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Abstract I, 

Dynamic inflow model is a relatively simple inflow 

model for the unsteady aerodynamics. A method v 

ratio of the average value of helicopter roll 

and pitch inertia to rotor roll or pitch iner­

tia 

perturbated induced inflow 

taking dynamic inflow into account is developed to v0 ,vs,vc mean, lateral and longitudinal campo-

analyse the rotor flap/lag stability and coupled ro-

tor/body stability in hover. The analytical modei is a. 

verified through the comparative study between ~~Ss 

theoretical results and experimental data. The cor­

relation between the theoretical and measured data y 

is excel!ent. The sensitivity of the results to differ- OI~: 

ence in dynaic inflow model L matrix is also exam-

ined. The influence of dynamic inflow in different 

uncoupled dimensionless blade flap and lead-lag 

natural frequency and rotor speed is investigated. 

The parameters used in the analysis are typical for 

conventional hingeJess rotor helicopters. The in­

flow mode is carefully identified. Through the anal- S.o 

ysis of the mutual excitation and the analysis of o 

nents of perturbated induced inflow 

blade angle of attack 

longitudinal and lateral rocor disc- plane 

tilt 

blade Lock number 

nonidentity of helicopter pitch and roll in­

ertia 

blade collective pitch angle 

lateral and longitudinal rotor lead-lag mo-

tion 

perturbation lead-lag motion of the kth 

blade 

equilibrium lag angle 

real part of eigenvalue ;modal damping ;ro­

tor solidity mode shapes ,the effect of inflow mode on the sta­

bility is studied. cr-x ,q:>y body roll and pitch motion 

h 

r 

R 

N citation 

blade profile drag coefficient 

blade pro-file lift coefficient 

rotor aerodynamic load coefficients 

distance from body c. G. to rotor plane 

distance from rotor center 

rotor radius 

Q rotor angular velocity 

rotor normal speed 

tj;t azimuth angle of the kth blade 

imaginary part of eigenvalue; modal fre­

quency 

c.v.,,cq uncoupled fundamental flap and lead-lag 

( ) 

() 

frequencies 

()/R;()/Q 

d()/d<p 
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Introduction 

studied. The work done by inflow on other d. o. f. 

is investigated to give the physical explanation of 

the effect of dynamic inflow. 

Unsteady aerodynamics has a significant influ-

ence on the isolated rotor flap/lag stability and 

coupled rotor/body stability characteristics. It is 

Dynamic Inflow Model 

important to set up practical unsteady aerodynamic The theory of dynamic inflow is the mathemati­

model. Dynamic inflow is an effective and simple cal modeling of induced flow response to variations 

model to deal with unsteady aerodynamics in rotor in rotor aerodynamic loads. Dynamic inflow is 

dynamics. Recently, a method taking dynamic in- viewed globally as rotor disk downwash dynamics 

flow· into account was developed to analyse the ro- under unsteady conditions. In dynamic inflow mod­

tor force and moment ,and a dynamic inflow model el, induced flow perturbation parameters are relat­

was verified through the comparative study be- ed with aerodynamic loads by means of ordinary 

tween analytical results a.r1d test data in hover differential equations; 

(Ref. 1). 

In Ref. 2 and Ref. 3 , the influence of various (1) 

unsteady aerodynamic models on the aeromechani-

cal stability of a helicopter in ground resonance and vis the perturbated induced flow. C,., represents 

air resonance was investigated. There seems co the rotor thrust, roll and pitch hub moment coeffi­

have some contradictory results in Refs. 2-3, So, cien~~· It is only the aerodynamic component. The 

further work has to be done. matrix L is the static transfer matrix between in-

In Ref. 4 ,helicopter air resonance in hover was duced flow and aerodynamic loads. The matrix hf 

investigated by complex coodinates. Through the reflects the effect of the. inertia of air mass, it indi­

analysis of the approximate expressions of the mu- cates the delay characteritics of the inflow. 

tual excitation and the analysis of mode shapes, If the v is approximated by a first harmonic 

the physical explanation and the influence of im- Fourier series: 

portant design parameters on the instabiJi[y were 

studied. But the structural model was simple. The 

unsteady inflow was not taken into account in the 

v(r,>l>) (2) 

analytical model , The M and L can be derived from unsteady ac-

In this study, the dynamic inflow is introduced tuated disk theory( Ref. 7) in hover. 

in the investigation of helicopter air resonance. Fol-

lowing Ref. 4, the complex coodinations system is 

used. An offset-hinged rigid blac-.. is used in the 

analytical model. The structural coupling between 

flap and lead-lag motion is also considered. The 

modes is identified by examing the percentag·e of 

different degrees of freedom (d. o. f.). The theo­

retical results are compared with the experimental 

data in Ref. 5 and Ref: 6. Then, the influence of 

dynamic inflow on isolated rotor flap /lag stability 

and coupled rotor /body stability in different di­

mensionless flap and lead-lag natural frequency , 

rotor speed and collective pitch in hover is further 
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count. 

l
. 5 

L2 = J_ 0 v, 

0 

-2 

0 

(5) The simple strip theory is used to obtain the el-

0 emental aerodynamic loads. The section lift and 

drag coefficient (C1 , Co:~) is expressed by following 

In Ref. 2, comparison study between the theor- equations. 

tical results and test data of rotor control deriva­

tives indicates that the results calculated with the 

L 2 are better matched with test data than those 

with the matrix L 1• Therefore the L 2 matrix is used 

in the analytical model. However, in some cases, 

the calculation with L 1 is also compared. 

Analytical Model 

The analytical model shown in Fig. 1 is devel­

oped from the basic model described in Ref. 4. 

y 

X 

X 

(6) 

(7) 

Eqs. 6-7 can be used to deal With the unsym­

metrical airfoil. ln Ref. 6, the blade airfoil 

NACA23012 provides 1 

c, 0. 15 + 5. 73a (8) 

c, 0. 0079 + J. 7a2 (9) 

Dynamic inflow is taken into account in the per­

turbation equations. Since the uni!orm component 

of inflow v0 does not coupied with the cyclic mode, 

it is not considered in the analysis of the stability. 

The individual blade flap and lead-lag motions 

are combined together and transfered to the fixed 

system through multiblade coordinate transforma­

tion. The flap, lead-lag ,body freedoms and dynam­

ic inflow are each combined into one complex vari­

able. 

( s = ilc + ifls 

J s = Sc +iS, 

1 ' . V = Vc-;- IVs 

cp = <rx + icpy 

(10) 

The Sc, es are equivalent to the !onitudinal and 

Fig. 1 Analy'tical model lateral rotor disc-plane tilt and Sc, Ss represent the 

lateral and longitudinal rotor lead-lag motion. The 

An offset-hinged rigid blade model is used, with equations of motion are derived by Newtonian 

flap ang lead- lag spring restraints at the hinge. method. The nonlinear equations are linearied 

The blade is assumed to be untwisted and of con- about the steady equilibrium condition. The equa­

stant chord and uniform mass distribution. The tions are those of 

structural coupling between flap and lead-lag mo-

tion is involved in the analytical model. Only rigid 

fuselage pitch and roll rotation are taken into ac-
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.. . 
[M]X+ [C]X+ [K]X = 0 (11) 



where[M],[C]and[K]are the mass, damping, stability in hover was conducted in the wind tun-

and stlffness matrices. nel. The experiment measured the damping and 

For isolated rotor case, the d. o. f, are frequency of lead-lag regressive mode (LR) at dif-

f~rent blade pitChes with rotor speed varying from 

(12) !OOrpm to !OOOrpm. In Fig. 2 , the frequency and 

For coupled rotor /body case, the d. o. f, are 

damping of the lead-lag mode pr.edicted data with 

dynamic inflow is compared with the test data with 

blade pitch set to zero. The correlation between 

(13) theory and experiment is excellent. It should be 

mentioned that the difference between calculation 

The eigenvalues of the Eq. (11) is evaluated to with and without dynamic inflow is negligible in 

analyse the stability of system. The modal damping this case because of no aerodynamic and inertial 

is the negative real part of eigenvalue a . If modal coupling between flap and lead-lag motion. For eo 
dampL.J.g is positive ,the perturbated motion is sta- =4(>,6°and go, the inclusion of dynamic inf1ow im-

b!e. The imaginary part of the eigenvalue cv repre- proves the correlation, especially with the 1 2 ma­

sents not only the modal frequency not also the di- trix. However for Q > 700rpm,- the deviatio·n be­

rection and angular velocity of the whirling mo- tween the theory and the test data is obvious. It 

tion. increases with increasing blade pitch and rotor 

Results and Discussion 

Comparison of Theory and Experiment 

The analytical model is verified through (he 

comparative study between theoretical results and 

experimental data. The experiments include the 

isolated rotor flap/lag stability experiment (Ref. 

5) and the coupled rotor- body s~ability experiment 

(Ref. 6). 

The major rotor properties from Refs. 5-6 are 

shown in Table 1. 

Table 1 Model Rotor Properties 

Number of Blades 3 

Rotor radius 3!. 92 in. 

Blade chord !. 65 in. 

Solidity 0. 0493 

Airs oil NACA230!2 

Hinge offset 0. I OSR 0. Ill R 

(Ref. 6) (Ref. 5) 

Lock number 7. 37 7. 54 

(Ref. 6) (Ref. 5) 

The experimental investigation of isolated rotor 

speed bcause of the recirculation in wind tunnel, as 

analysed in the Ref. 5. Here the case with 90 = 8ois 

presented in Fig. 3 . The devialion in this s~'Jdy :s 

less than that in Ref- 5. 

,,_ ________________________________ _ 

•0.1 :-

0 ' 

-?.3,.. ',..o· 
No Dynamic Inflow 

•0.~ :-
Dynamic Inflow (L 2) 

•<l.6 i- a Test Data 
<l -<)<) ..00 300 •CO 5<:<J $00 10<l !O<l ~ ·0<)() ::: l, '"' 

Fig. 2 Comparison of theory and experi­

ment for isolated rotor for frequen­

cy and damping of lead-!ag mode 

(So= 0'). 
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r,.,.Dynamic Inflow (L 1 ) 
·o• 

-- No Dynamic Inflow 
·o.To >OO :100 3¢() •OO 600 1-9Q 100 eoo oo-o ,Oooor,.,.,~ 

Fig. 3 Comparison of theory and experi­

ment for isolated rotor for the 

damping of lead-lag regressive 

mode (8 0 = 8o). 
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··~-------------

:.) 
"J 

,~. 
: FR 

o;:'F\.QW 
><X>O Q(rp<OJ 

Fig. 4 Comparison of theory and experi­

ment for coupled rotor /body for 

frequencies (90 =0'), 

The complete test data of coupled rotor-body 

stability model experiment were provided in Ref. 6. 

In this study, theory results are compared with the 

measured modal frequency and damping for case_s 1 

and 2. Case 1 measured modal damping and fre­

quency with blade pitch set to zero. Damping and 

frequency of the LR, body pitch mode (BP), and 

body roll mode (BR) are obtained for rotor speed 

varying from 0 to 950 rpm. Modal frequencies in 

the fixed coordinate are shown in Fig. 4. The theo­

rtical prediction shows good correlation with the 

measurement. For rotor speeds above 450rpm, the 

system is unstable as the LR mode couples with 

the BP or BR mode. 

I 
"! =r, II 

I ~~ 
'~I ----------------------<"t-~=---~· ~~ 

'I. 0 Test Data 
-Dynamic Inflow (L 2) 

...... Dynamic Inflow (L,) 
No Dynamic Inflow 

.,.l 
i 
I 
I 

~~~........,~ I 
I 

i 
·•,~---=----.~----~----,-~--~,000 O!r">«> 

Fig. 5 Comparison of theory and experi­

ment for coup·led rotor /bOdy for 

damping of lead-lag regressive 

mode (9 0 =0'). 

0 '·~--' 

,,,--------------------------~-------, 

f'-c\~ ' 
\~~' 

·········-

-~ r -- -J -Dynamic Inflow (L 2 ) · •. .- ·,., 

•3 i-

1 

! 

----Dynamic Inflow (1 1) ·! 
~--No Dynamic Inflow 
= Test Data 

Fig. 6 Comparison of theory and experi­

ment for coupled rotor /body for 

damping of body pitch mode (9 0 = 

0'). 

•r-----------------------------~ 

~-o 

0 

.Test Data 
"·.Dynamic Inflow(L,)'·. 
---No Dynamic Inflow 

--Dynamic Inflow (L 2 ) 

··. . .. __ , 

'000 Q (If><" I 

Fig. 7 Comparison of theory and experi­

ment for coupled rotor /body for 

damping of body roll mode (9 0 = 

oo). 
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The damping of. the LR, BP and BR modes for tion of rotor speed. In this case, the unstable re­

case 1 is shown in Figs. 5- 7. Calculations with gion is wider than the case 1 (Fig. 5) , because of 

dynamic inflow and without dynamic inflow are the aerodynamic and inertial coupling between 

compared separately. The unstable region (Fig. 5) lead- lag and flaping motions. 

is centred near the coalscence point of the LR and 

BR modes, while the damping of BR mode (Fig. 7) Influence of Dynamic Inflow on Isolated Rotor 

has an opposite peak (the experiment did not re- Flap/Lag Stability 

veal it). In this study, the effect of dynamic inflow in dif-

Fer rotor speeds near 600rpm where LR mode ferent conditions is investigated. The L 2 matrix is 

crosses BP mode, the damping of LR mode has a used in the calculation. The parameters summa­

litter decrease. But the LR mode is still stable be- rized in Table 2 are typical for conventional hinge­

cause of lower rotor speed and higher body pitch less rotor helicopters. In the analysis of isolated 

structural damping. The damping of BP mode rotor or rotor I body stability, the most influential 

rapidly increases as the FR mode and BP mode be- parameters are uncoupled dimensionless blade flap 

come strongly coupled between lOOrpm and and lead- lag natural frequency(% ... 0)t). The varia­

!50rpm. (Fig. 6) tion of <D, and "'' with rotor speed ratio Q/Q 0 is 

Compared with the theortical results without 

dynamic inflow, the body modal damping is de­

creased and a better match with the experimental 

data is provided by taking dynamic inflow into ac­

count. However, the damping of LR mode is 

slightly affected by dynamic inflow. 

In the calculation, the two L matrices of dy­

namic inflow model are compared as shown in 

Figs. 5-7. It is obvious that the results calculated 

with the Lz are better matched with test data than 

those with ~he 1 1 • 

·~ l ~Test Data a.,...~· 
0

·
8

=.;=No DYT:ami:_ Inflow-~"-
o . .o~ ~ DynamiC lntlow ~"/ ~: ·-:<' 

' ' - ' 0 -

! l 
-~ 0 

-o . .o~r 
; 

-o.e r 
·• . .lr-

~-1'1-~ , 

000 000 •ooo G (t ~o) 

Fig. 8 Comparison of theory and experi­

ment for coupled rotor /body for 

damping of lead-lag regressive 

mode (90 =9'). 

shown in Fig. 9. Ali parameters are the same as 

the thOse used in Ref. 4. 

:; 

''· ------------------~ 

•.6 ~ 

" . 

0.~ 0.• 0.4 <l-" 

Fig. 9 Variation of Wr; and wt versus 

QjQ,. 

Table 2 Helicopter Parameters in the 

Analysis 

h 0, 3]2 

a 0. 08218 

y 10 

c, 2" 

c, 0. OJ 

I, 6. 147 

6!, o. 

For case 2, the blade pitch angle is set to 9 de- The va"riation of real part of the eigenvalue a 

grees. Comparison of theory and experiment for with %tor the isolated rotor at 80 =0. 3rad and 0\= 
the LR modal damping is shown in Fig. 8 as a tunc- 0. 8 is shown in Fig. 10. Comparing the Fig. 1 O(a) 
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and (b), it can be found that the damping of lead­

lag modes increases with the dynamic inflow taken 

into account. In order to analyse the influence of 

inflow mode (DI) on other modes, it is important 

to identify the DI mode. But it is difficult because 

the DI mode is highly coupled with flap regressive 

mode (FR). In Ref. 2, the DI and FR modes were 

identified only by comparing the participation fac­

tors of flap d. o. f. (S) and inflow d. o. f. ( v ) in 

the eigenvectors. In the FR mode , the S has a 

higher participation factor than the v. ln the DI 

mode, the Sand the v have almost equal participa­

tion factor. But the.influence of dynamic inflow on 

the FR :node identified by this way in Ref . 2 seems 

to contradict the results in Ref, 3. In this study, 

the DI and FR iTIOdes are identified by comparing 

the percentage of the v and the e in the eigenvec­

tors since both the v and the Shave the "velocityn 

concept. For example, the percentage of the v and 

the e corresponding t"a the modes identified as the 

DI and FR in Fig.10(b) are shown in Table 3. 

u.-------------'; 
' -.! f 
' _,1 

·Jl 
' -.q 
i 

-~! 

No Dynamic Inflow 
Isolated Rotor iL,~o.~ 

7J-: •V.!. 

I ?:\. ?:\ 
-ijf-----"-/ ___ -j 
·.iL. ___________ _J 

U Ll. !.! L5 L3 U W, 

• (a) 

·0.(1!'";:----:,~---\-ci--------~ 
Dynamic Inflow: 

''0· 
• !.= .• 

''" 

5 0 •0. 2 

:;- ~ •0.! 

Isolated Rotor " 
(b) 

Fig. 10 Real part of .eigenvalue versus CU:l 

for isolated rotor ·with and with­

out dynamic inflow (90 = 0. 3rad, 

;;;,=0. 8), 

Table 3 Percentage of the v and the 

Ji in DI and FR modes 

""= 1 ;;;.= 2 

Dl FR DI FR 

Yc 1. 00 -. 07 1. 00 o. 43 

v, o. 11 0. 87 0. 07 -,56 

lie o. 21 1. 00 0.46 o. 65 

lis -. 73 0. 48 -.13 1. 00 

The source of the increase in the lead-lag modal 

damping with the inclusion of dynamic inflow is in­

vestigated through the analysis of the mutual exci­

ation between v and Sand between v and S ,and the 

analys.is of mode shapes. In the LR mode, the aero­

dynaffiic !ift due to dynamic inflow is out of phase 

with the blade flapping velocity and the aerody­

namic drag due to dynamic inflow is also out of 

phase with the blade lead-lag velocity. So the work 

done by inflow on flaping motion and lead-lag mo­

tion is negative. It makes the LR mode more sta­

ble. 

The variation of a with Wt at 9=0. 3rad and(%= 

1. 15 is shown in Fig. 11. Modal damping versus 

rotor speed ratio Q/Q 0 is shown i.n Fig. 12. The 

damping of lead-lag modes increases significantly 

and the system becomes stable with the inclusion 

of dynamic inflow. For flap advancing mode (FA) 

and FR mode, the damping decreases due to the 

positive work done by dynamic inflow on flaping 

motion. The inflow mode is a heavily damped 

mode . 

ln summary, for isolated rotor stability, the ma­

jor effect of dynamic inflow is to significantly im­

prove the damping of lead-lag mode. 
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s ,.-0.3 
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i N 0 Dynamic Inflow 

-.; 1 

! /ri\,?~ 

-.• r-: ---L------1 
·.lj.~ .! ,l .• J U \.2 U :.5 U Vl W, 

a 

'"· ------------------~.--------~ r LAX '(I 

Isolated Rotor 

Dynamic Inflow 
>3 0 •0.3 

(y ~ •\. \S 

Fig. 11 Real part of eigenvalue versus Wt 

for isolated rotor with and with­

out dynamic inflow (8 0 = 0. 3rad, 

c;;,= ], 15). 

·'': ------------------------~ -, 
u':~ I ----1 ! 
-.; { L·\X 10 

LRX 10 

-.l l_; Isolated Rotor 
-.1 j N 0 Dynamic Inflow 
-.d 

-.; i 

'"----------------------, 

''-\ 
• >..zr \ 

' 

l.A X 10 

Isolated Rotor 

Dynamic Inflow 

Fig. 12 Real part of eigenvalue versus Q/ 
Q 0 for isolated rotor with and 

without dynamic inflow. 

Influence of Dynamic Inflow on Coupled Rotor/ 

Body Stability 

For the coupled rotor /body system, besides the 

LR ,LA ,FA ,FR and DI modes there are gyroscopic 

mode (GS) and a zero root mode. Here, the calcu­

lation with dynamic inflow is compared with that 

without dynamic inflow in Ref, 4. The variation of 

eigenvalue with Ws at 80 = 0. 3rad and (;)t = 0. 8 is 

shown in Fig. 13. The mode with low modal fre­

quency and heavy modal damping is DI mode. For 

. the modal frequency, the effect of dynamic inflow 

is slight. Although the damping of LA becomes 

positive (negative eigenvalue) wi~h the inclusion of 

dynamic inflow , the damping of the LR keeps al­

most unchanged and LR is still unstable. Now 

there are three sources of instability in the LR 

mode:positive mutual excitation between~ and S, 

between ~and ~ and between A and S· 

F_or FA mode and FR , the modal damping de­

cre~es with dynamic inflow. 

No Dynamic Inflow .i 

-~ ·").•1"-

:i "" 

~ ·~:=.:===/ ===== =·M~ 
",\ l2 ·.~ 1.4 "6 ~6 :.8 •.Q ~ (..) ~-

·-o.a: 
·o.a: 

-'" 

" Coupled Rotor /Body 
Dynamic Inflow 

~ <>~Q.3 

::i < •\.1.3 

··~r[ ________ _c~--------------------------, 0' ..... 
• o.e ~---~~--,.-, --~--~:-~,.,:--.c:,,:-:---,-c.,-~~ w • 

Fig. 13 Real part of eigenvalue versus cu., 

for coupled rotor /body with and 

without dynamic inflow (80 = 0. 

3rad, w,=O. 8). 

Modal damping of the LR and LA modes versus 

Wt at different collective pitch is shown in Fig. 14. 
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The variation of a for LA and LR modes versus ro-

tor speed ratio Q/Q 0 at 80 = 0, 0. 13, 0. 3 rad is 

shown in Fig. 15. Compared with the case of no 

dynamic inflow,the damping of the LA mode is in­

creased significantly by taking dynamic inflow into 

account- The effect of dynamic inflow increases 

with the increase of the collective pitch. 

0.01! 
w ' ~ 0.()0($ !-
§ 
z 
~ 

Coupled Rotor/Body! 
No Dynamic Inflow! 

1UN$TASt..E . 

" '" •$TA81..S 

~ 
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~ 
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~ w 
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·=· w I ~ 
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' ' ' 
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z l w 
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"' I 
u. •0.006;.. 

// 0 

1 ' / 
.~ ·O.O'V / 

) F<.AP FRECU€.NcY RAnO • I,",.!! 

·¢.0 •6, '-~.~.,,--"'~,-.--,~.-~ •. ~.-. --=-,--,-.--.-.--.,..::,-' 
-!:AD-LAG FREQUENCY RATIO ;;, 

" ,,,,_-------------------------, 
Dynamic Inflow 

~ 

/ ' 
.,; 

.. ·· .. i. .. . . . . . -· .. 

iJ o~0 

S 0 •0. I 

;t n~O, ~ 

·0~16'--~------------------------~ 
0 o.::: o... ,.,... o..e 

OA (UI 1.(1 1.11: 

Fig. 14 Real part of eigenvalue of the LR 

and LA modes versus ~ for cou­

pled rotor/body with and without 

dynamic inflow ( cu, = 

). 15). 
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~ 
" -~ ~ ' ""''.<&.£ 

i . /I 

" 
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,.f 0.10~ 

" '' ~ 
No Dynamic Inflow 

I 
-o.OI~ 

0 
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·0.02<1 
0 

0.4 I <I 

I 
·~'I 

O..o¢6!-

! 
0 

' I 
·0.406 ~ 

' ' ·0.0•1-

·0.016 

' 

Fig. 

~ o .• OA OA ·~ ..• 
" Q,Qo 

~ 

~ 

15 

.--...\ 

' 
...... ~:·.·.- .... .,. 
~ . 

3 ,.o ~ 
~ o•O. :: 
:1 Q"o.; 

o .• '·' .. ·~ " '" '1, 

Real part of eigenvalue of the LR 

and LA modes versus Q/Q 0 for 

coupled rotor /body with and 

without dynamic inflow. 

Conclusions 

Oo 

1. The correlation between theoretical predic­

tions taking dynamic inflow into account and ex­

perimental data is excellent. 

2. The effect of dynamic inflow on the modal fre­

quency is slight. 

3. For the analysis of isolated rotor flap/lag sta-

vr. 3. 9 
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