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Improved design for flutter free of fan rotor blade

ZHANG Yaoguang, YANG Lin, LIU Yixiong

(Shenyang Engine Research Institute,
Aero Engine Corporation of China, Shenyang 110015, China)

Abstract; Through aeroelastic stability prediction by energy method in original scheme
of a two-stage transonic fan, the geometric modeling of aeroelastic unstable rotor was modi-
fied to improve the aeroelastic stability. Through comparative analysis of the geometric mod-
eling, aerodynamic performance, vibration characteristic and aeroelastic stability of original
and modified schemes, it showed that the minimum modal aerodynamic damping ratio of
modified scheme increased from —1. 46 to 1. 83, eliminating the flutter risk, while the aero-
dynamic performance of the fan was kept unchanged and the modification to the original
scheme was small. Increasing thickness and chord length can increase aeroelastic stability of
blade at corresponding radial position, making it an effective means to improve flutter; how-
ever, attention should be paid to the change of aerodynamic performance. With the same re-
duction of channel blockage margin, adjustment of thickness distribution is the best way to

improve aeroelastic stability.

Key words: fan rotor; flutter; energy method; aerodynamic performance;

aeroelastic stability
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Table 1 Aerodynamic parameters of rotor at design point

SR Hfh
M IRPILR B / (m/s) 420
2 1 i K 1.25
JE 5% L 1.75
BB (AR .42 2.0,1.4

BELGED 0.535,0. 582




1298 o= @ o R

IR 23 BT SR DAL [ RS 5 RE RETL . B e R
UG Xf M Fr 2 47 45 14 2 85, SR Ja R L ANSYS
Workbench X % 5 M- F g A7 45 25 73 A7 o JE AR 25
FESCHE . R CFX X8 7 it i A7 E E % i
W R 3 5 o A IO L AR 4 5 3 SR A
1T TR AT DL PR IR S AR R R . X
R — A~k 2l JE 0 A 2 s S AT B AR A
— AN B T e R Bl B e G
ARSI . RIS T Sh BLE L IE
ORI SR 5 Kk S BIBLE O IR
R I XSRS B S A L R B T
MATEE -

PSR L (R 7E XA

—W
Ram = 5 2. dd~z
T ()

Horp o S A R 3 M R IR SR L g R T U A A
ATHESERE.W BEEE KB HE—TIRS
JEV I P o B AR L B BB R U

W(x.0) = JM P OV (xat) - n(x.0dt

(@Y

Vxe&dB 2
A PCxao) M R0 A (s ) B E RV (x,0)
MR R () RE R BE R o (x,0) I T
TR ey o) 1 B AP 5 0] 0] 5, 0 B M R R0
Topae 9 R B3R 30 J5 4
Xof KU A 3l P B Y PP Al R DI B NU-
MECA, it 5 # # > RANS (Reynolds-averaged
Navier-Stokes) [ & 1155 . Jifi i 5 B 2 £ Spal-
art-Allmaras fICER W 80 AR AL, 30 B 51 45 7
Jr 3 i A BRI AR A 2 e
JE o SRR VAN 7 ik g i UL B & sh HILAE 5 B 2
AR A AZ B B B ) AR K
2 EURITAE A ENIK R R Z
VL PR ShAILAIE 5 B 4 15 75 XU 1 1 2 e
T R AR A B b K A R L R iR 3 A
Ry 1 B A A R AR TR N S A B
P . R B m E A se kA T
WA BRI R R E ST . B
2 g5 7 I 9 0 e U A 1 (LA R
RS Ry FEESEAT IO i A Ak ik 50 B4R 3 S A
LTS I o [ AV DG g 1 DO e
A LA L T AR 2 B O T R ST X T AR S
PEM I R o 5 A B i AR A SR AR B B L
EHERTE. B TS/~ T sh e,
TETHE R R b Zm T A B SR E . SUE

%35 %
0.70 T T T T T T
— e — Predicted flutter boundary
— o — Measured flutter boundary
0.65 : ok .
4/.
v ~O.
0.60 |-Predicted surge linq ,-/ .
TS
I8 055} '/'/ E\\:‘ -
./'// E\D
N H
0.50 F =4 e R N N———
Working line E\]
045 : .
0440 1 I 1 I 1 1

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85
m

&2 T AR S 0 R R L
Fig. 2 Comparison between predicted flutter

boundary and measured flutter boundary

KA AR SCR T B BRI AG D7 35 B 3 B T 3%
IR AF B BRIR 0 5 R AR S KU 5 S8 it B Be
BAR PP A 2T B

3 FEEAFRITM

EOGR 2 G BEAT RS A0 B B T
FroR Bk 4 TC4 B S 4 440 kg/m?” 5
PEAE AR Dy 109000 MPa JHFA L 0.3, IR & JEE
Tl 2 AN BICE R W RLEEON 4810 4>, 2 G
TAFROUHEEIAN 1 B2 A 25 DL 3. M o]
VAF H foc KR 30 A5 78 2R A2k

K3 B A BRI 1 B2 il RS

Fig. 3 Rotor finite element model and 1st bend modal

XFER G v O AT AR E R R
PRSI DL ] 4 X0 38 ) A S 60 7 ZE A s I
FraRTE M S O B RA% SR D HOBE R A% H A
O TR As Ay 3l WS 2R 2 T A Bl A i
4 3 T A W7 BB AR AL B AR TR 1
P B MR IR PF L 5 1 B 2
P R AR AR A 1 9 AL



5 6 0]

FRREE A XU B T I s B i 1299

WG RAE 5 E T3 10 O R TR HEA T = 4
WAL R 28 O 8 T 0 Ui S
RCEE VR = A7 1 s B 19 A i ~F S (i A2
6] A s @3 G 1 IR L 2 T
A B O RIS B S — R it o
WP TSR 4G R S AL R T L LAt
37 B AR P A 5 R S S TR A IR AR
Py TARE SO —8dd Lk i ks
TE D7 T LI LB S — 5% 178 2 IR B Y
TARIRZS o DR FRIH 45 72 A Jo 30 0 ki 5 21
Wi R 3 THT 20 7 A A TG T A T T R T 300 5 2 A7

it P T T $F ke o W R R TH S — 2 WA% 1Y
VI R i AR T ISR AR A B 45 AE 0. 5 mm,
MR IRGIE AN 1 B2 iR 2L v R e KA 6
Lo, AR 2 # R B 0] 25 KO 1 B 25 il 4R 5
JAI #1764

5L 2 UL T IR R 58 0. 8 B AT Wi

B4 Bt b A S e Y
Fig.4 Rotor blade fluid model

0l
m]
60 \
\ u]
50 \ //
40
L \ /
= 0
Q:E 30 i
20
10 [1\ y
0 N
i
-4 -2 0 2 4 6 8
N
5 JRBIT7ER 0.8 B W SN IR AR TR LA
SRRt

Fig.5 Modal aerodynamic damping ratio of different
nodal diameters for original scheme at 0. 8

corrected speed near the surge point

A AR (ND MRS TSIBLE b . B el DUR
7R 2 AR RS S LB /N T 0L B R
PR E . H 1.3 WA BB E LA 4%
T 0, WAFAE— R BRI o

4 HMEBHERRITME

4.1 BEAREN

N TR R RIS 2 T AR E
VR T et it o ekt i I g . Ot F R
SRS SE TR BT A T AR RS B BLJE O E 5
@MU BNk REAS FE AR s O X I B4 7 58 ok 3 i ]
RN R R R AN AR . R B AR RO
TR AT

WO TT S A AE R BT SRR L 1
Fr 7OV i LR MR A B R R L v R B oK R
JE (Copo) T AR R I8 CHD 43 A7 % HE DL &L 65 1 T 1
IRt 1 T i o L Bl O e R R A
FCB B R G B0 1 R R R

T T T T T T

1.0 <3 i R

}3 —0O— Original

0.9 \ —O— Modified A 7
0.8 \

0.7
0.6 ho
0.5 |

0.4 5
0.3
0.2
0.1

R N Y ]

Fig. 6 Rotor maximum thickness distribution

MR TS B AR T 5 OA JEA B3 T
700 LAR MR BR K. AR TR B 6F G L T
720 T R R b e DB X 1 SR T R &M 2
FwfTRTG T UYL AT T B BRI T % ik
7 TR AR R . A TR R AL R B
Bl AR EOR

W T5 G CAE SRR 7 S il LR B 5% 1 &
I g I A JE R G A i R AR X R E (OO T AR A B K
(B) 43 A X He UL I 8. WA 7 %8 C W BB J5E 32 4y A
AL+ JR2 3 A T A AN R X i KR JEE i S
X HEAT T3 )R .

B9 it F il B 3E ZEAR E A/AT AR 1 o3 A s



1300 i

¥

I IS

%35 %

EAER T IE A SE BRI RE T L R A D S PRl
S RIDR ) L T e W = 17 7 e R A e e

e 5 0 P R, = SO S
Original
T ————— Modified B

Bl 7 B

Fig. 7 Comparison of flow path

—o— Original
—v— Modified C

0.4 0.6 0.8 1.0

B
68 - HUAR A JE L A3 A

Fig. 8 Profile relative thickness distribution

T T
10 I —n— Orlgmal ................. g{ ................. -
0.9 F--r—0— Modified A g
038 |  —A— Modified B AV
: —<— Modified C *95
0.7
06 IS NN Tv 4V A
0.5 A

0.4 - The minimum ,é
03 | value of design /

criterion !
0.2 - requirement £/
Vol
0.1 < 1/
0 -0~
1.00 1.02 1.04 1.06 1.08 1.10

AlA
B9 HEIE S ZE M AR 0 43 Al
Fig. 9 Channel blockage margin radial distribution

Fi I £ (] i 5 SOHE G 34 28 40 2 T B L (HJ 2
AR BETH T BEK L ki Y i Rl T R Bl 2 2E 5 B
U B 1 RE R AR

4.2 BEARSEREMNTM

TERA TR 2S5 S50 = A SO T 5 TR 1 B
25 IR A HEAT BRI P B T A AR RS BB
JELEXS L WLIET 10,

A TR S MR T R A EEAR TR
LR AE P T 08 A B LB L il 2R AR
o ABIEAE 2 WARYER D GUAE 547 1E BRI

WS BAEJT & A BYEERE B R R
TEPEVE— B 2 AR S B e b i U (E
B0 o IR AR T BR T R KRS

W7 % CAET % B AL fill B AR e
SR

70 —; Zo— OlriginalI SO R
—o— Modified A />

60 |\ —4— Modified B~/
\X —v— Modified C /D

A

S

—

~
]

o 30

V4
Y 1
oL\ Va

o N
0 \ \gﬁ/

-4 2 0 2 4 6 8

10 0.8 % 3 Wiy a5 AN 7] 09 42 MRS S B BHLJE L
Fig. 10 Modal aerodynamic damping ratio of different
nodal diameters at 0. 8 corrected speed

near the surge point

Bl 11 e — R sh H A 8 AR AL
MR RS Do A . AT S R R B
PRIy SR NS € AT W A N TN B e e B S
IEAH - 75 8026 M5 30 20 5% K BF I A7 — 33l 2
TEAR AR o I R IR g T K <3l U O (L
TE 80 Y0 I 2 HIT 4k B 3 47 76 — > 3l D 51 (8 1 0
fH. T B 5 58 ke Bl i A R /N i B A 3R
18 3 Py 73 A A2 Ak i fE [ R /0N T LU R
7 58 % S 8l S WA L DX IR Wi AR R R

A F IR 5 R T A B D)o A
AW A1

W7 G B B Py oA A R AR A . T T
TE 8l Py Ay e E K% DX S S D/ » 70 06 i AR
I I % B B A0 D DX T S 48 . W ) T Y



%6

FRREE A XU B T I s B i 1301

=5
-9

[ \\' Work/10°5 J
| | E ;
| f -1

\ Work/10-5 J

| 1
N E

\ Work/105J

" \ | | 3
| \ / ‘ -1
\ [ >
\ / -9

— —
(c) AT EB
7 \’ S
‘ ‘ Work/10 J
o ) s
| / -1
\ ’,,‘ / s
\‘ f / —9
| i 4
\\ | /
\
\ /
A}
(d) WERITTEC

B11 0.8 B iR i a5 8 1 AR I Jr 18 < 3l By 43 A
(Z JEJy T s 4 W D
Fig. 11 Aerodynamic work distribution of 8 nodal
diameter at 0. 8 corrected speed near the
surge point (left: pressure surface;

right: suction surface)

Bl D e R K X I/

BTy g C B oA R AE R A8 A, TR
73 T8 IE Bl Hy 1 e (L DX 3 9k /) o 4 I g T 2% 1
4 Bl D DI S B . W g T R s B
DX I3

Bl 12 gt n — RS R 8 AR EE T
M R S DA 1) G Ak R A 1006 R X
RN TR IS AT T & AT RLE R
SRR R R X S A 1 S PR A
R Bl AL B I o 5 1] 32 S AR W . TR Ik R
BT Ja i 2 T Bl D 22 R A A 5 e 5 i A
BFHLE A AR AR XS

FHR TSR B J5 48 BB T %6 A HE 70 0 i L
T DA Bl D . B Sl D R
INBE AR AR PRI . BT R BAETT R A
Befit b 7020 M RAT DX A R M ik — 25 1Y
e SR % C ey R AR E P B
AT R e B R Ty SRR RE P N XIS A
PRSI DX Ik — 2, AT RUHED - R WP 3 ek s T
ER R T AR R P I TR S A R
2l ) RE R S o B oA L D R xR A
S SE g T R B R AR E k. R
% BRI C AE 7500 M Ak S Ty B T i AR X A
R XS PR A A 2 sl AR AL P 7 X3 A 7 %
R BRI J 2 X SRR B S AR B

T T T T T
4 i o
0.9 it
0.8 bt
A7 -‘D\
0.71~ —0— Original &
0.6 -~ —0— Modified A N
=05 —A—ModifiedB | i AN
—i/— Modified C A
e Wi
3 A0
Y e e R |
02— — %
0.1 frovrderor — §
0 H H L:A

-300 -250 -200 -150 -100 -50 0
wio=1J

K12 8 AR TR B A ) o A
Fig. 12 Aerodynamic work radial distribution of

8 nodal diameter for rotor

43 MBFRSHEMEITHE

OB B JAURA 1. 0 01 0. 8 B X H L
13 P LR J7 S0 A M RS MO JE a5
TRREAUE x50 Bt AR
LR %0 0% . TR IR K I 5 7 /I O JE 7
Ml R 1 0 FF 1 1 DR AL SR Uy
AP

HOR T AN T IR (AR AR
T TR VL E ) 7 O 8 1 B T



1302 it = @

%35 &

—0— Original —A— Modified B
B —C— Modified A —7— Modified C

n ﬁ
(a) BORFEPE m
3
Modified C flutter )
ey w10
Y7
n=0.8

N

(b) JE ARt
B 13 KU ST fE

Fig. 13 Fan aerodynamic performance

B2 P A XU DG JiE 5 T R0 8 — B0 PR R KUB B
RIFT G AN PR RE A A S

R Ty 48 C RSE T A - it R JRL B A3 A, iR
JEEJEE 43 A5 (1) /0N J3E 8 3 of B 7 i A< 3 v R R )
AR/IN T B 0 o 9] 1 90 1 <22 2 R 8T XU D T
55 7 58— 300, ORI KU 2l B i S R0 3h 1 e
AKARAE,

PRI BAE 1.0 0. 8 553 (n) Y i 4R 45
JE XA AN () R B AR AR S 1. 0 A i /)
TR . 23 A R < 5 7 KU 1. O % L30T W it
R AR G RER O A i BRI T KU
Wi P A E o PRI A i Ak A B A R Gk 3 50°
KA R . TR B 2 R AR
AN T B BN e — 2D 1 U AR
STy B 3 R A BE AR LA 14,
4.4 N H

ORI 56 A BN T I R R R JREJRE L R T e

Relative Mach number

(a) A5

Relative Mach number
14

1.2

1.0
0.8
0.6

0.4
0.2
0

(b) RITTZEB

Bl 14 AR HS B A 1. 0 B SO i R 1000 i
b i Az DR E
Fig. 14 Comparison of Mach number contour at 1. 0
corrected speed near the surge point of the
second stator at the same pressure

on 10% span

T R AR AE R A — B A R R Bl
VR 5 TS B AR S AL A i T R R
AR AR5 7R OR S8 A T BR B KUK . il T AR
TIE T 5% RS 1Y 7 38 B8 7 A XU B 4 D B OG AR L 3
T JEEJE Jie KB Bl RE I R AR . %07 S8 %) st 2
Tr E BB R BN

R TT G BN T e 1 i R e R R R A 5%
Ko BGOSR E R — PR T R T B
PR . AER I T RS HER T B e
HOA R B i 2R 3 (8 Ao KR M 4 IR
L S0 S € RN

ORI 5 C PR T BE RUJE oy A B B
R JEEBEANAS & J5E BE 53 A3 TN AR 395 » (o e 1 e A
A P U 10 L T B T BROR XUBS: o [ ORAIE T
R VLK 2 B PR RERE A A AL o HLX B Y
TR RN WA ST % C1EN

OO ES
5 & &

AR SCR FH B 3 0 RS A 5 7 XL X A e
Tt 58 BB IR R BT B AR T SN R T
B4R RS » [ S 3l P R A e AR EL X D 28 7 56 il
RN I A SO A DU DR S5

1) Sy R V52 5% R 2 (ol I R AR R AR 1] £
)OSR TR L R e R WR 1 A AT
B AR B A R T KU s P AR

2) i 30 KRR L A R R R A
FETH R SRR P 4 2 e AR A 3 TR AR T
DRI s it S DR I A 0 3 0 58 20 2 {1 S M 3 IR



5 6 0]

FRREE A XU B T I s B i

1303

Zh¥EE . oA R MG G 35 28 4 B M AR i AR 1R L R
HE R o3 A1 B T W SR AR R I R R e —
i LR/ B o v B R A P ) T B

S %3k

(1]

[6]

7]

[8]

[9]

L10]

[11]

SISTIO F. A Review of the fluid mechanics of aeroelastici-
ty in turbomechines[ J]. Journal of Fluids Engineering,
1977,99(1) . 40-44.

S P B AR R 4 6 3 T W R AR 11 43 AT B e
i B B A A S LT )L b st & A B A i, 1986,
12(4):113-122.

BENDIKSEN O O. Flutter of mistuned turbomachinery
rotors[ J ]. Journal of Engineering for Gas Turbines and
Power,1984,106(1) :25-33.

XU J] M,SONG Z H. Prediction of blade flutter in a tuned
rotor[ R]. ASME Paper 85-1GT-100,1985.

CARTA F O. Coupled blade-disk-shroud flutter instabili-
ties in turbojet engine rotors[ J]. Journal of Engineering
for Power,1967,89(3) :419-426.

BENDIKSEN O O. Aeroelastic problems in turbomachines
[R]. AIAA-1990-1157,1990.

BENDIKSEN O O,FRIEDMANN P P. The effect of ben-
ding torsion coupling on fan and compressor blade flutter[]].
Journal of Engineering for Power,1982,104(3) :617-623.
REDDY T S R,BAKHLE M A. Aeroelastic computations
of a compressor stage using the harmonic balance method
[R]. NASA/TM-2010-216240,2010.

ZEHDL, FAE 5. A 25 & Sh AL AL o B R T R LML 1
g« b1 3250 R Y RHE - 2014 :85-85.

HALL K C.LORENCE C B. Calculation of three-dimensional
unsteady flows in turbomachinery using the linearized harmon-
ic Euler equations| R]. ASME Paper 93-GT-92,1993.

HE L. Three-dimensional tine-marching inviscid and vis-
cous solutions for unsteady flows around vibrating blades

[R]. ASME Paper 93-GT-92,1993.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

MOFFATT S, HE L. Blade forced response prediction for
industrial gas turbines:Part [ methodologies[ R]. ASME
Paper GT 2003-38640,2003.

VIR 25 R Ak, S5 T AOHILIRUB I R B AR T A A
TAEWFFE LT ] Wiz 8 )y 2441 . 2015, 30(4) : 846-853.

SUN Hai, LI Jian, YANG Lin, et al. Engineering research
on prediction and suppression of blade flutter in compres-
sor fan[J]. Journal of Aerospace Power,2015,30(4) ;846-
853. (in Chinese)

W sk SR, X — M. RUB 8% T R B BR BT B AR LT .
fias 3l 124, 2017,32(7) :1718-1727.

YANG Lin, ZHANG Yaoguang, LIU Yixiong. Fan rotor
blade flutter free design technology[ J]. Journal of Aero-
space Power,2017,32(7):1718-1727. (in Chinese)
SN EIE SR AR AT T A AL R B Y 5w R 3R
LI iz 3 f 24 . 2011,26(7) 1 1557-1562.

ZHANG Xiaowei, WANG Yanrong, XU Kening. Effects of
parameters an blade flutter in turbomachinery[ J]. Journal
of Aerospace Power,2011,26(7):1557-1562. (in Chinese)
TR/ E RS TR AEL I FE AL R 1 R TR A A
o k0. Aias 3 12 4%, 2009, 24(7) 1 1622-1626.
ZHANG Xiaowei, WANG Yanrong, ZHANG Xiao., et al.
Numerical method for fluid-structure interaction in turbo-
machinery bladings[ J]. Journal of Aerospace Power,2009.,
24(7):1622-1626. (in Chinese)

RN E AR S i [ AH A7 A X i B (5 e () . i s
3 14, 2010,25(2) :412-416.

ZHANG Xiaowei, WANG Yanrong. Influence of inter-
blade phase angle on the flutter of rotor baldes[J]. Journal
of Aerospace Power,2010,25(2) :412-416. (in Chinese)
KR, IE T X, 55 O S 0 T R R
FREM L], M HE A . 2010,31(3) :335-339.

ZHANG Chenan, YE Zhengyin, LIU Feng, et al. Investiga-
tions on flutter characteristics of rotor blade with IGV/fan
interactions[ J]. Journal of Propulsion Technology, 2010,

31(3):335-339. (in Chinese)
m#t FHk )



