmae
3araceHe TEeIUI0 TETUIOHOCIIO /IS MOIAIbIIOr0 BUKOPUCTAHHS B IIUKJIl IEPETBOPEHHS.
TakuM 4MHOM, B TEIUIOBOMY aKyMYJISITOPI OJHOYACHO MPOTIKAIOTh B3a€MOIOB’sI3aH1
IpoLleCH BUMYIIEHOI KOHBEKLII TerIoHocis, ¢azoBoro nepexoay B TAMi ta BUIbHOI
KOHBEKIIIi B po3iiaBi TAMy. JleTanbHO TOCHIIUTH BIUIUB KOKHOTO 3 IIUX MPOIIECIB
Ha 3arajbHUN TEMJOOOMIH B CHUCTEMI MOXJIMBO JIMIIE Ha OCHOBI CTBOPEHHS
CHPSKEHOI MaTeMaTUYHOI MOJIEN], po3po0Ka sIKOi IPOBOJUTHCS B JaH1i pOOOTi.

[TpoBeneHunit anamiz JITEpPAaTypHUX JKEpENT 3a TEMOIO JUCEpTaliiHOTrO
JOCIIIJKEHHSI CBIIYUTH MPO Te, IO 0araro acnekTiB MoOyJOBH CHPSKEHOI MOJENI
3aJIMIIAIOTECS  HEIOCTAaTHBO  JOCHIKEHUMH. bBUIbIIICTh Cy4aCHUX  UHCIOBHUX
JOCITIIKEHBb TTPOBOMUIIOCH HA OCHOBI CTAaHAAPTHUX KOMEPIIINHUX MAKETIB 13 3aKPUTUM
kozoM. [Ipu BUKOpUCTaHHI TaKMX MAKETIB HEMOXKJIMBO BU3HAYUTH B3a€MHUU 3B’ SI30K
napameTpiB, BIUIMB Ha iX 3HAYEHHS OJATKOBUX €(EKTIB THUITY BIJIbHOI KOHBEKIIli B
po3miasi Tomo. ToMmy moOyAoBa BIaCHOTO MPOTPaMHOTO KOAY Ta MPOBEACHHS Ha
HOro OCHOBI YHCJIOBUX PO3paxyHKIB Ta iX aHali3 JI03BOJIUTH y3arajJbHUTH 3HAHHS B
IbOMY HamNpsIMKy, HaJaTH peaJibHI MPAKTUYHI PEKOMEHAAIIl MO MPOCKTYBaHHIO Ta
eKCIUTyaTallii CHCTeM TETUIOBOTO aKyMYJTFOBAaHHSI.

B poGoTi Ha OCHOBI PO3POOICHOI CHPSKEHOI MaTeMaTHYHOI Mojaeli OyJio
CTBOPEHO YHCJIOBHH aJroOpuTM Ta BIAcCHUM mnporpamuuii Python-momartox s
MIPOBEJICHHSI KOMIT IOTEPHOT0 MOJICIIIOBAHHS MPOILIECIB NIepeHOCy Y (a3onepexiTHOMY
TEIJIOBOMY aKyMyJATOpi. B pe3ynbrari 4ucliOBUX €KCIEPUMEHTIB OTpUMaH1 THUIIOBI
PO3MOIIIN HECTAI[IOHAPHUX TOJIIB TEMIIepaTyp y TerioHocii Ta TAMI B pamiaibHOMY

Ta ITOB3JOBXHbBOMY HAIIPJAMKAX, d TAKOXK CepeI[HBOMaCOBi 3HAUYCHHA MUX TCMIICpATyP.
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[le m03BONMMIIO JOCHIIMTH BIUIMB PEXKUMY Te€Yil TEIJIOHOCIA Ta HOro moyYaTKoBOi
TEMIIepaTypyd Ha 3HAYEHHS TeMIEpPAaTypy HAa BUXOl, BU3HAUYUTU 3MIHU TOJIOKCHHS
dbponTy po3noainy ¢a3 B yaci Tomo. Kpim Toro, mia 9ac mociipkeHHs Oy BUSBICHI
HOBI TEIUIOB1 €(PEeKTH, 1110 MOB’sI3aHi 13 BIUIMBOM BIJIbHOT KOHBEKIIT B po3iiaBi TAMy
HA IBUJKICTh PyXY I'PaHUIll pO3NOALTY (a3 Mmpu pi3HUX peKUMax Tedil TEIIOHOCIS.

B po6oTi 3ampomnoHoBaHi HOBI METOJIM BHPIBHIOBaHHS TemmepaTtypu B TAMI,
K1 0a3yIOThCA Ha 3MiHI HMIBHJKOCTI Te4il TEIJIOHOCIS y mpocTopi Ta yaci. Ilix gac
NPOBEICHHS TEPMOAMHAMIYHOIO aHaN3y TEIUIOBOTO AaKyMyJsITOpa BH3HA4YEHI
ONTUMAJIbHI 3HAa4YeHHS yucesn PeliHonbaca TEemIoHOC s, K1 3a0e3MeuyoTh HallOUIbIIn
edeKTUBHI TEIUIOBI MOKa3HUKU CHUCTeMHU. Bepudikaiis OTpuUMaHUX pe3yibTaTiB
3MIACHIOBANIACh IUISXOM TOPIBHSIHHS 13 €KCIEPUMEHTAIBHUMHU JaHUMH Ta JaHUMHU
aHATITUYHUX PO3B’SI3KIB OJJHOBUMIPHUX TECTOBUX 3a7a4 Mpo (a3oBHil mepexia 1 mpo
KOHBEKTHBHUU TETIOOOMIH.

3anponoHoBaHuM B JaH1i poOOTI HOBUN KOMIUJIEKCHUHM MIAXIJ 10 TOCTIIKEHHS
IPOLECIB €HepronepeHocy B (a3omepexiIHUX TEIUIOBUX aKyMyJsiTopax J103BOJISIE
BU3HAYMUTH 1X HAMOUIbII e€Heproe(eKTUBHI T€OMETPUYHI Ta AWMHAMIYHI NapameTpu,
chOpMyITIOBaTH aKTyaJibHI PEKOMEHJaIlli II0J0 MPOEKTyBaHHA Ta EeKCIUTyaTalii
noAiOHUX TPUCTPOIB, ONTUMI3yBaTU iX (pyHKHioHyBaHHs. KpiMm Toro, po3po0OieHa
CIPSKEHAa MaTeMaTU4YHa MOJIEIb, YUCIOBUM AJITOPUTM Ta BJIACHUW ITPOTPAMHHM KOJ
MOXXYTh OyTH CKJIaJOBOI0 YAaCTUHOI 3araJiIbHOTO0 MYJIbTH(I3UYHOTO MPOTPAMHOTO
OAAaTKy, SKAW CHUHXPOHI3y€ Ta aBTOMAaTU3ye POOOTH BCIX CKJIAJOBUX EJIEMEHTIB

UKITy TiepeTBopeHHs eHeprii CoHIsl.

3B’5130K pOo00TH 3 HAYKOBUMHM NPOrpaMaMH, IJIAHAMH, TEMAMH.
JucepTamiitHi  AOCTIPKEHHST 3IIACHIOBAINCS Y BIAMOBIAHOCTI JO0 TIUIAHIB
HAayKOBHUX JOCHIIKeHb JIHIMPOBCHKOTO HAIlIOHAJTBHOIO YHIBEpCUTETY iMeH1 Onecs

['oHyapa B pamkax HayKOBHX TeM “‘J[OCHIIKEHHS] MaTeMaTUYHUX MoJenei piznyHux
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MpOIIECIB MeToAaMHu 1JIeHTHdIKAIlll Ta PEKypEeHTHOIO aHami3y 13 3aCTOCYBaHHSIM
iHpopmartiitnux TexHomorid” (Ne nepxkpeectparii 0119U101053, 2019 — 2021 pp.),
“JleTepMiHOBaHI Ta CTOXaCTHYHI aJTOPUTMHU KOMIT FOTEPHOTO MOJEIIOBAHHS 00’ €KTIB
Ta mpotieciB pizHoi npupoau” (Ne mepxpeectpanii 01220001467, 2022 — 2024 pp.),
K1 TIPOBOAATHCS Ha Kadeapi KOMIT IOTEPHUX TEXHOJOTIH (akyJIbTeTy MPHUKIaIHOI

MaTeMaTuKH J[HIMPOBCHKOTO HAIIOHATLHOTO YHiBepcuTeTy iMeHi Omnecs ['oHuapa.

Merta i 3aga4i J0CTiIKEHHS.

Memorw oOucepmauiiitnoi pooomu € po3poOKa Ta y3arajabHEHHS METOJIB
MaTEMaTUYHOTO 1 KOMIT FOTEPHOTO MOJIEIIOBAaHHS MPOIECIB TEIJIOMACOIEPEHOCY B
CUCTEMaX aKyMYJIOBAHHS TEIJIOBOI €Heprii 13 (a30BUM NEPEXOAOM “TBEpAE TIIO —
piauHa”; TOIIYK METOMIB IiJIBUIICHHS TEIUIOBOi €(PEKTUBHOCTI (hpa3onepexiIHUX
TEIJIOBUX aKyMYJIATOPIB; MOBEICHHS TICPCIICKTUB BUKOPHCTaHHS (ha3omepexigHux
TEIUIOBUX aKyMYJISITOPIB y CKJIaJll COHSTYHUX TEPMOJMHAMIYHUX CTaHII; BU3BHAUYaHHS
HaWOUIBII eHeproe(HeKTUBHUX T€OMETPUYHUX, TEIIO(PI3UUHUX Ta T1APOAMHAMIYHHX
napameTpiB (azonepexiIHUX TEIIOBUX aKyMyJISITOPIB TUIY “Tpy0Oa B TpyOi1”.

JIOCSITHEHHsI  3a3HAY€HOT METH CIPUSTUME TOKPAIICHHI0 TeOMETPUYHHUX,
TEIUIOPI3UYHUX  Ta  JUHAMIYHUX  MapaMeTpiB  (a3omepexigHuX  TEMJIOBUX
aKyMyJISITOpiB, IO NpPU3BEACHE N0 MIABUILICHHIO I1X TEIJIOBOi €(EeKTUBHOCTI,
3HIDKEHHIO 1X BapTOCTI Ta TEPMiHIB OKYITHOCTI.

Jlnst nocsiTHEHHS 3a3Ha4eHOo1 MeTH OyJiv MOCTaBJICH] Ta PO3B’sI3aHl TaKi HAYKOGI
3aoaui:

- pospobiiena Ta BepudikoBaHa chpsbkeHa 3D maTemMaTH4YHA — MOJENb
eHeprooOMiHy B (ha3onepexigHOMY TEIUIOBOMY aKyMyJaTopi Tumy “Tpyba B
TpyO1”, sika CKIaaaeThes 13 HecTaionapHoi 3anaui Credana nis mapy TAMy Ta
KBa31CTaIlIOHAPHO1 HEJIHIMHOT 3a/1aul MPO KOHBEKTHUBHUM TETUIOOOMIH B MOTOII

TEIIOHOCIS;
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- OOrpyHTOBaHO BUOIp METOJy YSBJICHOI TEIUIOEMHOCTI JJI1 BpaxyBaHHS TEIUIOTH
¢dazoBoro nepexoay npu MojaentoBanHi 3anayi Credana;

- po3po0JieHO MeTOJ BpaxyBaHHS BUIbHOI KOHBEKIIi B posmraBi TAMy Ta
BU3HAUYCHO BIUIMB BIJIbHOI KOHBEKIIIT Ha Teraoo0MiH B mapi TAMy;

- po3po0JsIeHH KOMIT IOTEPHHUM aJlTOPUTM Ta CTBOpPEHA Mporpama po3paxyHKy s
BU3HAYEHHS TeMIIepaTypHUX 1oJiB B mapi TAMy Ta B mOTOIIi TEMIOHOCIS;

- TPOBEICHUNA TapaMeTpUYHUN aHalli3 Ta po3poOJIeHI METONU YIpPaBIiHHA
MOTOKOM TEIJIOHOCIS, IO CIPUAIOTh MOKPAILIEHHIO Tem1000MiHy B mapi TAMy;

- TIpOBEJIeHa TepMOAMHAMIYHA ONTUMI3allisl TEIJIOBUX aKyMYJISITOPIB TUITY “‘TpyOa

B TpyO1” BEJIMKOI TOBKUHHU.

006’ckmom NOCIITKEHHSI € B3a€MOIOB’si3aH1 Tpoliecu (a3oBOro Mepexoay Ta
KOHBEKTHBHOTO TEIJIOOOMiHY, III0 MalOTh MICTO B TEIUIOBUX aKyMYJISITOpax ‘“TBepic
TIJI0 — P1AMHA” COHSAYHUX TEPMOJAMHAMIYHUX CTAHIIH.

Ilpeomemom nOCHiHKEHHST € MOJIEN, 10 OMHUCYIOTh MPOIIECH €HEProoOMiHy B
dazornepexiTHIX TEIUIOBUX aKyMYJIATOpaxX, METOAU Ta aJTOPUTMHU JJIsS PO3B’SI3aHHS
Ta aHaJI3y 3alPOMIOHOBAHUX MOJIETIEH.

Memoou o0ocnioxycennna. g po3B’si3aHHS 3a3HAYECHHMX 3a]1a4 3aCTOCOBAHO
METOJM MAaTEeMAaTHYHOTO MOJCITIOBAHHS, METOIM OOYHCIICHb — METOIH PO3IICTUICHHS
Ta KOHTPOJBLHOTO 00’ €My, METOIU 3TJIaJPKyBaHHS MOJIEJICH 13 pO3PHUBOM MapaMeTpiB —
METOJI YSBJICHOI TEIJIOEMHOCTI, METOJHM YHCIIOBOTO aHaIi3y, METOJINU CTaTUCTUIHOL
00pOoOKH pe3ybTaTiB eKCIIEPUMEHTIB, 00’ EKTHO-OPIEHTOBAHOTO MPOTPAMyBaHHS.

Jlocmogipnicme ompumanux pe3ynbmamie 3a0€3MEUyETHCS BUKOPUCTAHHIM
n00pe anpoOOBaHUX MOJENECH, KOPEKTHICTIO MaTeMaTHYHMX IMOCTaHOBOK 3ajad,
BUKOPUCTAHHAM METOJIB Ta QJITOPUTMIB, IO € TEOPETUIHO OOIPYHTOBAHWMHU Ta HE
CyNepewIMBUMHU 13 BIJIOMUMHU TMOJOXKEHHSMH 1HIIMX aBTOPIB, KOHTPOJbOBAHOIO

TOYHICTIO OOYHCIICHB, JOOPOI y3rOo/KEHICTIO MK COOOK0 YHCIOBUX 1 aHATITUYHUX
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pe3yJIbTaTiB, HECYNIEPEUHICTIO OTPUMAHUX PE3yJIbTATIB BIJMOBIIHUM OITyOJIIKOBAaHUM

pe3yJibTaTaM 1HIIUX aBTOPIB.
HaykoBa HOBH3HA 0O/Iep:KaHUX Pe3yJabTATiB MOJIATAE Y HACTYITHOMY:

1. Bnepue po3po6iiena 3D marematnuna monens cripsbkeHoi 3agaydi Credana,
CTBOPEHHI BIAMOBIIHUN YHCIOBUI aJITOPUTM Ta BJIACHUH NPOrpaMHHU MPOAYKT
JUIs BUBHAYEHHSI 0COOJMBOCTEH TEIJI000MIHY B TEIUIOBOMY aKyMYJsTOpi 3 (pa30BUM
NEePEXOJIOM “TBEpAE TUIO — piauHa” TUMY “TpyOa B TpyOi”.

2. Bonepuie po3poOjeHO METOJl BpaxyBaHHS BUIBHOI KOHBEKINI y PO3IUIaBl
TEIJI0AKYMYJIFOI0YOr0 MaTepiay AJis TeIJIOBOTO aKkyMyJiaTopa TuIy “tpy0a B Tpy0i”,
BU3HAYECHO BIUIMB PEXKHUMY TEIUIOHOCIS Ha I1HTEHCUBHICTh BUIBHOI KOHBEKI[T B
pO3ILIaBi.

3. Bnepue 3anpornoHOBaHI METOAM BHUPIBHIOBAHHS PO3MOJLIY TeMIepaTyp B
TEIUIOAKYMYJIIOIOUOMY ~ MaTepiaii, 1o 0a3yloThCsi Ha Bapialliix MIBUJIKOCTI
TEIJIOHOCISA B MPOCTOPI Ta Yaci.

4. Bnepume, 0a3ylouuCh Ha MPUHUMIIAX HEPIBHOBAKHOI TEPMOJAMHAMIKH,
MPOBE/ICHUN EHTPOMIMHUI aHami3 Ta BHU3HAUCHI ONTUMAJbHI 3HAYCHHS YHCEI
Pefinonbica, ki 3a0e3nedyyrOTh ~ MakCMMajdbHy  TEIUIOBY  €(EKTHUBHICTH
(dhazonepexiTHOrO TEIMJIOBOTO aKyMyJjsTopa MNpH MIHIMAJIbHUX T1IPOJUHAMIYHUX
BTpaTax TEIJIOHOCIS.

IIpakTuyuHe 3HAYEHHSI OTPUMAHMUX pe3yJIbTATIB
1. Ha ocHOBI poO3p00JICHOTO YHCIIOBOTO aJITrOpPUTMYy, IO 0a3yeThcs HAa METOl
KOHTPOJBHUX 00’€MiB, OyB CTBOpPEHHWI BIIACHUN TPOTPAMHHM KOJ, SKUH Mae
y3arajJlbHeHUN XapakTep 1, B pa3l HE3HAYHOI KOPEKIIii, MOXXEe 3aCTOCOBYBATHCS IS
dazornepexilHUX TEMJIOBUX aKyMyJSITOpIB TUIly ‘“Tpybda B TpyOi” pi3HOTO
TEMIIEPaTypHOTO PEKUMY Ta Ipu3HayeHHs. KpiM TOro, CTBOpeHUi MporpaMHuil Koj

Ma€e THYYKy Ta TpO30py CTPYKTypy, IO J03Bojsie 0Oe3 3MiH CTPYKTypHU
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MIJJIAITOBYBaTH Horo mif Oyab-akuii Tunm TAMy 1 TemtoHocis Ta OyJb-IKI YMOBHU
(YHKITIOHYBaHHSI CUCTEMH.

2. Pe3ynbpTatu mpoBeACHOTO MOCTIAKEHHS MOXYTh OyTH BUKOPHCTaHI ITiJl
yac MPOEKTyBaHHA Ta (PYHKIIOHYBAHHS CYYaCHUX COHSYHHUX TEPMOIMHAMIYHUX
YCTAaHOBOK PI3HOTO TEMIIEPaTypHOTO pPIBHS Ta MPU3HAYCHHS, B SKUX B SKOCTI
TEXHOJOTIYHOTO OOJaJHAaHHA BHKOPUCTOBYETHCS  (ha30MEpexigHUN  TETIOBHMA
aKyMYyJISITOp ““TBepe TiJ0 — piauHa’.

3. TeopernyHi Ta MpaKTU4YHI TMOJOKEHHS POOOTH CTAM CKJIAJI0BOIO
YaCTUHOIO HaBYAIBHUX TUCHUIUIIH “Mojeni 1 METOAu NPUKIAJHOI MaTeMaTUKu,
“Meroaun ineHTU(IKaIl MapaMeTpiB MaTeMaTUIHUX MoJieliel”, Kl BHUKJIAAAIOThCS
JUTs 3100yBaviB BUIIOi ocBiTH piBHA PhD crnerianbrocTi 113 [pukinagHa MaTeMaTHKH
B JIHITpOBCHKOMY HalllOHAJIbHOMY YHiBepcuteTi iMeHi Onecs ['onuapa.

4, [IpoBenmeHi AOCHIIKEHHST Ta iX Pe3yJjbTaTh CKJIAAAl0Th BIJMOBIAHUMN
PO3/17 1HIIATUBHOT HAYKOBO-AOCIHIIHOI poOoTu “JleTepmMiHOBaHI Ta CTOXaCTHUYHI
QITOPUTMHU KOMIT IOTEPHOTO MOJICNIOBaHHS 00’ €KTIB Ta MPOIIECIB PI3HOI MPUPOIU’”
(2022 — 2024, nayxowmii kepiBHuK npod. Kumm JLI., mepkaBHUMIl peectpariitHuii
Homep 0122U001467), sika mpoBOAMTBCA Ha Kadeapi KOMITIOTEPHUX TEXHOJOTIH

dakynpTeTy npukiagHoi marematuku JIHY

Ocobucmuit  enecok 3000ysaua. Pe3ynbTaT  AucepraniiHoi  poOOTI
B1IOOpakeHO y 8 HAyKOBUX MpalsiX. Yc¢i pe3yJbTaTH JIUCepTaliitHoi poOOTH, IO
BUHOCSTBCSI HA 3aXMCT, OTPUMaHI aBTOPOM OCOOMCTO. Y mparsix, o onyOaikoBaHi y
CriBaBTOPCTBI, 3100yBaueM B: [89,103] — mpe3eHTOBaHI eTany CKIaJaHHs CIPSHKEHOT
3D maremaTHuYHOI MOJENl €HEPronepeHocy B TEIUIOBUX aKyMylaTopax 13 (ga3zoBuM
Eepexo/IoM “TBeplie TIIO — piauHa” TUMy “TpyOa B TpyOi”; OomHMCaHI METOAM, SKi
BUKOPHCTOBYBAJINCh JUUISl YMCJIOBOTO MOJENIOBAaHHS TEIUIOBUX Ta JWHAMIYHHUX

IPOIIECIB ¥ (a3onepexiIHUX TEIUIOBUX akyMmyJsiTopax; [94] — 3anpomoHoBaHO METO/
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BpaxyBaHHs BIJbHOI KOHBEKIli B po3miaBi TAMy; BH3HaYe€HO Ha OCHOBI
KOMIT FOTEPHOTO MOJICIIOBAHHS BIUIMB BUIBHOI KOHBEKI[li B pO3IUIaBl Ha MIBUAKICTb
pyXy TpaHuill po3noaity ¢a3 Ta 3MiHM 3HAYEHHS Ii€1 MIBUAKOCTI B 3aJICXKHOCTI BiJl
pexxumy Teuii terionocis; [104, 107] — oOrpyHTOBaHO HEOOXIAHICTH IPOBEACHHS
TEPMOJMHAMIUHOT oNTUMI3alii (a3omepexiiHUX TEIUIOBUX AaKyMYJSITOPIB THUILY
“Tpyba B TpyO1”; MpOBEAEHUI EHTpOMmiWHUI aHami3 (a3omnepexiJHOro TETI0BOro
aKyMyJIsiTOpa BIJIOBIJHOI TE€OMETpii; pO3paxoBaHI 3HAYEHHS CEHTPOMNIi, sKa
TEHEPYEThCSA 3a PAXyHOK TEIUIOBUX Ta TIAPOJAMHAMIYHUX TMPOIECIB; BU3HAYCHI
ONTUMAaJbHI 3HA4YeHHs uucen PeilHoibaca, skl 3a0e3nedyloTh HaWBHILI 3HAYEHHS
TEIUIOBOi  e(heKTUBHOCTI  (ha30mepexiTHOrO TEIUIOBOro akymyJsstopa; [100] —
JIOBEe/IeHa MOJKJIMBICTh BUKOPHUCTaHHS PO3POOJEHOTO MPOTPAMHOTO TPOAYKTY SIK
€JIEMEHTY MYJIbTU(I3UYHOTO KOMII IOTEPHOTO AOJATKY JUIsl PO3PaxyHKY IIOBHOI'O
CHEPTeTUYHOTO IUKIY CYYaCHUX TEPMOJIWHAMIUYHUX COHSYHHMX craHimii; [108] —
chOpMyJIbOBAaHUHN y3araJIbHEHUM MiAX1J A0 PO3PAXyHKY E€HEPreTMYHUX IMOTOKIB Y
TEIUIOBMX aKyMyJsaTopax 3 (a3oBHM IMEPEX0oJoM “TBepae Tiio — pimuHa”; [115] —
3p00JICHO aHaI3 AaHAIITUYHOTO PO3B’A3KY OJHOBUMIPHOI TecTOBO1 3a1a4ul Ctedana Ta
pPO3pPaxXyHOK HEBIJOMOTO  KOe(IIli€eHTYy B  aHAJITUYHOMY  PO3B’SI3KY, SIKUN
XapakTepHU3ye MIBUAKICTh PyXy TpaHUII PO3MNOAUTY (a3; OTPUMAaHO YHUCIOBHM Ta
aHAMITUYHUA PO3B’SA30K TECTOBOI 3ajadyl; MOPIBHSHO YHUCJIOBI Ta aHAJIITUYHI
PO3B’SI3KH.

Anpobauyia pezynomamis oOucepmauyii. Pe3ynbraTu aucepraiiitHoi poOOTH
JIOTIOBITAJIUCh 1 OOTOBOPIOBAJMCh HA HAYKOBUX CeMiHapax “AKTyanbHI HUTaHHS
omTtuMmizamii Ta AUCKpeTHOi Marematwku» npu Haykosiii pami HAH Vikpainu 3
npobnemu “KiGepHeTuka”, skuil ¢yHKUIOHY€E MpU J{HIIPOBCHKOMY HAalllOHAJIBLHOMY
yHiBepcuTeTi imeHi Onecs [onuapa (HaykoBHMH KEpIBHHK CeMiHApy YJIeH-
kopecrionienT HAHY, nokrop ¢i3.-mat. Hayk, mpodecop KicenboBa O.M.); Ha

MixHapoaHUX HAyKOBUX KOH(pepeHlisax “MareMatuyHe Ta nmporpamMHe 3a0e3nedeHHs
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iHTeneKkTyanbHux cucrem” (M. Juinpo, 2023 p.); "BigHoBmoBaHa €HepreTuka Ta
eneproedextuBHicTh y XXI cromiTti" (M. Kuis, 2022, 2023pp.); “JIroguHa 1 KocMoc™
(m. duinpo, 2021 p.); “Indopmarniiini TEXHONOTII B METaIyprii Ta MammHOOy yBaHH1
—ITMM’2022” (m. dnimpo, 2022 p.).

Ilyénikayii. OcHOBHI pe3yJbTaTH AMCEPTALIHOI poOOTH OIMyOJiKOBaHO B &
HayKoBHX mparx: nBi ctarti [94, 104] y BHIaHHSAX, IO 1HIEKCYETHCS HAYyKOBO-
MeTpu4HOIO 0a3010 Scopus; 1 crarts [115] y HaykoBOMY (haxoBOMY BHJIaHHI Y KpaiHU
kareropii b, 5 Te3 gomoBimeil y 30ipHHMKax MaTepialiB MIKHAPOJAHMX HAyKOBHUX

xkoudepenmii [89,100, 103, 107, 108].

Cmpykmypa ma o06csaz oucepmauyii. JlucepTaiiiiina po0oTa CKJIQJaeThCcs 31
BCTYIy, IT’ITU PO3JUIIB, BUCHOBKIB, MEPENIKY BUKOPUCTAHUX JKEpEN, 10 MICTUTH
119 naiimenyBaHb. 3aranbHuil 00car auceprarii — 142 cropinku. Po6ora mictuts 39

PUCYHKIB Ta 2 TaOJIHIII.

Ilooaku. ABTOp BUCIOBIIOE HIMPY MOJASKY HAYKOBOMY KEPIBHUKY, JOKTOPY
TEXHIYHUX Hayk, npodecopy Kumm Jlronmum IBaHIBHI 3a TOCTIHY YyBary,

T0OPO3UWINBE CTABJICHHS Ta IOIOMOTY B pOOOTI.
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1. NMEPCHEKTHUBU BUKOPUCTAHHSA TEIIJIOTHU ®A30BOT'O
HNEPEXOJY “TBEPJE TLIO - PIZIMHA” ITPU AKYMYJISIIII TEIIJIOBOI
EHEPI'II B COHAYHUX TEPMOJUHAMIYHUX CUCTEMAX
1.1. Kaacudikanisi MeToaiB aKyMyJIIOBAHHS €HEPril B COHSIYHMUX

CHEPIreTUYIHUX CUCTEMAaX

CTBOpEHHSI HOBUX Ta YJIOCKOHAJICHHS ICHYIOUUX TEXHOJOTIH aKyMyJIOBaHHS
CHEpri€ € HalakTyaJbHINIOK 3aJayelo CBITOBOI Hayku. Bupimenns imiei 3agadi
BIJIKpUE HOBI MEPCHEKTUBH HE TUIBKHU JJISI Cy4acHOi €HEPreTHKH, a 1 SKICHE 3MIHUTh
OUTBIIICTDh TPOMUCIIOBUX Ta 1IHPOPMAIIHHUX TEXHOJOTIH, CTBOPUTH NIEPEAYMOBHU JJIs
Nepexoay /10 HOBOTO TEXHOJIOTIYHOIO YKIIaay CyCHIbCTBA. TeopeTuyHo Bcl (GopMH
eHeprii — KIHEeTHYHY, MOTEeHIlaNbHy (XiMiyHy a00 TpaBiTalliliHy), €JIEKTPUYHY Ta
TEIUIOBY — MOXJIMBO HAKOMUYyBaTH Ta 30epiratd 3a JIOMOMOTOK0 BiJMOBIIHUX
TexHosori [1].

[li TexHOMNOri TOAUIAIOTHCS HA TPU BEJIHUKI TPYNH, SKI CXEMaTUYHO
npoittocTpoBani Ha puc.l.l. IHTEHCUBHICTh PO3BUTKY KOXXHOI 3 HaBEJIECHUX
TEXHOJIOTIM aKyMyJsiIlli HampsMy 3aJeXUTh BIJ] PO3BUTKY TMEPBUHHUX a0o
CHOPITHEHUX TEXHOJOT1H. 30KkpeMa, OypXJIMBUNA PO3BUTOK €HEPreTUYHHMX CHUCTEM Ha
OCHOBI BIJIHOBJIFOBAaHUX JIKEPEJl €HEPrii, KUl CIOCTEPIraeTbcsl B TAHUM MOMEHT Y
CBITI, CTUMYJIOE PO3BUTOK BIAMOBIJHUX CHUCTEM aKyMyJsimii. bigbm  Toro,
BIJIHOBJIIOBaHa €HEpreTMka (COHSYHA Ta BITPOBA) 3aBASKKM HEPIBHOMIPHOCTI
HAJXO/DKCHHS, Maibke HE Ma€ TEPCIEeKTUB 0€3 BUKOPHCTAHHS HAIIWHUX CHCTEM

akymyisii [2].
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CucTemm aKymMmynoBaHHA eHeprii

‘ MexaHiuHe akymyniosaHHA eHeprii | | XimiuHe akymynioeaHHA eHepril | ‘ Tennose akymynosaHHA eHeprii ‘
| MopoakymyntoBaHHA ‘ ‘ Enexrpoximiuni barapel | ‘ TennoemuicHe |
| CrucHeHe noeiTpAa ‘ ‘ OpraHiuHe monekynapHe ‘ ‘ Mpwuxoeane Tenno ‘
‘ MaxoBuKK | ‘ XimiuHe |

Puc.1.1. Knacudikauist cucrem akymyJItOBaHHSI €HEprii

B coHAuHIA eHepreTvill IMIUPOKE PO3MOBCIOHKEHHS Ma€  XIMIYHE
aKyMYJIFOBaHHS €JIEKTPUYHOI €Heprii 13 BUKOPUCTAHHSAM €JIEKTPOXIMIYHHUX OaTapeil Ta
TEIJIOBE aKyMyJIIOBaHHS. Takuil TpeHH TMOB’S3aHHUM 3 THM, IO Yy OUIBINIM YaCTUHU
ICHYIOUMX COHSYHHUX CHEPTeTUYHHX CHUCTEM Pealli3yloThCs JBa THUITY MEPETBOPEHHS
coHAYHOI eHeprii — (doToenexkTpuuHe Ta TepmonuHamiude. Ha pwuc.l.2. mokaszana
y3arajibHeHa Kjaacu]ikariss COHIYHUX €HEePreTUYHUX CHUCTEM Ta BIIMOBIIHHM M THII

aKyMYyJIALII.
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MepeTBopeHHA eHeprii COHUA

(PoToeNeKTpUYHE TepmoguHamivHe
Enextpoximiyni MawmHHe BeamawmHHe
Barapei l
MNapabonoumnningp Bema [HLwi COHAYHI KoneKkTopHK

I N

TennoemHicHe abo
dasonepexigHe

Puc.1.2. Y3aranpaena kinacugikaiisi COHTYHIX CHEPreTHYHUX CUCTEM Ta

BIIMOBITHUX METO/IB aKyMYJIAIIi1

[Ipu  QoroenekTpuIHOMY TIEPETBOPEHHI 3aCTOCOBYIOTHCS —aKyMYJSTOPH
CJICKTPUYHO1 €HEprii, K1 MOAUISIIOTHCS HAa TPU OCHOBHI TUIIH: JITii-10HHI, CBUHIIEBO-
KUCIOTHI Ta TykHi [3]. BukopucranHs  camMe  €IEKTPUYHUX  aKyMYJISATOPIB
MOB’SI3aHO 3 TUM, IO Yy (POTOENEKTPUUHUX CHUCTeMaxX NepeTBopeHHs eHeprii CoHLs B
MOCTIMHUN EJIEKTPUYHUA CTPYM 3AIMCHIOETHCA HampsAMy, 0€3 MPOMIXKHUX CTaIii.
ToMy y BIANOBIAHMX aKyMyJATOpax 3alacaeThCsl 3TEHEPOBaHA COHSYHUMU
OatapesMH J0/IaTKOBA €JICKTPUYHA CHEPTis, sIka BUKOPUCTOBYETHLCS MPHU BiJCYTHOCTI
Conns [4].

[Ipu TepmMoIMHAMIYHOMY NIEPETBOPEHHI COHSIYHOI €HEprii TEeIioBa €Heprisi €
KiHIIeBUM (Oe3MallvHHE TMEePEeTBOPEHHS) a00 MPOMIKHUM (MAIIMHHE) TPOIYKTOM.
Tomy mpu TakoMmy BUAI TEPETBOPEHHS BUKOPHUCTOBYIOTHCS TEIJIOBI aKyMyJSATOPHU
PI3HUX THUIIIB Ta KOHCTPYKLIiM. TemrepaTypHuil piBeHb TEIUIOBOTO aKyMyJaTopa
CHIBIAAAa€ 3 TEMIIEPaTypHUM pPIBHEM BIAMOBIAHOI TEPMOJMHAMIYHOI CHCTEMHU

NEPETBOPEHHSI.
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besmammnne neperBopeHHs eHeprii CoHIs, SK TpaBUiIO, Peali3yloThCi B
Hu3bKkoTeMmniepatypaux  (mo  100°C) TepMmoiMHAMiYHMX CHCTEMax, [0 SKHMX
BITHOCATBCS IJIACKi Ta BaKyyMHI COHSYHI  KOJNEKTOpU. Taki MpHUCTPOi
BUKOPUCTOBYIOTHCS B CUCTEMaX rapsiioro BOJOMOCTAaYaHHS, CYIIKU, HArpIBy MOBITPS
tomo [5,6].

JUis  HU3BKOTEMIIEPATYpPHUX CHCTEM XapaKTepHUMHU € TEIUIOEMHICHI Ta
dazornepexifHi TEMIOBI aKyMyJsTOpu. B mepmiomy BHUIMaiKy TEIJIO 3amacaeThes 3a
pPaxyHOK TEIJIOEMHOCTI piIMHM (BOJA, OJisl) Ta TBEpAUX TUI (TPYHT, 11€OIHb, TajibKa,
micoK Ta iH.). TemnoBa eMHICTh TEIUIOEMHICHUX aKyMYJISITOPIB € LIJTKOM MPUHHSATHOO
JUI.  HU3BKOTEMIIEPATYPHUX CIUIIT-CUCTEM a00 CE30HHUX CHCTEM TIapsyoro
BOJONOCTaYaHHs. J[Jis1 CUCTEM aBTOHOMHOT'O O0IrpiBY MPUMIILIEHHS Ta TOIIOHUX HUM
TEIJIOEMHICHI aKyMyJISITOpH MaJlonmpujiaTHi, 60 mependadaroTh 3HAYHUNA (DI3UYHUMA
00’€M Ta KOWITOBHY CHCTEMY TEIJIOBOi 130JisLii. 3HAYHO Kpalll eKCIUTyaTalliHi
XapaKTEPUCTUKM MAlOTh HHU3BKOTEMIIEPAaTypHI CHUCTEMH aKyMyJslli Termia, sKi
noOysoBaHi Ha OCHOBI (pa3oBOrO Tepexoay ‘“TBepjae TUIO0 — piauHa’. B sgxocti
Teroakymyioroyoro Marepiany (TAMy) B Takux cucremax, SK MpaBHIIO,
BHUKOPHCTOBYIOTBCS PI3HHU THITH mapadiHiB Ta iX moxigHux [7,8].

Mamnnne NIEPETBOPEHHS eHeprii CoHus peani3yeTbes y
sucokoremreparypuux (Bume 100°C) TepmomuHaMiuHMX cUcTeMax Iyl reHepanii
CJICKTPUYHO1 eHeprii. Mana HIUIBHICTh TeTIOBOTO MOTOKY Biag COHIIS HE J03BOJISIE
OTpUMYBaTHU TEMIIEPATYPHU TEIJIOHOCIS, JOCTaTHI JUIS NOAAJIBIIIOTO
TEPMOJIUHAMIYHOTO MAITUHHOTO TIEPETBOPEHHSA. TOMy BHCOKOTEMIIEpaTypHI COHSYHI
TEPMOJMHAMIUHI YCTAHOBKH MICTSATh Y CBOEMY CKJIaJ[l KOHIICHTPATOPH PI3HUX THIIIB —
napabosioin, mnapabonoruaiHap, JiH3M @DpeHens Ta iH. Bubip reomerpii
KOHIIEHTpaTOpa BU3HAYAE 3arajbHUM TeMIEepaTypHUN PiBEHb CUCTEMHU.

Haii6inem Bucokuii pisens Temmeparyp (2000°C Ta Bume) B cucremi

NEPETBOPEHHS COHSYHOIO BUIPOMIHIOBAHHS 3/aTHI 3a0€3MEUUTH KOHLIEHTPATOPU
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napabonoinnoi reomerpii [9,10]. B Takux cumcremMax B SKOCTI TEPMOJMHAMIYHOIO
[IMKIIy YacTillleé 32 BCE BUKOPHUCTOBYIOTHCS BUCOKOTEMIIEPATYpPHUH Ta30TypOiHHUIMA
mukn bpaiitona a6o uwmkn Cripmidra. PiBenp TemmepaTyp NOIIOHHX CHCTEM
YHEMOXJIMBIIIOE BUKOPHUCTAHHS TEIUIOEMHICHUX TEIUIOBUX aKyMyJsitopiB. Jlis
CUCTeM 13 MapabojOiTHUMH KOHIIGHTPATOpaMHU HAWOUIBII MPUAATHUMU €
BHUCOKOTEMIIEpaTYpHI TEIJIOB1 aKyMYJISATOP1, Ki (PYHKIIOHYIOTh Ha OCHOBI ()a30BOro
nepexoay “rBepae Tiio — pimuHa” [11]. B sikocti TAMIB y BHCOKOTEMIICpATypHHUX
TEIUIOBUX  (pa3omepexiTHuX aKyMyJsaTOpax COHSYHHUX EHEPIeTUYHHX CHCTEM
BUKOPUCTOBYIOThCS Tiapua itito (LiH), dropuam mitito, Hatpito abo MarHito
(LiF,NaF,MgF,), 6epumiii (Be), kpemniii (Si) Ta ix croayku tumy Mg,Si, CoSiy, TiSiy,
3BeO - 2Ca0, Al,O;3 — 3BeO — 4TiO; ta in. He3Bakaroum Ha CyTTEBI HAYKOBI
30100yTKM B HANpPsIMKY CHUCTEM NEPETBOPEHHS 3 MapalOosIoiAHUMM KOHIIEHTpaTOpaMu
[12], ix mpomuCITOBE BUKOPHUCTAHHS IIIE € JTy)KE OOMEIKESHUM.

Ha cpboronHi HaiOUTbII MOMIMPEHHMMHM B CBITI € MallMHHI TEPMOJAMHAMIYHI
CUCTEMHU 13 30CEPE/HKEHUM MPUIMaUYeM COHSYHOTO BUIIPOMIHIOBAHHS Y BUTJISI/II BEXI
Ta 13 PO3MNOAUICHUMH MNpHUiiMadaMH 3 NapaOOJOLMIIHIAPUYHUMH KOHIIEHTPATOPAMH.
3a maHuMH MDKHApOJHOTO areHTCTBa 3 BigHOBIIOBaHOI eHepretuku (IREA), Taki
CUCTEMU T€HEpPYIOTh OUIbII HIK 95% BCl€i TEPMOJIMHAMIYHOI COHSIYHOI €JIEKTPUKU B
ceitTi [13]. B TepMoAMHAMIYHHMX CTaHI[SX 13 30CEPEKEHUM TEIUIONpUMadeM
COHSIYHE BUIIPOMIHIOBAHHS 30MPAETHCS MOJIEM TeIlOCTaTIB Ta MEPEHANPABISIETHCS HA
TEIJIONpUAMAay y BUIJIAMI BEXl, J€ TpIETbCS TEIUIOHOCIM i1 MOAAJIBIIOro
MEPETBOPEHHS B MapoTypOiHHOMY a0 razorypOinHomy nukimi [14]. B cxemi Takux
CTaHIIi BUKOPHUCTOBYIOTHCS, K IMPaBWJIO, TEIUIOEMHICHI aKyMyJSTOPH TeIuia 3
TAMamu pizaux TumiB. Lle MoxyTh OyTH Bonma mijg BHCOKMM THUCKOM (Sunshine,
Snownis), ynucta KpeMmHifopraniuna tepmidaa omis (Shenandoah, /xopmkist), cymirn
TepMiuHOI 0J1i1 Ta rpasito 3 mickoM (Barslow, Kamidopwis), cymim TepmigHoi oii i3
posmiaBamu comiB (Newnam, Jxopmkis) [15]. Cimig BIAMITHTH, [0 TPaJMIIHHO
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€EMHICTh TEIUIOBHX aKyMYJIATOPIB COHSYHMX CTaHIIN Yy BUIJIAII Beki HeBenauka. Lle
MOB’sA3aHO 31 CHEelU(iKO iX KOHCTPYKII Ta OCOOJUBOCTIMHU (DYHKIIIOHYBAHHS.
TennoBi akyMynaTopH, IKi BUKOPUCTOBYIOTHCS B IIUX CTaHIIIAX, HE MOXKYTh B IMOBHIH
Mipi 3a0e3mneunTH ix 0e3nepebiiiny podoTy npu BiacyTHocTi Conns [16,17].

[ToniGH1 Hemomiku BIACYTHI Yy TEPMOAWHAMIYHUX COHAYHUX CTaHLISIX 3
PO3MOUICHUMH TETJIONpUiiMadyaMu, a came, B MapaOosoIIHAPUIHUX. JleTanbHuii

oA TCIINIOBHUX aKYMy.]'UITOpiB JJISL TAaKUX CTaHHiﬁ HaBCJICHO HMXKYC.

1.2. 3araabHa cxemMa COHAYHOI NapadoIOUMIIHAPUYHOI CTAHIIl Ta Micue

TEIUIOBOI0 AKYMYJISITOPA B ii KOHTYPI

3 KiHISI MUHYJOTO CTOMITTA napadonoumminapuyni ctadmii ([ILC) ycmimHo
(GYHKIIIOHYIO Ta TPOJOBXKYIOTh OymyBaTHCh B pi3HuUX Kpainax csity [18]. Tak, B
Icnanii renepytots enektpuuny eneprii 45 TILC noryxnictio 50 MBT koxHa, B
CIIA — 17 TIHC noryxHictio Bix 2 g0 280 MBT koxkHa. BuxoauTs Ha mpOEKTHY
noty>xHicTh HaiOubma [TIC B cBiTi DEWA B [Iy6ai (OAE) 3 renepaiti€to O1ab11 HIkK
600 MBTt. Ha 3aBepmranbhiii cranii OyaiBaunTBa 3Haxonarbest 7 IILC B Kurai ta 5
[THC y ITAP notyxsictio 50 Ta 100 MBT. Cradueno pyskmionyots [HLC B Itanii,
I3paini, Himeuunni, Kanani, Mopoxko, Iunii, Ammkupe, €runrte, Tainanne, Kyseiite,
Cayniscbkoi Apasii, Kygeiite.

I'enepauist enexrpuuynoro ctpymy B IILIC 3ailicHIO€TbCS B MAapoTypOIHHOMY
ki PeHkiHa, B SKOMYy B SIKOCTI MEPBHHHOTO JDKepesia BUCTYINA€e KOHIIEHTPOBaHA
COHSIYHA €HEPTis, Ky 30MpPAr0Th MapadOoJIOIMITIHAPUYHI KOHIICHTPATOPU. BINbIIICTh
cydacHux I[IC ¢QyHKIIOHYIOTH 32 ABOKOHTYPHOIO cXeMom, sky y 80 — 90 pokax
MUHYJIOTO CTOJITTS 3alpolOHyBajlla aMepuKaHo-13paiibcbka Kommanis LUZ
International [19,20]. 3a Takor cxemorw Oynu moOyaoBaHi B ImycTeni MoxaBse
(Kamidopnis, CIIA) nepun I[MIC SEGS-1-SEGS-7. IIIC tuny LUZ cramm
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CydaCHUM IIPOMUCIOBUM CTaHAAPTOM, CBOI'0O pPOAY CTAJIOHOM JJIA HOpiBHHHH}I 3

1HITUMH, O11bII JockoHamuMH Tpoektamu T1LC, sKki po3poOsioThCS B TENEPIIIHIMA

yac. 3aranpHa cxema [1LC tuny LUZ npeacrasneno Ha puc. 1.3.

DU

L{| xon. [ rop. 3
11 4

A

:

T
NI

Puc.1.3. 3aransna cxema I1L[C 3 1BomMa KOHTypaMmu:

1 — TermoBUI aKyMyJISITOP 3 TapSYUM Ta XOJOJHUM TerioHocieM; 2 — nose TTHK
KOHIEHTPATOPIB 3 TEIUIONpHiiMauaMu; 3 — ra30BUN KOTeJ (TUIBKH JJIsl COHSUHE-
NaJUBHUX CTaHIIN); 4 — TypOiHa; 5 — pereHepaTUBHUHN TEIUIOOOMIHHUK; 6 —
naporeHeparop; 7 — KoHaeHcaTop; 8 — rpaaupHs; 9 — Hacoc; 10 — nupKyIamiiHui

Hacoc; 11,12 — Hacocu COHSTYHOTO KOHTYPY; 13 — enexTporeneparop.
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Bucokoremneparypuuii  TEIJIOHOCIH  (TepMiuHa OIS, pIiIKI  MeTajw,
PO3IUIABJICH] COJIl TOIIO) PYXa€ThCS B TPYOUATHX TEILJIOMpHiiMayax, Kl po3TalloBaHi
Ha (okycHux minisx [IIIK 2. Harpituifi KOHIIEHTPOBAaHUM COHSYHUM IOTOKOM
TEIUIOHOCIH € POoOOYMM TUIOM BEPXHBOTO KOHTYpPY HapoTypOiHHOTO mHukiy. Ilicis
BUXOJIY 3 TOJIsI KOHIIGHTPATOPIB TEIUIOHOCIH MOCTyTA€e B TEIUIOBUN aKymyJsiTop 1, e
BiJIZJa€ YaCTUHY TeIUIa (3apsjKa), sIKe 3amacaeTbes AJS MOAANBIION0 BUKOPHCTAHHS
npu  BiacyTHocTi  Conus  (po3psanka). BigmaBmm uyactuny Termma  TAMy
BUCOKOTEMIIEpATypHUN TEIUIOHOCIM MOCTynae B maporeHeparop 6, ne Moro Temio
BUTPAYAEThCSl HA TEHEpaIlil0 BOJSHOI Mapu HIKHBOTO KOHTYpy. Ilicims doro
OXOJIOJIKEHUI BUCOKOTEMIIEpATypHUI TEIUIOHOCIM HacocoM 12 3HOB 3akauyeTbes B
10JIE KOHIIEHTPATOPIB JUIsl HarpiBy. Y pa3l BiACyTHOCTI COHIS TeHepalis napu Juis
HIDKHBOTO ITUKJTY 3a0€3MeUy€eThCsl TEMIOTOM0, SIKY OyJl0 aKyMyJbOBaHO B TEIUIOBOMY
aKyMYyJISITOPI.

OTpuMana B MaporeHepaTopi BOJsSHA TMapa € poOOYIM TUIOM HHUKHBOIO
napoTypOIHHOTO UKy, CKJIAJOBUMHU YaCTHHAMHU SIKOTO € TypOoreHnepatop 4 —13,
pEreHEepaTUBHHN TEINIOOOMIHHHK 5 Ta CHCTEMa OXOJIOHKEHHS 8 — 9.

Takum 4MHOM, reHeparlisi eIeKTPUYHOTO0 CTPYMY BiIOYBAETHCSA Y HIDKHHOMY
napoTypOIHHOMY LMK, aje ioro OesmepediitHa poOoTa 3a0e3MevyeTbesl TEMI0TOI0
BEPXHBOI0 LMKIY B pa3i HasgsBHOCTI CoHL ab0 aKkyMyJIbOBAaHOIO TEIUIOTOIO MPU HOTo
BIJICYTHOCTI. Y 3B’S13KYy 3 HEpIBHOMIPHICTIO HaaXO/keHHs eHeprii CoHISI mpoTsArom
00U, MICAII0, POKY CTa€ OYEBUAHHM, IO TEIJIOBHHA aKyMyJSATOp € KIOYOBHUM
€JIEMEHTOM TEPMOJMHAMIYHOI CUCTEMHU TEPETBOPEHHS 1 BiJl HOTO POOOTH 3aJICKUTH

¢yukuionyBanus Beiit TTLC.
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1.3. Tumnizauiss MeToAiB aKYMYJIIOBAHHSI TEIUIOTH B COHSTYHUX
napadoJoONMJIiHAPUYHUX cCTAaHUisAX. Bubip ¢izuunoi MoeJii TenjioBoro

aKyMYyJIsSITOPY.

Cyuacna IILIC — ue cknagna MynbTU(dI3MYHA CHUCTEMa, siKa (DYHKIIOHYE Mif
Majio0 MPOTHO30BAHMMHU 30BHIIIHIMHU BIUIMBAMHM, IO TOB’S3aHl 13 HEPIBHOMIPHHUM
PO3MOJIIIOM IIIJIBHOCTI TEIUIOBOro MOTOKY Bia CoOHISl, HEBU3HAYEHOI MIBUAKICTIO
BITPY Ta IHIIUMH OPUPOAHUMHU OCOOJMBOCTAMHU Micus Jiokauii. Kpim Toro, mpwu
excrutyatarii IILIC BuHuKae HeOOXiTHICTH i MaHEBpPYBaHHS, SKE TOB’si3aHE 13
HCPIBHOMIPDHUM CIIOKMBaHHAM enekTpudHoi eHeprii [21]. Lli ¢akropu 3HaYHO
yckianHiowTh  npoektyBaHHs  I[IIIC, poOnsiTh HEOOXiAHMM  BBEJCHHS B
napoTypOIHHUIM KOHTYP JOJATKOBHX TEPMOCTAOUTI3YIOUUX MPHUCTPOIB — TEIUIOBUX
aKyMyJISITOPIB, JOJATKOBUX KOTJIIB Ha TpaauliiHOMYy mnamuBl Ta 1H. OKpeMoro
3aayero crae 30anmaHcyBaHHA TemioBoro pexumy I[IIC 3a paxyHok onTumizaiii
poOOTH KOXKHOTO 3 ii OJIOKIB.

Cepen Ttakux OJOKIB 0COOJMBE Micle 3aiiMae CHUCTeMa TeIJIOBOTO
aKyMyJIFOBaHHS, sIKa MOXX€ OyTH CIpPOEKTOBAHOKO 3a pI3HUMHU (PI3UUYHUMU
npyUHIMNAaMu (TEIIOEMHICHE abo (a3omepexigHe) Ta PI3HUMH THIAMH Mepeadi
TeIIoTH (aKkTUBHI a00 macuBHl). B po3mimi 1.1. Oyna 3amponoHOBaHa TUMi3allis
TEIUIOBUX aKyMyJISITOpax AJisi CUCTEM TEPMOJMHAMIYHOTO MEPETBOPEHHS, B KUl HE
BpaxoByBaBCsl cmoci0 mepenadi TeruioTd. lLleir MomeHT moTpedye OKpeMoro
BUCBITJICHHs, 00 caMe IIe BHU3HAYa€ MPOEKTHE PILICHHS CUCTEMH aKyMyJsuii Ta
MeToxiB i1 mocmimkenHs. Ha pmc.l.4. cxemaTHyHO TOKa3aHa THITI3allisl METOJIB

tertoBoi akymyisiii B [TIIC B 3a1neHOCTI BiJ c1Ooco0y nepenayi TerIoTH.
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Puc.1.4. Tunu TemoBoro akymysmtoBanns B [11[C

B TemioBux akyMynsTOpax aKTHUBHOIO THIy TeEIJIOTa MOXE 30epiraTHcs
OPSIMAUM METOJIOM — 33 PaxXyHOK TEIJIOEMHOCTI MapH, SKa 3HAXOJIUTHCS i BUCOKUM
tUckoM [22]. Takuit METOA € AOCUTh HEHAIINHMM 1 BUKOPHUCTOBYETHCS B CHCTEMaXx
MaJjoi MOTY>XKHOCTI, 00 MapoBi TEIJIOBI aKyMYJISITOPU MalOTh HEBEIUKY €HEPTeTUUHY
€MHICTh 1 3a0€3MeuUyIoTh CTa0IIbHUN TEIUIOBUM PEXUM Ha KOPOTKUWA TepMiH (1o 1
rojuHu). Bimbll MOMyNISIPHUMU € TEIUIOEMHICHI aKyMyJSTOPU aKTUBHOTO THUITY, B
AKUX TEIUIO0 30epiraeThCs B pO3IUIaBax CoOJIIB, IO LHUPKYJIIOIOTh B KOHTYpl Ta
NepealoTh TEIUI0 BUMYLIEHOK KOHBEKII€I0. Takl TEIUioBl aKyMyJSTOPU MOXYTb
OyTH CHpPOEKTOBaHI 3a CXEMOIO MPSIMOTOKY abo MpOoTUTOKYy. B mepiiomy Bumaiaky
BUKOPUCTOBYEThCS OAUH Oak 13 rapsuum TAMowm, a B npyromy — nBa 0aku — 3
rapsauM Ta xosioaauM TAMowm [23,24].

3a paxyHOK TEIUIOEMHOCTI 30epira€Tbcs TEIUIO 1 B aKyMYJISITOpaX MAacHUBHOTO

turmy. B Takux cucremax B sxocti TAMy moxxe Oyae BUKOpHUCTaHa BOja, T'paBii,
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MICOK, Tajibka, OEeTOHHI OJOKH, MeTaJieBl KOHCTPYKIli Tomo. 3a moaiOHUM
NPUHITUIIOM CIpoeKToBaHUU TeruioBuit akymysstop aitodoi ITHC Airlight Energy
Ait-Baha (Mapokko), B SKOMY TEILIOTa 3aracaeTbCs Yy CKEIBHHUX Mopoaax [25].
TernmoeMHICHI aKyMYJISITOPHU MTACUBHOTO TUITY MPOCTI Y BUTOTOBJICHHI, HETOKCUYHI, HE
NOTPeOyIOTHCA JOJATKOBUX CHCTEM IIIJKAYKH, MalOTh HU3BKY BapTICTh, alie IX
€EMHICTh HampsiMy 3alekuTh Big ¢izuyHoro o0’emy TAMy. Jlns oTpumaHHS
ctabinpHOrO Tertonoctadyanusa B ITLC Bennkoi moTy>KHOCTI HEOOXIIHI Jy»Ke 3HA4H1
00’emu TAMy Ta KOIITOBHA CHUCTEMa MOro TEIJIOBOI 130JIAllii, 110, SK IMPaBUIIO,
ckinagHo 3abesneuutd. LI Hemomiku BIACYTHI Yy ¢a3onepexiIHuX TEeII0BUX

AKyMyJpITOpax, B AKHX TCIINIOTA Q HaKOIIMYY€TbCA HC TUIBKH 34 PaxXyHOK

TEIJIOEMHOCTI, a 1 32 PaXyHOK IPUXOBAHOT TEIUIOTH (Ha30BOr0 MEPEXOy 7 -

Q=mC,AT, +my+mC_AT_,

ne mMC,AT, — miaBuIieHHsA nodaTkoBoi Temneparypu TAMy T macoro m 3a

paxyHOK TemnoeMHocTi C,; My — BUAUICHHA (IOIJIMHAHHS) NPUXOBAHOI TEIUIOTH
¢asoBoro mepexomy; MC,AT. — minBuimenHsa temmneparypu TAMy 3a paxyHOK

TEIUIOEMHOCTI 1] Yyac ()a30BOro Mepexony.

Ax BumHO 31 cxemu Ha puc.l.4, y dazonepexiqHuX TEIUIOBUX aKyMyJIsSTOpax
MO>K€ BUKOPUCTOBYBATHCS MPUXOBAHA TerioTa (a3oBoro nepexoay “‘piauHa — rasz”,
“TBep/e TUIO — TBEpAE TUIO”, aje HalOUIbIIl MePCHEeKTUBU MAIOTh CUCTEMH, B SIKUX
TEIJIOTa 3amacaeTbes 4epe3 da3oBuil mepexin “TBepae Tuio — piguHa”. Cepen
OCHOBHHUX IepeBar (pa3onepexiiHux TemI0aKyMyJasTOpiB “TBepae Tij10 - piauHa”
CJIIZ BIIMITHUTH:

- BHCOKY INUIBHICTH €Heprii, sKa 3amacaeTbCsi 3aBISKH JI0JaTKOBOMY

NOTJIMHAHHIO a00 BUAUICHHIO TEIUOTH (ha3oBoro nepexony TAMy;
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- KOMIIaKTHUH po3Mip;

- €KOJIOT14HY YHUCTOTY;

- Oe3uryMHe (yHKI[IOHYBaHHS;

- BIJCYTHICTh PyXOMHX €JIEMEHTIB, 110 MiABUIIYE HAAIHHICTB;

- HEBHCOKY BapTicTh OumbIIocTi azonepexinnux TAMis;

- 00epHEHICTh MPOLECy 3aPsIIKH — PO3PSAKY;

- BigcyTHICTh gerpangamii B TAMax micis BeaMKOi KiJIBKOCTI IHKIIIB

3apSAKU — PO3PAIKH;

- XIMIYHY HeUTpanbpHicTh OuTbIOCTI TAMIB.

Kpim Toro, mpoiiec miaBieHHS — 3aTBEP/IIHHS TPUBAE MPHU CTPOro (hiKCOBAHIM
TeMIIepaTypl, IO rapantye 06e3nepediiiHy poOOTy CUCTEMHU MEPETBOPEHHS.

He 3Bakaroun Ha CyTTEBI IepeBaru, CIOCI0O aKyMyJIIOBaHHS Ha OCHOBI
¢dazoBoro mepexoy Iie He Ma€ MIMPOKOTO IPOMHUCIOBOTO BTiieHHs. L{e moB’s3aHo0 13
00’€KTUBHUMH CKJIQJHOIAMH, 10 BUHHUKAIOTh MPU MPOEKTYBaHHI (hazomnepexigHux
aKyMyJISITOPIB, yMOBaMHU Yy3TOJDKEHHS iX pOOOTH 13 CHUCTEMaMu TMpPUHOMY Ta
NIEPETBOPEHHS TEIlIA.

IcHye Benmuka KUTBKICTh KOHCTPYKTHBHHUX PIIllIEHb TEIJIOBUX (ha30mepexiTHuX
akyMysaTopiB. Taki mOpuUCTpoi MPOEKTYIOThCA Ha BIANOBIAHWN TeMIlepaTypHUN
piBeHb, 110 AOpIBHIOE Temmeparypi (azoBoro mnepexoxy TAMy. Ilpu cepeanix
temmeparypax (100°C — 500°C), sxi € xapaxtepummu nans II1C, Haitwacrime
BUKOPUCTOBYIOTBCS COJIi JTY)KHUX METAJIB Ta X €BTCKTHYHI cymiti [26].

B Tabmumi 1.1 HaBemeHO NPHKIAOM  HEOPraHIYHUX Ta  OpPraHIYHHX
dazonepeximanx TAMIB, sSiki MOKHA BBaKaTH MEPCIICKTUBHUMHU JJIsI BUKOPUCTAHHS B

MIIC.
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Tadomus 1.1

Tun TAMy Temneparypa | IIuTtoma Teruiora
0 (hazoBoro
riaBiieHus1, C
nepexony,
K J>K/KT
Heopraniuni TAMu
KNO3 / NaNOs (40/60), [27] 220 202
NaNOs, [28] 306 172
KNO3/ KCl, (95.5/4.5), [28] 320 74
KNOs, [28] 335 95
KOH, [28] 360 134
MgCl,/ KCI / NaCl, (60 /20.4 /19.6), [28] 380 400
Opraniuni TAMu

[Menraepitpit PE (C(CH,0H),.), [29] 260 36.9

binbmi  petanpHa  1HPoOpMallis  MOAO0  TEIVIOQPI3MUYHMX  BJIACTUBOCTEH
dazonepexiaanx TAMIB pi3HOro TeMIepaTypHOTo piBHs HaBeaeHo B orusi [30].

He3anexxHo Big TeMmiepaTypHOTro piBHS  (pa30MepexiIHOrO  TEIIOBOIO
aKyMyJISITOpa Mpu MOTO MPOEKTYBaHHI CTA€ 3ajja4a MAKCUMAJIbHO €(PEKTUBHO 3a15TH
BCl TEIUIOBI €(eKTH, 1[0 BUHUKAIOTh MPHU 3MIHI (a3 BIANOBIAHOI pEYOBUHH, a CaMe,
TEIJIONPOBIIHICTG B PIAKIM Ta TBepAid ¢azax, BUIbHY KOHBEKIIO B piAKid (a3u
pO3IUIaBy, BUMYIIIEHY KOHBEKIIIF0 a00 BUIPOMIHIOBAHHSI, SIKI MOXYTh JISITH Ha
rpanunsx [31]. i epexTr MOBUMHHI MOCUIIIOBATH TOJOBHUM TEIIO(PI3UUHUNA €(eKT,
0 TIOKJIQJICHO B OCHOBY CTBOPEHHsI MOMIOHMX TEIUIOOOMIHHHMX amapariB, a came,
MaKCUMaJlbHE TMOBHE BUKOPUCTAaHHS TEIUIOTH (Aa30BOTO TMEPEXO0]ay BIATOBIIHOTO
TAMy.

['0710BHOIO TEpPEelIKOA0I0, MO0 BHUHUKAE TiJ Yac pPO3pOOKH ePEeKTUBHUX

JTU3aMHEPChKUX PIllIeHb JJIA TEIUIOBUX (DA30omepexiTHuX aKyMyJISITOPIB, € HHU3bKe
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3Ha4YeHHs KoedilieHTy TermnonpoBiiHOCTI Outbinocti TAMIB. [{7s 3HUKEHHS BIUIMBY
1IbOro (hakTopy Ba)KJIMBO, 100 IIOIIa TeriooOMiHy Mk TAMoMm Ta TEmIOHOCIEM
Oyna sxkomora Oinbmioro. ToMmy Taki TEMIOOOMIHHI amapaTd, SK MPaBUJIO, MAIOTh
KOXXKYXOTpYOHY KOHCTPYKIIIIO, SIKa € HaOUIbII ONTUMAIbHOI BIAMOBIAHO JTaHOTO
kpurepito [32].

Ha pwuc.1.5. mokaszana y3arajgpHeHa cxeMa KOXKYXOTPYOHOTO TEMI000MIHHOTO

arapary, SKHii MOKe BUKOPUCTOBYBATHUCS sIK TeruioBuid akymysisitop ITLC [33].

Puc.1.5. Y3aranpHeHa cxema KOXKyXOoTpyOHOTO TEIJI0BOro akymysatopa [33]

TAM y HaBeneHii Ha puc.l.5 cxemi TEIUIOBOr0 aKyMyJjsiTOpa MOXKe
pO3TaIlIOBYBATUCS

- B Tpy0Oax 1 OMUBATHUCS TEIJIOHOCIEM, SIKHI T€Ue B MIPOCTOP1 MiXK Tpydbamu,

- B MDKTPYOHOMY MPOCTOPI, CKPI3b KU MPOXOAATH TPYOH 3 TEIJIOHOCIEM;

- 32 MPUHLIMIIOM “Tpy0a B TpyOi1”.
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Came cxema “Tpy0Oa B TpyO1” Oynia oOpaHa B IKOCT1 0a30BOi JJIsI TOCIIIJIKEHHS B
naHii po6oti. Taka cxemMa Mo)ke MaTH JiBa JAW3aiHEpChKuUX pimeHHs. Ha puc. 1.6.
MOKa3aHl Il pileHHs, J¢, B OJHOMY BHITQJIKy, TEIJIOHOCIH Tede B TpyOi, sKa
posramoBaHa B cepeauHi mapy TAMy, a B iHmomy Bunaaky Tpyoa 3 TAMom

3HaXO4UTHCA B CepeI[I/IHi Ta OMHUBAETHCS TEIIOHOCIEM.

1 -

Y
M e e — —

Puc.1.6. JIB1 KOMIIOHOBKHM cxeMu “Tpy0Oa B Tpy01”: 1 — TAM, 2 — temyioHociil.

Jlns BU3HAYeHOCTI B SIKOCTI (hizMuHOi Mojaesi B MoaanblIIoMy JOCHTIKCHHI
oOpaHO mepumMi BapiaHT AW3aiHy TUIy ‘“‘Tpyda B TpyO1”, a came, OJUHUYHHMA
MWTHAPUYHUN eJeMEeHT (ha30mepexiTHOr0 KOKYXOTpyOHOTO TEII0aKyMyJIaTopa 3
TAMoM MICTUTh B CEepeIvHI IWIIHAPUYHUN KaHall 3 TEIJIOHOCIEM. Takuil eJIeMeHT
GYHKIIIOHYE y JABOX pEXUMaAX — PEKHUM 3apsaku abo pexum po3psiaku. Ha pexumi
sapsaaku 1map TAMy 3Haxoauthes B TBepAid (a3i. Ha BXim B KaHanm momaeThbes
TEIJIOHOCIH 3 TeMIIepaTyporo, siKa TICPEBHINYE TeMIlepaTypy (a30BOro IMepexoiy
TAMy. Tennonociit nepeaae Terio BUMyIIeHOK KOHBeKLie0 TAMYy 1 HarpiBae HOro.
Ak tineku temneparypa TAMy crae Buiie Temrepatrypu ¢aszoBoro nepexony, TAM

[OYMHAE TUIABUTUCH. TakuM YMHOM, TEIUIO BiJl TEIUIOHOCISI BUTPAYAEThCS HE TUIBKU
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Ha miairpiB TAMy (TeIJIoOEMHICTB), a 1 Ha 3AiMCHEHHS (pa30BOro NEPEXoay
(akyMmysstist Teriotu ¢azoBoro nepexony). Komu yBech 06’em TAMy po3miaBuThCS,
3apsiKa TEIIOBOTO aKyMyJIsITOpa 3aBepilyeTbes. Ha pesxkumi po3psiiki BBaXKAaeThCA,
110 TeMIlepaTypa TEIJIOHOCIA € MEHIIO0 3a TeMneparypy (azosoro nepexony TAMy.
Tomy Temora, sika 30epiraerbes B TAMI, nepenaeThCsi TEIUIOHOCIIO 1 HarpiBae Horo.
[Tpu ubomy TAM oxonomxyersest 1 TBepaie. Ilicns Toro, sik yBech 00’em TAMy
3aTBEp/l€, PO3PSANKY TEIJIOAKyMyJIATOpa MOKHAa BBaXKaTH 3aBEpUICHOI0. Takum
YUHOM, TEIJIOAKYMYJISITOP (DYHKIIIOHYE B LIUKIIYHOMY PEXKUMI. AJie, IKIIO BBaXKAaTH,
0 TMEePBUHHUM JDKEPEJIOM TeIula g TemioHocis ciaykuTh CoHIle, SKe Mae
HEPIBHOMIpHE HAJXO/KEHHS, TO TIEPIOJU 3apSAIKH — PO3PSAKU CTAIOTh IUKITYHUMH,
ajie HEPIBHOMIPHUMH, 1110 YCKJIAIHIOE AOCIIIKEHHS O110HUX MPUCTPOIB.

[Ile omHOIO BaXIUBOIO NPOOIEMOIO, fKa BUHHUKAE T Yac JOCHIKCHHS
teroBux akymyisstopiB s [IIC € Te, 10 BOHU MPOEKTYIOTHCS HA BIAMOBIIHUI
TEMIIEpaTypHUN PIBEHb, SIKIA JIOPIBHIOE TEMIIEpaTypl LMKy mnepeTBopeHHs. ToOTo
TEIJIOHOCIA Ha BUXOJl 13 KaHaly TEIUIOAKYMYJSTOpa TOBHUHEH MATH TOCTIHHY
TEeMIIepaTypy, 10 3a0e3neuye craliabHe (YHKLUIOHYBAaHHS CHUCTEMH IMEPETBOPEHHS.
Jnst meoro obupaetscss tTun TAMy 3 Temmeparyporo (a3oBoro mepexomay, ska
JTOPIBHIOE TeMmIepaTypi Imepen TypOIHOW B LMK TepeTBOpeHHsA. ['eomeTpis
OJMHUYHOTO IMJIIHIPUYHOTO E€JIeMEHTa TEIIOaKyMyJsTopa TMOBHHHAa OYyTH TaKolo,
mo0 Ha BHXOJAl TeMIlepaTypa TEIUIOHOCIS OpiBHIOBANA TeMmmepaTrypi (a3oBOTO
nepexony TAMa. Ilpu Takux ymMoBax OY€BHJIHO, IO 33Jadl MPO PyX TEIUIOHOCIS Ta
iaBiieHHs: TAMy noBHHHI pO3B’sI3yBaTUCh Pa30OM, Y CIPSKEH1H MOCTaHOBIII.

Kpim  cdhopmynboBaHMX  BUINE  3adad, HE3aJeKHO  BiI  JAW3alHY
dazonepexigHoro terioBoro akymysastopa IILC, icHyrOTh 3arainbHi npooOiemMu, sKi
HEOOX1THO BpPaxOBYBaTH Tij 4Yac MPOBEJCHHS IOCTIKCHHS TMOMIOHUX TMPHUCTPOIB.
Cepen Takux mpo0seM Ciaij] BIAMITUTH Taki:

- HEpIBHOMIpPHE HAJIXOKEHHS Ter10BO1 eHeprii Big CoHI;
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HEpIBHOMIpHUH po3noia Temnepatyp B TAMI mija yac npoIeciB 3apsiaku —
PO3PSIIKH;

HU3bKHI KoedimieHT TernonposigHocti TAMiB.

1 IIpOOJIEMU PO3B’I3VIOTHCS HA OCHOBI ONTHMI3ALlll TEMIIEPATYPHOT'O PEKUM
9

TeOMETPUYHUX Ta JUHAMIYHUX [MapaMeTpiB aKyMyJIATOpa, a caMe:

Mou(diKaIlieo AU3aiiHy Ta 3aCTOCYBAaHHSAM PI3HUX JOAATKOBHX BKIIIOUEHB B
terioHocii a6o B TAM mis iHTeHcudikaiii TermiaooOMiHy — pebpa,
TBUHTOBI TypOyJi3aTOpH Ta 1H.;

BKJIFOYCHHSM HaHOYaCTHHOK B TAM Ta B TEIUIOHOCIH;

BUKOPUCTAHHAM KaCKaJIHUX TETUIOBUX aKyMYJIATOPIB;

BaplalisiMHU TEMIIEPATyPHUMHU Ta IIBUJKICHUMHU OKAa3HUKAMU TEIIOHOCIS.

[lepemniueHi MeTOAM YAOCKOHAJIEHHS TapaMeTpiB TEIJIOBUX aKyMYJISITOPIB

[IIIC € rosoBHOIO TEMOIO OLIBIIOCTI CyYaCHUX HAyKOBHUX JOCIHIIKE€Hb, OTJISIT SAKUX

HaABCIACHO HUKYC.

1.4.

MeTtoau inTeHcupikanii TerIoMacoo0MiHy B TEIUIOBUX aKYMYJIITOPaX
(¢gazoBoro nepexoay “rBep/e Tijo - piAMHU” COHAYHUX

napadoIOMIiHAPUYHUX CTAHLIN

Jlo mepuioi rpynu MeToAiB iHTeHCHbIKAIll TemooOMiHy B (a3zonepexiTHux

TEIJIOBUX aKyMYJISITOpax “TBEpIE TUIO — piJIiHA” BIAHOCATHCS METOJM, MOB’sI3aHI 13

BKIIIOUCHHSIM B TAM nm0omaTKoBUX €JIEMEHTIB, SIKI CIIPUSATUMYTH IMIJABUIIEHHIO HOTO

TerionpoBigHOCcTi. B poboTi [34] MOCHIKYIOTECSA €HEPreTHYHI TOKAa3HUKHU

HWTIHAPUYHOTO KOXKYXOTPYOHOTO TEIJIOAKYyMYJISITOpa 3 KPYrOBUMHU pedpamu, sKi

nonani B TAM. Metonamu CFD mozentoBaHHsI BU3HAUEHO, 1110 BKJIIOUEHHS KPYyTOBUX

pedp MOXke 3MEHIIyBaTH CEPEIHIN Yac 3apsaaKu — po3psaaku Maitke Ha 70%.
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EdexTuBHICTh 10/1aBaHHS TBUHTOBUX Ta O0ChOBHX peOp B TAMi BepTHKAIBHO
OpIEHTOBAHOTO KOXKYXOTPYOHOTo TeIuioakyMmylsssitopa aoBeiacHa B [35]. Uucnosi
pe3yNbTaTH MOKa3aly, 0 3arajbHui yac miaBieHHs TAMy 3 rBUHTOBUMH peOpamu
Ha 21.5% wmenmnii, Hix y TAMa 3 ocrkoBuMu peOpamu. CyTTEBO MOKPAIIYIOTh
teriooOMiH B TAMi moB310BxHI MeTalieBi TpyOku Ta pedpa. B [36] mokasano, 1o
BUKOPHCTAHHS TaKUX BCTABOK MOKpallye Teronepeaayy B TAMi 6inbin Hixk Ha 50%.

UucnoBi pociimkeHHs, sKi npoBeaeHi B [37], moka3anu, 10 3MiHa JU3aliHYy
TEIJIOAKYMYJIATOpA HUISIXOM JoaaBaHHS B TAM KyTOBHX MeTajeBUX peOp 3MEHIIY€
yac 1uiaBieHHs Ha 55.41% Ta MiHIMI3y€e HEPIBHOMIPHICTh PO3IMOALTY TeMIEparyp B
TAMi. [lns mokpamenHs terionepenadi B TAMi, kpim MmeraneBux peOp, MOKHa
BUKOPHCTOBYBATH KepaMidHi BCTaBKH pi3HUX (opm Ta po3mipiB. CFD mozaemtoBaHHs
Ha ocHOBI ANSYS Fluent, sike mpoBenene B [38], Bkazye Ha 52% 3MEHIIICHHS Yacy
3arBepliHHA TAMy 13 KEepaMiYHMMH BCTaBKaMH y MOPIBHAHHI 3 yucTUM TAMowm.

Jer’sTh TUMiB BCTaBOK B TAM i TEMJIOBOTO aKyMmyJisiTopa TUNy “TpyOa B
Tpy0i” mocmimkyBanoch B [39]. IlopiBasuibHuit ananizs CFD pesynbrariB mokasas
3arajibHe 3MeHIIeHHs yacy 1uiaBiieHHs TAMy Bin 53% no 76% B 3alnexHOCTI Bij
THUITY Ta IW3aiiHY BCTAaBKHU.

[Tokpamenns rtemonepenayi B TAMi Moxe OyTH JOCSITHYyTE 4epe3 3MiHYy
TPaJAMILIIHOT KOHCTPYKULII TemIoakymyJsiTopa. HamiBKpyraui KoOXyXOoTpyOHHI
Termoakymysatop mociimkysaBcs B [40], a konycuuit — B [41]. Busnadeno, 1o B
TEIJIOAKYMYJIATOP1  HAMIBKPYIJIOi (OpMU TemioBa €(PEKTUBHICTh MOXe OyTH
nokpaiieHa Ha 25% y MOpiBHAHHI 3 TETUIOAKYMYJISITOPOM TPATUIIIAHOT IMTIHAPUIHOT
dbopmu. IlokpameHHs TemI030epiral0ouux BIACTUBOCTEH CIOCTEPIrajioch 1 B

KOHYCHHX TEIIOAKyMYJISITOpax.

Jlo apyroi rpynu MeToAiB MiABMINEHHS €(QEKTUBHOCTI TEIUIOOOMIHY B

q)aBOHCpCXi,Z[HI/IX TCILUIOAKYMYJIIATOPAX BiI[HOCI/ITBC}I JoJaBaHHA HaAHOYAaCTHHOK B
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TAM abo B TeminoHoci. IcHye 6arato JOCIHIKEHb, Kl JOKa3yIHOTh IMOKpPAIICHHS
TeIionepeaadyi B Marepiajiax IUIIXOM JOJaBaHHS B HUX HAHOYACTHMHOK 1HIIMX
matepianis [42,43,44]. Tlix gac TOCHIKSHHS Pi3HUX TUII HaHOMOKpamieHux TAMIiB,
ske omucade B [45], BHsABIEHO MiABMINEHHS iX TEIIOBOI e(eKTHBHOCTI 10 24.6%.
Otpumani B [46] pe3ynbraTh TMOKa3ylOTh 3MCHIICHHS Yacy 3apsJIKH TEIJIOBOTO
akymyJsitopa Ha 66.6% uuisixom nojgaBanHsi B TAM HaHOYACTUHOK.

Jns iHTeHcudikamii Teronepeaadi Mo)KHa BHKOPHUCTOBYBATH KOMOIHAIIIIO
HaHOIOKpameHnx TAMiB i3 peOpamu abo IHIIUMH BKIIOYCHHIMH. B [47]
JOCTIDKYBaBCS ~ TOPHU3OHTAIBHUN  KOXKYXOTPYOHHMM  TEIJIOAKyMYJISTOP 13
oB310BKHIMU peOpamu Ta TAMoM, B sSIKMil 10/1ajli HAHOYACTUHKUA OKCHUJTy TUTaHY
TiO,. PesynbraTu cBiuaTh 1po Te, 1m0 BUKOpUCTaHHs pedp B TAMi 3MeHIye 4ac
IaBjaeHHA Bix 54% no 76%, B TOH Yac KOJM JiojJaBaHHd HaHOYacTHHOK Ti10;

3MeHIye 1ei yac Big 6% a0 8%.

Jlo TpeThoi Ipynu MeTOAiB MiABMINEHHS TEII030epiralounx IMOKa3HUKIB
(dazornepexiiHUX TEMI0AKYMYJISTOPIB BIJHOCUTHCS BHUKOPUCTAHHA KOMOIHOBAaHMX
KAaCKaJHUX CHUCTEM, B SKMX HEOOXiJHA TemIepaTypa Ha BHUXOJl Ta PIBHOMIPHHIA
GpoHT TIaBiEeHHS 3a0e3neuyeTbcsl HUISIXOM BUKOpucTaHHS TAMIB 13 pi3HOIO
TeMIeparyporo ¢aszoBoro nepexoay [28,48]. Taki TemoakyMyasSaTOPH MAOTh OUIBII
CKJIQHUI NHU3aiiH, B SIKOMY BpaxoBYeThcs crienndika (azomepexiHuX MpOIECiB B
koxxHoMy 3 TAMiB. Meroau ontumizalii KaCKaJHUX TEIMJIOAKMYJISITOPIB HA CbOTOJIHI
pO3pO0JICH] JUIIe HA MOYATKOBUX PIBHSIX 1, SK MPABWIO, BUBYAIOTHCA Pa3oM i3
ONTHUMI3alli€l0 TeMIepaTypHux (TIOYaTKOBAa TEeMIlepaTypa Ha BXOJIi) Ta JUHAMIYHHX
(IIBUAKICTH TETUIOHOCIS) XapaKTepucTHK TeruioHocis [49,50].

Tpu nmepemiueHMx  BUIE METOJa  MIABUINCHHS  TeIUionepenadl y
dazornepexiiHUX TEIMIOAKyMYJISITOpaX MalOTh OJUH CYTTEBUUA HEAONIK — BapTICTh.

[TpoBeneni B [51,52] mocmimkeHHS €KOHOMIYHOI €(EKTUBHOCTI MOMIOHHUX CHCTEM
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CBIJUaTh MPO Te€, IO CHEepPreTHYHa e(PEeKTUBHICTh MOKe OyTH 3abe3leueHa JIUIe y
BUIAJIKY, KOJIM BIJHOIIECHHS I[IH MDK BUTOTOBJICHHSIM JIOJATKOBUX EJIEMEHTIB Ta
gyuctuM TAMowm He nepeBuirye 6. Ha xanp, Take CIHIBBIIHOIICHHS AYXE CKIIaTHO
3abe3reunTy, 00 HAJIHHI TEXHOJIOT1 yI0CKOHAICHHS IU3aiiHy CKJIaJIHI 1 TOMY JOCUTD
KOIITOBHI.

Binpir €eKOHOMIYHO AOLITPHUMH Ta HE MEHII E€HEPreTHYHO e(PEKTUBHUMH €
MeToau iHTeHcudikalli Terooominy B TAMI, ski MOXKHa BiHECTH A0 4YeTBEpPTOi
rpynu. s rpyma wmetomiB 0Oa3yerbcss Ha BHOOpI HAMOUIBII paniOHAIBHHUX
TEMIIEpAaTypHUX Ta JUHAMIYHUX I[apaMeTpiB TEIUIOHOCIs abo Bapialisx IUxX
napameTpiB. L{e MiHIMI3ye Yac 3apaIKu — pO3PSAIKHA TEIIOBOTO aKyMyJIsiTOpa, pOOUTH
PIBHOMIpDHUM pyX TIpaHuull posnoauty ¢a3 B TAMi, mo 3a0e3nedye TemioBy
CTaOLIBbHICTh Ta HEOOXITHHI TEMIIepaTypHUI pexumM mpuctporo [53,54].

BB 3MiHM MIBUIKOCTI TEIJIOHOCIS Ta HWOro IMOYaTKOBOI TeMIepaTypu Ha
CHEepPreTUYHI ToKa3HUKHM (azomnepexignoro temioakymymsaropa 3 NaNOs;/KNOs;
TAMoMm ekcriepuMeHTaIbHO A0CHipKyBaBcs B [55]. B xoxai ekcrepumMeHTiB Oyi1o
BUSIBJICHO, 10 €(QEKTUBHICTh aKyMyJrOoBaHHs 3poctae Bifg 29.7% no 52.8% mnpu
3MEHIIEHHI 1mo4aTkoBoi Temmeparypu Bim 210°C go 190°C. Onrumiszauis
TEMIIEpaTypHUX Ta JMHAMIYHHUX NapameTpiB (ha30MepexiIHOro TEII0AKYMYJISITOpa
npoBoamiack B [56]. ExcrepuMeHTH, IO MPOBOJWIKMCH 13 JEKITbKOMAa THIIAMH
TAMiB, BUSIBUIIM HAMOUTBII IPUIATHI TTApaMETPH TETUTOHOCIS 17151 KoxkHOTO 3 TAMIB.
B [57] nunamiuHi Ta TemmnepatrypHi Bapialii B KOXKyXOTpyOHOMY (a3zonepexigHOMy
TEIJIOAKYMYJIATOPl JOCHIKYBAINCH pPa3oM 13 MapaMeTpamMu Cy4acHOi COHSYHOI
TEPMOJMHAMIYHOI  CTaHIlli 3  TapaOoNONMIIHAPUYHUMH  KOHIICHTPATOPaMH.
JlochmimkeHHsT MPOBOIMIOCH B PEXHMI PEaTbHOTO Yacy 3 MPUPOAHHMH 3MiHAMU
coHAyHOi paaiamii. JlokazaHO, IO TEMJIOBAa MOTYXKHICTh TEIIOAKyMYyJsiTOpa IMpU

3MIHHIM pafiaiii CyTTEBO 3HMIKYETHCA 1 Ma€ MaJIONIPOTHO30BAaHE 3HAYCHHS. ABTOPH
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MPOTIOHYBAIM  CTaOUII3yBaTH POOOTY TEIIOAKYMYJISATOPY IUISIXOM —OpraHi3aiii
HEpIBHOMIPHIH 1oAavi TEIJIOHOCIS B KaHa.

HaBenenwnii Buie oriisg TMokasye, mo (a3onepexiHi TeII0aKyMyJISTOPH €
MEPCIIEKTUBHUMHU CHCTEMaMHU TepMOCTalOiIizalii Ta 30€peKeHHS TEIIOBOI eHeprii i
MPOIIECH, SIKI B HUX MAIOTh MICIe, aKTUBHO JIOCIIKYIOThCs B cBiTU. He3Bakaroun Ha
11, B XOMAl aHaJi3y BHSBJICHO, IO B OLIBIIOCTI MPOBEACHUX IOCIIIKEHBb IMPOIECH
teriooomMiny B TAMi 1 TemoHoCIi po3Tisgaiuch OKpemo, 0a3ylounch Ha
EKCIICPUMEHTAIBLHUX JaHWX a00 Ha TEOPETHYHUX JaHWX, OTPUMAHUX HAa OCHOBI
cupomenux 1D moxaeneit yn Ha ocHOBI KomToBHUX CFD makeTiB 13 3aKpUTUM KOJIOM.
[le He m03BOSIE BU3HAYUTH B3a€MHUM BIUIMB MapaMeTpiB TerioHocis 1 TAMy, 1o
YCKJIAAHIOE TIOIIYK HAaWOUTbII palliOHaJbHUX TE€OMETPUYHMX, JUHAMIYHUX Ta
CHEPreTUYHUX XapaKTepUCTUK (PazomepexiTHuX akyMyssiTopiB. ToMy B gaHiit poOOTI
MPOTNIOHYEThCS MIAX1A, SIKUM J103BOJISIE OJTHOYACHO MOJICNIIOBATH B3a€MOIIOB’sI3aHI
TEMJI000MIHHI TPOLECH, 110 OJHOYACHO BIJOYBAIOTHCA B TEIUIOBOIO aKyMYJISITOPI.
Jns peamizamii Takoro miaxoay B XOA1 IMPOBEACHHS JOCTIHPKCHHS ITOCTaBJICHI Ta
pO3B’s13aH1 HACTYIIHI HAYKOBI 3a/aui:

- pospobneHa Ta BepudikoBaHa copsbkeHa 3D MaremaTHyHa  MOJCIH
eHeprooOMiHy B (ha3omepexiTHOMY TEIUIOBOMY aKyMyJsTOpl THIY ‘“‘Tpyba B
TpyO1”, sika CKJIaJaeThcs 13 HecTanioHapHoi 3anaul Credana nis mapy TAMy
Ta KBa3iCTAI[lOHAPHOI HEIIHIMHOI 3a1a4yl MpO KOHBEKTUBHHM TEIJIOOOMIH B
ITOTOIll TEIUIOHOCIS,

- 00rpyHTOBaHO BUOIp METOAY YSBJICHOI TEINIOEMHOCTI AJIsi BpaXyBaHHS TEIUIOTH
dazoBoro nepexoay npu MojaentoBanHi 3anadi Credana,

- po3po0iieHO MeTOJ BpaxyBaHHs BUIBHOI KOHBeEKIi B posmiaBi TAMy Ta
BU3HAYCHO BIUTMB BUIbHOI KOHBEKIIIi HA TEII000MiH B 11api TAMy;

- po3po0JeHUl KOMI IOTEPHUM alrOpUTM Ta CTBOPEHA MpOrpaMa pPo3paxyHKy

JIJIs BU3HAYEHHSI TeMIIepaTypHUX MOJiB B mapi TAMy Ta B mOTOIII TETUIOHOCIS,
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- TMpOBEACHUN  MapaMeTpUUYHUI aHami3 Ta po3poOJeHI METOAU KepyBaHHS
MIOTOKOM TEIJIOHOCISI, IO CHPUSIOTh TMOKPAIIEHHIO TEIIO00OMIHY B IIapi
TAMy;

- MpoBeAeHa TEepMOJUHAMIYHA ONTHUMI3allisl TEIUIOBOIO aKyMyJsiTopa THUITY

“Tpy6a B TpyO1” BEJIUKOI JOBKUHHU.

BucnoBku 10 posuiay 1

1. [IpoBeneHa cucTtemaTu3allis CHUCTEM aKyMYJIIOBaHHS €HEprii 3a
(G13MYHOI0 CYTTIO, OKpECJIEHI TUIIM Ta TMEPCHEKTUBUM BUKOPUCTAHHA CHCTEM
aKyMYJIIOBaHHS B COHSIUHUX €HEPT€TUYHHUX CUCTEMAX.

2. [IpoanamizoBaHi THUNM TEIUIOBOTO AaKyMYJIOBaHHA B  COHSYHHX
napaOoONMIIHAPUYHUX CTAHI[ISX, BU3HAUEHI IIEPEBAr TEIJIOBOIO aKyMYJIFOBaHHS 13
($a30BHM MEPEX0IOM “TBEpAE TUIO — PIANHA .

3. OO6rpynToBaHo BuOIp ¢13M4HOI Mojaeni (a3onepexiHOro0 TEmIOBOTrO
akymysstopa st [IIC, mpoBeneno orysan mMoxiauBux TumiB TAMiB, siki MOXYTb
BUKOPHCTOBYBATHCh B TAKMX CUCTEMaXx.

4, BusnadyeHi OCHOBI TEXHOJIOT1YHI MPOOJIEMH, IO BUHUKAIOTH IMiJ Yac
¢byHKLIOHYBaHHA  (ha3omepexiiHUX TEIUIOBUX  aKyMYJIATOPiB, OKpecjeHl Ta
CHUCTEMATH30BaH1 MIAXOIH 0 1X IOJ0JIaHHS.

d. [IpoananizoBadi MeTOAW AOCITIHKEHHS TEMJIOOOMIHHUX IPOIIECIB, IO
B1JIOYBaIOThCS y (pa30MepexiIHUX TEIUIOBUX aKymyJisitopax. Ha ocHOBI mpoBeieHOTO

aHai3y copMyJIbOBaH1 OCHOBI 3a/1a4l, IO HEOOXITHO PO3B’sI3aTH B JaH1i POOOTI.
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2. MATEMATHUYHE MOJAEJIOBAHHSA TEIIJIOOBMIHY B
OJUHUYHOMY EJEMEHTI ®A3OIEPEXITHOI'O TEIIJIOBOI'O
AKYMVYJIATOPA “TBEPJAE TLJIO - PIIMHA”

KoM’ torepHe MOZEIOBaHHS MPOIIECIB, IO MPOTIKAIOTh B KOXKYXOTPYOHOMY
dazornepexiTHOMY TEIJIOAKYMYJIATOPl MPOBOAWUIOCH IS OJUHUYHOTO EJIEMEHTY
nu3ainy Tamy “tpy6a B Tpy6i”. Ha puc. 2.1. mokaszaHa mo3zamacimTabHa cxeMa TaKkoTo

OIWHHUYHOTO CIICMCHTY.

TrHin

6
:\ﬁ )
| |

¥

I TAM

TAM

2 §

Rraa

3

Puc.2.1. OquHNYHUHN eJeMEeHT TeII0aKyMyJsTopa TUIy “Tpy0a B Tpy0i”

Ha BXig B kaHam BEPTUKAIBHO PO3TANIOBAHOTO TETUIOAKYMYJISITOPA MOMAETHCS
TEIJIOHOCIH, TeMIlepaTypa SIKOTO 3aJIeKUTh Bl PEXUMY POOOTH MPUCTPORO. AKIIO
TEIJIOAKYMYJIATOp 3HAXOJIUThCA Ha PEXKUMI 3apsakd, TO Bech 00’em TAMy
nepebyBae B TBEPJOMY CTaHI 1 TeMIeparypa TEIUIOHOCIS TMEPEeBUIINYE TEeMIEPaTypy
dazoBoro nepexony TAMy. TemnoHocii Bijgae TEMIOTY BUMYIICHOK KOHBEKIIIEIO

TAMy, B mapi SKOro TeIio nepenaeTscs TemnonposigHicTio. Konmu temnepatypa B
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TAMi nepeBuilye TeMmiepatypy (a3oBoro rmepexoay MOYMHAETHCS MPOLEC
IJIaBJICHHS. 3 4acoM TOBIIMHA PO3IUIABICHOTO MIApy 30UIBIIYETHCS 1 B HHOMY, KpIM
TEIJIOMPOBITHOCTI, MOYMHAE MiSITH BiJIbHA KOHBEKINS, SKa 1HTCHCU(IKYE IMPOIECH
teriooomMiny B TAMi. Ilpm 1npoMmy TemmepaTypa TEIUIOHOCISI Ha BHUXO1
3MEHIIY€ETHCS, IO TPU3BOAUTH JI0 HEPIBHOMIPHOTO PO3MOJULY MK TBEPIAOIO 1
po3muiaBieHoo ¢azamu TAMy — rpanutlst po3noainy (a3 HemapajieabHa 0Ci KaHaTy.

Ha pexxumi po3psanku nporec e y 3BOpOTHOMY HampsMKy. BBakaeTbes, 1110
Becb TAM 3HaxoauThCs y po3IUiaBiIeHOMY cTaHi. Ha BXig B KaHaJl MOAAETHCS
TEIUIOHOCIM 3 TeMmepaTyporo, sika HW)K4Ye 3a TeMmieparypy (a3oBOro NEpexony
TAMy. [Ipotsirom pexxumy pospsiaku TAM Bigaae Termo, sike 3amaceHe 3a paxyHoK
da3oBOr0 MmepexoAy Ta 3a PaxyHOK TEIJIOEMHOCTI, TemioHocio. lle Temno B
TEIUIOHOCI IEPEHOCUTHCS BUMYILIEHOIO KOHBeKIIi€t0. [lependayaerbes, 1110 Ha BUXO1
TEIJIOHOCIA MPOTPIBAETHCSA O TEMIIEpaTypH, SIKa TOPIBHIOE Temmeparypi (pa3oBOro
nepexony TAMa.

TakuM 4YWHOM, Yy TEIUIOAKYMYJSTOpPl OJHOYACHO TPHUBAIOTH IMPOIIECH
BUMYIIIEHOI KOHBEKIIIi TETUIOHOCISI B KaHal, TEIUIONPOBIIHOCTI, (Ja30BOT0 MEPEXOTY
Ta BiIbHOI KoHBekIii B TAMi. Ile mporecu B3aeMoroB’s3aHi 1 TOMY ITOBHUHHI
OMUCYBATUCS MAaTEeMaTUYHOIO MOJICIUTIO B CIIPSKEHIM MOCTAHOBIII, sIKa CKIIAIa€ThCs 13
piBHsHHS eHeprii 1 TAMy, piBHSIHHS €Heprii JUisl TEMJIOHOCIS Ta YMOB 171€aIbHOTO

TEIUIOBOTO KOHTAKTY Ha rpanuui “TAM — TernoHociii”.

2.1. 3araabHa mocTtaHoBKa 3ajad4i npo ¢a3oBuii nepexia. Bubip

MaTeMAaTUYHOI0 METOY il pO3B’SI3aHHS VISl CUCTEM TeNJI0BOI aKyMYJISIIIil

[Ipouec  ¢azoBoro mepexoay ‘“TBepiae TiNO — piauHA”, 1O MaE€ MicIe B
TEIJIOAKYMYJIATOpax (ha30BOr0 MEpPexoj1y, OMUCYETHCA HEIIHIHHOK HECTalllOHAPHOO

MaT€MaTH4YHOO MOJACIIIIO, B SIKIT nepez:6aqa€Tbc;1 BpaxXyBaHH:A 3MIHU TT0JIOJKEHHS
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rpa”uIll po3noainy ¢as. Takuil kinac 3aga4 B MaTreMaTU4HIA (Pi3HIll BITHOCUTBCS 0
3amaud tuiy Credana, ki B KJIAaCUYHIM OJHOMIPHINA MTOCTAHOBIN CKIAAAIOThCS 3 JBOX
HECTAI[IOHAPHUX PIBHSIHb TEIUIONPOBITHOCTI 13 HENIHIMHOIO yYMOBOIO Ha T'paHHUIII

posnoainy das [58,59]:

2
CpspsaTS:xsaE, 1>0,0<x<¢
ST e
Cplpla—r':kI 8x2|’ 1>0,E<X<0
dT, (&, oT, (&,
}\‘s S(ér)_%ﬂ |(§T): p|%
OX OX ot , (2.1.2)
T.(&1)=T,(&1)=T, =const
ne Cp,,p.,A,T, — THATOMa TEIUIOEMHICTh, INIJIBHICTb, TEIUIONPOBIAHICTE Ta
Temreparypa TBepaoi ¢asu; Cp,,p,,A,,T] — NUTOMAa TEIUIOEMHICTb, HIUIBHICTS,

TEIUIONPOBIIHICTL Ta Temreparypa TBepaoi ¢asu; T, — Temmeparypa (pazoBoro
nepexoay;y — NpUXoBaHa TermjaoTa (a3oBOro mepexony; & — MOJOKEHHsS T'PaHHUII
posnoauty ¢gasz; x,T — KoopJAuHaTa Ta 4ac, BiJMOBIIHO.

HaBenena cucrema piBHSHb JONOBHIOBajgach yMOBaMU Ha MOBEPXHI

TEIUIOOOMIHY
T.(0,7)=o(1), (2.1.3)
yMOBaMU Ha HECKIHUEHHOCTI
OT, (o,
(1) _ 0 (2.1.4)
OX

Ta IMOYaTKOBUMH YMOBaMH

55



T,(x,0)=f(x). (2.1.5)

AHaniTHIHUN po3B’A30K HaBeaeHO1 Buie 3aaa4i Ctedana MOKIMBO OTPUMATH
JUIIE 3 TPUBIAJIBHUMHU T'PAHUYHUMU Ta TMOYATKOBUMHU YMOBAMH, SIKI IPAKTUYHO HE
BUHUKAIOTh y peanbHuX 3amadax. Lli pos3s’s3ku (po3B’si3ok Jlsme 1 Kmamelipona ta
po3p’s3ok Credana) MICTATh croemiaabHl (YHKIIT Ta mnepeadayaloTh MPOMIKHI
iTepalliiiHi IPOIEAYPH, IO YCKIAIHIOE X 3aCTOCYBaHHs Ha npakTuili [60].

HabnmxeHi 1Hx&eHepH1 pO3B’s3KM MalOTh CIPOIICHUI BUIJIS 1 HE BPaXOBYIOTh
CKJIJH1 B3a€MOIOB’s13aH1 TETJIOOOMIHHI MPOIIECH, IO BUHUKAIOTH IiJT 4ac (a3oBOTO
nepexoay B marepiani [61,8].

ToMmy eaMHUM METOJOM pO3paxyHKYy MOMIOHHUX 3a7a4 € YHUCIOBUU METOH 3
MOJAJIBIITUM aHAJII30M, TECTYBAHHIM Ta BepU]PIKAII€I0 OTpUMAHUX pe3ybTaTiB. Ciia
BIIMITUTH, 10 MiJ 4Yac NOOYJOBU YHUCIOBUX aJrOPUTMIB TaKOXX BUHUKAIOTh
00’€KTHUBHI TPYAHOII, SIKI TOB’Si3aHl 3 THM, IO Ha TpaHuill (Pa30BOTO MEPEXOay
terodizuuHl BiactuBocTi TAMy 3a3HaioTh po3puBy. KpiM TOro, BUHHMKAIOTH
TPYJHOIIl 13 BpaxXyBaHHS JMHAMIKM PyXy HECKIHUEHHO TOHKOI T'PAaHMII PO3MOALTY
da3, ne BUIUISETHCS a00 MOTJIMHAETHCA TerioTa (pazoBoro nepexoay. s mogomaHHs
HUX MpoOseM po3poOJIAIOTECS YUCIOBI METO/IH, SIKI YMOBHO MOYHA MOJIJIUTH HA JBI
BENUKI Tpynu — 13 (IKCOBAHOK pO3PaXyHKOBOIO CITKOO Ta 31 3MIHHOIO
PO3PaxyHKOBOIO CITKOIO.

[Ipu ¢ikcoBaHiil CITII MPOCTOPOBA Ta YacOBA 00JIACTI MOAUISIIOTHCS By3JIaMH Ha
KIHIIEBl 1HTEpPBAJIM 1 BBAXAETHCS, IO PyXOMa TPAaHHI PO3NOALTY (a3 JIeKUTh Y
BIJIMOBIJTHUN Yac MK CYCIIHIMHM BY3JIaMH, B SIKUX MaTepiall Ma€ pi3HUN arperatHui
cran. llpm 3MiHHINA ciTii nependavaerbest ii mepedynoBa B 3aJEKHOCTI BiX
MICIIE3HAXO/DKCHHST TpaHuIlll po3noainy ¢da3. OudiKyeTbes, IO pyxoma Mexka
TBEPJIIHHS Ta IUIABJICHHS JIEKUTh M1k JJBOMA CYCIIHIMU TOYKAMU CITKH, sIKI B IEBHUU

Yyac MaroTh pi3Hi (pasu.
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Metonu po3paxyHky 3anaui Credana Ha 3MIHHIN CITII XapaKTepH1 I OLIbII
paHHIX HAYKOBHX AOCHiIKeHb. B pobOortax [62,63] oOmpamack HepiBHOMIipHa, aje
¢ikcoBaHa MPOCTOpPOBA CITKA, & KPOK YAaCOBOI CITKM 3MIHIOBABCS Tak, 100 TPaHULSA
po3noauty ¢a3 3aBkAM MPOXOAWJIa Yepe3 BY3JIM MpocTopoBoi ciTku. [lepedynosa
Y4acoBOi CITIIl HA KOXXHOMY TIPOCTOPOBOMY KPOIIi 13 YpaxyBaHHIM T'PAHUII PO3MOILTY
¢da3 3miiicHIOBalach TakoXX B pobOorax [64,65]. B poboti [66] mis miaBHUICHHS
TOYHOCTI 3alPONOHOBAHO SIBHUW YUCIOBHM aJITOPUTM 3 KPUTUUHUM MEPETBOPEHHIM
K MPOCTOPOBUX, TaK 1 YACOBUX KOOPAMHAT B 3aJIEKHOCTI BiJ IMOJOKEHHS T'PAHMIIL
posnoauty ¢a3. HepiBHOMIpHa JuHaAMIYHA PO3PAaXyHKOBA CiTKa OCOOJIMBOTO THUITY
3anpornoHoBana B [67]. KokeH Kpok ciTku 0OMpaBCs Ha OCHOBI HOBOTO PO3paxyHKY
CUCTEMU PI3HMIIEBUX PIBHSHD, 110 Mepeadayano 3HayHl BUTPATH Yacy Ta MOTY>KHOCTI
KOMII 10Tepa.

AJITOpUTMIYHI CKJIQIHOII, 1110 BUHUKAIOTh MpU MOJieatoBaHH1 3aaa4di Ctedana
Ha 3MIHHIA HEpIBHOMIPHIN CITLI, NPUBEIM A0 TOro, U0 MOJIOHI METOAl Mayo
BUKOPUCTOBYIOTHCS Ha MPAKTHII. BUIbII MOMyISIpHUMH € METOAHM PO3PAXYHKY 3a/1adl
Credana nHa ¢ikcoBaniii citui. lleii kimac MeromiB 0a3yeTbCs Ha BHKOPHUCTAHHI
CHTAJBIINHOTO MIIX0/y, B SKOMY PIBHSHHS TEILJIOMPOBITHOCTI a00 PIBHSIHHS €HEprii
pPO3B’S3Y€ThCA 13 BUKOPUCTAHHSIM MOJIENI, IO 3B’SI3y€ EHTAJIBIIIO Ta TEMIIEPaTypy.
[Ipy eHTanmpmiiHOMYy MiAXOA1 Martepian 13 (a30BUM MEPEXOJOM PO3IIISIAETHCS K
€IMHA eHepreTudyHa cyOcTaHilisi, 6€3 YiTKOro pO3IIJICHHS Ha TBEpIy Ta piaKy dasy.
TakuM YUHOM, HESIBHO BpPaxOBYIOThCA CHEUM(]iIUuHI T'PaHUYHI YMOBM Ha TpaHMII
dazoBoro mepexony. Kpim TOro, mpu BUKOPHUCTAHHI €HTAJIBIMIMHOTO MIIXOMY ICHYE
MO>KJIMBICTh PO3PAaXyHKY OaraTomrapoBOi CHUCTEMH, KOJM B OJHOMY 00’e€Mi iCHYE
JIeK1IbKa TpaHullb PO3MOLTY ¢a3.

EnTaneniitauit MeTo Mae Aesiki pi3HOBUIHU, SIKI CHCTEMaTH30BaH1 Ha puc. 2.2.
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| Yucnoei meTogM po3s’A3aHHA 3agadi CredaHa |

l l

| MeToam 3i 3MIHHOW CiTHO ‘ ‘ MeToam 3 GiKcoBaHOW CiTKOO ‘
Bazoeuia MeTog MeTtog OepensHuii
eHTaNbNiHHMWIA YABHOI ederTUBHOI eHTanbNikMHKA
meTog, TEMNA0EMHOCTI TENA0EMHOCTI meToq,

Puc. 2.2. Yucnosi meTonu po3B’si3anHs 3anaui Credana

Cnix BIAMITUTH, IO MEPENIYCHI BHINE PI3HOBUIM EHTAJIBIIMHOTO METO/a
OJIHAKOB1 32 CYTHICTIO 1 BIAPI3HSIOTHCSA JUIIE 32 (DOPMOIO MEPETBOPEHHS PIBHSHb.
MaremaTtuyHa CyTh METOJla MICTUTHCS B TOMY, LIO JIBa PIBHSHHS TEIUIONPOBITHOCTI
(2.1.1) Ta rpaHnyHa ymMoBa Ha rpaHuul po3noaury ¢a3 (2.1.2) 3BoasAThCA 10 OJJHOTO
PIBHSIHHSI TEIUJIONPOBITHOCTI JUIsi OararomapoBoro Tiia 3 (YHKIIEI TEMI0OBOTO
JoKepena BUy:

Cp(T)p(T)z—::div(KgradT)+q(T). (2.1.6)

[Ipu Takomy TmepeTBOpeHI NpHUXOBaHa TeIIoTa (a30BOTO MEPEXOLy
BKJIFOYA€ETHCSI 200 B JIPKEPENbHUIN WIEH (IKEpEeNbHUM eHTadblidHuN MeToa) , abo B
yJieH J1iBOi 4YacTWHHW piBHAHHS (2.1.6) (0Ga30Buil EHTANBMINHUN METOA, METO.
e(eKTUBHOT Ta YSIBHOI TEIIJIOEMHOCTI).

3anponoHOBaHU MaTeMaTUYHUM MiAXiJ € (I3UYHUM 3a CBOEIO CYTTIO, 00
HiATBEPIKYEThCS E€KCIIEpUMEHTaIbHUMK fdaHuMu [68,69]. B mmx ta B 0OaraThox
THIIUX JTOCTIPKEHHAX J0Ka3aHo, IO pealbHUN TPOIeC IUIABJICHHS — 3aTBEP/IHHS
3MIICHIOETHCS HE B HECKIHUEHHO TOHKIM 0011acTi, @ B 00J1acTi KIHIIEBUX PO3MIpIB, sIKa

MICTUTB CyMIII PiJIKOi Ta TBepAOi a3y MaTepiary.
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Taka nBodazHa 30Ha — “Mushy” 30Ha, 10 CXeMaTUYHO 300pakeHa Ha puc.2.3,
YMOBHO BUIIUISETHCS BiJl TBEPOi (Da3u TEMIIEpaTypor0 COMAYCY Tsol, @ BiJl PiaKOi
¢dazu — TeMmepatyporo JiKkBiaycy Tiig.

Tsol Tliq T

\ 4

Puc.2.3. Cxema nporecy (a3oBOro nepexony

OOuparoun METOJ| YSIBHOI TEIUIOEMHOCTI B SIKOCTI OCHOBHOTO METOJa

JNOCHIKEHHsT OylneMo BBaXKaTH, L0 BIAHOCHA KIIbKICTh TBepaoi (asm V., ska

. V

3HaXOJUThCS B MeXkax J1BO(a3HOi 30HU 00’ e€MOM V, BUBHAYAETHCS SIK —> = \|/(T ) . e
Vv
0

.. . dy dy 0T :
CIBBIHOIIIEHHS 3MIHIOETHCSA 3a YacoM, ToMy — =—--—. [licinsg momaBaHHS

dt dT ot
3HAYEHHsSI MPUXOBAHOI TEIJIOTY (Pa30BOro mepexody [0 JiBOi YacTUHY pPIBHSHHS

(2.1.6)

oT dy oT :
Cp(T)p(T)— T)——=div(AgradT
p(T)p(T) - +10(T) - =div(hgradT)
Ta TPUBEACHHS NOAIOHHUX, MAEMO PIBHAHHS TEIJIONPOBIAHOCTI AJIS MPOMIKHOL
“mushy” 30Hu:
(Cp(T)p(T)+yp(T)g—_\ll_]jZ—T:div(KgradT). (2.1.7)
T
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I[JI?I 3arajbHOl MaTEMaTUYHOI ITIOCTAaHOBKHU 3a1[aqi CTe(baHa BBOJIUTECA ITOHATTA

edextuHOi TernoemHocti Cp, (T), edexruBroi ryctunn p, (T) Ta epekTHBHOI
TETIONPOBIIHOCTI A (T) . Toxi equHe piBHSAHHS TEIUIONPOBIIHOCTI JIJIs TPHOX IIapiB

Matepiany mpu Gpa3zoBOMy MEPEX0/ii MOXKHA 3alUCATH y BUTIISII:

Cp, (T)p,, (T)Z—Tzdiv(Kef gradT), (2.1.8)
T
ne
Cp, (T), akupo T >Ty,
dy(T
Cpef(T): Cpph (T)—’Y#, Tliq >T>T;ol ! (219)
Cp, (T), akuo T <T,,
P (T),k, (T), axkwo  T>T,
p"f (T)’xef (T): pph (T)’A‘ph (T)’ Tliq >T >Tsol ) (2110)
P, (T),?\,S (T), akuo T <T,
OkpeMUM TNHUTAHHSAM 3aJMIIAETHCS TONIYK 3HAYEHHS BEJIMYUHU TEMITY
. dy(T)
KpUcTamizamii — . ro BenmuumHy BHU3HAYaIOTh a00 E€KCHNEPUMEHTAIbHO, abo

TEOPETHYHO Ha OCHOBI YSBJICHb TPO XapakTep (Pa3oBOT0 mepexoay KOHKPETHOTO
matepiainy [70]. 3okpema, Koiu JiHil TKBIAYCYy 1 cojliayca napajeiibHi OJHa OJIHIN, TO

TEMIT KpUCTaJIi3aIlii MOKHA BUPA3UTH MPOCTOI0 hopmysioro [71]:

dv(@)_ 1 (2.1.11)

dT T

lig sl
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Takum ymHOM, cuctema criBBigHOmeHb (2.1.8) — (2.1.11) BU3HaAyae meTon
YSIBIICHOT TEIUIOEMHOCTI, SIKMM OyJe OCHOBHUM METOJOM MOJIETIOBaHHS TEIJIOBOTO
pexxumy TAMy B nanomy AOCHIIKEHHI.

MeTon ysIBIIEHOT TEIUIOEMHOCTI HIMPOKO BUKOPUCTOBYETHCS IUISI PO3PAXYHKY
dazornepexiTHIX TPOIECIB Ta MPUCTPOIB HAa IX OCHOBI, B TOMY YHCIl 1 CHCTEM
TEIJIOBOTO aKyMyJItoBaHHSA. B pobotri [72] mochimKyBaBcs KOXKYXOTPyOHUMH
dazonepexiIHUN TEIIOOOMIHHMK JUIsl HArpiBY/OXOJIOJKEHHS TOBITps. ABTOpH
noOynyBanu 3D Mojmens Ha OCHOBI METONy YsBIEHOI TeruioeMHocTi s TAMy, B
SAKOCT1 SIKOTO oOupaBcs napadid. 3aaya po3B’a3yBajach y CHPSKEHINA MOCTAHOBII 3
BukopucTtanusM ctanaaptHoro CFD nmakety ANSY'S Fluent.

CFD anani3 Ha OCHOBI METO/1a ySIBJICHOI TEIUIOEMHOCTI OYB TaKOX MPOBEICHHIA
B [73] nmns OXOJOKEHHS €JEKTPOHHOIO MOJYJS 3 BHUKOPUCTaHHS HPHUXOBAHOI
TeII0TU (Ha30BOTO mnepexoay. Pe3ynbTaTu CHpsKEHOI 3aJadi OTPUMAHI IJId PI3HUX
TUMIB TpaHMuHUX yMOB 3 BukopuctanHsMm ANSYS Fluent. 2D moxens Ha ocHOBI
METOAa YSBJCHOI TEIUIOEMHOCTI Oyino moOymoBaHo B [74] mns po3paxyHKy
MOXJIMBOCTI ~ BUKOPHUCTAaHHS  (pazonepexiiHux eQekTiB y OymiBHUITBL. 3
BukopuctanasiM ANSY'S Fluent MozesroBaBcst MPSIMOKYTHHIM €JI€MEHT KOHCTPYKIIIT 3
RT-27 mnapaginom y skocti TAMy. Ilapadpin B skocti TAMy MIIMHHOTO
(azonepexiIHOrO TEIUIOBOTr0 aKyMyJIsITOpa JOCHIIKYBaBcS Takoxk y poboTti [7].
Uwucnosi JOCHIKEHHS, sIKI TPOBEICHI Ha OCHOBI METOJA YSBJIEHO! TETUIOEMHOCTI 3
BUKOPHUCTaHHSAM BJIACHOTO IIPOTrPaMHOTO KOZy, Oynu  TIATBEpAXKEHI
EKCIIEPUMEHTAILHUMU JTaHUMH. 3aJ0BUTbHUNM 30Ir pe3yJbTaTiB CBITYUB TIPO
aJICKBaTHICTh METO/IA, MOJICTI Ta AJITOPUTMY.

da3zoBuil mepexiy B Iapi miHomodiyperaHoBoro TAMy, 1o CiyXuTh s
30epeKeHHsT XOJO0y, JOCHIIKYBaBCSI Ha OCHOBI METOAY YSIBJICHOI TEIUIOEMHOCTI B
[75]. ToBuwny mapy TAMy Oyno BH3HAYEHO 3 BHUKOPHUCTaHHSAM crpsbkeHoi 3D

Mojei, sika po3s’szyBanach Ha ANSYS Fluent. TAM Ha ocHOBI HaTpirO aleTaTy s
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30epeKeHHs TeIJla B COHSYHUX BOJOHArpiBayax AOCIIHKYBaBCS METOJaM YSBJICHOI
teroeMHocTi B [76]. Po3pobnena Hecnpsbkena 1D Monens BpaxoByBajia JIHIIE
3arajibHi 1HTETpalibHI E€HEePreTUYHl MapaMeTpd TPhOX THUIIIB TMPHUCTPOIB, aje He
JTIO3BOJIsJIa BUSIBUTH JMHAMIKY (ha30IepexiTHUX MPOIIECiB B HUX.

MyneTudiznanuit maker COMSOL Multiphysics 6yio Bukopucrano B [77] mist
2D wmopemtoBaHHs (acagHUX CHCTEM 3 (ha3olepexiTHUM MaTepiajioM Yy BHIJISIII
kepamiuHoi miHU. 3amaya Credana po3p’s3yBanach Yy CIHPSOKEHIH MOCTAHOBIII
METOJIOM YSIBJICHOI TETJIOEMHOCTI. TermnoakyMyasiTop Uil CUCTEM TETUIONOCTaYaHHs,
BEHTWIALII Ta KOHAMINIOBAHHS TMOBITPS JOCHIIKYyBaBcsi B [78] METOJOM YSBHOI
TersioeMHoCTl. 2D MonenioBaHHS, SKe MPOBOAWIOCH Ha ocHOBI makety COMSOL
Multiphysics, mo3Bommino BU3HAUMTH TeMIEpaTypHI IMOJS Ta 4Yac 3aTBEPIHHS B
TAMax, B SIKOCTI SIKMX BUCTynanu cymimi comiB Ta Bojga. TAM tuny ENERGAIN®,
AKUWA mependavaeTbesl I BAKOPUCTAHHS B OYJIBHUIITBI, JAOCIIX)KYBaBCsl Ha OCHOBI
MeToJIa ysIBJIEeHO1 TeruoeMHocTi 3 BukopuctanusM MATLAB R2013a ta COMSOL
Multiphysics B [79]. IlpoBeaenuit 3D chnpsbkeHuid aHali3 JO3BOJMB BHU3HAYNTH
enepretnuni mapamerpu cucremMu “ENERGAIN® — mnoBitps” 3 Toukm 30py
ONTUMAJILHOTO Yacy 3aTBEPAIHHS — IJIABJICHHS.

dazoBuii mepexin y mapadinoBomy TAMi mis oxonomkeHHs Li-FePOy
Oarapeil MojeroBaBCsA MeToJOM ysaBHOI TerioemHocti B [80]. Peamizamii 3D
cipsbkenoi mozeni Ha ocHoBi COMSOL Multiphysics Oyna HampaBieHa Ha
BU3HaueHHs  mapamerpiB TAMy Ta  TemioHocida, Kl 3a0e3Me4yloTh
TepmocTtabumizarnito 6atapei. [Ipomucnosi nporpamui maketd ANSYS CFX ta Energy
Plus BuxopucTOoBYyBanmuch [Jisi OTpUMaHHS poO3B’sa3Ky 3amadi Credana meromaom
ySBJIIEHOI TerloeMHOCTi B [81]. ABTOpM TPONMOHYBIM BUKOPHUCTOBYBATH
cnemianbHuit bioTAM, sikuil MICTUTBCS B LUMIIHAPUYHOMY TEIUIOAKYMYJISTOPL, IS
TEIJIONOCTayaHHs KuTioBoro OyauHky. IIpoBenene 3D monentoBaHHs B CHpsiKEHIN

HOCTaBI_Ii IIOKa3aJIo, 10 BKIIFOYCHHA (1)330H€p€XiI[HOFO TCIUIOAKYMYJIIAATOPA B TCIIJIIOBY
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CXEeMYy MPHU3BOJIUTH JI0 3HAYHOTO 3HIDKEHHS TEMIEpPaTypH MIKOBOIO HAaBaHTAKEHHS
Oynipm. HeopraniuHi coji Ta TiApaTH JOCHIKYBaduch B sakocTi TAMIB mis
TETUIOAKYMYJIITOPIiB crcTeM Terionocradants B [82]. Cnpsbkena 2D 3amaua Credana
po3B’sA3yBaiach ISl MPSMOKYTHOI 00JIacTi METOJOM YSIBICHOI TEMJIOEMHOCTI.
MopnemtoBannsi, ske mpoBereHe Ha ocHOBI ANSYS-CFX, mokazano 3anexHiCTh
temneparypu TAMIB Ta MOBITpsT B MPHUMIIICHHI BiJ TeMIepaTypud Ta IIBUAKOCTI
MOBITPS Ha BXOJII B TEIJIOAKYMYJISITOP.

TakuM 4YMHOM, HAaBEJACHUM BHILE OIVIA] IIOKa3ye, IO METOJ YSBIEHOI
TEIJIOEMHOCTI € JIOCUTh TMOMYyJAPHUM I 4ac JociikeHHs 3anadi Credana.
MopentoBaHHs (a30BOro Nepexoy B HaBEACHUX poOOTax, K MPaBUIIO, BIOYBaIOCh
y CHPSDKEHIM TMOCTAHOBIN, sIKA XapaKTepHa I TEIJIOOOMIHHUX amnapartiB PI3HOrO
TUITy. AJle Maibke BCl JOCHIIKEHHS MPOBOAMINCH 13 BUKOPUCTAHHSIM KOIITOBHUX
cragmaptaux CFD makeriB, kom sKuX € 3akpuTuM. lle Ha m03BOJIIE IETaNbHO
BU3HAYWTH B3a€MO3B’SI30K MapaMeTpiB y TBEpAiM Ta piakuil ¢azax, mpociaiayBaTH
JUHAMIKY PpPyXy TpaHulll po3noaity ¢a3, BIUIMB MapaMeTpiB TEIUIOHOCIS Ha
eHepreTuyHi xapaktepucTuku TAMy Ta 1HII BaxkJMBi €()EeKTH, SIKI BUHUKAIOTH [T
yac (YyHKIIIOHYBaHHS TEIJIOAKyMYJIATOPIB COHAYHUX CHEPreTHUYHUX CHCTEM.
Po3B’s13ku B OJTHOBUMIPHIN MOCTAHOBIII TAKOXX € HEMIOBHUMH, OO JTalOTh MOMKJIMBICTh
BU3HAYMTH JIUIIE JIEAKl 1HTErpajibHi MOKAa3HUKHU TEIIOAKYMYJIIOIOUUX MPUCTPOIB, SIKI
MaJjio MPUIATHI ISl POEKTYBAHHS PeaTbHUX CUCTEM. TOMY aKTyaJIbHOK HAYKOBOI)
3ajjauel0 € CTBOPEHHsS aJeKBaTHOI crpsbkeHoi 3D maremMaTtudHoi  Mojeni
B3a€EMOIIOB ’SI3aHUX TIPOIEeCiB (Ha30BOro MEpexXoay 1 Tedii TEIUIOHOCIs, M0 MAaloTh
Miciie B (ha3onepexiTHOMY TEIUIOaKyMYJISITOpi, po3poOka Ha OCHOBI Takoi MoOei
YHICIIOBOTO aJTOPUTMY Ta BIACHOTO MPOTPAMHOTO KOAY JJII MOJIEIIOBAHHS TPOIIECIB
y mpucTpoi. AHami3 pe3yiabTaTiB MOJETIOBaHHS Oy/ie HampaBJICHU HAa BU3HAYCHHS
OCHOBHMX CITIBBIAHOIIEHb MK TTapaMeTpaMu CUCTEMH, 1110 J03BOJIUTH 00paTH cepen

HUX HaWOLIbII pallioHaIbHI 3 TOUKH 30pYy reoMeTpii, JMHAMIKHA Ta €HEPTeTHUKH.
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2.2. CnpsizkeHa MATEMATHYHA MO/IeJIb TeIJIONEPEHOCY B eJ1eMEeHTI

(asonepexiTHOro TEMI0AKYMYJISATOPA THIY “TPy0a B TPYOi”

B ocHoBy po3poOku HectarioHnapHoro 3D piBHsHHsA eHeprii gt TAMy
MOKJIAJICHO METOJl YABHOI TEIUIOEMHOCTI, KU JI€TaTbHO BUKJIAJCHUN B MiAPO3ILTI
2.1. Jlna wmareMaTuyHOro omucy TermioooMiny B TAMi Oynu BBedeHi AesKi
MPUIYILIEHHS, a caMme:
- TAM € onHOPIAHUM Ta 130TPOITHUM;
- Teruiodi3uyHi BractuBocTi TAMy He 3aiexarb BiJ TeMIlepaTypH, ajie pi3Hi
11 KOXKHOT 3 (ba3 (TBep0i, piakoi Ta “mushy”);

- TEIJIONPOBIJIHICTh CTIHOK KaHATy HE BPaXOBYBAJIACh;

- BTpaTH B HAaBKOJIMIIHE CEPEJOBUINE HE BPaXxOBYBAIUCH (aiabaTHYHI
IPaHUYHI YMOBU Ha 30BHILIHIX TPAaHULIX €JIEMEHTY);

- temwio¢pizumuHi BiaactuBocti TAMy B “mushy” 30HI po3paxoBYBAUCH SIK

cepenHi apudMeTruuHe MDK TErIOo(I3UYHUMHU BIACTUBOCTSMU B TBEPIUN Ta

piakiii pazax.

3 ypaxyBaHHSM I[MX TNpPUNYUIEHb, pPIBHAHHS eHeprii mana TAMy B

HUJITHIPUYHUN CUCTEM1 KOOPIMHAT MpUMMaE BUTIIS;

Ol (r,0,2,1) 10 T, (1,0,2,7)

Cp, (T (T =——(rA (T
pef( TAM)pe_f( TAM) ot ror (r ef( TAM) or ) (2 ) 1)
10 oT.. (r,0,z, 0T, (r.0,z, T
+F% of (TTAM ) T (ae T)) + 7\’ef (TTAM ) TAM8(22 T))

JAc
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Cp,, sarkwoT,,, > T,
Cp, = S0l ;Cps +y_|_ iT . axwyoT, >T,, >T,, (2.2.2)
lig ~ ! sol
Cp,, saxkwoT,,, <T,
P (T ) aiktgo Ty > T,
Per (Tran )= P (Tr) ; P (Tru) . saxkwo T, > T, >T,,, (2.2.3)
Ps (T ) sxwgo Ty <T,,,
M (Toass )s - skugo Ty > T,
Mt (Toans ) = M (TTAM);KS (TTAM), axwo Ty, > Ty > T, (2.2.4)
A (TTAM), akwo T, <T,,

B piBmsHmsx (2.2.1) — (2.24) T,, — Ttemnepatrypa TAMy; a Cp,p,, A,

TEIJIOEMHICTh, TYCTHMHA Ta TEIUIONPOBIAHICTh piakoi ¢asu TAMy, BIANOBIAHO;

Cp,,p,,A, — TEIJIOEMHICTb, I'yCTHHA Ta TEILUIONPOBIAHICTH TBepaoi (asm TAMy,

BIJIIIOBIIHO.

Caig BiAMITUTH, O Opu (Ha30BOMY MEPEXO/Il BpaXyBaHHs MPUXOBAHOIO TeIJia
BH3HAYAETHCS 3arajibHOI0 3MIHOKO €HTabIMil B “Mushy” 3oni. Takum dnHOM, NpH
MOJICJIFOBAaHHI MOXJIMBO MPUUHSTH Pi3HI POPMU KPHUBOI YSIBIEHOI TEMJIOEMHOCTI —
NPSIMOKYTHI, Tparmerienoaioni, TpukyTHi Ta iH. [83]. Bim oOpanoi ¢opmu KpuBOi
3aJIeKUTh TOYHICTh MoOAeNoBaHHA 3agaui CrtedaHa Ha OCHOBI METOAY YSBIEHOI
TEIJIOEMHOCTI. [HOAI TpuKyTHUH a00 KyckoBUM mnpodull Aar0Th OLIBII TOYHI
pe3ynbTaTH TOPIBHSHO 13 TpamnemienoaiOHMMu Ta MPAMOKYTHUMH TIPOduIIMU
[84,85,86], ane, sk mpaBuiio, BUA TPOoQiI0 oOUpaeThCs Oe3MocCepeHbO T Yac

MOJICJIIOBAaHHS 1 HAMpsAMY 3aleKuTh Big Uity TAMy.
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MopenroBaHHS KOHBEKTUBHOTO TEILJIONEPEHOCY B TEIUIOHOCI MPOBOIMIOCH HA
OCHOBI 3arajibHOi cucTeMu piBHIHb HaB’e — CToKca B MPUIYIICHHI TOHKOTO IIapy —
LWIBMKICTh TEILUIOHOCIS Ma€ JIHIIC OJHY HEHYIBOBY KOMIOHEHTY W, (r)=w(r)=0
[87].

KpiMm TOro, BBOAATHCS 1€ AESIKI JOAATKOBI MPUIYIIECHHS, K1 XapaKTepHi JJis
KOHBEKTHBHOTO TETUIOOOMiHY B KaHaJli TEIIOAKyMYyJIsITOpa, a caMe:

- Tedis TEIJIOHOCIS € KBa3iCTal[lOHAPHOIO;
- TEIJIOHOCIH PO3IJIAIA€THCSA K HbIOTOHIBChbKA HECTUCIIMBA PIJIMHA;
- TeIIOMPOBITHICTH TETUIOHOCIS B TIOB3IOBKHROMY HAIPSIMKY 3HEBAXKIMBO Maja

y TOPIBHSIHHI 3 KOHBEKTUBHUM TEIJIOOOMIHOM.

3 ypaxyBaHHSIM IUX MPUIYIIEHb PIBHSIHHS €HEPTii ISl TEITIOHOCIST Ma€ BUTJIIS

oT,,(r6,z) 10

oT . (r,0,2)
Cp. (T T o M) =
Prr (T )P (T () =20 = = 2 (P (T | (2.25)
1 a aT r1992 | -
+—— (A, (TTH )M)
r? o0 0

ne T, — rtemneparypa temnonocii, a Cp,,,p,,,A,, — TEIUIOEMHICTb, T'yCTHHA Ta
TEIJIONPOBITHICTH TEIJIOHOCIS, BIIMTOBITHO.

YMOBU CHpsDKEHHS TEIUIOBUX TOTOKIB Ha TPaHULl MDK TEIUIOHOCIEM Ha
TAMoM BUpakalOThCs K YMOBH 11€JIbHOTO TEIJIOBOTO KOHTAaKTy (TpaHUMYHI YMOBU

yeTBepTOro poay) [88], siki 3amucyrorses B popmi:
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}\‘TH (TTH)GTTH(RTH ,e’Z) = }\‘TAM (TTAM)aTTAM(RTH ’e’Z) ) If TTAM <T h
or or g
T, (R, .8,2) T, (R, .0,2)
A (T =x, (T (2.2.6
TH( TH) or TAM( TAM) or + ( )
04 (1,2)(T,0 (R, 0.2)-T,, ), if T, >T,

e o Koeili€HT TEIJIOBIAAAYl 3a paxyHOK BIIBHOI KOHBEKIII B piikid ¢asi

o
TAMy.
Cucrema piBHaHb (2.2.1) — (2.2.6), sika JOMOBHIOETHCSA aaiabATUYHUMU
YMOBaMH Ha 30BHIIIHIX MMOBEPXHAX Ta Ha OC1 MMOTOKY TEIJIOHOCIs, (hOPMY€E CIIPSIKEHY
MaTE€MaTUYHy MOJI€Nb TEIJI0O00MIHY B OJMHUYHOMY UMJIHAPUYHOMY E€JIEMEHTI THILY
“TpyGa B TpyOi” (hazomnepexiTHOro KOXKyXoTpyOHOTro TeroakymMmystopa [89].
HaBenmena MarematwmdHa MOJCHB PO3B’S3yBaNach UYHUCIOBUM METOJOM, IS
BUKOPUCTAHHS SIKOTO HEOOXIJHO BU3HAYMTH JOJATKOBI JaHl JUIsl TEIJIOHOCIS Ta

TAMy Ha OCHOBI BIJIOBITHUX CITIBBITHOIIICHbD.

2.3. BusnayeHHs npogiio BUIAKOCTI TEMVIOHOCIS Ta 32J1€5KHOCTI

TeIUIO(I3MYHUX BJIACTUBOCTEN TEIUIOHOCIS Bil TeMIiepaTypu

Ax BigMiuajgoch BHUINE, PIBHSHHS €HEPrii s TEIUIOHOCisA OyayBanioch B
NPUITYIICHHI TOHKOTO IIapy. Take MPUIYIIEHHS 3ajullae HEeTPUBIATbHUMHU TiTBKU
JIBa pIBHSHHA 13 cuctemu piBHsAHb Har’e — CTokca Jyisi HECTUCIMBOI PIAMHU —
PIBHSIHHSL €HEprii Ta PiBHAHHSA PyXy B OCHOBOMY HANpsIMKY. SIKIIO BBaKUTHU TEYIIO
TEIJIOHOCIA cTal11130BaHO1, TOOTO MPOdUIH MIBUIAKOCTI TEIUIOHOCISE HE 3MIHIOETHCS 10
JOBXHHI TpyOW 1 Ha HHOTO MajiO0 BIUIMBAE TEMIIEPATypHE IOJI€, TO PIBHSIHHS PYXY

TETJIOHOCIS HpHﬁMaC BUTIJIAA:
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ow(r)

1 P 10
o) (2.3.1)

Pru (TTH)E ror

(r(vTH (TTH)+5G)

ae Vv, — Koe(illeHT KIHEMAaTHYHOI B’S3KOCTI TEIUIOHOCIS, M2/c; €,— KoeQILleHT
TypOYJIEHTHOTO EPEHECEHHS KiIbKOCTI pyXy, M2/c.

PiBusiaasa (2.3.1) € BipHHM SIK IS JIAaMiHAQPHOTO PEXUMY PyXy, Tak 1 s
TypOynentHoro. [lpu mamiHapHoMy pyci KoeillieHT TypOyJIEHTHOTO MEPEHECEHHS

KiabKoCTI pyxy € =0. Ile nae 3Mory BU3HAYUTH aHANITUYHUM BUPA3 I PODIIIO

MIBUJIKOCTI TeruioHocis. IlpoBonsium mojBiiiHe 1HTEerpyBaHHs Bupaszy (2.3.1) Tta
MIJICTABJISIOYM BIAMOBIHI TPAaHUYHI yYMOBH, OTPUMAEMO KBaJApaTUYHUN MPOoPiIb

IIBUJIKOCT1 BUY

w(r) = 2v_v(1—F:—22), (2.3.2)

TH

new — cepellHs IBUJIKICTh PyXY PLAMHU B KaHal, M/C.

Came 11e 3Ha4eHHS TPO(LITIO MIBUAKOCTI MJCTABISUIOCH B piBHSAHHSA (2.2.5) npu

. . . w-2
JaMiHapHOMY PycCi TEIIOHOCIsI, TOOTO Ko Re = w- 2Ry, <2200.
%

Jnst TypOyJieHTHOI Tedil npod b MBUAKOCTI BU3HAYATH CKJIaAHIIIE. 3HAYCHHS

KoeQILI€HTY TypOyJIEHTHOTO MEPEHECEHHS KIIBKOCTI PyXy €_ Y 3arajJbHOMY BUIAAKY

3aJIeKUTh BiJ 00paHOi Mojeni TypOyJeHTHOCTI. AJje, mpH IOCHIIKEHHI Teuli B
paMKax MoJedal TOHKOro IIapy, YacTO BHKOPUCTOBYIOTH  HamiBEMITIPUYHI
CHIBBIIHOMIEHHS JUIsi MPOQUTI0 MBHUIKOCTI, AKi 100pe 3apeKOMEHIyBalu cebe mpu
MO/IC/TIOBaHHI Teuli B KaHa/lax Kpyrioro nepetuny [90].

Jlnst MonenmoBaHHS Tedvil TEIUIOHOCIs Oylio oOpaHO MiAXiJl, 3ampONOHOBAHMIA

Petixapnom [91]. Tlpm TtakoMy migxomi mepemdavaeTbCs, IO JUISI BU3HAYCHHS
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KoeQILI€HTY TypOyJIEHTHOTO NEPEHECEHHS KUIBKOCTI pyXy €_ IOTIK MNOJUISETHCS HA

JIB1 YaCTHHU — I1ap OIS CTIHKH Ta PO MOTOKY.

Jns mapy 0171 CTIHKYA MAa€EMO

n<50 o =0,4(7-11th1y, (2.3.3)
Vi 11
a I sigpa MOTOKY:
n>50 £ -0,1337(0.5+ R )L+R), (2.3.4)
VTH
V'r : : S S w i
ne n=— — 0e3po3mipHa BiAcTaHb BiA CTiHKM; V =W g — TaK 3BaHA JWHAMIYHa

VTH
. .. = f . .
MIBHJIKICTh;  — KoedilieHT Tepts; R =—— — Ge3po3MipHa pajiajibHa KOOpAUHATA.
TH

CmiBBigHomenss (2.3.3) ta (2.3.4) BUKOPUCTOBYBAJIMCH Pa3oM 13 PIBHSHHAM

(2.2.5) npu niepexiiHOMY Ta TYpOyJIECHTHOMY pekumax Tedii Re = W- 2Ry > 2200.
\%

[Ipu MopnentoBaHHI Teuii TETUIOHOCISI BUHUKAE 1€ OJHE BaXKJIMBE MUTAHHS —
3aJIeKHICTh MOTO TeII0(hI3UYHUX BIACTUBOCTEH BiA Temmeparypu. s KOKHOTO
TUITY TEIUIOHOCIS 11€ MUTaHHS HeOOX1THO PO3B’sI3yBaTH OKpeMo [92].

B  nganomy JociipKeHHI B AKOCTI  TEIUIOHOCIS nepeadavyaeThCs
BUKOPHUCTOBYBaTH KjacuuHy coHsuHy oinio [ILC Syltherm800. [Ins moOynoBu
YHUCJIOBOTO aJITOPUTMY TIPOBEJICHA alpPOKCHUMAIlis TaOJUYHUX CKCIIEPUMEHTATbHUX
JAHUX TETUIOEMHOCTI, TYCTHHH, TEIUIOMPOBIIHOCTI Ta KIHEMaTU4YHOI B’SI3KOCTI
Syltherm800 y BinmoBimHOMY Jiama3oHi TeMIeparyp, siki HaBeneHi B [93].

[Ticnss mpoBeAeHHS PErpecMBHOIO aHANi3y MAaeEMO Takl (PYHKI[IOHAJIbHI

3aJICKHOCTI TS IIMTOMOI TEIUIOEMHOCTI TEILUIOHOCIS:

Cp,, (T,,)=1108.16 +1.707T,,,, (2.3.5)
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M1 TYCTUHH TETJIOHOCIS:

0., (T,,)=1264.6 —1.05T,,, (2.3.6)

JUIs1 KOe(IIl€EHTY TEIIOMPOBITHOCTI

Jery (T, ) =0.1946 —0.0002T,,,, (2.3.7)

JUTst KOeIII€EHTY KIHEMAaTHYHO1 B’ I3KOCTI:

Vi (T, ) =0.0000423 - 2.0156 - 10T, +3.2823-10°T2, —1.8-10 T}, .(2.3.8)

2.4. Moaei0BaHHS BUIbHOI KOHBEKIil B PO3ILIaBi TEMJIOAKYMYJIIOKY0I0

Marepiaiy

Bubip npoekTHux mnapamMerpiB 0a30BOi KOHCTPYKIlI KOXYXOTpyOHOTO
TEIUIOAKyMYJIATOpa Iepeadayae po3paxyHOK palloHaIbHUX T€OMETPUYHUX PO3MIPIB
OJMHUYHOTO €JIEMEHTY TEeIUIOaKyMYJIIOIOUOTO MOJYJII0, PO3paXyHOK BUTpPATH
TEIJIOHOCIA AJIA BIAMOBIJHOI MOYATKOBOI TeMIEpaTypu Ta (PIKCOBAHOI TeMIEPATypH
dazoBoro nepexony TAMy Tta iH. B mux po3paxyHkax HEoOXiHO BpaxoBYBaTH BCl
TerodizuuHi e€eKTH, cepel SKUX OCOONHMBY pOJib Tpa€ BUIbHA KOHBEKINIS, SKa
po3BHBa€eThCs B piauHHIN da3i TAMy [94].

JocmimkeHHs: BUIBHOI KOHBEKIII B 0OMEXEHOMY 00’€Mi € JOCUThH CKJIAJIHOIO
3aJlayero, CKIJIAHICTh K01 0araTopa3oBO MOCUIIOETHCS Y BUNIAAKY HasIBHOCTI B 00’ €Ml
rpaHuili, Mo pyxaerbes. Kpim toro, temnodizndni edhexTH, ki 00yMOBIICHI BUTBHOIO
KOHBEKI[I€I0, B 3HAYHIN Mipi 3ajexaTh HE TUIBKW BiJ] TEOMETpii CUCTEMH, a 1 Bij ii
postamiyBaHHsi Yy mpoctopi. B maniit poboti B skocTi (PizuuHOi Mopem IS
JOCITIJPKEHHSI OCHOBHHMX TMapameTpiB (a3onepexiIHOrO TEII0aKyMyJsiTopa oOpaHO
OJIMHUYHUHN BEPTUKAIBLHO PO3MIIICHUN [UIIHIPUYHUN MOYJIb, B SKOMY TEIIJIOHOCIH 1
TAM po3raioBasi 1o npuHIMIY “Tpy6a B Tpy6i”. IIpu TakoMmy po3TaiiyBaHHI iICHY€E

KpUTHYHAa ToBIIMHA wmapy TAMy, komu y po3IUiaBli MOYHHAIOTH JISATH
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BUTbHOKOHBEKTUBHI NOTOKH. Jlyis koxHOro Ttuny TAMy 11 KpUTHUYHA TOBIIMHA €
piznoro [95].

MexaHi3M BUHUKHEHHS BUIBHOI KOHBEKIII y BEPTUKAJIBbHO PO3TAIIOBAHOMY
mapi TAMy 3 Tproma (HIKCOBaHMMH Ta OJIHIEIO IOCTIHHO PYXOMOIO T'PaHHUIICIO
0a3yerbcs Ha nii edexkTy MapaHroHi — HasiBHICTh TPaIi€HTY MOBEPXHEBOTO HATATY.
BUHUKHEHHS TPaji€eHTy MOBEPXHEBOIO HATATY MOXE OyTH OOYMOBIICHO TPaIi€HTOM
TeMrepaTryp ado IpalieHTOM KOHIIeHTpaliil. Skio edekt MapaHroHi 00yMoBIeHUN
came rpaJiileHTOM TeMIEepaTyp, TO KpIM HbOIO BUHHUKAE 1e epekT benapa 1 B Takomy
BUIIAJIKy MOBa W MPO TEPMOKAMUIIPHY KOHBEKI0 [96]. AHamiTHUHUI PO3B’SI30K
P KOHBEKTUBHUX TEUISIX MOJIOHOI MPUPOIU MOMXJIMBO OTPUMATH B HAOIMKEHHI
bycinecka nuimie sl TUIOCKOTO BUMAAKY Ta MPU TPHUBIAIBHUX TPAHUYHHUX yMOBAxX
(3amaua Penes), sKi TOPakTUYHO HIKOJIM HE 3YCTPIYAIOThCA HA  IMPAKTHIII.
KoM’ roTepHe MOJIENIFOBAHHS TAKUX SIBUIL TAKOX € OKPEMOK HAYKOEMHOIO 3a74aY€lo,
gKa HE € TNpeIMeTOM JOCHIUKEHHS B JaHid poOoTi. biumplml nomupeHuM B
PO3paxyHKOBIM MPAKTHUII € TiAX1d, M0 0a3y€eThcs HA BUKOPUCTAaHHI HAIliBEMITIPUIHUX
KpUTEplalbHUX CHIBBIAHOLIEHb JJI1 BHU3HAYEHHS KOE(IUIEHTY TEIJIOBIAAaul 3a
paxyHOK BUIbHOI KOHBeHIIii. Taki KpuTepiajdbHI CHIBBIAHOLIEHHS € PE3yJIbTaTOM
OOpOOKH BEJNMKOI KUIBKOCTI EKCIEPUMEHTAIBHUX MaHUX [Jis MPOIEeCiB Moa10HO1
npuponu. Ilpu BHKOpUCTaHHI NIMX AAHUX TOCTA€ THUTAHHS TPO Te, KOJIU came
MOYUHAIOTH (POPMYBATHCS BITbHOKOHBEKTHBHI TTOTOKH.

Ha nouarkoBux eramnax 1uiaBjieHHs GOpMYyeThCS TOHKUH map piguHHoro TAMy,
B SKOMY TOJIOBHUM MEXaHI3MOM IE€PEHOCY TeIljIa € TEIIOMPOBIIHICTh. 3 4acoM Iap
pinkoro TAMy 30inblIyeTbcss 1 BCEpeAMHI HBOTO BHHHMKAIOTh BHYTPIIIHI
HUPKYJSIIAHI TOTOKH, 1HTEHCUBHICTh SIKMX 3aJ€XKUTh Bl TUNy piauHu. Ilpu
nomanpiioMy 30utbmieHHi mapy TAMy  ¢GopMmyeTbcs TOBHICTIO  PO3BHUHYTA
BUIbHOKOHBEKTHBHA TE€Yisl — BUCXIJIHI Ta HU3XIJIHI MOTOKH PYXalOThCs 0€3 B3aEMHUX

nepemkoa. B sSKocTi  KpuTepilo JUisi TMEpexoly JI0 TMOBHICTIO PO3BUTOL
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BUTbHOKOHBEKTUBHOT Te4Yil BUCTyHae 3HayeHHs Kputepito ['pacroda, sxuit s

BIJIMOBITHOT MOJIEITI €JIeMEHTY (ha30IepexiTHOTO TeIUI0aKyMYJIAITOpa Ma€ BUTJIS;

GFTAM _ grShBTAM (TTAM g RTH 6, Z) _Tph) ’ (2.4.1)

VTAM

Je § — NPHUCKOPEHHs BiNLHOTO HajiHHA, M/CZ; Vyu, — KOE)IIEHT KIHEMaTH4YHOI

B’s3kocti TAMa, m?/c; I, — 3MiHHa TOBmMHA Inapy pigkoro TAMy, m; B —

ph
TemmepaTypHuil koedinieHT 06'eMuoro po3mmpennas TAMy, K2,
BBakaetrbcsi 1m0, mepeHeceHHs TemiotTh B mapi TAMy B Ouremiiit mipi

B1JIOYBAETHCS 32 PAXyHOK TEIIOMPOBIIHOCTI SIKIIO
Gr,,, <124-Pr.>2 (0.955+ Pr;%)- L/r,, (2.4.2)

ne L — noBXHMHA OJMHUYHOIO €JIEMEHTY TelloakymyJisTopa, M; Pr,, — d9ucio

[Tpanarns TAMy.

A skmo 3HauYeHHS KputTepito ['pacroda mepeBUIye BEIUYMHY, SKa
po3paxoByeThcsi 3a (popmynoro (2.4.2), TO TOJOBHUM MEXaHI3MOM TMEPEHECEHHS
terutoTy B mapi TAMy cTae BijibHa KOHBeHIis [97].

Konu 3Hauenns kpurepito ['pacroda BiANOBiAAE pPEXKUMY TMEPEHECEHHS
TEIJIOTH TETUIOMPOBIIHICTIO, TO CEPeIHs HIIJIBHICTh TEIUIOBOTO IMOTOKY uepe3 Iap
TAMy  po3paxoByeTbCs 13 BUKOPUCTAHHSM  €KBIBAJICHTHOTO  KOE(DIIiE€HTY
terionpoBigHocTi TAMy:

Mg

r

q= (TTAM(RTH’G’Z)_Tph) . (2.4.3)

ph
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BBakaeTbcs, M0 B EKBIBAJICHTHOMY KOC(DIINEHTI TEIIOMPOBITHOCTI A,

BPaxXOBYETLCA SIK KOHAYKTHBHC IICPCHCCCHHA TCIUIOTH, TaK 1 KoHBeKkTHUBHE. BHECOK

BUIBHOT KOHBEKIIIT OMUCYETHCS Yepe3 CreliabHUN KoeiIleHT BUAY:

eq
=T (o

e =
TAM TAM
}\‘I

Pr

TAM)'

(2.4.4)

: . — :

Ipadiuny sanexwicts &, = f(Cr,, Pr,, ), fka 1obyrioBaHa Ha OCHOBI
00poOKKM 0araTbOX CKCICPUMEHTAIbHHUX JaHuX, mpeactaBieHo B [98]. Anme B
MPaKTUYHUX PO3PaxXyHKaxX 4YacTillle BUKOPUCTOBYIOTHCA HAOMMKEHI KYCKOBI

anmpoKCUMAaliiHi GOpMyIH AJist BUBHAYCHHS €, Y BUIIsLAL [99]:
npu Gr,,,, Pr,,,, <10° Erur =1
mpu 10°<Gr,,, Pr,, <10° ¢, =0.105(Gr,,, Pr,., )", (2.4.5)

mpu 10°<Gr,,, Pr,,, <10 &%, =0.4(Gr,, Pr.,.)".

B HaBeneHux ampokcumyrounx (YHKIISIX B SKOCTI BU3HAYAIBHOTO PO3MIPY

npuitmaeThcs ToBIMHA TAMy I, a B AKOCTI BU3HAYAJIbHOI TEMIEPATYPH — CEPEIHS

ph>

o Ty (R 0,2)+T,

TamM =
2

Temriepatypa piakoro TAMy

[To Mmipi 30inbIIeHHS TOBIMHM T1apy piakoro TAMy (GopMyroThCs TOBHICTIO
PO3BUHEHI BITbHOKOHBEKTHBHI MOTOKH, B SKHUX CEpeaHIN KOE(DIIIEHT TEIIoBIIIadi

Ol e PO3PAXOBYETHCS HA OCHOBI KJIACUUHUX KPUTEPIaIbHUX PIBHSHD TUITY

Nu,,, = CRaY?,, (2.4.6)
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h
_ O free - 2r

ne Nu,,, = Y M _ cepemme umcno Hyccensra B mapi pigkoro TAMy;
|

Ra,,, =Gr.,, Pr.,, — aacino Penes mia TAMy; C — KOHCTaHTa, 3Ha4€HHS KOO

BU3Ha4aeThCs TUIIoM TAMy.
B po6oTi [28] npoBoamimch eKCriepuMEHTANTBHI TOCITKEHHS TT0 BU3HAYECHHIO

koHcTaHTu C g geskux tumiB TAMi, saxi mMoxHa BukopuctoByBatd B IILC,

30KpeMa
st KNO3 Nu,,,, =1.47Ra’> (2.4.7)
s KNOo/KCI Nu,,, =1.4Ral’, (2.4.8)
nist NaNOs Nu,,, =1.53Ra}’; . (2.4.9)

Onucanuil BUILE MiAX1J JJIs BpaXyBaHHA 1i BIJIbHOI KOHBEKIIi B piaKid (asi
TAMy BHKOpPUCTOBYBaBCS B JaHii poOOTI MiJg 4Yac CTBOPEHHS KOMII IOTEPHOIO
AITOPUTMY Ta TPY POBEJCHHI MOJCITIOBAHHSI.

Takum ynHOM,

- cucteMa piBHAHBb cHeprii gt TAMy Ta TEIIoOHOCIS 13  BIJANMOBIIHUMU

rpaHugaHUME yMoBamu (2.2.1) — (2.2.6);

- BUpasu g JamiHapHoro (2.3.2.) abo TtypOymnentHoro (2.3.3) — (2.3.4)
npodiIT0 MBUAKOCTI TEIJIOHOCIS;
- (yHkmii anpoxkcuManii TerIO(QI3UYHUX MapaMeTpiB TemnoHocis (2.3.5) —

(2.3.8);

- KkpurtepianbHi piBHAHHS 151 TAMy Trmny (2.4.4) — (2.4.9)
bopMyrOTh 3arainpHy cropsbkeHy 3D wmarematuyHy Mojenb TEIJIOOOMIHY B
MWTHAPUYHOMY €JeMEHTI (Pa30omepexiTHOTO TeIUIoOaKyMyJiaTopa TUIly ‘“TpyOa B
TpyOi”, sKa MOCHIIKyBajach Ta aHANi3yBaJach YHCIOBHUM METOJOM 3a JOMOMOTOIO

BJIACHOI'O IIPOIPAMHOI0 KOy .
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BucHoBku 10 po3aiiay 2

1. Ha ocnoBi anamizy 3amadi Credana B KIACHYHIM ITOCTaHOBIII
BU3HAYCHUM MIAXiJ, SKUK JO3BOJISAE ii CIPOCTHTH ILISXOM IEPEXOay Bil IBOX
HECTAaI[lOHAPHHUX PIBHSIHB TEIUIOMPOBITHOCTI 3 HEMHIHHOK HECTAI[IOHAPHOK YMOBOIO
Ha TPaHUIll pO3MoALTY (a3 A0 OJHOTO HECTAIIOHAPHOTO PIBHSIHHS TETUIONPOBITHOCTI
Juis OaraTomapoBoro Tina. B TakoMy piBHSHHI TpHUXOBaHa TeIuoTa (pa3oBOro
nepexoy BpaxoBY€ETbCS METOJIOM YSBIICHOI TEIIIOEMHOCTI.

2. CdopMyniboBaHI OCHOBHI NpUNYIIEHHS Ta modynoBaHa 3D copsbkena
MaTeMaThyHa MOJIelb TEIJIOOOMIHY B IHWJIIHIPUYHOMY €JIEMEHTI TEIUIOBOIO
aKyMyJISITOpa, sIKa CKJIAJA€eThCs 13 HecTallloHapHOTro piBHSIHHS eHeprii ;s TAMy Ta
KBa31CTAI[IOHAPHOTO PIBHSIHHS €HEPTii JJIsl TEIUIOHOCIS. [neanbHii TENIOBUN KOHTAKT
Ha TpaHulll Mk TemioHocieM 1 TAMowm omucyBaBcsi yMOBaMHU CIPSIKEHOCTI —
TPAaHUYHUMH YMOBaMHU 4 poy.

3. TemnepaTypHa 3aleXHICTh TEMIO(I3UYHUX MapaMeTpiB TEIIOHOCISA
BHU3HAYAJIaCh Yepe3 ampOKCUMAIIII0 eKCTIEPUMEHTANBHUX TaHuX. BusHaueHni mpodimi
IIBUJIKOCTI TEMJIOHOCIS JIs JIaMiHAPHOTO Ta TypOYJIEHTHOTO PEXKUMY TeUii.

4, 3anponoHoBaHa METOJUKA PO3paxyHKy napameTpis, 10
XapakTepu3ylTh BIUIMB BIIbHOI KOHBEKIIi B posmiaBi TAMy. Ilokazani mexi

BUKOPUCTAHHS BiAMOBIIHUX KPUTEPIAIbHUX PIBHSAHbD.
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3. KOMIIP'IOTEPHE MOJEJIOBAHHSA CIPSKEHOI 3AJTAYI CTE®AHA
B MWJITHAPUYHOMY EJIEMEHTI ®A3OIIEPEXT/THOI'O
TEIIVIOAKYMVYJIATOPA THUILY “TPYBA B TPYBI”

[Tig yac CTBOpPEHHS YHCIOBOTO AJITOPUTMY JUIS PO3pOOICHOI MaTeMaTHYHOI
MOJIEITi, Ky MPEACTaBICHO y PO3AiT 2, BUHHKAIOTh 00’ €KTHBHI, 1HOII CyIEpEeYHi
BUMOTH. 3 OHOTO OOKY, B YUCJIIOBOMY QJITOPUTMI MOBUHHI YITKO MPOCTEKYBATUCH BCI
B3a€MOIIOB’A3aH1 TEIUIOOOMIHHI TPOLECH, Kl MaloTh MICTO B (pa3zomepexiHOMY
TEIJIOAKYMYJIATOP1 BIJIMOBITHOTO JM3aifHy, a, 3 1HIIOTO OOKYy, MapameTpu IHOTo
IPUCTPOIO HEOOX1THO Y3TOJKyBaTH 13 IapaMeTpaMM BCi€l CUCTEMH NEPETBOPEHHS
[100]. Taka MmynbTH(I3MYHA 3a/1a4a niepeadayae napaneabHe IPYHTOBHE JOCI1KEHHS
BCIX XapaKTEPUCTUK CHCTEMU IE€PETBOPEHHS 13 MOJAJIBLIOI  MPOLEAYPOIO
onTuUMI3alli 1i EHEpreTUYHUX TOKAa3HUKIB. B naniil poOoTi mnependayaeTbes
JOCIIJKEHHS Ta BHOIp HaAMOUIBLI palioOHAJbHUX TEPMOJMHAMIYHHUX MapaMeTpiB
dazomnepexinnoro  ternoakymyasitopa IIIC 3 Toyku 30py  BIJMOBITHOTO
TEMIIEPATypHOTO PIBHS CUCTEMH, Yacy 3apAJKH — PO3PSAIKH, CIIBBIIHOIICHHS MIXK
CHEpreTUYHUMHU TOKa3HUKaMHU TEIUI0AKyMyJIiTOpa Ta BUTpaTaMd B HbOMY Ha
npokauky TteminoHocis. Lli 3agadi Oynu po3B’si3aHi Ha OCHOBI KOMIT FOTEPHOTO
MOJICJIIOBAaHHSI TMPOIECIB TIAPOJMHAMIKM Ta TEIIO0OMIHY B (pa3zomepexigHoMy

TEIUI0AKyMYJIITOP1, €TalH IKOTO HABEJCHI HIKYE.

3.1. Oco06,UBOCTI CTBOPEHHA YHCJI0BOI0 AJITOPUTMY cHpsizkeHOl 3agaui Credana

B eJIeMeHTi (pa3onepexiiHOro TemI0aKymyasaTopa

Uucnosuii anroput™m 3anadi Ctedana B CIpspDKEHIA MOCTAHOBIN OyTyBaBCs Ha
OCHOBI METOJy KOHTPOJIBHOTO 00’€My i3 BHKOPHCTAHHSM IPOIECIYPH PO3IICTUICHHS

no (Qi3uyHEM mporecaM Ta mpocropoBuM KoopauHatam [101]. Bigomo, 1m0
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BUKOPUCTAHHA TaKOro MIAXOAY MAaKCUMaJIbHO HAOMMXKye TMporec Mo0ya0BH
BIIMOBIHUX JUCKPETHUX aHAJOTIB J0 (PI3MUHOI CYTHOCTI MPOIECIB, MIHIMI3Y€E
MOXMOKH ampoKCUMAIlil Ta 3rIa/Ky€e Mpodisii Ha TpaHsIX KOHTPOJIBHUX 00’ €MiB.
PiBusnnas eneprii mis1 TAMy (2.2.1) Ta piBHAHHS €Heprii JjIs TEIUIOHOCIS
(2.2.5) € 3D wHecramionapHe Ta KBazicTamioHapHe mapaboyiyHe piBHSIHHS
maTemMaTnuHoi (izuku, BianoBiaHo. [loOynoBa MUCKPETHHX aHAJIOTIB JJIS MOJIOHUX
pPIBHSIHb Ha OCHOBI METOJa KOHTPOJIBHOTO 00’eMy neTanbHO ommcana B [102].
['eoMeTpuyHi po3MIpHM UWIIHAPUYHOTO €JIeMeHTa Tumy ‘“Tpyba B TpyO1”
(dazonepexiiHOro TEeII0aKyMyJsTopa, L0 OOpaHUMl I MOCHIKEHHS B JaHIA
poOOTI, BIAMOBITATM PO3MIpaM aHAJOTIYHOTO €JIEMEHTY, SKHH JOCHIIKyBaBCs
eKCIIEpUMEHTaJIbHUMU METOJaMU B [28], a came, paJlyC KaHaly 3 TEILJIOHOCIEM

R, =0.004.n, ToBmuna mapy TAMy R, =0.059.u, 3arajnbHa HOBXKHHA €IEMEHTY

L=3.3m. B sixocti TAMy npu KOMIT' IOTEPHOMY MOJIETIOBaHHI BUKOPHUCTOBYBABCS

HiTpar Hatpito NaNOjz 3 Temmepatyporo (asosoro mnepexony T, = 306°C, a B saKocTi

TEIJIOHOCIA — Kjacu4Ha coHsiuHa oJiisg Syltherm800. [Tepenbauanock, mo Ha pexuUMi
3apsaaku Becb TAM 3HaxoIUTHCS B TBEPAOMY CTaHl 3 (PIKCOBaHOIO TEMIEPATypolo, a
Ha BXIJ B KaHaJI TOJAEThCA TEIJIOHOCIH 3 TIOYAaTKOBOIO TEMIIEpATypolo, sKa

nepesuIlye Temneparypy ¢asosoro nepexoxy TAMy T, =T, (r,0,0)>T .

MojentoBaHHSI TOYMHAIOCH 13 TOOYIOBH PO3pPaxXyHKOBOTO IIAOJIOHY, B SIKOMY
obOnacTh Oe3mepepBHOI 3MiHM TapameTpiB B TAMi Ta TemoHOCIi 3aMiHIOBalach
JUCKPETHOIO O00JIaCTIO, B KOKHOMY 3 BY3JIIB SIKOI B TOYAaTKOBUH MOMEHT Yacy

3a7aBajnoch nose temneparyp aiast TAMy T, 11o04aTkoBa TeMIepaTypa Ha BXOJI B

Min

xaHan T, . Pospaxynok moisis Temneparyp B TAMi Ta TemoHOCIi Ha HaCTYIHOMY

KpOIIl 32 4acoOM CKJIaJaBcs 13 JCKIIbKOX eramiB. [lo-mepiie, Ha MOJIOBUHHOMY KpOIIi
10 TIOB3OBXKHIM KOOpPAWHATI pO3paxoByBajach TeMIleparypa TEIJIOHOCIS B

pagianbHOMy HampsiMKy. Ilicias 1[bOro BUKOPUCTOBYBAJIMCH YMOBHU 11€aJBHOTO
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TEIJIOBOT'O0 KOHTAKTY Ha rpaHulll ‘“‘rerioHociii — TAM™ 1 B pajiialbHOMY HalpsMKy Ha
[bOMY 3K TMOJOBUHHOMY KpOIIl 1O JOBXHHI pO3paxOBYBAJIOCH IOJIE TEMIEpaTyp s
TAMy. Otpumane pamiajibHE TMOJe TemIepaTyp sl TerioHocis Ta TAMy Ha
MOJIOBUHHOMY KpOIll 32 JIOBKMHOIO CTaBajo MOYATKOBUM [UIS PO3paxyHKY TOJIs
Temrneparyp TeroHocis Ta TAMy B KyToBOMy HampsMKy Ha IIJIOMY KpOIli B
MOB3JIOB)KHBOMY HANpsAMKY. TakuM UYHMHOM, B KOXHOMY IOINEPEYHOMY TMEpETUHI
JNBOBMMIpHAa  3ajada il TemioHociss Ta TAMa posmensoBaiiack Ha JBi
OJIHOBHUMIpHI — B pajlalbHOMY Ta KyTOBOMY HampsMKy. OTpumaHe oje TeMiepaTyp
TEIUIOHOCISI CTaBajO MOYAaTKOBOK YMOBOKO JIJISi HACTYHMHOTO KPOKY IO JIOBXKHHI 1
IpOLEC MOBTOPIOBaBCA. TakuM YMHOM, 3HAXOAUJIOCH 10JI€ TEMIIEPATYP TEIUIOHOCIS Ta
TAMy B KO)KHOMY ONIEPEYHOMY MEPETUHI LIUITIHAPUYHOTO €IIEMEHTY.

[Tpoxonasun mo mabsoHy 10 KpailHbOI HMXKHBOI IUIOUIMHM LMJIIHAPUYHOTO
eJIEeMEHTa TeII0aKyMYJISITOpa, po3paxoByBasiock 3D mose Temneparyp TEIIOHOCIS Ta
TAMy, ske Bignosinae yacy t'*. Lle mose Temmeparyp € HOY4aTKOBOI YMOBOIO JUIs
T0JIs TEMIIEPATYP, K€ BU3HAYACThCA 9acoM T’ =1’ + At. Jlani mpouec po3paxyHKy
MIOBTOPIOETHCSI 1 3aBEPIIYETHCS TICHS JOCSITHEHHS dYacy TIMe, MpOTAroM SKOTO
MpOBOUTHCA MojentoBaHHs. Ha puc. 3.1. HaBemeHo OJOK-CXeMy YHCIOBOTO

QITOPUTMY, SIKA UTIOCTPYE MOTO0 OCHOBHI €TaIHu.
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— TH: LR, | TAM:R,,,,. Time. T,,,,..T.T.T,

| AT, Ar, A8, Az, Pe,, |

s T=0

Tlouatropa Temmeparypa TH 5
]

=0 k

%= Taze ), p=P(Tir ) C = Co Tz ), v =V T
v

Ulengricre THw (1) ‘

|

| Temneparvpa TH B Hanmpamey » |

|

| Tenepatypa TAMy & nanpmuey » T, (7 + Ar,8,2 + Az / 2))]

| Tewneparypa TH s sanpauxy 8 T, (r+ArB8+A8,z+A) |

‘ Temneparypa TAMy B manpamey 8 T, (7 + Ar, 0+ AB, 2+ A }|

| Cepenna temneparvpa TH ta TAMy, ignoeioso Tra Tru |

| a(z).f.Nu,S,.S,..S. |

Fugd * ~ gen

HI

gen_ optimal

END

Puc.3.1. biiok-cxema 4uciI0OBOTO arOpUTMy
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OxpeMo 111 4ac po3poOKH YUCIOBOIO AITOPUTMY CTA€ MUTAHHS 3a0€3MeYeHHS
CTIAKOCTI IpoILIeCy po3paxyHKy Ta Horo (izuuHoi agekBaTtHOCTI. Lli muTaHHS MaroTh
JeKinbpKa acrnekTiB. [lepin 3a Bce, CTIMKICTh pO3paxyHKOBOTO MPOIIECY B paIialbHOMY
1 KyroBoMy HampsMmKky st TAMy Ta TemioHocis 3abe3mnedyBaiach BUKOPUCTAHHSIM
MOBHICTIO HESIBHOI CXEMOIO, sIKa peali3oByBajach Ha OCHOBI METOJa MPOTOHKHU
(TMA). B xoxHOMY MTOTIEpEYHOMY MEepETHHI OyayBaBCs PIBHOMIPHUN KPUBOJIIHIHHUN
ma6ioH, skui 11t Terionocis MicTuB 50000 po3paxyHKOBHUX BY3IIIB B pajiaIbHOMY
HarpsaMKy Ta 7200 By3JiB B KyTOBOMY HANpsMKY. B MTOB310BKHEOMY HAIPSIMKY KPOK
ciTky OyB 3MiHHMM. MOro MOBXHMHA PO3PAaXOBYBaIach y KOKHOMY MOIEPEUHOMY
MepEeTHHY €JeMEHTa OKPEeMO 1 BIAMOBIaIa KPUTEPIt0 CTIMKOCTI JIi KOHBEKTHUBHHUX

Teulid Mmo10HOI MpUPOU, a came JoKalbHe uncio [lekie nmpu mepexoil Bij OJHOTO

TnepeTHHy JI0 iHIIOoro He nepepuinysano 2 Pe  =(Re-Pr) = W- A2y, Pr<2 [101].

loc
TH

®di3uyHa aJeKBATHICTh MPOIECIB y PO3pPOOJIECHOMY YHCIOBOMY aJFOPUTMI
KOHTPOJTIOBAIACh Yepe3 PO3PAXyHOK EHEPreTUYHOro OallaHCy CHUCTEMH, B SKOI Mae
MicIle BUJIJICHHS a00 MOTJIMHAHHS TeIuioTH (azoBoro nepexony B TAMi. [l toro
o0 BpaxyBaTu mporiec (pazoBOro mepexoay Ta JIWHAMIKY PYXy TPaHHUIl PO3MOLITY
da3, B “Mushy” 30Hy NOBHHHO MOTpPANHMTH HEOOXigHA KUIBKICTH PO3PaXyHKOBHX
By31iB [103]. Lls KiIbKICTH BY3IIB BHU3HAYajach B MPOLIECI MPOBEICHHS YHCIOBUX
EKCIIEpUMEHTIB. 30KpeMa, y KokHOoMy mnepetnHi TAMy npu KUIbKOCTI KPOKIB Y
pamianmbHOMYy Ta KyTtoBoMy Hampsmi 47200 ta 7200, BimmoBigHO, B “Mushy” 30Hy
notparsiiio 20 — 50 ckinyenux o0’emiB. lle rapanTyBano BpaxyBaHHS MPUXOBAHOI
TEIUIOTH (Pa30BOTO MEPEXOay, IO MiATBEPIKYBAIOCh MOHITOPUHTOM €HEPTETUIHOTO
OaslaHCy CUCTEMU B KOKHOMY TIEPETHHI.

[Tin yac MonenrOBaHHS BUKOPUCTOBYBABCS KIACHUYHUN TNPSAMOKYTHHHA BUA
GyHKINT YSBIEHOI TEIJIOEMHOCTI, SIKOMY BiAnoBigae ymoBa (2.2.2). IlpoBeneHuii

YHUCIIOBUIM aHaji3 MOKas3aB, M0 THUN 00paHOi (YHKIIi YSBHOI TEMJIOEMHOCTI MIJis
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NaNQO; mano BIiMBae Ha pe3ysibTaTH po3paxyHkiB. Ha puc. 3.2 nmoka3zaHo MopiBHIHHS
o0paHOro MPAMOKYTHOrO TUINy (QYHKIIT ysBiaeHoi TeroemHocTi st NaNOgs i
TPUKYTHOTO, KM BUKOPHUCTOBYBaBCS B [/]. Pe3ynbratv 4uCIIOBOTO IHTErpyBaHHS
npeacTaBiIeHol (YHKIlT IPaKTHYHO IMOBHICTIO criBmagaoTh [104].

180000
160000 \
140000 7
120000 L "
100000
80000 7 ,
60000 ,
40000 ! \
20000 ,

h

EdexTHBHa TENADEMHICT, #/Hr K

an3 an4 305 a0e o7 308 300
Temnepatypa TAMy, °C

KNacuyHKMA = — = TOMKYTHHUEA

Puc. 3.2. TlopiBHSIHHS TUTIIB PYHKINH ySIBICHOI TETNIOEMHOCTI

Ha puc. 3.2 nokazani rpanuii “mMushy” 30Hu, sIKi 3HalWEHI B X0l MPOBEICHUX

YHCIIOBHUX SKCIEPUMEHTIB 1 sIKi JOpiBHIOBaIM Temieparypu niksigycy T, =307°Cta
Temmepatypi comiayca T, =305°C st NaNOs.

Ha ocHOBI mpeacTaBiIeHOro YUCIOBOTO aIrOpUTMy OyJi0 po3po0IeHO BIACHUN
IpOrpaMHUi MPOAYKT HAa MOBiI PythOn uis momanbInoro 4YucIIOBOTO JOCIIIKCHHS

MPOIIECIB EHEPTOTIEPEHOCY B €IEMEHTI (Pa30mepexiTHOTO TEII0aKyMYJIsITOpa.
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3.2. Pe3yabTaTH 4MCJOBHUX J0CTiTKeHb TENJI000MIiHY B eJleMeHTi

(dazonepexiTHOro TEMI0aKyMYyJISITOPa

Sx Oyno BU3HAYEHO BHILE, YHUCIOBI JOCHIIPKEHHS IPOBOJWINCH IS
BEPTHKAIBHOTO IHIIHAPUYHOTO €JEMEHTY (a3omepexiTHOTO TeMI0aKyMyJIaTopa
Uy “TpyOa B TpyOi”, KM JOCIIHKYBaBCS eKCIIepUMEHTANBHO B [28]. Takwii Tun
TEIUI0AKyMYJIITOpa MpOEKTyBaBca Il BUKopucTaHHA B coHsuHux [IL[C, Tomy B
AKocTl TerioHocids Ta TAMy BHUKOPUCTOBYBalach TPAAMIINHI JIJIl TaKWX CTaHLIHA
pEUYOBMHHU, TEPMOJMHAMIYHI BJIACTUBOCTEH SAKHX J100pe  y3roJKYIOThbCS 13
TeMIEpaTypHUM Ta JWHAMIYHUM pPEXKUMOM TOJMIOHMX CTaHIN. TEIUIOHOCIH —
kinacuyHa constaHa oiist Syltherm800, TAM — witpat Hatpiro NaNOs. Tertodiznyni
BJIACTUBOCTI TEIUIOHOCISI JIOCTI/DKYBaJIUCh B Miapo3aul 2.3, a Termiodi3uyHi
BiacTuBocTi TAMy pa3oMm 3 HEOOXITHUMU JUIsl PO3PAXYHKY F€OMETPUYHUMH TaHUMH,

MOYAaTKOBUMHU Ta TPAHUYHUMHU YMOBaMU Ha PEKUMI 3apSAKUA MPEACTABICHI B TaOIUIII

3.1.

Tabmuus 3.1.
Bximni maHi 1)1 MpoBeICHHS YUCIOBUX CKCIICPUMEHTIB

JIoBKHHA €JIEMEHTY, M 3.3

Paniyc kanany 3 TEMJIOHOCIEM, M 0.004

Tosmuna mapy TAMy, m 0.059

CepenHsl MBUAKICTH TEIIOHOCIS, M/C 0.25
[TouaTkoBa TeMIeparypa TeIoHocis Ha Bxoai, °C 350
[TouyaTtkoBa Temneparypa TAMy, °C 290

Tennoemuicts piakoi pasu TAMy, [Ix /kr K 1655

82



Temnmoemuicts TBepaoi ¢azu TAMy, JIx /kr K 1100

['ycruna pigkoi ¢pasu TAMy, kr/m 1908

['ycruna tBepaoi Gpasu TAMy, kr/m® 2261

Temnmonposianicts piakoi gasu TAMy, Bt/m K 0.514

TemnmonposianicTs TBepAOi hasu TAMy, Br/m K 0.5
[TpuxoBana temora dazoBoro nepexoxy TAMa, JIx/kr 172000
KoedirmienT TemMnepaTypHOTO pO3IIUPEHHS PO3ILIaBy 20-10°
TAMa, 1/K

TunoBi rpadiku TemrepaTtypHux mnoiniB TAMy B pamgiaapHOMY Ta
MOB3/IOBXKHROMY HAmpsMKax 4epe3 | ToaWHy Iicis MOYaTKy 3apsaiakd IMOKa3aHi Ha

puc.3.3. ta puc.3.4.
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i
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C 315 -
= 310 SN N
305 %—‘l \¥
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0 0.01 0.02 0.03 0.04 0.05 0.06

Pagiyc TAMY, m

—z=0 z=0.25L =——z=05L =——z=0.75L =—z=L

Puc. 3.3. Posnoain Temnepatyp y TAMi B pagianbHOMY HalpsiMKy
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Puc. 3.4. Po3nozain temmnepatyp y TAMIi B OB3A0BKHBOMY HAIPSIMKY

dopMmynoBaHHA Ta Po3B’si3aHHs 3adadi CtedaHa B HaBENEHIA CIpSKEHIN

MOCTAHOBIII JTI03BOJISIE BUBHAYUTHU HE TUIbKHM po3noAin temmepatyp B TAMI, a 1 mons

TeMriepaTyp B TeruioHocii. Ha puc. 3.5. Ta pwuc.3.6. mokasaHi THUIOB1 PO3MOIUTH

TEMIIepaTyp TEIUIOHOCIS B pajiajJbHOMY Ta IMOB3JOBXHbOMY HAMpPSIMKy 4Y€pe3 4ac

MICJIS MOYATKY MPOIECY 3apsIKH.
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Puc. 3.5. Po3noain TemrepaTyp TEIJIOHOCIS B pafiaibHOMY HANPsIMKY
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Puc. 3.6. Po3noain TemriepaTyp TEIUIOHOCIS B MTOB3/I0B)KHbOMY HAIPSIMKY

Juuamika pyxy rpanuiii posnoauty ¢a3 B TAMi npoigtoctpoBaHa Ha puc. 3.7.
Jlnst Bu3HaueHoCTi rpadiku OynyBaduch HJisi KPaWHBOTO HIDKHBOTO TEPETHHY

€JIEMEHTY TEeIJI0aKyMYJISTOpa.
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PapiycTAMa, m
10c 100c 10 MmuH 30 muH 1y
----- 2y =-====3y —====4y =====5y

Puc.3.7. JIlunamika 3min Temrepatyp TAMy B kpaliHbOMY HIDKHBOMY MEPETHHI

€JIEMEHTY TEeIJI0aKyMYJIsITOpa
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Ha puc. 3.7 MoXHa IPOCTSKHUTH IOJIOKEHHsS TpaHMI po3noaiury (a3 Ta
BU3HAYUTHU IIBHUJKICTH 11 pyxy, Oasyrouuch Ha oOpoOui yucioBux ganux. Ciin

BIIMITUTH, 110 Ha MOYATKOBHUX €Tarax MpoIEeCy IUIaBIEeHHS MBUAKICTh PyXy T'PaHUIl

. r
posnofiny ¢da3 € I0CTaTHhO BHUCOKOHO ( dph =2.3764-10°m /), WO NOSACHIOETHCS
T

MaJIOI0 TOBILIMHOIO, & TOMY 1 MaJUM TepMIYHUM omopoM pinkoi ¢azu TAMy. [lpu

30UIBIICHH] TOBHIMHU po3iuiaBy TAMy MBHAKICTE PyXy TpaHHUIll po3nojailny ¢as

dr
YIOBITBHIOETHCS ( d"h =1.0583-10"° +0.8729-10° u / ¢), 110 MPHU3BOJUTH JIO TOTO,
T

1o 49ac MMOBHO1 3apAAKHU TCINIOAKYMYJIATOPA € JOCUTDh BCIIMKHUM.

3.3. BIuiuB BiJIbHOI KOHBEKIII B PO3IJIABI HA eHePreTUYHI MOKA3HUKHU

(hazomepexiTHOrO TEMJIOAKYMYJISATOPA

Brnue BinbHOI KoOHBekIii B posmiaBi TAMy BpaxoByBaBcsi B po3poOJieHii
CIpSIKEHIM MaTeMaTHYHIN MOl NUISIXOM BBEICHHS Yy BHpa3 Il YMOB 1J1€JIbHOTO
TEIJIOBOTO0 KOHTAKTy Ha rpaHull “‘remioHociii — TAM” (2.2.6) 3MIHHOTO KOE(IIEHTY

Temosinnadi o, (r,z). 3HaueHHs 1BOrO KoedillieHTy 3MiHIOBANOCH B 3aJIEKHOCTI

BIJI MTOJIOKEHHS TPaHUIIl PO3NOALTY (a3 1 po3paxOByBaJIOCh HA OCHOBI KpUTEPiaIbHUX
PIBHSHB, IPEACTABICHUX B miapo3aim 2.4.

Jnst OUIbIN eTaIbHOTO JTOCHIIKEHHSI OCOOJIMBOCTEH TEIIOOOMIHY B DPiAKIM
dazi TAMy mnpoBeneHO pPO3PaxXyHOK TEIUIOOOMIHY B TEIJIOAKYMYJISATOplI 3
BpaxyBaHHSIM BUIbHOI KOHBEKLII B po3MiaBi Ta ©0€3 TakKoro BpaxyBaHHS.
JlocniKeHHsT MPOBOAMIIUCH SIK JIJISl JTAMIHAPHOTO, TakK 1 JUIsl TYpOYJIEHTHOTO PEXUMY

Teuil TeroHocid. [lpu naMiHApHOMY pEXHUMI CEpeHS IBHAKICTh TEIIOHOCIS

nopiBaioBaza W=0.1x/c¢, mo Bixmosigamo umcny Peitnombaca Re~1850, a mpu
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TypOyneHTHOMY pexumy — W=05/c¢, mo Bigmosigamo umcny PeiiHombiaca

Re ~9300. Ha puc.3.8. mokazano posmnoain temrnepatyp B TAMI npu jJamiHapHOMY

pexuMi Tedil Teronocis. Yac 3apsaku qopiBHIOBaB Time =4 200.
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Puc. 3.8. Posnoxin remnepatyp B TAMi 6e3 BpaxyBaHHS BUTbHOT KOHBEKIIii B

pO3IUIaBl IPH JIAMIHAPHOMY PEXKUMI Teii TETIOHOCIS

Jns MopentoBaHHSI BUIHHOI KOHBeEKIIi B po3miaBi TAMy ©Oyno po3po06ieHo
CHeIiajbHIN aJrOpUTM, B SIKOMY BPaxoBYIOThbCS 3MiHU 00’emy po3iiaBy TAMy 3a
paxyHoK (a3oBoro rmnepexoay. Bigomo, 110 BiJbHAa KOHBEKIliS PI3HOI MNPUPOIU
MOYMHAE PO3BUBATHCS NPU BUKOHAHHSA BIAMOBIAHUX YMOB, IIOB’SI3aHUX 13 T€OMETPIEIO
o0’emy, skuii 3aiimae posriaB. Lleit gakt He OyB OKpeMo HOCHIKCHWI B HaHii
po6oTti. BBaxkanocs, 1110 BiJIlbHa KOHBEKI[IS TOYMHAE AISTH Bipa3y Mic/isi BAHUKHEHHS
pigkoi ¢asu TAMy i, B 3aleXHOCTI Bil 3MIHM TOBIIWMHHU IIi€l (Ga3u B alIropuTMi
BUKOPHCTOBYBAJIOCHh BIAMOBITHE KpUTEplaldbHE CIIBBIJHOIICHHS JIsi BpaxyBaHHS

BIUIMBY BIJTbHOKOHBEKTHBHHUX MOTOKIB B PO3ILJIABI.
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[Ile ogHMM Ba)XKJIMBUM MOMEHTOM, IO BIUIMBAaE€ Ha OTPUMAaHi pe3ylbTaTH, €
BU3HAYCHHS KOE(IIIEHTY TEeMIepaTypHOro posmupeHHs posmiary NaNOsz B, skuii
BXOJWUTHh y BUpa3 g uucia Penes Ra. Ha xanp, iCHYIOTH cymepewinBi naHi 3

npuBogy 3HadeHHsS [3. YwWcaOBI AOCHIIKEHHS TMPOBOJWINCH TPU 3HAYCHHI
6 -1 . .
B~20-10" K™, ske OTpUMaHO Ha OCHOBI aHaNI3y E€KCIEPUMEHTAIbLHUX JaHHUX, 110

npeactasieni B [105].
Ha pwuc.3.9. naBegeHo nuHamiky poctTy Temmepatyp B TAMi Ha pexumi

3apAOKH 13 ypaxyBaHHSM BUIBHOI KOHBEHILII IpH JaMiHApHOMY peXUMI Teuii

TEIJIOHOCIS.
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Puc.3.9. Po3noxain temmneparyp B TAMIi i3 BpaxyBaHHSIM BUIBHOI KOHBEKIIIT B

pO3IUIaBl IPH JIAMIHAPHOMY PEXKUMI TeUil TETUIOHOCIS

Ha pwuc.3.10. HaBeneHi KpuBI PO3MOJLTY TeMIepaTyp HaNPUKIHIL TMPOIECy
wiaBaeHHs (npu Time=4200) i BUMAaAKy Mojeai Oe3 BpaxyBaHHS Ta 3
ypaxyBaHHSIM BUIbHOT KOHBEKLIi B po3miaBi TAMy npu naMiHapHOMY peXuMi Teuii

TETIJIOHOCIS. HaFJI}I,Z[HO IIOKa3aHO, III0 BUIbHA KOHBGKHiH B posrmaBi CYTTEBO
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iHTeHcudikye mporec (azoBOro IMepexoay Ta 3MIHIOE MIBHUAKICTh PyXy TpaHUIIl

posnojiny ¢da3 B kaHam 3 TAMoM npu JaMiHApHOMY PYCi TETIOHOCIS.
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BumylueHa Ta BinbHa

Puc.3.10. [TopiBHSIHHS YUCIOBUX PE3YJIBTATIB JUISl BUMIAKY PO3pPaxyHKIB 3
BpaxyBaHHSM i1 BIIbHOT KOHBEKIII1 Ta 0€e3 11 BpaXyBaHHS [PU JIAMIHAPHOMY PEKUMI

Teyll TEMIOHOCIS

AHaNOTIuHI JOCHIKEHHS OyJy MPOBEACHI JJIA BUMAAKY TYpPOYJIEHTHOI Teuii

terionocisa. Ha puc. 3.11 ta puc.3.12 mokazaHo po3moijl TeMIEpaTyp y po3IuiaBi

JUISL JAHOTO BHMAAKY IIPH CEpPEeAHIN MBUIKOCTI TerioHociss W=0.5u/c.
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Puc. 3.11. Po3noain temnepatyp B TAMi 6e3 BpaxyBaHHSIM BUJIbHOI KOHBEKIIII B

pO3ILIaBi MPH TYPOYIECHTHOMY PEXHUMI TEIIOHOCIS
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Puc. 3.12. Po3noain temneparyp B TAMi 3 BpaxyBaHHSIM BIJIbHOT KOHBEKIIIT B

pO3IIaBi MpH TypOYJIEHTHOMY PEXUMI TEIIOHOCIS



Sk MokHa criocrepiraTd, po3noAin Temreparyp B TAMi nipu TypOyJeHTHii
Teuli TeIIOHOCIS MaJIO BIIPI3HAETHCS JJISI MOJIEII 3 BpaxyBaHHSM BUIbHOI KOHBEKITIi

Ta 6e3 1i BpaxyBanHs. L{e#t ¢akT HarnsaHO NpoiTrocTpoBaHuil Ha puc.3.13.
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Puc.3.13. IlopiBHSHHS YUCIOBUX PE3YyJIbTATIB JIJIsl BUIMIAJIKY PO3PAXYHKIB 3
BpaxyBaHHM i1 BUIbHOT KOHBEKIIIi Ta 0€3 1i BpaxyBaHHs NPU TYpOYJICHTHOMY

pexuMi Teuii

[lincymoByrOYi HaBeIE€HE BUINE, MOXHA 3a3HAYUTH, 110 BUIbHA KOHBEKIIIS
CYTTE€BO BIUIMBA€ Ha TeriooOMiH B mapi TAMy npu JamiHapHOMY peXHMI Teuii
tersioHocid. Ilpu mepexoai A0 TypOYJEHTHOTO peXUMY ii BIUIMB HAa PO3MOJILT
temriepatyp B TAMi Ta Ha WIBHIKICT PyXy TpaHull po3noAuty (a3 cyTTeBO
nociadmoeTses. Tak, st jmamiHapHOi Tewii 0e3 BpaxyBaHHS Ta 3 BpaxyBaHHSIM
BUIBHOI KOHBEKIIIi B PO3IUIABI MIBUAKICTh PyXy TPaHMII po3Nnoauty (a3 gopiBHIOBaIA

I
d—ph =1.424-10"°m/c Ta d—ph =1.78-10"°m/c, Bignosigno. Ilpu TypOysenTHiii Teuii —
T T

dr
d—ph=2.028-106M/CTa d—ph=2.057-106M/C, BIAIIOBIIHO. Takl 3HAYeHHS MOYKHA
T T
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MOSICHUTH TUM, 1110 MPHU JIAMIHAPHOMY PYC1 IHTEHCHUBHICTh BUMYIIICHOI KOHBEKIIIT MIXK
terioHocieM Ta TAMoM 3icTaBHa 13 IHTEHCHUBHICTIO BUIBHOI KOHBEKIIII B pO3IUIaBI
TAMy. Ilpu mepexoni no0 TypOyJIEHTHOTO PEXUMY BIUIMB BLIHHOI KOHBEKIIT Ha
teriooomMin B TAMi Oylie KOMIIEHCOBAaHO 3a pPaxXyHOK CYTTEBOI I1HTeHcHUiKarii
BUMYIIIEHOT KOHBEKIIi.

Ha ocHOBI mpoBeneHUX YHMCIOBUX AOCTIHKEHb CTA€ MOXKJIMBUM BHU3HAYCHHS
MOBHOTO Yacy 3aps/IKM — PO3PSAIKUA TEIIOBOTO aKyMyJISITOpa s oOpaHoi reomMeTpii
INPUCTPOI0 Ta BIAMOBIJHOI IIBUJIKOCTI TEIUIOHOCIS, MPOBEJACHHS ONTUMI3AIlll
napamMeTpiB OJIMHAYHOTO MOJYJII0 B 3aJIEKHOCTI BIJl CEPEIHbOI TeMIlepaTypu
TEIUIOHOCIA Ta MOro MIBHAKOCTI, MiAOIp HAWOUIBII paIiOHAIBHOTO JU3aiHY

TEIJIOBOTO aKyMYJIATOPY.

BucHoBku 10 po3ainy 3

1. Po3poOnenuii yucinoBuil anropuT™M copsbkeHoi 3aaadil Credana, skl
noOy/I0OBaHUI HAa OCHOBI METOJYy PO3IICIUICHHS 3a KOOpJAWHATaMU Ta (PI3UYHUMHU
npouecamu. J[oknaaHO omucaHi OCHOBI €Taly YUCJIOBOI CXEMHU Ta HABEAEHO OJIOK-
CXEMY YHCJIOBOrO alropuTMy. Bu3HaueHi kpurtepii WOro CTIMKOCTi, 301)KHOCTI Ta
BIIMOBIAHOCTI (DI3UYHUM MPOIECAM.

2. [IpoananizoBani Buau (yHKLIA ySABIEHOT TEIIOEMHOCTI. OOrpyHTOBAHO
BUOIp MPSIMOKYTHOTO BHTY TTi€T DyHKITIT.

3. CTBOpEHO MPOTpaMHHI KOJ Ta MPOBEACHO KOMIT IOTEPHE MOJCITIOBAHHS
napameTpiB TEIUIOAKyMYJISITOpa 13 HITpaToM HaTpiro B sskocTi TAMy 1 CHITIKOHOBOIO
omiero Syltherm800 B stkocTi TerutoHoCisA. 3HaNACHI TUIIOBI PO3MOIIIH TEMIIEPATYP Y
TAMIi Ta TemioHOCIi B pajiaJbHOMY Ta MOB3JOBXKHHOMY HalpsiMKax. BusHaueHO
MOJIOKEHHST TPAHUIll PO3MOALTYy (a3, MBUIKICTH 11 pyXy Ta MOBHHMHA Yac 3apsiaKu

TEIJIOAKYMYJIATOpa. 3HAIEeHO, 10 MIBHIKICTh PyXy TpaHull po3noiauny ¢a3 Ha
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MOYATKOBHX €Talax € 3HAayHO OiIbIIOI0, HK B KIHII IPOIECY, YUM IOSICHIOETHCS
JIOCTaTHRO TPUBAIHMIA Yac MOBHOT 3apSIKH TEIUIOBOTO aKyMYJISITOpPA.

4, Busznaueno BrumMB BUIbHOT KOHBeklii B posmiaBi TAMy Ha
IHTCHCHBHICTh TEIJIOOOMIHY B TEIUIOAKyMYJISTOpa. BUsSBIEHO, IO 3HAYHWN BILUIUB
BUTHHOI KOHBEKINli B pO3IJIaBi Ha EHEPreTHYHI TMOKA3HWKH TEIJI0AKyMYJISITOpa

CTHIOCTEPIra€ThCs JUIIE MPH JIJAMIHAPHOMY PEXHUMI PyXy TEIIIOHOCIS.
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4. MAPAMETPUYHHUI AHAJII3 TA TEPMOJJUHAMIYHA OIITUMI3AILIIA
ITAPAMETPIB ®A3OIIEPEXITHOI'O TEIIVIOAKYMYJIATOPA

Eneprernuna e(QeKkTUBHICTh (DAa30MepexiTHOTO TEIJIOAKYMYJIATOPA 3aJICKUTh
BiJ 0araThbOX BHYTPILIHIX Ta 30BHIIIHIX B3a€MOIMOB’A3aHUX (AKTOPIB. Y3TOKECHHS
mux (pakToOpiB Ta mapameTpiB, AKI IX XapaKTepU3yIOTh, 1€ CKJIagHA ONTHUMI3alliiiHa
3aJa4a, po3B’SA30K SIKO1 HEMOKJIMBHI 0€3 AETaTIbHOTO JAOCIIIKEHHS BIJIUBY KOKHOTO
TEIJIOBOTO Ta TIAPOJAUHAMIYHOIO €(EeKTy B TEIJIOAKyMYJATOPl BIAMOBIIHOL
KOHCTPYKLUIi Ta Mpu3HauYeHHs. Take JOCIIIKEHHS MPOBOAUTHCSI HA OCHOBI 3HAWICHUX
TEeMIIepaTypHUX MOdIB B TerioHocii Ta TAMI, siki HaBeneHe Buie. [lapamerpuyunuit
aHaii3 nependadyae BU3HAUEHHS BIUIMBY LIBHUJKOCTI Ta IMOYATKOBOI TeMIEpaTypu
TEIUIOHOCISI Ha 4Yac 3apsJIKu — pO3pPSIKM aKyMyJsiTopa, a BigTak 1 Ha 00’eM TAMy,
HEOOXITHUN i1 OTpUMaHHS CTaOUIbHOI Temmeparypu TtemioHocis. Kpim Toro,
BAKJIMBUM € BHU3HAYEHHS ONTHUMAJIBHOI 3 TEPMOAMHAMIYHOI TOYKH 30py IIBHJKOCTI

TEIJIOHOCIS, KA 3a0e3Meuye HalKpallll eHepreTUUHI MOKa3HUKU CUCTEMH.

4.1. BiiMB no4aTKOBOI TEMIIEPATYPH TEILUIOHOCISI TA HOr0 IIBUAKOCTI HA

CHepPreTHYHi MOKA3HUKHU (Pa30mepexiIHOro TenJI0aKyMyJasTopa

Jns mopaneIioro aHajaizy BaXKJIMBUM € HE TUIbKM 3HaxoipkeHHs 3D mosmis
temriepatyp B TAMi Ta B TEmiIoOHOCIi, a 1 CEpeIHbOMACOBI 3HAYCHHS IIUX
temneparyp. Lli 3HaueHHs BU3HAYAJIMCh i1 KOXXKHOro mnepetuHy B TAMi i
TEIJIOHOCI. 3HaueHHs cepeAHboMacoBoi Temmnepatypu TAMy Ta TermoHocis B
KOXXHOMY  TIEPeTHHI  3HAXOJWJIOCh TUIAXOM  YHUCIOBOTO  IHTETPYBaHHS 13

BUKOPUCTAHHSAM KJIACMYHHUX KBaJIpaTypHUX (pOpMyII Tpamneuiid BUpasinB
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RTAM

— I Cpef (TTAM )TTAM (r,e,r) rdr
TTAM(Z): 0 (411)

RTAM

[ Cp,(T,,, rdr

0

Ta

RTH

_ | Pr (T, )W(r)Cp,, (T, )T,,, (r.0,r)rdr
Tw(z)=-2

(4.1.2)

RTH

.[ Pru (TTH )W( f)CpTH (TTH ) rdr

0

Ha puc. 4.1. noka3zani 3MmiHM cepeaHboMacoBoi Temneparypu TAMy B
3aJIKHOCTI Bl 4Yacy B  KpalHbOMY  HI)KHbOMY  IIEPETHUHI  €JIEMEHTY

TEIUI0aKyMyJIATOpa MpU TEMIeparypi Terionocis va Bxomi T, =320°+450°C.

CepeaHs MIBUAKICTD TETUIOHOCIS MPUMaach CTaioro i qopiBHoBana W=0.25u/ c.
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Puc. 4.1. CepeaaromacoBa temneparypa TAMy nipu pi3HUX 3HAUCHHSIX TEMIIEpaTypu

TEILUIOHOCIS Ha BXO/I1

BuxopuctoByroun OTpuMaHi 3aJIeKHOCTI, MOKHA BHU3HAUUTH Yac IOBHOTO
3aTBEPAIHHS €JIEMEHTY TeIIOaKyMyJisiTopa TMpu (PIKCOBaHIM IMIBHUIKOCTI Ta Pi3HIN
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TeMrepaTypl TEIUIOHOCIS Ha BXOJ1 B KaHall. AHaji3 IOKa3ye, 10 ICHye T'paHUYHa
HIKHS Temrieparypa TtemioHocis (~350°C), ska 3abesneuye HEOOXiAHWI Yac
3apSAIKA  C€IIEMEHTAa TEIUIOAKyMYJISITOpa 3aJaHoi TeoMeTpili. 3MEHIIeHHS Ii€i
TPaHUYHOI TeMIepaTypu Npu (GiKCOBaHIM MIBUAKOCTI TEIJIOHOCIS MpHU3BEIE J0 TOTO,
M0 TEIUIoaKyMyJsiTop Oyae (YHKIIOHYBAaTH SK YHCTO TEIUIOEMHICHHN, 0e3
BUKOPHUCTAHHS MMPUXOBAHOI TEIJIOTU (PA30BOT0 Mepexony.

3MIHM IIBUJIKOCTI TEIJIOHOCIS CYTTEBO BIUIMBAIOTh K Ha CEPEIHHOMACOBY
TeMIepaTypy TEIJIOHOCIS, TaK 1 Ha cepeaHboMacoBy temmepatypy TAMy. Ha puc.
4.2. mOKa3aHO PO3MOJIiI CepeHhOMACOBOI TEMIIEpaTypy B TEIUIOHOCIT MPHU PI3HUX

HIBUJIKOCTSX Moro Tedii uepe3 30 XBUIMH IMIC/IS MOYATKY MPOLECY 3apsiiKu.
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Puc. 4.2. 3anexHicTh cepeTHHOMACOBOI TEMIIEpATypH TEIIJIOHOCIS Bl HOTO

MIBUKOCTI

Ak 1 odviKkyBajgochb, IpH 30UIBIIEHH] MIBUAKOCTI TEIUIOHOCISE KOHBEKTHBHUUI
TEIJIOOOMIH B  KaHalll IHTEHCU(PIKYEThCSA, L0 NPU3BOAUTH 1O 3POCTAHHS

CEpEeTHbOMACOBO1 TEMIIEPATYPH TETUIOHOCIS Ta MBUAKOCTI npaBiieHHs TAMy.
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Hagpeneni Ha puc.4.1 ta puc.4.2 rpadidni 3aJeXHOCTI, 10 MOKA3YIOTh BILJIUB
MOYATKOBOI TEMIIEpaTypH TEIUIOHOCIS Ta OTo MIBUIKOCTI HA PO3MOILT TeMIIepaTyp B
TAMi Ta B TemioHocii, moOymoBaHi s (a30MepexiTHOTO TEIMI0aKyMYyJIsITopa

noBxkuHO L =3.3.m. Taka noBkKMHA XapakTepHa ISl €KCIIEPUMEHTAIBHUX 3Pa3KiB

teroakymysisitopie - IILC. B peampHux consunmx [IHC  da3onepexiani
TETUIOAKYMYJIATOPI MaloTh 3HAYHO Oinbily AoBXUHY. B [28] HaBomuthes cxema
€JIEMEHTY peaIbHOr0 (Pa3onepexiTHOr0 TEIIOaKyMyJsiTopa TUly ‘“Tpyda B TpyOi”

nosxkuHo L =112 u, sxuii nmepenbauyaethcsi ana BukopuctanHs B IIIIC. Sk 1 B

EKCIIEpUMEHTAJILHOMY 3pa3Ky, B sikocTi TAMy BHKOpPHCTOBYBaBCSl HITpAT HATPIIO
NaNOs;, a B skocti Teronociss — Syltherm800. Ilpu Takiii mOBXHMHI KaHATy
3aJICKHICTh TIAPOJUHAMIYHUX TMOKA3HUKIB (IIBUIKOCTI TEIJIOHOCIS, BTPATH TUCKY
TEIJIOHOCIA) BITYYBAIOThCA OUIbIl BUpakeHO. ToMmy, B JOBrMX KaHalaX CTae

HEOOX1THUM IPOBOJIUTH TEPMOJUHAMIYHY ONTHUMI3AI1I0 CHCTEMH.

4.2. OcodauBoOCTi Tem1000MiHy B (ha3onepexiTHNX TEMI0AKYMYJISITOPaX

THILY “Tpy0a B TPYOi” BeJMKOI 10BKUHU

YucioBl €KCNEPUMEHTH 3a JJi1 BU3HAUEHHA OCOOJMBOCTEW TEIIOOOMIHY B
JOBruX (hazonepexiHUX TEII0aKyMyJIATOpax MPOBOAMIUCH IS MOJENI €JIEMEHTY

nopxuHor0 L=112m,3 R, =0.0265n ta R, =0.004.n. IlouaTkoBa Temneparypa

TAMy ta teruonocis cknagamu T, =350°C, T, =290°C . Yac 3apsaku cknanas |

TAMin
roauny [106].

Ha puc. 4.3. nokazaHo po3nojisi cepeaAHbOMACOBOI TEMIIEPATypPH MO JOBXKHUHI B
TAMi npu  naminapuomy (W=0.05m/c,Re=740) Ta  TypOyJI€HTHOMY
W=0.97/5m/c, Re=14445; W=2m/c, Re=29630; W=3m/ c, Re = 44444 pexxumax
Teuii.
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TemnepaTypa TAMy, °C
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Puc. 4.3. Po3noain cepennboMacoBoi Temmnepatypu TAMy 1o 10BKHHI KaHAITY

Mo>xxHa crmocTtepiratd, MO MpU JIAMIHAPHOMY pPEXUMI Teuli TEIIOHOCIsA

CIIOCTEPITAEThCS Maibhke pIBHOMIPDHUN pO3IMOALT TEMIlepaTyp B3JIOBXK KaHamy.

30UTbIIEHHST IIBHUJKOCTI TEIJIOHOCIS TNPU3BOAUTH A0 CYTTEBOI HEPIBHOMIPHOCTI

temnepatryp B TAMi, ajge BaXJIMBUM € TUTAHHS SK TPU I[bOMY 3MIHIOETHCS

TeMmrneparypa TerioHocis. Ha puc. 4.4. moka3aHO 3HAYEHHS CEpPeIHHOMACOBOI

TEeMIIepaTypy TEIJIOHOCIS MTPU THX K€ IIBUAKOCTSIX.
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TemnepaTypa TennoHocis, °C
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Puc. 4.4. Po3noain cepeIHLOMACOBOI TEMIIEPATYPH TEIUIOHOCIS IO TIOBXKUHI KaHAITY
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Sk BugHO 3 rpadikiB Ha puc. 4.4, piBHOMIpHA TeMIIepaTypa TEIJIOHOCIS B3IOBXK
KaHAly TakKoX Mae Miclle TMpU JaMiHapHOMY pexuMi Teuli. Llg temmeparypa
JOpiBHIOE TemrepaTypi (azoBoro nepexony TAMy maitke BCIOIU 32 BUKIIOUCHHSIM
HEBEJIMKOI MOYaTKoBOi 30HU. llel QakT miaTBepKy€eThCs palialibHUM PO3MOALIOM
temriepatyp B TAMi. Ha pwumc. 4.5. mokazaHo po3momiyi cepeaIHbOMACOBOL
temneparypy TAMy B pagiabHOMY HampsIMKy MpH JaMiHAPHOMY PEXHUMI Teuii

terutonociss (W=0.05m/¢).
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Puc. 4.5. Po3nioain cepenabomacoBoi Temieparypu TAMy o paaiycy

Sxmo 3apsaka  TEIUIOaKyMyJIsiTopa 3aBepiieHa, TO 30HA TMEeperpiBy He
nepesuiye 4% woro gomxuHHu. lleil meperpiB MOXKJINBO KOMIICHCYBATH IUISIXOM
Opraizaiiii HepIBHOMIPHOTO PyXy TEIUIOHOCIS B3JOBX JOBXHUHH TEIJIOAKyMYJIATOPA

W=W(Z). Ha puc. 4.6. nokazano posmnoxin temneparyp B TAMi B paaiaibHOMY

HalpsMKy TIpd  TrajJbMyBaHHI IOTOKY TEIUIOHOCII B  IIOYATKOBIM  30HI

(L<5m,w=0.005m/s) i3 momambliUM  MPUCKOPCHHSIM  IOIO  IOTOKY

(L>5m,w=0.05m/s).
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Puc. 4.6. Posnoain remnepatyp B TAMi y pajiaibHOMy HanpsSMKy MpU JaMiHApHOMY

peXKHMi Ta 3MiHHIN WBHAKOCTI TEILIOHOCIT W=W(Z)

Ax BumHO 3 rpadikiB Ha puc. 4.6, Mpu rajabMyBaHHI MOTOKY TEIUIOHOCIS B
MOoYaTKoBi 30H1, Temmneparypa B TAMi MOBHICTIO BHUPIBHIOETHCS, IO 3HAYHO
MOKpAally€e€ €HEepPreTUyHl MOKa3HUKU (PaxomepexiHOro Terioakymysstopa. OnHak,
JUIS opraHizallii Takoro TaJbMyBaHHS HEOOXITHO 3HAYHO YCKJIATHIOBATH IU3ANH
TEIJI0AKYMYJIATOpA HUISIXOM MpodintoBaHHs KaHainy. KpiM Toro, npu npodiiroBaHHi
N1JBUILYIOTHCA T1IpaBIivyHl BTPATH, 10 301IbIIY€ €HEPreTUUHI BUTPATH HA POKAUKY
TeIJIOHOCIA. Tomy OUThIT €()EeKTUBHUM Ta TEXHIYHO MPOCTIMIUM OaYUThCS METOJ
BUpPIBHIOBaHHS TeMmriepaTypu B TAMi nuisixom raabMyBaHHS MOTOKY 4Yepe3 3MiHY

MIBUIKOCTI B 4Yaci W= W(’L‘). Takuif MeTON TaJbMyBaHHS MOXJIMBO OpraHi3yBaTH,

YCTAaHOBUBIIIM BUTPATOMIp [JIsi TEIUIOHOCIS Ha Bxoni B kaHain. Ha puc. 4.7.
MoKazaHuii po3nofin Temmepatyp B TAMi B pamiagbHOMY HampsSMKy TIpH

raJbMyBaHHI MMOTOKY B 1mo4aTkoBi MoMmeHTH 4acy (Time <1200c, w=0.005m/c) 3

01aJIBIIKUM IIPUCKOPEHHS MOTOKY Tertonocis (Time >1200c, w=0.05m/ ¢).
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Puc. 4.7. Po3noain remnepatyp B TAMi B pagianbHOMY HalpsIMKY IPH JIAMIHAPHOMY

[MOTOIIl Ta 3MIHHIN MIBUIKOCTI TEIUIOHOCIA W = W(r)

Ax moxxHa moOaunTH Ha puc.4.7., 3aBASKH 3MiHI IIBUIKOCTI TEIUIOHOCIS B Yaci
CTa€ MOXXJIMBUM BHUpIBHIOBaHHs TemnepaTyp B TAMI, o gae 3MOry ONnTUMi3yBaTH
JU3aiiH (pa3zomnepexiTHOTO TeMI0aKyMYyJIsITopa.

Hes3Baxkarouum Ha TOM hakT, 10 JIAMIHAPHUN PEKUM TEIJIOHOCIS 3a0e3nedye
MaKCUMaJIbHO PIBHOMIpHUW po3mnonin Temmeparyp B mapi TAMy, TypOyneHTHui
pekuM € Oulblll €(PEeKTUBHUM 3 TOYKH 30pPY KOHBEKTUBHOTO TETUIOOOMIHY MIX
tersioHocieM Ta TAMowm. [locmikeHHs TemooOMiHYy B (a3zonepexiiHoMy
TEIJIOAKYMYJIITOP1 HAa OCHOBI CHPSDKEHOT MOJIENl JO3BOJISIE BU3HAYHUTH JIOKAIBHHM

KOoe(DILIEHT TETIOBIAAAYl & ( z ) 3a paXyHOK BUMYILIEHOT KOHBEKI1 y Burisai [105]:

0((2 _ GCpTH (-FTH(Z))(TTHout__TTHin) ’ (4.2.1)
27R2(Tpyy (Ryy ) =T (2))
ne G=Wp,,2nR?, — MacoBa BUTpaTa TeIUIOHOCis, kr/c; T, = — TeMmmeparypa

TEIJIOHOCIS Ha BUXO/1 3 KaHaiy, K.
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Ha puc. 4.8. npeacrtaBiaeHo 3MIHHU JIOKAJIBHOTO KOE(DIIIEHTY TEIIOBIIIaYl
IICs TIOBHOI 3apsJKHM TEIIOAKYMYJIATOpPAa, SKE PO3PaxOBaHO HAa OCHOBI (GopMyin

(4.2.1).
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Puc. 4.8. 3anexHicTh JTOKAIHPHOTO KOe(]IIll€HTY TEIIOBIAaY1 BiJl IITBUIKOCTI

TEILUTOHOCIA

AHai3 KpUBUX Ha puc. 4.8. mokasye, 10 CepeAHs MBUIKICTh TEIIOHOCIS

W=0.975m/ s(Re=14445) s3aGesnedye Haiibinb e)EKTUBHUNA KOHBEKTHBHUIL

TEILTO0OOMIH B KaHAII.

4.3. TepmoaunamiuHa onTumizauisa napamerpis ¢gazonepexiaHoro

TEeIJIOAKYMYJISITOpPA TUILY “Tpy0a B TPYOi”

[TimBUIIEHHS MBUAKOCTI TETIOHOCISI IHTEHCU(DIKY€ KOHBEKTUBHUN TETNIOOOMIH
MDK TerioHocieM Ta TAMoM. Arie 11e CyTIpOBOIKY€EThCSI 3HAYHUM 3POCTAHHSM BTPAT
THUCKY, 1110 TTIOTPEOYE JOMATKOBUX EHEPreTUYHUX BUTPAT Ha MPOKAUYKy TeruioHocls. s

npobiieMa cTae 0COOIMBO AaKTyaJIbHOI B TEIUIOAKYMYJISTOpaX BEJIMKOI JOBXKHUHH, 1€
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BTpaTU TUCKY Ha TepTs 3HauyHi. ToMy 3aauy TEeII00OMIHHY, SIKa XapaKTepU3Y€EThCS

o, 2R, : .
3HaueHHsAM umciaa Hyccenpra Nu, =—"—7 Ta rigpoauHaMiuHy 3ajaady, sKa
TH
. w-2R,,
Xapakrepuszyerbcsi  uucioM PeitHonbaca Re,, - B I[bOMY BHIAJIKY

TH
HEOOX1THO pO3B’s3yBaTH Pa3oM Ha OCHOBI TEPMOJMHAMIYHOI ONTHUMI3aIlll CUCTEMH
[107,108].

HasBHICTh 4ITKO BUPaXEHOro BXIAHOTO €(EeKTy Ta HEPIBHOMIPHOI Mepeaadi
TEIJIOTU Ha TpaHulll ‘“‘TeruioHocit — TAM” He 103BOJIs€ BU3HAYUTH CEPEAHE YHCIIO
Hyccenbra Ha OCHOBI OTPMMAaHOI BUUIE 3aJIEKHOCTI ISl JIOKAJBHOTO KOE(ILIEHTY

TEIIOBiA1au1 oc(z). Tomy nma po3paxyHKy cepeanboro uucina Hyccenbra B

TEIUI0OAKYMYJIATOPI BAKOPUCTOBYBAJIaCh 3aiekHicTh Buay [109]:

_ (f/8)(Re,, —1000)Pr,,
Y1+127(118)7 (P -1)

Nu (4.3.1)

ne f — xoedimieHT BTpaT Ha TEPTS.

B naniit poOoTi nependayanoch, 1Mo CTIHKKA KaHaTy 3 TEIJIOHOCIEM € TJIaJIKUMU,
TOMY JJisi 3HAXOJ[KCHHSI 3HAUCHHS KOE(IIIEHTY BTpaT HA TEPTs BUKOPHUCTOBYBAIACh

3aJIKHICTD I Taakux y ¢popmi [109]:

f =(0.790InRe—~1.64) . (4.3.2)

BanexHicts cepenuporo unciaa Hyccensra NU,, Bix uncia Peitnonsaca Re,,

npu T,,, =350°C nokaszano Ha puc. 4.9.
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Puc. 4.9. 3anexuicte MiXK cepeHiMu unciamMu HyccenbTa Ta yuciamu

Peiinonnpaca aj1st TEIIOHOCIS

MakcuMainbHi  TEII00OMIHHI MapaMeTpH TEIJIOHOCIS, SKI  BIAMOBIIAIOTH
MIHIMQ&JIBHUM BTpaTaM THUCKY, OynM 3HaijeHi, 0a3ylouuch Ha OPHUHIMIAX
HepiBHOBaXkHOT TepmoarHaMiku [110]. TTomaiOHuit miaxix MOXKIMBO 3aCTOCYBATH TOMY
1o mij yac (QyHKIIOHYBaHHS (Da30mepexiJHOr0 TEII0aKyMyJIsiTopa B HbOMY MaroTh
MICLIE HE3BOPOTHI TEIJIOOOMIHI Ta TIAPOJUHAMIYHI MPOLECH, B SKUX T'€HEPYETHCS
eHrporis. CaMe eHTpOMiHUN aHai3, 3anpornoHoBanuii B [111], BUKOpHCTOBYBaBCS
JUTS TIONIYKY ONTUMAIBHUX TEPMOJIMHAMIYHHUX MapaMeTPiB TEII0OaKyMyJIsTOpa.

[lepenbavaeTncsi, 1O  TeHepamis  eHTpomii y  (dasomepexigHOMY

TEIUIOAKYMYJISTOPI S ) CKIANAETHCS 13 TEHEPAllii eHTPOTIT 38 PaXyHOK TEIIO00MiHY
MK TeroHocieM 1 TAMom S, Ta TeHepallel0 EHTpOIli 3a paxyHOK
TipOJMHAMIYHUX BTpaT B KaHami S, ., [112]:

EZ G°C,

Mo TNy, 7202, TR
Tyl NUp TP 1 Ry

Sgen = S + Sfluid = ! (433)

heat

104



_ GCp (TTHout B TTHin )
L

TeIUI0aKyMyJisitopa, BT/m.

ne E, — TEIUIOBHM TOTIK HAa OJWHHWINO JOBXHHH KaHATy

Cepennst Temmneparypa TEIIOHOCIS IO TOBXKUHI KaHally po3paxoByBaJlach SIK

- T, +T
TL: THm-; THout’ (434)

a koedimieHT C; po3paxoByBaBcs 3a GOPMYJIO0

(-dP / dz) pr,, 2R,

C, = ARV (4.3.5)
(2G/ zR?, )
Ha puc. 4.10 mpeacTaBieHo 3HaA4eHHs TeHepallii eHTponii K (QyHKIIT yucen
Peiinonpaca. Po3paxynox npoBoxuscs npu T, = 350°C .
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Puc. 4.10. 3nauenns renepaiiii eHtpomii sik GyHKiii uncna PeliHonbaca

Ax BunHO 13 puc.4.10, HE3BOPOTHICTH TEMJIOBUX MPOLECIB MPH JIAMIHAPHOMY 1
NEPEeXiAHOMY peXHMaxX 3pOCTae 1 JOCATae IMOJIOrOoro MaKCHUMyMy IIpH 4HCIax

Peitnoneaca Re,,, Big 10000 mo 15000. ITicios goro reHepamis eHTpomii 3a paxyHOK
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TEIJI000MIHY 3MEHIIYETHCS 3aBISKH 3POCTAHHIO TApOAMHAMIYHUX BTpaT. OUeBUIHO,

mo uucia PeiHompaca, ki BiAmoBimaroTh JsamiHapHoMy O<Re, <2000 Ta
TypOynentHoMy 12000<Re,, <15000 pexuMmy Tedli TEIUIOHOCIA, € HaiOLIbII

ONTUMAJIBPHAMH 3 TEPMOJWHAMIYHOI TOYKH 30py JUid  (a30mepexiTHOro
TEIJI0AKYyMYJIITOpa 00panoi reometpii. Lli mani moOpe y3roKyrOThCS 3 TaHUMH, SKi
orpuMani B [28] Ha oCHOBI HaTypHHX ekcrmepuMeHTIB Ta 1D OamaHcoBOi Mojeli.
ABtopu [28] 3anponoHyBajM BBaXaTH ONTHMAILHOIO 3 TSPMOJIMHAMIYHOT TOYKH 30PY

Burpary TermioHocisi G=0.03xe/c, saxa Bianmosigae uucny PeliHonbaca
Re,, =14444 . biipm Toro, Tpeda OKpeMO BIA3HAYMTH, IO HAWOUIBII €(EKTUBHE

3HAYEHHS JIOKAJIbHOTO KOE(IIEHTY TEIJIOBIaul, IKe pO3pax0BaHO B MiAPo3aLl 4.2,
TAaKOXX BIAMNOBIIa€ OTPUMAHUM ONTHMAIBHUM 3 TEPMOAMHAMIYHOI TOYKU 30pY

napameTpa TEIJIOHOCIS.

BucHoBku 10 po3ainy 4

1. B Xoai KOMII'IOTEpHOTO MOJEIIOBAHHS BH3HAYEHO BIUIMB IMOYAaTKOBOI
TEMIIepaTypy Ta MIBUIAKOCTI TEMJIOHOCIS Ha PO3MOJILI CEPEAHLOMACOBOI TEMIIEPATYPH
TAMy Ta TerIoHOCIs ISl eKCIEPUMEHTALHOTO 3pa3ka TEIJIOBOT0 aKyMyJIaTopa.

2. 3HaiiieHo0 PpO3MOIiI  cepeaHbOoMacoBoi Temmeparypi TAMy Ta
TEIUIOHOCISI B TIOB3JOBXKHBOMY HANpPSIMKy TpPU 3MIHAX IIBUJIKOCTI TEIIOHOCIS.
BusnaueHo, 1o 0pu JaMiHAPHOMY pPEXHMI Tedii CIOCTepiraerbcs cTablibHA
TeMIIepaTypa TEIUIOHOCISI Ha BUXO/I, SIKa JOPIBHIOE TeMIepaTypi (pazoBoro mnepexomsy
TAMy. BusiBiieHO HasBHICTb HEPIBHOMIPHOTO po3noAily Temmepatyp y TAMi B
MOB3/I0B)KHBOMY HAIPSIMKY.

3. JloBenmeHo, Mo KepyBaHHS MOTOKOM TEIJIOHOCIS TO JOBXKHHI 1 B Yaci

MPU3BOJUTH 10 BUPIBHIOBAHHS PO3IOALLY cepeaHhoMacoBoi TemriepaTtypu B TAMi.
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PekoMeH/1I0BaHO BUKOPUCTOBYBAaTH KEpPyBaHHS IMOTOKOM B 4Yaci SIK METOJ, SKUU
TEXHIYHO O1IBII MPOCTIIIE peasi3yBaTH.

4. 3nHaiifieHi 3HaYCHHS JIOKAIBHOTO KOE(IIIEHTY TEIJIOBIAaul TEMIOHOCIS,
K1 TIOKa3ylOTh IHTEHCH(IKaIlil0 KOHBEKTHMBHOTO TEIJIOOOMIHY B TEIUIOHOCIT TpH
nepexoAi A0 TypOyJICHTHOTO pexumy ioro Tteuii. [IpoBemaeHmil rimpoarHAMIYHHMA
aHai3 TEIUIOHOCIA Ta BHW3HA4YeHa 3aJekHICT, uucia Hyccenpra Bim 4mcia
PeliHonbca, ska BAKOPUCTOBYETHCS JIJISl TEPMOJUHAMIYHOT ONTUMI3aIlli CHCTEMHU.

5. ba3zyrounch Ha MeTOJaX HEPIBHOBAXXHOI TEPMOJMHAMIKH, IMPOBEIECHO
SHTPOMIMHUN aHaji3 Ta po3paxoBaHa TeHepallisi CHTPOIii B TEIJIOBOMY aKyMYJISITOP1
32 paxyHOK TEIUIOBUX Ta T1APOJAMHAMIYHMX TpolieciB. BuzHaueHi Jiarna3oHu 4yucenl
Pelinonbaca, siki 3a0€3Me4yt0oTh MaKCUMaJIbHY TEIUIOBY €(EKTUBHICTh CUCTEMHU IPH

MIHIMAQJIbHUX T1IPaBIIYHUX BTpaTaXx.
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5. BEPU®IKALISA CIIPSI’KEHOI MATEMATHUYHOI MOJIEJI TA
YUCJIOBUX PE3VJIBTATIB i PO3B’SI3KY JJ151 ®A3OMNEPEXIJTHOI'O
TEIIVIOAKYMVYJIATOPA TUILY “TPYBA B TPYBI”

[Ipouenypa Bepudikarii, ska MIATBEPIKYE aICKBATHICTH PO3POOICHOT
MaTeMaTHUYHOI MOJIENI Ta OTPUMAaHUX PE3yJIbTaTiB, € 000B’A3KOBUM €JIEMEHTOM Oy b~
SKOTO YMCIIOBOrO JOCHiKeHHs. L{g mpoienypa crae ocoONIMBO BaXKJIMBOIO IiJT Yac
MOJICTIOBaHHSI ~ MPOIIECIB, SIKI BIUIMBAalOTh OJAWMH Ha ojHoro. Came Taki
B3a€MOIIOB ’A3aH1 Tpoliecu BiIOYyBalOThCS B (ha3omepexiJHOMY TeII0aKyMyJIsTopi
Tumy “Tpy6a B TpyOi”, A€ TipoJuHaMIYHI Ta TEIJIOBI MPOIIECH B KaHaJl TEIIOHOCIS
HamnpsMy BIUIMBaIOTh Ha TermooOMiH B mapi TAMy. Tomy Oyna 3ampomnoHOBaHa
CIpsDKeHa MaTeMaThuyHa MOJIelb, BepHudiKallis SKOi CKIaganach 13 JIEKUIbKOX €TarliB.
Ha mepmomy ertami OyJio MpOBEACHO MOPIBHSHHS OTPUMAHUX YHUCIOBUX JIaHHUX 13
JaHUMH HATypHOTO e€KcliepuMeHTy. Ha npyromy erami TecTyBaBCS YHCIOBHM
QITOPUTM TUIAXOM po3B’si3aHHs 3amadi Credana B mocTaHOBIN, sika Tependavae
aHANITUYHUNA po3B’si30K. Ha TpeTboMmy erami TecTyBaBCsS YHMCIOBUWA aJITOPUTM ISt
KOHBEKTUBHOTO TEIUIOOOMIHY B KPYrJoMy KaHali 3 TEIJIOHOCIEM ILISXOM

aHaJITUYHOTO PO3B’si3aHHs 3anaul [ pera-Hyccenbra.

5.1. Bepudikanis pe3yabTaTiB KOMII'IOTEPHOT0 MO/IEJTI0BAHHS HIJISIXOM

NOPiBHAHHS i3 JTaHUMH HATYPHOI'0 EKCIIEPUMEHTY

[TopiBHSHHS YMCITIOBUX JAaHUX 13 PE3YJIBTATH €KCIIEPUMEHTAIBHUX JOCIIHKEHD €
HaWOUIbII TPYHTOBHUM 1 TOMY HAMOUIbII PO3MOBCIOJKEHUM METOJOM MEPEeBIPKU
aJICKBaTHOCTI CTBOPEHOI MaTEMaTHYHOrO0 MOJeI 1 Po3poOJEHOr0 YHCIOBOIO
anroput™My. Take TOpIBHSHHS  MOXHa  HPOBOJUTH 13  BUKOPUCTAHHSM

MOBHOMACIITAOHOI MOENI BIAMOBIIHOTO MPUCTPOIO abo Horo ejaeMeHry, abo Ha
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Mozeni Ounbin MeHmoro (iHomi OudbInoro) Macmrtady. B mepmioMmy BuUMaaky
MPOBOJUTHCA TMPSME TOPIBHSAHHS PE3YyJbTaTIB 13 BU3HAYEHHSM MOXUOKU ILISXOM
CTaTUCTUYHOI OOPOOKH pe3yJbTaTiB €KCIepUMEHTY. Takui miaxia HaiO1abIl MOBHO
HaJa€ ysBY MPO 3arajibHi NapamMeTpu CUCTEMH, TOBOAUTH BIPHICTh 3alpONOHOBAHUX B
MOJIEJTi IPUITYIIICHb Ta BIAMOBIIHICTh YUCIOBUX aJTOPUTMIB.

Sxmo Bepudikamis pe3yibTaTiB  MOJETIOBAHHSA TMPOBOJIUTHCS IMUISIXOM
MOPIBHSHHSA 13 103 MacIITAOHUMU E€KCIEPUMEHTAIbHUMHU MOJIETSIMU, TO BUHUKAIOTh
CKJIQJH1 MUTaHHS, SIKI MOB’5I3aH1 13 MEPEHECEHHSIM OTPUMAaHUX JaHUX Ha pealbHUi
0o0’ext. [ns 1poro HEOOXiMHO BHUKOPUCTOBYBATH (YHIAMEHTAIbHY TEOPII0
o110HOCTI Ta PO3MIPHOCTI, sIka Ma€e 0COOJIMBOCTI Ta MOTpeOy€e MPOBEACHHS CKIIATHUX
JOJJATKOBUX €KCIIEPUMEHTIB Ta po3paxyHkiB [113].

Bepudikariii po3pobieHoi cCrHpspkeHOi MOl Ta BIAMOBIAHUX YHCIOBHX
pe3yNbTaTiB MPOBOAMIACH IUISXOM iX TMOPIBHSAHHS 3 €KCIEPUMEHTAIBHUMHU JaHUMH,
K1 OTpHMaH1 Ha MOBHOMACIITAOHIN MOENl BEPTUKAIBLHOTO TEIIOAKyMYJIATOpa TUITY
“Tpyba B TpyOi”. Pe3ynbraTH 1MX HATYpPHUX CKCIIEPUMEHTIB mpeacTasiicHi B [28]. Ha
puc. 5.1. nokazaHo ¢oTO eKCIePUMEHTAIBLHOI YCTAHOBKH, B SIKiM B IKOCT1 TEMJIOHOCIS
BUKOpHucToBYBanack oiiss Syltherm800, a B sikocti TAMy — nitpar Hatpiro NaNOs.
['eoMeTpuyHi Ta AMHAMIYHI TapaMeTpH €JEeMEHTa TEeIJI0AKYMYJIITOpa MOBHICTIO
BIJIMMOBIAAIOTh MOJCIBHUM, K1 HaBeAeH1 B Taomumi 3.1.

ABtopu B [28] mpoBoaMIM HE TUTBKM CKCIEPUMEHTAIbHI JOCIIHKEHHS, a i
3anponoHyBajiv HaOmwxkeHy 1D Marematnuny Mojenb, Ky MoOyayBalid Ha OCHOBI
IHTErpaJIbHUX PIBHAHD TEIUIOBHX OanaHCiB. Pe3ynbTaT po3paxyHKiB HA OCHOBI TaKOi
HaOmpkeHoi 1D Mopeni Takok MOPIBHIOBAIKCH 13 OTPUMAHUMU YHMCITIOBUMH JTAHUMH.
Ha puc. 5.2 Ta puc.5.3 nokasani 3MiHU B 4aci cepelHboMacoBoi TeMnepatypu TAMy
HAa PEXUMI 3apsJKd B KpaiHIM BepxXHIA Ta B KpalHIW HIWKHIA TUJIOMIMHI

TeIUI0aKyMYJIATOPa, BIJIIOBIIHO.
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Puc. 5.1. ®oto ekcnepuMeHTAIbHOI YCTAaHOBKH JIJIs1 JJOCJIIIPKEHHS TIPOIIECIiB
TEIIOMacOOOMIHY B €JI€MEHTI (ha30IepexiHOro TEeII0aKyMyJIsiTopa THILY

“tpyba B TpyO1”[28]
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Puc. 5.3. IlopiBHSIHHS €KCIEPUMEHTAJIbHUX, HAOJIMKEHUX Ta YUCIOBUX PE3yJIbTATIB

PO3MOJILTY CepeTHbOMAcOBO1 Temmeparypy B TAMi B kpaifHiil HIDKHIN IUTOIIHHI

Amnaimi3 rpadikiB Ha puc. 5.2. mokasye, 1m0 ICHYIOTh JESAKl BIAXWJICHHS MiX
YUCJIOBUMH Ta €KCIIEPUMEHTATHHIUME JaHUMH. KiTbKiCHE BUSHAYCHHS IIUX BIIXUJICHD

MPOBOJUIIOCH Ha OCHOBI CTAaTUCTUYHOTO aHai3y naHuXx. [Ipu ioro nposeaeHHi Oyio
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BU3HAYCHO BIJIHOCHE CEpEeJHE BIAXWICHHS MDK JaHUMH MOJeml T, Ta JaHUMU

mod el

. _ N Tmod el _expi
HATYPHOTO eKCIepUMEHTy T, , ke nopiBHioBano ARD =) |———"/ N ~0.041

exp ° _
=1 exp;

abo 4.1%, CepeIHbOKBAAPATUYHA noxuOKa

i (Tmod el, -rexpi )2

RMSE =4[i2 = 7.945 °C Ta MmakcuMalibHe aOCOJIOTHE BiIXMIICHHS, SKE

T |=12.2°C.

He nepesunrysano MaxAD = MaX‘Tmodeli —Top

[{i BigXWJEHHS MOKHA MOSICHUTU OCOOJIMBOCTSIMH MPOTIKAHHS NPOLECY B
KpaiiHIi BEpXHIM TOYIl TEIJIOAaKyMYJSTOpa — HAsBHICTIO TEIUIOBOI 1HEPLIMHOCTI Ha
BXIJHIA JUISHII, CYTTEBHM TEMIIEPaTypHUM TpPaJI€EHTOM Ha I JUISHI Ta IH.
He3Baxaroun Ha A€sKi KUIbKICHI BIIXWJICHHS, MOPIBHSHHS TpadikiB s KpanHin
BEpXHIN TUIOIMIMHI TIOKa3ye SKICHE Y3TOKEHHS EKCIEPUMEHTATbHUX Ta YHCIOBHX
nanux. [lpuw anamizi rTpadikiB I KpaWHIdH HWkHIA mionwHr  (puc.5.3)
CIIOCTEPITa€ThCS K KUIBKICHE, TaK 1 SIKICHE Y3TOJKEHHSI MK €KCIIEpUMEHTaJIbHUMU
Ta YHUCIOBHUMH JaHUMH. ba3yrounch Ha HaBEACHOMY BHILE, MOXKHA 3pPOOUTH
BHCHOBOK, III0 3aIIPONIOHOBAHA CIIpsDKEHa MaTeMaTHUYHa MOJEIb B LIJIOMY a/IeKBaTHO
OIMKCY€ B3a€EMOIIOB’13aH1 TEIUIOBI J1a T1APOJAMHAMIYHI MPOLECH B TEII0AKYMYJISATOPI,

a  pe3yJbTaTH  YHUCIOBOTO  MOJEIIOBAaHHA  JI0Ope  Y3TrOKYIOThCS 13

CKCIICPUMCHTAJIbHUMU PC3YyJIbTaTaMU.

5.2. Bepudikania pe3yabTaTiB 4McJI0BOro po3B’A3Ky TecToBOI 3a1a4i Ctedana

LIJISIXOM MOPIBHSIHHA i3 AHAJITHYHMM PO3B’A3KOM

B saxocti TecroBoi 3amaul Juisi Bepu(ikalii 3ampornoHOBAaHOTO METOAY Ta

YHUCJIOBOTO alTOPUTMY IO BHU3HAUEHHIO po3noauly Ttemmeparyp B TAMi
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posrisganack ojaHoBHMIpHa 3amada CredanHa B TMOCTAHOBIN, IO mepeadaydae
aHAJITUYHUN PO3B’SI30K.

Jlns  Bepudikamii 3amauay Credana Oyino TPEACTaBICHO B KIACHYHIN

nocranoBi (2.1.1) - (2.1.2):

oT o°T
C S =4 —=, >0,0<x<
psps az_ S aXZ T 5
oT, o1 ’
Cplpla—r':ﬂ,laxz', 7>0, < X<
oT, (&, 7) aT, (&, 7) o0&
Qs \or”) 4 2ot il
° OX 4 OX P or ,

T.(&7)=T(&7) =T, = const

ajie 3a YMOBH CTaJIoi TeMIEpaTypH Ha MOBEPXHI TEINIOOOMIHY

T.(0,7)=T,, =const

Ta 31 CTAJIOI0 NOYATKOBOIO YMOBOIO
T.(x,0)=T,.

VY Takiil chnpoleHiil MOCTAaHOBII 3ajadya Ma€ AHANITUYHUN PO3B 30K, SAKUN
Briepuie OyB orpumanuil CredaHoM mij yac po3B’si3aHHA 3a/ayl Mpo MpPOMEp3aHHs
rpyHty [114].

[Tomyk po3B’si3ky OyayBaBCS Ha MPUIMYIIECHHI, 10 TPU HASIBHOCTI
chopMoOBaHOi rpaHulll po3noauny dasz, 3agauy Credana MoxkHaA PO3MIISIAATH SK 33724y
PO OXOJIOJKEHHS CUCTEMH TiJl, HA TPAHUIll 31TKHEHHS SKUX MATPUMYETHCS TIOCTIHA
TeMIlepaTypa Ta ICHY€ BIJ €MHE JDKEpesio Teruia. B Takomy BUNAAKY pO3MOJILT

TEMIEPATYP y KOKHOMY 3 T1J1 BIIOMUIN
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T,(x,7)= A +Bgerf

2
T, A +Berf
(xr)= 2./ar
ne a,=———,a, = A — KOe(IIIEHTH TEMIIEPATYPOIPOBITHOCTI TBEPAOT Ta PLAKOL

Cpsps Cplpl

¢a3wu, BIAMOBIIHO.
Cram A Tta A 3HaxoAATbCA 13 BIANOBIIHUX I'PAaHUYHUX YMOB!
AS noe’ AZ = Té _BI '

Takyum YMHOM, Ma€EMO:

T.(x7)=T,, +Berf .
Z'

T, (x,7)=T,—B,| I—erf

X
2\t .
I3 ymoBH Ha rpaHuIl po3noaity (a3 Mmaemo:

T . +Berf 5 :T—Berfci:Tph:const.

noe K 2 asZ' 0 1 2 [al r

3HaueHHs B, B, € crtanuMu npu Oyab-iKOMy 4Yacl 7, TOMY, OYEBHJHO, IO

s

BEJIMYMHA T OyZle TakoXX CTaJIOl0, TOOTO TOJIOKEHHS TpaHUIll po3moaury ¢a3
T

BU3HAYAETHCA SIK & = 3 Jr , 1e [ — KoeillleHT MpOonopLIMHOCTI, IKUI XapaKTepusye
IIBUJIKICTD MOTJIMOJICHHS 30H1 MPOMEP3aHHS.

Takyum 4YMHOM, MaEMO

B — Tph _Tnoe B — TO Tph
erf ——— erfC—

2\/’ 2/a,
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OcraroyHo, aHaMITHYHUN po3B’s130K 3amaul CrtedaHa B JaHIM MOCTAHOBIN

HpHﬁMa€ BUI'JISL .
erf ——
2 /ar
ﬂ )
2./a,
X
erfc ———
2 /ar

p
a'I

T.(x7)=T,,+(T,-T..)

nog ph noe

erf

(5.2.1)

T (%7) =T, +(T, - Ty)
erfc —

2./
KoedimienT f 3HaXOaUTHCA 13 XapaKTEPUCTUUHOTO PIBHSHHSA, SIKE OYIye€ThbCs

Ha OCHOBI1 HEJIIHIMHUX YMOB Ha TPaHMIll po3noity (a3 Ta Ma€e BUTIIS:

(T~ To) £, AT, B\ priz
exp(— }L exp(—4alj_ 5 p. (5.2.2)

4a,

S B
\/gerf 2\/58 \/aerfcz\/aT

AHanitnaauit po3B’sa30k (5.2.1) — (5.2.2) ayxe cKJIaJHO BUKOPUCTOBYBATH Ha
MpakTUIli, 00 BHUpa3W MICTATh CIELiabHI MaTeMaThudHi (yHKIi, a 3HAYCHHS
koe(dimieHTy [ BHUpaKeHO HEsBHO. JJis 3HAXOKEHHS IOTO 3HAYECHHS HEOOX1THO
CTBOPUTU JOJNATKOBHI ITEpalliiHUIA aNTOpUTM, SIKUW OyB po3poOieHud B HaHii
POOOTI /ISt TECTYBAaHHS YMUCIOBUX pe3ybTariB [115].

TectoBa 3amaua Credana st OTpUMaHHS aHANITUYHOTO PO3B’S3KY Oyiia
chopMyIbOBaHa B KJIACHYHINM ITOCTAHOBII — SK 3aja4a MMPO MPOMEP3aHHS — TAHCHHS
abony. B sikocTi ¢Gi3uMdHOiI Mojeni Juis po3paxyHKIB Ta Bepudikaiii O0yso oOpaHO
npoiiec GopMyBaHHS JIbOAY Ha MOBEPXHI IIapy BOAM TOBIIUHOKO O Ta 3 TOCTIHHOIO

MOYAaTKOBOIO TEMIEPATYPOIO, IO JOPIBHIOE T,(X,O):T0 >T, . Ha moBepxui BOIM

115



BCTAHOBIIIOETBCS ~ TIOCTIHHA  TeMmmeparypa T, (0,r)=T <T,, mcas doro

nos
CHIOCTepIiraeThesl mporec GOpMyBaHHS JTHOAY Ha MOBEpXHI Boaw. B Takiii ¢hi3zudHii
nocraHoBIi 3amaua Credana po3B’s3aHa METOIOM YSABJICHOT TEINIOEMHOCTI Ha OCHOBI
maTemaTrunoi mozeni (2.1.8) — (2.1.11) 3 BUKOPHCTaHHSIM CTBOPEHOIO YHCIOBOIO

aJITOPUTMY Ta IIPOIPAMHOIO KOy .
Yucnose MojemoBanHs Oyno mposeneHo mpu T, =-20°C Ta T,=20°C.

3HaueHHs TemIo(i3nyHuX Koe(ilieHTiB Uil piakoi Ta TBepaoi (a3u obOupaiuch
3rifgHo 3 ganumu [116].

[Ipomiec (azoBoro mnepexody TpUBAE TMOBLIBHO, TOMY OOMpAaBCS YaCOBUMA
1HTEpBaJ CIIOCTEPEKEHHS, 1110 BiAMoBinae Gpi3uuHiii cyTti nporuecy. s 6=0.1u yac
criocTepekeHHs JtopiBHIOBaB TIme =30x6, a CHIBBIIHOIICHHS MK KPOKOM 332 4acoM
Ta npoctopoM gopiBHioBaso 20 x 700. 13 BUOOPOM IILOTO CIIBBITHOIICHHS HAIMPSMY
1 KUIBKOCTI

TII0B’A3aHO BM3HAYEHHA TEMIIEPATYpH JIKBiAycy T, Ta compgycy T,

lig ol
PO3pPaxXyHKOBUX BY3JiB, IO MOTPAIUISAIOTh B MPOMDKHY 30HY. Sk Oysio BigMiueHe
BUIIlE, HEBIPHUN BUOIP KITBKOCTI PO3PAXYHKOBUX BY3JTIB MOXKE MPU3BECTH O
HETPUITYCTUMHUX TTOXHOOK, KOJIM TEIIOTy (pa30BOro nepexoay He Oyne BpaxoBaHo. B
pO3paxyHKax KUIbKICTh BY3JIB y TMPOMDKHIN 30HI BU3HAYallaCh HA OCHOBI YHCIIOBUX

eKCIepuMeHTIB Ta BapitoBaiach Bix 50 mo 100 mpu Temmeparypi JIKBIIYyCY

T

lig

=0.1°C ra conimyca T, =—0.1°C.

Ha puc.5.4. nokazani pe3yiabTaTd po3paxyHKy TECTOBOI OJHOBHMMIPHOI 3ajayi
Creana MeToOM YSBIICHOI TEIUIOEMHOCTI, IO BIJAMOBIJIa€ MAaTEeMAaTHYHIN MO

(2.1.8) — (2.1.11) 3 ymoBaMu MOCTIHHOT IPaHUYHOT Ta IOYATKOBOT TEMITEPATYPH.
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Puc. 5.4. Jlunamika 3MiHU TEMIEPATYP MPU YUCIOBOMY PO3B’sI3aHHI

OJIHOBUMIPHOT TecTOBOI 3a1a4l Ctedana

Ha rpadikax, siki oTpuMaHi Ha OCHOBI pO3pO0OJIEHOTO YUCIOBOIO AIrOPUTMY Ta
CTBOPEHOTO MPOTPaMHOTO KOJy, MOXHA YITKO MpOCHiAUTA (OpPMYyBaHHS Ta PyxX
rpaHMill po3noAury (a3, BU3HAYUTU HIBUAKICTH LBOIO PYyXy Ta TEeMIEpaTypHH
PO3MOALI B PIAKIN Ta TBepAiH (a3zax.

3amaua CredanHa 3 TUMU K YHCIOBUMU JaHUMHU OyJia TaKOX PO3B’s3aHa
aHATITHYHAM METOZO0M, 0a3yruHch Ha KJIACHYHIN MatemartwuHiii momem (2.1.1) —
(2.1.2). dns noOymoBu aHamTHYHOrO po3B’s3ky (5.2.1) — (5.2.2.) mIst KOHKPETHOIO
BUIAJIKYy HEOOXIHO JOJATKOBO 3HAWTH 3HaueHHs KoedimieHty . PiBHsHHs (5.2.2)
JIJIS BU3HAYEHHSI IIbOTO KOE(PIIIEHTY € HETIHIMHUM TPaHCIEHICHTHUM PIBHSIHHSM, SIKE
MICTUTh CHeIllajdbHl MaTeMaTU4Hl (YHKINi, [0 BHU3HAYAIOTHCS 3a JOTMIOMOTOIO
tabaunp [117].

Ile xapakTepucTUUHE PIBHSIHHS OYyJIO PO3B’S3aHO METOJIOM IPOCTOIO iTepartii
Ha OcHOBI Python-koay 3a momomororo creriadbHUX BOyaoBaHuX Oi0OmioTek. [lis
oOpaHMX T[MOYAaTKOBUX Ta TpPaHUYHUX YyMOB OTpPUMaHE 3HAYCHHS JOPIBHIOE

£ =0.000457. Ha puc. 5.5 nokazaHo MNOPIBHSIHHS Pe3yJbTaTIB aHAJITUYHOTO Ta
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YUCJIOBOTO PO3B’SI3KIB JJI PO3TJsAHYTO1 (i3uyHOI Mojel mpu (ikcoBaHOMY dHaci
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Puc. 5.5. IlopiBHSHHS YMCIOBOTO Ta aHAIITHYHOTO PO3B’S3KIB OJHOBUMIPHOI

TecToBoi 3a7a4i Credana

Ha puc. 5.5 HarnsgHO mOpPOAEMOHCTPOBAHO, IO PE3YNbTATH KIACHYHOTO
AHATITUYHOTO PO3B’s3KY (MYHKTHUpPHA JIiHIS) Maibke CHIBNAAAIOTh 13 YUCIOBUMH
JAHUMH, OTPUMaHMUMHK Ha OCHOBI METO/Ty ysIBJIeHOT TerutoeMHoCTI “mushy layer”. Sk i
OUIKYBaJIOCh, JIESIKI PO301KHOCTI CHOCTEPIrarOThCsl B 30HI (Pa30BOro Mepexoidy, Je
iICHye po3puB mapaMmeTpiB. OjHak, 1 po301KHOCTI HE BIUIMBAIOTH Ha PO3MOMILI
TeMIepaTypHUX MOJIB y TBEPHOi Ta piakoi ¢dazax Ta Ha 3arajibHUl €HEepreTUYHUN
Oananc cucremu. ToMmy 3arponoOHOBAaHUN MiAX1JT 10 po3B’si3aHHs 3anaul Credana, 110
0a3yeTbcsi Ha METOJl YSBICHOI TEIJIOEMHOCTI, MOXHAa BB@XaTH MOBHICTIO
aJIcKBaTHUM 1 OTPHMMaHI Ha OCHOBI HBOTO po3nonaiiu Ttemrepatyp B TAMi

BIJIMOBIIAI0Th (PI3UYHINA CYyTHOCTI MPOIIECY SIK SIKICHO, TaK 1 KUTbKICHO.
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5.3. Bepudikanisi pe3yabTatiB 4HCI0BOro po3B’si3Ky TecToBOI 3a1a4i ['peTna-

HycceabTa HUIsIXOM NOPIiBHSAHHS 13 AHAJITHYHUM PO3B’SI3KOM

B skocti TecroBoi 3amaul s Bepudikallii YHCIOBOTO aJroOpUTMy IO
BHU3HAUEHHIO PO3MOJAUTY TEMIIEpaTyp B TOTOII TEIJIOHOCIS pO3IIifganach 3agada
I'petna — Hyccenpra [118]. Lls 3amaga ommcye cramioHapHHNA KOHBEKTHBHHIMA
TEIUIO00MIH PIIMHM MMij Yac ii JaMIHApHOTO PYXy B KaHaJll KPYIJIOro MEepeTUHy IpH
NOCTIMHIN TeMnepaTypi CTIHKH Ta MOCTIMHIN TeMnepaTypl Ha BXO/I1 B KaHaJ.

PiBHSIHHSA eHeprii AJis PIAMHYU B [IbOMY BUITQJIKy MA€ BUTJISI:

T, (r.z) 0T, (r.z) 10T,(r.z)
W(r)————==a +— : 531
(r) oz " or’ r or (5.3.1)
ae ag, = A KOe(DIIlIEHT TEMIIEPATYPOIPOBIAHOCTI TEIJIOHOCIS.
CPr P4
PiBHSIHHS eHeprii TOMOBHIOETHCS BIAMOBIIHUMHA TPAHUYHUMH YMOBaMU:
mpu r =R, O0<z<L, T, (R, 2)=T,,, =const, (5.3.2)
mpu r=0, 0<r<R,, aTTH@—(O’Z):o, (5.3.3)
r
mpu =0, 0<r<Ry, T, (r,0)=T, =const (5.3.4)

Ta BHUPA30M, SIKHA OMHUCY€E TMPO(UIh MIBUIKOCTI MPH JIAMIHAPHOMY PYCl TEIJIOHOCIS

npodisist BUAY:

w(r) = 2v_v(1—F:—22). (5.3.5)

TH
AHaMTHYHUN po3B’s30K  MareMarnuHoi Mojeni (5.3.1) — (5.3.4) Oyno

OTPUMAHO METOJIOM PO3AUICHHS 3MIHHMX. J[JIT BUKOPHCTAaHHS I[LOTO METONy OyJu

: : . _ : T =T amin
BBE/IEHI Taki Oe3po3MipHi 3MiHHI: 0Oe3po3MipHa Temmeparypa O=——7 M0

TTH - TTAMin
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. . r .
0e3po3MipHa pajiiagbHa KoopauHaTta R = ——, 6e3po3MipHa MOB3/I0BKHS KOOPIUHATA
TH

_ETH.Z_]-Z

2WRTH RTH I:)eTH RTH .

B 6e3po3mipHux 3MiHHUX MaTeMaTHaHa Moaeib (5.3.1) — (5.3.5) mae Burmsa:

2
(1- RZ)@ _9 ? +1@, (5.3.6)
0Z OR* ROR
npu Z=0, 0<R<1 60=1, (5.3.7)
00

npu Z>0, R=0, —=0, 5.3.8
p pre (5.3.8)

npu Z>0, R=1 6=0. (5.3.9)

Po3B’s130k 0e3po3mipHOi MatemaTuanoi moneni (5.3.6) — (5.3.9) € moOyTok

JIBOX (PYHKII1H

0(Z.R)=(Z)y(2). (5.3.10)

[Ticns mincranorku (5.3.10) B (5.3.6) maemo
n 1 1 1
oy + oy =(1-R*)o'y

abo
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[lepenumemMo ocTaHHIM BUpa3 y BUIIIAAI IBOX 3BUYAWHUX AH(epeHIiaTbHIX
PIBHSIHB!

d(P 2
P_ 2 5.3.11
- Ee ( )
dy  1dy )
+——+¢“(1-R =0. 5.3.12
dRZ RdrR ' °© (1-R)v (5:3.12)

P03B’s130K nepiioro piBHSIHHS €
Q= Aexp(—aZZ ) ,
ne A — crana IHTerpyBaHHS.

JIJist monyKy po3B’si3Ky JIPYroro piBHSHHS 3pYYHO MEpeTH Bia 3MiHHOI R 10

3MmiHHOIO €R. Tomi

2 R ?
dy N 1 dy _'_{1_(8 ) j\v:o' (5.3.13)
&

d(zR)’ &R d(eR) 2

PiBasiaHs (5.3.13) MOBUHHO 3a10BOJIBHATH TAKUM TPAHUYHHM YMOBAM:

dy
R=0, —=0, 5.3.14
npH R ( )
npu R=1, y=0. (5.3.15)

Po3p’s130k nudepenuianbHoro piBHsHHA (5.3.13) OyaeMo mykaTd B BUIIISAL

CTENEHEBOTO PAY:
y(eR)=3b, (¢R) . (5.3.16)

[MincTaBmsroun (5.3.16) B (5.3.13), 3Hax0n4ThCA KOeILIEHTH Py b, .
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Crana € 3HaxoauThcsa 13 TpaHuyHoi ymoBu (5.3.14). Sxmio 1o ymoBa
3actocyBatu 70 (5.3.15), To oTpumaemMo BIANOBIIHUN HECKIHUYEHUM PSJ BIACHUX

3HaueHb 3agadl ¢,. KoOXHOMYy BIlaCHOMYy 3HA4€HHIO BIINOBIAa€ BJIacHa

dyuxuiny (e,R.e, )=y, (R).
TakuM YMHOM, YaCTKOBUH PO3B’S30K AudepeHIianbHoro piBHAHHA (5.3.5)

MOJKHA 3alluCaTu y BI/IFJ]SII[i:
en = A1 eXp(_Siz)\I’n (R)’

a 3araJIbHUM pO3B’SI30K € CyMa BCiX YaCTKOBUX PO3B’SI3KIB:

0= Ay (R)exp(—aﬁ ; LJ (5.3.17)

B (5.3.17) HeBimomi koe(dillieHTH 3HAXOAATHCS 13 TPAHMYHOI YMOBHM Ha BXOJi

(5.3.7). [Micnst migcTaHOBKY 1i€i rpaHYHOI yMOBH B (5.3.17), MaeMo
1= Z_(‘; Av,( R) :

BukopuctoByroun  BIACTHBICTb  OPTOTOHAJBHOCTI  BJACHUX  (YHKIIIH,

OTPUMYEMO 3HAYEHHS HEBIJJOMUX KOE(DIIIEHTIB

A ={ . (5.3.18)
]

Takum uyumHOM, cmiBBigHOmeHHa (5.3.17) Tta (5.3.18) € anamiTUYHUM
po3B’si3koM 3amadi ['perma-Hyccenbra, Ha OCHOBI SIKOi TECTYBaBCS aJITOPHUTM

PO3paxyHKy KOHBEKTHBHOTO TEINIOOOMIHY B KaHaJIl TEIJIOAKyMYJISTOpA.
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bararouncenbHi HOCiKEHHS TOKa3aH, 1o psaf (5.3.17) mBuako 30iraeTbest —
npu 30UIbIIeHH] X BIUIMB HACTYITHMX YWICHIB B MOPIBHSAHHI 13 MONEPEAHIMU MIBUJIKO
3MmeHmyethes [119]. Sk mpaBuio, mig 4ac po3paxyHKiB Ha MPAKTUKH yCiMa YJICHAMH,
KpIM TIEpIIOro, HeXTYITh. B Takomy pa3i po3moiu1 TeMnepaTyp B MOTOII TEIJIOHOCIS

HaOMKEeHO OyJie BUpaKaTucs GopMyIioro:

T~ Tram 2 Z
T—=Awvy, (R)exp| —¢; : (5.3.19)
Trn, — Tramin ( ) Per, Ry,

in

Cawme 1€t po3B’s130K OyB 0OpaHuUii sl TECTYBaHHS 3aj]la4ul PO KOHBEKTUBHUMN
TEIJIOOOMIH TEIUIOHOCISI B KaHalll TEII0aKymyJisiTopa. B skocTi TemioHocis B
TecToBi# 3amadi 6yno o6pano Syltherm800. HMoro TemnepaTypa Ha BXOJi B KaHAT Ta
TEMIIepaTypa CTIHKMA KaHaJy BiJIIOBIJaJd MOYATKOBHUM Ta T'PAaHUYHHM yMOBaM JUIs

cpskenoi 3afaui, a came T, =350°CTta T, =290°C. eomerpis kaHamy Ta

IIBUJIKICTh TETUIOHOCIS TaKOX CIIBIAJaNIH 13 JAHUMU CIIPSDKEHOI 3a1a4i, K1 HaBeIeHI
B Ta0mmmm 3.1.

Ha puc. 5.6. Ta puc. 5.7. HaBeneHO PO3MOIIIM TEeMIEpaTyp TEIUIOHOCIS B
pajiaJbHOMY Ta IMOB30BXHBOMY HANPSIMKaX, BIAMOBIIHO, K1 3HAHCH1 YHCIOBUM Ta

AHAJIITUIHUM METOJIOM.
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5

[TopiBHSIHHSA YMCIIOBUX Ta aHAJNITUYHUX PE3yJIbTATIB TECTOBOI 3amayl ['peTia-

Hyccenpra mokasano ix moBHUE 30ir, 10 CBITYUTH MPO aJE€KBATHICTH PO3pOOIEHOT
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MaTe€MaTU4YHO1L MOI[GJIi Ta BiI[I'IOBiI[HOFO qUCJIIOBOTO AJITOPUTMY OJIA  OIIUCY

TEII000MIHY B TTOTOIIl TEMJIOHOCIS TEII0aKyMYJISITOPA.

BucHoBku 10 po3ainy 5

1. [TpoBeneHno Bepudikalito pe3ynbTaTiB KOMI IOTEPHOTO MOJEIIOBAHHS
IUIIXOM MOPIBHSHHS 13 JaHUMU HAaTypHOTO ekcrepuMmeHTy. OTpumano A00puii 30ir
YHUCJIIOBUX Ta €KCIEPUMEHTAIbHUX JIaHUX B KPalHIN HIKHIM TUIONMIMHI MOJEIBLHOTO
TeIIoakymyJiatopa. Jlesaki po301KHOCTI MK UYHCIOBUMH Ta €KCIEPUMEHTATIbHUMU
JAHUMH B KpailH1A BEPXHIM IUIOMIMHI 3HAXOAMWINCh B MEXaX 1HXEHEPHOI MOXUOKH 1
MOSICHIOBAJIMCH HAIBHICTh MTOYATKOBOI TEIIJIOBOT JIIJISTHKH.

2. Bepudikaniro uncinoBoro airoputMmy ais 3anadi Credana oTpumaHo Ha
OCHOBI1 aHAJIITUYHOTO PO3B’sI3KY TECTOBOI OJJHOBUMIPHO] 3a7a4i CTedaHa B KIIaCUUHIN
noctaHoBIll. OTpuMaHO Maike MOBHUM 30ir aHATITUYHUX Ta YUCIOBHUX JAHUX IS
TECTOBO1 3ajadi, L0 CBIAYKUTH MPO AJEKBATHICTH 3allPOMOHOBAHOTO MIAXOAY 0
YKICJIOBOTO po3B’si3aHHi 3a7aui Credana.

3. Bepupikamiro 4uciaoBoro aaropuTMmy Uil 3ajadl IpO KOHBEKTHUBHUUI
TEIJI000MIH MK TeruioHocieM 1 TAMoM oTpuMaHO Ha OCHOBI aHaNITUYHOTO
po3B’si3Ky TecToBoi 3amaul ['perna — Hyccenbra. lleli po3B’s30k  BiANOBIIAE
CTaI[lOHAPHOMY KOHBEKTHUBHOMY TEIUIOOOMIHY B KpYIJIOMY KaHadl MpU MOCTIMHIN
TeMriepaTypi cTiHKA. OTpUMaHO MOBHUHN 30iI aHATITUYHUX Ta YUCJIOBHUX JAHUX IS
TECTOBOI 3ajadyi, 10 CBIAYUTH MNPO AJAEKBATHICTH 3alPONOHOBAHOIO MIAXOAY [0
YHUCJIOBOTO PO3B’s3aHHI 3aj7a4l MPO KOHBEKTUBHHUM TEIJIOOOMIH MK TEIUIOHOCIEM 1

TAMowm.
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BUCHOBKH

Jluceprariisi € 3aKiHYEHOIO HAyKOBO-JIOCIITHOIO pOOOTOI0, B AKIH MPOBEACHO
TEOPETUYHE y3araJibHEHHS Ta KOMIUIEKCHUH PO3B’A30K BAXKINBOI HAYKOBO-IOCIITHOT
3a7a4i, sIKa MOB’A3aHa 13 MaTEMaTHUYHUM Ta KOMI IOTEPHUX MOJICIIOBAaHHIM MPOIIECIB
CHeprorepeHocy y (ha3onepexiJHuX TEMIOBUX aKyMyJIATOpax ‘“TBepJe TUIO — pianHa”
COHS'YHUX TEPMOJAWHAMIYHUX CTAHIIIMH.

[limcyMoBYIOYi MpOBEACHI AOCIIJKEHHS, SIKI MPEJCTaBJICH] B AaHid poOOTI,

MOJKHa 3pO6I/ITI/I HaCTyrIHi BHCHOBKHMH.

1. Ha ocHOB1 BceO1YHOr0 aHaJI3y Cy4acHOI HAYKOBOI JIITEpaTypy BU3HAUEHI
OCOOJIMBOCTI aKyMYJIIOBaHHSI €HEPrii B COHAYHUX CHEPreTUYHUX CHUCTEMaxX PI3HOTO
TUITy. BUCBITICHI MeTOAM aKyMyJIIOBaHHsS TeIla B TEPMOIWHAMIYHUX CHCTEMax,
30KpeMa, B MapaOoJOUWIIHAPUYHUX COHSAYHMX CTaHIlsAX. BU3HaueHi mepeBaru Ta
HEJIOJIKM TACHUBHOTO TEIUIOBOIO AaKyMYJIIOBaHHS 13 BUKOPUCTAHHSM TEIUIOTH
dazoBoro mepexoay “TBepiae TuUI0 — piauHa”. IlpoaHamizoBaHi pi3HI METOAU
MIBUIIEHHS €(PEKTUBHOCTI (ha3onepexiIHUX TeII0aKyMyJIATOPiB, OOTPYHTOBAHO
BUOIp OCHOBHUX HANPsIMKIB JOCIIIKEHb Ta ¢(POPMYJIbOBaHI OCHOBHI 3aj1ayi.

2. Bnepme po3pobrmena 3D maremMaTHyHa MOJENb CHPSDKEHOI 3aaadi
Credana, cTBOpEeHMI BIAMOBITHUIN YMCIOBHI aJITOPUTM Ta BJACHHHA MpOrpaMHMid
NPOAYKT JJIsi BUBHAYEHHS OCOOJMBOCTEH TEMI000OMIHY B TEILIOBOMY aKyMYJIATOPi 3
($ha30BUM MEepPexoIoM “TBEpPJIC TiJIO — piiuHA” TUITY “Tpybda B TpyOi”.

3. OOrpyHTOBaHO  JOUIIBHICTH  BUKOPUCTAHHS  METOLY  YSIBJICHOI
TEIJIOEMHOCTI Npu (opMyItoBaHH1 piBHsAHHA eHeprii ayig TAMy. PiBHsSHHSA eHeprii
JUTsl TETUIOHOC1S TOOY/I0BaHO Ha OCHOBI piBHAHBL HaB’e-CToKCa, a yMOBHU CIIPSIKEHOCTI
Ha rpaHuil TeraoHocis 1 TAMy BiamoBimaliu yMOBaM 1JI€aJIbHOTO TEIJIOBOTO

KOHTaKTy — TpaHUYHUM ymoBaM 4 ponay. Busnaueni npodinai MmBHAKOCTI IS
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TEIUIOHOCIS Ta 3HAWJIeHa 3aJICKHICTh TEIUIO(MI3UYHUX BIIACTUBOCTEH TEIUIOHOCIS Bif
TEeMIIepaTypH IUITXOM alpoKCHUMallli eKCIePUMEHTAIbHUX JaHUX.

4, Bnepiue po3po6ieHo METO/ BpaxyBaHHS BUIBHOT KOHBEKIIIi B pO3ILIaBi
TEIJI0AKYMYJIFOI0YOr0 MaTepiay AJis TeIJIOBOTO akyMyJiaTopa Tumy “tpy0a B Tpy6i”,
BU3HAYCHO BIUIUB DPEXKHUMY TEIUIOHOCIS Ha I1HTECHCHBHICTH BUIBHOI KOHBEKIII B
pO3ILIaBI.

5. [ToOynoBaHMil YUCIOBUIN aJITOPUTM JJIsl MOJieTtoBaHHs 3a1adi Credana B
COpPSDKEHIM IMOCTAaHOBLI, SIKM 0a3yeTbCs HA METOAl KOHTPOJIBHUX 00’ €MIB 13
PO3MLICIUICHHSIM 32 TMPOCTOPOBMMU KOOpAMHATaMHU Ta (PI3UYHUMU IPOLIECaMHU.
JleTanbHO omMcaHi OCHOBHI €Talld CTBOPEHHS MPOTPAaMHOTO KOAY Ha OCHOBI JaHOTO
aJaropuTMy, moOymaoBaHa BiJIMOBIAHA OJOK-CXeMa.

6. [IpoBeneHi YKMCIIOBI €KCIIEPUMEHTH Ta BU3HAYEHI THUIIOBI PO3MOALIN B
mpocTopi Ta yaci Temmeparyp TemioHociss 1 TAMy. BusBieHo HasiBHICTh CYTTEBOI
HEPIBHOMIPHOCTI TeMImeparyp, ska 30UIbIIYEThbCS MpU 3OUIBIICHH] IMIBUAKOCTI
TEIJIOHOCIS.

7. Bnepiie 3anpornoHoBaHl METO/IM BUPIBHIOBAHHS PO3MOJLTY TEMIIEpATyp
B TAMI, 1110 6a3yroThCs Ha Bapiallisix MBHAKOCTI TEIIOHOCIS Y TPOCTOPI Ta yaci.

8. Po3paxoBaHo JIOKagbHUN KOE(DIIIEHT TEmIOBIAAaul y (pa3zonepexiTHoMy
TEIUIOBOMY aKyMyJIATOp1 TUIy “Tpy0Oa B TpyOi”. BusBIEHO CyTTEBE MOTr0 3pOCTaHHS
Opy TABUINECHHI MIBUIKOCTI TeryioHocis. [IpoBemeHuid rigpoauHaMiuyHUN aHAI3
dazonepexiIHOTO TEIJIOBOTO aKyMyJsiTopa TUIy “Tpyba B TpyOi” Ta 3HaiijieHa
3anexxHicTh yncen HyccenbTa Big uncen PeitHonbaca.

Q. Bnepmie, 6a3yrounch Ha MPUHIUINAX HEPIBHOBAXKHOI TEPMOJAMHAMIKH,
NPOBEJICHUN EHTPOMIMHUI aHami3 Ta BHU3HAUEHI ONTUMAJbHI 3HAYEHHS YMCEl
PeitHonmbaca,  siki  3a0e3MedyloTh  MAaKCHUMaJbHy — TEIUIOBY  €(EKTHUBHICTb
dazonepexiTHOrO TEIJIOBOTO aKyMyJsaTopa MNpU MIHIMAJIbHUX T1IPOJUHAMIYHUX

BTparax TCIIJIOHO cis.
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10. IIpomenmeno Bepu@ikaiito po3poOJICHOI MaTeMaTHYHOI MOJACHI Ta
OTPUMAHUX YUCIOBUX PE3YJIbTATIB IUISIXOM MOPIBHIHHS 13 €KCIEPUMEHTAIILHUMHU Ta
aHAITUYHUMH JaHuMU. Bepudikailis Ha OCHOBI €KCIIEPUMEHTAIbHUX NaHUX IS
MOJICIBHOTO TEIUIOAKyMYJISITOpa ToKaszana ao0puil 30ip pe3ynbTaTiB. AHaIITHYHI
JaHl OTPMMaHI Ha OCHOBI PO3B’sI3aHHS JBOX TECTOBUX 3a7a4 — OJHOBHMIPHOI 3amadi
Credana B kacuuHii moctaHoBIi Ta 3anadi ['peria — HyccenbTa mpo cramionapHuii
KOHBEKTHMBHUM TEIUIOOOMIH JIAaMIHAPHOTO MOTOKY TEIUIOHOCIS B KpyIIiu TpyOl mpu
MOCTIMHIN TeMmreparypl ii moBepxHi. OTpuUMaHO TOBHHMUM 30Ir aHAIITHYHUX Ta

YHCJIOBHUX NAaHUX AJIA TCCTOBHUX 3aa4.
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