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Abstract: To improve the overall aero-engine performance under typical flight mission, su-
periority analysis of cooled cooling air (CCA) technology was proposed to upgrade the cooling
quality of turbine blade cooling air. The effects of introducing CCA technology into the aero-en-

gine performance and further the flight performance of the aircraft equipped with the engine with
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CCA were evaluated based on the reported cycle parameters of F-119. The following conclusion
can be obtained: in the case of only cooling the cooling air for the turbine rotor blade, when the
mass flow rate of the cooling air kept constant, its temperature can be reduced by about
16.98% —41.21%, which lowered the rotor blade temperature by about 8.89% —16.80%.
When the turbine blade temperature kept constant, the cooling air for turbine rotor blade can be
reduced by about 48.61% and aero-engine performance maintained at the same level; in the
case of cooling the cooling air for both the turbine stator and rotor blade, when the mass flow rate
of the cooling air and turbine blade temperature kept constant, the turbine inlet temperature can
be increased by about 6.91%, which can improve the propulsion performance of aero-engine,

and eventually improve the flight performance of the aircraft, such as takeoff load mass, maxi-

%37 %

mum climb rate, maximum Mach number, service lift limit and range.

Key words: typical flight mission; turbofan engine; cooling quality;

cooled cooling air (CCA) technology; blade surface temperature
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Table 2 Structural parameters of the heat exchanger

ZH Agicl
HHME/mm 5
T BEJE /mm 0.3

Y1) % [ BE /mm 7.3
B U S 4

AR =/ mm 90
A8 ) 5 HE R 240
o i L/ m? 4.79

4.79 m’, Bl 12 ke
PG LMTD 3%, e P 5 $id o
Q= Cp hot Mot ( Trorin = Thorou )= KA o AT

(25)
Hpfe IR KN
1 1 doulcr domcr doulcr 1
— = . 1
K hinner dinner + 2/1 n( dinner ) + houler
(26)

XTI O O e B O R SO
Nt ga = 0.021Re; 0" Pripne. (27)
Xt T A, HO R OGRS
Nitgee = 0.27Re s ™ Prowes ™ ( Proser/ Pro o '
(28)
BRI
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Fig.9 Turbine blade simplified model proposed
by Wilcock and Young
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Table 3 Cooling performance parameters

24 Ko fE (B A7)
Ko 0.045

Vine 0.70

& 0.40
Bl 0.15
Bi,. 0.30

e BRI 25 5 V2 N ROCR N E SO, AT T
et R R A K
T,=T,—e(T,— T.y)
o R AR FE Ve 2 23 SR IR BE R B LR
NSO ERTF RS

2 HOI5ERSH

2.1 HEEBIE

W SCik [20 ] 42 K 5 F-119 & s8h LA FF A9 %%
Th s AR Wi SR 3 S 81 i A S50, R H
GASTURB 8 Je A 58 % G #4071+ 55 2 7
TR R s ML AR, L) 36TIE AS BF 55 BT SR F B 44 )
TFRRR P T RORE B . iR AR AR B A Y
ITEMASENMFRALATR TR R WMES FK6
FIF7R o
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Table 4 Cycle parameters of F-119 engine design point™
AT
e H=0, H=11,
Ma=0 Ma=1.5
s K/ (kg/s) 126 125. 52
T I8 0.3 0.298
AU 4.5 4.5
WU 2% 0.85 0.8549
FEAMLE 5.8 5.786
AL 0. 86 0.8613
PR HTIR /K 1860 2011
R IR AR AR 0.87 0.875
EPERIE oy S 0.88 0.884 5
o RS g K Y 12 12
B RS LB % 7.2 7.2
RE 51 e/ % 5.5 5.5
RALRGE BB/ % 1 1

®5 F-119&% AT SABIE(H=0 km.Ma=0)
Table 5 Verification of F-119 engine design point

(H=0 km ,Ma=0)
BE i) g N
Z i
A
#E 41 /kN 105.5 105. 08 105.9
FEHR/
0.0837 0.083 3 0.082 6
(kg/(N+h))
(e K
2.66 2.72 2.622
1K He
IR iR e
2.11 2.13 2.079
1 K He
MEE AL /m® 0.244 8 0.2437 0.2499

WA ZE AT LA 5 T S A g R,
ARBRGE R A R T S A R 5 A T B
LB GASTURB #0538 A xR 2 ¥ 78 1%
[N DS i |2 A - R SO 7 WA B - B0 o]
GASTURB A4 (3154 45 JL A0 Fo |, 9 1 T 8 i R
WETE 1Y LA . I, ASBIF 5T R 1) & 8 B3R
T3S Y T ARG 5 /N A T LGSR B K B
BLTE BT AR & T A 3 S50

F6 F-119&%FHHNIERITRBIE(H=11 km Ma=1.5)
Table 6 Verification of F-119 engine off design point
(H=11 km ,Ma=1.5)

- _ - GASTURB
e Ck[20]  TFEE .

A

#E 11 /kN 62.5 59. 16 60.11
#R/(kg/(N-h)) 0.1183 0.128 0.1193
W B/ (kg/s) 126 125.5 1125.52

KBS 3 4.5 4.5 4.5

i FE R S ML R L 5.8 5.786 5. 786

2.2 EMCCAHEAREBHH

B CCA BEARAUXS i s §e gl nt ¥ 1 25 R
PEATA A . BT F-22 f sk HLIL Y RATAE 55
KRR R CCA £ KRB & LG Bkt e 2
B e R B TAERIREE I DL AE Ry B, 7R
BB R EAHIE R S E AT T, 5] A CCAHAR,
%8 CCA B AR T30 ~1 i R 77 45 5% 78 A6 A 3 3
W RE IR FEAFIH R, 73R CCAH RS
1o V8 H 23 S N & S B A AP BB S R A
F AR FAER B 09 5% e LA

PRAZ S 0E 1 8 S AL 2 ) A LA X 2 M R
o i 25 Pk BE DL SO b e B AR S R e, PR SR
KB HLAEAR 25 F0 s A5 3 ] 4k A i A #fE F B
Jio MR TR AT F-22 63 HUX b 2 o A
rh i 25 IO ATE 55 X R S ALY R i R
M AR RETE R AR B HE L f5e K CAT kA % il
FH T PR 55 B, #4975 R sl PIL4R At e K sl K )
HE T, 48 AT LABA A& K ShALTEAS [6] ©AT 264 °F o
T HAW R MERE . B Lk CATIE S, R 7T H
T S A R AR A 0 AT SR
XA RATARET 2R A= K s Bl nT 4 fih i Y
M HE T DL sE i RAT B T, i SR R s ML H A& B AT
(14 JH R AR LA SR T 7 ) 38 A I S

R LTI, R TG RATAE 55 A AT 3
5C 55 WAy BT R S HLAE 24 RATAE 55 T MR
R, Hor & ROR TR SF ML I i R B, SRR K
TR B, e RN R B, B RSPl TAER
AL N3RS % 8 CCA B AR AR IR CCA AR
(0 & Sl AIL G A Ty 58 1 & A 80T 1Y OGS S8
I3 HF CCA B ARAE AR R QAT AT 55 B e 45 48 1t 34 )
SRR, DT ) B CCA B2 A (A8 34 1

F 4l F-22 %S WL i KR & (27 216 kg) ,
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Table 7 Flight mission constraints of F-22 advanced fighter aircraft”"

K& %5 fir Bt FMF Wi
1 R H=0km,Ma=0~0.13,5,<<400 m,£=1.0 5 IR /NS
2 KTt H=0km,Ma=0.8,dh/d==160 m/s,é=1.0 PN/
T Rl A BRAR A 3 1 % A i H=9.144 km ,Ma=1.6,2=6.5,£=0.78 b5 AR NS
4 IR AT Hy bR H=10 km,Ma=2.25,£=0.7 5N IR NS
5 fifi FH 7 PR H=19 km,Ma=1.6,6=0.7 5N AR NS
6 V7 A H=11km,Ma=0.7,£=0.95 A S5 R AR
e 7 R T A H=11km,Ma=1.5,£=0.95 Wﬁ%?‘fﬁﬁ
IS A

TR A RSB % sh LT 5 B2 L g, 0
5K SR .

®8 TEMEBRT CNBRERENTK

Table 8 Mass and thrust of aircraft for each route segment

oL BE 2 CHLE U kg LR AE )t 2R /RN
1 27 216.0 153. 49
2 27 216.0 106. 88
3 21391.7 122.22
4 19 051. 2 109. 5
5 19 051. 2 18. 04
6 24 494.4 15.10
7 24 494. 4 60. 02

BEXE a4 T OR BR LR 3 R B Ry
LHAT A MBI T 5

1) HE—, RRIHCCAF AR I %,

2) HE—., FHCCA H¥EH 2S5 b
ANAETTE

3) WE=, FHCCA HWBPBHz[R
Lo A9 75 % o

A3 X 3K 3 i AR SR AT A A BE Y A )
TR 808 AR 3R & B HLTEAS TR RATAE 55 T 1)
I 7 AR IR SR, DA R R A Ve H s SR
F 2% TE R EE N B4 AR CCA FE R IE 45 -
CCA i dF i 3 0T S8R 9~F 10 iR,
AR R kR A A R K 10~ 18 13 iR, /]
DL 107 %8 Z 04 0 i I T 6 e 7 R HE ) L 4
IR 5 2R fe KR 1.34 % ; RE I A A8 AL LA S
I 1 AR AR AR AL, J7 58 R RE T SR R TR O R
1 FE T S, RE T A X B e B R 1.36% . 1
TR T2 B0 SRR O < A TR e AR A TR
JI AR 3 K HLA 2025 SR R AR A5 00 40 ik T g
JIBEAG . M EG T 5 A AR 40 i ),
28 MR T g v T R ME T 5 HE DD R G Y R K
{8 2.98% , R PRUZ AR He <, A E £
SR ARMLES G 12 Tk AR S S 50805
1A 2 005 1) = e R R S 5 M 5 5
TS, T 58— RE T R A B R, LA X 4
) Fe KAE M 1.90% ¢

R9 ARZT CCABRAFOAMHEOSH

Table 9 Inlet parameters of CCA heat exchanger of hot and cold sides for the second schema

A 28 TH 1 T2 T3 THl4 TH5 T 6 T.HL7
/K 803 841 884 849 796 593 865

m JE J1/MPa 2.62 3.35 2. 64 2.23 0.43 0.54 2.10
i/ (kg/s) 6.9 8.7 6.7 6.0 1.2 1.7 5.3
T /K 469 499 527 541 478 352 509

bl J&J1/MPa 0.45 0.60 0.47 0.50 0.08 0.10 0.36
Wit/ (kg/s) 28.8 40.7 31.2 51.9 6.5 10.6 22.0
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Table 10 Cooling air mass flow for the third schema

T Fit/(kg/s)
1 3.4
2 4.2
3 3.2
4 2.9
5 0.6
6 0.8
7 2.6
180 =z
— A
160 + —— fiCCA
140 | —— HCCA-ILFIR
120 |
§ 1o 125.0
R 5.
e 80
60 1245
40 b
124.0
207 KATIES3
0 1 2 3 4 5 6 71 8
CITHES T

K10 AT S T R ShblEHE A2
Fig.10 Variation of engine overall thrust for

different schemes
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Fig.11 Variation of the specific fuel consumption for

different schemes
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I, Bk CCA R, 8 HE 3 - %) 2 i I
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= BRI A A R R BRAR (R B TR A A A
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Fig.12 Variation of the cooling air for the HPT rotor for

different schemes
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surface for different schemes
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T, 51 A CCA AR ] BEARY 2 2 K51 e, 78
PRAE IR 5 i i 0 AR RN TR T L 3R
R ANPLEBHET) AR T IR U & LG R S 4k
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2.3 K CCARRMEBLHH

H R 08 CT-S) 496 20 BRI 260, 412 8 i 6 i I 3
SR KA RPN A RGERZ — Bl
5 52 il T MR R KT S AR B BRI, B
SEHE AT S A S HL I F IR EE AR IH IR TR R A
I R A AR R B T2 ), % T BAR R
SRHLRE L i s & Bh AL, HLG CCA 2R HUni A
TR & = R R e B J 2 S H T, R R
T R S T TR IR BT LR R 4
CCA e I A% 1918 H) 28 SAEAE — s IR ik,
EE R A i R DA SR K o S W L R | BT = WA
s A I T VIR A AR PR 3 S T O TR AR

B FREREZ —, W F A& & s b ek R H
CCAE AR — LRI W ATIRE ., X T T 12
& L, Al & ACM (air cycle machine ) 55 5 A |
PEm CCA#IAER B 2 At B R Ty i v T
it v v T A T e A s A B, DT B3 R
S T AR AR HE— 25 B T i T

LR AR CCA IIEIR S BN S, 51 A
&l 8 i 7 19 CCA e #4245 , ¥ M T 55475 Sy A1 1ok 25
AL I T R R R S R s R I s R
AT BENZ CCA R IZR G H1 2
SV N A T AR AR TE DR IE TR B i R 2R TR R A
R IR ) 25 A R R T 3k B Y e R
I RATAE 55 B9 A8 B2, 43 B i & Sl WL T 22 i 8 2
BLFE PE 58 A B DR 2 AR 25 F B9 AT S 5048
fbo I H T AAEB T CCA #2514 )
F R 280, M T 38 9~26 10 v 10 SRl o 2 448
K, R R R R e S R 1 A KA CCA
PR

F11 B CCARREAZTOHMEOSH
Table 11 Inlet parameters of the modified CCA heat exchanger of cold and hot sides

A S TH1T O TH2  TH3 TH4 THS5 TH6e  TH7
/K 849 875 929 959 869 612 877
A
e ) J& J1/MPa 2.86 3. 80 3.06 3.17 0.40 0.61 2.15
(B HZ BN ZH0)
i/ (kg/s) 19.7 25.6 20.0 20.8 2.5 4.9 14.4
/K 495 517 548 588 513 361 515
&gl
- . J& 11 /MPa 0.49 0.67 0.53 0.61 0.07 0.11 0.37
ARz RIS 50

i/ (kg/s) 22.0

26.8 41.4 31.9 44.5 4.9 10.9

g 14 s 8 T84 ©ATAE 55, CCA R
yay 2 e J s K HL T, R S R iR R
AR Bl A Y ¥ H) 2 S RO 100 K TR R . FE
BE1~5, K shHLIA %6 i i 5 5 W B G, O R 4R T
R R 10.25% , H i F ¥ 5 2 A% H i 42
1o T8 R R 2R T T AT T 2 R E TR A KT (]
15 7R ) B 6~7 MRS, Horh Ma,,, &R i
AU 7 5, R A R e A T SR A e LA
EA T CCA N R PR RITSHALE
DU MR ZS T & s AL B I8 6w i B AR RS KL (1
T CCA J7r FREAL T ¥ 12 SO, i DL & 8l Bl
RS T Rt F iR AL F X CCA £
W R R E . Y E AL F H=11 km, Ma=

1.75 By 7 AT a5 DR i I e i R
T BE AR ) e B 2 A i A B Be = S 5 I
B AR IR R = . B CCAM T RS X
CCAM T EAHLL , WA 2 R E K 6.24% , i
RO R P 4.67 %0 .

MFE 127 LLE R CCAH ARG, Rl
B RS KA J AN 312 kN $2 1R & 335.6 kN, 7R K
B IR B R R R BN AR B R 6 T B A 27 216
kg $2& 7+ & 30 000 kg, {B WAL & 45 14 Jit i R 0K
A L3 R ) b T 38 3k SR CCA
A ML A R Tl T A RN R R S LR A4 R
13 650 kg 116 350 kg,

MW 16 i LLE H A CCA I FAEM B 1~4
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Fig.14 Effect of the CCA technology on the cooling air

and turbine inlet temperature
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Fig.15 Effect of the CCA technology on the HPT blade
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Table 12 Takeoff mass composition with or without

CCA technology

28 TCCATE  ACCAKE
KT /KN 312 335.6
i K kg 27216 30 000
BRI T / kg 11 430 13 650

B 7fe 5 ot f: / kg 90 90
R ENHLIT kg 3537 3804
ML 25 4 5 & / kg 7 340 7 643
BLN 2% 3% o i /kg 4817 4817
P STIERY e 0.42 0.455
BLIR G54 F 5L 0.465 0.465
R BB L 9 9

B T B 0T T A e s HLIE R A RAHLE 7
LS AR BRPERE . W 17 BRI 0 328 TR

A e AT R A R CCA BRI & B LYy i3
BUH- A S g S PRORI G ™ ) AT PR RE o

180 0.40
160 |
140 B n 032 .
120 z
=
Z 100} s
B {024 &
@ 80 B
=
60 w2
o {0.16
20 |
0.08

0 1 2 3 4 5 6 71 8
TS

BI16  CCA X HE Sy B AR A 9 R i
Fig.16 Effect of the CCA technology on the thrust and

specific fuel consumption
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Fig.17 Effect of the CCA technology on different

flight mission
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WA — e 4 (R B /N AUk 2.98%

3) Mt i i AR S 0 RN Bl e B B
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