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Dynamic similarity design method for aero-engine

low-pressure rotor system

MIAO Hui, ZANG Chaoping

(Aero-engine Thermal Environment and Structure Key Laboratory of
Ministry of Industry and Information Technology,
College of Energy and Power Engineering,

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract; Dynamic similarity design of an aero-engine rotor system was presented to
study its dynamic characteristics using the design model instead of the real structural system.
Firstly, the similar equivalent model of the rotor full scale prototype, based on the dynamic
equivalence principle of the rotor system, was established by dynamic optimization. Then,
the dynamic similarity criterions of the rotor system were derived by equation analysis com-
bined with dimensional analysis, and the reduced-scale model of the similar equivalent model
was constructed according to the similarity relations of the rotor design parameters. Finally,
using the model updating method, the dynamic similarity model of high prediction accuracy

was obtained by updating the similarity error of the three-dimensional design model. Taking
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the dynamic similarity design for the low-pressure rotor of the dual-rotor aero-engine as an

example, the effectiveness of the dynamic similarity design method was validated by finite el-

ement simulation. Results showed that the dynamic similarity model obtained by this method

could effectively predict the critical speeds and unbalance responses of the full scale prototype

within the design operation speed. The similarity errors for the first three critical speeds

were 3.09%, 1. 75% and 0. 31 %, respectively, and the corresponding modal assurance crite-

rion values were all above 0. 93. This method has great value for practical application, and

provides a reference for dynamic similarity design of the whole aero-engine.

Key words:

dynamic similarity; rotor system; model test; similarity criterion;

similarity relationship; model updating

fit s BN BLAE R CHLIY 3h ) %< B L A IS 4T B
235 BIHUM R A R R 5 SR A L
PR By 58 . PR Bh AR 51 & S LR
W EERHEZ — gt s Zshidl 70% L 1
(O % Fh IR B 2 B S PR A A Y . R LA
6w 2% AT 9 T F 53 07 ¥ M D) e 23 B HL R AL
Bl 32 R S T2 R HR Z5 T X A AL Y PR
S A B 5 8O0 H A 2% 8 ) 2 R AR
R, T 52 30 v A R A Bl S A
207w E E W, T R R S ML LS ) 2% K
55 B S AT SR A7 AEAR KA IR A

X I o AR R SR IO i DR T 02 3 T AE AL PR
W T A 3 5 5 B RE AL HE A R % A R 5 4
R TR0 3 5 T R R 4 gy B AE L DA TG 8 O DR
PR R . R IE A AR ) P
LRl FEFRAR AL = B g —
L T AR B 2 2 25 1 BIAR LB 42 2 200 LA 1Y
PER ;55 BN oo B i A PR AR A A
TR 25 ) B R A v 5 50— B R R B
HENL T AR FE 5 F A . BE G AH LB TR
SN H A AS BT RN RI R R L T R B EE S 1
BREARYGRG o PRHL BA AR L 0 2 v S T 0 o 4 2
PN F K T2 )2 A e <8 )
E S AEAS

T3 25 09 U4 B AR ER AR 4540 3l ) 2
USRS T KR HEE . BHIF N R 3h T 2= A A
PRI N A G858 55 450 14 3l g 2 A 40 ) R
GO R T AL VTR AR | b A % h )
B G5 R 1 ) g AR RN 0 A B 11 e R, A
E 41, 3h F7 25 A0 RV IE (4 BIF 58 R0 FH AR 2B A L 4
2 [ [ M2 R i (NASA) ¥ xf + 12 5 558
KCHT RN T #4532 B R HEA T AR AL 48 RUBE R (7Y
g2 . FEE N 3T B S A

WM AR B T R AR SR T
B - R — B Jy R T ik R T R T
A T PR A A T B0 B R IR 2R Y 3l ) o7 1K 56 T
FEo BRE RS SED AT AR LB IE L T PR
TR BT 9 B 2 AL 5G 2% aek AR LA 2R A
ARSI 2 R A T SR I Bl s . X
Z AT ) AR EE BT TS HOKHF 1/5
2 775 4 A AR T

UEAR R L T A L EE 1 5 1 3 1 S R %
BTN EE R 2 RE SRR, Wa R
NG TR T ARG e LT A AL
I 188 3 e A RSN 1 D R Y iR Bl R S
B W] 52 4 AR DA 2 5 Jir 2 4 3R R 4 gl g 7 LAY
B Y LE B OC 3R . Young" ™ HE R T A @ W E &
FHEHIE A BLES 48 LU B A i 50 ) 3y ) 22 A AR
KRS I XS AL G ORI py RSE B b AT 1 05T .
Baxi S =N TR HE AR A 5 e 16 TL AT
AR AR RY LS5 H A 2 A RS B 7 T A A
105 FEL DAY A 11 P s ) A5 (R 4 R i —
. Motley S IRFFE T A 3 I A A M ORHI 2
i@ A 5 3 9 K LA I 7 R R L O AR HIL B £ Bl g
IR . BN SE B T RS DL AT 5% 1
1% 205 3 27 AR ) R 3t 57 1 W A e A TR 5 i R
F 2l J7 7 R . P S AT A 2 R Y
(LA b ST T g e T U A R — B L
Al W A2 AR DA Y, E K 52 S A 5 T B R R IR
T B e 1~ R B S R ZR 8 A0 AR B U 3 ) 5
Bk 1A B T A SR T L i R 1 B s A
k.

S JLAR AR RS 9 2B G2 A AL A e e 2 1
{ELIE 5€ 42 JUMPAR RLX T 2l g 2 AR B RSE J f) B3t
VA W H 1) AL 2 3 IS A R BT ) 3 R ke
Pic B8 DRI XE 38 2 p T AI/NES R R AR B 4R LL » 25 5 7
T o AN At S Y B AR 0 T e P . X A



768 o= @ o R

%35 %

R NP IR T+ R G0 R 56 42 LA
FEABLAY 4 B AR R AT I m] B 5 S0 TG %
FEBR . BRAh, fi F LA RSE A 4 E L AR TR A I S
e T i 22 SN KR £ g e o K B A B S A R
TR IRIXE . X it 309 B2 0 AR AT JL A R Al 5
Tl AL ) B 24 L 5 L 54 1T 46 A 3 I A ADURE B 3k A7
WS, HAT. 5 T8 1 R G0 3 01 2 A3t A
W 2T J& T — S 5, (H X Se fF 50 K 2 0 F 5K
W 1 fa] L T R G B TR P Y R 2R 5 1 R
GLgh 1A ML R B B ST AN 5E 3% . W Tk 3)
PLEE T R GERI Bl Iy 2 A AL BE T ), 24 475 4R ik
Z A LS R i R 5

AR T i KWL 7 R Gish
SFARRLBE T J5 i » a8 1o 2y 3 e A6 DR B AR A5 T
LR ) 3 1A MUY . L B T R B
P T R Gush 7 AR HAs 2 T S B 3)
Ty AT (0 S B =20 3k s 3R % =20 3k
R A BIE AT T v 20 - L4 Bl 0“7 S A
LA HOASE Y 114 3 7. A B Bl g 2 AR RUAE T 1 46 1 A
PP DT s AR E  LAOSURE T2 R S LB IR TR 4 7
9 TEANS 28T AR SCT5 i % He gl g S A R R
A BTt R Il A RGO BRI 15 ik A
ks e s g T BRTE ) EEARE .
DRSS PE LD
L1 RitEfHRS R

D3RR TR B B SE bR K S LR T RS
Y 3 1 2 R R T I A G 4 RAT TR R
WA L B S 2 AL AR A . AR R v Bl Ty
FEARLBRY A SCAT A0 A5 0 R B A T AR 25 R /9 3
Ty A RS SR L K Bl ) 2 R AT R A
P — S Rl A — B B 7 BBl &R it Tk
SHLEL T RGN - 3 7 2 AT Rl 25T L 6 1 A i
SRS D) - — S e 5 AR AL s iR R A B
NI s e AL IR 3% 1 & 48 8l ) = MLy H
B DAy« A BE T S T Py o 52 R 1 T S ke 5 D A
— B [ R L ], LAY Y 4 B 53 A R —
I BA B A . BeAh . £E T 2 B H AR
9 T4 T DO TR 25 4 T 1 o VR R 2 5
ARAT T Tl i R FC AR B4R A

EEXERL BT H AR 4R H T A 1 PR g =
AR N RSP T R G J1 A A B R B A
Hem o 2 — R R R A S . X A B L
Fer Z G000 4 RO) IR #E AT 3 g 27 SR RO B LU
AR IR Bl T 2 e O S B T gl g o 2

RO SR 3 T 24 0 Ak J5 v 3R A5 3h 1 2= AR HL
S5 R TR AL B AR DL A SR R L 5 D R AR DL AR LA
TR ST o X8R — 20 1 B 4 AR DL 45 50K BY kA7 4
FeBedt SR AL B 8 4 5 5 1 R GE 9 3l Jg 2 A
ARLHE U e 3 LT 2 B 2l g 24 AR B 56 & A S A
A4 FERRRY . 555 =28 0 3 S A DU Y 9 2R I
SR PR TGS TE J5 1 %) 58 — 2545 3] 1) A b1 45 L 4SS R
8 = ZE BT B R A7 18 G AR AT g 00 0
M J AR T FE A Bt i -
RAT I BT R 5 2 2% IR O 3 ) S A LAY
M PRAIE 5 28 B T TR 5 i 7R 14 3l g 2 AR

L L
uIs

s
F =>4

1

R

Bl 1 fiias ZEhWLEE R s Jy = LT R g
Fig. 1 Dynamic similarity design strategy for

aero-engine rotor system

L2 HEUEREREEE

o AL R S HLEE 7 RGeS R L Bt A
38 JLART 92 4 25 L 49 F) AR RIS R 0 Ay 1 36 B
FFE e RS SN O T 32 iR B 5 1
RO ARG TR 1) 3 0 X 6 ) X JBE W ) 2 Bl B 1
JE R HEAT B 97 5 S R 3R AT RE A8 A5 DL IR )
Ty LG R TR AL B AR 0L S SRR L 5 O R —
A4 AR BT SR I 2 5

2y g 2 A ORI I N 3 AL A . O SR A
W Bl B AR 0 A1 AR R0 AR AL S A T g T T Y Jo
T e 1 b 1) A1 — 20 e Sl 1B o 2 ) A — 2 H
JC B 2 AR ZR s @ WIBE S0 A R, T2 28 2% JE AN
DL A5 S5O TR 5 Jir TR ) 5 Bl 25 Y E 3 A — B D)
W1 G ZE A AR, RO R 35 SR T7 58— B0 AL AF 0
T 55 IR ) SR I BE A SR B AR A — B, BT
RTINS x A S WL T AR G T A R R AR
A TLAT IR HEAT 3 ) 2 R Ak, 0 T e il L i 2k
AR PN AR S B TR M R 0 A — B X
TR A 30 A 9 R LR IR A L S B A o
AN B AG R 20 A1 AL 5 %8 T o 4 o i R Bl
15 SF A B AR A % T SOR R G I R SORTT
S — BN SORWI R S B8 1y 2 2 k. i T i%
BAE 8l Jy 2 R AR W S 2% O T R R ) 7



#a

B WS W RIHUVRIER T RGN 30 1 MR8 5 ik 769

SO R B T o R FH NI 3 e %o LR AT A 2

TR AT B RO B T R G0 AR AL A AL
BT A] 3  A PR T — 4R R A T . % R Y R AL
A OF BT, 25 B 5L S 5 R LR IR )
LA 3% S T R 5 ) 5 © 3k FH 4 v o R LT AL
T A A8 GE ok B % S R R R 5
QSR I B BHL e T i U 3 S5 SR W1
JE 2200 BELJE A 52 . AE DL S RIS Y 3 B TR A
IR [ 4R Bl R R TR A BT 4ERRC Y, 2
TR 0 Bl 1) R % B 1) Y S B L SOR B M
Ui A

b b BB A R T L 3l ) 2 S R0
2 SRR BN ) 2 AR ALY B b AT 45 A i LT
FRAEBETE o T AL A SO B X SR My i 4T T
KA R4k BRI TG ¥ 57 3l ) 2 R PR 58 2 A AL 1Y
AT AR A A A R X R B ) — B . FE X
PR AL T o Al 7E E ) BT B SRl B R AR O 2
DS YA LI NTTRE @ P R R 2'e
BERY PR, B ) 2 A R A T AR T e Ak o A5
Bl F A I R AT AR R T R A R

Jmm g(x) = [W(f, — fu G|
st <l x<x" (D
Lfﬂ(x) T s (x) < sk (x)

Arf g o HFR s 80LW N INAL R 8O B, R AR
m Fl p 3l KR BERIRE AL, f, 5 fu 505108
T2 2 1) i RIS TR T 0 [ 4, 2 ER G B A
PR . x=[D;sD,sDysTysLask, " RTEIEAL
VTS B 0 N RGN S5 S8 D, F D,
S R N AR RN SRR, Dy T R0 Lo 435 R 3%
M) ELAE B A Bk R SRR s, () 2 58
AU T2 8 4 AR 25 oK B8, 38 3 24 IR 2 R AR A8
A3 B2 5 A O A A Sk, AR u R L 4y
MR ERMT R,

SR FH - ) 0 3 3K X (D A A R A fk
[1) 7 2 46 kg TC 29 R AL IR, H b R 3R 35 R

Flxago = ¢+ goa [ DI PG) + 2)Q60 ]
i=1 i=1

(2
A P ot A2 1 31 ek A Q D RS A2 119 1)
PREL g0 BT TN W IR (E I 2 %5 H AR pR 5L
fi . F(x.q0) TR H bR e& 8 S BT A2 i x
FUWE S T2 K0 g B PRE, BOTE AR B A9 B Uk AR
BRI P 51 T 29 A /N T3 3% %) T T R AT SR A
38 B T 2R g ARAR G 2 H B eR B0
SN 22 OB

1.3 fEM4E B R 5T

TE AR ARL S RIS R0 1 R Alt b o JE A7 AH 0L 4 L
AU TE . AL LT Bt 0 H A 2 3 O 46 L
TH /N R 0 A A 1) RO T o, DT F — 25 B IR
A58 T 00 ) A R B . A AH DU S 5
RGN Bl T2 AR AL HE W), gk T A S AR 5 J A 4
P TH S B AH RO R 5 b Ak 1Y) Jit 7R 4 1 2 A A
SERUBERY S 1T BT S BRARARL G FR R T AR AL A
R 1) 45 L ASE A L 2R R AR IE 5 K B P #E
T4 ROT JEAL Bl 7 2 A AL B 2 ik 30 A AL 1 i
TR,

B MR T REW S 1= A AEN ., DU
Pl 2 e T SR Y R B R I B T R G o )
ST RGBTSR I EMRIER . TR ]
HALIRR O-xyz o, WU 73 m isoc da S i
FER R OTE 2 = RIXMEEOE X e =u+
iv,u o 43590 R HOT TR A bRl Oy F1 Oz J5 19 1
AIY . FE T RCRLAA S5 R R B B T iE B )
BRIKH

'z I’z

dz +‘OA It

]“(ajzgzz 2o 91231

Ao E Sy Bl iy R S AL T oA b A 48 T IB R

o NETE A Sy #H B ¢ I TE] w0 Ry RS AR

Ja REAK BE BT B AR B iR - AN Al
Jo i L B

ElI

)= pAwt e (3)

y
_0
g

K2 ®y-3ORARGERER

Fig. 2 Schematic diagram of rotor-bearing system

H Buckingham =} B 9] A1, — I~ N 3%

ARABBFRREA n DER v vy s0, P
ﬁﬁ,ﬁf%@ﬁjﬂﬂ ¢(7T177T2v"'97T;s"'97T,,—N):Os,ﬁ\:

o S C RN = a0 o el (b, N
ARBO . m A RLEE = B BAR LAY 7S 4 A A
AL 2 B TR 0 D TR A L 0 250 PR 2% A
10 L FR P 2% 1 41 T) 45 4 R o O ) 250 (L A
[ B () = (o) B, 20 (3) 38 0 25 b 78 5L
{EL 25 A0 LALRGEAH AL W 7E 550 AR S . 061 &
G, #7000 B A5 1 R G T T R G0 R A
AEARL o B S22 7 B — 50 HSORMER TH T 2400



770 o= @ o R #35 %
TIRFF R, . A5 SR TR M SOR NI EE C, = VCi/(GC., /T (1D

Ry, » 5% T T SOR B BRI IR Q.
SOR B I
M,z + k2 = Qsin(wt) D
SR FHAR R A 45 i 4 5 3 (3) A () L 75 2 e
T ARG ~ B

Jm =wt, m = Elz/(z'pAw’r)
T3 :pAfz/]da Ty :PAZ/tZ (5)
1Tl's = thZZ/Q9 T — kh/MhCUz

BT R HE X G) R R NIRRT
VIR CE L INIP S

[t]=[w'], [I1=[R'], [A]l=[R"]
{[G] = [pgR*x], [r]=[%]
Jad=0J,xz "], [My]=[pR*x]
(6)

Kl JRRBRERIER.R FRPR.GRRE
HoJy RSB, g Fon B I .
B 2 C6) AR 2 B PR A SN () 3 30 (5) v
T RGANUN o BESEIT AR $ , 0] 15
Jm =wt, m = ER’/(px'w’)
m = J,(oR*2), = g(zw®) (7
LTS = pgR’x/Q. =y = kyx’/ER'

Ve PER R E AR R VR K o F
o VERHEA RS £ I H A4 B i 2 B0 AR B O &Rl
T AL 4 SR A . SORERY AN U R A 10T 2
AL

C. = eu/e €))
Krp C BRI SH e WHRILL.

B O MRAX T LR 7870 5514 X
(DHFEAN o TR BE L FAEE B (1) = (), »
15 BB T2 = AR EE R
Cs = C,C,CkC,

C, = Cr/C; m
C, = C,CH/(CCH)
C;, = CCiCE

Co = CC,CHC,

C., = C:CL/C

5 R 5 R ) Al ) RO RAR ) RS 4%
[Fi] — L B3] 48 i o R A5 B S JLART 58 A AR AR B, J2
Z s R Sy e AL AR AL . ARG L (8 SCRE W 728 AH
RIASE Y ) M 28 32 0y

n—=C,/Cy (10)

B X AORAK ) 15 B 5L 1 M 28 A B Y

SR RENETES LS|

(9

BRI AR S T — 2 B Ce=C, =1,
MAE C, =1/ C.) o HBER A5 HA K A LA
W2 Bl p=1. 00 C,=1/C.. I, AR LA R
PR — L4 N S SRR TR R W BT R GET
TSR T R R T L 0ORE X e 14
ey 1 3 F1HE C RS 2 4 1 B g 99 20K 25 iR F 5
A O R AE o DRI 0K 308 o ) A A R iy A R B 1
P4 LTt » BB AT A AR A 1 1A a8 ok i)
TR ME T o W A AR B AR 5 R B 5 S R A
AR 1 o .

®1 BRTFREFTHEMERZITSHGEMUL

Table 1 Similarity ratios for design parameters of

distorted similarity model of rotor system

a2t AU A 5 FiEK
ol o K C. 8
Sa Cr B/
SR A C 1
R C, 1
UIES C, 1/(Bn)
i 7% % 33 Ca 1/(Bp)
LRl s G B/
i C g/
SO G, B/’
Wi 1 Co B/

1.4 HEEEZEEMEMN

TEH — LB 5% 1 28 G0 0 AR {0 25 R0 7
Je bt T AR — e AN . T AR R
AL A g A6 A R B L T RE T BUM L S AR L
PR B 1 A R AT A — R IR2E . AR
AR TR 4 PR TR R A A L T BE i
JICRE AL AR T 5 4 DL 45 2800 7R TG 325 8 4 A2 30
TR A P o X P A TR 22 19 R AL T RE
BUR A B 1 2 AR DAY 5 B T Y R 2 K
L e T 3K T A R 7 A R 22 R AT R R A6 EE I
IO X B TR AL HE AT A8 IE , DA oy 1K 56 A5 A ) 5L
R

X U AR HE AT A8 T B A8 OE S 800 A8 1k b
IV A2 Bl 3 2 AR AL IR 249 TR 2% 1+ DR T A 2R 48 I )
R ] B O — R U AL R R
DAL P » 32 1) 28 [ A m] SR TR AL T 32 ok
FroRfg . e IR T 18 15 2 Bomd 1 4% X) 45



#a

B WS W RIHUVRIER T RGN 30 1 MR8 5 ik 771

(4 B 2 OC H B L AR R R 25 R IR IR B S
HBEIES . X THE - PRITIRE, FEF
JE—AERORL T MR S AR IR 25 X T
5 b U 3 A AR 1Y W S R X B )
LR . SO A8 TE S8 AL AR B
THA R LT ROF M SRS 8. i B E 1S 2 3l
FIEARABL T )5 ik 5 2 0 — 20 ) e HL 5 R )
SRR . X TR T R G, B In A
AR BYAR AL B PR

e S S %) AR AL B DAY 2% 30 o A RL G 3R X6
i - RE RIS R (7 I 5L A R R AT 40T A5 B B
Y I S5 S OO AEL, O 5 e B Y 2 25 (AT R
Ho AHRLRZEE L
0. Co—0,|

02,

K Eq il S5 3 0 A0 LR 25 Co Ry Il 5% 1
(AR ARL EE + Q0 A R RUASE TR 11 I S 2 i, 2, oAy D 7R
F8 ek 5 7 3k

B i T %) R DL R R R SR PR S A M
MAC (modal assurance criterion, & £ 5 i N
Con ) VA4 35 5 1 L0 5 D500 45780 1941 4
FEEE. MAC XN

E, X 100% 12)

H. 2
(:mnc (¢p.i ’¢m,j) — ‘ ¢P~l¢m./ ‘
(P ) (@)

(13)
X b N IRBIES @ B PR Y 1 4, BB ER
BriR Al e, H RR JEKRFEHE . Coo=1 R
T 5225 R R R B 58 4 M1 5K S Coe = 0 R A A
K Cre BEBRAE T 12 DI O AR GG

2 B

2.1 RHHREHFRE

Vo 225 JRORL I RS 5 i = Kk sh IR s % 1
RGANE 3 FrN . FEH 3 RN T .2 Rk
BHFMSORRGHAR. HFo EEdfs,
W R B 2H L TESS TR X B R BN SR A 3
AR 3 A SO B A SR FE By R R
SCRFMLI S I AL . e TR B 3l ) 2
P DR RIS 3 A A DL S SR M B A 2R
i & S & T R AR . TR O 1 e Y L
TR He 734 3 Bt #5634 . 73 1) O 3399.5818
r/min F1 16 982 r/min, %§ i i 7 = B 4 80 4 (&1 4
7. B 4 AT LR BB — B R I
T 118 4 L 3 Ay R AV I B TR A A B R
S = i i S ) IR 28 5 B 4 il R

ESHLEET feti e
/
. et oo _T
K1 K2 K3

K3 s A SIHUR RS T R4

Fig.3 Low-pressure rotor system of aero-engine
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Fig. 5 Schematic diagram of full scale prototype
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Table 2 Comparison of dynamic characteristics
between similar equivalent model and

full scale prototype

R
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Fig. 6 Comparison of mode shapes between similar

equivalent model and full scale prototype
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Table 3 Comparison of dynamic characteristics between similar reduced-scale model and
similar equivalent model, full scale prototype respectively
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Fig. 7 Three-dimensional finite element model for

similar scaling model
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Table 4 Comparison of dynamic characteristics between three-dimensional model and
similar reduced-scale model, full scale prototype respectively
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Table 5 Comparison of dynamic characteristics of three-dimensional model and
full scale prototype before and after updating
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Table 6 Convergence values of the updating parameters
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Logarithmic diagram of unbalance response

prediction for full scale prototype
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