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Thermal protection effectiveness of thermal barrier coatings in
turbine blade applications
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(National Key Laboratory of Science and Technology on Aero-Engine
Aero-thermodynamics, School of Energy and Power Engineering,

Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: A validity criterion of thermal barrier coating was developed by theoretical
derivation based on a simplified heat transfer model of turbine blades with thermal barrier
coating. Besides, the effectiveness of thermal protection was analyzed based on the validity
criterion and engineering practice. Theoretical analysis and numerical experiments showed
that the change of composite heat transfer coefficient caused by thermal barrier coating could
greatly affect the thermal protection effect. For the front edge of the high pressure turbine
blade in the high temperature zone, the maximum rate of change of the composite heat trans-
fer coefficient caused by the thermal barrier coating should be range from 1. 25% to 10. 83%
to meet the thermal protection effectiveness. In practice, special attention should be paid to
the change of the composite heat transfer coefficient due to the application of the thermal

barrier coating, otherwise it will cause thermal protection failure or even counter effect.
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5119

R B BEAE - AU R E 1 58 T R A BB A S 2505

B RRIL S, AR BETs . B TE S, 4.
R G RR ML ARI « KREZAE S, 4
BT . i T IABE IR JZ A BB 32 20 A T
B 2 0 B R E O T Al AR U )2
(9 12 250 Mt - B B 2% 25 0 1 A B TR U2 B A B S
Al F i Be J= 00 T AR R B AL SR BED L R AR O
2o @JmM IR BON A RN Lo WETR
PR TR JZ 09 R0 S 7R A )RR ORI v R RE 0L
TR E R R T o AT DO i A
ik B2 TV D VA s o DR S A B8 O B IR U2 IS
AR B I R

2 REREEAINESN

AT IR ZE B R A B R T TG BR RSP A R
R B B BE AR 2 IR RE RSP IE R A
¢=a (T, T, = T - Tu
Tw] _Twz
&2
Horp e e AU BR IR JZ R A 19 5 BOGIABH . T
ZR OB AR T, 5 T, JF % 8575 5
ag(a1€1 + 1)T( +a1 (azSz + 1)T1,
az(me] + 1) JFa] (az&z TL 1)

:ag(Twz*TC) (1)

Twl —

(2)
b FRCOX o Al e 0T BATFAE H %22,

4%7‘ TW1 Xd‘ (o8] ﬂ:‘u €1 i*fﬁ%iﬂﬁj‘ﬁ”%
9 T Aoy + 9T

day de;

3O TE LA L & SCRT LA E A« 76 AR T 1Y)
MREAET i T IABE TR 2 5 0 U 2 4 AR o
WA, AR B AR IR 2 a0 Al e RAET
AL Aar 1 Aey o i BE 48 bR 2 AN A AR
AT, o #F AT <<OK W RIRBR T REERZ G
RE A% P AT - F SR E B 21 1 A P A

X AR E W TR A R L AR 2
MAEB N AR I HIRZWEERE, AT, <
0 K, Tl w75 380 4 B 04 J2 1) A Ak 0 40

Say (4

a1 Al

B by A 200 S A PR T R
HOE 3 5 il S 3K T 920 R A

AE A AR B TR J2 0 AT R B 3P OR 1

XD R T & A 1L G i 15 5% A BORE
BB IR A SO I A 2 ROC R L W IR B IR
JE 2 W R 2 TR A Bl AR IR P R AR R

AT, =

A, +0(p) (3

P T IX 2 AR R R AN BT B Y. Sie-
gel T RIF oY b A B PR R 2 AT LT AN R B
7 WM BDWE TR T AR IR )2 S 2 ok AR e
B i . [ AR T 2 0 A T2 A i
MR TERLRE (3 . AR TR G & R A
FMHBEEE R, 2920 1. 2 pm, 5 Y BER T2 F 1
BER A RIEMRE B R, A3 1749 3.6 pum, %
T AEL R 5 0 386 2 W K b 5 ) 30 RE AL i B2 R
TSI 3L Bl s 2 T INT O RSP (1 A B U 2 A TR AR
RBEWESE T —Z A", X&) RS
1SR By AR 4 P RE T 3 e, RE TE IR E b
FH L R B AN A B B I R A T fiE
F 5%t I 46 A4 BB g AR I 45 BARE ) R B 5 E0R 2
BT 4 SRR 7 RRR

XFF 5 — G R e 78 TR W R T
F-Y LS A UL BLCEB-PVD) B i T 409, % T
MM ERIZEN Y R SFMRBCE R E 1.8~
2.0W/(m « KON, B T2 T IR IR 2
(14 P T8 S M5 U4k JEE E Ry 50 ~ 150 pum ' 7E K B
HLHL T T A0 F % T 40 F & iR XA & R R e
FOHT S Ab B A R ISR T A R R RO R T
500~1300W/(m® « KOU™' | o bR Bfid 4y A=

(4),EM%%<1.25%~10. 83% .M T T

WL VA AR O V2 BN A 45 1R I AR MO A R A AR
TR Z BT A A T R R E. T &
e 16 8 A JH A X301 e 3 45 4 L ) X R
e IR T AR R BB/ L 2 BT I A A
(ERIDRCRE N TR i G S NS I 4
X BB U 2 1 o A EEOR B R . AR DR b R
T T T AR U R 0 R A R A2 1R B R T A
AR B A2 AL B A A2 5 BOL B A
PO 85 B 27 AR

3 ERRAREEAARZYXIAE
RERMER R

h SCH A 2. 2 AT E IR 2 0 )
B O 4 R S R T2 B WA TR R 19 4R
S ASE I RO BRI . S fhe AR T3
FHUE LA T E LR (D LR 2R 2
A REARE B EH

o T SR E VR 22 B A A T £ R Bk
AR 2 A 47 RCR 0 B0 A SR AT 2
7 1 e ST 1T B 7 L 5

AP e A IR SR T B,



2506 w3 ¥

LRI

oL BRI T R R R A A R IR E
AR I, AR IR ZN & M ARBHN
2.17W/(m « K)o 76 A 048 FoAh 2 B 5% 14 1 1
DU I N [ R a1 PO A G AR = T
(R,=1.2,2.0.,2.8.3.6pum) iy k. K Z %
J2 2 T Y 2 T AL A R BT S B 20 i AR A
FMALAREN B 5 H AR [R) 2 1w HL RS
JETR AR AL R RS R 4 A T LR I AR
B2 AB P ROR 5 E SRR EE R AR
] Ay O &

- |

| CUAURE (RNl i

B 2 525 1 PR T AL PR B B B 45 e R
IR B
Fig. 2 Example simulation schematic diagram of the
relationship between composite surface
heat transfer coefficient and

thermal protection

ANIEL 3 73 o2 A [e] 2 THDRL RS B2 15§ A0 T . A B
U2 2 AL R R o TR U B 5 18] B 43 A
BB AR AR o RN IR R B 7 M W (242 . i
P AT LA AN [ 3 T HELRS 3 1) A B U 2 ¢ i %
AR BB D e DI e 45 RARSE R .
X LGS AT LB R RO e TS JE 2 i
Ok B R 0 2 THI A% A ZR K B NS U 48 A RE D 3 O
(7 Fsf it 4 THAEL RS 32 149 394 o 2 T e K R Koy 4

1000

875

a/(W/(m? - K))
by
[}
T

625 -

500

0 0.05 0.10 0.15 0.20
x/m

3 R KRB WS 7 ] 849 o A
Fig. 3 Distribution of surface heat transfer

coefficient along gas flow

PR TR . B I A% B R BOTE B/ 1 R T RLRE
FE ) 0T X 2 THUHLRS B2 09 28 fe s Ry U . 4
JE I B 2 THRLRE B2 R, B R AE 1.2 pm 2 K
ST IR A T v R THDHURE B2 11 78 1 A I 35 5 i 4
B vk 2 0 Xt T 4 TR 7 DA B B A S . R
AR AR S T4 I 1) 9 TR HEL RS 2 0o B v BB P s8R 2 A
BORTE S o X0 BRI JZ 000k L 25 il 14
AR .

Sy SV AT b S T AR O )2 9 I L RS B X 4
JE MR R E LB 0= T — Tw K
L AR U 2 TE AN TR 2% DL B I DL R A9 A
B 9 RCR o HH T 2l A B R 2 1 4 R
Fr R BE s T e AH 8] 00 T JC #4802 10 4
J& R TR O R i A 3% T HLRE R, —
1.2 pm, 2 00K B, #4605 2 #5402 HOF
B F TR

IR 4 g2 G UF IR TS T I i A . AR
V)25 4 R DY A A ) Y % T ALK JE I
A ARG Z 1 R G 2N TR IR B I
i B2 I WA ) 20 T A B O J2= R AT A B AR
M. BE 4 ATRUE R, =1.2,2. 0 um $REE 5
B PSCR s X T R, =20 pm 19 T80, HOX
HERBERT R, =1.2pm [ T, (H il F PR
J2 1 5 3 AR BEL 11 R BB 0% ik D o I 45 A R
K YT AR I+ TR 0 R O3 J2 A3 0K RE 5 2 21—
AU IR . T T R, =2. 8.3, 6 um By 4L,
AR VAR 2 114 1 5 AR BEL M T 2 28 T 1 R R X A
TSI FE 10 1IN R0 O B T TR R . DR R
PO 22 0 I R LB R T A T AR O )2
R B T g AR VAR T AN TR A A B A 4 1 A

20

—®—R=12pum —A—R=2.8 um -
—O—R=2.0um —V—R=3.6 um -

0 0.05 0.10 0.15 0.20
x/m

B4 0 UT BRI B JT 10 1 43 A1
Fig.4 Distribution of 6 along gas flow



5119

R B BEAE - AU R E 1 58 T R A BB A S

2507

o BT B T A RE L A I A B
Beih

F T 2 AR B AR RS R R R O R
8 B A% AR AR R R e A AR LR L
MEAFE H DR J= 22 T S S AR WA R ) A 2 R
PR TR JZ ARG B OR R A A R . 2R R
A A PEE R 0 ] e 5 8 B R
TR A AL BRE T 1 5 A DR G EA B
ARk

4 & it

AR SCER R AT A B IR 2 IR e A R iE
17 R AL AR, S F B i SP e, S T 0
PG S A B AR B BT RS RL L OF BEAT T
o S I NI NS RO Y RV S P S D
SO S B T AR LR 2 A A A 5 O i
N YRS B UE T B U 2 A R b 2 —
F18 9 THT KL RS B2 X BB O 2 BB B R RO Y B
Wil o 3 S T A U 2 0 B R R ) BT
RN 458

D) X T iR e v v, BT R IR R IS L
5 AR A3 TH AR IR B 52 e 0 a2 2 ) B

Aaj“<%zl LB 5 3 B 4 o A

2) AER SIS T HE T % T A A iR il XY
e R AT S X 08t TR O 2 R I S A
AR 1] £ 3 3 B A R e KMEE L O 1,256 ~
10. 83 %0 » LU IIE H AR By 47 A7 24Pk

3) AR TR JE A ) A 1 AR b SR TERLRE BE L K
IESS SRS S A R LR AT NI AT 4
9 o DRI IE JHG IO AR g 7 A 42 ol 9 Jo 6 A e L
RS2 A A AR T A R R M A D 2 AR v R S T

&Mk

L1] ®me . Aaed e, 5 it 5 A 5% 2 0 545
T gy kL. Uz 3 J1 2% 4, 2018, 33 (1) : 48-53.
HU Xiaoan,SHI Duoqi, PANG Xuejia,et al. Thermal bar-

rier coating life prediction method for a turbin balde[ J].
Journal of Aerospace Power,2018,33(1):48-53. (in Chi-
nese)

[2] WAHIDUZZAMAN S, MOREL T. Effects of ceramics
translucence on heat barrier effectiveness in diesel engines
[J]. SAE (Society of Automotive Engineers) Transac-
tions,1989,98(3) :1018-1035.

[3] MATTHEWS L K, VISKANTA R, INCROPERA F P.

Combined conduction and radiation heat transfer in porous

[6]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

materials heated by intense solar radiation[ J]. Journal of
Solar Energy Engineering,1985,107(1) :29-34.

SIEGEL R. Internal radiation effects in zirconia thermal
barrier coatings[ ] ]. Journal of Thermophysics and Heat
Transfer,1996,10(4) :707-709.

THOMAS ] R. Coupled radiation/conduction heat transfer
in ceramic liners for diesel engines[]]. Numerical Heat
Transfer:Part A Applications,1992,21(1):109-120.
SIEGEL R. Temperature distribution in a composite of o-
paque and semitransparent spectral layers[ J]. Journal of
Thermophysics and Heat Transfer,1997,11(4):533-539.
SIEGEL R. Green’s function to determine temperature dis-
tribution in a semitransparent thermal barrier coating[]].
Journal of Thermophysics and Heat Transfer, 1997, 11
(2):315-317.

FFBH L ARFIE XKL, S W R SRR RIRE N
A BB 7T [0 0. i a3 J7 %41 . 2000, 15(3) : 268-273.
WANG Pingyang, TAN Heping, LIU Linhua, et al. Study
on heat transfer in thermal insulation coating of turbine
engine[ ] |. Journal of Aerospace Power, 2000,15(1) ;48
53. (in Chinese)

FEEROR IR AR B AE A R AL R R L
WIEMEARL) ], PUBER AR .2019,11(1) :82-94.

CUI Huiran, LI Hongran,CUI Qizheng,et al. Summary of
blade coatings for aero-engine and gasturbine[ J]. Thermal
spray technology,2019,11 (1) :82-94. (in Chinese)
Wik g M SC . HEIML 4 R Jbat B S H0E AL
2006.

kAR LRI Bl . BRI R AR AL R S LI R
Ly BT FE L] s KB, 2011,37(2) : 38-42.
ZHANG Zhigiang, SONG Wenxing, LU Haiying. Develop-
ment of TBCs on turbine blade of aero-engine[]]. Gas
Turbine Experiment and Research,2011,37(2) ;:38-42. (in
Chinese)

F I PR R I R U 7 i A g LD dbat P E
Wk K27, 2019.

WANG Yaging. Study on eddy current testing method for
thickness of thermal barrier coating[ D]. Beijing: China U-
niversity of mining and technology,2019. (in Chinese)
WA, 250 T 18 2% YSZ #RHR 2 451 & PS-PVD i
# LAWFELD]. bt b s B TR 2%, 2018.

YUAN Xujiong. Study on coating structure and PS-PVD
preparation process of YSZ material doped with multiple
rare earth elements[ D]. Beijing : Beijing University of tech-
nology,2018. (in Chinese)

A IR L AR S OHURE R4 DN R I BT A A i R
B D], AR 5 HR 2018, 17(2) - 87-93.
KOU Zhihai, SU Lei, YUAN Xin, et al. Turbulent heat
transfer characteristics of supercritical aviation kerosene in
a rough tube[ J]. Journal of thermal science and technolo-
gy,2018,17(2) :87-93. (in Chinese)

STRANGMAN T, RAYBOULD D, JAMEEL A, et al.
Damage mechanisms, life prediction, and development of

EB-PVD thermal barrier coatings for turbine airfoils[ J].



2508

i LRI

[16]

[17]

Surface and Coatings Technology,2007,202(4/6/7) :658-
664.

BB BT, S B TR 2 Y B HOSOR B Y
(17 B2 2441 . 2000, 21 (44 D : S25-S29.

GONG Shengkai, DENG Liang, BI Xiaofang, et al. Ther-
mal barrier effect of ceramic thermal barrier coating[J].
Acta Aeronautica et Astronautica Sinica,2000,21 (Suppl. 1) :
S25-S29. (in Chinese)

P 0] S 705 A, 55 o A 0 1L R Sl L AR R IR 2 T B
WA HE LI BRI R IR S B 5T, 2016, 29(5) :52-57.
TIAN Wei, HE Aijie, ZHONG Yan, et al. Application of

[18]

[19]

thermal barrier coatings on aero-engines of high thrust-to-
weight ratio[ J]. Gas Turbine Experiment and Research,

2016,29(5) :52-57. (in Chinese)

T M o EE Mk 2 A L S AR Z R & T LR
L) #InTT20,2017,46(24) :6-9.

HU Xuanye, HUANG Guosheng, L1 Xiangbo, et al. Re-
view on preparation process of thermal barrier coating[ J].
Hot Working Technology,2017,46(24) :6-9. (in Chinese)
o 2 L R e e SRS AL AR I e FEE N MRS S
PR LC // v [ TR A B2 2 A% 2 2 R 2 038 3
. bt E TR 425, 1995:14-20.

(¥ . 228)





