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KwuiBceknit HanionanbHRii yHiBepeuTeT
OyNiBHULITBA i ApXiTCKTYpH

PO3B'A30K MATEMATWUYHOI MOOENI
NMPOMEHEBOIQ ONANEHHSA, WO CTBOPIOE
KOM®OPTHUW TENNOBUWN PEXUM
B NPOLIECI PO3IMPIBY BYAIBNI

HoBi mMoxJHBOCTI eHeprodepexeHHs B CHCTEMaX ONaJieHHs BUPOOHH-
YHX MpHMilleHb posrnsgjaoThes y pobotax [1], [2] i [3]). Lli MoxauBocTi no-
JIAraloTh y CTBOPEHHI KOM(OPTHOrO TENJIOBOro PeXXMHMY B HECTALlIOHAPHOMY
npotueci posirpisy 6yaini. CTBOpeHHs Takux pexxHMiB JI03BOJISE PO3LUHPH-
TH 00NacTe 3aCTOCYBaHHA CHCTEM NEPEPBHOTrO OMANeHHs, AKi MEHLI BHT-
paTHi Hi NOCTiHHO Air0Yi CHCTEMM ONaneHHs. A TIPU 3aCTOCYBAaHHI PeXHMIB
TepepBHOro OnaneHHA A03BONAE IMIHWTH pekHM pOBOTH TakUM YHHOM, L0
CTa€ MOXJIMBHM 3Ha4YHa EKOHOMif TEMJIOROI eHeprii.

HeranbHille AOUINBHICTE CTBOPEHHA KOM(OPTHUX TETUIOBHX PEKHUMIB Y
HeCTaljioOHapHUX Mpolecax, po3rniHyTo B [1], ne HaBeleHi Takox 3amex-
HOCTi, HI0 XapaKTePU3ylOTh 3MEHIUEHHs BTpar Temnotu. B pobori [3] Bee-
JeHi cnpoulylodi npunyileHHs, i obrpyHToBaHO noGymoBy MaTeMaTHYHOT
MOZieNi, I CHCTEMH OflaNeHHs, W0 CTBOPIOE KOM(OPTHHIA TernoBuii pe-
UM B npoueci po3irpiBy 6yaisni. CxeMy TeNIOBHX MOTOKIB i TeMneparyp,
WO BiANOBIAAE NPUAHATIA Moaeni TennoodMiHy i CnpolyIOYHM MpUNYILEH-
HSIM HaBefIeHO Ha puc. 1.

tx=0,1=0 t1=5';=

! . b

Puc. 1. Cxema Tenn0BHX NOTOKIB, TEMIEPATYP i BiANOBIAHKX KoediuicHTIB
TennoobMiny Moxeni
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Cucrema piBHAHb 3 AKMX CKIIAAA€ThCHA 3rajlaHa MaTeMarHyHa MoJeNb
Mac TakHif BUrnaaA:

( o, Jor=dlo™,  Jox?), 0

- l(a{x,t /a’t)L:a =0y, (‘x:&,t -1,), ()

_)"FCT (a'rx,t /Ex)'x:{) = ul1p,J1Fn|9 ('rnp.t _‘x=0,1)“asFt:T(tx=0,1 _Is.r)' (3)

< tx,'::ﬂ = !_t=0,t=|] - [(rx:O,T:O - lx:ﬁ,t—;ﬂ)fa] X, (4)
Vs *Ca '(drn.t /dt): anp.Kan(tnp.t - rll,'t' )+ (5)
+ 0ty Foy '(tx=0,r “‘a,t)ths(’n,t _’n)’
fg1=0 = cOnst, (6)
= Oy npfp,c + Oy crfx=0,1 + %y _glp 1 ) )
\- Qy np + 0y cr +0y

Hesinomumu B cuctemi, € PyHKUIT £, o, 1,0 1, 1 ty o, AKi 3aM€XKATH Bil

MOMEHTY 4Yacy T, Ta BU3Ha4aloTh TeNNoBui komopt.

PieaanHA (1) B cucremi — ue pieHanHg Dyp’e, L0 onucye po3nonin
TeMIepaTyp MO TOBIIMHI 0AHOWAPOBOT MIOCKOI CTIHKM B 3aleXHOCTi Bij
MOMEHTY Yacy T.

Posg’s3ok nudepenuiiinoro piBHAHHA Dyp’e BU3HAYAECTHCA TAKUMH
YMOBaMH OIHO3HAYHOCTi:

® i3 30BHIUIHBOT CTOPOHH OTOPOKYIOUOT KOHCTPYKLLT PIBHAHHAM (2) —

rpaHUYyHOI0 YMOBOIO 3-I0 pojy LU0 BH3HA4ae PiBHICTh TENJIOBOrG Mo-
TOKY, L0 HAAXOAUTH 3 TOBLL CTIHKM O 30BHIlIHBOI [OBEPXHi i Ten-
JIOBOTO MOTOKY, IO BiABOAMTHECA Bia ui€l MoBepXHi 4O 30BHILIHBOTO
noBiTps B 6yab-AKHit MOMEHT Yacy;

® 3 BHYTPILIHLOI CTOPOHH PiBHAHHAM (3) — rpaHUYHOIO YMOBOIO 3-TO

poay, 10 OMHCYE PiBHICTE TEMJIOBONO MOTOKY, L0 HaAXOAMTb Ha
BHYTPILLIHIO MOBEPXHIO CTIHKH Bi/l BUNPOMiHIOBa4a, TE[UIOBOMY MOTO-
Ky, WO BiABOAMTHCA BiJl BHYTPILIHEOI MOBEPXHi — y TOBILLY CTiHKH
TEMUIONPOBIAHICTIO, i 1O BiABOAMTECA O BHYTPiLIHLONO MOBITPA —
KOHBEKLIEIO;
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® y NMOuaTKoOBHI MOMEHT uacy T=0, piBHAHHAM (4) — MOYATKOBUM

pO3ROAINOM TEMICPATYP MO TOBLIMHI CTIHKH.

HudepenniansHe piBHAnHA (5) oTpumMane 3 TennoBoro GajlaHcy NOBITPA
3a [IPOMiKOK Yacy dt. Po3Ba30k piBHAHHA (5) MOBKHEH NiAKOPATHCA foYar-
KOBiii yMOBi, — piBHAHHIO (6), AKE BH3HAYAE PiBHICTbL TEMNIepaTypH MOBITPA
B MOMeHT Yacy T=0, (oHOBOMY 3Ha4eHHIO.

Jlo cuctemu piBHAHL BXOJUTHL TaKoXK piBHAHHA (7), WO 3yMOBJIOE Ten-
nosuit komdopt (0OrpyHTYBaHHA AuB. [3]).

Po3irnsHemo nopsaAok po3n’ 3Ky HaBEAECHOI BHILE CHCTEMH PiBHAHB
(D=(7).

Po3B’430K cucTemMu piBHAHb BIIHOCHO QYyHKUIT I, ; — pO3noAiNy TeM-
nepaTyp no TOBLIMHI CTIHKH, OyAEMO WIYKATH AK 3aralbHKil po3B’s30K AH-
¢epeHLiaibHOTO piBHAHHA PYp’e Y HACTYMHOMY BHIUIAAL:

Lot = Fem,1me0 ({110,720 = Le=g2=0/ )] X +
- —ak? (8)
+ Y A;[sin(k;x) + p; cos(k;x))- e 5T,
i=l

3araneHuil po3B’A30K CUCTEMHU BiJIHOCHO QyHKUIT f;, . Oyaemo wrykatu

y BUFNAAL

lor S lyt=e t Z(g,- - A; pi _(_,--a-k,-"-t)‘ @

i=l

Binomo, axuio QyHKIiA 3a70BONbHAE AMdepeHLianbHOMY PiBHAHHIO, TO
i cyma Takux yHkuUiH, HoMy 3anoBonbiise. ToMy nocTiiiHi iHTerpyBaHHA
Pi» ki g; . OyAEMO 3HAXOAHTH 3 YMOBH 3a/10BOJICHHA YaCTKOBUMH PO3B’A3-
Kamu

I [( f2=01=0 ~Ix=8,1=0 / 5]1 +

—{l'k""f
3

(10)
+ A [sin(k,—x} + p; cos(k,—x}]- e

—ak:2
v =y 8 Ap e T (11)

rpaHHYHKM YMOBaM i3 30BHiLIHBOT i BHYTPIlIHBOI CTOPOHH CTiHKM, PiBHAH-
HIO TennoBoro 6anaxcy nosiTps i piBHAHHIO KoMdopTy. Koediuieutd A;
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npH i -THX J0AaHKaX cyMH B piBHannax (10) i (11) 3310BO/IbHAIOTL FPAHHY-
HUM YMOBaM i TerioBomy GanaHcy MoBiTps 1MpH Oyab-9kHX CBOIX 3HA4EHHAX
(sx ue 6yie nokasano Hipkue). ToMy MOXKHA 3HaANHTH Taki 3HAYeHHA A;, Npu
SKHX QyHKUA [, . Oyae 3af0BONLHATH L€ i MOYATKOBOMY pO3MOAiNY TeMm-
neparyp 1o TOBLUMHI CTIHKH.

Po3B’130K cHCTeMH PiBHAHB WOAO LWYKAHOT QYHKUIT TeMIlepaTypu Bu-
MPOMiHIOBa4a OJIEPKUMO BUPKAIOUH fyy ¢ 3 PIBHSAHHA KompopTy (7):

Tpt = (™ np F 0y o H0y g My = Oy gfs,1 = Oy _cilx=01 ]'Iu'l__llp - (12)

TemnepatTyph ;.5 1=co | fy=(,1=c0» WO YCTAHOBJIATLCSA MO 3aKiHYEHHI
npouecy po3irpiBy Ha 30BHILUHi# | BHYTpiluHiit MOBepXHi CTIHKH BiAMOBIJHO,
MO)KHA BU3HAYMTH i3 cucreMu pirHAHb (1)=(7), micis niacTaHOBKK B iT 3HA-
UYeHHd T=-co. SKIIO BpaxyBaTH U0 /A CTALIOHAPHOIO KiHLEBOrO po3No-
ANy Temmeparyp TeJIOBHH MOTIK KPi3b 30BHILIHIO i BHYTPILIHIO NOBEPXHIO
CTiHKM TO#f caMmuil, i nopiBHIOE:

MOt f30)] g = MO e fO0)] ) = M0z ~1apa0 /8. (13)

10 cucrema (1)+(7), micng MiACTaHOBKM WLEOrO TEMNIOBOrO MOTOKY NpH
T = oo, MATUME BHIIIAL:

( lbx:U.t:l} —1=51=0 J/6 =0ay ('rx=6,'c=oo - tu) , (14)

AF, cT [tx:(),t=0 - rx:ﬁ.t:ﬂ )/ &= aup_n an (I np,t=e ! x=0,1=00 )= (15)
0, F cT (‘x=0,t=w ~lg 1=eo ) o
< anp.anp L‘np.t:m — Iy 1=c0 J+ Oy Fcr (r;c:[],r:m R )_
et o
= Legp, fp1=e0 — Iy =0,
Oy “p+‘1qc~r+0'-.|g Oy np Oy cr .
rB.t=‘” = = = - In= = . np,T=oo - = r;:O.'[:aav (i?}

\ Oy g Oy s oy 5

Y pesynbTaTi po3B’A3aHHA CHCTEMM 4YOTHUPLOX piBHAHB (14)+(17),
OAHO3HAYHO BM3HAYAEMO YOTHPH HEBIIOMHX Iy 1wy Inptmces ly=0 t=ces

1y =§,1=c AJIA KIHLEBOINO CTAUIOHAPHOTO PEKHMY.
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Koediuieutu p; i k;, Bu3navaemo, niacrasamioun Ppyuxuii (12), (10)i
(11) y rpaununi ymosu. [Tincrasasioun dyukuito 7 . 1 (10) npu x=3 8
piBHAHEA (2) onepKUMO:

- l(_ (tx=0.'r==e - rxza‘,r:m ]/6 + Aik'; [CUS(k,: ' 6) i ﬂin{ki . 8)] e——a-ka.t ) =

= au[(‘ua.km + A;[sin(k; - 8)+ p; - cos(k; -8))- e‘“'**z")—r,,] . (18)

dyHKLif r;‘t Taka, AKLLO TICNA MiAcTaHoBKY il B piBHAHHA (18), pos-
KPUMTH AyXKH, TO BCi ZONAHKH, AKi HE 3a1exkarb B/l T, OyAyTe Taki X AK i B
pisHaHHI (14). A TaKk AK 3HAUEHHA TEMICPATYP !,_0 1=c s [\ =§ T=00s om0 >
npa=e — 3Haiiaeni i3 cucteMu piBHanb (14)+(17), € Takumu WO nepeTso-
PIOIOTh KOXKHE PiBHAHHA L€l CUHCTEMH B TOTOXHICTb, TO BCi JIOAAHKH, 1110 He

MicTATb T B piBHAHHI (18), B3aeMIi0 3HUILYIOTBCA, NPH NepeHoci X Mo OAHY
CTOpOHY Bia 3Haka piBHocTi. Toai 3 (18) onepixumMo piBHiCTb:

- M!‘kl' [cos(k,- . 5) =P *‘am{k‘ ' 6)]' é"“‘kiz.r =
(19)

= o, A fsink; - 8)+ p; - cos(k; - 8)] ek’

i
V pisnsusi (19), muoxamku A -e 94T

CKOpOUYYIOThCH, OTXKE, CTIPaBC/IH-
BiCTb AAHOI rPaHUUIOl YMOBH HE IIEKUTH Bil MOMEHTY 4acy T i 3HAYEHHH
koedilieHTiB A; - A 3HAYEHHA TOCTIMHMX iHTErpyBaHNS, NPH AKX BUKO-
HYETbCA MPAHHYHA YMOBA (2), [MOB’A3aHI XapakTCPHCTHIHHUM PIBHAHHAM, OT-

pumanuM i3 (19):

MI‘r' +Q,, pi

rg(k,--S)znp P
iFi H

20

3a00BONBHAIOYH MPAHWHHUM YMOBaM HA BHYTpillHil MOBEPXHi CTIHKH,
miacraBumo dywukuii (12), (11) i (10) npu x =0, y pisnauns (3). [licas
B3aEMHOI0 3HMLUIEHHA AOMAHKIB AKi He 3anexarth BiJ T (aHAJOriYHO TOMY AK
ue 6yno ans piBuauHa (18)) i BAKOHABIUM MAaTEMaTH4HI MEPETBOPEHHS
OJIEPXKIMO ApYre PIBHAHHA 110 3B’ A3ye MOCTIHHI IHTErpyBaHHA:
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-AF, k; .

p; = er i - 2D
. allp.fl ana'l_vﬂ l""Lvip.;: Fllpa‘l_c'f
Oy = {anFcr"'“npnPnp)"' o ’

Oy np 4 np

3a/0BONBHAIOYH TernaoBoMy OanaHcy BHYTPIIHBOTO TOBITPA, MigcTa-
Bumo pyHkuii (12), (11) i (10) npu x=0, y piBHaHHA (5). [Ticns B3aemMuoro
3HULLEHHS NOJIaHKIB, AKI He 3anexaTh BiA T (AHAJIOrIYHO TOMY fK Le Oyno
ans pigHanHa (18)), i BUKOHABIUKW MaTeMaTHuYHI MEPETBOPEHHA ONEPKHUMO
TpeTe PIBHAHHA, (10 NOB’A3Y€ MOCTiiHI iHTErpyBaHHs:

oy Fcr _anp.k an (U"!_CT /au_np)

2
anernp( un/“’q np)"'unpxF +o Fo tLep, —a-ki My -c,

8i = - (22)

Maemo cucTeMy Tpbox piBHaHb (20), (21), (22) ana Bu3HAUeHHA Tpiliok
MOCTIHHMX iHTerpyBanHs — k;, p;, g; (nBa 3 uux pisHanb — (21) i (22)
NiHiiiHi, a onHe — (20) HeniHiliHe, TaK 3BaHE XapaKTEPUCTHYHE).

Takum unHOM, HaBeAeHuil yacTkoBuil po3s’a30k (10) 3a80BONIBHAE rpa-
HHYHHUM YMOBaM TpH OyAb-AkuX 3Ha4eHHAX A;. Tomy HeobxinHo 3HalTH

TaKi 3HaueHHs koedilientis A;, npm skux Qyukuis (8) 6yae 3a10BONBHATH

piBHAHHIO (4) — MOYaTKOBOMY PO3IMOAINY TEMIEPATYp NO TOBLUMHI CTIHKH.
[Miacrasnsiouu (8) y pisHaHHs (4), ofepxumo:

! e=0,1=0 —1 x=5,1=0 t.r:ﬂ,‘l::oo =l y=f,1=c0
fx:{l,::(l - 8 X = I;:UJ:M - 8 X+

+ 3 Alsin(k,x)+ p; costk ). (23)
i=l
HeobxiaHo 3ayBaxkuTH, 110 B pO3rNAAYBaHOMY BUNAAKY, KOehilicHTH
A; He MOXHA O[ePKAaTH 3 TPaAHUWiIHHMX 3aneKHOCTEH ANA po3KTanaHHA
dyHKUiIHA y paja Dyp’e, Tomy wo koedilieHTH p;, k;, g; TaKi, Wwo and ao-
AaHkiB pany Oyp’e ymoBa OpTOroHANBHOCTI HE BHKOHYETBCA.
3uaueHHs A;, BH3IHauHMMO AK koedilieHTn pany Oyp’e, o npeacTasie GyHK-

. B !y=0,1=0 ~ ! x=4,1=0 Ix=0,7200 ~ 1 5=5,1=00
Lo q}(x} = lt;t:(),‘l::(} - b S L s X {s

3
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Y BUMAAAI CYMH JOJAHKIB A [sin(k,-x)+ Pi cos(k,-x)], METOAOM 3aMpofoHOBa-

HuM B [4]. Lleif MeTon monsrae B npuB’A3yBaHHi 3HavYeHbL QVHKLUIT BUpaxe-
N

HUX cymol0 N uneHiB pagy — ZAI-[sin(k,-xH Pi cos(kl-x)]. JI0 3HAYENbL
i=l

¢ynkuii @(x) B N Toukax no oci x. Tobro koediuientu A;, 6yayTb kope-

HAMH HaCTYMHOI CHCTEMH PiBHSAHb:

N
o(x) = ZA,-[sin(k,-.rl)+ pi cos(k;x,))

i=1

N
O(xy) = Y A;[sin(k;x,) + p; cos(k;x,)) (24)

-< i=l

N
ktp(xN )= ZA,-[sirl(k,-xNH Pi cos(k,-xN)I.
i=l
Omxe, po3B’a3koM cucTeMu AudeperttianbHux pisHsub (1)+(7) Oyiayrs
dyuxuii (8), (9), (12), i3 nocTiliHUMH IHTEIPYBAHHSA, WO BH3IHAUAOTLCA 32
HaBeJIleHUMH Buile GopMyamH.
3amintorouu B (12) 3HaueHHs t,_g . i 1, 3 (8)i(9) Bianosinxo, oxep-

KUMO HIYKaHY 3a1eXKHICTh, 110 AKiil HEOOXiHO peryioBaTH Temrepatypy Ha
MOBEPXHi BHMPOMiHIOBaYa, 11106 yMoBa kKoMopTy BUKOHYBAsAcA i Oyib-
AKOTO MOMEHTY Yacy:

. [ 1’4 —u-k‘:‘,-r <
Lip,t =| fapia=ee — 2z Oty p8i + Oy cr JAiPi "€ Uy np - 25)
i=l

OrtpumaHa aHalliTUYHA 3anexHicTh (25) Aae MOXAMBICTL aHanilyBarw
OCHOBHI 3aKOHOMIpHOCTi KOMGOPTHHX TEMAOBHX PEXUMIB po3irpiBy Ais
Oyab-AKMX MPUMILLEHb. JaneXHICTb TaKOX Moxe OyTH BHKOpMCTaHa MpH
po3pobiti iHXKEHEPHUX METOJMK PO3PAXyHKY CHCTeM onaleHs OyauHKiB,
AN AKUX TIPHHHATI COPOLLYIOKYi HPUNYLUEHHS, HE MAIOTh ICTOTHUX BiiXH-
Jiedb Bia AificHocti. Hanpukian, ans npumilieHb nasijbiionnoro tuny, i3
HE3HaYHOIO TEMNOEMHICTIO yCTAaTKyBaHHS.



YMoBHI no3HAYMEHHH

KOOp/IWHATa BiANivyBaHa Bij BHYTPiLIHLOI MOBepXHi CTIHKU B Ha-
NpAMKY OPTOroHaNBHOMY R0 ii TUIOWKHH, M

T yac, ¢

t Temneparypa, °C

1,z (yHKuUia TeMOepaTrypu BHYTPIiLIHBOrO NOBITPA B 3a€XHOCTI Bi MO-
MEHTY Hacy T, °C

t, . $yHKuis po3nominy Temnepatryp CKpi3b TOBLLY CTIHKH B 3Q1€XHOCTI
BiZl MOMeHTY 4acy T, °C

Inpt  YHKUiA TemmepaTypu TemriepaTypu NoBepXHi BUIPOMiHIOBaya B 3a-
NEXHOCTi BiZA MOMEHTY 4acy T, °C

tp  xomdopTHa Temnepatypa npuMillents, °C

A, pi, ki, g nocTilHi iHTerpyBaHHs

) TOBILMHA CTIHKH, M

p ryCTHHa, Kr/M’®

A TEIUIONpoBiAHICTb MaTepiany cTiHku B1/(M - °C)

¢ NHTOMa TENNOEMHICTB, JDK/Kr

a koediuienT Temneparyponposiasocti = A/ (c-p), Mic

o koeiuient Tennoobminy, Br/(m’ - °C)

o, KoedillieHT KOHBEKTHBHOIO TEMNOOOMiHy MiX BHYTPILUHBOIO NMOBEPX-
HEIO CTIHKHM i BHYTpillHiM noiTpam, Bt/(M” - °C)

Opp.s KoeQiuienT pagiauifinoro Tenn006MiHy MiX BUNPOMIHIOBaYEM i CTiH-
koo, B/(M* - °C)

Oy KOCGILIEHT KOHBEKTMBHOrO TEMIOOOMiIHY MDK BHIIpOMiHIOBayeM i
BHYTPilIHiM NOBiTpAM, BT/(M - °C)

F  nnowa nosepxHi, M

L 06’eMua BHTpaTa 30BHilUIHLOTO MOBITPA HA BEHTUJIALLIO, M /c

¢y 00’eMHa TenoeMHicTb nositps, /M’

V,  00’eM BHYTpilHBOrO NOBITPA, M’



3navenns indexcia

1 3a7e:KUTh Bl MOMEHTY dacy
BHYTPILLHBOTO MOBITPA

H 30BHILIHBOTO NOBITPA

np  BUNPOMIHIOBaYa

y NIOXMHU
CT  CTiHKM Mofeni
4_fp, Np_cT, 4_CT iHIEKCH NS TIPOMEHEBOro TerI000MiHy MiX Nto-

JAMHOIO | BUNPOMIHIOBa4eM, BUMPOMIHIOBAYEM | CTIHKOIO, MIOAHHOIO |
CTIHKOIO, BIANOBIAHO

X =0 Ha 30BHIlUHI} NOBEPXHi CTIHKU

x =0 Ha BHYTpilIHi}l NOBEpPXHi CTiHKH
t=0 B (oHOBOMY peXKHMI

T=9% B KiHLEBOMY CTALOHAPHOMY PEXHMI
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