YK 691:539.217.2

Iucapenko O.M., K.¢h.-m.H., doyenm
Binincoka JI.M., k.¢h.-m.H., doyenm
Ooecvka depoicasna akademis OYOiGHUYMBA T apXimeKmypu

MOIEJIOBAHHA HECTAIIIOHAPHOI'O TEMIIEPATYPHOI'O
HOJIA 3 YPAXYBAHHSAM HAABHOCTI BOJIOT'
B BYAIBEJIbBHUX MATEPIAJIAX

Ompumano yucenvne pieHAHHA MENIONPOGIOHOCMI OJisl CUMEMPUYHO20 HA2PI8y Mil
008IbHOI 2eomempii npu CKIAOHUX NOYAMKOBUX | SPAHUYHUX YMOBAX 13 3ANEHCHUMU B8i0
memnepamypu  menio@izuuHuMu  eracmueocmamy.  Bukonano  po3paxynox — npocpigy
00CNI0HCYBAHO20 Mamepiany 3 Ypaxy8auHAM Koeghiyienmie menionposionocmi il 601020CHiI.
Haseoeno necmayionapmne piensnus menionpogioHocmi 3a 00NOMO2010 CKIHYEHHUX PI3HUYb.
3’sacosano, wjo yaenenHs 0a€ MONCIUBICIb PO3STAHYMU KIHeMUK)Y MeMnepamypHux npoqinie
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UNSTEADY TEMPERATURE FIELD SIMULATION IN VIEW OF
HUMIDITY CONTENT IN BUILDING MATERIALS

It was developed a mathematical model and assess the impact of moisture content on
the integral characteristics of the one-dimensional isotropic non-stationary temperature field
in building materials with a time constant and isotropic thermal materials. The numerical
solution of the heat equation was obtained for the symmetric heating bodies of arbitrary
geometry in complex initial and boundary conditions, depending on the thermal properties of
temperature.

To expand the field of application authors were used dimensionless parameters for
temperature, local temperature gradient, the heating time and the coordinates of the sample.

The authors carried out a calculation of the material, taking into account the warm
thermal coefficients and humidity. Using the finite-difference time-dependent heat equation it
was composed for the calculation of temperature fields of different degrees of humidity of
building materials. The calculation showed that the change in the humidity of the sample
results in a change in the relative temperature at a fixed value relative coordinates. The
increase in the relative temperature is a nonlinear function of the relative coordinates

This representation makes it possible to examine the kinetics of thermal waves inside
the sample with fixed temperature conditions at the border. The expression of the
characteristic time for warming the sample to a fixed temperature has been received. It has
been shown that the characteristic time with sufficient accuracy coincides with the
experimental value. The kinetics of warming the sample at a constant humidity has been
investigated.

It was evaluated changes in temperature along the sample using a non-stationary heat
equation. We performed statistical processing of the curves of the temperature profile with
time at a fixed value of moistre. This dependence is approximated by a polynomial of 4"
degree. It has been found that the temperature in the alignment which is equidistant from the
ends of the sample with time occurs almost linearly.

Nonlinear process heating of the sample is characterized by high values of the relative
temperature gradient in the vicinity and at a distance from the border. Between these areas
there is a local maximum, the parameters of which depend on the boundary conditions of
temperature. In this study evaluated the rate of removal of the border for this maximum.

It was found that the temperature between the areas of wave propagation occurs a local
maximum relative temperature gradient. The maximum amplitude of the relative change in
temperature varies significantly with changes in the relative warm-up time.

The work was presented numerical methods that allow at the local level to investigate
the effect of moisture on building materials and temporary coordinate components of the one-
dimensional non-stationary temperature field.

The authors have developed a software environment based on the Borland C++ Builder
software package, which allows for variation in the main thermal parameters of the test
material.

Keywords: math modeling, temperature fields, humidity, unsteady heat conduction,
warm-up time, construction materials.



Beryn. Bigomo, mo BIUIMB TEMIIEPAaTypHO-BOJIOTICHHX PEXHMMIB HEOOXITHO Bpaxo-
BYBATH IIPU PO3paxyHKax HAIIMHOCTI OyiBEIIbHUX KOHCTPYKIIN Ta TEXHOJIOTTYHUX MPOLIECIB.
MiHiMi3alis TEIIOBUX BTPaT BUMAara€ BpaxyBaHHS apXiTEKTypHOTO i KOHCTPYKTHBHOTO
pimieHs Oy/iBesb, TEIUIO3aXUCHUX BIIACTHBOCTEH OTrOpPOHKEHb, KIIMATUYHUX YMOB PalOHIB
OyaiBHUITBA [ 1] Ta MATPUMYBAaHUX apaMETPiB BHYTPIUITHHOTO MIKPOKITIMATY .

AHaJi3 OCTaHHIX /JuKepes AocTilKeHb i myOaikaniii. Y poOoti [2] BUKOHAaHO aHami3
METO/IiB JTOCITI/PKEHHS TeIJIOTPUBKOCTI OTOPODKYBATBHIX KOHCTPYKITiH 1 OyaiBens. [Iponecu
mdy3ii Teruia i mepeHeceHHsT BOJIOTH HOCSATh BUIAIKOBUI XapakTep 1 MOXKYTh OyTH OTHCaHi
MeToaMu Teopii WMoBipHOCTEH. Y poboTtax [3 — 5] 3amponoHOBaHO METO/H, IO OMHCYIOTh
HECTallIOHAPHMIA TIEPEHOC TeIlIa Ta Macu 4epe3 OaraTomrapoBi OTOpOHKYyBalIbHI KOHCTPYKIIIT,
a TaKOX MaTeMaTU4YH1 MOJIEJI1 TEIUIOBOTO OanaHcy OyAiBIi.

BunisienHst He po3B’A3aHUX paHille YaCTHH 3arajibHOI MpoodjemMu. 3anpornoHOBaHi
MaTeMaTHU9HI MOJIEJi JOCUTH TIOBHO ONHCYIOTh MPOIECH TEIUIO- 1 BOJOTOHAKOITUYEHHS, OHAK
ICHYI0Yl METOJMKH OOJIIKY BOJIOTICHOTO PEKHUMY IPH PO3paxyHKY TeIUlonepenadl yepes
OTOPOJDKEHHSI HE PO3paxoBaHI HA JOCTIHKEHHS JIOKAJBHUX TPOIECIB TEIUIOTIEPEHOCY Ta
BOJIOTOHAKONIMYEHHsSI B OyAIBENIbHUX Marepiajiax 1 KOHCTpyKUiAX. LluMm BHU3HadaeThCs
aKTyaJIbHICTh MMUTAaHb YHCEIBHOTO PO3PaxXyHKY M aHaji3y TEerio-Ta MacOOOMIHHMX IMPOIIECIB,
10 MPOTIKAIOTh B OTOPOHKYBATbHUX KOHCTPYKI[ISX.

Merta podoTu — MareMaTH4YHE MOJENIOBAHHS W OIIHIOBAHHS IHTErpajbHOTO BIUIUBY
BMICTy BOJIOTH Ha XapaKTEPUCTHUKU OJHOBUMIPHOIO HECTAI[IOHAPHOTO I130TPOIHOTO
TEMIIEPAaTYpPHOTO TOJS B OyMIBEbHMX MaTepiajiax 3 130TPONMHMMH Ta TOCTIMHUMH B dYaci
TerI0(PI3MYHUMHU MTapaMeTpamH.

OcHoBHHMI MmaTepian i pe3yabTratd. PO3BHUTOK Teopii BOJIOTICHOTO PEXKUMY
OTOPOJIKYBAJIbBHUX KOHCTPYKI[IH OYIWHKIB TPHU3BIB J0 HIMPOKOTO BUKOPHUCTAHHS TOHSITTS
MOTEHITIATY BOJIOTOCTI, SIK€ J03BOJISIE HE PO3MEKOBYBATH TMOTIK BOJIOTH Ha 130TEPMIYHY Ta
TEPMOTPAIIEHTHY CKJIAQJIOBI, MPU IIBOMY PO3B’SI3YETHCS PIBHSHHS, AaHAJIOTIYHE PIBHSIHHIO
terutonposigHocti [6, 7]. HemomikoM mporo miaxoay € CKIAJHICTh €KCIIEPHMMEHTAILHOTO
BH3HAYEHHS HEOOXITHUX XapaKTEPUCTUK MaTepiaiB.

Bubip HamMM 4MCIOBOro METOJY IOCHIKEHHsSI TeMIIepaTypHUX IIOJIB 3YMOBIIEHHH
MOXJIMBICTIO OTPUMaHHS PIlIEHHS PIBHSIHHSA TEIIOMPOBITHOCTI IS HECHMETPUYHOTO
HarpiBy i IOBUIbHOT T€OMETPIi IIPU CKIAAHUX MOYATKOBUX 1 TPAHUYHUX YMOBAX 13 3aJIC)KHUMU
BiJl TEMITEpaTypH TEII0(GI3UYHUMH BIACTHBOCTSIMH.

Ha ocnoBi mporpamuoro cepenoBuma Borland C++ Builder 6.0 po3poGnenuit
NpOrpaMHUI KOMIUIGKC 13 PO3paxyHKy MpOTpiBy IUIACTUHKH TOBIIMHOKO D (Bigcranp
MDK 130TEPMIYHUMH TOBEpPXHSIMH 3 TemiepaTyporo T =Tk, k=1,2) Bmpomosk uacy fo.
ITouaTkoBa Temneparypa BHYTPIIIHbOT 00JIACT1 IUTACTUHKY IpUHMaacs TaKkolo, 110 JOPIBHIOE
piBHOIO To. Matepian IUIaCTUHU XapaKTepU3yBaBCS O0’€MHOIO Barorw % BOJIOTICTIO @ 1
Koe(illiEHTOM TeMIIepaTypOIPOBITHOCTI a.

[InactuHa po3OuBanmacs Ha pO3PaXyHKOBI e€JeMEHTH 3a KoopauHartoro X
(koopauHaTa HANPSAMKY, MEPICHIUKYIAPHOMY 10 TpaHuilb obmacti 3 T =Tk) i uacom t.
JIi1st po3paxyHKOBOI CITKM OyJiM BBeleHI Taki mo3HaueHHs: | = 1, ..., Nx — HOMep By3na CiTku
y HanpsMky X; j =1, ..., Nt — HOMep By3na CiTKH, OB s3aHuil i3 yacom t; Nx — 4nciio By3miB
citku y Hampsamky X; Ni = to/At — umcio Bysnis citku 3a wacom t; AX = b(Nx —1)* — nepion
CITKM y HampsMKy X. IHTepBan IHTErpyBaHHsS BU3HA4aBCsS 3 YMOBHU CTIMKOCTI PI3HHUIIEBOi
cxeMu i cTaHoBuB At < AX?/(2a) [8]. Y wiit po6oTi BBaskanocs, mo At = 0,44X%/a.

Y MeroauKax po3paxyHKY HECTAI[IOHApHOTO TEMIIEpaTypHO-BOJIOTICHOTO BIUIUBY
Ha OyliBeNbHI MaTepiaii BHUKOPHCTOBYETHCS DIBHAHHS, aHAJIOTIYHE PIBHAHHIO TEIUIO-
NPOBITHOCTI JUIs cynunbHUX cepenosuul [6, 7]. [IpeacTaBneHHs HecTal[iOHAPHOTO PIBHSIHHS
TETUTIOTIPOBITHOCTI 3a JOTOMOTOI0 CKIHYEHHUX pi3HUIb [8] mo3BoJisie 3amucaTtd BUpa3 JUIs
TEMIIEpaTypH B i-My BY3JIi CITKH



T, =T AX 2[AX2 - 2a4t + at(T, , +T,.,) @

!
ne T,, T, —3HaueHHs TeMIepaTypu B MOMEHTH dacy t i t + At BinmosinHo.

Take ysiBIEHHS Ja€ MOXIIUBICTD PO3TISIHYTH KIHETHKY 3MIHHM TeMIEpaTypu BCEpEIuHi
3pa3ka 3 (PJiIKCOBaHMMH TEMIIEPATypHUMH YyMOBaMH Ha TPAHUILIL.
KpaiioBi ymMOBH AJ1s IILOTO 3aBJAHHS MAIOTh TAKHMA BHTJISII:

T|i:1:Tl'
T‘i:Nx:TZ ,
T‘t:0,1<i<Nx =T

3 MeTO0 BpaxyBaHHs CHEU(IKK PO3IOALUTY HECTAI[IOHAPHOTO TEMIIEPATYpPHOIO TOJIS B
3pa3Ky BBEAEMO BITHOCHMH iHTepBan 4yacy & = {j/th (th — xapakrepHuii yac mporpiBy [5]);
BiHOCHY KoopauHaty mo X:. & = b!Xi; Bimmocmy Temmeparypy &ri = Txi / T1, ne Txi —
TeMIleparypa, sika BIINOBIAAa€ KOOPAMHATI X; BIAHOCHA 3MiHA KOOpAMHATH X MpPH 3CyBl1 Ha
nepion citku no X: Aexi = bt (Xis1 — Xi); BimHOCHA 3MiHa TeMIepaTypu HpH 3CyBi Ha Hepion
citrku mo X: Aeri = (Txi+1 — Txi) / T1; NOKadbHUE BITHOCHHWI TpATIEHT TEMIEpaTypu B
Hanpsamky X: Veri = Aeri | Agxi .

VYBeneHHs: 0e3po3MIpHOTO Yacy BUMarae OILIHIOBaHHS XapaKTEPHOTO 4acy HporpiBy th.
HIBuaKICT 3MIHM BIJHOCHOI TEMIIEpaTypH, 10 BUHUKA€ Ha MOYATKOBUX €Tamax Iporpisy,
BHU3HAYAETHCS TEIUIOBOIO iHEPITiEr0 oropoxi [9]

D=RyS, 2)

ne Ry — omip Terutonepenadi; S — KoeiIieHT TEII03aCBOEHHS MaTepiaiy.
Jns BemmamH Rp 1S Maemo

R, =dTdtdS/dQ=b/1, S=.2zkp/T, (3)

ne T — rpannuHe 3HaYeHHs Temmeparypu; dT, dt, dS, dQ — enemenrapHi Temmeparypa,
yac i IUIOIIA TOBEPXHi, Yepe3 SIKy MPOXOAUTh KiUIbKICTh Tertotn (Q mpu Teruromepenadi;
A, C, p — KOe(IIIEHT TETUIOMPOBIIHOCTI, 110 BPaXOBYE BMICT BOJIOTH, TUTOMA TEIJIOEMHICTS 1
IIUTBHICTh MaTepiany BianmoBimHo. 3 dopmyn (2) 1 (3) orpuMyeMo i TEIUIOBOI iHEPIIii
OTOPOJKEHHS

D=v2t/T. 4)

[epenumemo piBasHHS (4)
dt=t, = DT /(27), (5)
abo
t, =(R,SFT /(27)=bS°T /(222). (6)

OTpuMaHO XapaKTepHH yac Ul MPOrpiBy A0 TeMieparypud | 3paska TOBIIUHOKO D,
BUTOTOBJICHOTO 3 MaTepially 3 KOe(]illieHTOM TemJIonpoBiiHOCTI A 1 KoedilieHTOM
TEIUI03aCBOEHHS S.

Hamu mnpoBeneHa oIfiHKka XapakTepHOro dacy mporpiBy s miHoOerony [10] 3
06’eMHOI0 Baroio y = 646 kr/m*, mopuctictio p = 79%, Bonorictio @= 0% i koediuicHTOM
TEIUI03acBOcHHS S =4,5 BT/(MZK), koediieHT TerutonposinHocti nopiHioe A =0,14 Bt/(m K).
3 Bupasy (6) s yacy nporpiBy 3paska ToBuuHO b = 0,2 M 1o Temnepatypu T = T1 = 100°C
oTpuMaHo 3HaueHHs {4’ =658 C. Po3paxyHKOBHII eKCHEpUMEHT, MpoOBEACHUN 3a
MeToaukoro [8], mae Benmuuny th = 710 C, mo 36iraerbest 3 tH' 3 TounicTIO ~ 7%.



Po3paxoBana Ha miacraBi Bupasy (1) 3miHa TeMmIepaTypu Yy3IOBXK HampsmMky X 3
BiporimmicTio R?, mo 3Haxoauthes B inTepsani (0,9995 + 0,9999), 103Bosse OTPUMATH CEPilo
KpuBuX (puc. 1) 1 apOKCUMYEThCS TOJIHOMOM 4-r0 CTymneHs. 30KpeMa, JUIsi XapaKTepPHOTO
3Ha4YeHHs & = 1,2 crpaBe/yIMBe TaKe CIIBBIIHOIICHHS:

Ve, =—95801s! +131492 —53295% —0,345¢, +3311, (7

ne Ve, — IpallieHT BiIHOCHOI TEMIIEpaTypH &r.
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Pucynok 1 — 3mina 3a yacom TemneparypHoro npogiiaio odsaacti 3pazka
npu ¢pikcoBaHiii (@ = 5%) Bosorocri
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PucyHok 2 — BiuiuB rpaHMYHHMX YMOB Ha KiHeTHMKY NporpiBy odJacri 3pa3ka
(m1s1 BostOTOCTI @ = 5%0)



BupiBHIOBaHHS TeMIiepaTypu BcepeanHi 001acTi 3pa3ka 31 3pOCTaHHAM & BiIOyBa€eThCs
3 TpaKTHYHO JiHIiHOKW 3anexHicTio 4 = A(&) npu (ikcoBaHOMY 3HAuYeHHI &, ae 4 —
Koe(DillieHT MPHU CTAPIIOMY YICHI MOTIHOMA, M0 aPOKCUMYE 3alexkHICTh 4 = —111 & + 242.
I'padik HaBeneHo npu ¢pikcoBaHomy (@ = 5%) 3HaYCHHI BOJIOTOCTI.

VBeneMo KoeQilieHT 3racaHns IpaJicHTa BiTHOCHOT TEMIIEPATYpH Y HAIIPAMKY X

B=VerglVey, (8)
ne iHmekcu «0» 1 «X» BimmoBimaroTh Kparo 00JacTi Ta MOTOYHINH Oe3po3MipHil

KOOPJIMHATI & BiAmoBiaHO. [lo3HaunMo K & ‘ pe= Exge BUIHOCHY KOOPIMHATY 3MEHIIEHHS
Ve, B e pasiB. OTpuMaHo, 10 31 30UIBIICHHAM BIIHOCHOIO 4acy MPOrPIBY BEIUUYHMHA Eyp
3MIHIOETBCS 33 3aKOHOM &y, = 0141, + 0126 .

Po3paxyHku mokasaiuy, 10 3MiHa BOJIOTOCTI @ 3pa3ka IMPU3BOJAUTH NMpHU (PIKCOBAHOMY
3HAQYeHHI & A0 3MIHM  BIGHOCHOI  Temmeparypu  Agr.  30UIBIIEHHS — 4Yacy
MIPOrpiBY CYIPOBOJIKYEThCSI 3pocTaHHsAM Agr. B cBolo yepry, mpupicT Aer € HENHIAHOI0
GbYHKITIEO Ex.

Jlnst cepii kpuBux Aer = Aer(gx) napaMeTpuIHOT MHOXKHHHU & OYB BBEJCHUI KOSQIIEHT
PO3IIMPEHHS

p=L;,,/h, 9)

ne h, Liz — BucoTa i HamiBmupuHa KpuBoi Aer = Aer(ey) st 3aAaHOTO 3HAYEHHS &,
BianoBimHO. KoedirieHT po3mupeHHss 0071acTi MaKCUMAJIBHOTO 30UTBIICHHS TEMIIEPATYpH,
SIKUA OOYMOBJICHUM 3MIHOIO BOJIOTOCTI, 30UTBIIIYETHCS 3 YacOM 3a JIHIMHUM 3aKOHOM ¢ =
1,007& + 1,011 3 xoedinieaToM Biporizaocti R? = 0,9904. OTpumana 3anexHicts @ = (&)
OTIMCYE AMHAMIKY TTOBEIIHKA TEPMOHAIIPYKEHUX 00acTei B OyaiBenpHUX MaTepianax [11].

HeniniliHnii mporiec mporpiBy 3pa3ka XapaKTEPU3YEThCS MIABHUIICHUMH 3HAYCHHSIMH
rpajlieHTa BIJHOCHOI TemrepaTypu V g nobmusy (meplia rpaHnYHA 33Ja4a) 1 Ha BUJAJICHHI
(KiHIIeBE 3HAYCHHSI MIBUIKOCTI 3MIHM TeMIIepaTypH) Bix rpanuii (puc. 2). MK 3a3Ha4eHUMH
o0nacTsMHU iCHy€ JOKJIBHUN MakcUMyM V &, IapaMeTpu SKOTO 3ajleXaTh Bill IPAaHUYHHX
TeMIepaTypHUX yMOB. Po3paxyHKH mOKa3aid, M0 e MaKCHMyM BiIasiEThCS BiJ TpaHUII
31 mBuAKicTio U, =0,092¢, +0195.

BucHoBknu:

1. HaBezneHi 4iClIOBI METO/IM JO3BOJISIOTH HA JIOKAJIHLHOMY PiBHI OCIIIPKYBaTH BILTUB
BOJIOTOCTI OyJiBeNbHHX MaTepialliB Ha KOOPAMHATHY 1 3MIHHY CKJIAJOBI OJHOBUMIPHOTO
HECTaIlIOHAPHOTO TEMIIEPATYPHOTO TIOJISL.

2. Ha ocnoBi mporpamuoro cepenouiia Borland C++ Builder 6.0 po3poOnenuii
MPOrpaMHHUN KOMIIJICKC, IO JO3BOJISIE TPOBOJMTH BapirOBAaHHS OCHOBHUX TEILIO(MI3UYHHUX
napameTpiB AOCTIIKYBAaHOTO MaTepiaiy.

3. OTpuMaHMii aHANITUYHUA BUpPA3 JUIsl XapaKTEPHOTO Yacy MPOTrpiBy 3pa3Kka CHpOIILYye
IpoLeNypy BBEIEHHS O€3pOo3MIpHUX MapaMeTpiB 1 BIANOBITHO MiHIMI3ye€ HAKOMMYECHHS
MTOMIJIOK TIPU OOYUCIICHHSX.

4. BusHaueHo, 10 31 3pOCTaHHSAM 4Yacy MPOTPIBY BHUHHUKAE JIOKATHHHUH MaKCUMyM
rpaJieHTa BIAHOCHOI TeMIepaTypH, TMapaMeTpu SKOTO 3alexaThb Bil TPaHUYHHX
TEMIIEPaTypHUX YMOB.

5. 3a oTtpumaHo0 GOpPMYJIOK MOIUIFHO pPO3paxyBaTH XapaKTepHUN dYac MPOTpiBY
nesakux OyJiBeNbHUX MaTepiasiB, a TakoX 3 SCYBaTH BIUIMB BOJIOTOCTI i TEMJIONPOBIAHOCTI
Ha ITI0 BEJIMYUHY.
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