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MOJAEJIOBAHHS TEMIIEPATYPHOI'O ITOJISA B YACTKOBO
BIJIHTAPOBAHOMY TEPMOBAP’€EPHOMY ITOKPUTTI

Pestome.  [locniosiceno  memnepanypy — mepmobap '€pHO20  NOKpUMmMsl,  CAPUYUHEHY — PI3HUYeEIo
memnepamyp OCHO8U ma OO0GKIIL 3a Meni006MiHy 3 O0GKULIAM HA JUYesill NOGEPXHI NOKpumms md
HEeOOCKOHANI020 MeNniog020 KOHMAKMY HA iHmepgheiici NOKpUmms-oCHO8d, W0 XapaKkmepusyemocs 10KATbHUM
NIOBUUEHHAM MEePMOONOPY HA OUISIHYL MIJDCPA3HO20 pO3UuLapy8ants. 3anponoHo8aHo cnocib 36e0eHts Kpanosoi
3a0a4i menionpogioHocmi OJisl NOKpUmms 00 cucmemu iHmezpanoHux pieHsanb Dpedzoivma Opy2o2o pooy
GIOHOCHO YHKYIU, WO € NIHIUHUMU KOMOIHAYIAMY THMeSpanbHUX Xapakmepucmux memnepamypu NnOKpumms
(cepeonvoi memnepamypu i memnepamyprozo momenmy). I[lobydosano uucnogy cxemy po3s’sa3yeamisl
iHme2panbHUXx piGHAHb 3 GUKOPUCIAHHIM Memoody KeaopamypHux gopmyn. Hasedeno pesynmomamu 4uciogozo
aHanizy po3nooiny iHmezpancHux XapaKmepucmux memMnepamypu 6 nOKpummi — cepedHvoi memnepamypu ma
memnepamypHo20 MOMeHmy.

Knrwouogi cnoea: mepmobap’cpre nokpummsi, @iOuLapyeanHs, memMnepamypa, mepmMoonip, Koegiyicnmu
mennogiooayi, inmezpanvui piguanHA Ppedzonvma 0pyeo2o pooy.

B. Khapko, R. Martynyak

SIMULATION OF TEMPERATURE FIELD IN A PARTIALLY
DELAMINATED THERMAL BARRIER COATING

Summary. The problem of determining temperature in a thin partially delaminated thermal barrier
coating is considered taking into account the convective heat exchange with the surrounding environment at the
front and end surfaces of the coating and the imperfect thermal contact with the base, which is modeled by
thermal resistance. In view of deterioration of heat exchange between the base and the coating in the separation
region, thermal resistance in this region is assumed to be greater than thermal resistance in the regions of full
adhesion. The heat-transfer coefficient at the front surface of the coating is coordinate-dependent. With the use
of the propositions of heat conduction in thin elements of constructions, a model for describing temperature field
in a partially delaminated coating, caused by the difference between the temperatures of the base and the
surrounding environment, is proposed. Utilizing the method of variation of constants, an approach for reducing
the heat conduction boundary value problem for the coating to a system of Fredholm integral equations of the
second kind for the functions that are linear combinations of the integral characteristics of the coating
temperature (the mean temperature and the temperature moment) and the temperature of the surrounding
environment and the base is developed. A numerical scheme for solving the system of integral equations is
constructed using the quadrature method. In particular, Simpson's quadrature formulae are utilized to evaluate
the integrals, and the system of Fredholm integral equations of the second kind is reduced to a system of linear
algebraic equations. The results of numerical analysis of temperature distribution at the front surface of the
coating and at the interface between the coating and the base are given for the case of thermal insulation of the
end surfaces and the case of convective heat exchange with the surrounding environment at them. The
distributions of the mean temperature and the temperature moment are examined for various values of thermal
resistance in the separation region. It is revealed that an increase in thermal resistance leads to a significant
temperature perturbation at the front surface as well as at the interface between the coating and the base.
However, the value of the temperature moment in the separation zone is slightly decreasing in comparison with
the case when the delamination does not occur at the interface between the coating and the base.
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IoctanoBka mpodaemu. CydacHi eleMEHTH KOHCTPYKLIM po3risaaloThes sk OaraTopiBHeBa
cucTeMa, B SIKili TOBEPXHEBi LIapy i OCHOBA € CAMOCTIMHUMM MifcucTeMaMu. TOHKI MOBEPXHEBI LIapH
(Tepmobap’epHi MOKPUTTS), OCOOJIMBO y JETaNSX, IO BHUKOPUCTOBYIOTHCS B PAKETHO-KOCMIiuHii
ranysi, 3a0e3MeuyoTh 3aXUCT OCHOBH BiJ Jii BUCOKOT TeMIepaTypH, BOJIO/iIOTh BUCOKOIO aJire3i€lo,
JKapOMILIHICTIO 1 apocTiiikicTio. BigmapyBaHHS Telo3aXMCHUX TMOKPUTTIB BiJl OCHOBM 3a il
IHTEHCUBHOI'O I[OBiJ'IBHO po3n0z1ine1—10ro 3a KOOpAUHATaMU TCEIUIOBOTO HaBaHTA>KCHHA BiZ[6yBa€TBCH
BHACJIIZIOK BTPAaTH CTIMKOCTi, 3YMOBJICHOT CKJIQIHUM TEMIICPATYPHUM TOJIeM, sSKe BHHHUKAaE i3-3a
HEIOCKOHAJIONO TEIUIOBOTO KOHTAKTy CHpPSHKEHUX MatepianiB. ToMy pojib MOBEPXHEBOro wwapy sk
CaMOCTIMHOT Hi)_'[CI/ICTeMI/I BUABJIAETECA TPUHLUIIOBO BAXXJIMBOKO B TEOPETUUYHUX I[OCJ'[iI[}KeHHSIX
nepopMyBaHHS TBEPIMX Tl IPU TEPMOMEXaHIYHUX HABAHTAXKEHHSX.

AHaAJTI3 OCTAaHHIX JoCTiKeHb i myOJikaniil. MojemoBaHHsT TeMIEPATypPHOTO MOJISI
TepMOOap’€PHOTO TOKPHTTS 3 YpaXyBaHHSAM 3MIHHOCTI KOe(iIli€eHTiB TeIUIOBiIadl Ha
JMIEBIH TMOBEpXHI Ta HEJOCKOHAJIOr0 TEIUIOBOTO KOHTAKTy Ha MeXi HOKPHUTTSI-OCHOBA
MPU3BOAMTH JIO 3aJ[ad, IO MICTATh CHCTEMY TU(PEPEHIIIATEHUX PiBHSIHD TEIUIONPOBITHOCTI B
YACTUHHUX MOXIAHUX 31 3MIHHUMH KoedilieHTaMu, po3B’s3aHHS SIKOI OB’ s13aHe 31 3HAUHUMHU
MaTeMaTHYHAMH  TpyJHOIMAMHU. Y  JITeparypi BiOMiI  TEOPETHYHI  JIOCIIHKCHHS
TEPMOHAINPYKECHb Yy IUTACTHHKAX 31 3MIHHUMH KoedillieHTamMu TeruioBinadi [1-5] pizHuMH
MeTOoJIaMHu, 30KpeMa 3ampornoHoBaHuMHU Yy [6—10]. Brpara cTiiKOCTi BiAIIApOBAaHOTO BiJ
OCHOBH MTOKPHUTTSI BHACHIJIOK HASBHOCTI Y HHOMY BJIACHHX Jie()opMaIliii CTHCKY, BUKIUKaHNX
HarpiBoM, posrisgHyta y pobOoti[ll]. B pobGorax [12,13] npoBeneHo KoMII'IOTepHE
MOJICITIOBaHHS JIe()OpPMAIliifHOI MMOBEIIHKHA TepMoOap’€pHUX MOKPHUTTIB, a TAKOX ITOKA3aHO
BIUITMB BJIACTUBOCTEH IMPOMIKKOBOI'O IIapy MIXK HOKPUTTSIM Ta OCHOBOIO Ha 3HAUYEHHS
eKCTpeMalIbHUX HANPyXKeHb 32 IHTEHCHBHOTO TEIUIOBOTO TIOTOKY Ha HOTO JIMIIEBil TOBEPXHi.

TemneparypHi mons ¥ HampykeHHs B OiMaTepialbHUX TiUTax 3 MDK(pa3HUMH
TPIIIMHAMH, 1110 MAFOTh 3MiHHUH TEpMOOIIip, BUBYEHO B mparix [14—17].

Merta po6otu. [Ipu moty)xHOMYy HarpiBi Ha MOBEPXHSX MOKPUTTS BUHUKAIOTH BETHKI
nepenajn TeMIepaTyp, BHACIIIOK YOTO B HbOMY 3’SIBIISIIOTHCS 3HAYHI 3THHAIBLHI MOMEHTH,
SIKI MOXKYTh IPUCKOPUTH TOQpyBaHHS MOKPHUTTA. B 30HI BiamapyBaHHs BiIOyBaeThCs pi3Ke
MOTIPIICHHS TEIJIOOOMIHY MiX TOKPHTTSM i OCHOBOIO, OCKUIBKH TYT IX ITOBEPXHI CTalOTh
YacTKOBO a00 MOBHICTIO TEIUIOI30JIbOBaHUMHU. B pe3ynbTaTi BifmapyBaHHsS NPHUBOJIUTH IO
30ypeHHsI TeMIlepaTypHoro mois. TomMy UIsl Omucy 3aKOHOMIpHOCTEH TemIeparypHoOi
MOBEJIHKA  TepMoOap’€pHUX  HOKPUTTIB 13  BUKOPHUCTAHHSIM  IOJIOXKEHb  Teopii
TEIUIONPOBITHOCTI TOHKUX €JEMEHTIB KOHCTPYKIIH Ta 3 ypaXyBaHHSM HEJIOCKOHAIOTO
TEIJIOBOTO KOHTAKTY 3 OCHOBOIO 1 3aJI€KHOCTI BiJ] KOOpJUHATH KOEQIIli€HTIB TEIIOBI a4l 3
JUIICBOI TIOBEPXHi, 3allPOITOHOBAHO CITOCIO 3BEJICHHS 3a/1a4i TeIJIONPOBIIHOCTI JO CHCTEMHU
iHTerpaNbHUX PiBHIHL Dpenroapma APyroro pouy.

z +

Pucynok 1. Po3paxyHkoBa cxema 3amadi

Figure 1. The design model of the problem
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@opMyJIIOBAHHSA 3a/1a49i TeIIONPOBiaHOCTI. J[0CITiTIMO TeMItepaTypHe oJie Y TOHKO-
My TepMoOap’e€pHOMY IOKPUTTI 3aBJOBXKKH /i 1 3aBTOBIIKM 2/, Ha BEpXHIM (IMIEBiH)
MOBEPXHI z=h SKOro BiTOYBa€ThCS TEIIOOOMIH 3a 3aKoHOM HpBIOTOHA 3 JOBKILIAM
TeMIepatypd ¢, a Ha HIDKHIH NOBepXHI z=—/h — HeiJealbHUl TEIUIOBHH KOHTAaKT 3

OCHOBOIO TeMmmeparypu ¢ . HeineanpHICTP KOHTakTy IOKPHUTTS 3 OCHOBOIO MOXe OyTH
3yMOBJICHa HAsSBHICTIO MIKpONOp, MDK(pA3HOTo TpOIIApKy UM I1HIUX MibK(pa3sHux
HEIOCKOHAJIOCTEH, IHTeTpaJbHUN BIUIMB SKUX 3TIAHO 3 TEOPi€I0  KOHTAKTHOTO
TeriooOoMiny [18] BpaxoByBaTHMEMO KOHTAaKTHUM TepMmoonopoM 7 . Ha geskiit cepenuHHiH

JUITSTHIT [al,bl) (puc.1) mixkdazHoi MOBEpXHI MOpYIIEHA aAre3is MOKPUTTS 3 OCHOBOIO i

BiIOyBaeTbcsl HOro JoOKajdbHE BijmapyBaHHs. [loripmeHHs TermiooOMiHY MiXX OCHOBOIO i
HOKPUTTSAM YHACIIIOK BiJIIApyBaHHS 3yMOBIIIO€ IIi/[BUIIEHHS TEPMOOIIOPY 10 BEIHUHHU 75

Ha JistHUi [a,b)) B HOPIBHSHHI 3 TepMoONIOpaMK 7 i 73 Ha AiNsHKax 10BHOI aaresii (0,ay)
Ta [bl,ll) BIANOBIIHO (TOOTO 7 >77 1 15 >713). BBaxkaemo, mo koedilieHTH TEIIoBiuadl Ha
niueBiif moBepxHi mokputTs z=h Ha gimakax (0.ap), [a1.by), [B.}) Ttex pisui #
JOPiBHIOIOTE [} , 15, ﬁ; BianosinHo. Ha ToprieBux nosepxHsx nokputts x; =0 ta x; =/
BiJI0YBa€ThCS TEIJIOOOMIH 3a 3aKOHOM HBIOTOHA 3 30BHIIIHIM CEpPeIOBUIIIEM TeMIIepaTypr z‘i

.2 . . . .1 =1 .
i t; Ta xoedinienTamu TemnoBiggayi & , &, BIANOBIIHO.

[Io6 ommcaté KycKOBO-CTadl KOe(]Ili€eHTH TeIIoBiAaui Ta TepMOOINIp Ha JiISHKaX
(0.41), [a.By). [b1.}). cxopucraemocs —acumerpuuHo  dyHKuieo  Ieicaiina

1, x; =2 q, .
S_(xl—al):{o =" 1. Tomi
X1 <

(7 ()7 ()} = {7 ({73 = i ) (o =)+
0
+( {7} - {8 ) (a -4y).

3riIHO 3 TIMOTE3010 MPO JIHIHHUHN 3a TOBITUHOO MTOKPUTTS PO3IOJILI TEMITEpaTypH

z
t(z,xl)=Tl(xl)+Z Tz(xl) (2)
cTallioHAapHE TeMIepaTypHe IoJie B HbOMY BHUPAXKAEThCS Uepe3 iHTerpalbHi TeMIeparypHi
11 . )
XapaKTepUCTHKH — cepemnio Temmeparypy 1 (xp)= > J ((x,z)dz i TemneparypHuii
—h

h
3 ) .
momeHT 15 (x7) =— I zt(x1,z)dz. IaterpanbHi  TemmepaTypHi  XapaKTEPHCTHKH
—h

i (xl ). T (xl) BU3HAYAIOTHCS 3 CUCTEMU JU(epeHIliallbHUX piBHSHS [19, 20]

52



hzdfj—(’“l)—m(xl)(n(xl) 1)~ (31) (T (x1)12) = 0.
dTl( ) O<x<l,  (3)
0’ d;l 3(Lm (0))(72 (1) = 12) =302 () (1 () — 1) =32,

3a KpalilOBUX YMOB

dr; dr; -
d_xl_gl(T ) 0 Ipu x = O d—)q—gz(T )=O apu lel,l—l,z. (4)
h h L
1 ' 3 ' A= -
Tyt if=ﬂ_[hfédza i§=—2h2 __[hZfédza hp=—%— pia (%) =1 (x)%r 7 ()

207 (xl)

W () = hi (%)

. r(x)= — Ge3po3MipHi KoedillieHT TemnoBinmaui Ha JUIEBi
2\

MOBEpXHI MOKPUTTS z=h Ta TepMoonip HAa MEXi KOHTaKTy MOKPHTTSI 3 OCHOBOKO z=—/h,
=1 =1
he .1 _ hg
aE.vZ -

BiJIITOBITHO; E_,% = ?Lz — 6e3po3MipHi KoedilieHTH TemoBiAnadi Ha TOpIsIX Xx; =0

Ta X; =/ BiIIOBiAHO.
MeToauka 3BeIeHH 3a/1a49i TEMIONPOBIAHOCTI 10 CHCTEMH iHTErpaJbHUX PIBHSIHD
®pearobMa Apyroro poay.
BgiBmu 6e3po3MipHy KOOpAUHATY X = X; /A 13aMiHH
Fi = Tl +7L1T2 —(fl +}\,1f2) , 7\,2F2 = Tl +7\,2T2 _(tl +7\42t2) (5)
Ta BpaxyBaBmu moganHs (1), cuctemy nudepeHIiarbHuX piBHAHB (3) 1 KpaiioBi ymMoBH (4)

3BEIEMO JI0 TaKoi KpaloBoT 3a1adi:

{Aa(x)—a%a(x>=Ql(x>s.(x—a>+Qz(x)S-(x-b>+3’n’z’ Dex<l ©)

AP, (x) =03 F, (x) = 05 (x)S_ (x—a)+ Oy (x)S_ (x—b)+31,
dF; . dF, 7
d—;—ﬁl(ﬂ—lﬁl)=0npnx 0, d—+§2(F F) 0 mpu x=1, 0

Oy (¥) = {81} Fi (x) +{d2. 82} 5 (x), O3 ) (x) ={d5.83 1 F (x) +{d. 84} F> (%),
{d.8,} = [(”’1?2,3} “M12) )(7*2 —37»1)—2(11{‘2’3} ~M1,2) )}/(Kz ~1)

{282} = 2y =iy ) 3+ (g~ 2 +2) 02 =),
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{d3.85} = [—2(”'1?2,3} “M12) )Kz +(ﬂ{_2,3} ~N(12) )(3&% —1)}/[7% (2 =21)].

{dy.84} = [("’1?2,3} “M12) )(—7*1 +3%y) + 2(“{_2,3} M) )}/(7»2 ~M).

Mo ={3+2nfJ_r\/(3+2nf)2+12(n1—)2}/(6n1"), ol = +30m7, i=12;

K =Ti -4 +x1(T2"i—t2), Ey =Ty —1, +(Tlf—fl )/7»2» I=l/h,&=E/h, a=alh,
b=by/h, s (x)=nf +(n} —ni)S_(x=a)+(nf -n} ) (x-b).
_hm, 20,

.
"
TenuioBiyiadi # Tepmoonip Ha gimsakax (0,41 ), [a.5;), [by.f;) Binnosiawo.

+

ne=wh ot (m=1,2,3); u (m=1,2,3) — Ge3po3mipHi KoedimieHTn

VY mpaBi YacTHHU PiBHSHB cHCTeMHU (6) BXOASATH IMyKaHi (YHKITIT Fl(x) i F (x),
BHU3HAuUeHI Ha BiApi3kax [a,/) Ta [b,/). Po3B’sa3yeMo KOXkKHE 3 IUX PiBHSHb METOJOM Bapiarlii

cTasoi [5], BBaXKarouM iX MpaBi YaCTUHU BiIOMUMH. 3aI0BOJBHUBINM KpaitoBi ymoBu (7),
BH3HAUAMO CTaJli IHTETpyBaHHS, ITJICTABISIOUM SIKi y 3HAWJICHWU 3arajlbHUA pPO3B’ 30K

OTpPUMAEMo JUIs BH3HaueHHs QyHKuiil F(x) ta Fy(x) cucremy NiHiffHMX iHTerpaibHEX

piBHSHBb @penroibMa IPYroro poy
/

K (x) + J[dlﬂ (S) +dy F, (S)] K (x,s)ds +
a

+ [ 8173 (5)+ 8255 () K (x.5)ds = fi (),

bl 0<x<l, (8)

F (x) + I[d3]71 (S) +dyb, (S):I K5 (x,s)ds +

a

+ [[83F (5)+ 8455 (s) | Kz (x.)ds = £ (%),

—-o;X |, OLX
e K (x.s) = 228 *¢ chaiu—s)ﬁ—zsha,-(z—sﬂ‘ R ]
Dii o,

_9i =&
Py =Py ((xi _éz)e—oc,(l—s) +(ai +§2)ea[(l—s) Do = o+

b
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—oX | OLX 2—i 2—i
finy =Lt ¥ [37‘1 2 shogl ~ 221252 (1 - chol) + £, +

Dii a; o?

1

—a,;l
Lhi(oi=8y)e F |+ &1 <
o; +&; o +&; i=1,2

CxeMa 4YHCIIOBOTO DPO3B’SI3yBaHHS CHUCTEMM IHTerpalbHuX piBHsAHBL (8). s mporo,
BHKOPHUCTaEMO KBajipatypHi popmyu Cimmcona [21]

/ n
JF(s)di K (xs)ds = 37 Ay 1 F (sg) e Ky (x.5) ©
0 k=1
Tyt Bimpizox [O,l ] JIUIATBCS HA n—1 PIBHY YacTHUHY JOBXKHHOIO iz—l TOYKaMH
n_

s =(k=1)¢ (k = I,_n) . KoedimieHTH Ajy = Ay =873, Ay =4E/3, Ay, 11 =28/3,
n=2p+1, p=12,3,.... SIkimo B cucTeMi iIHTErpaJbHUX PiBHSAHB (8) 3aMiHUTHU yCi IHTETrpau
iHTerpalbHUMHA cyMaM# 3 (9), a Miciasd IbOTO 3aMiCTh KOOPJIWHATH X IIJCTABJISATH TOYKH
( j= l,n) , TO OTPUMAEMO CHCTeMYy JIHIMHUX anreOpaiuHUX PpiBHSIHD IS

po30uTTS § i
BU3HAYEHHs 3HaYeHb QyHKIiH F (x j) Ta F, (x j) B IIUX TOYKaX

K (xj)+ i A1 B (s¢)d K, (xj,sk)+i A1 F (5% )drK; (xj,sk)+
k=1 k=1

+Zn: A 2B (9x) 31K, (xjask)"' Zn:Ak,ze (a1 )82K, (xj>sk) =/ (xj)>
k=1 k=1 10)

Fy (xj)+ Zn: A1k (s¢)d3K, (xj,sk ) +Zn: Ay 1> (5% )dsKs (xj,sk )+
k=1 k=1

+Zn: Ao F () 83K (x5 )+ Zn: A2 F> (45)84K5 (x).54 ) = o (x5 )
k=1 k=1

[lepenicmu y piBHSHHAX (8) IHTErpaid y MpaBy YacTHHY Ta BPaxXyBaBIIM KBaJpaTypHi
dopmyim (9), BU3HAYMMO (QYHKITIT Fl(x), F (x) B Oymp-skiii Tourti x €[0,/] depe3 ix

3HaveHHs (10) y Toukax po30UTTS
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F(x)=Afi(x)- ZAlei si) Ky (x.5¢) zAlez (sx)d2 Ky (x.54) -
k=1 k=1

n n
= > A () 81Ky (%.5) = D Aka P (a1 ) 82Ky (. 51),
k=1 k=1

Fy(x)=f2(x)- zAlel sy ) d3 Ky (x.5) ZAlez (sk)daKs (x.51)—
k=1 k=1

n n
= 2 A2 Fi (ax) 83K (x.5%) = 20 Aol (95 ) 84K (.53 )
k=1 k=1

BpaxyBaBmu 3aminm (5), po3B’si30K KpaifoBoi 3amaui (3), (4) BH3HauaeMo 3a
dbopmytamMu

Do (1) ) s 2= OF =) e

Temmeparypa B TIOKPHTTI BHpPAXaeThcs uepe3 TeMIIEpPaTypHi —XapaKTepUCTUKHU
T;(x), T (x) 3a gopmyrnoro (2). Ha BepxHiii i HIKHii T0OBEpXHSIX IIOKPHTTS BOHA BiIIOBIXHO
nopiBHIOE 1(x,h) =T (x)+T5(x) 1 t(x,—h)=T{(x)-T»(x).

AHami3 pe3yJabTaTiB po3paxyHkiB. Po3rsianu ToHke TepMoOap’€pHE TOKPHUTTS 3
TaKUMH O€3pO3MipHUMHU po3Mipamu: a=6, b=14, [=20. Baxamu, mo Temieparypa

cepeIOBHINA Ha JIMIEBil OBEPXHi IOKPUTTSA z =/ ABiCTI M aTaecaT rpaaycis (1, =250°C),
a Temmeparypa OCHOBM HymboBa (7, =0°C); KoedilieHT TemIOBiITaul B3IOBXK Beiel
noBepxHi z=h crammii i gopiBHioe pt(x)=0,175; Tepmoomip Ha mingEKaXx 0<x<6 i
14<x <20 moBepxHi z=-h onHaKOBUH 1 HopiBHIOE 73 =73 =5,7. UHCIOBI pO3B’A3KH
no0yZ0BaHO VI JIBOX PI3HUX yMOB Ha TOpUSAX HOKpHUTTS x; =0, x; =/: 3a Temnoizosmii
TopuiB (Toai B ymoBax (7) kmagemo &; =&, =0) Ta 3a KOHBEKTUBHOIO TEILUIOOOMIHY 3

JOBKIJUISIM ~ TEeMIIepaTypH tg :z‘c2 =250°C (xoedimienTy TemmoBimmaui B ymosax (7)

él =§2 =0175 )
Ha puc.2 i puc.3 kpuBi 1-5 1UTFOCTPYIOTH PO3MOJIIM TEMIEPATypd Ha TOBEPXHSIX
MOKPUTTS 1 TEMIEpPaTypHUX XapaKTEPUCTHK Y3JIOBXK TOKPUTTS JUISI TaKHUX 3HAYCHb

TepMooIopy Ha AuisHIl 6 <x<14:1-r =57;2-r, =63,3-r, =114;4-r, =22.8;5-
r, =o. 3ayBaXuMoO, IO KpuBa | BiJNOBiZa€e BiACYTHOCTI BiAIIapyBaHHS IOKPUTTS Bix
OCHOBH, KOJIM TEPMOOIIIP y3/10BXK ycboro iHTepdelicy cramuii (1; =r, =r; =5.7 ); kpusi 2—4 —

30UIBIIEHHIO TEPMOOIIOPY Ha JAUISHIN BigmapyBaHHsS (7, >7, 1, >13); KpuBa 5 — TIOBHIH

TEPMOI30JIAIIIT BIIIAPOBAHOL JUISHKH 7 = 0.
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PucyHok 2. Po3nofin temnepatyp Ha HWKHiN #(x, /) i BepXHill #(x,—h) MOBEpXHAX MOKPUTTH (a) Ta

TemIepaTypHUX xapakrepuctuk 7; 1 75 (6) 3a Teroizomauii Topuip x =0 i x =/

Figure 2. The distributions of temperature at the lower #(x,%) and the upper #(x,—h)
surfaces of the coating (a) and the temperature characteristics 7; and 7, (6) in the case of thermal
insulation of the end surfaces x =0 and x =/

Tepmoizonvosani mopyi nokpummsi. Ha puc.2a 300paxeHo po3MOIiT TeMIIepaTypu { Ha
JUICBIA TOBEpXHI MOKPUTTA z =/h (CyniapHI JIiHIT) Ta Ha iHTepdeici MOKPHTTI-OCHOBA
z=—h (WTpUXOBI JNiHI{) JUIs pi3HUX 3HAUYEHb TEPMOOIOPY Ha BIIIMIAPOBAHIN JUISHIN
6<x<14. baunmo, IO BiAIApYBaHHS MiJBHIIYE TEMIIEPATYypy Ha 000X ITOBEPXHSX
NOKPUTTS. 3OLIbIIEHHS TEPMOOIOpPY Ha JUISHII MOpPYIIeHHS aire3ii 3yMOBIIOE pi3Ke
3pOCTaHHS TEMIIEPATypH MOKPHTTS, 0COOJIMBO Ha MEXi MOKPUTTA-OcHOBA. HalOipImii pict
TEMIIEpPaTypyd BiJIOYBAEThCS 3a TEILIOI30JIAIII HIDKHBOI TOBEPXHI TMOKPHTTS Ha JIUISHITI

BigmapyBaHHs (ToOTO mpu 7, =co0). Ilpu BigmanenHi Bix i€l JiIsIHKH 30ypeHHS
TEMIIEPAaTypH, 3yMOBJICHE ITiIBUICHHSAM TEPMOOIIOPY Ha Hil, MIBHJIKO CITaJIa€ i Ha TOPIISIX
nokputts (pu x =0, x =20 ) He nepesutnrye 1%.

CyuinpHAMH JTiHIIMH Ha puc. 20 IOKa3aHO PO3IOALT cepelHboi Temmeparypu 1j, a
MITPUXOBUMH — TEMIIEPATypHOTO MOMEHTY 75, 3a THX jK€ 3Ha4e€Hb T€PMOOIOpPY Ha IIJISHIL

nopyieHHs aaresii 6 <x <14. Po3nonin cepenHboi Temmeparypu SIKICHO aHAJIOTIYHHUH 10
PO3MOALTY TeMIEpaTypd Ha MOBEPXHSAX MOKPUTTA. TemmepaTypHuii MOMEHT 7, y Mexax

JUJTSTHKY BiIIIApYBAHHS CIIAJIa€ 31 3pOCTaHHSIM TePMOOIIOpY Ha Hii.

Kounsexmuenuii mennooomin nHa mopysx nokpumms. Ha puc.3a cymiibHEUMH i
HMITPUXOBUMH JIHISIMH TIOKa3aHO PO3MOJIT TEMIEpaTypH Ha MOBEPXHSIX MOKPUTTS z=h i
z=—h 3a KOHBEKTHBHOTO TEIIOOOMiHY Ha Horo Topisx x=0 i x=/ i3 cepeIOBHIIEM,
TeMIieparypa SIKOTO Taka K, SK 1 TeMIeparypa Cepe/OBHINa Ha JIMIEBId IMOBEPXHI

=12 =1t =250°C.

c

baunmo, mo abcoMOTHUN MakCHMyM TeMIIEpaTypH JOCATaeThCs caMe Ha TOPIBIX
MOKPHUTTS, J€ 3a IX TeIIoi3oismii Temmeparypa Oyia MiHiManpHOIO (JuB. puc.2). 3a
BIJICYTHOCTI BiamapyBaHHS (KpuBi 1) MiHIMYM TeMIlepaTypu JOCSTa€TbCs MOCEPEIHHI
nokputTs (mpu x =10 ). Konu BigmapyBaHHs 3yMOBIIOE JIOKaJIbHE 301JIBIIEHHS] TEPMOOIIOPY

Ha 10% mopiBHSAHO 3 TEPMOONOPOM Ha JUISHKaX IOBHOI airesii (to6ro », =6.3 mpotu

1 =r; =5.7), TO TemIeparypa Ha IOBEpXHSX HOKPHUTTS MEIIO IIJBHILYEThCS, XOda
JIOKaJTi3aIlisl TOUKH i1 MiHIMYMY He 3MIiHIO€ThCS (KpHBi 2). SIKIIO K Ha JUISHIN BiIapyBaHHS
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TEPMOOTIIp 3pOCTa€ BJABIYI W OLIbINE, TO TOCEPENHWHI IOKPUTTS BHHUKAE JIOKAIBHUN
MaKCUMyM Temriepatypu (kpusi 3-5), a ii MiHIMYM JOCSTaeThCsl 330BHI BiAlIapyBaHHS Ha

JUISHKaX IMOBHOI aaresii (B Toukax x=5.3, x=14.7 npu r, =11.4; B Toukax x=4.8,
x=152 npu r, =22.8; B Toukax x=4.1, x=15.9 mnpu Ttemnoizomsauii BigmapoBaHOL

JUISHKY (IIpA 7, = 0)).

t(x,+h),°C T, °C T..°C
. . z A RS S
3 ) AN ‘/‘ 7l \
\ i\ \ 5 0 t7 7§
200 A= 200 = 8 \ / \
" / 4 \ :’\ 37 [l
£’ . ’
A o 3 v T
160 S Y - 7, 160 e PR S by \ .5'7- ,I
, \ ? / \ !
120 = - ;};1 B 130 w X 2 X&v
i |
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PucyHok 3. Po3nofin temrepatyp Ha HWKHiN #(x, /) i BepXHill #(x,—h) NMOBEpXHAX MOKPUTTH (a) Ta
TeMmnepaTypHUX xapakrepuctuk 7 (6)1 75 (c) 3a BILIUBY Temoo0MiHy 3 TopuiB x =0 1 x =/

Figure 3. The distributions of temperature at the lower #(x, /) and the upper #(x,—4) surfaces of the coating (a)
and the temperature characteristics 7] (6) and 7, (c) in the case of heat exchange at the end surfaces x =0 and
xl =/

Posmopin cepennboi Temmneparypu NOKpUTTsS 7; (puc.30) SKiICHO aHAJOTiYHHH 110

PO3MOILTY TeMIIepaTypy Ha WOTO MOBEepXHsX. TeMIepaTypHHI MOMEHT 3a TTOBHOI ajre3ii Ha
MeXI MOKPUTTSA-OCHOBA Ha MUIAHINI 2.3<x <17.7 HaOyBae MpakTUYHO CTAJIOTO 3HAYCHHS

T, =11.3 (xpuBa 1 Ha puc.3c), ane MmiJ BIUIMBOM TEIUIOOOMiHY 3 NOBKLUISIM Ha TOPLSAX Y

Mexax Bipi3kiB 0 <x<2.3 117.7<x<20 cnanae npu HaOJIMKEHHI IO TOPLIB, JOCSITAIOUYH
Ha HUX MiHiMyMy 75 =7.3. 3i 301IbIIEHHSIM TEpMOOIIOPY Ha AUIAHIN BiJIapyBaHHS (KpUBi

2-5) TemmepaTypHHUII MOMEHT CIafiae B Mexax IUITHKA 2.3 < x <17.7, gocararouu MiHIMyMY
Ha 11 cepenuHi, a Ha aimstHKax 0<x<2.3 1 17.7 <x <20 iioro moBejaiHKa aHAJIOTIYHA, SIK Yy
BUMAAKY MoBHOI aaresii. Ciij 3ayBakUTH, IO KOJU TEPMOOIIp HA IUISHINI BiIIapyBaHHS
Oinpmmit 3a r, >14.2, To 3Ha4eHHA TEMIIEPATYPHOIO MOMEHTY CTAlOTh MEHINUMHU HIXK Ha

TOPIIX 1 J0CSTaroTh abcomoTHoro MiniMymy 7, =2.3°C mpu Temnoi3ousiii BiguapoBaHoi

JUISHKY (7, = o0 ) Ha 11 cepenHi.

BucnoBkn. Po3rnsHyTo 3amady Tpo  BH3HAUSHHS TeMIepaTypd B  TOHKOMY
TepMOOap’€pHOMY TOKPHUTTI, YacTKOBO BiJIIAPOBAHOMY BiJI OCHOBH, 3a KOHBEKTHBHOTO
TEII000MIHY 3 JOBKULIAM Ha JIUIEBid (BepXHii) IMOBEpPXHI IMOKPUTTS Ta HOro TOPIIX 3a
HEJIOCKOHAJIOTO TEIIOBOTO KOHTAKTY 3 OCHOBOIO, SIKUI BpaXOBaHO TEPMOOIIOpOoM. BBaxkaemo,
MO Ha JUISHII po3IIapyBaHHS, Yy 3B’SA3Ky 3 IOTIPIICHHSIM TEIIOOOMIHY MiXK OCHOBOIO i
MOKPUTTSIM, TEPMOOIIp € OiNbIIUM, HDXK Ha JiAsHKax mmoBHOI anresii. Koedimientu
TEIUIOBIIIavl Ha JIMIIEBIM IMOBEPXHI MOKPHUTTS 3aJIeXkKaTh BiJ KOOpIWHATH. BUKOpHCTOBYIOUN
METOJI Bapiallii cTayioi, po3pobieHo crocid 3BeIeHHs KpaloBOi 3a/1aui TeIIONPOBIAHOCTI s
MTOKPHUTTS JIO CUCTEMH 1HTETPAIbHUX PiBHSIHL DpeAroibMa JIpyroro pojay BiTHOCHO (GYHKITIH,
o0 € JHIMHUME KOMOIHAIISIMH IHTErpalbHUX XapaKTePUCTUK TeMIepaTypu B HOKPUTTI
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(cepemnboi  TemmepaTypd 1 TEMIEpaTypHOTO MOMEHTY). BukKopucTOBytoum MeToxq
KBaJ[paTypHUX (GOpMyJ, TOOYIOBaHO YHCIIOBY CXEMYy pO3B’SI3yBaHHS IIMX IHTETrPaTbHUX
PiBHSIHB.

HaBeneHo pe3ynbTaTH 4YHCIOBOTO aHali3y pO3MOJULy TeMIlepaTypd Ha JIHLEBid
MTOBEPXHI MOKPHUTTS Ta HA MEXI HOTO KOHTAKTY 3 OCHOBOIO, @ TAKOXK CEPEIHBOI TeMIepaTypr
Ta TEMIIEPaTypPHOTO MOMEHTY B IOKPHTTI 3a TEIUIOi30JIsIMii HOro TOPIIB Ta 32 KOHBEKTUBHOTO
TEII000MIHY Ha HHX i3 30BHIIIHIM CEPEIOBHUINEM IMPH Pi3HUX 3HAUEHHSIX TEPMOOIOpPY Ha
JUISHIN  BiAIIapyBaHHs. BusiBiIeHO, 1m0 HOro 3pOCTaHHS MPHU3BOAUTH JO 3HAYHOTO
IIIBUIIICHHS. TEMIIEpAaTypy SK Ha JIMIEBIA IMOBEPXHI MOKPUTTS, TaK 1 HA MeXi MOKPHTTS-
OCHOBa, a TaKOX CepeJHbOI TemIiepaTypu. BopHouac TemrepaTypHUil MOMEHT Ha JIUISHIL
BiJIIMIapyBaHHs 3MEHIITYETHCS B TIOPIBHSHHI 3 BHITAJIKOM BiJICYTHOCTI BiJlIIIapyBaHHS.

Conclusions. The problem of determining temperature in the thin thermal barrier
coating, which is partially delaminated from the base, is considered taking into account the
convective heat exchange with the surrounding environment at the front (upper) and end
surfaces of the coating and the imperfect thermal contact with the base, which is modeled by
thermal resistance. It is assumed that thermal resistance in the separation region is greater
than thermal resistance in the regions of full adhesion due to deterioration of heat exchange
between the base and the coating. The heat-transfer coefficients at the front surface of the
coating are coordinate-dependent. Utilizing the method of variation of constants, an approach
for reducing the heat conduction boundary value problem for the coating to a system of
Fredholm integral equations of the second kind for the functions that are linear combinations
of the integral characteristics of the coating temperature (the mean temperature and the
temperature moment) is developed. A numerical scheme for solving the system of integral
equations is constructed using the quadrature method. Assuming thermal insulation of the end
surfaces or convective heat exchange with the surrounding environment at them, the results of
numerical analysis of temperature distributions at the front surface of the coating and at the
interface between the coating and the base and distributions of the mean temperature and the
temperature moment in the coating are given for different values of thermal resistance in the
separation region. It is revealed that an increase in thermal resistance leads to a significant
increase in the mean temperature as well as temperature at the front surface and at the
interface between the coating and the base. However, the temperature moment in the
separation zone decreases in comparison with the case when the delamination does not occur.
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