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EFFECT OF ATMOSPHERIC TURBULENCE ON THE STABILITY
OF A LIFTING ROTOR BLADE (1),
FLAP AND COUPLED FLAP-TORSION MOTIONS

By Yoshinori FUIIMORI

ABSTRACT

The purpose of this study is to investigate the motion stability of a lifting rotor blade operat-
ing in a turbulent flow. Such a blade may be used in a helicopter or other rotorcrafts and the
turbulent flow may be a natural phenomenon or one generated by vortices of other blades.

In order to achieve this goal, a procedure is developed in which use is made of the Markov
process theory and the numerical solution of the Floquet transition matrix and its eigenvalues.
This study is carried out through the following steps:

1) Derivation of equations governing the flap and flap-torsion motions of a blade operating in a
three-demensional turbulent flow field. All three turbulent velocity components are taken
into consideration in the formulation.

2) Determination of stochastic stability boundaries in terms of the first and second moments
of blade angular deflections and their derivatives for the flap motion and the coupled flap-
torsion motion.

It is found that terms involving the two horizontal turbulence components appear in the co-
efficients of the uncoupled flap and the coupled flap-torsion equations. Thus these terms play the
role of parametric excitation, and when the turbulence level is high the rotor blade can become
unstable. On the other hand, the vertical turbulence component contributes only a purely external
force to the uncoupled flap and the coupled flap-torsion equations. Since the aerodynamic damp-
ing for the torsional motion vanishes in the reversed flow region, the stability of the coupled
flap-torsion motion is dominated by the torsion mode, especially during a high forward velocity
flight.

The basic differential equations governing the flap and flap-torsion motions are first linear-
ized and then converted into corresponding stochastic differential equations in the sense of [to.
For simplicity, all parametric excitations are assumed to be of the white noise type with constant
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spectral densities. In this case, the conversion can be accomplished by adding the correction terms
of Wong and Zakai. The equations for the first moments follow directly from taking ensemble
averages of the Ito stochastic differential equations. Derivation of the second moment equations is
carried out through the following two steps: 1) obtain another set of Ito equations for the second
powers and products of the response components by use of Ito’s Lemma, and 2) take the en-
semble averages of those equations.

Since both the first and second moment equations are differential equations with periodic
coefficients, the stability boundary in each case is found by a numerical search involving the
determination of the Floquet transition matrix and its eigenvalues.

The analytical solution of the uncoupled flap motion, obtained for the very low advance
ratios, affirms that the flap mode remains very stable under normal circumstances. Numerical
examples for two advance ratios, 2.4 for the uncoupled flap motion and 1.6 for the coupled
flap-torsion motion, are given to illustrate the general theory. ‘

As expected the first noment stability condition is always implied by the second moment
stability condition, which could have been proved by use of the Schwartz inequality.

For normal turbulence intensities the boundaries for the first moment stability of the
flap and the flap-torsion motions, and the boundary for the second moment stability of the flap
motion alone do not deviate much from the baseline (i.e., stability boundary under non-turbu-
lence condition). However, the second moment stability for the coupled flap-torsion motion
deteriorates substantially when turbulence is present in the atmosphere.

When we consider the effect of the one-dimensional turbulence, the second moment stability
of the flap and flap-torsion motions are most sensitive to the turbulence in the lateral and longi-

tudinal directions, respectively.

E[ ] Ensemble average
m  E =
F (1,/161,) (c/R)
EER 7 v - FAIRTARERPERGT T 5L 5, 1, Feathering mass moment of inertia
Fv—FOEERHREDOL S ﬁ%§%§ﬁ5zﬁ”&@ﬁ L of a blade
LEdDThHD, 7v—FOEBELT () 775 ¥ R
- = [ iaadr (kg -m?)
rOZE, 2) 73, ERNOERFR, ©25 OB )
BEEL, AEDIRTRK[EN D TRREBRR O 1, Flapping mass moment of inertia of a
AFBRATETAMEAINDTE %2R LA, T LONE blade (kg-m?)
FOLEMBEELRCLDOBBRE LT, HEHIPIIEL 1, Leadlag mass moment of inertia of a
Floquet OBRBTHE TS A B FEEREEL blade (kg-m?)
oo BIBETHGIDE7 7 5 Er7E—FORIRLAL ta Polar mass moment of inertia about
ARARKOEBERT RV LLTLINTE, 775 elastic axis per unit length of a
FEBRNOERER THEERTHICEOLTEY 20 % blade (kg-m)
PIETFIHELEERROLLE R > P Blade flapping frequency/ blade
o2 % angular velocity
Q 1,/ (4R1,)
Symbol Description R Rotor radius
a Lift curve slope r Distance from the center of the hub
B Tip loss factor ( = 0.97) ' Time
¢ Blade chord Up Nondimensional perpendicular velocity
cdq Blade profile drag coefficient at the blade element
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Ur Nondimensional tangential velocity at

blade element

u Lateral turbulence component (m/sec)

\Y Forward flying velocity (m/sec)

v Longitudinal turbulence component
(m/sec)

E]

Vertical turbulence component (m/sec)
r/R

Torsion angle

w R §

Flap angile

R*pcall,, Blade Lock number
Leadiag angle

v/i2R

Blade pitch =8¢ + x6)+8g sin ¥ + 6. X
cos ¥

Collective pitch

T N N =

D o
i~1

lal

Cyclic pitch

o]

%

w/QR, Perturbed random inflow rate
V/2R, Advance ratio

u/2R

Air density

Time lag

Spectrum

€ 8 A D™ ™R oA

2t, Azimuth angle

Blade angular velocity

g ©

a

Torsion frequency/£

Nonrotating flap frequency{2

£

£

Nonrotating leadlag frequency/Q

d . .
——, Derivative with respect to

dy

azimuth angle ¥

)
.
'

{1} Vector

O7
FILESEHOBKTHNDC L b b0, TOREX
XPTHRAEMA TS 2o

Transpose

F1E 8B E]
1-1. AEROEDRINICHAT SHEXROWR
HANK R D %2 LIEEBRINE~ISFEOMCES LRAE
AP LOBFOADEERERBHINE (FIHBEINL
ZERBAmOT LT Y, TOEFPBDT 2 LN ORH
35, EEEN EHRNCROHEOE CHERED
W OBEERBL EORRAEDL LB L 2 BT LHE L,
DR OOEBRRARLE 2, OERBOFRE T

75,k T ¥y -RhOERES 3

OERBNEELTAGETIETENTWLECETSHAS
5o, BEOAELIEBDIIREGERE X7 4 DFETHL
RnaBRET LT L3S N, Thi#fEF L LTI KD
TU— VOB NEE I (BB THTLEIFEFRLRTLZZ

EThb, LTRNBAGREEE~Y 3 75 -DHK
RoDTHR, REMCIH LR CERE (Propro-
tor aircraft) L W HALRBEZRIIGHTEL LD
T 5, TOHTHRERMIISH L EEKE OEREFITIC
DNTESEFDI S AMELTON T2 AL THEET 5.

HANFEEG O T CORKRBORGTLLEOMER L
(FARINTNT, TORBREZ(ORHBLTLHS
T2l QEROZNBHRED Loewy 1T X bR
HINTWnb, BAOOGRRBOBMIKC OV THREME
i xaMuERY R E LN,

Bt F1#&o7v—NO7 55 £ r 7 8%
MdRF Ik 2 DoRoER~) 2 7 4 — O
FEEC, BHEMORERLANLONTHWEDOT, 7
5y ¥y BBHORELEL LTHBELZ T LR
bhb, 1O 7v— FORBTEHEEO 7 v— FiKHkk
THLLABHRTE 2 PR EEOF A~ Y 77 £
— OB/ EREhx— F3IEE L % A7, Sissingh
£ Kuezynski D17 5 » €2 7 L BROERROH B
My, TOLREBN LT F o 7HERYE - T1T - %o

BRI %Z > TEBHBOBRBHEKE CRENBEmEL
T EddoT, 7587 rF3 e FiH
WFZ7Vv—FERBEEFFOLRE L TESHICEBRAT 5, \»
bW ARSI - £ - 2EEE % 5> TRA, TOBRK
Du— - {BEHROOCHNEIHNBRT, EHED
BTERNDOER DV, TARGHELLCTWER A
ERFND D, LrLasibr sy ¥y 7MHEBRFERS
harERAFmOMTE— 2 v dEHBEO 7 v— VKK
NKECED, VNI re— FHRERTEER R B
—BCERGR L TIAEBREEEEELED D,
%#’L%’h%@ﬁié&g(}) Ormiston & Hodgezg)k.t ZD7 3
y € 7E )=V 7 EOBER TR v— M EMTIR
WoOHM =7 Y > 7 TEBEBL TR b LA, ##bE3
EOMBEER (mechanical coupling) *5 A — % — % i§
AL, Thbé7v— VFORMEMNY y FA L THERFE
DEBEBIL T bo & OREFTE Peters™ 1 I b3
HBRB8HE T THERIN o

MWDV — FOZER, I PEIOEE ZEITR
Houbolt & BrooksZ7) Wb obh, % T Hodges &
Dowell’® 2@ ERE CTREIETND, LT
H7s,rohm, V- Fs32hmEBEhitonTHE
BOKDE— VHEEBIN TR, COBH I V- IO
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Tv—-FOEBREDL O T N THAhEANTHE
BHBER T FRCE OB HBAXEIN S, TDL
SEBAFBERAL (LT AHIINROKEEBR TS 5,
GEEZLBUBREA L A VBRI DOLERL, Thb
DEEBITOZ DI Floquet DBRBTFIE &\ 5 D2:
EHh 227 Ve L g,

P s B LAREROLZEIRET 5HER TN TK
[PRAKIFEL T, BENEZEHOT TORINTS
b, COL A EBHHBRAOEKIER L BYBEK T
hic LA3RES (deterministic) KA % 3D TH 5,
Fv— VOBNF TEEHACERT ARKEKOESE
%) TERE L 7 Ol Gaonkar'*™ 2V ¢, i Sissingh®
WX %> TREABECI VEEOHEEMR L %6
FhLOMRTREEHBOKRKJAKBMBCAN TS
b, LB FBRAOHAREAL 2 sEMKRIELAZL
+, 7 Vv— VFOEKEEALERIIEBMH %V, Arcidianoco
w30 L2 s KGAKIC L AHERRAEFE L VELE
WEANTWDE, L LZhHdERA~NY 27 2-KDOWN
TORRTS D, FARKRIAKOERE THCERITL T
BAZR TR EZVy WThRLAKRAKOESETEN
2z i, IRTO~NY 27 E—C &> TEDRLHF
EHERLVOBALOHECRIRZT LTSS, Th
wEE ISR TEORKAK L ER TS 5 I S BRNIH
FHEERBEIE, 755 € 7RO TORER
Lfc;zs'l%)

1-2. WEROBRRPVREICHT IEROHRE

TNTOYBEBRRA KL 2 ARBNEZHEHE
# LER (deterministic) ZFHTIC L - THBRE T~
AEEBELEBLN AW LR I( DB ETHD, NHFEFR
DEFET M HEBFRBOBAHBEXTRHLIN, TX
TORBHMA N D EFOFAR OB F b b % b, @k
DA~} A BROGEBICEATE By L L
FHAANL®A HEXOKBIC BRI b &, BOL
EHHTTREE LD, dLIRETREE L LHILEAR
FEREL D, FARBEELELTH, FOBHEDE
i &AL TnEDDL, TORBAWRDORA N7
P AT TR E LR,

B —BEREARIE 2T AREN E NEROEER
X #)HK Mathieu PHIll KL D ERI N, BEZ <
DAL L OPFRENTNAHTH, Mettler’> Vi
WEEAS LT EBOR TN A,

LHBROFHAVGREENHRE T 2 A NERORERITIC
d Markov BB DEEHIAHE T 5, XXHBHEL HIX
Brown E&HOME 1 LRELAIDOTH S, Markov 2

BICET 385, RAOORBAEE L VRIINk,
SEHOBREES HERXARERV LB OES HEA
LR > TN, EXROBARICRARGSERTEZN
OTEEBEET %,

EHET LYEREEIRT LB FER L FEROR
KA HERRICERT 5%, Stratonovieh® 13zt
#9535k (Stochastic Averaging) 8RE LA, TOHE
HEBICEST ( $ DT > 7% 25, HiCKha’sminskii®® 0
OREER [Limit Theorem]IC & h BFWIE XL I h,
£ T2 Papanicolaou’iC I b SRR 2 — AL I R T
W3, FEROKSHER % StratonovichBIKE#L %
b 3 7 E DOHIC DN T OFtE % Wong & Zakai®d ¢
Stratonovich® 2EGAL LTV 5, Z 1 HMarkovi@%
DHESZThICET AEERRAT TS  ORBES ™
829199100121128) (v 4 4 LW Tn B, R 3T OHFD
B OBEIL TR EEE P85 10,

Ariaratnam’” X Markov BB OE L H 2 NFEROE
FRERENCETAC L TEL, FTRAMRERIEEZST S
Mathieu O BAHBRRAOBERIT & 17> ko T Ak
B L 7 R OB~ O 17 - 7S R R T
Bk EREDN S WEICER) T b 5 RRIF 355k T [E]BFIC
R L TEFTF T, DEROXERAERRECHRBENED
AR P AVRADOEBENHLAR LIS TIRSLIU2
wE— 42 P REREINADREELINALDT BT
LERLK, TR LTERATE Y, Lt BREE
BARNFFOLEBNMERSEEC L VERILEER
PRE~ OIS it LT B 20t

HEFRFIHEBHE 2 5 LHE—BTARE L % 525,
BEREET0 2BE ORI T ailgs 5 b B,

L EORRAFR~OMMEDN ALK, Wbk OM
MMM EO TN L IR D PINENHIRECED
WTH b, BEHBFEHEBHTHEBEE TS ok TD
HOBE, BbEoAESRmEhoEth L hEW
L &t Markov BEOEFBEAFL T, Stratonovich®™®
DOEE L A EH0 (Quasi Static) FEWK IVFEINL 20
A% bRV

FE DR % BT 5 72 Markov BRI ) 24 EH,
BERED>HEX, HBEELFOEHE, Floquet BH1TSI,
KEARBICOWTOBBELFRBLEEZORFELHGCR
~NTE (o

-3 B 8

HkOWMELZHEBL 5L oK, O&ROGFHHEFE
FHIhZICESLTEF Y, R4AOBBROEIIL L2 DER
STETWBEEL B, L LEBLKREAROESE:
+HRBNTN S EREL RV, ThEHZ ORROE %
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HENREEGREOEBICEL A RLAEAMOEEZH L
LFT5ETHDH, HLRRROLEALZECRITTE
BLBENLZLETDD, 2RCOBMDADIC, Mar-
kov BIEDEERE & Floquet BERITFIORBEHE L 4
BERFLVWHEERELIOBHHUTRT, TOEF
i,

1) 7v—FOEBELT7 5y EX 7 EBNERD
e, 3RTEARGEAKPC LT 2N 6O EG % TET
LEAFEATE

2) BrhAaBHHBRXePERBOBEREN K
ZTH]L, 75, ¥ 70BhDOFRET7I L 7ERNOD
EEECDOEEFNTNOEBEDOIRFLU2RE— £~
FREETDERDOEEERD 5,

2% ONEEEHOXEFER

-1 7oy EVIOHFOBHHER
CZTHREEED I HO7 v— M3 RTOKAER
FERITTLEL, 75 rBBLIRTABAS
BATE(, 2hilfboEghe— VEERT HHE~O
HROEBFELZLIOTD S, QEBROESHEN L LT
s 2R OEELS (blades ) b 224 % EL 5
NETHEH, BROLD 1 KOREKES (a blade) &
TERDIE Y, T THELNIERAEBOORERT
D+EEHIZERTEI T T AN, 77— MdRltk &
LEAHAMARBO A TR TROT DL T 5, BHTO
BELEUTORER R 70
(1) HEFEINOMRAERTE 5,
(2 7 v— VOBHREQEFRAR & BMBROV
FThikr»TE LETERE T 5,
(3) EEPERUEOEBLEZNWIDLET 5,
(4) Whd7v—VYOWE T2RITAE L2 HH
ORhd b0 ET A,
EERCOVWTOBRERFHE2-10L 5K L b, kK
HEWMO3ES%Zu, v, wiTd, QE@oP.Lr67
V— N ERSvAm r OB ST A EEHMOER
TRERE
EF=QT+(V+v)sin\[/+u cos i
TE2 b0, EEAMEER
Up=w—[{(V+v) cosyy—usiny) f— 725
(2-1-2)
TEz2 b3, EXT" " RERTEHYy=2¢ DN
TOBHR TS5, (2-1-1,2) KOFEE L 7 v — MEmHE
B QR TERTILT S, AL
Ur=x+(ut7)siny+E&cosy
Up=2—[{z+7)cosyy—sinylf—xf

(2-1-1)

(2-1-3)
(2-1-4)

753,80 7ET7 5, s -RADOEIES 5

-18C

Blade Coordinates, Turbulence Compo-
nents and Tangential and Perpendicular
Velocities at the Blade Section.

Figure 2-1.

759y sE-VOAREREKRDO L 5CHT 5,
LEVYK f=(1/F) [rdL (2-1-5)
2 Ay HEOMdr=d(Rx) KENTWBEEN 4L K

RKTE&2 bbb,

dL = (pac/2)U" L0+ (Up/Ur)]d(Rx) (2-1-6)
CeTT= (Bt R R~ r I 51} BAEET
bb, vOFIREKRONAKEERBD & T h 528
LLTRADHMBECOVWTER LAV, 32 U=Ur &
BRELT(2-1-5) RERCIH>CEE 2% b,

(2/1TVf+p B =M
BL

M= Uk 6+ (Up/Up)] 2dx (2-1-8)
CDEE LA N AT — A VAR O3IBAKHBTE
%o

M= [(UpUr+Uf §) zd=

=Z () — AR — BT () (2-1-9)
F1E  f(y) B7 5y v 7BBHICH L THBZA
HOMTH b, £218, BIFIThEAZHN 2 EME
LBEEXTTIOTHHROL 50k A,

(2-1-7)
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E(W):fUT[(u-F 7)cos— & siny]xda (2-1-10)

() :f Ura'dx (2-1-11)
zhb (2-1-10,11) ROKSRE2-21KRT L O 318
DR%Z LHENERICONWT, BIHL 1" OEFMER,
“2" OBSWHERK, 37 OHWMERIC OV, Hl4 T
brOhiEz bLiwnw, CDE2-2(), DKEFNTHEL
ANKSEROBYIEIR T D S, BE=RIEF ORILL T
MIFLTWAE B, COUMBRARN2-260WCRT
LOoKmEE L TWnE, & LA ¢ 7 V= r’q)ﬁﬁ
IPAEEBREL AL, HbB<utih L, Hiifan +
e<y<2n—¢ @ﬁm#mﬁ%ﬁﬁt& b, TDelrR
e T ‘

sine =B/ u (2-1-12)
3L p<BARLHE"I OEBEBHEL &\, TORD
“3OERICEF T AHAR1 OFROIDOLF LTS
5%, HEANK 25, BABHET LDAIOER2
-1 KRT,

NH o fIRKROS 7 OREIS LB T2,

WA ="m, + b mg + B g, + 0, g, + 6, 7rg,
(2-1-13)

8L

W, =m A+ my, Antmye A (2-1-14)
U LORE*E->T7 7 » ¥y 7OHBRREEET L L
ROLOW %5,

(2/T)(F+p )+ AT+ K =7, + b7,

FHIXF OIS 599 5

Reversed Flow
Region

(byB< M

<y

+ 6,7, + 6,79, t 6, Ty, (2-1-15)  Fijgure 2-2. Reversed Flow Region on the Blade Rota-
tional Plane.
Table 2-1. Integral Limits for the Flap Equation.
Region Range Type of Flow Integral Limits
e O < W < Tr B
1 Normal | [=[
forany 4 & B
MY for M<B f=j'B _I‘“S‘”W
-usinys “0
2" | MKY<TrEe  for Mixed _IB__ZI-usinw
am-ecycam B<U o o
wyr (T e YL2T-€ Reversed _{’ 'IB
for B<AH 0
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B8R OLE RITTRIAER OB

aL
¢l (¢ ¢, ¢, 0o o o (1
4 K K, K, K, Ki Ky 7
| ool | ™ ar e Magre Moce Maore| | € |
g, Mg, Moy Mge Moay Toee Moyqe| |V
Tilg, Mg, Moy Mose Moan Thsee Tgsne &
Tig) M5, Macn Moce Macan Mocee Macne) \ 7€

(2-1-16)
(2-1-16) K AL OTHERRB HEBYICOWTOREIE
HTdb, T2 HOEE2-21LRT,

b LY KRGERRS 7, €250 26, LoFEXA
SissinghP K I-THDpNAREBLE % B, 2O (2-
1-5)XERAERL IO, a0 ER7 5, ¥ 78H
o L THREMETI DD 3 AMBEZANTE DL, &
BEHAOBRS ARELO#EBRBAL LTHFET ALXT R
OTEDLEEBCHBEHEENVWIDE % b,

75,8l 75y - RNOENKRE

F2-2 BT R BREEE 2 /2 ODBBETE RN
OEBR TG LA TEL LN TWA, LHLED
EREFTNZROBNER T2 DEHTHDOT, £D
FHOI D LEABOHETHEI T 2, O RS
A8 D\~ T Fourier ¥ % 1F > TEDOHRBOKNEH
hifI<{Hn2&TH5B,

H#OEACE W THEGOLXEHOA TR S DT,
FOHECBEEREZ MRANA D OERE &, KEREMK
Sy, &, 2R3N EINELINLOBHEDOITREFL
TE{o TOLHYRLT7 5 » ¥y 7BHDOWTHIR
DL OWBHMILINLE BN ELTHTCES,

2/THF+FB8) +AC+BK =0 (2-1-17)
8L

C=C+Cn+CE

K=K+Kn+K¢E

TABLE 2-2 Periodic Coefficients of Flap Equation

Function Form

+B%45,/3

G+ (1,16 —C, /124 C, /48)

B*5,/3
Cn+ 2 (1/4~0,/3+C/12)

Ca +4£(5/6—5.,12)
B*uC /3+ By S, /4
K+ 4 (=5/124+5,/24)
BsC/3+ B n5,/2

Ky + 22 (=5./3+5,/6)
—BS,/3+B uC/2

Ky + 4 (—C/6+C0/6)

+B'uS, 2+ B4 {(1—C)/6

max+ﬂ5(§x/24_§3/48+§5/240)

B'S/2+B 4(1-5)/3

B'¢./2+B 153

+ 4 (T /2% —C5/16 — Cs./48)

B /3 + B*43S, /2
my+ £ (=35/4+5,/12)

. = COS ny

Coefficient Regicn
c 1 B4
2
c, 1
2
C, 1 B*C, /3
2
K 1
2
K, 1
2
K, 1
2
mgl 1 35/5
2
me, 1
2 mﬂ,nl
m01€ 1
2 mol(l
m, 1
2
S, =

sin nyr
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2-2. 77 vE S ERNORBESHD HRX

COHTIRZ 75 €7 ERNERE L TW 5:EBIC
HEET 5, tTRNLESHOSFBALE (5, HEAHNH
ERBEAERLTH 5, BhOHFBRAR —BIKEKD I Y
CEd 5,

Md+Mola=1/¢2 G (2-2-1)
BL—BILINhAALTNald 7 v— VEBORNATD
b, Fhozxs—tFEd x=7+/R, 0< <1 L LTw
50T, —BILHEHE M, *—8 GHRDLSK % A,

1
M={ o 1,d(Rx)=1/3 R,=1/3 I, (2-2-2)
0

G; = | « (Moment) d(Rx) (2-2-3)
BENENE— 4 P ERDHADOREANBICE L
KOLKEFBILTH A2, 7v—FVOBRIAK I BEE— 4
YMAEFE LT A, CCTRITV— VY EEARIDORZNWE
RERELTWAEOT, ZHPLR Ly 5 - V& D,
CANEFERER CRUBOMEB L KL TNEET S
s, BB TE 3 T — VAL RMEEER L, COX
WY TG CEORD brIC L AEENOEALEEL
DL, TORKIEE2-30L S RDY cokE, T4
WSHIR THZEG NI L ABBHIET o WD %
PR THAMEAI Z < & DREDET D, Loz
FERLTVS, UESLL—BNE2 - OIELTTH 5,

6= [ (pad/ 1) Ul wa+ G+ (Up/ Ur)zd( Rx)

(2-2-4)

G=[ —(0acd/16)U[2(xa+6)]xd(Ra)
(2-2-5)
HL G, 55 BHSER ORI T B b G, #E & HERIC 1)

Table 2-3. Moment Coefficients for Geometric
Pitch Angle.
Chor‘I'-S’joim‘. o1 éT
O I -5

AEETH5H, b LAMEMILY a— FPAMSANDLEZ S
Kehide— 2~ ORBETOBERDETNE %R S
Zb, —RICAEFR, FRERNTHCE~THHRE,
Bt OB\ EDET L EEL T LN,

(2-2-1,4,5) RKEMEBH L LRV OFHBRRABKO L 9
x5,

(1/3r)(d+w? a)+ FaC.t+QaK.+QfZ,

+QA L= 17 (2-2-6)

\L
Ea = IUT 2 dax (2-2-7)
%= U} de (228
Bl +Fli—2T,= [ Up U xda (2-2-9)

SBBEORD T v— FOHEESFOB LMY, — T L
TWBEFEELTWADT, (226)RKEF~THEHKE

Table 2-4. Integral Limits for the Torsion Equation.
Region Range Typeof Flow | Integral Limits
" o <Y< m Normal [ = fB
0
forany 4 & B
" e 71' B
2n Ty <2m for U<B Normal f = fB_
—-usiny
L e or —usiny
2r 2M-e Y C2m B<u Reversed j = fo
11 L2 B
3" |mreyem-¢ Reversed [ - j
for B U 0
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ERR LT, LA LAIE, Blbh%, T) (C Coy Cot O 0 O 1)
K (2-2-7,8,9) A &) 2RSBWHEEBES T 5, & R |Ke Kuyp Kog Kuyy Kie Kane| |7
RN EHMCRRLXORAER 2" T ERAER "2, Lol \los lomn Lose Lopm boper beme| |6
EMIMBR"2,” LA, RRIETR2-AIGRL TE <, Tog) s boiy bge O 00 7
(2-2-6) ROAEAC S5, 1t &
Tl bt Ly € (2-2-10) 2é
LB ENTE, HBARDLBHARDL 5% 5, (2-2-11)

Table 2-5.
Coeffcient

Co

Can

Cae

Z"h

brae

Lyt

brje

FNDOBREREY T OWTORPEHR T2 DOEE2-5

Periodic Coefficients of Flap-Torsion Equation.

Region

1
2,

Function Form

B /4+B45,/3

Cay+ £ (1,32 —Co / 24+ Cy /96 )
B'S,./3
Con+2£(1/8—0,/6+C0/24)

B'¢./3
Cor + (5 /12— 5, /24)

4 (5,748 — 5,,/96 + 5;,/480 )
—B/5-B'u5,/2—-Bd(1-0C)/6

£ (55 /48 —55,,/796+ 5,96 )
—B‘§1/2 *3311 (1—-G,)./3
£ (C /484 Cs /48 + Cs. /16 )
-B'C,./2-Bu3/3

i (5,/24—5,/48)

B uC,/3+B 4 5,,/4

£ (5/6+5,,/24)

B:’El/3 +Bzﬂ§2/2

£ (G /12— C12)
_33§|/3+B2u52/2
d(—1/32+C, /24— C,,/96)
B 4+ B u3 /3

B (—1/8+C,/6—C/24)

B3, ./3

£ (=5 12+ 5,,/24)

B'C, /3

ﬂ3(§1/8”§3/24)
B /34 B 4352
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R, TORCEDOWTILEDOKR2-2LERKIC, —D2D
FERD LR OFEBNEHARTABRLOT, FHOKE
IRLTLIHELZRDLDTIOTHAV, TDOK2-5
KenhtgiEd~Ntoin, BReEEXOIERC,, C,,»
Coe HERBWGFER T [0 TRWA, FHRFRKC 25
ET0) E%B, TOMDBEBCONTRHER D, T
DrDFEhE - FORERABVITELOLEREE TV
TELN D, Chdfigkrm and, ThEOTRE
[0 LT 2HMPERAKH2-1CRFT L OWHKRT S
BoTdb, BhOBEKREERRFEAVWADD, &
BHEGIAKT TS B L, Fhe— FEOWTOZEHRY
BEHFL(AEVIERZ>TLEIDLTH S, — 4,
HIERDE, Db aAT 2 AEBCEAr%D
INEINEEL LN LOTEBLTVHEN,

T2y SOV E—VERAKL Y%
LAEBDELEET S, (2-1-15)R Oh OB 6, & B5H
BT 2R AL 22 LabtEBELLDE, 75y
E Ly FORBRD L 5% Bo

F+5 Ch+(F+G5K) f—fm, a
(2-2-12)

KLATRBAOBEO MR L, FERIKEEHE LT L
7535 €V EBRNNOER L AHBRRKROL STE b,

iﬁ} i 0 ﬁl
e
i) ?|6q7,; F?J a
{ﬂ}
=0 (2-2-13)
KJ a

T~ ~ ~ ~
‘—2_<m1 + Gy mg,+ 0:”10,+5cm0¢)

31Q4,, wl+3rQK
8L
g, ™o, mﬁ»m&ﬂ 1
_C—u Cu Cm; Caf
K\ =|K K, K| \¢ (2-2-14)
Lrp brg Lopm Lrpe
Zrﬁ‘n Cri Lrp lrie;

Rhx— PORREGHMERTI 0] £25HDT, 7
7,7 BhOERLARE 7 2 o ¥ 27 DH2DK
I A REUIBALTHETFEINS,

£3F RERORTEHN

3-1. —RBRIFEOER
COHTHEEROLZEMBE2EOTE(ONER
OLFEMBEH BN HEER~N b, TOHER
Markov BE KT AERDOIGH & Floquet BE175IOMHE
HEGFHEEEE L L T 5,
HEEBFOLDOICHRBECHEA HBAORIKIADH 4R

FLTdd I, DEBEOKEKREF OB HEX L —
BCROBA & % b,

{Z}=[D){z} + (R}{Z} (3-1-1)
ZeT{Z)BE~Z o, FIFIDIAREN R ERE
b, (RIGHEROEE, LML L ICABAE
BT AEE RO LT L, BERROLZEMEOBEK
i, (DlyKoWToRBEBEEES, [(RIGKRE
WD EAKITINE % 5,

b LIRI g h 5K BRI OS] ( correlation
time) 2 ZOMEEREH ( relaxation time) & bEHTh
W, Stratonovich™ 24R% L A #iathy (HEEHRE) F39
#: (stochastic averaging) % (3-1-1) RICHFA TE 5,
A6, S LH[DIC[RIMBIZFBEEEGA TN S
FThoa gL AE D IINERRE, (ZYREMEED
KW < b Egb+ BIRE L % b Bogoliubov #° Mitro-
polskii & 23485 L T\» AB5R ¥ 358 (time averaging)
EHALTIV, Lo LEOsEEoESHRLohc g,
ZHERBES TR TWwhiW,

MEARE -2 h 3D ITRENLZZTEELT
A bo

{z} = [p1{2) (3-1-2)
LI (DInEEAA LHE, coRoLEtd(p]o
ERETENOCL L, 1 {(DIHAPEKETATHS
kb, (3-1-2) RICDOWT Floguet BRI ZEE L,
FThoOBABEEZANET L, BID (3-1-2) KORBAK
DNTHR T TRBERIN TS,

(3 1-D)KXTRINBECONWTRIE, DL HK
BN TWAREFALLDOHET(3-12)RDL K
EMTHCENTEDRS, (3-1-1)XROMELHELC
EDBTE By MTREXO—RMIFEETT, BEMK
Bt P2 B L IEREERET 5, 17 (3-1-
DNXRoO: FROTERO L SWE <,

—‘i—z.:EN D;; Z;+ 3:“ R;:Z (3-1-3)
dt 7t Gy U = T
1, 7=1,2 N
aLr

D;; =The (z, j) element of (D]
M

R;; = 151 751 &> the (i, ;) element of matrix
(R]

7;j,1 = Periodic coefficient of the /-th random

excitation in the (z,;) element of [R]

€; = A set of random excitations
(=12 ..M

M = Number of random excitations
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BB OEER EITTRIEROEL )

BEOLDIMES ¢ AL RAHABR LT L, TOL
% (3-1-3) .43 StratonovichBI OBEEE S HEBER & M
TILENRTEL (M A B8R), L ARHTR
OHEBRTHNIE, HETHPHEEEICWong & Zakai
DEEFEEMLAXTERD, (3-1-3)RARDIH %
FHRMOEERS HEAKERIN S,

d{z} =(Bl{z} d¢t + (o 1{d#}
{BL

(B] = (D] + [c] (3-1-5)
[(BI®[CIHNXNOIH &% bW ORI 72 Bfif
Wiener B8R T2, BEAFICIOBRARA L % 5,

(3-1-4)

M MM
Cij:’r E; { { nk,mrkj,nwmn (3_1_6)

O iim><n DEEHEAXNZ bATHD, n=md¢
EARZ bt b, BLZ OB T nxm OBE
HEZELZZVOTO,,AENCERTH L, gBHEHET
ZWNE B (3-1-6) RO EAL LEMIC % bo8%ER
ELAa\, [FH[o] OBREVLBEOHBRLBEZ L
EHEC, go OROBTLEERD, ThD(i,;) B
FARR THEDHIN S,

N NMM

T) ::2752 22 2 Tiim’rjlnoﬂwlzkzl
kIl ma ! ’

(60" );;

(3-1-7)
BE~Rz b rv(Z)o2KReE— A b ERDD D, £E
D25 ORFEORK Z; Z\FEED A (Ito differential
Tto’s Lemma) #@ALTH <, +OKEREHRK
DL oK% b,

rule,

N
a(Z; 2))=(3 (Bix 24 2;+ By 2, 2,) +(00");; Jae

M
+3(2; 6;+2; 0) AW, (3-1-8)

BLB;R[BlO(:i, ) ) BETHL, FHOXDRDIT
BExBnsc it s,
Y, =2; Z
S = (ooT);,-

L&D, jOBRRKRTEA LR A,

(3-1-9)
{3-1-10)

(=00, j)=N(i—1)—2(;—1)(j ~2)

+y—i+1 (3-1-11)
(OB YBLEEL 1<LIN(N+1),/2 for j >
bho 2;Z; & (g0”);; R (1, ) O THHTHHD
T)<i: OBBEZETHLBE AN,
(3-1-7,10)X 0 6 S iR D L 9 KWET 2,
NN+ 2
1= 2 Stm Y

m=1

(3-1-12)

757l 75 ¥y - RIOEPIES 11 -

2 (3F1-8)ROEI1FEEE2H/ZER LT, 75 4]
EL, (BEOHFEROISEEL,

N
{El (Bix 24 2;+Bj3 2, Z;)

N
= 2 BuYie, B Yie.5))

N(N+1)f2
= J

m=1

A1, j)om Y (3-1-13)

ookt nE (3-1-8) RNdRo I oKEFEEEL LA
Ao

d{Y}=[[A+[S1{r)de+5I{aw} (3-1-14)
(FloBERABEL bR ZWY, UTOBIFCLE L
AhENOTHEAZV, [(4A1R[SI1OBRABTEHE 7
B aDPTHICLELTES, L LEBEROKSS
(2Thid, 200 LDEERTEH L TEWABEHE
BEEED T

EER2 b {Z) D1 RE— 27 M 2FRTHIFHER
i1 (3-14) XOMAOKFE L M- TH (,

i%{ﬂz]%:HDJ+ECN{MZJFﬂF]Uﬂzﬂ

(3-1-15)
(3-1-4)ROATE 2 A (3-1-15) RotiKdRbnz
Vo THid Wiener BEDOHESNICE Z, L BRI TS
5T, OJdWOMBHEIEI0 | X010 THA, K
2RE— A7 PBTEZHEAR(3-1-14)KXOHmIDH
BETEDIROIIC KR B,

-f%{E[Y]}::[fA]4-[S]]{E[Y]}
=[BI{ELY]} (3-1-16)
BETIR, 2R=— 4 2XBRTHAHERLH WL
%, BEEZLIZIVEROE - Ay b eEETLHTER
BHECLETHA, [(BI®[BlOBEL—BIER, v
K OWT ORI & ARAGEEBBIROX <7 2+ %2 F
ATWAEGTKD G, (3-1-15,16) ¥ R A EREHIRT
BT s 3-12) KEFM—LRBE L LHELDLT
5, BBb, (3-1-1) X oM (3-1-15,16) XL D
T D Floquet BEITHE RO L LKRBEI N 5,
OB TARNARE X\ T 22 HE3-1CHRXD
FELE—BOFEEHEEETRT, EMOEIBE L
I THELRDON 5 L EAERAHETD B, CDBA,
EF Rtk e - TR & & BT A RN T E Y %
FEHTERERLONDLEMFBRTH L2, GhELSE
W ERITIICATRE L BRR b %2 e R ER LA L OK,
B REIBE 2 £ B 2 D RS HEX OIS/ 2 4%
Brgithtwiadhidzbi\wn, 9 TabdhdEE
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Ito Stochastic Differential Equation

L

Ensemble Averagi@]

Time Averaging
1
Ensemble

Averagin

¥
Fioquet Transition
Matrix
3

First Moment Stability

First Moment

Stability
S
Ito Differential Rule Ito Differential Rule
I M

Ensemble Averaging | [Ensemble Averaging

i ¥
Higher Moment Floquet Transition

Stability Matrix
!
Higher Moment
Stability
Figure 3-1. Determination of Moment Stability

Conditions.

HCEER T LEE2EZLNERLENWT LR % A, K3~
1 OERMOBNAH L (BB L A—RHORERITE TS
> T, Floquet OFBRTIIFIHEME LA DO TR 5,
OB EEARBIHED 2 <2 + ADBETH L
ELNBREEELELR Y, FOL 922 ARERT
Bo5Thin, $AARZ PARAGHIRTATRT
Z2bzaWEnS T Ed %, KB FBEEL HAD
DEHLE LT, FHABELFL LOEK TLFROA
BEThhIsThidIv,

3-2. 75 v E I/ BRORER

COFTRMBOEHLER L TWARNWT 5, € /%
BORIOLEHTHENT 5, 75 » € 7 EBHHOER
Trv—FOEBE— FOPT—FEB LAPhE A b %
WE-FZOT, ¥OHHEBMOESLER L ABED
BATOREBEL L THABB L T 2dhid % bk,
BIBECEPNTRNALOINCT 5 » € 78 Sis-
singhzz)f’ Peters'? K I bBARI K TH b, ZOHT
OEFTEKRER L HET HHE~O—KRILTHH, *
OXBEIRE2RE— 47 P OREMELE L TRES
5LETHIDTH A,

R TR — RO FE TLRERTT H81IC, iR
BB IE LEFTOCERIRL 238854 TH
Bo TDEER2-2IKIBITTHBHK, K,, Ke, C, Gy,
Ce EORMBRAERRER "1 K} 52X RKX TL
HAAERE <y<l2rafEMmKipcs s, AbH

C=BY4+BuS .3

¢, =BTS,/3

Ce=B3C,/3

K=BuC,/3

K,=BC,/3+BuS,/ 2

Ke=—B'S,/34+ B uC,/ 2 (3-2-1)
755 ¥ IOE:

ﬁ _ ::ig (3-2-2)

ELTEMADEES /N5, AUEP T T 2
yoLTnd

,é =—Apsinl
Exb,
75,

A=PsinTl 4

6 =PcosTl

BL P=—(A+2)sinI"+Z, cos r/p
h=71B/8
Zi=71B/2(uS,/34+75,/3+£C,/3)
Z,=7B2{uC,/3+7(C,/3+15,/2)

+&(=5./3+uc,2)}
H=pu/B (3-2-5)
(3-24) ROEDC DN THERIFHE & W ERET 2 LK
DLSE%DB,
A=(=h/2)4+ 6
6=0,

BL G6=(G,71+6,¢)4
=Gy 1+ G &
Gu=(8/4p ) (Coar +Cotar)—5./3

+(1-1/p) S1~r/6+(1+1,/p)S142r./6
6= (4/4p)(S2r — Syer) —C1./3
+(1-1/p)Cr/6+(1+1, D) Ciger./6
=1/ 4p ) (Sr2r+ S42r) + 1./ 3p+ (0 2p) S,
- (1—l/p)a-zr/5+(1+1/p)z}wr/6
Ca=(a/4p)(Cpgrt Crior)—51/3p (7 2p) &,
+(1=1/p)S1r/6—(14+1/p) Syer. 6
S, C, DEZHEMEF2-2, £2-5 L[ L,
WEN ZEK TORAFHER, (3-2-6) R, ZHIHBITF
BECEA L (PRUBOERPH HEAKLHRT 5,
{dA}A!—Ah/2+ﬁ} oy 0,7 (dW,
= de+
d6 ) i:“zl Uzz:l {sz

(3-2-7)

(3-2-3)
(4, ) COWTOEAFBABKROL 5KE

(3-24)

(3-2-6)

2L
681(‘/’,

ml—f <E[6G(W, Gy + G(¥a) >d v
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BEROLEW AT T RIEMOELEN)

mz—f <E[aG2 ) (1/@)4“667(‘//1 G(¥) ]>de
(3-2-8)

(00", =f" <ELG,0R 6 1>d%  (32-9)

v=v — v, < >=6fFy
ASBBODy & EEM THEMRZTEL, x~7 ba
VARARELET D, CDEE (31-7) Kk nT AL
6 LIKET A HBEREAMIERD, EEHCOWVWTIH A
KHFILHBELICOAEFB T LIV, Al

dA=k Adt +V ik AdW {3-2-10)
'{EL —A/z/Z-f—ml k]
(00 )n —kz

k=—1B16+(rB4) x
7Se{5/18+1,/6p +(u/p)l/ 4}

ke = (rBY4f 15,{1,/3+1,/90 +(a/pf./4)

So= @y = Oy,
2D (3-1-10)K A 5 E[AJ K DN T OREFLTE k kD
BLENTEDL, 372 A" KOV TPEBEIAEBEAT
NHEA JCONTOREREEEH E RO LN B, B
BNH(3-1-10) K DK b AR DN T O BRRERE

BB pala.yla,0), ¥ >0 %#%& T 2 Fokker—Planck

OV F {5

0 0 &

S =g hepa by GEldpa) (3-2-11)
THBHLEBHOT, CORDBLHE S, BIL(3-2-11)5%
TREM Pala, ey, 0) 2 8(a—a)) asy— 0 %
B3 b

_ 1 _ 1 .e

PA(“»‘M%,O)—QW exp[ 2kz1,b{ lnaD

—Akl)w}zj (3-2-12)

EHMLNTWEDRL, ZhiIbanRkoE— 4> FekD
L5ERDI S E B,

M ON=ELA" 0D I expl(—{—kt (1-n) 52} )
(3-2-13)
EETDLAhDOFHEEIRD L S % 5,
~k+ (1—n) %} > 0 (3-2-14)

CORREBR#EE A ENER, L 0< 2< 0.3 O,
ZLHBHERDN A,

BIEFER TR, BEOKRAKTERITL TV A
EL, 2z brvne,, 0,0k HBLEEA KR
LThb, 3FTCNLDOR~2 b AKX OEEORD T
BERTALINTAHL, B

®,, = Spectral density of non-dimensional turbu-

79 sET I,y -RAOEBIRE 13

lence velocity 7(¢} versus non—dimensional
frequency @,/
CDANZ M 2 PEAEZFABER o DONWTDOX~ 2}
NMNCEBRTSH L

D,y (3-2-15)

REBEAIES v ONnTO2R~x2 b rid
0= (2R) @,, (msec)’/rad, sec
&k B,
AKREAROHESHIEHOF TR IFAXN 2 DT DR,
M.S.T3255¢LBbh b, BT O XKAK*BCH#E
ELTVaEY, ZhdPENIKRER SN TEFEHCE
BUINARDOTHE, L LERETHREDOX~<2
A BB ERBERE THIAE 2 T v~ A 2D b
DD, LRENLOBERBRICZ5LEHRTE LS
BNDENL N E R BE EAB, Ok DENER
i (cut off frequency] V53D %EA LT, Bfad
EBTLLIRMSHARANNZEAET LT EMATE
bo NEROIEERBAMEC L - THIEBAERTH
DHEMBZTHOANDL LT 2 hELAWT LR

(3-2~16)

(HILhTwnh, M.S. &z~ v~a, EHERN
w, & ORI}
= 2w, O, (3-2-17)

EVWOBMRA D Y, MRTIINARNZ brbEBO
RMS. g, e * OEWifin=0_/

A7 }~JL»I/'\')1/,

LEDNWTEHE LAEER3-1KRT, KRAMRDORM
Table 3-1.  Corresponding Normalized Spectrum

Level, Real Spectrum Level and Root

Mean Square of Excitation v(t).

éVV 2 dv dv dv

@7{72 M/ ac) m/sec | m/sec |m/sec
radjsec| n:9 n=2 n=3
3183 o475 | 2.77 | 392 | 480
X10
6366 3.92 4 | 6.70
0% | 0350 | 3. 5.5 7
9549 1 5525 | 480 | 6.79 | 8.31
x107*
1591 10875 | 619 | 8.77 |10.73
X10
222811 225 | 7.33 |10.37 |12.70
X10
3183 1175 | 876 {1240 [1518
x1073
Q=7m rad/sec R=5m
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S. [ ZEWVEFNZ2~3m sec THAT EMNEOEHT
GoTWnEOT, TOXR3I-1CHDLN S 10 m sec §iE
OBEE DA VEWETD D, ~) I 7 2-DBPE{OL
HSKBET L7 v— FOERBRL LI AR L AENTE
B35ELTH, EBRTUAINAARZ b v AT
107° ORENELET 2RAOKGAREEL TL W,
ITAER, 3-1-4)K, KYRbOVIh+WR T 54
BE%#4 5, £=0 (hovering ) DBEW(3-1-14)K 1T
KOLDSE% B,
$,<18,/(z7 B (n (3+1/p))+2(141,/9°)}]

(3-2-18)

- q‘ Mf- O
o 0 p4/3
Sy LoT7

s “
) ‘\

wrooR
- “
AN
\\

ot o
oL . Unstable
o LW

L \Q\

“a..
Stable e
- =0
1 5 n 10
Figure 3-2. Stability Boundaries of Flap Motion at
Hovering.

HEAREDERBENI-21URT, RBOERnd®
— A P ORKEDOT e (ILANOPHATEKRER DD
OTREV, KT ERTILINAZXNZ b A~ T
5, W OBEORRZ bAVvAndoTh7 5y

¥y S EREARTEERALAEWT L2 b, R3-1DR.

MSHLEM LTI v—Fhky v IpLz7 5, ¥
e — NG TALE L Z AOREENETL L 507
R CENA— RO B ELIGA L (EEFRLE
Bbb, OBRAEBMFHETLALbENOTRIHE
ROPRBN% 54— 50550 %VHrdBREN,
COFEC I NEHH TRLA2 5 Of75, 1R®— 4
S rorwo[Bll2Re— 4 borkoO[B], %
KM IWe EK % b,

25, e MR~ bk IX)=LA fl oL oK
#E@2IAITAARD L S % B

(X} = (D}{X} + (R1{X) (3-2-19)
(D) [RIAZABDBPERDISK % B,
[0 1
(D)= . (3-2-20)
2 T T
~_P —EK ZC
[0 0
(RI=| o .
L—?(K*’?+Kff) __é'(cq 7+C €)

(3-2-21)
C. G Co K, K,, KFRHAVKONTORIARA
HTE221CIBTTHH3DOTH 5, Wong & Zakai ©
BIEHARD X 5 %#4751& % B,

Hﬂ=[0 0]
Cn Ca

{BL

2
cn=1 (%) (CK 0, +H(GKACK)O,

(3-2-22)

+G K @] _
— T V12 2
Cr=r(35) [ 0,126, 0,+C 0]

1RE— 2 b ORELRRDZGFI(BIR[D] & [C]D
HThHs, L

r o 1
(Bl= (3-2-23)
L—pz “‘%K‘f‘Czl ”%C*‘sz
2RE— A b OEEERDL BB
K 0
(Bl=| By B 1 (3-2-24)
L Ss1 2Bn+Sn 2BptS:

{HL
By = ‘P2*%K+C21

By :——;‘C‘*‘sz

suéngLﬁo“+2&&o"+ﬁm“]

S5:2=4 Cyy

533 =2 Cy;
BE~ Iy A{XIR2WTHEDT, 2RE— 27O
2 Y} BROLOSWIRITE %D,
E(X, X,
E[X, X
E[X; X.]

2RE— S VORFE7 Iy €Y I/BEXTOESF (R
B ) RDONTOMME « HOoHEHB - HoBREEKL,
1RE— 4 P RERTNLOFHBEOHOBER & EK
F %0

CO—BYFHERCE S THE LAREFRLERER B

{E(Y,]} = (3-2-25)
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Figure 3-3. First and Second Moment Stability
Boundaries of Flap Motion.

OFIERI-3RT, ChidfigEl pn=24 OBEOHR
B (P r) PEHLCBT A DTS2, £75mMET
hCEEZ HOOKKEARBATEMETHH, AL2
NRIZPAV_AEHEDELTWVE, TDOL HYCREER
BHAKKEMDO A2 r A+ vV~ ARBL R HLCONTA
BB EHD D, 31 RE—2 ¥ PEFEH2KRE— £
Y IMNEEDOPCEEIN D, L2RE— 4V P HBEET
PhH1IRE— AP IRETH D, DT &k Schw-
artz ODAZEA D L IR INDT ETH L, TOM3-
3 TKRAKD 2 WBEOMEBR T F o 7 EHER
Floquet BB 2 LR EALTHLC LHE
53 Td VN, AEETERRLZDIBEWRNZ b r v
A, 0,100, OFTdH2HHBRLENT, 755
€y 7 OBOESHEATETICH L THRTHLERL
19, ThEBHRIKANE (2-1-7) K THRBEREOEHEH
HrBYV8 500 ORE XD TEOBHABVENAD
SThdEIHELENRDEB DN D,
HREFTRBOZERICEL®ZL AL E, KEELWRA
—THBEEIDERET DI EHREN, ~VITE-D
EBHETREY LA AEBEZAREARET A+ EELTLW
H, N~V T E-AEOMERL bk MEEERE
CEDBEDOT—HEHORI[AREZZLHOIZLOE

75,75y €y -RhOERIKEE 15
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Figure 3-5. First Moment Stability Boundaries of
Flap Motion due to One-Dimensional
Right-Sided Turbulence.
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Figure 3-6. Second Moment Stability Boundaries of
Flap Motion due to One-Dimensional
Right-Sided Turbulence.

1 J

= = -3
L=24 <I>W 6.366x10

20
[ 9=-90
7
No
Jurbulence
10
- Unstable
A
s Stable
O A —— A a " o 2 " ']
1 1.5 p2 2
Figure 3-7. First Moment Stability Boundaries of
Flap Motion due to One-Dimensionadl
Left-Sided Turbulence.
u=24 &, 6366x10°3
20
7
10
i No Turbulence
Unstable
Stable
O N " " N N A A N " ]
1 1.5 p2 2
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Figure 3-9. First and Second Moment Stability Boundaries of Flap-Torsion Motion.
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Figure 3-10. First and Second Moment Stability Boundaries of Flap-Torsion Motion due
to One-Dimensional Right-Sided Turbulence.
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Figure 3-11. First and Second Moment Stability Boundaries of Flap-Torsion Motion
due to One-Dimensional Left-Sided Turbulence.

ZAHY, BEHMORSARMIEENNTD 5,

3) BHRR7 v - FOLEMERMTOOF L (RE
L %2tk Markov ;BRI V) 2355 H & Floquet BR
FHOBHEHEXHAL TN b, COHEARPERS
TRV ZFEEES U—ROBS FBRACHARET S 5,
AGMIC7 55 € 7 BBL 75 » € ¥ 7 LBROE
BEBKOWTOTR, 2RE- 4~ ORERURE
WIEHL, FESEH TS L 2R L7,

4) ABIEAEEROT N TORGEEHZHCDbA
> THEXHTD 5,

5) BEZIBICL DROTEPRLD E% 5 7,

2RE- VI EFAEBNCIRE— 2 VEER
FhT 2, 3AIKRE— 4 VEER FETEARLE DH
FREATHTD D 2RE— 27 VEEDOERBERDL %

Thdzszin,

6) 7oy ¥ RBOROBES . K1) rrEETH
KRAFRDOARZ b rv_apihik hE % >TdFH
TEELEDBZ LR EY, 3 ABERTE THEROFTE
EHEELSEBIKHD VBAVI S ABNWRNZ barL=
AMTEVETZRKLAEND T, KEREKOEELIS T DE
£2(TLn,

7) 75y €7 iBhOEREHOBE | BERST
B THALZERBRIEE OARREAM A X7 b rv<nT
D% DIKTADT, RAEMOEBEERTE 20,

8) —HMETOKRANEELDE, 75,627
DOHDBPAWBHTHECERE % HE OO KAERKIC
BEABRTDD, 77, €7 BOERRCHFNT
BEFTHEOERCE L TR IBERTD 5,

REFERENCES

1. Young, R. A, “Helicopter Engineering.” New York: The Ronald Press, 1949,

2. Nikolsky, A. A., “Helicopter Analysis.” New York: Wiley, 1951.

3. Gessow, A. and Myers, G. C,, Jr., “Aerodynamics of the Helicopters.” New York: Frederick Ungar,

1967.

This document is provided by JAXA.



22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

MEFERAMRERHRESS B
McCormick, B. W_, J1.,* Aerodynamics of V/STOL Flight.” New York: Academic Press, 1967.
Saunders, G. H., “Dynamics of Helicopter Flight.” New York: Wiley, 1975.
Bramwell, A. R. S., “Helicopter Dynamics.” New York: Wiley, 1976.

Loewy, R. G., “Review of Rotary-Wing V/STOL Dynamic and Aeroelastic Problems,” Journal of the
American Helicopter Society, Vol. 14, No. 3, (July, 1969), pp. 3-23.

“Rotorcraft Dynamics.” Ames Research Center Conference Report. NASA SP-352, 1974.

Wilde, E., Bramwell, A. R. S. and Summerscales, R., “The Flapping Behaviour of a Helicopter Rotor at
High Tip-Speed Ratio.” ARC CP No. 877, April 1965.

Lowis, O. J., “The Stability of Rotor Blade Flapping Motions at High Tip Speed Ratio.” ARC R&M
No. 3544, January 1963.

Shutler, A. G. and Jones, J. P., “The Stability of Rotor Blade Flapping Motion.” ARC R&M No. 3178,
May 1958.

Peters, D. A. and Hohenemser, K. H., “Application of the Floquet Transition Matrix to the Problems of
Lifting Rotor Stability,” Journal of the American Helicopter Society, Vol. 16, No. 2, (May, 1971),
pp. 25-33.

Wan, F. Y. M., “Nonstationary Response of Linear Time-Varying Dynamical Systems to Random Exci-
tation.” ASME Paper No. 73-APM-6, 1973.

Gaonkar, G. H. and Hohenemser, K. H., “Flapping Response of Lifting Rotor Blades to Atmospheric
Turbulence,” Journal of Aircraft, Vol. 6, No. 6, (November-December, 1969), pp. 496—503.

Gaonkar, G. H. and Hohenemser, K. H., “Stochastic Properties of Turbulence Excited Rotor Blade
Vibrations.” ATIAA Paper No. 70-548, 1970.

Gaonkar, G. H., Hohenemser, K. H. and Yin, S. K., “Random Gust Response Statistics for Coupled
Torsion-Flapping Rotor Blade Vibrations,” Journal of Aircraft, Vol. 9, No. 10, (October, 1972),
pp. 726-729.

Gaonkar, G. H., “A Genaral Method with Shaping Filters to Study Random Vibration Statistics of
Lifting Rotors with Feedback Controls,” Journal of Sound and Vibration, Vol. 21, No. 2, (1972),
pp. 213-225.

Gaonkar, G. H., “Interpolation of Aerodynamic Damping of Lifting Rotors in Forward Flight from Meas-
ured Response Variance,” Journal of Sound and Vibration, Vol. 18, No. 3,(1971), pp. 381-389.

Gaonkar, G. H., “Peak Statistics and Narrow-Band Features of Coupled Torsion-Flapping Rotor Blade
Vibrations to Turbulence,” Journal of Sound and Vibration, Vol. 34, No. 1,(1974), pp. 35-52.

Gaonkar, G. H., “A Study of Lifting Rotor Flapping Response Peak Distribution in Atomospheric

This document is provided by JAXA.



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

AEROZECRIETRI[EAMROER) 7527875y €7 - RAOEKERD 23
Turbulence,” Journal of Aircraft, Vol. 11, No. 2, (February, 1974), pp. 104—111.

Gaonkar, G. H., “Random Vibration Peaks in Rotorcraft and the Effects of Nonuniform Gusts,”
Journal of Aircraft, Vol. 14, No. 1, (January, 1977), pp. 68—76.

Sissingh, G. J., “Dynamics of Rotors Operating at High Advance Ratios,” Journal of the American
Helicopter Society, Vol. 13, No. 3, (July, 1968), pp. 56—63.

Sissingh, G. J. and Kuczynski, W. A., “Investigations on the Effect of the Blade Torsion on the Dynamics
of the Flapping Motion,” Joumnal of the American Helicopter Society, Vol. 15, No. 2, (April, 1972),
pp. 2-9.

Perisho, C. H., “Analysis of the Stability of a Flexible Rotor Blade at High Advance Ratio,” Journal of
the American Helicopter Society, Vol. 4, (April, 1959), pp. 4-18.

Hohenemser, K. H. and Yin, S. K., “Some Applications of the Method of Multiblade Coordinates,”
Joumal of the American Helicopter Society, Vol. 17, No. 3 (July, 1972), pp. 3-12.

Biggers, J. C., “Some Approximations to the Flapping Stability of Helicopter Rotors.” NASA SP-352,
February 1974, pp. 45-53.

Hammomd, C. E., “An Application of Floquet Theory to Prediction of Mechanical Instability.” NASA
SP-352, February 1974, pp. 147-158.

Gaffery, T. M., “The Effect of Positive Pitch-Flap Coupling (Negative §3) on Rotor Blade Motion
Stability and Flapping,” Journal of the American Helicopter Society, 14 : 2, (April, 1969), pp. 49—67.

Ormiston, R. A. and Hodges, D. H., “Linear Flap-Lag Dynamics of Hingeless Helicopter Rotor Blades in
Hover,” Journal of the American Helicopter Society, Vol. 17, No. 2 (April, 1972), pp. 2—14.

Friedmann, P. and Silverthorn, L. J., “Flap-Lag Dynamics of Hingeless Helicopter Blades at Moderate
and High Advance Ratio.” NASA SP-352, February 1974, pp. 55-66.

Peters, D. A., “Flap-Lag Stability of Helicopter Rotor Blades in Forward Flight,” Journal of the
American Helicopter Society, Vol. 20, No. 4, (October 1975), pp. 2-13.

Houboit, J. C. and Brooks, G. W., ** Differential Equations of Motion for Combined Flapwise Bending,
Chordwise Bending and Torsion of Twisted Nonuniform Rotor Blades.” NACA TN 3905, February
1957.

Hodges, D. H. and Dowell, E. H., *“Nonlinear Equations of Motion for the Elastic Bending and Torsion of
Twisted Nonuniform Rotor Blades. NASA TND 7818, December 1974.

Hodges, D. H. and Ormiston, R. A., “Stability of Elastic Bending and Torsion of Uniform Cantileve
Rotor Blades in Hover with Variable Structural Coupling. NASA TND 8192, April 1976.

Arcidianoco, P. J., Bergquist, R. R. and Alexander, W. T., Jr., “Helicopter Gust Response Characteristics
Including Unsteady Aerodynamic Stall Effect.”” NASA SP-352, February 1974, pp. 91-100.

This document is provided by JAXA.



24

36.

37.

38.

39.

40.

41.

42.

43,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

MEFEHIRMARABE 5995

Gladwell, G. M. L. and -Stammees, C. W., “On the Stability of an Unsymmetrical Rigid Supported in
Unsymmetrical Bearing,” Journal of Sound and Vibration, Vol. 3, No. 3, (1966), pp. 221-232.

Gorbunov, A. A. and Dimentberg, M. F., “ Some Diagnostic Problems for an Oscillatory System with
Periodic Parametric Excitation,” Mechanics of solid, Vol. 9, No. 2, (1974), English Edition, pp. 43—46.

Kaplan, W., “Operational Methods for Linear Systems.” Reading, Massachusetts: Addison-Wesley,
1962.

Ralston, A. and Wilf, H. S. (eds.), “Mathematical Methods for Digital Computers, Vol. I1.”” New York:
Wiley, 1967.

Bachelor, G. K., “The Theory of Homogeneous Turbulence. Cambridge; England: Cambridge University -
Press, 1953.

Lumley, J. L. and Panofsky, H. A., “The Structure of Atmospheric Turbulence.” New York: Interscience,
1964.

Panchev, S., “Random Function and Turbulence.” New York: Pergamon Press, 1971.

Monin, A. S. and Yaglom, A. M., “Statistical Fluid Mechanics: Mechanics of Turbulence, Vol. 2.”
Cambridge, Massachusetts: The MIT Press, 1971.

Tennekes, H. and Lumly, J. L., “A First Course in Turbulence.” Cambridge, Massachusetts: The MIT
Press, 1972.

Leslie, D, C., “Development in the Theory of Turbulence.” Oxford: Clarendon Press, 1973.
Reynolds, A. J., “Turbulence Flow in Engineering.” New York: Wiley, 1974.

Townsend, A. A., “Structure of Turbulent Shear Flow.” Cambridge, England: Cambridge University
Press, 1975.

Hinze, H. O., “Turbulence.” New York: McGraw Hill, 1975.
Bradshow, P. (ed.), “Topics in Applied Physics, Vol. 12, Turbulence.” Berlin: Springer-Verlag, 1976.

Bisplinghoff, R. L., Ashley, H. and Halfman, R. L., “Aeroelasticity.” Reading, Massachusetts: Addison-
Wesley, 1955.

Houbolt, J. C., Steiner, R. and Pratt, K. G., “Dynamic Response of Airplanes to Atmoshperic Turbu-
lence Including Data on Input and Response.” NASA TR-199, June 1964.

Olsen, J. H., Goldburg, A. and Rogers, M. (eds.), “Aircraft Wake, Turbulence and its Detection.” New
York: Plenum Press, 1971.

Etkin, B., “Dynamics of Atmospheric Flight.”” New York: Wiley, 1972.

This document is provided by JAXA.



54.

SS.

56.

57.

S8.

59.

60.

61.

62.

63.

65.

66.

67.

68.
69.

70.

AEEBOEERRITTRSHKOEE() 75, 27E75 5 €7 -BAOHEBEY 25

Leverton, J. W., “Helicopter Noise-Blade Slap, Part 1: Review and Theoretical Study. NASA CR-1221,
October 1968; Helicopter Noise-Blade Slap, Part II: Experimental Results.” NASA CR-1987, March
1972.

Lowson, M. V. and Ollerhead, J., “A Theoretical Study of Helicopter Rotor Noise,” Journal of Sound
and Vibration, Vol. 9, No. 2, pp. 197-222.

Widnall, S., “Helicopter Noise due to Blade-Vortex Interaction,” Journal of the American Helicopter
Society, Vol. 50, No. 1, Pt. 2, (1971), pp. 354-365.

Johnson, W., “Lifting-Surface Solution for Vortex Induced Airloads,” AIAA Journal, Vol. 9, No. 4,
(April, 1971), pp. 689—-695.

Filotas, L. T., “Voltex Induced Helicopter Blade Loads and Noise,” Journal of Sound and Vibration,
Vol. 27, No. 3, (1973), pp. 387-398.

“Wind Effects on Buildings and Structures.” International Research Seminar Proceeding, September
11-15, 1967, Vol. 1 & 2. Ottawa, Canada: University of Toronto Press, 1967.

Hino, M., “ Spectrum of Gusty Wind, in Proceedings of the Third International Conference on Wind
Effects on Buildings and Structures,” October 1971, pp. 69-77.

Naudascher, E. (ed.), “Flow-Induced Structural Vibrations.” TUTAM-JAHR Symposium, Karlsruhe,
1972. Berlin: Springer-Verlag, 1974.

“Wind Effects on Buildings and Structures.” Proceedings of the Third International Conference, Tokyo
1971. Tokyo: Saikon Co., 1971.

“Wind Effects on Buildings and Structures.” Proceedings of the Fourth International Conference,
Heathrow, 1975. Cambridge, England: Camridge University Press, 1975.

. Houghton, E. L. and Carruthers, N. B., “Wind Forces on Buildings and Structures: Introduction.” New

York: Wiley, 1976.

Lin, Y. K., "‘Probabilistic Theory of Structural Dynamics.” New York: McGraw-Hill, 1967,

Lin, Y. K., “Structural Response Under Turbulent Flow Excitations, Random Excitation of Structures
by Earthquakes and Atmospheric Turbulence.” Parkus, H. (ed.) CISM Courses and Lectures No. 225,

Wien: Springer-Verlag, 1977. pp. 238-307.

Lyon, R. H., “Statistical Energy Analysis of Dynamical Systems.” Cambridge, Massachusetts: MIT
Press, 1975.

Amold, L., “Stochastic Differential Equations: Theory and Applications.” New York: Wiley, 1974,
Srinivasan, S. K. and Mehata, K. M., *“Stochastic Processes.” New Delhi: Tata McGraw-Hill, 1976.

Kushner, H. J., “Stochastic Stability and Control.” New York: Academic Press, 1967.

This document is provided by JAXA.



26

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84,

85.

86.

WLz F WA S 599 5

Herman, G. (ed.), “Dynamic Stability of Structures.”” Proceeding of an International Conference held at
Northwestern University, October 18-20, 1965. New York: Pergamon Press, 1967.

“Lecture Notes in Mathematics 294: Stability of Stochastic Dynamical Systems.” Berlin: Springer-
Verlag, 1972.

Loh, N. K., “Optimal Control and Filtering of Stochastic Systems, Ph. D. Thesis, University of Waterloo,
Canada, 1968.

Tam, D. S-F., “Stability of Linear Gyroscopic Systems under Parametric Random Excitations,” Ph. D.
Thesis, University of Waterloo, Canada, 1973.

Ly, B. L., “Almost-Sure Stability of Some Linear Stochastic Systems,” Ph. D. Thesis, University of
Waterloo, Canada, 1974.

Ariaratnam, S. T. and Graefe, P. W. C., “Linear Systems with Stochastic Coefficients,” International
Journal of Control, Vol. 1, No. 3, (1965), pp. 239-250.

Ariaratnam, S. T., “Stability of Mechanical Systems under Stochastic Parametric Excitations,” in Lecture
Notes in Mathematics No. 294: Stability of Stochastic Dynamical Systems. Berlin: Springer-Verlag,
1972, pp. 291-302.

Ariaratnam, S. T. and Tam, D. S-F., “Parametric Random Excitations of a Damped Mathieu Osciliator,
Zeitschrift fiir Angewandte Mathematik und Mechanik, Vol. 56 (1976), pp. 449—-452.

Ariaratnam, S. T. and Pi, H. N., “On the First Passage Time for Envelope Crossing for a Linear Oscillator,”
International Joumal of Control, Vol. 18, No. 1, (1973), pp. 89-96.

Ariaratnam, S. T. and Tam, D. S-F., “Moment Stability of Coupled Linear Systems under Combined
Harmonic and Stochastic Excitations.” Stochastic Problems in Dynamics, Clarkson, B. L., ed. London:

Pitman, 1977, pp. 90-103.

Ito, K., “On Stochastic Differential Equations,” Memoires of the American Mathematical Society, No.
4, (1951), pp. 1-51.

Ito, K. and McKean H. P., Jr., “Diffusion Processes and Their Sample Paths.” New York: Springer-
Verlag and Academic Press, 1965.

Wong, E. and Zakai, M., “On the Convergence of Ordinary Integrals to Stochastic Integrals,” Annals of
Mathematical Statistics, Vol. 36, No. 5, (1965), pp. 1560—1564.

Bolotin, V. V., “Statistical Aspects in the Theory of Structural Stability, in Harmann, G. (ed.), Dynamic
Stability of Structures.” Oxford: Pergamon Press, 1967, pp. 67—81.

Bolotin, V. V., “On the Stability of Parametrically Excited Systems,”” Mechanics of Solid, Vol. 9, No. 5,
(1974), English Edition, pp. 75-79.

Stratonovich, R. L., “Topics in the Theory of Random Noise, Vol. 1 & 2.” New York: Gordon and

This document is provided by JAXA.



BEROEZTECEIETAXLAEABOERI) 75,2787 55 €7 - RhOELKED 27

Breech, 1963.

87. Stratonovich, R. L., “A New Representation for Stochastic Integrals and Equations,” SIAM Journal of
Control, Vol. 4, No. 2, (1966), pp. 362-371.

88. Kha’sminskii, R. Z., “Necessary and Sufficient Condition for the Asymptotic Stability of Linear Sto-
chastic Systems,”” Theory of Probability and its Applications,Vol. 12, No. 1, (1967), pp. 144—147.

89. Kha’sminskii, R. Z., “A Limit Theorem for the Solution of Differential Equations with Random Right-
Hand Sides,” Theory of Probability and its Applications,Vol. 11, No. 3, (1966), pp. 390—406.

90. Kha’sminskii, R. Z., “On the Stochastic Processes Defined by Differential Equations with a Small Para-
meter,” Theory of Probability and its Applications,Vol. 11, No. 2, (1966), pp. 211-228.

91. Papanicolaou, G.C.,“Some Problems and Methods for the Analysis of Stochastic Equations,” SIAM-AMS
Proceedings, Vol. 6, Stochastic Differential Equations, J. B. Keller and H. P. McKean (eds.). Pro-
vidence, Rhode Island: American Mathematical Society, 1973, pp. 21-33.

92. Mettler, E., “Stability and Vibration Problems of Mechanical Systems under Harmonic Excitations,”
in- Hermann, G. (ed.), Dynamic Stability of Structures. Oxford: Pergamon Press, 1967, pp. 169—188.

93. Mettler, E.,“Combination Resonances in Mechanical Systems under Harmonic Excitation,” Proceeding
of the Fourth Conference on Nonlinear Oscillation. Academic Publication House of Czechoslovakia
Academy of Sciences, 1968, pp. 51-70.

94. Sethna, P. R. and Balachndra, “On Nonlinear Gyroscopic Systems,” in Nemant-Nasser, (ed.), Mecha-
nics Today, Vol. 3. New York: Pergamon Press, 1976, pp. 191-242,

95. Lennox, W. C. and Kuak, Y. C., “Narrow Band Excitation of a Nonlinear Oscillator.” ASME Paper No.
76-APM-38, 1976.

96. Yamamoto, T. and Yasuda, K., “Occurrence of the Summed and Differential Harmonic Oscillations in a
Nonlinear Multidegree-of-Freedom Vibratory System,” Journal of Applied Mechanics, (September,
1974), pp. 781-786.

97. Friedman, A. “Stochastic Differential Equations and Application, Vol. 1 & 2.” New York: Academic
Press, 1975.

98. Prokorov, Y. V. and Rozanov, Y. A. “Probability Theory.” New York: Springer-Verlag, 1969.

99. Wong, E., “Stochastic Processes in Information and Dynamical Systems.” New York: McGraw-Hill,
1971.

100. Soong,T.T., “Random Differential Equations in Science and Engineering.” New York: Academic Press,
1973.

101. Clarkson, B. L. et al. (eds.) “Stochastic Problems in Dynamics.” London: Pitman Publishing Limited,
1977,

This document is provided by JAXA.



28 M FHAFARA®RSE 599 5

102. Parkus, H. (ed.), “Random Excitation of Structures by Earthquakes and Atmospheric Turbulence.”
CISM Courses and Lectures No.225. New York: Springer-Verlag, 1977.

103. Ito, K. (ed.), “Stochastic Differential Equations.” Proceedings of the International Symposium on
Stochastic Differential Equations, Kyoto 1976, Kinokuni-ya, 1978.

104. Young, M. 1., “A Theory of Rotor Blade Stability in Powered Flight,”” Journal of American Helicopter
Society, Vol. 9, No. 3, (July 1964), pp. 12-25.

105. Hohenemser, K. H. and Heaton, P. W., Jr., “Aeroelastic. Instability of Torsionally Rigid Helicopter
Blades,” Journal of the American Helicopter Society, Vol. 12, No. 2, (April 1967), pp. 1-13.

106. Burkam, J. E. and Wen-Liu Miao, “Exploration of Aeroelastic Stability Boundaries with a Soft-in-Plane
Hingeless Rotor Model,” Joumal of the American Helicopter Society, Vol. 17, No. 4, (October 1972),
pp- 27-35.

107. Anderson, W. D., “Investigation of Reactionless Mode Stability Characteristics of a Stiff Inplane Hinge-
less Rotor System,” 29th Annual National Forum of the American Helicopter Society, Reprint No. 734,
May 1973.

108. Huber, H. B.,“Effect of Torsion-Flap-Lag Coupling,” 29th Annual National Forum of the American
Helicopter Society, Reprint No. 731, May 1973.

109. Ormiston, R. A. and Bousman, W. G., “A Study of Stall-Induced Flap-Lag Instability, 29th Annual
National Forum of the American Helicopter Society, Reprint No. 730, May 1973.

110. Hohenemser, K. H., “Hingeless Rotorcraft Flight Dynamics.” Agadograph No. 197, September 1974.

111. Friedmann, P., “Aeroelastic Instabilities of Hingeless Helicopter Blades,” Journal of Aircraft, Vol. 10,
No. 10, (October 1973), pp. 623—631.

112. Hodges, D. H. and Ormiston, R. A. “Stability of Elastic Bending and Torsion of Uniform Cantilevered
Rotor Blades in Hover.” AIAA Paper No. 73-405, 1973.

113. Tong, P., “Nonlinear Instability of a Helicopter Blade in Hovering,” AIAA Journal, Vol. 12, No. 3,
(March 1974), pp. 360-366.

114. Gordon, E. Ya., “Stochastic Stability of the Periodic Motion of a Balanced Rotor System with a Slot
Coupling,” Soviet Applied Mechanics, Vol. 12, No.7-12,(1976), pp. 957-961.

115. Friedmann, P. and Reyna-Allende, M., “Aeroelastic Stability of Coupled Flap-Lag-Torsional Motion of
Helicopter Rotor Blade in Forward Flight.” AIAA Paper No. 77—455.

116. Friedmann, P. and Yuan, C., “Effect of Modified Aerodynamic Strip Theories on Rotor Blade Aero-
elastic Stability, AIAA & ASME/SAE 17th Structure,” Structural Dynamics and Materials Conference,
1976.

117. Kaza, K. R. V. and Hammond, C. E., ““An Investigation of Flap-Lag Stability of Wind Turbine Rotors

This document is provided by JAXA.



AEROLZTRITTRRAKOEE) 757927 E7 5, ¥ - RNOERKRY 29

in the Presence of Velocity Gradients and Helicopter Rotors in Forward Flight,” AIAA ASME/SAE
17th Structure, Structural Dynamics and Materials Conference, 1976.

118. Friedmann, P., “Influence of Modeling and Blade Parameters on the Aerostatic Stability of a Canti-
levered Rotor,” AIAA Journal, Vol. 15, No. 2, (February 1977), pp. 149-158.

119. Hodges, D. H. and Ormiston, R. A., “Stability of Hingeless Rotor Blades in Hover with Pitch-Link
Flexibility,” AIAA Journal, Vol. 15, No. 4, (April 1977), pp. 476-482.

120. George, A. R. and Kim, Y. N., “High-Frequency Broadband Rotor Noise,” AIAA Journal, Vol. 15,
No. 4, (April 1977), pp. 538-544. '

121. Hodges, D. H., “A Theoretical Technique for Analyzing Aeroelastic Stability of Bearingless Rotors,”
AIAA Journal, Vol. 17, No. 4, (April 1979), pp. 400—407. :

122. Wei., F-S. and Peters, D. A., “Lag Damping in Autorotation by a Perturbation Method,” 34th Annual
National Forum of the American Helicopter Society,” Preprint No. 78-25, 1978. :

123. Chopra, 1. and Dugundji, J., “Nonlinear Dynamic Response 6f a Wind Turbine Rotor under Gravita-
tional Loading,” AIAA Journal, Vol. 16, No. 8, (August 1978), pp. 773-774.

124. Fujimori, Y., “Effect of Atmospheric Turbulence on the Stability of a Lifting Rotor Blade,” Ph. D.
Thesis, University of Illinois, U.S. A, 1978.

125. Lin, Y. K., Fujimori, Y. and Ariaratnam, S. T., “Rotor Blade Stability in Turbulent Flows Part 1,”
AIAA Journal, Vol. 17, No. 6, (June 1979), pp. 545-552.

126. Fujimori, Y., Lin, Y. K. and Ariaratnam, S. T., “Rotor Blade Stability in Turbulent Flows Part ,”
AIAA Journal, (July 1979). pp. 673-678.

127. BOfE = ERBHAHBEX EXNE, HBHS148H.

128. WHREX . EXGHIAEER EFRKE, 1971.

129. WREX © 5 » £ 2B EH OMER Y 27 OB, TRAUBREME~ORRE 1, 27488,
Vol.19, Na8, (1975), pp. 431-437.

130. BWREX : 5 £ b RBERFOL/BER v 27 + O, FHAUEHEME~OEE 0, v=x7 4 LH#E,
Vol.19, Na9, (1975), pp. 473-480.

131. kAEH, EGAaHE  THAMEI 22T 2FSHEDHRCEF T LV LE, BEABRFRRIES1E, Vol43,
Na367, (BRFIS2487), pp. 903-909.

132. PREX, Ba4fT, HEES FHAMS 22V 2B IFROBALECONT, AXBRIRRIE
F1E, Vol.43, Na371, (HBFN524ETH), pp. 2519-2525.

133. pEEX, B4, FHEZ  THAZLBDEBEE OB NEROEEFALEICONT, HXEHRTS
RXEF 1L, Vol.44, Na380, (HEFIS34E4 7)), pp. 1234-1241.

134. WEEX, SR FBIEIBENIFROEENEPLC OV T, BEBRBFIRIECKE, Vol 45,
Na394, (BBANS4468), pp. 689-695 .

This document is provided by JAXA.



30 ey

FTHA MarkovBEICKTI2HTIEL
ﬁgﬁﬁjgﬁesﬁsﬂsm_%gw 127,128)

Markov BEOBEXTFOLWAH TEAINTH
L ERAROTETEH B, COMBATHTEOEY
DicbFERE, THLEBEILDHTHH, L hELIR
BEXBRER TWAKE in,

1) Markovi8f2

AHANEE X(OX R OBEIFEHAT S EEFERK
( the conditional probability density functions (p.d.
£.)) OMKGET 5 L 2 Markovi @B E=b 3,

Px(Zy, ty|Tm tmy m=1,2,...n—1)

=Px(x,, t,,,!:t,,_., tn)
(A-1-1)

BL H<t2<. . tay <ty
(A-1-1) X oHUE BREXRFE X ( transition pro-
bability density function (t.p.d.f.)) EFELh TW 5,
Markov BRI N THEXKROHD X,— X,y AHREA
Loy BICHE LABEOWA LB TH D, TOME
D7 ¥ Markov @12 2 B BB A ABE (one-step
memory random process) &FFITh B L db, 3 L
PHEEFEE OB L 58X LR OBEH~D t.p.d.
1.2 > T HHEEOR T OB HREERE (joint
p.d.f.) BKkHLNh B,

Markov BE D t.p.d.f. (LK © Chapman-Kolmogorov
HEXTHET 5,

Pxla,, tzlx, , t,)zfpx(x,t |x1, 0)Pxl s, to |, t) da

(A-1-2)

9 A, Markov B X(@)d, 3 L3 X(¢)»#EETE
OEFEZ t.pdf BAIVE e LDODNWTROIFHEH
k3% 6, HHMarkovi®#E (diffusive Markov pro-
cess) EFFIEN B,

(1) lim-—l- f

41—0 4t |y—xi>¢

Py, t+4tlx,t)dy=0
(A-1-3)

@ lim ——

- ’t+ ’
T e (y-2)pxly, t+4¢lx, t)dy

= Alx,t) (A-1-4)

1 2
TN .
@ u}—r*no 4t Iy-xlée(y x) pxly, t+4tlx, t)dy

= B(ax,t) (A-1-5)
ZHNR N TWEEFENK X(Op K & (E(bT 2HEED /|
Bz titEKRT L, FHQABR=E—A 1+ THHAR
% A, BRIGBREROBREIFEN TS, U LDOESRH
BXEHR2 PR ESTIELR Y, O E ARR

ERNAAREE 595

it~ 2 b~ (drift vector or st derivate moment),

B2 $5847%) (dif fusion matrix or 2nd derivate mo-

ment) EFEN B, XEDOED ' X(6), j=L2,..n &
TAH5LEARBOBERIROL ST B,
!
4z, )= lim Fjs (¥;—z;)
Pxly, t+dtlx, t)dy ... dy, (A-1-6)
.1
ij(x,t):‘m—‘Tf...f (3‘j-—‘z:i)(_5/k—xk)
Pxly.t+d4tix, t)dyr...dy, (A-1-7)

UTTHR—BO~X7 b ~B Markov BRZTHIES 3D
T 5o ¥ MarkovBRO t.p.d.f.. p=p(ax, tlx, to)
2 DRBAFBEREME T 5, E—oHEAAL
Kolmogorov g1 % ( forward) HBRX T, 8% Foder
~Planck OFBXEH TN THE DTS 5,

op _

T =-2 ‘—‘—[A,(x thp]

i )
Ox;0x;
=2 @ﬁgiﬂi}(olmogorov D % (backward) 5 B
XN EMHEN TR,

+ E 2 [B,'j (xy t)p] (A-I—S)

2L} 3 A to)

0t i
1 ’p  _ o
+3 lzsz,j(xo, to)m =0 (A-1-9)
(A-1-8) R N THAEFTH ALK, t DN,
(A-1-) RIEFNTREMEE ) KOV TTH 5,
(A-1-9) XKD LI b&ES,
Lty (p) =0 (a-1-10)
8L
8 8 o’
.,Z’I',—Fz-}—z i3 +2 Z'EB,J 3—.1' ax,
(A-1-11)

Z DYEFFE (operator) i~ 2 b ~ & Markov 8RB
SHFAVERAZE (differential generator) & Z=bhiTw 5,
A; ¥ B Bt COWTHRYTHD L, BREETE
BRAt—t, P KELRIDCONTEFRERERKC
A< TOTFEBEREERN x,, & &R BE
LTI T, Markov REXPEERBECE L AL DE
EUHRETEBRE % 5,

2) Wiener BB aaitEBE

2h7—BEWFE), 0<t<T, BRO2EHEWHXL
T & 2 Wiener B2 %W L Brown :E#HBREE 9,

@) HEOOC s <t <TKHLTHEAF(E—W()]
R IEMA 4 (Gaussian distribution) TEDOFIGME &

This document is provided by JAXA.



BEROLECRITTRKIEROEE) 755278755 €27 -BhOEBES 31

HAROLISKEX b b,
E(FW({t)-W()]=0

ELw@-W(sf 1=06"1t—s]
8L FO)=0

) B4 < (< tg < t, <TEHLTHES

() —#(1)], [P ()P ()], .. .[F ()P (t.))
BHEWCHRIL T2 5,

ZODOWiener BEAEK TH L0 LD ENTY
LR A B TEATRETHZ VL, BERZEBEHARTLH
BAFEER L2 5,

FNEHETEF (weakly stationary) Z AHALAR X
()X -= D4R # X (correlation function) R, {¢,s) 23K
OLO>ABREE DL EEEHEERE (white noise
process) L Zmbh b,

R {t,s)=E[X(t) X(5)]

=2nKd(r), (A-2-2)
COTERXE)DANZ M AR TNTOBERERT—
EEKERFD, #ERLABRIBERF O L TEKLIKE
REM TS5, Lo L ZOAGETBABRAMBRICEEDN
BEETATH HTNE, EBROMEBEZH( L2
FECERHZZ 0%\, CORBHE BB Wiener
BEROBAELT, BROCKRDISWKEHETHT LS
TE& 5,

(A-2-1)

T=¢t— s

dW(t)

X)) = 7 (A-2-3)
1 7eH
wi=J" X ds (A-2-4)
0

Wiener 8EBEBATEETA AV b LO(A-2-3)R B E
H9 % S (Riemann— Stieltjes ) Tt % <, MBI (di-
stribution) & L TOERETH ST LG5,

HEx#7—8O Wiener BRCHAEH#ZTBELCOW
TOFEFERFDOT T ~I b ABHOBIDRDONTIFEIHRT
5, V7 b B Wiener BEOBRIBFTNLBEFRX N
— B Wiener BB T ) —BIBERAFECHITH >
bt O ThRD ok b T B,

3) FEEH|S (Stochastic Integrals)

KDL HZWAEEL TH 5,

r={" stww, 1w (A-31)

to
BLF@R), te<t<T,IWiener BETG[# (), ¢t]1 1
W ORE T35, T ORSE G %Z Riemann— Stie-
Itjes A TEHEINEZNT &, Wiener BROEX
BEERZEBEMATIIEFR 2B ER O L6
BibHhT ETHD, (A-3-1) RHEKRD I S ICET B,

) N-1
1;14.;_?. S =0 (¢;)

=1

+ AW (ti), (M=)t 4+ 24,4,
X [(W(tig)—W(t;)]

0<i<1

4t =Max{t; 41— ¢;)

<ty < . t; < tig < ... <tN=Tn
S LimdERAEBRFHE L TEREINDH T LEE
BT b, CORB LR ADORUHFI YL HE S AFHANE
IR T B B 2A=0 OPEBRCEERI L % 5, B
b

(A-3-2)
BL

N-1
1 2 G[W'(t,')’ f,‘J[W(tH»])-W'(t,')]
1

o= L im,
40 =

(A-3-3)

A=1/2@ & &} Stratonovich# 7 & % 5,
hp=Lim 3 6L () +7(e)) /2,
(t,'+1+t,-)/2]

X [(F(tip) —W(t)] (A-3-4)

Stratonovich#i £ s FERALOBREIRRTEL 60 5,

*T T
[ cw tlaw=[ clw tlaw
to 1)

T w,
+%fto aG([iW t] dt

(A-3-5)

(A-3-5)3 T asterisk+ 1 Stratonovich &2 F b3,
bLGH, ¢t] ©b b Gla,t);(BLHENRT~?

P ARIEEGBRE, W MKIT Wiener 88, &E( &
(A-35)RE—RBILLTKRD L OSWCEL T EBTE B,
T dWq
J Glx,t) [ dX~}
tg i

T dw,
=fto Gla, t){ dx-}

7

1 N T 5 Uka(x,t)
+5 2 —— Glx,¢)
2 k=1 fto 0 ( {Bkj(x,t)}
a=1, 2 ... N
j=1,2 . N

(A-3-6)
BL [Blxt)] dx DHEBATIN TR 5, TOBE B, =
(607) ;% o it (A-4-1) TEHT 5,
4) WEERPFER (Stochastic Differential
Equations (s.d.e.))
NRIFTERZ P XTDOWT D s.de. RO X 9WEY
5o

de=m(x,t)dt + o(x,¢) dW (A4-1)

This document is provided by JAXA.



32 Bz FEH LB

BL, mRENKIL~Z br, FEZMRITO Wiener B,
CHNXMODFEHNTH L, TDs.dedRDL SRR
B9 58 (stochastic integral equation) &% L\,

x(t)=x a»+f xJde+J'(ﬂxm)dWﬁ)

(A-4-2)
DB (A-4-1) R (A4-2) ROFDEIANED L
SWNEEBINLOR I VRS BB EROT EHD B,
d LB TEERS LT (A-4-1)RBEERO s d.
e. T®»b, Stratonovich H% & i Stratonovich
D s.de &kb, PERESIEFOREACRDLDEZVWD
THEELXET 5o

A A DNRTEHEEOsde. LT AERZ P AR

Markov @88 X()D t.p.d 1., pla, tlxm, &) RO
Fokker—Planck F BAEHET 5,

2

-2 é—- (m; p)+ 5 f:ax, 7, Loz
(A-4-3)
(A-4-3) KX & (A-1-8) R & Ri~nid
m; = A, (A-4-4)
(00" ) ;5= Bjy (A-4-5)

T3AHTERBPLDL TS S, Th—7 (A-4-2) % St~
ratonovich KIS & B3 & & (A-4-1)id Stratono-
vich&l s de % HDTH 5,

dx=mlzt)dt+ olx,t)dWw (A-4-6)
T OHERA (A-3-6) ROERKH - THRERO s.de.

WERTE b,
de=mlx,t)dt+ o(x, t)dW (A-4-7)
8L
7w, ) =ml2,t)+ 5 0 (x:t) 0" (a,t)
(A—4-8)

Z @ X 9 Stratonovich s.d.e. D1 KFW/E— 4~ }
(1st derivate moment )  m(ax,¢) T %  m(x,¢t) T
»hPHERMs de. DFNERRL D, 2RFBE— A~
b (2nd derivate moments) id Stratonovich®!, SR
WFROs. de. THEIL T, BED 1 KFHE— £
v b (A-4-8) R DB TR N T %, (A-4-8)K A
W2 Iﬁ@ﬁ%— o.(x,t)o" (x,¢) X Wong and Zakai
OB IEIA ( correction term) N B3O TH S, T
DOIEZL VI DT 5K THEER % Stratonovich B~
TR ETOH~NE, THRTHENTE D, (A-46)RD
Stratonovich s.d.e. ’KFWT, RE~2 b (drift
vector ), HEBRoROREMERDL T
1\ i % b BT X() & X OB RO AR MR
LOBMEEBLEBINTYWEWSLLTH S,

m(x,t),

ih$Res 599 5

5) S 28 (1to Differential Rule (lto’'s
Lemma))

SRICY Y EAIh AR AR ORSAIE AL 2
V- RBIDTHHDT, ThEBRIEHRALTEF <,
FFBHZEIR 9 L TEHENOBAR LB 2 5BHA
K OB

ft W (s) d¥ (s)
0

ZLCHANERALLTH 5, B LW IZHH Wiener 18
BTdb, ChHEEGORDOL S5 E 5,

[ wo am=wos2— o2 (a-5-1)
ChBRRICE L & %o
4 (WD) = dt + 20 () dW(2) (A-5-2)
LaLa2 S OBBPRKRDOLHICE B,
d (W) = [W(er dm (0)F — W' ()
=2W(¢) dW(t)+ (dW () ) (A-5-3)

(A-5-2) K & (A-5-3) K & L&+ hid #2(0) OB D
W (A-5-3)ROAVCH 52 v OFHE dt OBED
EeBWInThidzoF, Tord (AW e dt T
Barfs adhid s bx 0,

PESANLRECESI LELZ bEMLRZOT, C
CTHESENEHERLTE, 4, dlx,t) T ax, ¢
KoWwTDxp5—BBET, tWCOWTEATRE, LD
FTNTORAHRDONTAH AR & 2EH/ATRELET 2,
RO L ONBERDs.d.e. TRDIND ET B,

dx; =m; dt + X o, dF (A-5-4)
k
¢ % Taylor RBWCERERT 5,
0g a¢
d¢= 3¢ dt+€:ax| dx;
4L 5 ¢
+5 22 o, 0z, dx; dx;+ (A-5-5)

(k&ﬂﬁfgi%ﬂfwédn&Ub%ﬂﬁﬁﬁkb
00 (dW) ]~ dt

THHT EEBLE, ¢ DEN A DONWTRDIHK

2172,

a=(32+3 7% m
az
+~ ):i:%’ 6x‘6¢ - 0 03 )dt
+ 3 gf‘ (0am);+0((dt)?)  (A-5-6)

dt OREOCHET TEEFHL T LERBRDI ST %
b
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d¢=[‘g-f‘+ #Tm+ 4 tr(do00))dt+d; 0 dF
(A-5-7)
x, m, WHEITXTAn7—8% S EREERD I 5K
BB % b,

o 86 1 0% o, 08 o
do=(gy t5mt e g7 @ et g0 aF
(A-5-8)

COBHRIFBBEXOBROE—4Y M eXBRT )
RXER (S EBUULBERL, LD (A-56T)RO
( Job%E5E (A-1-11) R TEHE L ABIEMIFA
EZEGALTVWAT LEFMLTSHHT LD 5,

6) TH, TRLEEMIHIEIOHEMNR

HEMSATHBELAEL,OES, BIEE1LD,
A-1D7 8y 2 BRFET. WE LOBAHEXOKY
MarkovBRIGE S OpE 9D O T LRIGA LK
AETSA 9, AEBEENAES bEMEN S 5%
BLERTD D% bid Markov BRIGAD (LR T L
e IRYWELOBAFERLEERH HFEACE LR
% 3 & %, FhpiStratonovichE Ds.d.e. 2 DD, FHE
HDs.de ZODENHITEDKRERMETD 5, BE
IR 2% O, HREEOZVWIERER DK L &
X Wong & Zakai OBIFEHT 0 & 7% b Stratonovich
#, FEM-ThAOs ded@B—¢abBA TR

75, L7 9, €y -RAOEBIED 33

o HBEMEL S D LR, StratonovichH 2 FERID
EHoDs de e oL THOIARERINEST
(Bo b LD, KKERLAIIC, MEABLHFRT
L2 d AEMEGIWNFEREEEL T AB R HEX
W, 2 TEULAOK StratonovichBls.d.e KEMIND &
EZHNETHD, T LTBEREMAL AT LI D
BEOs. de. bt T 5, dbLNENVLEFRTHD-TH D
LA b AR %EE DO & &3 Stratonovich—Kha'smi—
nskii DEBTE LRI L AR T SEEEENEESF
BRs. de RO ATNE R LENV, RO (A-2-3)
XOLOHCBI B LEEST, REBEEROBEL
OBERAFEXLTO: 1FEMs. d.e. L RHT OHRA
Db ETH B, WTFhICL T HBES Markov BEZ
W LEFRIGEWBER DN TR AEE Os.d. e. 2308
e xR T

5B WERE(Stochastic Stability)

AHEABEOBRELETEN DWW THRE{ DEED D b,
FOPTELIELNLIOL (NE— 2 EE, QF
FRE (BELITETE), Tdh, CO2BOLTEHUD
MKtz 2BH 2 <, F2BULLAERETS 5o

1) E— A2 bRE (Moment Stability)

BAFBRAIRKN TEL LN TNDET b,

(a, ¢, 7(t)) (B-1)

x =

Real Differential

Equations in Physics

Convergence to

Markov Process

—

Stochastic Differential Equation
in the Stratonovich Sense

1

Chapman-Kolmogorov-Smoluchowski
Equation, Integral Equation for
Transient Probability
Distribution Function

Y

[ ¥
Correction Term by Wong & Z2akai
} Y

Stochastic Differential Equation
in the Ito Sense

.

* ]

Ito Differential Rule

¥

Higher Moment Equations

Fokker-Planck Equation,
Partial Differential Equation
for Probability Distribution
Function

S

Stochastic Averaging by
Stratonovich & Khasminskii

Figure A-1. Various Definitions and Operations in the Markov Process.
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BL F(0,¢ 7)) =0
Z OHEBRAOH B (trivial solution) 2= 0 &
El2"({#)] <eo (B-2)
DEHEEHRETHLEE, nKE— AV MEFERDN B,
n=10t8 =01 KRE— A} (FHBHEIELZETD
BEWWn, n=20La2RE—A} ( BETH)LE
THHEN9, TOREBATHAZBOERDONERD
ELVHBERTHALLEHIN D, EARCHE
BFHTH B2, AHALBRD Ergodic T H M & ful ¥
BTBIBRIAIDOLEL TLN,
2) #4%FE (Sample Stability (Stability
with Probability One))
1) LAk EE T OB HFERICONT, BRK L=
0P EDOHH A >0 KB LTROEHEHET S
LAWE]I TEETHLEN I,

-rl—lfgo Pr {tsggllx(t)ﬂ <e}=1 (B-3)

BL, Ne®)l TRICBAK / ~rabTh, TOE
ALFEOEKRT ANER, FRAUNBE x0T NTOH
RErELAEE, /ralle®)| ORKES ¢t >T OF
B TEREIAEE1 T 0 ) KNETZENWOIRHET
b5,

H8C Floquet B4 5 >

— BB FARDO L HSTET 5,

{Z} = [(p}{z) (c-1)
AL, {ZYdrNRT~7 tr, [DIAEART OFBLIBIK
ABEREONXNOAMNTS L, COFROLEHRE
BEOLTH AL LR L VAL LR D,
Floquet DEE W I hid (C-1) RAKRD L & % BUHT
F¥ Do

(Z®} =40 a, exp (7, ¢)} (c-2)
BL, (4] BRYT OFF, 7, AEERFHRETD Y,
A, AEE L OROL SR ELERTD b,

{a,)=[40)T" {z@) (C-3)
exp (M T)=4; £E3, B 5401 =14D]T
505, {ZM} E{ZO)} ARO L 5KET S,

{Z(T)}:[A(O)][Ak]{ak}

(2@} =[40) {a} (C-4)
L, [4,)3xif775) (diagonal matrix) T2 5, 2
so~<7ya (ZD) E{ZO) ERIEREB LR T
Bo

{zn)=[QI{z©O)} (C-5)
z ¢ T[Qld Floquet OB BT LTI TN D, TD
(QIC I hBHATHNA2 4 O~ + »OBKREASL T

ETE B, (C-5)RXEAVWT(CHA)RNEEBE R T L
KOLoCH B,

[ 40)(4){ag} —[QILA40) {a,} =0 (C-6)
(C-6)RO(FEHDHEBAMLTHBHLEROLOK R
%o

JZ{ (A} 5lb_Qlﬁ) A‘J aJZO (C"7)

BL, [=kDtBé,=1,L, (+FkDEE,=0¢&
T35, QpirlQlIO(L, k) BETHY, 4,;i1[40)]
Ok, J)BEETHE, (40)] DINBERTHHH0
(C-TVRERDOLOKFENTIV,

(4;(71-[Q11=0 (c-8)
chibAR{QlOERMETHAHT LHft b, —KIC
chodEERTH 2, (C2)RONAEAEL XD
rokLtTtkt s,

N = % In 4, (C-9)
ﬂﬁ:ll+iwk &%( & Xb"i
= Rl + (MmUY T (C-10)

27

Exb, =z ra{ze)}
(2@} =40 a, exp(Ay ) cos @y £+2 sinw, ]}
(C-11)
LD, MCEROLEHR 1, OEBETHSH [, KLY
Wb, dbL N0 LI KEThERBARLEL %
bo N, DEEEB w0, it

Re (Ak)

txY, ThidROBERERER T, [Q) EEBKE

BTACREFTOHEHF ZOERDOLI O ER b,
Zj(0)=1 for y=¢
=0 for = A

(C-1) RE*—BUMBERA L TROLN D ZE)D~ 7
brid[QID BB OINER D, VHRHZODOT 0
THEVWEZORF Y EL TR I AEE, [QJONZ D
FlE{Eb HE 5,

KERACHEEDL SR FETBV T Ln, KGT
RN ZEER 7 v — M OB 0 T, KQELHK
HET0jEFhdIRE— A2, 2RE-AZ M
FThIFE LEERLEEREEL RThdZ52NOT,
HEREABNDLLENTE L, b LEESRBVWLEE
HE—DOFEREEL 2,

(C-12)

0= —;T tan”"

& 80D * ﬁ Z f;ﬁ 40—49,59—64)

TR~ I T 2 —HROPCHEBTATHSHHK
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OERBOLZTEC RITTRIEAKOEE()

K[ELMOHE®, Bt TEErERROMBICES L
TIvHEontn KB L TE2LORBEL RN
T <o

EFX PN TR~ T & CREMPEHER ¥R~
O HnEE 1 O] ( correlation time )di% OiALRERfRS
(relaxation time) X b v & 2 KE X TH 5, Dl
E7v—-VOBBHD»Z VB, 77 70K
WTHBEOEREA B 7./8 T2, ChRKIENIC
0V)ORET, 77 ¥y 7 88OiERNtac T3
BHEA DAL LEL LIS, L LAREGEWRITIRE
FRETLL, EBEOHBRIIVWIOLE hROME
BEFE( AL EELLATLRAREBHE TR AV,

R ARE R OHEFRHISE N LW O RELDONTE
BLTH 5, OEGEROMECRARKEE T HKGENWE
LRI 7 V- FOERPHEL LT 2RC L AE
NEBELED2EEL Y, MBZHBEL TEZLAH2LWET
B3, 2t —20KRKTEAMEL T, L LIFHD
WRHETER ZAHABRE L LT L, CORRER
OHUER T OHBEAHICL Vg S Lh 2, HBAK
R CEEE L, 2Ry 2BEMBOE, LB
KEro>Tna, '

1 REOKZRATEFICE D, TETLDLIHELKX
K[ALM O H ¥ &5l - 2K oW T o4l « BER2 L
ICEBTELLLETRT, ZOBEHBAHOSER
FHNTHADLEED-1DION R HONERTH 5,
ELTHAWDSEMREEA»E LRV, 1 REEHET, §
REER ST LAEEZE TS5, Smkd (7, £)=(0,0)
T1&A2LOERILLTRRT 200, ERHOMHE
HHABEKERDbT LA L, TREDRyr— 1%
WMRY, RRZEAME LI DLBEEELT AL,

ry

0.3

T8
NI

Viewed from Reference Frame
Moving at Turbulence Convection
Velocity

v

Figure D-1. Correlation Contours of One-Dimen-

sional Turbulence Field.

7L S - BhOERED 35

EEBEECATFL LTI ENTE 5, SEBRA
KLK[EM OB ZVEER I MO ETRT 3
oT, HBEN0 | OKBERLE « 81 & MOT AR
B LU ZMMHEARIOBEL TS5 LELTIV, 7
RINOLOBLABBERNEXAEDLLIDOTS S,

KLEMLBREORBEE ThthUu, V&L,
ThollONTHWBEBER T, x &5, ZHKE
EFEINTHEEERx & x, 2 LOBBRHEROI YK
%Ay

x =x, + Vit
=x; +U¢ (D-1)

&4 ODEFRCENTEHL 4, ¢, L OEBHBOER

¢ =x(t)—x (&) in the inertial system,

&= (t))—x{#) in the system moving with U

E2=ax,(t))— 2 (¢;) in the system moving with the

observer
TH5ehb, D-1)RIDVBLLCRDOL O R B,
o =& —Vr
&L =¢ —Ur (D-2)

BL, t1=t—tholhlIb§ & &OBBERRDL S
KEGT L,

=+ (U-V)1 (D-3)
D-3)RRKOL S IFT 2,

¢ _,[1 u-v] (&

{T}—- 0 1 ]ir} (D-4)

COBRER ST (&, 7) FELOSESL (&, 1)F
HOFLWERLAD, 3AFTOHUITETH L &
DB, COEBFTIERD 3+ OFFICHBT 22 &M
T&5%, b

wV

U=Turbulence Convection
V=0Observer
Viewed from Moving Observer

Figure D-2. Correlation Contours of One-Dimen-
sional Turbulence Field.
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L -
+[(1) —2'(U V)]
5 (U-¥v) 0

{uniform shear)

MR

(rigid
body
{rans—
lation)

0 L (w-»)
+(1 2
-?(U‘V) 0

(rigid body rotation)
rE! (D-5)

HBDOE—, BEAIRFIBSH EREOEERDL,
H AT ARDL T, BLER L TIASSHKHT
hABERER LT hE % bi v, o BERICENT
HAEBRONENU LV OBRESINBT LB 5,

y LU=V 2bdAELEALD, USV 25dBAIKAEN
LDEERD D, ULV EOBBEDU=V, VU, V<U
DPBRDE TN EThOEBEHROMREED-2CxRT,
T bREFE 2 b hicHl > ABOEFA O IRA TR
% b,

§ = tan ' (V-U) - (D-6)
Eg> LM AHBEIE, 0L S2EHBRRY
BoThFEILTRThdEZLAR N, L LV RPURED
bh, TOHEKELCALLERBOIALEZIRECRD
LEZLNBRILT I ELRL, TOLEFTROM
UMM 2 W HEBEHRE 5 5, S LOERLD
OERORTEE LAXARAMOBHEECEL D L5E
RSB ABRERE T H 2,
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B B iE

P14, E717H (3-1-14) X (3-2-14) X
P14, £847TH (3-1-14) 5% (3-2-14) =
P34, £377H E[A ()] <oo tlimE[x"(t)]<<>°
P34, EF0b 847H [4,] T4,
P34, ET556 748 [ 4(0) [A400)]
P34, £EF5b617H (4,] C4,d
P34, £3178 (4,1 T4,
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