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CTAIHIOHAPHE TEMIIEPATYPHE I10JIE B OBOJIOHKAX 3
OJHOCTOPOHHIM BAT'ATOIIAPOBUM ITOKPUTTAM

Pestome. 3anponoHogano  po3paxymkogy Mooelb Ol GUSHAYEHMS  CMAyiOHaApHO20 — pO3NOOLNY
memnepamypu 6 000N0HYI 008INLHOI hopMu 3 0OHOCMOPOHHIM bazamoutaposum noxpummsam. Ompumaro
P036’A30K 3a0aui MenionposioHocmi 01 0DOJIOHKU 3 NOKPUMMAM | 3aKOH 3MIHU meMnepamypu no moeujuHi.
st obononok obepmans 8i0N0GIOHY 3a0a4y po36’s13aH0 Y Oe3pO3MIPHUX GENUYUHAX.

Pozensanymo 06010HKY 3 00HOCMOPOHHIM 0A2aMOULapOBUM NOKPUMMAM, NOBEPXHI AKOI OMUBAIOMbCA
B06HIUHIMU cepedosuuamu 3 pizHumu memnepamypamu. Mamepianu 000IOHKYU mMa NOKPUMMIe Maiome pizHi
mennogizuuni xapakmepucmukuy. Ha xonmakmuux nosepxusx 000NIOHKU [ nepuLoco uLapy NOKpUmms ma Mixc
wapamit BUKOHYIOMbCS YMOBU i0eabH020 mennogozo konmaxkmy. Ha 306niwnix nogepxnax cucmemu obononxa-
nokpummsi i00ysaemucsi mennoobMin i3 cepedosuuamu 3a 3akonom Hetomona.

Ak npuxnao, 0ocniodiceno cmayionaprue memMnepamypHe noje 8 YuniHOpudHitl 000N0HYI 3 0OHOCHOPOHHIM
YOMUPUULAP OBUM NOKPUMMISAM.

Knwuoei cnoea: menionpogionicms, 00010HKaA, bazamouiaposi NOKpumms.

J. Lucko, N. Hembara

STATIONARY TEMPERATURE FIELD IN THE SHELL
WITH ONE-SIDED MULTI-LAYER COATING

Summary. In the chemical industry and power engineering steel elements made as thin shells of
revolution are widely used. Such constructions while in service may be exposed to power and heat loads, and the
influence of different aggressive environments. For protection against high-temperature corrosion and thermal
protection multi-layer coatings are applied. The difference between the coefficients of linear expansion of shell
and coats creates a complex picture of the stress state, when the temperature changes. Thus, to obtain data on
the performance of these structures with coatings it is important to examine the distribution of temperature field
through the thickness.

An arbitrary shell with unilateral multilayer coating, the surface of which is washed by the external
environment with different temperatures is being examined. Materials of shell and coatings have different
thermo-physical characteristics. On the contact surfaces of the shell and first layer and between layers the
conditions of ideal thermal contact are being accepted. On the external surfaces of the shell and the coating
there is a heat exchange with the external environment according to Newton's law.

Mathematical model for the solution of stationary heat conduction problem for the shell with unilateral
multilayer coating was obtained. This analytical solution is relatively simple and convenient for practical use.

For the shells of revolution corresponding problem is solved in dimensionless terms.

As an example, the stationary temperature field in a cylindrical shell with a unilateral four-layer coating,
was investigated. Efficiency and sufficient accuracy of the results of this study were established by comparison
with solutions of the same problem obtained by finite element method.

Calculations allow to estimate the value of the maximum possible temperature of the shell and the coating
with external thermal influences. It was found that the main parameters of influence on the contact temperature
is the thermophysical characteristics of the coating. By the selection of them it is possible to achieve or intensify
the of heat transfer through the coating or to increase the insulation ability.

Key words: heat-conduction, shell, multi-layer coating.

HocTranoBka npo6iaemn. Ha nanmii yac y XimMiyHili mpoMHCIOBOCTI i eHeprerTuui
IIMPOKO BUKOPHCTOBYIOTH €JIEMEHTH CTAJIbHUX KOHCTPYKIIiH, BUTOTOBJICHUX y BHUTJISII
TOHKHUX 000710HOK 00epTanHs. O00TOHKY NMPU3HAYAIOTHCS JIJIs 30€pe)KeHHS ra30Mo110HUX,
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PLOKKX Ta CUIy4YuX Ti a00 IXHBOI TexHoIoriyHOI nepepoOku. Taki KOHCTPyYKINIT B mporeci
eKCILTyaTalii MOXYTh IiIJJaBaTUCS BIUIMBY CHUJIOBUX 1 TEIUIOBUX HAaBaHTA)XKEHb, a TaKOX
PI3HHMX arpecCHBHHUX CEPEOBHUIN, SIKI BUKJIMKAIOTH KOpO3it0 Matepiany. [[is 3axucTy BiX
BHCOKOTEMITEpAaTypHOT KOpO3il 1 3 METOI0 TEPMO3axXUCTy HA HUX HAHOCSATH OaraTrorapoBi
NOKPUTTS. BinMmiHHICTH Koe(]illieHTIiB JiHIHHOTO pO3IMIUpEeHHS OOOJIOHKM Ta ImapiB
MOKPHUTTS CTBOPIOE CKIIAAHY KapTHUHY HAINpPY>KEHOTO CTaHy MpH 3MiHiI Temmeparypu. Tomy
BaXJIUBUM JUIsl OTPUMAHHS JIaHUX NP0 poOOTO3ATHICTh TAKMX KOHCTPYKIIH 3 MOKPUTTSIMH €
JOCITIPKEHHST TEMIIEPATyPHOTO TTOJIS 110 X TOBIIHHI.

AHani3 ocTraHHIX JochaikeHb i myOaikamiii. Pesymbratm  mochimkeHp 3
TEPMOMEXaHIKA TOHKOCTIHHUX €JIEMEHTIB KOHCTPYKIIi 000JIOHKOBOTO THITY OIYOiKOBaHI y
Husui Mmonorpadiit S.C. Ilinctpuraya ta ioro yusis [1 — 4].

Hecrarionapni kpaifoBi 3ajadi TEIUIOMPOBITHOCTI Y TOYHIM ITOCTAHOBII JUIS TOKPUTH
JIOBUTBHOT TOBIIMHH pPO3BsI3yBaMCh ab0o aHamiTH4HO [5, 6], a0 Ha OCHOBI YHCEIHHUX
migxonis [7, 8].

VY pobori [9] mocniakeHO TEIIOBUM pekuM HUWITIHAPUYHOI 1 chepudHoi 000JOHOK i3
3aXHUCHUM TOKPUTTSAM T JIIE€I0 30BHIIHIX CTATUX TeMIEpaTypHUX MojiB. B poborax [10, 11]
HaBe/leHI METOAMKH pPO3B’S3aHHS CTAlllOHAPHMX 3aJa4y TEIUIONPOBIIHOCTI KYCKOBO-
OJIHOPIJTHUX TiJI, SKi BUKOPUCTAHI y PO3B’sI3yBaHHI BIJMOBIIHUX 3a/1a4 JUISl TOPOKHHCTOTO
HWTIHApAa CKiHYeHOi JOBXHMHM Ta OarartomiapoBoi Tpyou. Y myoOmikamii [12] oTpumano
AHATITHYHUN PO3B’SI30K HECTaIllOHAPHOI 3a/1a4i TeIIOMPOBITHOCTI JUTS IMUTIHAPA 3 TOHKAM
6araToImapoBUM IMOKPHUTTSIM.

Y crartax [13,15] Ha ocHOBI mMOOyMOBaHOT MaTeMaTWYHOI MOJEi TPOBEIACHO
ONTUMI3AIil0 TEeIUIONepe/laBaHHsl TOHKMX IUIMT Ta OOOJOHOK 3 OararolapoBHUMHU
MOKPUATTSIMH.

Metoro pobGoTu € moOyJoBa Ta peaiizallis MaTeMaTHYHOI MOJEINi s BU3HAYCHHS
pO3MOMIITy TeMIlepaTypd II0 TOBIIMHI B OOOJOHKaX OOepTaHHS 3 OJHOCTOPOHHIM
6araToImapoBUM IMOKPHUTTSIM.

Marepiai Ta MeTOIUKA TOCTiKeHb. PO3IITHEMO TOHKY OOOJIOHKY TOBIIMHOKIO J,,
Ha SKy HaHECEHO N TOHKUX IMOKPHUTTIB 3 TOBIIMHAMHU O,,0,,...0, BiamosimHo. IToBepxHi

MMOKPHUTTIB MapajelbHi TOBEPXHI 000JOHKH. 3 BITbHUX MMOBEPXOHB Sy 000JOHKH 1 S, MOKPUTTS
BiJIOyBa€TbCsl KOHBEKTHBHUU TeII000MiH 3a 3akoHOM HbioToHa. OGOJOHKY 3 MOKPUTTSIMH
BiJIHECEHO JI0 KPUBOJIIHIHHUX OPTOTOHATLHUX KOOPJAUHAT &, f,Y, A€ @ 1 [ CHiBOaIaloTh 3

JiHISIMH TOJIOBHUX KPUBHH HOBEPXHI Sy, @ ¥ HampsMIICHA 10 HOpMaJli 10 HOBEpXHi Sp.
Po3znonin temneparypu #( «, ,¥,7 ) B Takiii CHCTeMI ONUCYETHCS PIBHSIHHSM [1]

oH
Mot [ Mety O (4 0 V= et i, 2L (1)
o o  dy ot
II€ g1, 42, gn— KOMIIOHEHTH BEKTOpA I'YyCTUHHU TEILIOBOr'O IIOTOKY
A ot ot ot
611=——1—,612=—£—,qn=— = (2)
H,da Hjop ay
H,=A(l+ky), HﬁzB(l+k27), 3)

A, B — xoedinienTn nepuioi kBaapatuyHoi Gopmu moBepxHi Sp; k;1 k2 — TOJIOBHI KPUBHHU
noBepxHi Sp; 4,;,4,;,,4;, — KoedillieHTH TEIIONPOBITHOCTI MaTepiatiB 0OOJOHKH i HOKPUTTIB
y HanpsMKax &, 3, ¥ BiAMOBIAHO; ¢ — TUTOMA TEIIOEMHICTH MaTepiaiy; 7 — Jac.
PosrnsiHeMO crarnioHapHHI PO3MOMLNT TeMIepaTypH B CHCTeMi O00OJIOHKA — IOKPHUTTS, KOJU
TEIJIO i3 CepeoBHINA 3 TEMIEpaTypolo f, MEPEeAAEThCs B CEPEOBHINE 3 TEMIIEPaTyporo .
Yyepe3 MOBEPXHIO S, HOKPUTTS (1, >1 ).

Toxi cramionapHa 3aa4ya TEIUIONPOBIIHOCT 3BOAUTHCS JI0 PO3B’SI3aHHS PIBHSHHS
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%(A-B(ka)(wkzy)qn): 0 4)

3a rPaHUYHUX YMOB

ot .
—ﬂna—;wo(té —1,,)=0 mpu y =0;

o, ot
Iy =15 ﬂoa_;:ﬂlgl/ npu y = 6,;
ot ot

L, =1, /?151/:/128_;/ npu y =06, +6;; %)
or, or, &

tn—l,n:tn,n—l; ln—l ar;/l:ln 87/ HpH 7/:;6:’

ot : u
A, —=u,t —t, =>0,.
"oy (15 —t,.) TpE ¥ 201

3 piBHsHHS (4) MaEMO
A-B-(1+ky)(1+k,7)q, =C,,
or C,

Ty T A BT+ k) ©
ne C; — crana inTerpyBanHs. Tyt i nani omymieHo iHneke «3» npu A, .
3 (6) BU3HAYAEMO:
a6
oy A-A-B (+ky)-(1+kp)’
3BIAKH
SO S LA T2 (7)

A-A-B k —k, (1+k,p)
Crami inrerpyBanns C; 1 C, BU3HAUEHO 3 I'PaHUYHUX YMOB Ta YMOB iJI€aJIbHOTO TEIJIOBOTO
KOHTaKTy Mi’X TTIOBEPXHSIMH.

TemmeparypHe mosie B 000JI0HII Ta HOKPUTTAX BU3HAYae€Thes popmysnamu [19]
Cio 1 (1+k,7)
t, = : In
AWA-B ky—k,  (1+k7)
f = Cn . 1 In (1+k27)
" AA-B k,—k  (+ky)

+C,, WA 0<y <6,

+C,, st 6y <y<6,+9,,

............................................................ ()
n—1 n
=S L AERD e S e <y<Ys
AA-B k,—k — (1+ky) = s
Jlnist cranux iHTerpyBaHHS OTPUMAJIH CIiBBITHOIICHHS
Cio=Ci=...=C;,=Cr4'B, 9)
ne

C1=k~(t5—t§)=%(t5—t§); (10)

k — koedimieHT TeruIoNIepeaadi; R — MOBHUIM TEPMIYHHIA OMip 0O0TOHKH 3 IIOKPHTTSIM:
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el L U [0 14k 1 (14k(8,+8) 1+kd, ),
ko gy k—ky| A 1+k,0, A \1+k,(8,+8,) 1+k,6,
n—1
L (1468 46,48) 1+k,(8,+6)), Itk 25 I+, 25 . an
A, \1+k,(6,+9, +5) 1+k,(5,+9)

1
/1" 1+k2~25, 1+k1-25,
0 0
1 1
+—- . - .
B4k, Y8) 14k, 8)
0 0

Crana C; mae 3MmicT JiHiltHOro motoky Tteria. Jlis cramux interpyBanHs Co; (i=0,...n)
OTPUMYEMO CITiBBiTHOIIICHHS

C 1 C C
C20=l‘0— (t()_tn)’
My

(t, — 1) 1 1 1+k&,6,

C, =Cp+—2—nl | ——— |I]p—20
2! 2°+R(k2—k1) [ﬂo AJ 1+k6,

=, -tomh) [L L 1+k(G+0) (12)

R(k,—k) \ A 4, 1+k(5+5)

1+k,) 0,
(% —1,) ( 1 1)111 k2.0

+
R(k, —k,)

[Tigcrapmsroun (9) — (12) y (8), oTpuMyeMoO po3B’A30K 3a7adi TEIUIOMPOBITHOCTI JIIS
00OJIOHKH 3 OKPUTTSIMU 1 3aKOH 3MiHH TeMIIepaTypH 10 TOBIIMHI.

CramioHapHe TeMmepaTypHe TmoJjie B 000JIOHKAX o0epTaHHS 3 OJHOCTOPOHHIM
O0aratomapoBuM mNoKpuUTTSM. [lin oOonoHKOIO 00epTaHHS pPO3yMieEMO OOOJIOHKY,
CepeIMHHA TTOBEPXHS SIKOT € TTOBEpXHEI0 o0epTanHs. Po3risHeMo po3noaut Ternsia B 000J0HIT
o0epTaHHs pajiiyca 7,, Ha 30BHIIIHIO IIOBEPXHIO SIKOI HAHECEHO OararomapoBe IOKPUTTSL.

Jlist 3amucy OCHOBHHMX CIHIBBIJHOIIEHB JOCHIDKYBaHOI 3ajadi B 0e3po3MipHHX
BeJIMYMHAX BBEJIEMO TaKi MO3HAYCHHS:

— Ui HUIHapudHOi o0onoHku: A=1; B=1r; k, =0; k, =1/r;

/4

"o

p =-— — Oe3po3MipHa pajianbHa KoopAuHaTa; Bi, = —— — temnoBuil kpurepiit bio;
T i
n—1
25" R t —t,
& =40 — _ Ge3po3mipHa TOBIIMHA TIOKPUTTS; h = ;@ =0,
o :uoR t _t

— 111 KOHIuHOI oOosonku: A=1; B=Icos¢; k, =0; k, =tgp/l, ne | —Biacranp Bix
BEepIIMHA KOHYCa B3J0BX TBIpHOI; ¢ — KyT MiX BICCIO KOHyCa i TOJOBHHM paJiycoM

) yigQ . . . [
KPUBU3HU IIOBEPXHI; p:T — 0e3po3MipHa pajialbHa KOOpAWHaTa; Bi, = Riigg
18
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n-1

0.
teroBuit Kpurepiit Bio; & = %tg(p — Oe3po3MipHa TOBIIMHA MOKPUTTS;, h = —R;
Hy
O = L, — t(gl .
B A
— i cepuunoi obosoHKN: A =1; B=rsiny; k =k, =1/r, ne ¥ — KyT mupoTy;
. . . K . U
P =X _ Ge3po3MipHa paianbHa KoopauHara; Bi, = —- — TemnoBuii kputepiit bio;
T i
n—1
22@ 1 t,—1,
£ =-1=— — Ge3po3MipHa TOBIMHA MOKPUTTS; h=—"0; O, =2—0,
o MR Iy =1,

BpaxoByroun BBeleHI 0Oe3po3MipHI IMO3HAYEeHHs, 31 cHiBBigHOIIEHb (8)— (12)
OTpUMAaIId PO3B’SI30K CTAI[lOHAPHOI 3a[adi TEIUIONPOBIMHOCTI A 0OOJOHOK OOepTaHHS 3
0araroIapoBUMH OKPHTTSIMH

®, = Bi,ln———h,

I+p

i
! ~h+ Y (Bi,_, +Bi,)in L
1+p =’ 1+ &
Moro e(peKTHBHICTh i TOCTATHIO TOYHICTH BCTAHOBJICHO MOPIBHSHHSM i3 PO3B’SI3KOM
miei 3amadi AN BUOAAKY IWIHAPUYHOI OOOJOHKH 3 YOTHUPHUIIAPOBUM TMOKPHUTTSM,
OTPUMaHUM METOJOM CKIHUEHHUX €JIEeMEHTIB.
Yucaosi pesyabTaTu Ta ix anadiz. Ha puc. 1 — 3 mokazaHo po3moain Temmeparypu Mo

TOBIIMHI OOOJOHKHM 3 MOKPHTTSAM 3aJeXHO BiJ mapameTrpa Bi, (puc. 1) nns pisHHX BHIAJKiB

®, = Bi,In i=1..n. (13)

TOBIIMHHU 000JIOHKH (pHC. 2) Ta PI3HUX TOBIIUH MOKPUTTS 3a CTaI0l TOBIIMHU O0OJOHKH (pHC. 3).

Ili rpadiku MO3BONSIOTH OLIHUTH BEITUYMHY MaKCHMAaJIbHO MOXIIHBOI TeMIeparypH
000JIOHKH 1 IMapiB MOKPUTTS IPU 30BHIMIHIX TEIUIOBUX BILIMBaX. 3i 30UIBINICHHSIM TOBIIUHU
MOKPUTTS. Ta 31 3MEHIICHHSIM WOTO TEIJIONPOBIAHOCTI 3pocTae HOro TepMoi3oirorda
3MaTHICTB. SIk GaunMo, TpH OLIBINNX 3HAYCHHSX Bi; pO3MOIii TeMIepaTypH B3I0BX TOBIIUHH
MOKPUTTS OiJIbIIE BIIXUIISETHCS BiJl pIBHOMIPHOTO.
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PucyHok 1. CranioHapHuil po3nofia TeMnepaTypy B3I0BXK TOBLIMHU 000JOHKN 00epTaHHA
3 YOTHPHULIAPOBMM TOKPUTTAM 3alIeKHO Bij mapamerpa bio Bi;:
CyuisibHa JdiHig — Bi; :(2-10’4; 2;2,5; 5; 8); wTpuxoBa JiHis — Bi; :(2-10’4; 8; 10; 20; 30);
LITPUX-MyHKTUPHA JdiHisg — Bi; = (2-10° 4; 20; 25; 50; 60); Touku — Bi;=(2-10 4; 30; 45; 70; 80)
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Figure 1. Stationary temperature distribution along the thickness of the shell of rotation with a
four-layer coating depending on the parameter Bio Bi; :
solid line - Bi;=(2-10"*; 2; 2,5; 5; 8); dash line - Bi;=(2-10"*; 8; 10; 20; 30);
dash-dotted line - Bi;= (2-10'4; 20; 25; 50; 60); points - Bi; :(2-10’4; 30; 45; 70; 80)
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PucyHok 2. CrauioHapHuUil po3MnoAia TeMiepaTypy B3I0BXK TOBLIMHU 000JOHKN 00epTaHHA

3 YOTHPHIIAPOBMM TOKPUTTSAM 3aJIEKHO Bill 6€3p03MipHOT TOBIIMHU 000JIOHKH 3 TOKPHUTTSIM fl :
cyuinbHa ninia — & = (0,01; 0,015; 0,02; 0,025; 0,03); mrpuxosa niuis — £ =2¢ ;

WTPUX-MyHKTUPHA JiHid — £ =3 & ; Toukn — &, = 4 &,

Figure 2. Stationary temperature distribution along the thickness of the shell of rotation with
a four-layer coating depending on the dimensionless thickness of the shell with coating & :

solid line - & = (0,01; 0,015; 0,02; 0,025; 0,03); dash line — & =2& ;
dash-dotted line - & =3 & ; points — & =4 &
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PucyHok 3. CranioHapHuil po3nojia TeMnepaTypy B3I0BXK TOBLIMHU 000J0HKN 00epTaHHA
3 YOTUPHLIAPOBUM MOKPUTTSAM 3aJIEAKHO Bil 6€3p03MipHOT TOBILMHY MOKPUTTS 32 CTaa0l TOBIIMHU
o6onouku ¢ : cyuinbha ninis — & = (0,01; 0,015; 0,02; 0,025; 0,03); mrpuxosa niuis — &£ =2¢ ;

WITPUX-MyHKTUpHA JiHid — £ =3 & ; Toukn — &, = 4 &,

Figure 3. Stationary temperature distribution along the thickness of the shell of rotation with
a four-layer coating depending on the dimensionless thickness of the coating at constant thickness
of the shell & : solid line - &£ = (0,01; 0,015; 0,02; 0,025; 0,03); dash line - & =2& ;

dash-dotted line — & =3¢ ; points — & =4 &

BucnoBkn. OTpuMaHWl 3aMKHEHUH aHATITHYHUN pO3B’SA30K CTAIliOHAPHOI 3aj1adi
TEIUIONPOBIIHOCTI  OOOJOHOK 3 TMOKPUTTSIMH € BIAHOCHO TPOCTUM 1 3pyYHUM IS
MIPAaKTUYHOI'0 BUKOPUCTAHHS Ta BPAXOBYE MEepeNaj TEMIEPATYPH 32 TOBIIMHOKO OKPUTTS, 1110
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€ CYTTEBUM Uil TMOAAIBIIOTO PO3PaXyHKY TEPMOHANPYXKEHOr0 CTaHy B OOOJIOHKaxX 3
OaraTomapoBUMH MMOKPUTTSIMH.

Y  pe3ynbTari NpPOBEAEHOIO JOCTI/DKEHHS BCTAHOBIEHO, IO BH3HAYAJIbHUMHU
rmapaMeTpamMH BIUIMBY Ha KOHTAKTHY TeMIEpaTypy € TeIuIoQi3udHi XapaKTepUCTUKU
mokputTs. JloOuparoun iX BiIMOBIIHAM YUHOM, MOXHA JOMOTTHCS abo iHTeHcupikarrii
MPOTIECY TEIJIOTIEPEHOCY Yepe3 MOKPUTTSI, a00 IMiABUIIIUTH HOTO TEPMOI30JIFOI0UY 3aTHICTD.

Conclusions. The analytical solution of the stationary problem of the heat conductivity
shells with coatings is relatively simple and convenient for practical use. The temperature
distribution through the thickness of the coating was found. It is important for the subsequent
calculation of the stress state in the shells with the multilayer coatings. It was found that the
main parameters of influence on the contact temperature is the thermophysical characteristics
of the coating. By the selection of them it is possible to achieve or intensify the heat transfer
through the coating or to increase the insulation ability.
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