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AnHoranus. Iens. IloctpoeHue KOMIBIOTEPHOW MOZAEIM U IPOBEJCHUE pacdeToB TemieparypHbiX nosedl B IIBX okHax B
3aBUCUMOCTH OT XapaKTEePUCTHK NPO(UIISL U THUIA HCIOJIB3YeMBIX MaTepuanoB. Memoouka. MoenipoBaHue ObUIO MTPOBEAEHO IS
0JIHO-KaMEPHOT0 NMpoQuIIs ¢ OJHUM CTEKJIOM, OJHOKAMEPHOTO MPOGHIIS CO CTEKIOMAKETOM U3 JBYX CTEKOJ MPOCTPAHCTBO MEXTY
KOTOPBIMHU OBIJIO 3alOIHEHO BO3AYXOM M 3-KaMEPHBIM NMPOQUIEM C JBOMHBIM CTEKJIOMNAKETOM 3alOIHEHBIM a30ToM. B kauecTBe
MeTaJTHYECKOro npoduis Obu1 BeIOpaH — amoMuHui ( Mapka AJl1), yIuloTHUTenbHbBIE NPOKIaAKy - pe3una EPDM (mepokcuganbsao
CIIUTBIA 3THIEH-TIPONUIEH-TUEH-KaydyK MONYyYEHHbIH CHHTETHUECKUM CIOCOOOM), BCTAaBKM — IMOJHaMMAHBIE. [l mpoBeneHuUst
KOMIIBIOTEPHOTO MOJCIHMPOBAHUS HcHonb3oBamu pacuetHblii maker COMSOL  Multiphysics. [l pacdera 3¢(eKTUBHBIX
KO09(GUIMEHTOB TeIuIonepeadd M TEIUIONPOBOJHOCTH BHYTPH HPOGMIS OKHA HCIONB30BANM NMPHUOIMKEHHBIC YpPaBHCHUS IUIS
3aMKHYTBIX IOJNOCTeH. Pe3ynsmamet. IIpoBeneHHOE UNMCIEHHOE MOMAEIMPOBAHHE SHEProd(p(EeKTHBHOCTH METaJUIOIIACTHKOBEIX
OKOH II0Ka3aJ0, YTO HanOoJee TEIIIOCTONKIMH U3 PacCMaTPUBAEMBIX OKOH SBJIIOTCS TPEXKaMEPHBIC OKHA C 2-BIM CTEKJIONAKEeTOM
3aloJIHEHHBIM BO3ayXoM. Mcmosap30BaHie METaIIOMIACTUKOBBIX OKOH MO3BOJISIET CHU3UTh MaJeHHE TeMIEpaTypsl BO BHYTPEHHHX
xuibix nomenieHusx ¢ 10 °C mgo 1.5 °C mpu temmepatype okpysxkatomeil cpeasl — 40°C. Hayunaa noeusna. Y CTaHOBIICHO, YTO
Hanbosiee BBICOKOWH dHEprod(heKTHBHOCTHIO M3 PACCMOTPEHHBIX B [OaHHON paboTe OKOH oOmamaroT 3-X  KaMepHbie
METAJUIOIIACTUKOBBIE OKHA CTEKJIOMAKEThl KOTOPBIX 3alONHEHbl BakyyMoM. IIpakmuueckasa 3nauumocms. Pe3ynbraTbl
IIPOBEACHHOTO KOMIIBIOTEPHOTO MOJEGIMPOBAHUS IIOKAa3ald BO3MOXHOCTH HCIIOJNB30BaHMS pacderHoro makera COMSOL
Multiphysics npn anammsze 5Heprod(pQeKTHBHOCTH HCIIOIB30BaHUS COBPEMEHHBIX METaJUIOIUIACTHKOBBIX OKOH. Pacdernas
IporpaMma B BHJE OTICIBHOTO NMPHJIOXKEHHS MOXET OBITh HCHOJNB30BaHA HAa OOBEKTAaX TIPaKAAHCKOTO CTPOUTENBCTBA U P
pa3paboTKe HOBBIX BEICOKOI()(EKTUBHEIX CTPOUTEIILHBIX KOHCTPYKIHI U COOPYKEHHIA.

Kniouesvie cnosa: MeTamIoOIIACTHKOBEIE OKHA; Temreparypa; Ttemionepenada; COMSOL Multiphysics; koaddunuenTsr
TEIUIONEPEeAadyy, SKBUBAJICHTHAS TEIUIONPOBOIHOCTD.
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AHotanis. Mera. [loOynoBa KoMmm'toTepHOI MOJedi i NMPOBEACHHS PO3PaxyHKIB TemmepaTypHux moiiB B [IBX BikHax B
3aJIeKHOCTI Bil XapaKTepUCTUK MPO(UIIO 1 TUITy BUKOPHCTaHUX MaTepianiB. Merognka. MozenoBaHHs OyJI0 IPOBEIECHO ISl OHO-
KaMepHOTo Ipo(dimo 3 OJHUM CKIOM, OJXHOKAaMEPHOTO HpO(UI0 31 CKIOINAKETOM 3 JBOMAa CKJIAMH IPOCTIp MDX SKHUMH OyJo
3alIOBHEHO IIOBITPSIM 1 3-KaMepHHM mpodinzeM 3 3-X CKIONAKETOM 3aloBHEHI remieM. Sk MeraneBoro mpodimo OyB oOpaHuii -
amoMmiHill (Mapka AJ[l), ymirsHIOBaNBHI Tpokmanku - ryma EPDM (mepokcifaibHO 3MIUTHI ETWICH-TIPOMiIeH-Ii€H-KayayK
OTPUMaHHH CHHTETHYHHMM CIIOCOOOM), BCTABKH - IoJiaMiaHi. [l MpoBeneHHsS KOMIT'IOTEPHOTO MOJENIOBAHHS BHKOPHCTOBYBAIIN
po3paxynkoBuit maker COMSOL Multiphysics. {nsi po3paxyHky eheKTHBHHX KoeQilieHTIB Temsonepeaadi i TEmIonpoBiAHOCTI
ycepeausi npoQisito BikHa BUKOPUCTOBYBAJIM HAONMKEH] PIBHAHHS JUI 3aMKHYTHX IOpOXXHUH. Pe3yabTaTh. IIpoBeneHe uncensHe
MOJIC/TIOBaHHS €Heproe(eKTUBHOCTI METAIOIUIACTHKOBHX BIKOH ITOKA3aJio, [0 HAHOLIbII TEIJIOCTIMKUMH 3 PO3IJSHYTHX BIKOH €
TPUKAaMEpHi BiKHA 3 ABOWHUM CKJIONAKETOM 3allOBHEHUM a30TOM. BHKOpHCTaHHS METaJIOIUIACTUKOBHMX BIKOH JI03BOJISIE 3HU3HTH
MaJiHHS TeMIIepaTypH y BHYTPIIIHIX >KUTIoBHX mpuMimeHHsx 3 10 © C xo 1.5 ° C npu TemnepaTypi HaBKOJIHIITHBOTO CEPEIOBUIIA -
40°C. HaykoBa HOBU3HA. BcraHoBieHO, 0 HaifOUIBII BHCOKOIO €HEpProe(eKTHUBHICTIO 3 JOCHIIKEHHHX Yy JaHili poOOTi BikOH
MaloTh 3-X KaMepHI METaJIOIUIACTHKOBI BiKHa CKJIONAKETH SKHX 3amoBHeHI BakyymoMm. IlpakTHuna 3Haummicts. Pesymbraté
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[IPOBEACHOT0 KOMIT'IOTEPHOTO MOJISIIOBAHHS TOKa3aId MOXIIHBOCTI BUKOPHCTaHHs po3paxyHkoBoro nakery COMSOL Multiphysics
IpU  aHaji3i eHeproe()eKTUBHOCTI BHUKOPUCTAHHS Cy4aCHHX METAJOIUIACTHMKOBHX BiKOH. Po3paxyHkoBa mnporpama y BHIJISIL
OKpEeMOro JoJaTka Mo)ke OyTH BHKOpMCTaHa Ha 00'€KTax LUBUIBHOrO OyOiBHMITBA 1 MpU PO3pOoOLI HOBHX BHCOKOS()EKTHBHHX
OyniBeTbHIX KOHCTPYKIIH Ta CIIOPYA.

Kniouosi crosa: MetanomacTuKoBi BikHa; Temmeparypa; Temionepenada; COMSOL Multiphysics; koeditientn Temmonepenadi,
€KBiBaJICHTHA TEIUIONPOBIIHICTb.

NUMERICAL SIMULATION OF HEAT TRANSFER PROCESS PLASTIC
WINDOWS IN MODERN BUILDING

KOSTIN V. A.! Dr. Sc. (Tech.),
ALEKSEENKO LL', JR. Sc. (Tech.)

Annotation. Purpose Building a computer model and carrying out calculations of temperature fields in PVC windows,
depending on the profile of the characteristics and the type of materials used. Methodology. Simulations were conducted for one-
chamber profile with a single glass, single-chamber profile with glass of the two glasses the space between them was filled with air
and 3-chamber profile with double glazing filled with nitrogen. As the metal profile has been selected - aluminum (AD1 ) gaskets -
EPDM rubber (peroksidalno crosslinked ethylene-propylene-diene rubber prepared synthetically), inserting - polyamide. For the
computer simulation used the settlement package COMSOL Multiphysics. To calculate the effective heat transfer coefficients and
thermal conductivity within the profile of the window using the approximate equations for closed cavities. Findings. The numerical
modeling of the energy efficiency of plastic windows showed that most of the heat-resistant windows are considered three-
compartment windows with second glazing filled with air. The use of plastic windows can reduce the temperature drop in the interior
living spaces from 10 ° C to 1.5 © C at ambient temperature - 40 ° C. Originality. 1t was found that the most energy efficient of those
surveyed in this study have windows 3-chamber plastic windows windows which fill the vacuum. Practical value. The results of the
computer simulation showed the possibility of using the settlement package COMSOL Multiphysics analysis with energy efficiency
using modern plastic windows. Estimated program as a standalone application can be used in the civil construction and the
development of new high-efficiency building designs and construction of the facility.

Keywords: metal-plastic windows; temperature; heat transfer; COMSOL Multiphysics; heat transfer coefficients, the equivalent
thermal conductivity.

BBenenue TToMMBUHUIXIOPH] - 3TO MATEPUAN, OTHOCAIIMUACS K
TpyIIe TEepMOIUIACTOB, KOTOpBIC Mocie (GOpPMOBAHHS
U3JICNUS  COXPAHSIIOT CIOCOOHOCTh K  MOBTOPHOM
nepepaboTKe, YTO W JIENaeT €ro AakTyalbHbIM MpH
UCTIONB30BaHUN. MHTEpEeCHO, YTO METaJUIOIIACTHKOBBIC
OKHa MOTYT OBITh pa3mUYHOW (OPMBI, Tak Kak cama
cucteMa mnpoduiell yHHBEpcallbHa M CYLIECTBYET
BO3MOXXHOCTb ~ MX  KOMOWHHpOBaHHSA.  MeTamio-
IJIACTUKOBBIE  OKHA, MOTYT OBITh Pa3IMYHOW (DOPMBI,
pa3Mepa, COCTOSATh U3 PA3IMYHBIX MATEPUAIIOB.
OTIHYUTENBHON 0COOEHHOCTHIO JAHHOTO BHJIA OKOH

HavaBmmiics B mocieqHee BpeMs CTPEMUTENbHBIN
poct TapupOoB Ha YCIyTM TEIUIO- M JJICKTPOTCHEPH-
PYIOIIMX KOMITAaHUH JIeNIaeT 3a1a4H SHEProcOepeKeHIS U
TTOBBIIICHUS HEPTro3PHEKTUBHOCTH 0Cco0eHHO
aKTyanbHBIMH. He mociemHee MeCTO B 3TOM  PSIIy
3aHUMAET UCIOJIH30BaHNE METAUIOIIACTUKOBBIX OKOH B
CTPOMTENHCTBE JKUIBIX M TPOMBIIUICHHBIX TPEATNPHUSITHH.

MeTaomiacTUKOBBIE OKHa [1,2], 3TO
oObIYHBIC OKHa W3  mosuBHHWIXIOpuaHoro  (IIBX)

NpOQMIIA  OCHAINEHHBIM METAIMMECKUM (1allle Boero ABJISIETCS paMa, U3rOTOBJIEHHAs n3 apMupoBaHHoro [1BX
AIIOMHHUEBBIM) apMHUpOBaHueM (puc.1).

npoQuIIs KOTOpasi KPEMKO YCTAaHABIUBACTCS B OKOHHOM
H a npoeme. [Ipoduibp BHYTpM OKHa HMMeEET BO3IYLIHBIC
KaMepbl, C TIIOMOLIbI0 KOTOPBIX  OCYIIECTBISETCS
TEIUIOM30JISIIMA ~ KOHCTpyKImu. Kak mpaBwio, uis
METaJUIOIIACTUKOBBIX OKOH HCIIOJIB3YETCSI OJJHO, TPEX U
MATH- KaMepHBIH Tpoduinb. CTEKIONMaKeT TAaKKE MOXKET
COCTOATH M3 HECKONBKUX cioeB. [Ipu 3ToMm, wamie Bcero,
MIPOCTPAHCTBO MEX/Ty CTEKIAMH 3aIIOTHSIIOT OCYIICHHBIM
BO3AYXOM HJIH aPTOHOM.
e ] Bonpmoe pasnooOpasue MpOW3BOAMTENEH MeTaio-
IUTACTHIKOBBIX OKOH KaK OTEYECTBEHHOI'O TakK W
3apybOexxHoro mpousBoactea (Aluplast, WDS, REHAU,

TR AT KBE, VEKA u ap.) u MHOroo0pasue HCIOJIb3yeMbIX

: UMM MaTepHalioB M TUIOB MpOQuiell MPUBOJUT K TOMY,

Puc. 1. Obwuii 6u0 memanioniacmukogulx OKoH / YTO HabMIofaeTcs 3aMeTHOE pas3iuuhe B HUX Temjo-
General view of the metal-plastic windows. cOeperaroIux XapakTepUCTHKaX.
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Bmecte ¢ Tem, B Hacrosllee BpeMs B Pa3UYHBIX
007acTAX MPOMBIIUICHHOCTH IIHPOKO IMPUMEHSIOTCS
METONBI  KOMITBIOTEpHOTO  MozenupoBaHus  [3,4]
OCHOBaHHbIC Ha CIEHUAIM3UPOBAHHOM MPOIPAMMHOM
obecrieueHNH.

CoBpeMeHHbIE CHCTEMbl HHKCHEPHOI'O aHaln3a
(CAE) nmpuMeHSIOTCS ~ COBMECTHO  C CHCTEMaMH
aBTOMATH3UPOBAHHOTO MIPOCKTHPOBAHWSI (CAD)

MO3BOJSIOT NP MOMOINM PAaCcUYETHBIX METOJOB (METOX
KOHEUHBIX 3JEMEHTOB, METOJ] KOHEYHBIX Pa3sHOCTEH H
JIp.) OLICHUTb, KaK MOBEAET ceOsl KOMIBIOTEpHAsT MOJEIb
W3ZeIHsl B peaJbHBIX YCJIOBMSAX OSKCIUTyarauuu, Oe3
MPOBEACHUSI HATypHBIX HCHBITAHUN U TPUBJICYEHUS
OOJIBIINX 3aTPaT BPEMEHH U CPEJICTB.

B cBi3m ¢ 3TUM, HCHONB30BaHHE METOAOB
KOMIIBIOTEPHOTO ~ MOJENMPOBaHMWA I aHauu3a
TEeMIIEpaTypHbIX YycioBUl »skciuryaTtauuu [IBX oxoH,
MO3BOJINT C OBITOBOM TOYKM 3pEHUS IPABUIBHO
mojo0paTte OKHAa, a C HAayYHOH — ONTHUMU3HPOBATH
XapaKTepPUCTUKH TPOGUIs W THIO  HCHOIB3YEMBIX
MaTepHUaoB.

Heanb

Takum oOpa3zoMm, T[eibI0 HAcTOSImIEH PabOTHI
SIBISUIOCH  TIOCTPOCHWE KOMIIBIOTEPHOM MOZENH |
MpOBEJIEHUE pacyeToB TeMmmeparypHbix mnojeit B [1BX
OKHAaX B 3aBHCHMOCTH OT XapaKTePHCTUK Mpodmis u
THTIA HCTIOTB3yEMBIX MAaTEPHAIIOB.

Matepuan

MopnenmupoBanue OBUIO TPOBENCHO OIS OJHO-
kamepHoro mnpodmins ¢ l-um crekiom (puc.2 a),
OJHOKaMEpHOTO TPO(GUIL CO CTEKIOMAKETOM U3 2-X

CTEKOJ  MPOCTPAHCTBO  MEXKIY KOTOPBIMH  OBLIO
3all0THEHO BO3AyXoM (puc.2 0) u 3-KaMepHBIM
npodusieM ¢ 2-bBIM  CTEKJIONAKETOM  3allOJTHCHHBIM

BO3IAyXOoM. B KkadecTBe METAINIMYECKOTO MPOGHIS OBLT
BbIOpaH — amomMuHui ( Mapka AJll), yrmioTHUTEIbHBIE
npokyanku - pesuHa EPDM (mepokcuaaibHO CHIMTBIN
STHUJIEH-TIPONHIICH-TUEeH-KayuyK MTOJTyYCHHBIH
CHUHTETHYECKHUM CIIOCOOOM), BCTaBKH — MOJHAMHIHBIC.
VYmnotautenu w3 pesunsl EPDM umeror xopoinyro
CTOMKOCTh K HarpeBy W OXJIAXKIEHUIO, YCTOWYUBHI K
CXKATHUIO, nefcTBHIO aTMoc(hepHBIX OCaJIKOB.
Tenmodusnyeckue cBOMCTBAa MAaTEPHAIOB HUCIIOIB3YEMBIX
B IIpoIlecce MOACTHPOBAHNUS IIPUBEICHBI B Ta0I. |

Puc. 2. [Ipogpunu oxon ona mooeruposanus | Modeling
window profiles

Tabruya 1
Temiopusnyeckne cBOHCTBA MAaTEPHAIOB/
Thermal properties of materials

Temnogusnueckue cBoiicTBa
Marepuan | Mapka k, Cp,
b b Br/(w*Kk) | P W’ ;[;x/(;fr*K)

Ipodmms | AJIL 160 2800 880
Ipodume | Crans 3 50 7800 450
IIpodwrs | HdepeBo 0.13 500 1600
IMpopuns | PVC 0.17 1390 1900
Pe3una EPDM 0.25 1150 1000
BcraBka Poliamid 0.035 50 1030
Crexio Si02 1.00 2500 750
CTtexino Quartz 1.40 2210 730
Ilonoctu | Aprox 0.005 5.80 520
ITonoctu | Bo3myx 0.034 1.23 1008

k — K03 GUIHEHT TEIUIONPOBOIHOCTH; p - TNIOTHOCTSE, Cp
—TETUIOEMKOCTb.

MeTtoanka pac4eToB U pe3yabTaThl

Jnsi mpoBeJeHUs] KOMITBIOTEPHOTO MOJSIHPOBAHMUS
MCIIONIb30BAIM PACYETHBIN MaKeT MEKANCIHUIUTHHAPHBIX
uccenoBannit COMSOL Multiphysics [5], koTopbrit
MO3BOJISIET O0BeNMHUTH 3amaun auddysum, Temwio- u
MaccornepeHoca, THIPOJMHAMHUKH, MEXaHUKH
nedopmupyemoro TBEPJOro Tena B OJTHY
B3aWMOCBSI3aHHYIO 3aJjady. B3auMHOE pacroioKeHHe
Pa3IHYHBIX MaTepHaOB HCTIOJTB3YEMBIX npu
MO/JICIMPOBAHHH TIPECTABICHO HA PUC.3.

BHyTtpennsist croposa
AntoMuHH#T

X
N8
N
B ]
N

*\ \

Tonmamun

Hapyxuas cropona

Puc. 3. Mamepuan npoguns okna | Window materials

B pabote pemeHme ypaBHEHHS TEIUIOPOBOJHOCTH
MPOBOAMIIOCH METOJIOM KOHEYHBIX 3JieMeHTOoB (MKD),
MyTEM MOCTPOCHUS HEOJHOPOIHON aAanTUBHON CETKH U
3alaHusl B KaXJOM SUEMKE CETKU HHTEPIOJSILUOHHOIO
MHorousieHa Jlarpan:ka BTOporo nopsiaka [6].

AnreOpanuecKylo CUCTEMY YPaBHEHHUH, OJTY4YECHHYIO
JICKpeTH3anneil OOBIKHOBEHHBIX I depeHnnantbHbIX
ypaBHEHMH, pemany B nakere pacaeroB MUMPS.

YpaBHEHHE TEIUIONPOBOJHOCTH HMMEET CIEAYOIIUi
BUJ

pc(aa—T+u~VT)=V-(kVT)
t

TennoBoil MOTOK [ BHYTPEHHEH M BHEIIHEH
CTOPOHBI OKOHHOT'O IIPOGMIIS 3agaercst ypaBHEHHEM
Hetorona

(VD) =h(T,,,,~T)
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rae Tewew — BHemHsS TemnepaTtypa ( T=20°C — mna
BHYTpeHHEH cTOopoHbl OkHa, T, = -40°C...+0°C — mna
HapY>KHOM).

OCOOEHHOCTRIO JAHHOW 3aJadd SABJIAETCS HaINYHE
HECKOJIBKUX (0T 1-r0 O 5-M) 3aMKHYTBIX NPOCTPAHCTB
BHYTpH npoduis okHa. TpamunuoHHbIe K03()OUITMCHTHI
Terionepenadyd 4 W TEIJIONPOBOJHOCTA Kk B TaKol
MOCTAHOBKE 3a/1a4M MCIOJIb30BATh HENb3S.

Koappuunenr TeIuIonepera4n o0paTHO
NPONOPIMOHANIEH  TEPMHUYECKOMY  COIPOTHBIICHUIO
h=l/R.

I[J'IH HECMPOBETPUBACMBIX NMPAMOYT'OJIbHBIX HOHOCTeﬁ,
OKBUBAJICHTHAA TCIJIONPOBOAHOCTL OIPCALCIAIach 110

¢dopmyne [7]:

k =d/R

eq
rae d - pa3sMep IOJIOCTH B HAaNpaBICHUH TEIUIOBOTO
moToKa, a R — TepMHYEeCKOe COIPOTHBIICHHUE

onpenenseMoe 1o Gopmyie:

R=1/(h,+h)
rne h, — KOHBEKTHUBHBIH KOA(QQUIMEHT Teruionepeaad,
ha— paguaninoOHHBIN.

KoappunmenTsr TerIonepe1aun 3a1al0TCSA
BBIPAKCHUSIMH
h,= 40T EF
C/d ecmu b<5mum

max(C, /d,C,(AT/(1K)"*) naobopom

rne C;=0.025 Bm/m*K), C.=0.73 Bm/(M°*K), AT-
MakcHMallbHas pa3HHIA TeMIeparyp B MOJOCTSX,
0=5.67*10"% Bm/(M**K*) koHcranta Credana-
Bomprmana, T, - cpenHsss TeMmeparypa Ha TpaHHLE
MOJIOCTH, £ — MEXIOBEPXHOCTHOE H3IyYeHHE, KOTOPOE
OIIPEEIISIETCS N3 BBIPAKEHHS:

a 1

1/ +1/¢g,-1

& u & - KOdPQUIMEHTH MOBEPXHOCTHOTO H3Iy4CHHS
(npunsTer papabiMu 0.9), F- ¢hakTop ceyeHus:

1, d d.,
F=o(-fs /1+(g))

d — pa3Mep TOJOCTH a HampaBlIeHUH TEIIOO0TBOJA, b —
pa3Mep MOJOCTH B IEPICHIUKYIIPHOM HAIIPaBICHUH.

OU3MKO-XMMHYECKHE CBOWCTBA MaTepHana OKOH
IIpeCTaBIeHEI B Ta0I. 1

Pacuernbie 3HAYCHUS TeMIepaTyp B
METAJUIOTUIACTUKOBBIX ~ OKHaX  MpH  TeMIepaType
okpy>xatouient cpensl - 40 °C npeacraBieHsl Ha puc.4.

AHanu3 ~ TONY4YEHHBIX  pe3ysibTatoB  (puc.5)
MMOKAa3BIBaeT, 4dYTO CO CHIKCHHEM  TEeMIIepPaTyphl
okpyxatomier cpens (¢ +0°C mo -40 °C) Temneparypa B
MTOMEIIEHNH KOHEYHO ke cHmkaeTcs. [Ipudem mpu -40°C
B 3aBHCHMOCTH OT THIA HCIONB3YeMOro OKHA 3TO
pasnuare MoKeT cocTaBisaTh 1o 10 °C.

Pacuersr TTOKa3BIBAIOT, 9TO HauboIee
TEIUIOCTOMKMMH W3  PAacCMaTpUBaEMBIX  METaJlIO-
IUIACTUKOBBIX OKOH, T.€. TeX KOTOpBIE XYK€ BCEro
OTIAIOT TEIUIO, SIBISAIOTCS TPEXKaMepHbIE OKHA C 2-bIM
CTEKJIONAKEeTOM 3aIlOJHEHHBIM BO3ayxoM. HamOGombrree

CHIDKCHHE TEMIICPaTyphl B IOMCIICHHHA COCTaBJISCT
Bcero 3.5 °C npu Temnepatype Bo3ayxa -40 °C.

Surfae: Tempuracurs idegli

oUF

o jwaua

Butbutm Tamparatun |dsgE|
AL d . . i
Jania

[E] 1 a1 [T

0

Surtasn, Tamprerature ldwgi|

Aisn

8
Puc. 4. Pacuemnvie memnepamypHvie nois npoguis
OKHa npu memnepamype gueuirell cpeowvt -40 °C /
Calculated temperature fields window at ambient
temperature -40 ° C
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Puc.5 Bauanue memnepamypul okpysrcaroueli cpeovl Ha
memnepamypy Hympu nomewenus: 1-3x xamepnule, 2 -
O0OHOKAMepHble + 8030YX; 3 -0OHOKaMepHble OKHA/
Influence of ambient temperature on the temperature
inside the room
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PacuerHrble 3HaYeHUS TEMIICPpATYp BHYTPU METAJLJIO-

IJIAaCTUKOBOI'O HpO(l)I/IJ'Iﬂ MOACINPYEMbBIX OKOH
MIpeCTaBIICHEI Ha PUC.0.
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Puc. 6. Pacuemuvie uzonunuu memnepamypuvix noiet

PA3TUYHBIX OKOH NPU memnepamype gneuinetl cpeovl -

40°C / Calculated isoline temperature fields window at
ambient temperature -40 ° C

Haumenee TEPMOCTONKUMU SIBJISIFOTCSI
OIHOKaMepHble OKHAa ¢ 1 omumMm creknom. [lamenue
TeMIepaTyphl B 3TOM cirydae gocturaet -10 °C.

[IpencraBnser NpakTUYECKUM MHTEPEC BOIPOC Kak
moBeAyT  cebsd  METAUIOIUIACTUKOBHIE ~ OKHa B
3aBUCHUMOCTH OT TOIO KaKuUM ra3oM OyJeT 3aIoJIHeH
CTEKJIOAKET.

B pamkax naHHOH pabOTHI OBUIO TIPOMOJEITHPOBAHO
BIIMSIHAE Pa3IMYHBIX Ta3oB — BO3/yXa, aproHa, Tenus U
€ro IMOJHOe OTCyTCTBHE ( BakyymMa ) — Ha
TEPMOCTOMKOCTb OKOH W  XapakTep W3MCHEHHS
TEMIIepaTypbl BHYTPH TOMEIIEHHUS.

PacueTHble pe3ynbTaThl IO BIUSHUIO 3aMIOTHSIOMIETO
CTEKJIOMAKET ra3a Ha TEMIIEPaTypy BHYTPH MOMEIICHUS
MIpEACTaBICHBI Ha pUC.7.

Surfoce: Temperniure (degtl Contoun Temperature {dagh]
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Puc.7 Bnusnue cocmasa 3anoanswouieco 2asza Ha
memnepamypy — Memanionaacmuko8o20 npouia  a-
6030yx, 6 —apeon, ¢ —eenuti, 2- gaxyym/ Influence of the
composition of the filling gas at profile temperature: a -
air; b —argon; 2 - gelium, 0 - vacuum.
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Kak  BuUIZHO W3  TONYyYEHHBIX  PE3yJIbTATOB
HAWITYYIIUMH  TEIUIOM30JSIMOHHBIMA  CBOWCTBAMH
007amaroT METaJUIOINIACTUKOBBIE OKHA CTEKIIOIIAKETHI
KOTOPBIX 3aIl0JHEHH BakyyMoM (puc.7 1). Temmepatypa
Ha TTOBEPXHOCTH CTeKa cocTaBisieT 18.5 °C, T.e mameHue
TemmepaTypbl coctaBisier Bcero 1.5 °C wu 3T0 mpm
Temneparype BHemHel cpenst — 40 °C.

I[Ipu  3amonmHeHWM  TenWeM  TeMIeparypa  BO
BHYTpeHHUX nomereHus cocrasisier 14.3 °C. Torna kak
IpyU  3alO0JHEHHMH BO3JYXOM W  aproHOM  OHa

npubau3uTensHO oanHakoBa 14.9 °C u 15.0 °C.

AHanu3 TEIioBOro MOTOKa pHC.8 MOKa3bIBaeT, YTO B
mnpenenax 3aMKHYTBIX — TojiocTed  (kamep) — Temio
pacmpocTpaHsaeTcsl MPEUMYUIECTBEHHO OT BHYTPEHHHUX
gacTeil K HapyKHBIM IIPH OTCYTCTBHH TEIUIOBOTO ITOTOKA
B ITOTIEPEYHOM HaIPaBIICHUH.

Sevow Surlaoe Tol! hest fus Surface: Tameerature (dege)

" "
0,08 11 01z

Puc. 8. Tennosou nomox 6 npoghure okuwa npu
memnepamype enewnreil cpeovt -40 °C./ The heat flow in
the window profile at ambient temperature -40 ° C.

Amnanmiz TEMIIepaTyPHBIX nosei BHYTpH
METaJIOIIACTUKOBBIX OKOH nokasai, 4TO
METAUIMYECKUEe apMUPYIOIIME BCTaBKH (aJIOMHUHHM,
CTajJb) HAXOIIIMECs B 3aKPHITBIX Kamepax I[OMHMO
YIpOUHSIOmEeH (YHKIMH, UIPAalOT pOjib CBOCOOPa3HBIX
aKKyMyJISITOPOB ~ TE€IUIa,  KOTOpBIE  TNPEMSATCTBYIOT
OBICTPOMY CHIDKCHHUIO TEMIIEPATYypPhl B paMe OKHa.

B 3akmoueHMM  HEOOXOAMMO  OTMETHTH, 4YTO
MPEUMYIIECTBOM HCIIOIb30BAaHUA PACUYETHBIX METOOB
MOJEIHMPOBAaHMS  TEIUIOBBIX  IPOIECCOB  SIBIISIETCS

BO3MOXHOCTbL OLCHUTb TCPMOCONPOTUBIICHUEC OKOH,
KOTOPBIC «I1IO0Ka CIIe» (') HC MCIIOJIB3YIOTCA Ha MPAKTUKE.

Pe3yabTarthl

Pe3ynbraTe HPOBEJICHHOTO KOMIIBIOTEPHOTO
MOJICTTMPOBAHHUS ToKasanu BO3MOXXHOCTH
UCIIOJIb30BaHHMS pacyeTHOro raxkera
MEXAUCUUTUTHHAPHBIX HCCIIETOBAHUH COMSOL
Multiphysics npu aHamuze 5Heprod(PeKTUBHOCTH
UCIIONIb30BaHMUs  COBPEMEHHBIX METaJIOIIACTUKOBBIX
okoH. PacuerHas mnporpaMMa B BHUIE OTAEIBHOTO

MIPIJIOKEHUST MOXET OBITh HCIOJb30BaHA HA OOBEKTax
TPAKIAHCKOTO CTPOUTEIHLCTBA W MPHU pa3paboTKe HOBBIX
BBICOKO()(DEKTUBHBIX CTPOUTENBHBIX KOHCTPYKIHH H
COOpYKEHUH.

Hayqﬂaﬂ HOBHM3HA U MPAKTHYECKaA HIEHHOCTD

YcTaHOoBIEHO, 4TO Haunbomee BEICOKO#
9HEProd(PPEKTUBHOCTHIO U3 PACCMOTPEHHBIX B JaHHOW
paboTe 00damaroT 3-X KaMEepHBIE METAJLIOIUIACTHKOBEIC
OKHA CTEKJIOMAKEThl KOTOPBIX 3alOJIHEHBI BaKyyMOM
(oTkaueH Bo31yX). UeM BHIIIE CTENICHb OTKAYKH, TEM, I10-
BUIUMOMY, OyIeT MEHbIEe IMOTeph Ha TEILIoNeperady
Teria.

BriBoabI

1. IIpoananmm3upoBaHa BO3MOXKHOCTh HCIIOJIb30BaHUSA
nakera COMSOL Multiphysics anst aHanausza TEmIOBBIX

MpoOIecCOoB W 3HEProd@PEeKTUBHOCTH  METaIIo-
TUIACTUKOBBIX OKOH.

2. Ha OCHOBaHHUH BBIMOJHEHHBIX pacdeToB
YCTaHOBJICHO, 41O Haunboee BBICOKOI
SHEProdPPEKTUBHOCTRIO  00MamaroT 3-Xx  KaMepHbIe

METaJUIOIIIACTHKOBEIE OKHAa C JIBOHHBIM CTEKJIONAKeTOM
3aI10JTHEHBIM BO3/IyXOM.

3. Ucnone3zoBanue METaJJIOIIACTUKOBBIX OKOH
MO3BOJISIET ~ CHM3WUTHh  IIAJICHHE  TEMIEpPaTypbl  BO
BHyTpeHHuUX nomemeHuwsx ¢ 10 °C mo 1.5 °C mpu
TemIeparype oxkpyxkaromeit cpeast — 40°C.

4. PacyeTHRIMM  METOJaMM  MOKa3aHO, 4YTO B
HEePCHEeKTHBE  CIINYeT  CTPEMHUThCS  HCIIOIb30BATh
JBOMHBIE OKOHHBIE CTEKJIONAKEThl M3 KOTOPHIX YHalleH
BO3/yX, YTO CIOCOOHO 3HAYHUTENHHO MOBBICHTH 3HEPIro-
3 HEKTUBHOCTH METAIOTIIACTHKOBBBIX OKOH.
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BJIMSTHUE TEMITEPATYPBI H30TEPMUYECKOM BBIJIEP)KKH HA
JIMKBAIIUIO U MUKPOMEXAHNYECKHUE XAPAKTEPUCTUKH
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AnHoTanmsi. I]ens. VccrnenoBaHue BIUSIHUS JIETHPYIOIIMX OSJIEMEHTOB W HUX IMepepacnpefeleHus Mexay ¢a3amMu H
CTPYKTYPHBIMH COCTaBJIAIOLIMMU B 3aBUCUMOCTH OT TEMIIEPaTypbl U30TEPMUUYECKHX BBIICPKEK B XpPOMOMApraHLEBOM YyI'yHE Ha
MUKPOMEXAHUYECKUE XapaKTCPUCTUKU C ILIEIbI0 NPOrHO3UPOBAHUS H3HOCOCTOMKOCTH B IpoLecce AKCILTyaTauuu. Memoouka.
OOBEKTOM HCCIENOBAHMS B HACTOAIIEH paboTe CITyXKMIM 0OpasIbl ONMBITHO-IIPOMBIIIIEHHBIX INIABOK XPOMOMApPTaHIIEBOI0 YyTyHA.
Uyryn noasepranu aycreHutusanuu npu 950°C B TeueHwe 1 dyaca ¢ MOCIEIYIONIMMHU H30TEPMUYECKHUMHU BBIICPKKAMHU IPU
temneparypax 550°C, 500°C, 400°C, 350°C, 300°C, 250°C, 200°C , 150°C B Teuenue 24 - 40uacoB. Pacnipenenenue nerupyromux
3JIEMEHTOB MEXAy (asaMH U CTPYKTYPHBIMH COCTaBISIOLIMMH XPOMOMApraHLEBOr0 YyryHa B JIATOM COCTOSHMH M IOCIE
H30TEPMUYECKHX BBIICPKEK H3y4dald C HOMOIIBIO JJIEKTpOHHOro Mukpockona JSM-840 c cucremoii mukpoananmsza “Link-
860/500”. Wnentndukanuio (a3 B HCCICAOBAHHBIX YyryHaX IMPOBOJMIA METOJOM pEHTICHOCTPYKTYPHOrO aHaiu3a Ha
mudpakromerpe JJPOH - 3M B FeKu - m3mydennmn. TBepIoCTb XpOMOMAapraHIEBBIX YYTYHOB B JINTOM COCTOSHHM M IIOCIE
HM30TEPMUYECKUX BBIIEPKEK Onpenessian meroaoM Poksena Pezynsmamot. [1poBeeHHBIN KOMIIEKC MCCIIEAOBAHUI MOKa3all, 4TO
(da3oBble, CTPYKTYpHbIE IIPEBpPAICHUS M JIMKBAIIMOHHBIE MPONECCH, Pa3BHBAIONIMECS B XPOMOMApraHIEBOM YYyryHE IIPH
HM30TEPMUYECKUX BBLICPIKKAaX B uHTepBaie TemmepaTyp or 200 po 550°C, npuBOAT K YBEIMYCHHUIO MHUKPOTBEPIOCTH U
MHKPOMEXaHHMYECKUX XapaKTePUCTHK MATpPHUIIbI, a MUKPOMEXaHHMUECKUE XapaKTePHCTHKN KapOHWIOB CHIXKAIOTCS II0 CPaBHEHHIO C
JUTBIM cocTossHueM. Hayunasa noeusna. Y CTaHOBICHO, YTO YPOBEHb TBEPJOCTH XPOMOMAPraHIEBOrO YyT'yHa B JIUTOM COCTOSIHUH U
MOCJIE M30TEPMHYECKUX BBIIEPKEK OMPENENAETCS KaK CTENEHBIO JISTHPOBAHHOCTU MATPHIBI, TaK U CTENEHBIO JIETMPOBAHHOCTH
XpOMOM 3BTEKTHUYECKOro KapOujaa um oOycioBieH (a30BBIMH TNPEBPAIIECHUAMH IEPEOXTaXICHHOTO aycTteHuta. Ilpakmuueckasn
3nayumocmy. IloHMMaHHe MeXaHM3MOB (Da30BBIX MPEBPAIICHUH M CTPYKTYPHBIX HM3MEHECHHH, CBS3aHHBIX C JIMKBALMOHHBIMH
HPOIECCaMH, U MOJyYeHHE KOJMYECTBEHHBIX 3aKOHOMEPHOCTEH, ONMUCHIBAIONIMX (OPMUPOBAHHUE CTPYKTYPHBIX COCTABIAIOIIUX IIPU
HM30TEPMUYECKUX BBIACPKKAX, MO3BOIMT YIPABIIATh CTPYKTYpOH M CBOMCTBaMH, a TaKKe IIPOHO3UPOBATH H3HOCOCTOMKOCTH
H3ENUHA 13 XpOMOMAPTaHIIEBBIX YyT'YHOB.

Kniouesvie cnosa: XxpoMOMapraHIeBHIi YyTyH, CTPYKTYpa, (a30BBIi COCTaB, CBOMCTBA, CTENCHb JTMKBAIIHNL.

BIIJIUB TEMIEPATYPHU I30TEPMIYHOI BUTPUMKHU HA JIIKBAIIIIO
TA MIKPOMEXAHIYHI XAPAKTEPUCTUKHU XPOMOMAPI'AHIHEBOT' O
YABYHY
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