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Abstract: For the thermal protection of turbine components of high—speed gas turbine engines, a variable
cycle turbofan (VCTF) engine with cooled cooling air (CCA) technology is taken as an example. This paper es-
tablishes the library of fuel thermal physical properties, the simulation model of electric fuel pump and the air—fu-
el heat exchanger, and improves the burner and turbine simulation model. The engine performance simulation
model with variable bleeding air flow that can control the turbine blade temperature was developed. The simula-
tion results show that at the design point of Mach 3 and altitude 20km, introducing the CCA technology can re-
duce the temperature of turbine cooling air by 181K, reduce the relative bleeding air flow by 22.04%, and in-
crease net thrust and specific impulse by 2.03% and 0.66%, respectively. During the throttling state of Mach 3,
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the thrust of the engine with turbine blade temperature control decreases faster with the decrease of the rotational

speed, but the temperature drop on the air side of the air—fuel heat exchanger is up to 240K, and the total pres-

sure loss is further reduced. Along the flight trajectory, introducing turbine blade temperature control can im-

prove the engine thrust when the flight Mach number is greater than 1.8 and improve specific impulse when the

flight Mach number is smaller than 1.8. The performance design of the air—fuel heat exchanger at the maximum

heat load of the engine is the key to determining the bleeding air temperature drop and the backflow margin of tur-

bine bleeding air.

Key words: High Mach number; Variable cycle turbofan engine; Cooled cooling air; Modeling method;

Blade temperature; Performance simulation
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Fig.1 Schematic of variable cycle turbofan engine with CCA technology
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Fig. 2 Simulation model for the VCTF engine with CCA technology
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Table 1 Equations for the STHEX structural parameters

Parameter Equation
Tube inner diameter d, d=d,-2Ad
Number of tube passes N, N =N, +1
Average elbow diameter d, d, =s N,
Longitudinal tube rows N, N, =NN,

Length of single tube L_ L= NI'[H - (dl‘ ’ d“)] "

wd, N, /2
L L=(N - 1)s +d,, - 3s
B B=(N, -1)s
Length of the header L, L,=B+3s,
Header inner diameter d, . d, ;=4s - 5Ad
Header outer diameter d, d, =d, +10Ad
Flow area of tube inner A . Agoi = 1TN‘N\d‘2/4
Flow area of tube outer A = Agono = H(B - N'd“)
Heat transfer area of tube inner A, . A =7mNNdL,
Heat transfer area of tube outer 4, A, =mNNdL,
Volume of the STHEX V V=LxBXH

Y Zukauskas A I E AR tube TR A ¢
AT(M :fa\-g (T3 - Ts') - (T32 - Tz’)

: ]n[(Tz_T3')/(T32_ TZ’)]

A7 AT R 1 E R

(8)

2207089-5



BTV SIS B R Y i B R A B A sh DL S i LTS

2023 4

a4 B2
B In[(1 - R)/(1 - PR)] (9)
" (1= R)In{l +[In(1 - PR)]/R}
S r,-T, _ I,-T,
K$P_ﬂ—TJR_ﬂfo
2243 WA

R A B AR R K oo, S
b

-1 - Ap; _Ds
i
Dy p
2 2 (10)
_ Apn P
o,,=1 ==
Ps Ps

A p TR BE 5 Ap FRon BRI K 5 Ap, Fl Ap, 2Rk H
SCHk (27145 i A TR

STHEX 25 S M A% #1530 i 5 1) 51 7 2 B Fn 5 44
Z K NASA CEA B P54 5],
225 imEem R AT BTk

BE A AR B RS 8RR R
JE R BEOR R v A A R . AR I R R A
J5 2 H A D6 U v AR AR A A A B
ER R Tl SEZS oy R R |3 e O 2 7 SUp <
o BT B R 4 1 SUBEY JIROR e, X TTR
HIRHR e, B Z X010 50 0 ¥ A0 AR TR UL B
F1o MM AR EBE IR 5 E— 4R
BEAL, HH R R A R A ik A RSP R R
AT BE TR V8 A B R AR R B BT
2251 Wi RSP S E0THR

WE I R — 4 A HZ W R R =
BALHE XK b, W e, 0 H S BN, BiRS
B h Mattingly 55782 1 19 °F- 5 2% (mean-line) J7 31
B TR TR LT 0N IR e 3 T S = A
T 45 2 i 5 v LA 240, A6 8% HLPE e 0 EC R A
S I R LT S 500 TSR U R IR 8 i (LA
FEIR s R 35 ¥ R i 5 A ST 2 % Sk
[34]. @it SAiHE s R RE S 0 RA a,=
O° ity 1) W A4 (Bl vy = w0 = uy) A E R H S
W E T SR Ma ., S0 SRR Ma,, S B3R R L
@, I8 5 M RE 1O T 7 14 TR LT 3 Qe 12 R A
PRI 4 n g UL SR FE T 11 25 AR I AE B ML R 05 BCT AR
LN AL ibe LR R I R IR 2 SN ]
¢ e(1.4,2.8), Ma, €(0.3,0.55) K Ma, (0.9,1.1),
JIT 3 B 0 BT S ORISR 45 R 17 08 % A
A S0 D OR A o, e (50°, 807) AR g
Qe (0.2,0.5), WA AT LE A3

Stator Rotor

Fig. 7 Velocity triangles for a turbine stage™

| rl’ pJ and mAl | | QHPC and nHP | |

v

Turbine performance calculation
(Ti’ Ps and QHP'T)

Guess a,.

Calculate Ma,,, T,,.
and T;R":TZR"

Guess May,.

Calculate Ma,, . p,..and p,,

v

|Calculate Ma,, from T',,and px,,l

o>

No
Yes
>
Yes
Calculate Q, b, 2, H,
v

Tubine blade heat
transfer calculation

Ma,,, Ma,,and ¢

Nbld

Fig. 8 Flowchart for turbine blade geometries calculation

at design point

2252 EmAKBALEITE
2% R R I BRI A R, R
ke % B2 F £, (Combustor Pattern Factor)"* X
IR E HEATE IE, =X (LD FR .
Ty = Tt * Froms AT oo (11)

g,m

T, 3R I R 1 B KRR 5 T R

2207089-6



Faat K2 e

ST EER R TR Sk T, =T, 8 TR T
T,.=(092-1)a+ ;AT FRBEEER T . AL
TH b e A8 S AL i 1 £, 2 L 0.4,0.2, 41K
JER St st £, 858 E0.1,0.05,
2253 Wi R A OT R

WA R R A T S % SRR (35 ) @y, A
SCRER A3 B AT TR L AR T R IR A
AV HA T A RN P 9 i o BT ol 4 <
E T 56 I R v A2 % 1 ¥ 00 3 T 4 B Ak R TR A
Bl (/5% 4 ) J7 ] 19— 4E ik 2 4 B4, SR AR AL > £ 58
FE D ACKE Uy x5 1) B AL A A o R A ¥ S
e B U LAy Y R TE B DR R IR
HI A 7 o (1—y) B9 S e A 3 B 8%
AW, B TR e B H <.

T.,m
I g 8 |
—>
I I
T,0.5(1-y)m,
D jlu: q,(x) \I/ | |
N I NN I
> T.ym, L4 1 p
p ¥ I T I/l'\‘
L 3 |
I I
it |
|
|

|
<€
<€

Fig. 9 Schematic of turbine convection cooling and filming

cooling"*

R R o/ 1R R W A s [ B A SR A ]

BRI e i g, () Fl g, (a0) 2R (12) 95315

¢.(x) = k([ T, (x) = T, ()]

g.(x) = k()] Typ(x) = T.(x)]
A T, 3R ANV 20 4 PROBE TR B T, o AR
WRERRMEIREE T, R R EIRANEIRE . k,
Ak R SCHk[35 T AR . K2 h 2T
MR BET SR BTy, = Ty AFIEM 7 EA N
BT, L.

FE A B SPE 9 25 AR, 25 R B B R 2 R
AFEERPHSH KT, AT, B (13) 55 5E
Tys = Bin (T, = Tya)
T )
K B, RN AL 2 R B Biy, Fom M b RHEE
BEC AT EIE RS A Bi,=0.15,Bi,, = 0.5;
&= A Bi,, = 0.15,Bi,, = 0.35.

T, A (14) A5 .

(12)

Thgen =
bld (13)

Tyin = Thgen = BLI)](](Taw -

oA 2023 4
() T, = T (x)
E. = =
i T.(x)
1.9Pr, .. (14)
-0.25 0.8
c,.| & [p.
1+ 0.329¢6 5| —| == Re.
* 5%[m>% . }

. W, . .
K gE=1+1.5x 10"Re. W"M'sinalzo,ax:oi%ﬂ?/ﬁ

M

S BE AR SCH 207 5 W AR R FE RS 73 - i 5 1 =

V. . . " v
p‘iv‘,%mﬂkmtt;Pr%%m%ﬁﬁ)ﬂ%?&;Re%m%?wé&o

g 8

W I B 3 N AT S S AR T

(1)K — 2 T SRR A 43y N A RA W A I
Bl 7 1) 1 A% B dw=bIN 5

(DA (1)1 &, BT, (2);

I3k, k5

(4) ML B> POA% T A A6 T B A% FA B AR 45 D
A2 F13) 528 T, (x), T () K T ()
FErp Ty o (0) S I I 2 R 1 e o Yk

(SFES (2)~(5) Bt H 2 G |, e R B 1
BRI AR 5 R H R R KB 4L
2254 BRRACREIEITE

SCHR L3745 i i 56 30ORA8 IE RECIN R 2 s .
Fe P Sk RSl I RCR R AE IE R LAY RN
1% WV H1 25 S0 A8 AR BT 5 | RS 1) i 58 AR B R B
Syt DL R ge i, S AR K . S
(2R ARy, VA BB TE BT B9 55 6 808 1
Nipr o TR N

_ ms,
Myiiow =11 Mupr

my
_ M (15)
Mersoss = o1 Mupr
my,
MNurree = Muer = Mvidoss ~ MBloss
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factors"”

Convection Loss in stage efficiency

Cooling method

cooling flow ratio y Stator f, Rotor f;,
Advanced convection 1.0 0.1 0.2
Convection + film 1 0.75 0.12 0.24
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Full-coverage film 0.0 0.35 0.60
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Fig. 10 Flow number vs opening curve of fuel injector™'
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FH O R, KL EXHR R E B O R
ST R HEAT WL
o= c Ty — ¢ Ts,
n,LHV - ¢,,T,
P R BB 2 I s, R IR BE IR BRI
HR4E NIST Supertrapp 31 %) RP-3 85 X 41 43158 Al
RIS EE R A2 U 5 o C H,,e 275 SCHR[40]
o HE R BRI R i E AR B Ak
S S 2R RP=3 78 23 S b 5E e R be (1 1k 2
e W
2C ,H,, + 31(0, + 3.76N,) — 20C0, + 22H,0 +
31(3.76N,)
PR e 2 T BVRS SRy ok Uit 2 AEKE VR I BV 2
F, TR 92 4 R 08 S IV T S 1Y RE B SF E OC R A R
RN

(17)

(18)

(19)

i={C0,.H,0N,}

M R IR EE IR i e R AE UG T RS H R
B B 298.15K

o T (19) MBS E R, w] LR
3 30 25 R I U 2 S R S O RR R A R T, R
F o, W5 4 R TR 58 AR R I i BRI R i my
AT IE, R
My ideal

m, = ——— (20)
m,

2.2.7  RENPLEREDT H T 12
2271 BT AEAEREDT HOT Ik

TR -2 SRR 5] A, VCTEF R 3 LY
Wit SR AL B LA T AL R b = E
1Y S SOFVR I 25 AR e 1R RN IR b =
HH TR PR BT A AR A TR e A )
TG 2 WA e TR R R AR A R R, TR E T
Hab 7 A, A S0l i 224> 51 OB B B0 e A 114
IR, BT CCA BOR B VCTF % sh LAY it itk
REDT LAY M S A8 i F AR 25 it iR 3 s . K3 ¢
KRR S Y EMA I Z ;T o =T TG
RS R Sy o )y N (iR BR AR s y a B) RU  S T
B, 4484045 8,,8,,,8, M 8,50 2T 1 M S AR 4
MEE TR ELT TN, RA Newton—Raphson AR

TR R, 5822 77 i EE < 1070 h A
e

Table 3 Independent and dependent variables for design

point performance simulation

Independent Dependent
Components Number . .
variables constraints
Burner 1 - T,
Turbine 2 - Ty ext
Tank 1 [ -
Bleeding 4 o -
Total number 6 5 5

2272 ARBOtSARRAYRE D H Ok

HF CCAH AR VCTF & sh HLAE & i &3 20 57 A8
AR 22 AR BN R 4 s o o R AP B R A 3
i 4B B 2 Tl R B A R A T BLTR A A X
RVABL S s Ay i B HEAT A . AR a5 1 55 W)
K H Newton—Raphson 7% % 1815 4> i a7 AR =,
STE < 1070 S (L K

A SCWFFE I ST CCA H AR B VCTF & s ML % &
SRR 511 s LLEE SR R 0 AR S . X
F AR BT A o g I B v R 3R R T R (A Y
UL BAR A T, 8 W T, BRS04 v A
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Table 4 Independent and dependent variables for

off-design point performance simulation

Components  Number Independent Depﬁendem
variables variables
Inlet 1 Corrected flow rate -
Compressor 2 B Mass flow
Splitter 1 Bypass ratio -
Burner 1 - Ny
Turbine 2 B Mass flow, T}, .
Mixer 1 - Static pressure
Nozzle 1 - Mass flow
Tank 1 ] -
Motor 1 B, -
Bleeding 4 b _
Shaft 3 n Power
Total number 17 15 14

R SRR EZ W =0, I AN EeH T, . 3k Bl i
W il B BRI L T, 0 3 5000 15 308 0 1 R O 32 4 22
E, AT RESE T 0. [FIBF,  ¢=0 0, i 5e 0t 7 % &131
Rl R a0 = N S B S S R =0 A -2
et A By AT R PR A SRR R L A SCRR g < 0.0,
P, % Tk 22w T, .. i A5 AR 22
Tyiew = Tiitim

Tl)lll.]ml

1 2K H Newton—Raphson i 8 1 3K fi# % [n] 2 B,
7 2 & 1Y 3 ACH B BRI ER M B R A X, T New-
ton—Raphson QI8 TR # SO0  x A ka1
FER M T =T T L 9 42 J e 00 A, A T S 4 5K
54=0.01 % B (1)1

AR 1, 2% i 3 A 6 3 0 T ) i IR 1B L R
PRAE BRI 19 5510 5T o, B 15 9% ik ot 86 11 1 AR T 0
i 3 Y Pl p, < 0.5MPa. [H BRI IE N, 1)
BREEH

_ 1)

B :(N[,—N,,K)X( Dy
g Ny x 500000
2.2.8 P HIF ARG E

AR S A B A R R e R R e T R AT &
BRI 2510 1 A R R AT S0 IE . AN R H CCA H R 1)
VCTF % sl AL/ 1 Be 05 B0 L i) 31 558G B © % SCik
[20] 915 3) T 580 F , R FFE A .

Xif 28 A -SRI A IR T AR A | AR SOAR s Sk
(4211 STHEX i+ B A AL S50, 1H 5 7 AR THF
STHEX fyPEfE , 45 L SR, ATLIAES, &t

E, =

)x(d;—().Ol) (21)

(22)

HERW B KM IRE R 1.67%. 77T IR ER
B R O A SO B R B R S0 SOk 42 ] R
NI S HCAN A, A, ) FIR 0838 43 4 4053
A (A A Nusselt 80 A

Table S Results comparison of STHEX simulation model

N Ref. [42] Simulation Error /%
Condition'**
T,,/K T,/K T,,/K T,/K Ty, T,
1 389.8 3448 386.8 3422 -0.77 -0.75
2 362.0 318.7 365.1 3232 0.86 1.41
4 355.0 328.7 356.1 3342 0.31 1.67
5 386.0 3324 381.0 3288 -1.30 -1.08

Al i, $E4T 7 STHEX 8 A B A TH 45 R 5 3
BRL27 JS2 B 45 RS L, A0l 11 Bz o m] LU 3, AR
SCHY A A BT S0 45 2R R T Se g 4 2R (0 A
A1t BEL B 23 i B B AR A AR — B

0.030
0.028 |-
£
&
0.026 | —e—Cal
—=— Expl
0.024 L L L L
009 011 013 015 017 0.9
m f(ke/s)

Fig. 11 Air side pressure loss comparison of the STHEX
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T £..,=0.0426, £,,=0.388, £,,=0.600 K 1=0.03240,
K frots €0 B &4 0N 121 2250 7 V5 8 ST B IR e 0
AR 15 5] =0.03244 . AT UL B A A
— BT T L RR S FH T IR A I R ¥ B A R R W oK
(=N

X F BRI ARy 2.2.7 35 1) VCTF %k sh L
BT BRIk e R E DR B A
) TRk I R AR Al TR S A R sE e, An BT 12
fizs . T LA #, 78 298. 15K, Bk 77 v 5 10 i {1 #h
EIH AR B e = i S LA R . Bl 90 R R T
Tk B 3G R, WOk T AR B e = R R
AT REAG, 13X 2 i T UE ABR R S A BRI RS 3 KT
o Hugnl UL, BRI R A Uk IS RE 8 S PR
b 00 AR 7ok R R 72 T XK R s il A B Y R e B AR
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Table 6 Design and overall performance parameters of the
VCTF engine with CCA technology

RP-3 K1 4 B K ARG AR TR 5 v T T 4 1) 2 v
FEly i SR FH B 88 ik 52 5 bR Y 30 FEE R (B AR

Parameter Value P e 0y S R Bl i R AR R B AR S B A R PR A
Airmass flow/(hele) 24 170 5 A JE IR 6 v 028 SORTR 51 R B8 PRI
Fan pressure ratio 1.55 N SN N Vi - =
" " SOHLIE F s A A P2 6 T, A AR
Fan bypass ratio 1. N . .
. i AR 2 BE 02 4 1033K 19 ¥ 48 8 A0 51 AR IR BRI =
HPC pressure ratio 4.07
S i Y
HPC exit total temperature/K 1033 852K, RIS I 181K 1Y {MI}%O
Tank exit temperature/K 390 HR AR BT TE 54 3 B9 25 - R 0l 4 A e E
Tank exit pressure/MPa 0.03 H %—%#F o ﬁﬁgjﬁ , &P STHEX fY %Wiﬁﬁﬁf}%ﬁﬁ s
Fuel pump flow rate/(kgls 0.44 B BRI S S BN % 7 4 8 B DAk bR
Fuel pump head/m 435 i STHEX MRV fie/ s AR AR5 125 2R Fl 42 R A AL fiE
Burner exit total temperature/K 2200 ﬁﬁ} E"J%%ﬁ{‘t%?f[“i%] ‘H‘%: Q,ﬂj:% tl[] %:2 9 F)]"/jf\‘
HEX total pressure recovery(air/fuel ) 0.97/0.89
HEX exit total temperature ( air/fuel) 852/573 . .
Table 7 Design variables for STHEX structural
Efficiency of air—fuel HEX 0.283 .
optimization
HEX bleeding air flow/% 8.56
HPT blade temperature limits/K 1530 Parameter Lower bound Upper bound
d 1. 4.
HPT bleeding air flow of (stator/rotor)/% 3.34/2.97 J/mm 3 0
E 1. .
LPT blade temperature limits/K 1338 s/, 5 30
. . . s,ld 1.5 3.0
LPT bleeding air flow of (stator/rotor)/% 2.25/2.86 ¢
H 1
Net thrust F /kN 16.55 fmm 20 00
N, 5 15
Specific impulse I_ /s 2269 b
N, 10 30

0.056 .
Table 8 Constraint parameters for STHEX structural
| T=2200K T,=2000K 7,=1800K optimization
0.048 Improved method: ~ —=— —A—
LHV(298.15K): o >
o > C 4 ( I8 ) o Parameter Value
B/mm <100
0.040 -
A A R N N N L/mm <100
T,/K 573
0.032 | L | L | L | L | | ;
280 330 380 430 530 580 a,, 0.97
LS o 0.89

i

Fig. 12 Variation of fuel-air ratio vs fuel temperature at

different burner exit total temperature

Table 9 Optimization results for the STHEX structural

parameters

3 HESSH "d/mni v1|94
31 g AR s/, 5

JEHE Ma3.0,20.9km "l VCTF % 8 BLAGUETH 4 o 955.4
I I A A KA SRR S S B T S R . oo
SRR 6 s o R PRRIAR I 0 R ) 225 SOk s/d, 2.46
(10T HE I, BRI A6 H1 3R 6 2 18 T 8 i o e pL ek Himm 99.3
% 30 LI PR 19 B R PRI, — % 7 AR B B e N 21
RFE AR M T T Sk 2 %5 Sk [ 10101 % 1 4 ik o - "

S P9 R o 32 5 AR o — 2 A R AR 0 2 S A AR ik
1 Sk PR 2 2 25040 B STHEX 1) 52 596 25 SR 7 3k L 5 4
AU MR B BRI I R R 573K AR SO AR B Y

hex, i

B A SCE TR T AR CCA R VCTF &
LAY BT R RE, B E TS SR e P It
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SR B RS S R R SAL I O 5] R R R
22.04% , 4 3 ML ol 43 551 42 15 2.03%,0.66% -

Table 10 Cycle parameters of the VCTF engine without

CCA technology

Parameter Value

Air—fuel HEX bleeding air flow/% 10.98
HPT bleeding air flow of (stator/rotor)/% 4.06/3.55
LPT bleeding air flow of (stator/rotor)/% 3.36/2.90

F /kN 16.22

1 /s 2254

32 EHNTREFEITE
T RAE 2.2.7 P 4R A EE T CCA FER [

VCTF & s HLAE BT 8 FL 58 TJ5 76 0 A 2t 4 S
T Ma=3.0,20.9km T () VCTF %k 2l #1117 I F¢
BB T o5 1 B 1T 53 T T A R AL R e 1 A R
U5 F SCHk [20] o o150 b 25 s i g 0k R TR R
(with Ty 00 5 A 6 56 0 R i R (with/o Ty, 0,0 P
1 50, AS R TS & sh LA JUARf 38 4, 4 il e AR <L
AH KT Ay i Sy, 45 B A T 52 SR A 13~ & 15
FIF7R o

B 13 35 MRS T VCTF % 3 HLAY A 4K vk e s
R . T LA B, B n,,, FEAR, 2000 8 48 it R il B2
FbAS 5 41 98 48 iE R IR B B9 VCTF & s HILHE 5 A G e
PERE TR R, FEFEHEIE Ma=3.0RE T #

] 72 AN A2 T 0 G I il R AR e A T R

19
15 1 —=—With 7,
z 11 ——With/o 7,
<
7k
3 -
-1 L
65 70 75 80 8 90 95 100
ZH]’/%
(a) Net thrust
2400
1700 +
<. 1000
~
Wlth T;Idl nt
300 —e—With/o 7,,,,,
_400 1 1 1 1 1 1 1

65 70 75 80 8 90 95 100
nm/ %
(b) Specific impulse
Fig. 13 Overall performance of the VCTF engine during

throttling

I, FE T HE AR BE = s ORI R, X R E R
I B B AT, 20 1 23 (0 I 50K R LU 3G K, AN T 4
JIF e M RE S o (B2, B & 14 s (19 STHEX
FET HORES T WS UL T LA B, By, B
G, F2 1 303 56 0 B 3 B BB A% [ AR O 28 STHEX 1142 4]
25 MR AL R, 2 T A IR STHEX A5 41 (1] 14(a) ) Al
BN E 14(b)) By B R R P2 J s [l AR %e
I 198 T 300448 3

P 14 (b) Fl (e ) Ay R AR AR Tl st 5 JF B2 i /5 STHEX
BEWNME SRR, 7T LB F], STHEX B )
4 R R 52 2R ORI B R ZE /N K S5 A BTt o AR
(16) AT AL, FERR B SR I i T R A Z BT,
Wl /N K23 AR T 2 TR L T, AT R e R A

0.99 —
0981 —=—With 7}, .
of 097  —e—Witho 7,
0.96 |-
0.95 ' ' ' ' ' . '

65 70 75 80 85 90 95 100
Tyl %
(a) Tube outer pressure recovery
0.99

0.96 -

o 093w With 7, K

bldImt> *inj.des

090 With 7, . K, decreased
+W1th/o T“dl .
087 1 1 1 1 1 1
65 70 75 80 8 90 95 100

n 0,
n111>//°

(b) Tube inner pressure recovery

35
28F With Thld Imt® Kuu.dce
s 21k —o—With 7, K|. decreased
= ——With/o 7, .
& L4r
0.7
00 1 1 1 1 1 1 1
65 70 75 80 85 90 95 100
n111>//°
(¢) Tube inner exit pressure
1150
T WIth Tbld Imt
1000 - —e— 7 withio T,,,, .
£ ogsof 0
700
550 1 1 1 1 1 1 1
65 70 75 80 85 90 95 100
7,/%

(d) Tube outer inlet and exit total temperature
Fig. 14 Parameters of the STHEX during throttling
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STHEX fY JF /1, 3f-fdi STHEX 45 PN 4 3 JF 4K 52 2R 4
o TE y, BEIR 2 80% 2247, iE AN KR be 2 (0 A i 1% )
B E TR (22) P E R 0.5MPa 1 e /ME . [FIE,
K14 (d) Ay LA 21, 45 50116 58 i R fE 6% 38 3 B
Ve as AR it i — D BRAREE AR R it i 92 20
2 HE e = 93% BV H) A SR B e K IR
240K,

BLS h 1 iRAS T @ ARE R R 2 H 28
A . LA B, BEE ay, B, 45 s 5 i
Tk B AN 8 v %) i 8 T U R ST 3 ) R R 1
B (& 15 Ca) ), 1 J5 168 58 i B9 ¥ 400 i bk 31 =X
(21) B E R 0.01 By e /ME (B 15(h) ) o R, i TR
JE 15 %8 sl i o SR F B8 51, 4 i o e I il AR
R He it %6 20 i BE BE B 7 B IR R B R TR 4 S
ek B (1B 15(a)) 6

With 7,

bld.Imt

With/o T,

bld.Imt

1550 +

o

W

(=]
T

65 70 75 80 8 90 95 100
EHP/%

(a) Turbine blade temperature

0.0400
Wlth Tbld.lml
0.0336 |- -
l//V]
0.0272 - vy
5 l//VZ
0.0208 |- v
0.0144 |-
00080 1 1 1 1 1 1

70 75 80 85 90 95 100
n./%
(b) Turbine cooling flow ratio
Fig. 15 Parameters for HPT and LPT blade cooling during
throttling

3.3 ETCITHLTMEREITE

h TR CCA AR M VCTF & sh AL €475
0 P BB AR A, AR SCHE B AT Bk o I 16 TR o
Ry fe OB BE b 4 4 Ty, R S LR LA Dy XU A
X ) PR S 7, 110% , AR X e 35 5 ik 7y, #100% , 5
JE A ML O RGE »1033K, 75 6 R AL AR 4 4 3 4%
H #110% K AH AT 4 5 5% 33 #100% , % %6 §i IR B T,
2200K, A9 5 & s HLAR JUAT 4 o 58 vh 25 A
R R IR (with T, .0 , A 325 610 46 i 4 35

(With/o Ty, ) LA SR CCA £ ARAB £ 46 it B
IR (With/o CCA) =Fh M i R wmE 17~F 20
FP s o
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Ma

Fig. 16 Flight trajectory for the VCTF engine simulation
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I 7E Ma=1.9 BB F2 1 8 58 v 5 L B2 A 41 7 38 K
24.5% ; 7F. Ma=1.8 I, 45 1 3 %6 i 7 U B2 1) 4 07 3k )
e K, AN I8 6 R RS 1 HE I K 6.9% . TE
Ma<1.8 Bf , ANFE M Fe i il B B & Ry, A
K A CCA B A AR T il 368 %8 v B i B 7€ Ma=1.3 B 32
AN 0 g R R BE A A 08/ 10.19% , 35 46 I A
5 ik B AE Ma=1.0 B35 AS 2 1 8 56 b v T B % 4
TN 3.2% o HETJHEAS TR 0T B9 A2 L B R
FE Ma>1.8 B, & e R AHL 11 51405 A 18 15 Bl 4
e RAFAE e AR, B a5 A0 St 4 B 5 S 00 3% 56 i I
JE [ B £ A o5 KA, 3X — B 55 )58 & gl Ll 2ot 5%
% A A A A 7 38 B AR K IR T JE N 2SRl fh A 18
(a) F1 (b) AF 78 (1 @y, AT, 46 Ma>1.8 (9 28 {6 v LU
B, S FE OLT B AL 2 T, O B KA TR
JH CCA e ARAB AR it %8 vt Fr I B A oy B, 3K )
JE AU B 5| A 03 0 e AR (R, AT 4R ) TR
TE Ma=1.8 I, 2 1 05 4 i R il B 09y, #0077, (] I 3K
i KA, H& R RS B 5] 0 T8 12 0k R
{8, H I oK. 1 Ma<1.8 B}, ti T & Sh L4 i
2 H07AE N AR T il A s (TR 18 () ), 8 TR R /ML 1
Gl K, T, 18(h) ), PR AS £ il 19 48 it
HR RSO T B E R, [FE 78 Ma>1.8 1), =
Tl 0 R Y Lb p oA 228 K, S HE ) AR AR A 2R
TE Ma<1.8 B, i1 T = Fl 1% 000 5 A4 AH 8] 09 1% s b 5%
TR (18 (b)) K E 1 2 10 25 Sl & #F A
Vo e (1 /a0 ot N W I W a0 (S 1 7 NP
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(a) Net thrust
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5 3600 -
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2000 Lt : I I | | |
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Ma

(b) Specific impulse
Fig. 17 Overall performance of the VCTF engine along the

flight trajectory
110 F
90 +
c,\\°
| .
= 70 L Tbld,]ml
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Wlth/o Tbld,lml
50 1 1 1 1 1
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(a) Rotational speed
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Wlth Tbld,lml
1700 —e— With/o CCA
Wlth/o Tbld Imt
1500 1 1 1 C 1

1
0.0 0.5 1.0 1.5 2.0 25 3.0
Ma
(b) Burner exit total temperature

Fig. 18 Control law of the VCTF engine along the flight

trajectory
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BEREARBAR Ma T WM ) I8 47 ZE 3 K K, (A
19(c) ), M STHEX 48 N & 46 25 AR N7 1 3% < (&1 19
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JE AN ) W0 e o R L B e S — D BRI IR
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0975
0970 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ma
(a) Tube outer pressure recovery
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° o0sof M,w
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Ma
(b) Tube inner pressure recovery
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Wlth Tb]d.hm’ 1<|m_des
10.5 —o—With T K . increased

bldme Ninj

—e—With/o T,
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¥ sa0 | :
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(d) Tube outer inlet and exit total temperature

Fig. 19 Parameters of the STHEX along the flight

trajectory
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(a) HPT blade temperature
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(b) LPT blade temperature
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(c) HPT bleeding air flow
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(d) LPT bleeding air flow
Fig. 20 Parameters for HPT and LPT blade cooling along
the flight trajectory
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