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Abstract: In order to improve the reliability and accuracy of the zero—dimensional variable cycle engine
(VCE) model, the two—dimensional model of core driven fan stage (CDFS) was built and integrated into zero—di-
mensional VCE model with fully coupled approach and the multi-level VCE model was established finally. The
differences of results between the zero—dimensional VCE model and multi-level VCE model were analyzed, and
the effects of radial non—uniform distribution of aerodynamic parameters of CDFS on VCE performance was stud-

ied with the multi-level model. The result indicates that the iterative variables and balance equations need to be
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adjusted on the basis of the boundary conditions of two—dimensional CDFS model so as to establish the multi-lev-

el VCE model with fully coupled approach. Compared with the zero—dimensional CDFS model, the two—dimen-

sional CDFS model containing the physical information such as geometric parameters can provide more practical

and physical CDFS characteristics for VCE cycle analysis. The change of CDFS performance will lead to the

change of working points of other components and VCE performance with constraint of the flow continuity and

power balance. The maximum difference of thrust between the zero—dimensional VCE model and multi—level VCE

model is 2.99%. Combining with CDFS bypass ratio, the radial non—uniform distribution of aerodynamic parame-

ters of CDFS outlet can be integrated into VCE cycle analysis. More reasonable initial values for iterative vari-

ables are needed to solve the multi—level VCE model. Therefore, the result of the zero—dimensional VCE model is

used to initialize the iterative variables of multi-level VCE model.

Key words: Variable cycle engine; Core driven fan stage; Two—dimensional model; Multi-level model;
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Table 1 Design parameters of double bypass VCE

Component Parameters Value
Inlet Mass flow/(kg/s) 325
Bypass ratio 0.4
Fan Pressure ratio 3.10
Isentropic efficiency 0.812
Bypass ratio 0.1
CDFS Pressure ratio 1.21
Isentropic efficiency 0.766
Pressure ratio 5
HPC
Isentropic efficiency 0.85
Burner Exit total temperature/K 1950
HPT Isentropic efficiency 0.90
LPT Isentropic efficiency 0.91
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Fig. 2 Simulation model of double bypass VCE
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Fig.3 Comparison of performance curve for CDFS

obtained from the two-dimensional model and the reference
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Table 2 Double bypass mode balance equations

Component Tterative variable Balan.ce
equation
Fan Bypass ratio and 8
CDFS Bypass ratio and 8 Mass flow
HPC B Mass flow
Burner Exit total temperature
HPT B Mass flow
LPT B Mass flow
FVABI Static pressure
RVABI Static pressure
Nozzle Mass flow
High pressure spool Rotational speed Power
Low pressure spool Rotational speed Power

CDFS Z 4 A7 FLA Y 3L F 30 2k 1 38 7% SR A 35 1 1k
AE o FESRM e BRI, T B 0 SR B E
T S AR i B4 TH S CDFS 19K [L L A
BOR UL K O R B RS S8, M CDFS —
Y {7 FOAR R B 4 R Yl B AL IS N FEAE 2 A R
PEEL, BT U5 ZE R B B AR A A & o [WI T, XU
T AE IR Y P B i S 8PE S CDFS 4R B
B 10 51 2 53T, CDFS 4k 1 3 1 i 7 72
ANFERLST o B FE BN AR T, 2 AR AR >
8, Ml L S 5 AR D 94 . 2 2K, 7 B A
AT A4S 2 7 A4S kAR B R 8 APl O R .
FE PR AT AT SR i & s LB Y

RANHUBERLK ffe ot B b, S8R EAAE R 5 —



504 ot

/N 2020 4F

AR Z (A% 3B o A SCH Al T34 A0 i 1130 B SR A SR
fift CDFS 2 {5 BLAR AL | [] ik — 4 ()5 BCASE 7R 1) 1153 2%
S AT 5 AT 35 b B R AL 3 4 i R RS
HLFN FVABI %5 T ¥ 14 o

TER i VCE 2 4k B2 {5 AR (1) i #2 o, CDFS —
Y5 B S 5 Bk b, Wk, B — Rk
R R it — K CDFS 4 {5 B R 808
) AR B 3G o [RIB, FE SR i i F2 v, CDFS Z 4k A Y
P A 1T 3 A IR RN R R XU A Y B (R AR
JE Bl (%) 5% 3, T CDF'S f4 5 5 B ke T g 1 il 7 3ok
I, AR R P T CDFS 4 A ih B4k 22
Jia] 2 75 DC JE , AT B R T 22 2 B ) L AE AR OR i 11 1K
St . AR ST VCE 4 {5 B A9 45 5 AE  VCE
22 U FE A7 FLRE AU A SR AR E, DA DR UEAE Y A 05 S5k <

Wt L bl DA R B, 58 RS T AR S
i AR EAR S CDFS 4 {5 B LAY VCE 2 4 {5
AR 25 AR A B A E oR &, #ig b
it I 98 2 85 7 1% AT LUK AT BORS B2 K7 19 & s L
PR B RRE A T R 0L 4 B g r & sh il
ZYE R AR 5 R A AL RUA L, AR
e W B B R TR B L S ECE BN A RS B
AR A TG N H R AT DO ST B S (5 R 4
5 FLAE TR A FL ) ) 3 42 A TR 90k 8 4 A TR R | TR
I K A5 TR 40 1) FB R T SR AE o S R A A
5 ELASE A A ST Y K s ML 22 2 B {5 LSS AR AT L 7S 43 R
FHA PR A TS5 U, 4 e B L7 LR Y % W] S | [
B s, P AR A0 5 SR A B BIPRS00 3L 3 R P T R
B X HEESY

3 HESERS5HH

3.1 M4MNE VCE S EHFEEERNZN
A5 43 5 A VCE Z4E {7 B RV FI VCE 2 4k 2
U5 EAE AL SE T8 € T80 F CDFS S0 /1 0 %F VCE
PERE 052, LLVEAS (58 4 88 & J7 ik 57 19 VCE
22 Yk B )7 LB R K 4K ML AR MG 245 SR R R .
Bf, VCE TAE TR X = FL A e & i B
SRS CDFS it £ AR U il Dy 15°~45°, ATy
B AT JE CDFS S8l 28045 ) AR 550 43 A1 0 52 1)
425 T VCE £ 4 J& % 7 (Multi-level model)
I VCE Z 4k 475 LB (Zero—D model) H CDFS By JE
A0 ROR B AE AR A DL, T LAAE MY, 22 4 i ) BUAR Y
MEYE{; HAA T CDFS B AL $— B, H 2 F
Yk {7 LA AL FLAE A9 CDFS 9 SRR A, 5 4k
15 LB R TF B 45 A b, 2 4k B O LR R A )

CDFS 455 54 % e KIG R 4.91% . CDFS 55 i 2%
) TF B K S B CDFS W T RVIR BRI, F 1 S 20 CDFS
R A I e R R S R AROPIL U G g 1 R, T
CDFS A 838 L AR, Q0 5 T/ o CDFS S50 3% R Y
THis 04 5 B CDFS TR AR R AR . IR UL, & R il s
a5 B A B T I AR/ T R R IR R T R SR
oty 2 SR R DA R D) RO 2R, D R
J& , CDFS e 555 58 n,, Fh 5, 3F 10 450 530 9 4 W, 38
KA 6 s, ML T AE 851 45 i e 3 1) g
L K7 s

0.88
0.84
= "\A\

0.80 —4— Zero-D model
—e— Multi-level model

076 1 1 1 1 1 1L 1
10 15 20 25 30 35 40 45 50

0/(°)
135
1.30

125 | —*—Zero-D model
—— Multi-level model

10 15 20 25 30 35 40 45 50
0/(°)
Fig.4 Comparison of CDFS performance solved from

multi-level model and zero-dimensional model

040 -
035F |
o3} L —--
025F
020 F

Bypass ratio

015 —+— Zero-D model
ool —*— Multi-level model

0.05 1 1 1 1 1 1 1 1
10 20 30 40 50

0/(°)

Fig.5 Comparison of CDFS bypass ratio solved from multi-

level model and zero-dimensional model

845 T R[E CDFS S f B T VCE 22 4 i AL
RUFN VCE 2 2 5 B AR AR 6 7 B4 XU B TR 38 FE 40 A o A
Fdhal LLEF, 5 VCE B 4805 BB 25 A L
VCE 2 4 i {7 LA 70 o (1 JXU R 30 38 LE I, 3 2 Fh
VCE £ 4k i {7 LA R v CDFS 30 09 S8 0 3 R T
SO R 0| W8 e E s W I B I e R .
Ht i R s 25 5 R R 5% TARR S BBk as o W5 &6



Farl 3 20 HLBIR By KU 9 — 4 {7 FLAR A 5 48

SRR S S A 7 B TR 5 5 TR BB 5 505

4 B0 A8 RE 0 e T i AR O A E DR VR R I

&%kﬁiiﬁﬂi Hy T i T i e A T i B DG R

BE R AN B DA 2 R A RO HL AL

E’Jijtﬁﬁijt,lﬁlﬁﬂ‘thﬂ, il B AR o T A AR

F4 S ERT RS i b e ) i ) 0 S5 0 R I B 1 Y e
0.98

——4—— Zero-D model
—— Multi-level model

|:§ 0.94
0.90 . . . . . . . )
10 20 30 40 50
0/(°)
110
——4— Zero-D model
7 —e— Multi-level model
2 100
X
90 1 1 1
10 20 30 40 50

01
Fig. 6 Comparison of CDFS corrected mass flow and
corrected rotational speed solved from multi-level model and

zero-dimensional model

L Working line, Zero-D

—e— Working line, Multi-level
—— Surge line

— r_lwr=o.90
——n, =095
——71,_=1.00

48|

42l ; : ; ;
45 49 53 57 61 65 69 73
W, /(kg/s)

Fig. 7 Shift of HPC working point

045
—e— Multi-level model
0.40 | —=— Zero-D model
=1
g 03sf
2
= 030}
& o
025}
020 1 1 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50

01(°)
Fig. 8 Comparison of fan bypass ratio solved from

multi-level model and zero-dimensional model

Ko bl T, DU, XURS B A e 1) 5 g e T 4 7
6] %% 3l , W& 9 Fir 7 .

0T —+—Working line, Zero-D

—e—Working line, Multi-level

Surge line

—— r_lc ,=0.90

—e—n,=0.95
n, =1.00

—— ﬁc m=1 05

351

30F

25
200 220 240 260 280 300 320 340
W_(ke/s)

Fig. 9 Shift of fan working point

VCE £ 4 i #5 %1 ) CDFS 1 fig 28 1k 78 7 2 °F £
FI Ty Z - Mg A5 2 BT 5 XU AR AL B T
S K DL K X RS T CDFS 38 He RIS, oF 1 5 5%
VCE Jit it 38 R LS be T e RS TE L BRI, B e il
2 VCE#EJJ}F%ﬁ%v’ﬂﬂ%SFCtH%ﬁM%{f&,ﬁu10Ffr

A ) R ORI E R 2.99% -
. 0.090 ' o Multi-level model
= —*— Zero-D model
z 0.089
E W.
= 0.088 -
2
O 087 1 1 1 1 1 1 1 1
10 20 30 40 50
6 o
265 ©)
—— Multi-level model
—*——Zero-D model
Z 250 |
2
E
= 235 F /
220 3 . i ’ i i A :
10 20 30 40 50

0/(°)
Fig. 10 Comparison of VCE performance solved from

multi-level model and zero-dimensional model

Hy T 3R fiff o B v B — Rk AR T K f# CDFS
YRl AR BT ISR i VCE 22 4 BE ) BB R (1 i
Ti) A BB T 36 AR R B e CDFS 2 455 784 ) SR fit bt
] o 3 F R SCHr # ST AR E CDFS S0 £ JEE Oy
459 2 1) 5 R b A X 4 B S v R b A X A PR A
H0.7~1.0, 6K 0.01) LK fi# VCE By 5 i . 72 %
ARt FE v, CDFS — 4E R A R fif 628 UK, B FE AT
Yy 24s, H5EYAEG BB COR R 1) M, 248 )%
75 LAY (%) B[] B 5 ARLATS AT 42 37



506 ot

/N 2020 4F

3.2 CDFSE#ISHZE@MIE S HmEIEM

X A B 4, O G R R WA B I8 B & Sl HIL Y X
B AR L AR S R R A R, S
BV I A 4 A R B S A A Y AT RRAE o R
LS I 7 B N 1 1 D0 -2 | R R o B R (=
ANFFE > R, A 0 ZAE & S HLYE e O B R
b 2 XU B BB B S B R Y AT 4 A R
HERE T 5 HLRURS S0 425 100 5, CDFS i b IR e #/ ,
AR K, R B S B ) 4 A 0 Al H AT P A R
/N B CDFS ARy 5 75 il o FE SOWL R, i di BE
DX IR AF AE 5 9 B0 = e 00, HL7E B4R 0 i
T DX A iR U L R Y U Bl R
X — Ui B R AE 23 X R WE RS R, JG 2 FVABL Y 1T
KT AEVERE = A m . IR, A 6 B2 4F VCE P RE 15
B P [ KB B CDFS 380 < 80 2 8042 1 e
P51 AR RE M R )

A SCrp T et 2 05 vk @ T 1 CDFS 4 {5
NN i T | R g L AT OB = e - ) = e
FERHSHMNER . HI, AR SCFEE T VCEZ
Ak B FBL R g B Al I fF CDFS KB 2 80 2 1 43
A5 19 43 A5 AR IE#E & T VCE #5580 | L3R CDFS K 3 &
BRI 5] 3 A 0T R A SRS LM RE I R

h T ¥ CDFS S 8 2 500 4% ) i ¥ 50 43 A 1
BIFFE S VCE 2 48 5 {ff BB AR &, A SCHE B AU SR
fiff 3o B rh RS TN 2 3% AR CFF Newton 32 18 125 19 5K i
W FRVE R ANEEAR) o BIAAE & r,r i CDFS H 118
TET A% o) A R e B2, O [ A 0~1, 7SR fi# CDFS —
YA AR - AT R 4> CDFS P AN T8 8]
BN MR R SRR SRE S NE S
AT AR 1Y H A RIAR 45 4 AL AL b CDFS #R 4R AL AR
AR B ARG L (2 036 2) ik AR R g AR B, W] A
53] CDFS P AN Lo A 30R  2 80

Bl 1145 1 1 CDFS I A1 i i L FVAE AR R0R 7
ARG oL . NI AT LB 3], 5 K% 1B sh B8
2 1 HE 3550 4 A 52w i 3 F 5 45 SR A L, CDFS 4
(Multi-level model A, ) i JE Fb T4 45 A R0CR B AR
M P 3 (Multi-level model A, B [ AR, 45 0 3R
FhE L H AR B S 80 22 R A CDFS 3 i
A BE B PN /D o X JE B TR & CDFS = 0 £ Ji2
UK /1N, CDFS 838 L 3% K (UL S) |, A1 1ok 9 T8 9 2 44
e, FE T IR 3445 E G R HORN SRR S S
BTG 1k B 4R X3 3 40 R Bk T BE T
SR X — R

TE CDFS S £ 8 Ol 45°1F , N A S 5025 5 e

S B R, AR T PN R R L R 5.44% , A1 T A5 AR
R PR R AORAE 16.13% . 5 A% & CDFS < 3)
ZRA 1) AR 385 4 A 52 B B A SR A EL, DB ET RV -
ABI PN BE 08 TH 5 3.95% , MR TH R 2.81%. 2R
1M, [AFE T BE B CDFS 0 38 /N, FVABI N 3
it H AH X T FVABL A i i A VCE SO 1 5 148
/N, FVABI N 1 S8l 2 8008 46 X VCE #E 77 FITRE i %
(5% i A BH S i ZE CDFS S ib £ B o 1598, B4R
CDFS 4N i f 14 K, {H & CDFS N A< 3h 2 50
25 S9N XL BE A S O BT B L AE R
CDFS K3 2 8043 1) AR ¥ 59 43 A 0 52 e I, 41 0 ik i
T, FE T 2R W SRR

—=— Multi-level model
0.70 |- —e—Multi-level model A
—*—Multi-level model A__

064 1 1 1 1 1 1 1 1
10 20 30 40 50
0/(°)
1.38
1.33
& 128
—=— Multi-level model
1.23 | —e— Multi-level model A,
—*— Multi-level model A
1 . 1 8 1 1 1 1 1 1 1 1
10 20 30 40 50

0/(°)
Fig. 11 Effects of radial non-uniform distribution of CDFS

aerodynamic parameters on CDFS performance

S UL BT LU B, R T o8 Al S Oy A
LR VCE 22 4 J2 ) A58 80 Al DL 5 B 4 A
CDFS PEREZ B, 75 I (8] AR AT #2532 IO T4 T, $2 i
HLE AE T4 45 SR 04 AT FE 1, [ I 25 18 AR A U3l 2 8
A 1) AR 249 2] 73 A3 A5 AL SRR AR X B AL BE R

4 &

WAL ARSI SE , FEAA BT S5

(1) 28 STk BCPE 50 F , 3t F 9 £ il SR ik S
CDFS 2 £ 7Y ] DL B 3 71 A CDFS 89 ¥ fE 2 %0,
BT, 456 CDFS 4R AU X 3 745 PR i 22K, A
B VCE B L7 B R o i 3% 10 AR B R 5 AR 4]
AL ALK CDFS 4 BORES & T & Sh W12 4 FL AL



WAl 3

A2 WU Bl XU B 20 — 4 {7 AR Y 5 AR A1 PR i sl AL 2 A 4 FURE TR 45 Jr vk i F 5 507

R, @57 VCE 2 48 B AR,

(2)CDFS - 4E A5 B ] D Sk HLASE 750 2 (4L o fin
SR AR AR R R v A MLR AL A5 R AT AE
BE o R AR {4 51 2 CDFS FE ML T %
T4, 7E Dy 5857 i R T i S 24 BT FE R S B
1o AV Bl A4 1) Ty 23 Al R % A AR SR DR
AT RBEIERS D, 56 A SCHEE
B, VCE F 4 {5 BRI 5 Z2 4k 1 {7 B0 7Y iy 4534 )
Y Fe K25 5 K 2.99% -

(3) 5T CDFS — 4 fjj B AIAG 3 By 384 1 1 i
SRR R AR RS S BN AR 1 43 A 5 CDFS Wi
Eb, T RATTSE CDFS N VAR 45 F Y T L 5 300% , i i
¥ CDFS H 113 8 2 8048 10 43 A X — Wi sh i Rl
FIEHIE RSB . CDFS H O 8 280421
S A AEREAL A EE T Al B FVABLIN R 1S
TR B AR

(4) FBAF — AR RY A 51 N 23 38 oK i B L7 &
B (Y B E) A . VOE 22 4k JiE 4l B RUSR fi VCE Y
TR PE (L3 314 450) FH B 24 24, 38 48 2 4k 4y FL A Y
FHBFCR R 1) o [, CDFS - 2 85 51 55 Hi i 4%
PR AHPC B, 3X X Newton 3% 8 7 2 48 9] {E 1) 356 BCHE
T AR . AR SO VOE 4 Ay AR ) f A
h 2 4 FE i LAY 2% AR W) A B DR IR SR A 08 i
Sk .

BB E R AR A R

2% 30k

[ 1 ] Allan R D. General Electric Company Variable Cycle En-
gine Technology Demonstrator Program [R]. AIAA 79-
1311.

[ 2] Johnson J E. Variable Cycle Engines—the Next Step in
Propulsion Evolution[ R]. AIAA 76-758.

Piccirillo A C. Origins of the F-22 Raptor[ R]. AIAA 98—

5566.

[3]

Thomas R D. Engine Wars: Competition for US Fighter
Engine Production[ R]. AIAA 98-3115.

il Wl . GEMizs KWL EFLIEIM]. dbat iz T
Ak A, 2015,

Silva W A, Sanetrik M D, Chwalowski P, et al. Compu-

[5]

[6]
tational Aeroelastic Analysis of a Low—Boom Supersonic
Conguration[ R]. NF1676L-20147.

[ 7] Connolly J] W, Kopasakis G, Chwalowski P, et al. To-

wards an Aero—Propulso—Servo—Elasticity Analysis of a

Commercial Supersonic Transport] R]. AIA4 2016-1320.

[8]

Scharnhorst R K. Characteristics of Future Military Air-

[10]

[11]

[12]

[15]

craft Propulsion Systems[ R]. ATAA 2013-0466.

Bradley M, Bowcutt K, McComb J. Revolutionary Tur-
bine Accelerator (RTA) Two-Stage—to—Orbit (TSTO)
Vehicle Study[ R]. AI44 2002-3902.

Lee J, Winslow R, Buehrle R J. The GE-NASA RTA
Hyperburner Design and Development[R]. NASA TM-
2005-213803.

Evans A L, Follen G, Naiman C, et al. Numerical Pro-
pulsion System Simulation’s National Cycle Program[ R ].
AIAA 98-3113.

Alexiou A, Baalbergen E H, Kogenhop O, et al. Ad-
vanced Capabilities for Gas Turbine Engine Performance
Simulation[ R]. ASME GT 2007-27086.

Pilet J, Lecordix J L, Nicolas G, et al. Towards a Fully
Coupled Component Zooming Approach in Engine Perfor-
mance Simulation[ R]. ASME GT 2011-46320.
Templalexis I, Alexiou A, Pachicis V, et al. Direct Cou-
pling of a Turbofan Engine Performance Simulation [R].
ASME GT 2016-56617.

Connolly ] W, Kopasakis G, Carlsonz J, et al. Nonlinear
Dynamic Modeling of a Supersonic Commercial Transport
Turbo—Machinery Propulsion System for Aero—Propulso-
Servo—Elasticity Research [R].  NASA TM-2012-
217273.

Connolly J] W, Friedlander D. Kopasakis G. Computa-
tional Fluid Dynamics Modeling of a Supersonic Nozzle
and Integration into a Variable Cycle Engine Model [R].
NASA TM-2015-218479.

Jil 2L ARIRER R S LR M S S TRl — A i
HEFFELD ). P22 YL Tl K2, 2016.

SRNTT . BRI K B ML AR 5 AR e 45 O 1 5
[D]. M &0 o R 2 LR R, 2015.

XIEESE, L&, M B, 5. B0 E R el
FERYBCE AT 7 [T]. HEIEH AR, 2017, 38(8): 1699~
1708. (LIU Jia-xin, WANG Zhi-giang, YAN Wei, et
al. Numerical Simulation of Transition Between Single
and Double Bypss Mode[ J]. Journal of Propulsion Tech-
nology, 2017, 38(8): 1699-1708.)

X By, ENIE, ELE . =AM ARG IR K s LG IR
ZROCTERAUL)]. iz KL, 2016, 42(6) : 51-54.
g fE, IREEEE, SRERA . T U Y Y AR A PR R
SRS TERE BT S AL AL LY ], R fe il 5 i 5,
2017, 30(3): 16-20.

XA, S, THOR . BRI AL LT Ry
PR BCEBTIELT]. TR Y 224, 2016, 37(9) -
1850-1855.



508 o # R 2020 4
(23] XI5, Bi08, FRA . A0 & s HL AT T I8 % 8 Press, 2003.
SR R Tk )] SRR 2017, 38(8): [29] Cetin M, Uecer A S, Hirsch C, et al. Application of

[25]

[26]

1689-1698. (LIU Bao—jie, JIA Shao—feng, YU Xian—
jun. Throughflow Calculation Method of Variable Cycle
Engine Forward Area Bypass Injector[ J]. 2017, 38(8):
1689-1698.)

Byvey P, Bosschaerts W, Villace V F, et al. Study of an
Airbreathing Variable Cycle Engine [R]. AI44 2011-
5758.

Joachim K. How to Get Component Maps for Aircraft Gas
Turbine Performance Calculations [R]. ASME 96-GT-
164.

Sullivan T J, Parker D E. Design Study and Performance
Analysis of a High-Speed Mulistage Variable—Geometry
Fan for a Variable Cycle Engine[ R]. NASA CR-159545.

Johnsen I A, Bullock R O. Aerodynamic Design of Axial—
Flow Compressors, Volume 2[ R]. NACA RM-ES6B03A.

Aungier R. Axial-Flow Compressor—a Strategy for Aero-

dynamic Design and Analysis [M]. New York: ASME

[30]

[31]

[33]

Modified Loss and Deviation Correlations to Transonic
Axial Compressors| R]. AGARD-R-745, 1987.

BUIE IS, e, AT, AF LB E BR UMUR R R
BUAE P WAL B 437 )], ki £ R, 2014, 35(10) -
1342-1348. (ZHU Qi-peng, GAO Li-min, LI Rui-yu,
et al. Performance Prediction and Analysis of Multi-
stage Transonic Axial Compressors [J]. Journal of Pro-
pulsion Technology, 2014, 35(10): 1342-1348.)

Boyer K M. An Improved Streamline Curvature Approach
for Off-Design Analysis of Transonic Compression Sys-
tems [D]. Virginia: Virginia Polytechnic Institute and
State University, 2001.

Miller G R, Lewis G M, Hartmann M J. Shock Losses in
Transonic Compressor Blade Rows [J]. Journal of Engi-
neering for Power, 1961, 83(3): 235-241.

RERA, XUATR, AR A R AL R LM, W
2 PAE Tl R A L 2009.

CENELD



