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R TE 23 [A) 1 T () XoF 3 307 1 7 3 0 7 Ok R 4 3,
TR TSR B R, CFD BRI DUF AN R
.«

(1) HHEEK, ¥ENE, SETHSOFH.

(2) NMEF ARG @A, WA T I AR
BB BT R S B0

Bl 4%t F—A H 8 — 45, 2= B XI5 10 000
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(1) 53R 2 — PR RY,

(2) EAEREKERFBEMBKOME (B
BARBEAE: Fiti Y NS 5 (Reynolds average
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(3) AT T &3t # 4, MAMULRA THER
Bt%;
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il Moser!') F3% 7 s BUERT 9T T &8 Wah 5 45
Pk, Sivovich!'') SOBHR IR 5 Bk AT R B T —
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(1) #F Volterra B2 ¥4k & # 3 1 HER

Volterra ZREEER —MH LMIELM RS
#, BHET Wiener #H, ¥— N A&MREHEN
— AL HERGEM N EL RN RS, B AR H
KA LM R A F B Volterra #% (kernel).

B8 Volterra RBA] AR R A

/ / ho(T1, T2, Tn)-

H u(t — 7;)dr = Z Yn(t) (1)
vt yn(t / / b (T1, 725+, Tn)-
H u(t — 7;)dr;

u(t) Moyt ) ﬁkﬁﬂmﬁﬁﬁﬁﬁ]\ﬁﬁtﬂ o B =
hi(t1,72,- -, 7n) && Volterra #%. Frecher HF5 T X
MEARIE L P T B Weierstrass 2 T 2 38 3T 1 81
18 HAEAT — A L ) R BT AR — R A7 i B 4
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u(k —i1) - u(k —in) 3)
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i TARG S I BFST. X B SCHRE , K230
MASFMHHRT 1B, WoxSSsh IRE —Ffh
AL, 2P ET SRR
TR R T RER X LSRRI SR
WESE, T3 ARGk =25 B LCO WAl 4375
%. Raveh JWFS45 R B8 Volterra K+ RS
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WA B PRIE L N L RV SR, 2 BRI B IAIEAR
—EREIRE RGEHHAREE. B 5 4l T o0 [21] 1Y
— R R, RERINFEE P2 Uk “Volterra 4%
BAE B8N, R HEMRSE NS
A GEHCR R MRS B2, a0 24 F — 1 Volterra &%
IR 2 AR MERTTRE 1010 M3 R Volterra
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FAELMERE PR, BRI H 0B WA &M
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R, MIEA AW % RE T AL,

Wi B AR R M H R T, 4 W 45 A O
R, v, AU TR R R
it Z AR R B E R R H AT R 1 2 AT 5
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e 8 A5 1 S S5 R 1 A e

B 22 M 2 R TS8R B O W
. Marques'®| 32 FH & 2 i 9 A T30 22 90 45 9 9%
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W 2 T S B IR ORI R B B T
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B EZD TR — M R g Frp R, WL
PR T B AR Sk H S SR N B B I E 3 P A R
(nonlinear auto regressive moving average with eX-
ogenous input, NARMAX) £k

y(k) = F(y(k — 1), - y(k — ny),
w(k — 1), ulk — ny),
e(k—1),---,e(k—n.)) +elk) (4)
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A F 2RSS, uk) fy(k) 251245
B ARG,  e(k) B—DAEM ) E
BRRTTZR MM, k2B B A &

Leontaritis F1 Billings!?®! 45 H 33 4N 15 Y 1) 1
&, FAHIRIE T B R RE XA B A 4R AF, B
KR Z I, NARMAX f#AI Sk FEIR

ZP )Q; + e(k (5)
K

Pj(k) = Pi(y(k —1),---,
u(k — ny),

y(k_ny):u(k_ 1)7"'7
e(k—1),---,e(k —ne))

S SCOA [ 09 0 B AT PR, R — R I S SR A
o R R A ) SRAR, RN B RIURBAM B, Q;
RB A RMSE. RO E X RE B —1
NARMAX MR 74 —— B NARMAX 5,

5" Py (K)Qn,
Jj=1

den

Z:l Py, (k)Qqa

+e(k) (6)

S a(k) A b(k) MR 4 T 2 T4 S T,
Py, (k) il Py, () 4351850 T 2 508 b TR 551 %
BRI, num A0 FHIEE, den RorBERIEE
.

NARMAX HRRAET — G — 7 BT sE 8
FELMERGERIAK, W AR, Wiener LRI,
AN B B B 3 F LR (auto regressive
moving average with eXogenous input, ARMAX)
&, HALAREEE R, B ER, xS
iR T R 8, AT UM Stk de D —aRIE HEAT 8
TR SHAL T, CESM TRESPEH. HXFER
SR P I R — A HE

X F BRI E TS, JEER s IR
) b A Gtk WonT DA &R AR (ARMAX). %f
TFSEIRE T RSB EAETI, ARE it R KRR
SRR, R RN, BRI AT DL i R v e
T, SEERAE AR RS A TSI IE L T AR H B
JrEAE.  Cowan % (6] W sbse izl g 5t
T CFD HRKMRBE € H s R, flge+E 3211
BAKWUN RS HBI4 0T B R R A AR HE LA
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IETHEHE AGARD MR 445.6 BLAKEHRILF.

B 7~E 10 FEAEHA H T Isogai LB, AGARD HLE
445.6 F1 BACT LRI 8R4 3R P2, xof Lo i 45 5 R
BB S HERER T Y&, JCHR [26, 28] R L
BT HT ROM 1 CFD/CSD B8 A5 B 77
FIRR, Xt B EBOoRET ROM (K85 3k 447 8 A K
BBRE T 1~2 MERG. REHPIR T 4t Isogai
PLE S BIBHRD T R A SRR P B4 3
Bz RT3, FRE XA ROM R T
5 5 RO T B O S s bR iy B i (50,

T RGP TTER ROM BHH T 85 35 % 1R
SEPRE (RIRSSNEE) KIBFSE. N E R RIS K
&, T CFD BORKE & AR 2
K FH B (R A M KRR E W W, Gz sh TR
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BEREIT RN RIS BT 2R 50 0 M B AR Sk - B
PR A A, FERTRZE . XM B BT N A R
IR EMES TN R, RIS B TR T
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PEIE BB 5 TAE. XA KIRE T A IR 33
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BRI R . AT 0 2 ] R 2R 4 oA R IR S B
W, RS B 22 R B A IR B B R A
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UAREE I T R Bk s, RO T S EWR i
ESHIEITTS BY. R R A IR S S B
FHFRERER] —— BACT (benchmark active con-
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JIR S Bl 3 7 B 7 5 SR 3 UE 3% 43 A A o 75 ¥R K T
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(==}
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Q 0.002 g
> 0
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—0.004 | . ‘ .
0 20 40 60
T
(b)
B 7 M=0.825, V*=0.615 Isogai HLEL i I Fm i [29:32]




1M WS T CFD I gh g R A S g B e it 83
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ON UNSTEADY AERODYNAMIC MODELING BASED ON CFD
TECHNIQUE AND ITS APPLICATIONS ON
AEROELASTIC ANALYSIS*

ZHANG Weiweit YE Zhengyin

National Key Laboratory of Aerodynamic Design and Research, Northwestern Polytechnical University, Xi’an 710072, China

Abstract CFD technique can be used to study aeroelastic problems with aerodynamic non-linearity. The
disadvantage of the CFD based aeroelastic direct simulation is the high computational cost which prevents it
to be used for qualitative analysis or parametric design. CFD based ROM (reduced order model) technique
can solve the contradiction between computational efficiency and computational quality, and the contradiction
between complexity and convenience for analysis and design. A review on two kinds of ROM and harmonic
balance for nonlinear unsteady aerodynamics is made in this paper. Recent aeroelastic researches based on
these methods are summarized. The advantages of these methods are compared and the future development is
discussed.
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