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Effect of Blowing Ratio on CMAS Penetration Behavior and Thermal Insu-
lation Performance of Thermal Barrier Coating-Air Film Cooling System
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Abstract: Aiming at the challenges posed by CaO-MgO-SiO,-Al,O; (CMAS) penetration, which leaded to thermal
insulation performance degradation in thermal barrier coatings (TBCs) within air film cooling systems, this study
explored the behavior of non-uniform CMAS penetration under various blowing ratios and its impact on thermal insu-
lation performance. Utilizing Fluent for simulation, a conjugate heat transfer model was developed. This model,

which accounted for heat conduction, convection and radiation (with radiation modeled using a discrete longitudinal
radiation approach) , enabled the analysis of temperature distribution across the TBC-air film cooling system at blow-
ing ratios of 1.5, 1.0, and 0.5. Furthermore, a three-dimensional phase field model (PFM) was constructed within
ABAQUS to simulate the non-uniform CMAS penetration behaviors. This model facilitated an in-depth examination

of how CMAS penetration affected the temperature distribution of the TBC-air film cooling system at different blow-
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ing ratios. The temperature distribution in the TBCs-air film cooling system after 300 h-penetration was compared. The
study meticulously analyzed the effects of non-uniform CMAS penetration on the thermal insulation performance of
TBCs across the in-thickness path of four positions: near the main stream inlet, at the leading and trailing edges of
the cooling hole, and at the mainstream outlet. This quantitative analysis was conducted across different blowing ra-
tios. Findings showed that the TBC-air film cooling system had a three-dimensional temperature gradient under opera-
tional conditions. Notably, there were high temperature gradients both along the main flow direction and through the
thickness of the TBCs, alongside a high degree of inhomogeneity in temperature distribution near the cooling holes.
The CMAS concentration distribution within the top coating (TC) layer was found to be significantly uneven, with
penetration rates increasing in higher-temperature regions. A decrease in blowing ratio was observed to increase the
temperature of the TC layer while simultaneously decreasing temperature inhomogeneity, leading to an increase in
the degree of CMAS penetration and a reduction in its inhomogeneity. CMAS penetration resulted in a degradation in
the thermal insulation performance of TBCs. Specifically, at blowing ratios of 1.5, 1.0, and 0.5, the greatest deg-
radation in thermal insulation performance occurred near the mainstream inlet, with declines of 16.47%, 17.13%,
and 17.55%, respectively. The effect of CMAS penetration on the thermal insulation performance at the trailing edge
of the cooling hole outlet was minimal, with the thermal resistance of TBCs showing little change under the influence
of CMAS penetration.

Keywords: blowing ratio; thermal barrier coating; non-uniform CaO-MgO-SiO,-Al,O;(CMAS) penetration ;

s H1W

thermal insulation performance

R TE TARREEFMEE L, Miias A gL T AR TR
L 19 K/a AW ETHY, i as & shbl s
B rE RS T A K. FAREIR 2 (thermal
barrier coatings, TBCs) FI'S & H 2 LA S | Tl
0 S5 TR 4 e R A TR TR Y S S BR AP  it
TBCs J&—Fh i P& (top coating, TC) JZF1%4%E (bond
coating , BC) J2H W 19 2 245, EBIRHE T,
TC/BC FHIA ST A KAL) (thermal growth
oxide, TGO) . “TBEVS ANH AR ZAHF 1S A28 th 18 A1
LI ABRR L B — R IR 2 m iR RS
TR B BT A R P AR IR A AR e, R
J 73 A Rl RE PR 4 2R 58 T AL (CaO-MgO-SiO,-
ALOs, CMAS) BB | V07 HLK I KR SERE A K 8l
LN IFTURAE TBCs KA. 1E g R AT,
CMAS 2IFRIRESIFEFIE TC EHZALEEH , BRI
BaAbERE , 5 RBGHR ARG, BF5E CMAS {2k
YEFAXS TBC-AUBEYR 2 R e b R B SZma X T4 71
i R A LI A SRR

WX B SR 5 M BV 2SR Y 240, K2
NEBIR B A1 . CMAS {2l B B . STk
[5-7138 2 52 35 FNEE AT AR 2 T ZEAR R R EL TS
JEEVS ) R GE IR 3 A, 45 R, TE—E U,
Bifi o X L 38 R, SUBEFL T Wi ¥R ZIVE IS K, %
FIROR G, AL R DX B A5 2 T AR 4 A el
. AR A K25 ) felt SR it AR 1 2R T, A0
PR AG, (045 4 ERORFEAG. MR/ e &M T
CMAS JURLTE 46 I i R T TR BB, SR

ARFRREEXT CMAS TURUSCR . 25 R0,
CMAS FTTTRRAA R B XU LY 15 KT k2>

JESE CMAS =it TBCs Rk REAY S0 ,
Kakuda %PV 5% J] 25 45 % 85 F 1K W5 14 (atmospheric
plasma spraying, APS) £¢ AR, W& T YSZ-TBC #%iji
FUEEIRA S A i CMAS 2IERTE EWERE,
LT CMAS X TBC #APEREFIEAL B i 5E ), & 2R
FEfZ AR R, VR Z AR I R R B r
FF. Poursaeidi Z"Yfifl OOF2 #45i5f SEM &4
FetfiE TC JZHFIELAE CMAS 2ils A1k,
45K, CMAS JTRMAATEN TC 21 SRR B0
BT 49.5%. Cai U T HE CMAS BiEM
TBC- IR H RGN — AT, BI5E T CMAS B8
X TBC FE#WERERYSZM. 459 %0], CMAS B3
FEAR T TC JZRYBRHVERE , TC/BC FLif AR T ik
F| 60 K. ST, 7B ANFLIT I, 7 2 -
JER SRR A, PRI THRE CMAS %)
AT N T A BB L 2 S 0 BV A At T RS
Y HHR T CMAS WRIE 232 0 B, 78 &
WHIFLIES R, RSB AERTT , 5H R ikE
AyAT P AR A IERHZ X I CMAS Rl
5T, BUA DEIO TR R S5 1 T By i
REH AR A AE — 2 I R BR M.

ASCHESE T AR XS TBC-A A H R4t
CMAS HEX AR il 72 K B #0 Pk RE A R, 1 S
fHl Fluent #37. TBC-R % H R 48 It 56 1% #4
(conjugate heat transfer, CHT) BRI 14 T WXL EL Sy



202541 H

TRARLLEE : WK LR AR 2 -UBE S R ST CMAS (R e K B AR BE X 2 "3

0.5.1.0 1 1.5 B} TBC-AALR ARG AIREE A, 178
ABAQUS v 57 — 4k M 37 #5 AY (phase field
model, PFM) BN LT CMAS JER 5420k
11k, BFGE T 420k 300 h B A0 22 37 (1 A8 Ak
ERH T IRIKELA T CMAS AR 4] = b ad 7 K
TBCs Pt RE A 2.

1 BEITEEE

1.1 RBHIR

S WESCHR N PRI (R LT RS, W )2 - AR AR 7Y
RAFaniE 1(a) iR, SRR HIFLI K ik, K
60mm, 9 3mm. BWEHFLERE D=1mm, H#HHE
30°. YPEE I HE 0.35mm AY TC JZ.0.001 mm
) TGO JZ.0.15 mm (%) BC JZ2H1 2 mm I RA4 X
FEAK (substrate, SUB) ZH i, 41Kl 1 (b) K.

t=3 mm

z
y V\er
(a) 2JrtilEl
25 mm ) H.=0.35 mm
H,5,=0.001
i QHEE%OJS m
z Hg,,=2 mm
L.
(b) A-A"#m

B 1 HRAFLARKERE LR
Fig.1 Geometric model of the thermal barrier coating
with cooling holes

1.2 HipfEHAER

Sy SR AL AR 1 2 - SR AE IRAR S5 T
PIAEA TR, A4 A SR TE 5 SR RO i | A=
B P ANPGRS, TR R i | B A
RE ISR AR, TR AN 2 (a) s, (R BY U1 R
J1%iiz (shear stress transport, SST) Jif It 5 AU 4 1A i

T s, B Ak bR (discrete coordinates) FAR 5L
IR R AR S AL . R IR RN J R R 55 4y
ST P EE A TR g T SR AR 3 18 R
A FEF By S, A S A A% B RSl iR T Ak 5
A A TR] AR 22 T 2 k0 4. A% RS f
WA A 43y S AN 2 (b) 7R, Tt AR IR [ {4 S5k I A5
BRI EBCN 460 x 10*,

XA

FIA
i
—)

BHSUA
Ha
—

>
12 mm

PR ASUR
(a) AT AR IR

| TC TGO BC SUB = FLUID

(b) HHTAL PR R
B2 fhipfEEs

Fig.2 Conjugate heat transfer model
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Tab.l Temperature and composition of the main flow and coolant!"”!
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Tab.2 Radiation parameters of the TC layer!'!
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Fig.3 Coating-substrate finite element model
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Fig.12 Temperature distribution and change in thermal resistance in different paths before and after CMAS penetration

at a blowing ratio of 1.5
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