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AHHOTALUMNA

BeepneHue. MprBeneH 0630p nuTepatypbl No cnocobam MaTeMaT4eCcKoro MoAenMpoBaHUs CTaLMOHAPHBIX M HECTALIMOHAPHbIX
TemnepaTypHbIX MOMNei orpaxaaroLmx KOHCTPYKUMIA 3aaHWiA. okasaHo, YTo TemrnepaTypHOe COCTOSIHUE OrpaXKOaeHWs BnusieT
Ha aHeprocbepexeHne 1 SHeproaheKTUBHOCTL 3haHus. Pa3paboTka MeTodoB pacyeTa TEMMNEPATYPHOTO pexmMma O0COBEHHO
aKTyanbHa B YCIOBUSIX MOSBMEHUSI HOBbLIX KOHCTPYKTUBHBIX PELLEHWUI U TENSOU30MSALMOHHBIX MaTepuarnos, HanpumMep npume-
HeHUs1 hasonepexoaHbiX MaTepuarnos, UCMOMb30BaHNS 3AaHWIA C HYNEeBbIM 3HEPronoTpebrneHNEM 1 PacCMOTPEHUST BOMPOCOB
3ereHoro CTpoUTENbLCTBA.

MaTepuanbi u meToAbl. Vicnonb3oBaHbl pOCCUACKME U 3apyOexHble UCTOYHMKM, B YACTHOCTM POCCUICKNE CTaTby U3 Cru-
cka BAK, ancceprtauum kaHanaaToB TEXHUYECKUX Hayk. [MpoaHanuanpoBaHbl 3apy6exHble CTOMHUKW, MPOVMHAEKCUPOBaH-
Hble B MeXayHapoaHbIx 6a3ax gaHHbIx (Scopus n Web of Science).

PesynbraTtbl. OTMeveHa paboTa A.B. KonecHukoBol, B KOTOpOI paccmaTpuBaeTtcst uanko-maTemaTnyeckas mogens ans
OMMCaHUst HECTaLMOHaPHOTO ABYXMEPHOTO TennonepeHoca B HeogHopoaHoM dhparmenTe. MNpueeaena pabota I1.A. Mynbaac
C uccriegoBaHneM MHOroakTopHOW TennoMuanyeckon Moaenu, B KOTOPOW Y4UTbIBANUCb MHOTOCIIOMHOCTb KOHCTPYKLMNA,
HecTaumMoHapHOCTb NPOLECCOB, HanM4Me Braru 1 rasosbix cped. [NpeacTtasneH nogxod T.A. MUPOLUHUYEHKO, KOTOpPbIV pe-
LaeT 3agady O BIUSHUW LUIMHOPUYECKOrO KOHHEKTOPA Ha TEeMNSI0BOE COCTOSIHME TPEXCIONHON OrpaXkaatoLLet KOHCTPYKLUUA
B LMINMHOPUYECKON CUCTeME KoopauHaT. M3yyeHbl MaTemaTuyeckasi Mofenb v nporpamMmMHoe obecnedeHne H.C. Kotnsapo-
BOW, MO3BOMNSAOLLNE ONPeaenuTb TpEXMEPHOE TEMNEPATYPHOE MNore 1 AOMNONHUTENbHbIE TEMOBbIE NOTEPU.

BbiBoabl. OnTManbHbIM CMoco6oM onpeeneHnsl TeMrnepaTypHOro Mons orpaxaarolelt KOHCTPYKUMK 30aHUst SBNsieT-
CS1 MCMOSIb30BaHUE HENMHENHOTO AABYXMEPHOIO UMM TPEXMEPHOTO HECTaLMOHAPHOIO yYpaBHEHUsI TennonposogHocTu. Mpu
CMNOXHOW reoMeTpum obbekTa BO3MOXHO pa3buTb NPOCTPaHCTBEHHO-BPEMEHHYL0 obnacTb Ha psf nogobnacten co CBOMMM
rpaHnYHbIMK ycrnoBusiMu. py COBMELLEHHO 3aave MOXHO J06aBUTb K YypaBHEHWIO TEMMONPOBOAHOCTY PSiA YPaBHEHWI,
HanpuMep ypaBHEHWs NepeHoca BOASHOrO napa, Bo3ayxa, BoAbl, Nbaa.
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HOCTb, 3HepronoTpebnexne
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ABSTRACT

Introduction. This paper provides a literature review on methods for mathematically modelling steady-state and transient
temperature fields in building envelopes. It is demonstrated that the thermal state of the envelope affects the energy conser-
vation and energy efficiency of a building. It is noted that the development of temperature calculation methods is particularly
relevant given the emergence of new design solutions and thermal insulation materials, such as the use of phase-change
materials, the development of zero-energy buildings, and the consideration of green building.

Materials and methods. The literature review was written using both Russian and international sources. Russian papers
from the Higher Attestation Commission (HAC) list and dissertations by candidates of technical sciences (PhD) were used.
International sources indexed in international databases (Scopus and Web of Science) were also included.

Results. The paper describes the work of A.V. Kolesnikova, which considers a physical and mathematical model for de-
scribing non-stationary two-dimensional heat transfer in a heterogeneous fragment. The paper of L.A. Puldas is presented,
examining a multifactor thermophysical model that takes into account the multi-layered nature of structures, the non-station-
arity of processes, and the presence of moisture and gaseous media. The approach of T.A. Miroshnichenko, which solves
the problem of the influence of a cylindrical connector on the thermal state of a three-layer enclosing structure in a cylindri-
cal coordinate system, is considered. The mathematical model and software of N.S. Kotlyarova, allowing one to determine
the three-dimensional temperature field and additional heat losses, are studied.

Conclusions. The optimal way to determine the temperature field of a building’s enclosing structure is to use a nonlinear
two-dimensional or three-dimensional transient heat equation. For complex object geometry, it is possible to divide the spa-
tiotemporal domain into a number of subdomains with their own boundary conditions. For a combined problem, it is possible
to supplement the heat equation with other equations, such as the equations for the transport of water vapor, air, water, and ice.

KEYWORDS: mathematical model, mathematical modelling, boundary conditions, thermal conductivity, temperature field,
temperature-moisture field, heat transfer, energy saving, energy efficiency, energy consumption
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BBEAEHUE aKTyaJIbHa B YCJIOBUSIX IOSIBJIEHUS! HOBBIX KOHCTPYKTHUB-
HBIX [25-27] ¥ TEMIOM30IAIMOHHBIX MaTepranos [28—30].
Hanpumep, B jkapKux cTpaHax HCIIOIB3YIOTCS 3/1aHHS
¢ (azonepexoaabiMu Matepuaiamu [31]. Taxoke cTposiTes
COOpY>KeHHs1 HOBOTO TrMa. OCOOSHHO Ba)KHBI pa3padOTKH
3MaHUH ¢ HyIeBBIM >HepromnotpedienueM [32, 33] u Bo-
MIPOCHI 3€JICHOTO CTpoUuTeNbCTBa [34].

MareMaTiHuecKoe MOJICITMPOBAHNE TEMITEPATypPHO-
r0 peXMMa BBITIOJHIETCS KaK ¢ pa3pabOTKON KOMITbIO-
TepHBIX Imporpamm [35, 36], Tak U ¢ IPUMEHEHHUEM IIPO-
rpaMMHBIX KoMIiekcoB [37—40]. Haubomnee ciioxxHbIe
pacueTHbIE CIlydau IOSIBIISIIOTCS, KOTIa TpedyeTcst Mojie-

W3yuenue TemnepaTypHOro nojst y3JI0B Pa3IMYHbIX
OTpaKIAFOIIIX KOHCTPYKIUHN 3JaHUI SBISCTCS aKTyallb-
HOM 3a7ja4eil B CTpouTesbeTBe. IMEHHO TeMnepaTypHoe
COCTOAHHC OTPAKIACHUSA BIMACT HA ITPUBEACHHOC COIIPO-
THUBJICHHUE TEIIoNepeiaye, TEIUIOBbIE MOTEPH U, KaK ClIe/I-
CTBHE, Ha dHEprocoepexeHue u YHeProdhHeKTHBHOCTH
3manus [1-5]. IpaMOTHO paccunTaHHBIN TeMIepaTyp-
HBII PEXUM Orpaxkaaroliell KOHCTPYKLHMHU HMPUBOAUT
K CO3/IaHHIO ONaronpHUsATHBIX TEMIEPATyPHBIX YCIOBUH
B ITOMEIIICHUH [6—9], 9TO CIIOCOOCTBYET MOBBIIIICHUIO Ka-

rarIMTONLCTBS: Ty 16, BhINYCK 1(59)

yecTBa )XKU3HU yesoBeka [10].

HccnenoBanue TeIuionepeHoca B pa3IMgHbIX OrPaxk-
JIAIOIINX KOHCTPYKLHSX AOJDKHO YYUTHIBATH UX OCOOCH-
HOCTH. TemIonepeHoc MPUHLUUINATIBHO MO-Pa3HOMY
paccuutsiBaercs ais crel [11, 12], kposens [13] u cBe-
TOTIPO3paYHBIX orpaxxaeHui [14, 15]. TemmeparypHsrii
PEKIM HETIPO3PaYHBIX KOHCTPYKIIMI BO3MOYKHO paccMa-
TPUBATh MO0 HA OCHOBaHUHU YPAaBHEHUS TETUIONPOBOIHO-
ctu [16—18], 1160 OH MOXKET OBITh OCIIOXKHEH TIEPEHOCOM
Biard [19-24]. PacdeTsl CBETOMPO3PAYHBIX OTPaKIar0-
X KOHCTPYKIHMH BEIYTCS C y4ETOM CBETOBOTO KoMop-
Ta B MOMEIICHUH, a TAKKe HEOOXOMMOCTH YUYUTHIBATH
BO3JIYIIHYIO ITPOCIIONKY MeX 1y okHam¥ [ 14]. Paspaborka
Pa3IMYHBIX METOIOB pacyeTa TeMIIEPaTypHOTO PeKUMa
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JIMPOBATh PA3TIMYHbIC Y3IIbI 3aHS, HAPUMEP, OKOHHBIE
OTKOCBI, COMPSKEHUS KOJIOHH ¥ KpOBeJb U T.71. Kinmaru-
YECKHE YCIOBHSI Pa3HBIX PAaiOHOB CTPOUTEIHCTBA OTIIU-
YaroTCs U CO3JAI0T YHUKAJIbHBIC KPAEBbIC YCIOBHS IS
TeMrnepaTrypHbix nojieit [41, 42]. Yuensie Bcero Mupa
OTAETHHO M3YyJalOT TEMIepaTypHbIC PEKUMBI OTpakaa-
IOIUX KOHCTPYKIUHN 3AaHUM, TOCTPOSHHBIX B Pa3HBIX
ctpaHax. [IpuMepom cimyar MCCleTOBaHHS TEILIOTIC-
penoca B 3manuax Kuras [43], Hosoit 3enanauu [44],
Wramuu [45], BemmkoOpuranuu [46].

3amaua WccleToBaHUs — MpOBeAeHue 0030pa
JUTEPATypPhI IO CII0CO0aM MaTeMaTHYECKOTO MOICITH-
POBaHHS TEMIEPATYPHBIX MOJIEH OTPaKIAIOIINX KOH-
CTPYKUUHI 31aHUMN.
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MATEPHAJIBI U METO/JAbI

O030p nUTEPaTYphI BKIIIOYAT U3Y4YCHUE U OMKCa-
HHUE POCCUHCKUX U 3apyOeKHBIX UCTOUYHHUKOB. VCromb-
30BaJIMCh POCCUHCKHE cTaThu U3 crincka BAK, nuccep-
TalM KaHJAMJAaTOB TEXHUUECKUX HayK, COINIAaCHO 0ase
naHHbIx'. OMECHIBATKICH 3apyOSKHbIC HCTOYHHKH, PO~
WH/IEKCUPOBAHHBIC B MEKAYHAPOAHBIX 0a3aX JaHHbBIX
(Scopus u Web of Science). Ha paboTsl Bcex aBTOpOB
NIpUBEICHBI OMOIHOrpadUueCKUe CCHUTKH.

PE3YJIBTATHBI HCCJIEJOBAHMUA

MaremaTnyeckasi MojieJIb HECTAIHOHAPHOTO
TeMIepaTypHOro MoJisi B IByXMePHOIi IOCTaHOBKe

A.B. KonecHukoBa npejoxuia JJis ONUCaHUs
HECTaIMOHAPHOT'O JIBYXMEPHOTO TEIUIONIEPEHOCa B He-
OJTHOPOJTHOM KE€pPaM3MTOOCTOHHOM ()parMeHTe Mmprume-
HATH (PU3NKO-MATEMATHUECKYI0 MOJIEIb, TIOKa3aHHYIO
Ha puc. 1 [47].

Terutonepenoc B obnactsx / u 2 (puc. 1) onuce-
BaeTCs CIEAYIOUIMMHU ypaBHEeHUsAMH [47]:
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Puc. 1. ITonepeunoe cedenne GpparmMeHTa CTEHBI 10 TAHHBIM
A.B. KonecHnkoBoii: / — KOHCTPYKIHMOHHBIN MaTtepual; 2 —
yremnutens [47]
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Puc. 2. 30TepMbl B IONEPEYHOM CEUCHHM HEOJHOPOAHO-
TO KepaM3UTOOETOHHOTO (pparMeHTa CTEHHI IpH T = 168 4
o nanubM A.B. KosnecuukoBotii [47]

ot ot
Hx=X," 2|x=X, ™o |x=X, 72 gy [x=X, (3)
Y, <y<Y, U]
N ot N ot
t =t — =A, —
Hy=Y,"2|y=Y,> "™ =Y, "™ =Y’
y=1 Y=1 ay y=1 ay y=n (9)
X, <x<X, [
t =t ‘ Iy %‘ = %
1 y:Y2 2 y:Yz’ 1 ay y:Y2 2 ay y:Yz’(lo)
X, <x<X,,
rae p — IUIOTHOCTB CJIO0s, KI/M°; l,ins — TEMIIEpATYPA

BHeIHe# cpensl, °C; t,, — TEMIIepaTypa HapyKHOro
Boznyxa, °C.

Hanee aBTOp NmpUBOAUT TrpaduK, MOKa3aHHBIN
Ha pHUC. 2, Ha KOTOPOM ITOKa3aHO paclpeielieHHe TeM-
nepaTrypbl B HEOJHOPOJIHOM (parMeHTe. Makcumalib-
HOE BO3MYIIEHNE TEMIIepaTypHOTro MoJIs HalmonaeTcs
B 30HAX CThIKA YTCIUIUTEIS U Kepam3utobeTona [47].

[TpuBoanTCs rpadyk 3aBUCUMOCTH TEILIOBOTO I10-
ToKa (puc. 3) 111 HEOJHOPOIHOU M OTHOPOIHOM CTCHBI
B Pa3HbIE MOMEHTHI BpeMeHH [47].

CorlacHo McClleJOBaHUIO, BPEMsI BBIXO/Ia Ha CTallH-
OHAap HCCIIEAyeMOM KOHCTPYKIMU cocTaBuiio 60 u [47].

Tennopuznyeckasi Mojiesib HeCTAHOHAPHOTO
TeMIepaTypHOro MoJisl B IPaKIaHCKHX 3AaHUSIX

B pabote JI.A. Tlyabnac 6buta pa3padboTaHa TEIio-
(usndeckast MoJieb, B KOTOPOH YUUTHIBAJIUCH CIIETY-
IOIIHe 0COOCHHOCTH: MHOTOCIOWHOCTh KOHCTPYKIIUN
CTEHOK OTPa)JICHHI; HECTAIIMOHAPHOCTh TEIIO(PHU3H-
YECKUX IMPOIECCOB; PEICHUE 3a7a4y B TBYXMEPHOM
U TPEXMEPHOW MOCTAHOBKAX, HAJIMYKME BJIArd W ra3o-
BbIX (ha3, a Takke (a30BbIX MEPEXOI0B B MHOTO(a3HOM
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Puc. 3. Pacnipenienienue ioTHOCTEH TEIIOBBIX MIOTOKOB IO X
B cedeHuH Y,/2 st HeonHopoaHoH (7, 2) u ogxHopoaHoi (3)
KepaM3UTOOCTOHHOMN CTEHbI B PA3JIMYHBIC MOMEHTBI BPEMEHU
t,u: 1 —12; 2, 3 — 168 no nanusim A.B. KonecuukoBoii [47]

cpene. TpexMepHast IOCTaHOBKA HCIIOJIB30BAIACh IS
aHaJIN3a IMPOIIECCOB B YIIIOBBIX YACTAX 3MaHui [48].
Takxe B NPENJIOKEHHON MOAENU yUUTHIBAJICS
OayaHc Macchl KaXI0W OTAeNbHOH (a3sl: ra3a (cMecu
HCATBHBIX T'a30B), BOJBL, JIbJa. YPAaBHEHUS MOXKHO 3a-
nucath B Buje [48]:
* JUIS BOASHOTO Tapa:

1
Phy  +Puy

At

k=4(6)
nk .
V= _mejk'vni/k'ASikar L, Vs an
=l

* JUIS BO3AyXa:

plth 4 o) ke=4(6) i
ay L P yko, - (12
At V= l;paijk Vaijk ASz_'jk’ (12)
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(n+1) (n) k=4(6)
pl... +pl..4 k
%.V[j = _z Puie Vi 'ASijk +
= (13)
+1, - Vi+1g-Vys
o JUIS IBJA:
réir}ﬂ)_{_ rg:])
S S - . 14
N Vi =l VY, (14)

ABTOp BBIBOIUT YpaBHCHHE OallaHCa BHYTPCHHEH
sHepruu MHOTro(as3Hoit cpensl [48]:

I'M=

N
(p: U= (p, U™
i=1 i=1 V
At Y

(15)
k=4(6) N ke k=4(6) b
== kzl ;(Pi"’i Uiy -AS, - kzl g - ASy.
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HavasnpHoe pacnpeneneHue TeMieparyp napame-
TPOB HAa MOMEHT BpemeHH ¢ = 0 [48]:

T= Tty x.9); (16)
o) =pl g, 2, ) (17)
ol = ol ey, 2, (18)
P, = Pty X, V); (19)
Py = Pty X, V). (20)

MaremaTundeckasi MOAeJIb HECTAIIHOHAPHOTO
TeIJ10- ¥ BJIATONEPEHOCa B MHOTOCJIOHBIX
OTPaKIAIOIHNX KOHCTPYKIHUAX ¢ BKIIOYEHUSIMH

T.A. MUpOImHHYEHKO U3y4aeT BIUSHUE LIMJIMH-
JIPUUYECKUX TEINIOTEXHUYECKUX HEOTHOPOIHOCTEH
Ha TEMIIEpAaTypHOE IIOJIe TPEXCIOHHON Oorpa)maro-
el KOHCTPYKIMU, COCTOSIIIEH U3 KUPIUYHON KIIaIKU
C IBYX CTOPOH U YTEIUIUTEIIS B LEHTPE CTeHBI [49].

3agaya peraercs ¢ NpUMEHEHUEM LHUIMHApUYe-
CKOM cucTembl koopauHar. Cxema npuBesieHa Ha puc. 4
[49].

PacueTtHas reomerpuueckas o0macTh pa3OuBaercs
Ha 4eTeIpe nogodmacTu [49]. TemmonepeHoc B KaxIou
13 110a00MacTel ONUCHIBACTCS HEJIMHEHHBIM HECTAI[HO-
HApHBIM JIByXMEPHBIM YpaBHEHHEM TEILIONPOBOTHOCTH
[49]:

o, 10 ot 0 ot
A (7 W N W |
(pe); ot ror (rh, 8r) 8x( ! 8x)
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I e=0= 1 m(), xell, =14 (22)
—7»1% 0=ty — 1),  0<r<R; (23)
ox x= g.,ins
A o =a,(t,,—t,) 0<r<Rr; (24
3 o x=Xk w\g.e w/s =" =%
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—,0=0,i=1,3,4, 0<x<X,; (25
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ot. _
L _p=0,i=13, 0<x<X, (26
or k
ot ot
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_ o -
h|x=x,= 12 |x=xyp 7“15 x=X2—7‘2§ =X (29)
oty ot
= -2 =\, 3
t2 x:X3 t3 x:X_,” 2 Ox x:X3 3 Ox x:X3’ (30)
R<r<R;
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Rk

0 X1 X X3 Xa Xk )(

Puc. 4. Cxema Tpexcii0iHOr0 Hapy»KHOTO OrpaskACHUs C KOH-
HEKTOPOM: [—3 — BHYTPEHHUH, CpEIHUI U HapYyKHBIH c10i
OrpakIeHUs; 4 — KOHHEKTOp 1o JaHHbIM T.A. MupomHu-
YeHKO [49]

ot ot
ly|rer=1],or> Ma 87:|r=12 :7b1a*;|r=1e: G1)
X, <x<Xy;
ot ot
tyly—r = bl y—r> A 87:|r=1e = XZaijlriR’ (32)
X, <x< X5
ot ot
t4|rr=13] =g > g 67:|r=1z =h; a*;|r=Ra (33)

Xy<x<X,,te[0,15]

UucneHHO 3aja4a pelieHa METONO0M PaCIlEIICHUS
H.H. Slnenko. Ha xa)xjoM BpeMEHHOM I11are ObUIO pac-
CMOTpeHO fBa 3Tana. CHavyasa penanach oJHOMEpHas
3a/la4a B HaIIPaBJICHUU 7, & IEPEHOC TEIUIA B HAIPAB-
JICHUU X HE YYUTBIBAICA. 3aTeM MIPOU3BOJUIOCH pellle-
HUE OJHOMEpHOM 3a/lauu B HApPaBJICHUH X, a IEPEHOC
TeIUIa B HANPABIICHUU 7 HE yuuThIBascs. Jlanee aBTop,

LM
0,20 |
34
0,15 | -
16
0,10 1 -
8
0,05 | 14
0 0,1 0,2 0,3 0,4 0,5 X, M

AQHAJMTUYECKH pelas 3ajady, IpUMEHsAeT UTepalu-
OHHO-MHTepHoIuoHHbINH MeTon (MMUM). Pemenne
HECTAI[MOHAPHOTO TEIJIONEPEeHoca MPOBEPEHO Ha CTy-
IIAIOIUXCS CeTKaX 10 MPOCTPAHCTBY U BpeMeHH. [lomne
H30TEPM B TPEXCIOWHON KOHCTPYKLMH C KOHHEKTOPOM
1 0e3 Hero MpeCcTaBiIeHo Ha puc. 5 [49].

ABTOpPOM TIPOBEJICH AKCIEPUMEHT IO Ompeserie-
HUIO TEMIIEPATyPHBIX [10JIEH U TEIIO3ALLUTHBIX CBOMCTB
MarepuasoB. VIcIbITaHNS OCYIIECTBISUINCH B J1a00paTo-
pUM B KJIMMaTUYECKON KaMepe, COCTOSILEH U3 XOIOAHON
30HBI 00beMoM 30 M3 1 TerIoi 308l 00BEMOM 28 M,
ObUT BBITIOJIHEH (PAarMEHT TPEXCIONHOM orpaxkaaro-
e KOHCTpYKIuu pazmepamu 2450 x 2800 x 660 mm.
Ha paccrosunu 380 MM pyT OT ApyTa 3aesaHbl JaTIu-
K{ TeMIIepaTyphl U3 CTEKJIOMIacTHKa [49].

PesyneraThl HCIIBITAHUI TIPEICTABICHBI HA pHC. 6, 7
[49].

MaremaTnyeckasi IOCTAHOBKA 3a1a4H
AJ1s1 TeMIIePaTyPHOTO IOJISI B OTPAKAAIOIINX
KOHCTPYKIHUSX B 30He YCTAHOBKH OTOIHTEILHOTO
npudopa

MareMaTHuecKyIo MOJIETb N KOMIBIOTEPHYIO MPO-
rpaMMy ISl ONPEIEIICHNS TPEXMEPHBIX TEMIIEPATYPHBIX
MoJeH W AOMOJTHUTENBHBIX TEIUIOBBIX TOTEPh B 30HE
YCTaHOBKH CTaJIBHOTO MAaHEIBHOTO paraTopa pa3pado-
tana H.C. Komsaposa [50].

C 1enplo pemnreHus 3a/1a4M MECTHOTO Harpena aB-
TOp MPUMEHSET METOJ NCTOYHUKOB, B OCHOBE JIEKHT
MPUHLIMII CYTIEPIO3ULMH TeEMIIepaTypHbIX nojeit [50]:

N_ w2
ot
Jly1st TOTO YTOOBI MOMYYUTH AHATUTUYECKOE Pellie-
HHE 110 METO/Iy HCTOYHUKOB, UCITIOIB3YETCSI TOTOBOE pe-
IIEHKE, TI0 KOTOPOMY HAaXOAUTCS TEMIIEpaTypa B 000
TOYKE U MOMEHT BPEMEHHU HEOTPAHHYEHHOTO 110 OCSIM X,
y, z Tena [50]:

(34)

2

(R, 1) = ———— exp|- (35)
cp(@mar) 4at
[
0,20 4
-34
0,15 1 o | PR
—16
b
0,104 g 9
2
0,05 1 14
S N e
0 0,1 0,2 03 04 05 XMm

Puc. 5. Tlone n3otepM B TpeXcIoiHOM orpax/iaroliei KOHCTPYKIMK: @ — 0€3 KOHHEKTOpa NpH T, = 24 4; b — ¢ KOHHEKTOPOM

npu T = 24 4 no nanubiM T.A. Mupownunienxo [49]
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Puc. 6. Xapakrep pacnpezeneHus TeMIeparyp B CTCHE C KOH-
HekTopoM 2 1o naHHbM T.A. Mupomsndenko (/ — anmpok-
CHMUPYIOIIast 3aBUCUMOCTB) [49]

At, K
6 -
4 R
2
0
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T A
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4
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0 0,1 0,2 0,3 0,4 05 xM

Puc. 7. Xapaxrep pacrpenesieHus MepenagoB TeMneparyp
o nanHbM T.A. Mupomauyenko [49]

ABTOp TIOJTyYaeT aHAJTUTHICCKUE PEIIICHHS 10 OIIpe-
JICJICHUIO TEMIIEPATYPHOTO IOJISl OTpaxJIaroleil KoH-
CTPYKIMHU 3JaHUsA, KOTOpasa Harp€BacTCsA OTOIMUTEIbHBIM
npudopom [50].

Hanee H.C. KomisipoBa paccMaTpuBaeT OTHOCIIOM-
HYHO OTPKAAMOIY0 KOHCTPYKIIMIO B BUIC HEOTPaHH-
YEHHOM MJIACTUHBI I10 OCSIM X " )y TOJIIUHBI 8, IIOKa3aH-
Hyto Ha puc. 8 [50].

K MOBEPXHOCTH z MPUKIIAABIBACTCA HEPABHOMEDP-
HO pacnpee’eHHbIN HCTOYHUK TeIjia, U3MEHSIOIIUICS
1o orpeaeeHHOMY 3akoHy. JluddepeninansHoe ypas-
HEHUE ¥ rpaHnyHbIe ycioBus [50]:

ol 01 81 o

= et =t (36)
ot o o &z”
ot 5 ,
_xa .—0=9(0.0)exp(—k;x"— k,y") + -
+a0 (tB.B_ tB.H);
_}\’? =8 aé(tﬁ.n - tlua); (38)
z
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OronurenbHbLi
npudop

®parMeHT orpaxaaroIiei
KOHCTPYKIIMU

Puc. 8. Cxema HarpeBa BHyTpEHHEIl IOBEPXHOCTU OIpax-
JICHHs] TOBEPXHOCTHBIM HOPMAJIBHO paclpeelIeHHBIM HC-
TOYHHKOM TEIUIOTHI (OTOIMHUTENILHBIM IPUOOPOM) 110 JJAHHBIM
H.C. Komsiposoii [50]

ot ot ot ot
= = | i = —| yse=0; 39)
6x|)‘_OO 6y|y_ 8x|x_+ 6y|y_+
tx,y,2z,0)=1, (40)

3AKJIIOYEHUE U OBCYXJIEHHUE

A.B. KonecankoBoif 6pU1a TipeioskeHa (pusuko-
MaTeMaTHIecKasi MOJIENb JJIsl ONMMCAHMS HECTAI[OHAP-
HOTO JIByXMEPHOTO TEIUIONIEPEHOCA B HEOTHOPOIHOM
(dparmenTe. JlanHAsT MOMIETH ONHMCHIBACTCS HEIHHEH-
HBIM JIByXMEPHBIM HECTAI[HOHAPHBIM YPABHEHHEM Te-
IUTOTIPOBOJHOCTH, KOTOPOE aBTOP MpEAJiaracT pemInTh
npu noMmomu Mmerona pacuernenus H.H. fnenxo.
B kauecTBe pesynbTara aBTOp MPUBOAWT Tpadukm pac-
TIpe/ieNIeHNs TEMITEPaTypbl B HEOMHOPOJHOM (hparMeH-
T€, COITIACHO MCCIIEOBAHMIO, BPEMSI BBIXO/IAa HA CTAIH-
oHap coctasmio 60 1.

JI.A. Tlynpiac paccMoTpenia MHOTO(aKTOPHYTO 3a-
Jagy U pa3padoraina TermmIopu3nIecKyro MOJIETb, B KO-
TOPOH YUYHUTBIBAIACh MHOTOCIOMHOCTh KOHCTPYKIIMH,
HECTAI[IOHAPHOCTH MPOIIECCOB, HATNINE BIArH U Ta30-
BBIX cpea. Taxoke OBUTH 3amiiCaHbl ypaBHEHHs OanaHca
MAacChI TS KaXKI0H OTAETHHOM (hasbl: Tas3a, BOMBL, IbAA.
B pesynbrare nomyueHo ypaBHEHHE OallaHCa BHYTPEH-
HEl SHeprur MHOTO(A3HOH CPEIIBL.

Maremarndeckas MOZIETb ¥ MPOTpaMMHOE 00ec-
MIEYCHUE, OTIPECIISIONIEE TPEXMEPHOE TEMIIEPATYPHOE
T0JI€ ¥ JIONOTHUTEIbHBIE TEIUIOBBIE TIOTEPH, pa3pado-
tanbl H.C. KotnspoBoii. [Ins perienns 3amadan aBTop
MPUMEHSET METOJ NCTOYHUKOB, B OCHOBE KOTOPOTO Jie-
JKUT TMPUHIAIT CYTIEPIIO3UIINN TEMITEPATyPHBIX TTOJIEH.
PaccmarpuBaeTcs ogHOCHOMHAs Oorpakaaroniasi KOH-
CTPYKIIHSI B BU/I€ HEOTPAHIMUYECHHOHN TJIACTHHBI IO 0CAM
X ¥ y TOIIWHBI O U 3aMTUCHIBAIOTCA Mn(depeHITnaIbHOe
ypaBHEHHE ¥ TPAaHUYHBIE YCIIOBHS JUIs BHYTPEHHEH T10-
BEPXHOCTH OTPAXKICHUS MOBEPXHOCTHBIM HOPMAJIBHO
pacmpeiesleHHBIM HCTOYHIKOM TEIUIOTHI.

T.A. MupOLHUYEHKO pelIaeT 3aady O BIUSHUU
INHAPUIECKOTO KOHHEKTOPa Ha TEIUIOBOE COCTOSI-
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HUE TPEXCIOUHOM Oorpakiarouieil KOHCTPYKIUU B LU-
JIMHAPUYECKOU cucTeMe KoopJauHar. TeronepeHoc
B KaXXJ0M M3 o0iacTeld MOXKHO ONUCATh HEJIMHCHHBIM
HECTAUMOHAPHBIM JABYXMEPHBIM YpPaBHEHHEM TEILIO-
MPOBOAHOCTH. YHCIIEHHO 3ajlaya peluniach IpH Io-
mouu pacuieruienust H.H. Slnenxo. Ha kaxxyom mare
OBLJIO [1Ba JTama: peliansach OJHOMEpHAs 3a/aya B Ha-
[IpaBJICHUH F, IEPEHOC TEIlIa B HAIIPABJIECHUU X HE YUH-
TBIBAJICS, 3aTE€M 3ajlaua peliajach B HAMpPaBJICHUH X,
a TEIUIONEPEHOC HE YUUTHIBAJICSA B HAIIPABICHUH 7.

B pesynbrate ananuza auTeparypbl YCTaHOBJICHO,
YTO ONTHMAITBHEINA CTI0CO0 OTPEIeNICHIUs] TeMITepaTypHO-

IO TI0JIsT OTPaK/IAOIIEH KOHCTPYKIIUK 3IaHHST — HCIIONb-
30BaHHE HEJMHENHOTO JByXMEPHOTO HMIIM TPEXMEPHOTO
HECTAIMOHAPHOTO YPaBHEHHUS TEILUIONPOBOAHOCTH. [Ipu
CITO’KHOM TeOMETPHH 00BEKTA BO3MOKHO PasOHTh TPO-
CTPaHCTBEHHO-BPEMEHHYIO 00I1aCTh Ha PsiI Tomo0nacTei
CO CBOMMH TPaHUYHBIMH YCIIOBUSIMH, a OOIIYIO TEIUIO-
TEXHHYECKYIO 33714y pa3OuTh Ha cepuro moazanad. [lpu
COBMEIIIEHHO# 33/1a9€¢ MOKHO JOOABHUTEH K YPaBHEHHIO Te-
IUIOIPOBOJHOCTH PsIJl YPABHEHUH, HAIIPUMED YPABHEHUS
TIepeHoca BOISHOTO TIapa, BO3ayXa, BOIbL, Jibaa. B psie
ciry4aeB 3 PEKTHBHO 3aMEHUTH KITACCHYECKYIO JICKapTO-
BYIO CHCTEMY KOOP/IMHAT Ha IIHITHH/IPHIECKYTO.
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INTRODUCTION

The study of the temperature distribution in various
building envelope components is a key issue in the con-
struction industry. It is the thermal state of the building
envelope that influences the thermal resistance, heat
loss and, consequently, the energy conservation and en-
ergy efficiency of a building [1-5]. A properly calculat-
ed temperature regime for the building envelope leads
to the creation of favourable indoor temperature condi-
tions [6—9], which contributes to an improved quality
of life [10].

Any study of heat transfer in various building
envelopes must take their specific characteristics into
account. Heat transfer is calculated in fundamentally
different ways for walls [11, 12], roofs [13] and trans-
lucent building envelopes [14, 15]. The thermal behav-
iour of opaque structures can be analyzed either using
the heat conduction equation [16—18], or it may be
complicated by moisture transfer [19-24]. Calculations
for translucent enclosing structures are carried out taking
into account indoor lighting comfort, as well as the need
to account for the air gap between windows [14].
The development of various methods for calculating
thermal conditions is relevant in the context of the emer-
gence of new structural [25-27] and thermal insula-
tion materials [28-30]. For example, in hot countries,
buildings incorporating phase-change materials are
used [31]. New types of structures are also being built.
Of particular importance are developments in zero-
energy buildings [32, 33] and issues relating to green
building [34].

Mathematical modelling of thermal conditions is
carried out both through the development of computer
programmes [35, 36] and the use of software packages
[37-40]. The most complex calculation scenarios arise
when it is necessary to model various building compo-
nents, such as window reveals, the junctions between
columns and roofs, and so on. Climatic conditions vary
across different construction regions, creating unique
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boundary conditions for temperature fields [41, 42].
Scientists worldwide are conducting separate studies
on the thermal regimes of building envelopes constructed
in different countries. Examples include studies of heat
transfer in buildings in China [43], New Zealand [44],
Italy [45] and the United Kingdom [46].

The aim of this study is to review the literature
on methods for the mathematical modelling of tempera-
ture fields in building envelopes.

MATERIALS AND METHODS

The literature review involved the study and de-
scription of Russian and foreign sources. Russian arti-
cles from the Higher Attestation Commission (HAC) list
and PhD theses in technical sciences were used, as per
the database'. Foreign sources indexed in international
databases (Scopus and Web of Science) were described.
Bibliographical references are provided for the works
of all authors.

RESEARCH RESULTS

Mathematical model of a non-stationary
temperature field in a two-dimensional formulation

A.V. Kolesnikova proposed using the physical-
mathematical model shown in Fig. 1 to describe non-
stationary two-dimensional heat transfer in a non-
homogeneous expanded clay concrete section [47].

Heat transfer in regions / and 2 (Fig. 1) is de-
scribed by the following equations [47]:

ot, 0 ot 0 ot
(Pc)i - = 7(}"1 7) + 7(7\', 7), i=12; (1)
ot Ox ox Oy oy
eco=1o(d D, =12 )
0
_7‘1£|L=0:%(@,71_ §|L=0)§ 3)
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Fig. 1. Cross-section of a wall section based on data by
A.V. Kolesnikova: / — structural material; 2 — insulation [47]
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where p — is the density of the layer, kg/m?; Lyims —
is the ambient temperature, °C; lye ™ is the outside air
temperature, °C.

The author then presents the graph shown in Fig. 2,
which illustrates the temperature distribution within a non-
uniform section. The maximum disturbance of the temper-
ature field is observed at the interface between the insula-
tion and the expanded clay concrete [47].

A graph of the heat flux (Fig. 3) for a non-uniform
and a uniform wall at different points in time is pro-
vided [47].

According to the study, the time taken for the struc-
ture under investigation to reach steady state was 60
hours [47].

A thermophysical model of the transient
temperature field in civil buildings

In the work by L.A. Puldas, a thermophysical mod-
el was developed that took into account the following
features: the multi-layered nature of building envelope
structures; the non-stationary nature of thermophysical
processes; the solution of the problem in two-dimen-
sional and three-dimensional formulations; the presence
of moisture and gaseous phases; and phase transitions
in a multi-phase medium. The three-dimensional for-
mulation was used to analyze processes in the corner
sections of buildings [48].

The proposed model also took into account
the mass balance of each individual phase: gas (mix-
tures of ideal gases), water, and ice. The equations can
be written as follows [48]:

« for water vapour:

(n+1) (n) k=4(6)
Pii P )
%Vy = 7zpnijk'vngk.AS[jk+ LV, (11)
d k=1
* for air:
(n+1) (n) k=4(6)
Py *Py nk .12
Coa T _;pj-'f"'v[i/k'ASz/k’ (12)
« for water:
(n+1) (n) k=4(6)
plij +p1[j "
TV’/ - _; Puiik " Vi HASy +
. (13)
L Vy+ g Vs
« for ice:
(n+l) (n)
AN o= - (14)
A[ i j]' it

The author derives the internal energy balance
equation for a multiphase medium [48]:

N N

2 (p; - Ui(n+l))_ 2 (p; Ui(n))

i=1 i=1 V.
At v

(15)
nk k=4(6) nk
(p;-v;" "U;), -AS, — kZ:‘,] q; -AS,.
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M=

k=4(6)
-- 3
=1

1

Initial distribution of parameter temperatures
at time ¢ =0 [48]:

T=T\(ty, x, y); (16)
pv =l (. x, ) (17)
p(Vg) _ p(gn(to’ % ) (18)
P, = Pty X, V); (19)
Ps = Pslly X, ¥)- (20)
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Fig. 2. Isotherms in a cross-section of a non-homogeneous ex-
panded clay concrete wall section at T = 168 h, based on data
by A.V. Kolesnikova [47]
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Fig. 3. Distribution of heat flux densities along the x-direction
in the ¥ /2 cross-section for a non-homogeneous (/, 2) and ho-
mogeneous (3) expanded clay concrete wall at various times ¢, h:
1—12; 2,3 — 168, based on data by A.V. Kolesnikova [47]

A mathematical model of unsteady heat
and moisture transfer in multi-layer building
envelopes with inclusions

T.A. Miroshnichenko investigates the influence
of cylindrical thermal inhomogeneities on the temperature
field of a three-layer building envelope consisting of brick-
work on both sides and insulation in the centre of the wall
[49].

The problem is solved using a cylindrical coordi-
nate system. A schematic diagram is shown in Fig. 4 [49].

The computational geometric domain is divid-
ed into four subdomains [49]. Heat transfer in each
of the subdomains is described by a non-linear, non-sta-
tionary two-dimensional heat conduction equation [49]:
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Fig. 4. Diagram of a three-layer external barrier with a con-
nector: /-3 — inner, middle and outer layers of the barrier;
4 — connector, according to T.A. Miroshnichenko [49]
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Fig. 5. Isotherm field in a three-layer building envelope: @ — without a connector at t | =24 h; b— with a connectoratt , =24 h,

according to data by T.A. Miroshnichenko [49]
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The problem was solved numerically using
N.N. Yanenko’s splitting method. Two stages were
considered at each time step. First, the one-dimension-
al problem in the r-direction was solved, whilst heat
transfer in the x-direction was not taken into account.
Then, the one-dimensional problem in the x-direction
was solved, whilst heat transfer in the r-direction was
not taken into account. The author then applies the iter-
ative-interpolation method (IIM) to solve the problem
analytically. The solution for unsteady heat transfer was
verified on refining grids in space and time. The iso-
thermal field in a three-layer structure with and without
a connector is shown in Fig. 5 [49].

The author conducted an experiment to determine
the temperature fields and thermal insulation properties
of the materials. The tests were carried out in a labora-
tory in a climatic chamber consisting of a cold zone

o T4 T
o -Vl
i
|

zd

0°0.02 04 054 066

20—

Fig. 6. Temperature distribution pattern in a wall with connec-
tor 2, based on data by T.A. Miroshnichenko (/ — approxi-
mate relationship) [49]

with a volume of 30 m? and a warm zone with a volume
of 28 m?; a section of a three-layer building envelope
structure measuring 2,450 x 2,800 x 660 mm was con-
structed. Fibreglass temperature sensors were installed
at a distance of 380 mm from one another [49].

The test results are shown in Fig. 6 and 7 [49].

Mathematical formulation of the problem
for the temperature field in building envelopes
in the area where a heating appliance is installed

A mathematical model and computer program for de-
termining three-dimensional temperature fields and addi-
tional heat losses in the area where a steel panel radiator is
installed were developed by N.S. Kotlyarova [50].

To solve the problem of local heating, the author
applies the source method, which is based on the prin-
ciple of superposition of temperature fields [50]:

——=v’m (34
01

To obtain an analytical solution using the source
method, a ready-made solution is used to determine
the temperature at any point and at any time in a body
that is unbounded along the x, y and z axes [50]:

2
t(R,7) = Lyz exp[—R).
cp(@mar) 4at

The author derives analytical solutions for deter-
mining the temperature field of a building envelope
heated by a heating appliance [50].

N.S. Kotlyarova then considers a single-layer
building envelope in the form of an unbounded
plate along the x and y axes of thickness 6, as shown
in Fig. 8 [50].

A non-uniformly distributed heat source, vary-
ing according to a specific law, is applied to surface z.
The differential equation and boundary conditions [50]:

ol [ @&*0 &*u ot
=zt et )
0t ox® oy oz

(35)

(36)
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Fig. 7. Distribution of temperature differences according
to data by T.A. Miroshnichenko [49]

Fragment
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Fig. 8. Diagram showing the heating of the inner surface of
an enclosure by a surface-distributed heat source (heating ap-
pliance), based on data from N.S. Kotlyarova [50]
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CONCLUSION AND DISCUSSION

A.V. Kolesnikova has proposed a physical-math-
ematical model to describe unsteady two-dimensional
heat transfer in a heterogeneous region. This model is

described by a non-linear two-dimensional transient
heat conduction equation, which the author proposes
to solve using N.N. Yanenko’s splitting method. As
a result, the author presents graphs of the temperature
distribution in a heterogeneous fragment; according
to the study, the time to reach steady state was 60 hours.

L.A. Puldas examined a multi-factor problem
and developed a thermophysical model that took into
account the multi-layered nature of structures, the tran-
sient nature of processes, and the presence of moisture
and gaseous media. Mass balance equations were also
derived for each individual phase: gas, water and ice.
As a result, an internal energy balance equation
for the multiphase medium was obtained.

The mathematical model and software used to de-
termine the three-dimensional temperature field and ad-
ditional heat losses were developed by N.S. Kotlyaro-
va. To solve the problem, the author applies the source
method, which is based on the principle of superposi-
tion of temperature fields. A single-layer building enve-
lope in the form of an unbounded plate along the x and y
axes of thickness & is considered, and the differential
equation and boundary conditions for the inner surface
of the envelope with a surface normally distributed heat
source are derived.

T.A. Miroshnichenko solves the problem of the in-
fluence of a cylindrical connector on the thermal state
of a three-layer building envelope in a cylindrical co-
ordinate system. Heat transfer in each of the regions
can be described by a non-linear, non-stationary, two-
dimensional heat conduction equation. The problem
was solved numerically using N.N. Yanenko’s split-
ting method. Each step consisted of two stages: a one-
dimensional problem was solved in the r-direction, with
heat transfer in the x-direction ignored; then the prob-
lem was solved in the x-direction, with heat transfer
in the r-direction ignored.

A review of the literature has shown that the opti-
mal method for determining the temperature distribu-
tion within a building’s envelope is to use a non-linear
two-dimensional or three-dimensional transient heat
conduction equation. In the case of complex object ge-
ometry, it is possible to divide the space-time domain
into a number of sub-domains with their own boundary
conditions, and to break down the overall thermal prob-
lem into a series of sub-problems. For a coupled prob-
lem, a number of equations can be added to the heat
conduction equation, for example, equations govern-
ing the transport of water vapour, air, water and ice. In
a number of cases, it is effective to replace the classical
Cartesian coordinate system with a cylindrical one.
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