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SUMMARY

Calculations of the modal frequency and damping for a hingeless
rotor on a gimballed support in hover are compared with measured results
for two configurations (differing in blade flap stiffness). Good correlation
is obtained when an inflow dynamics model is used to account for the
influence of the unsteady aerodynamics. The effect of the unsteady
aerodynamics 1s significant for this rotor system. The inflow dynamics
model introduces additional states corresponding to perturbations of the
wake induced velocity at the rotor disk. The calculations confirm the
experimental observation that the inflow mode introduced by these additional

states is measureable for one configuration but not for the other.

PRECEDING pace

-111- UL ANK NoT FILMED

%=



ey

L

L

s Jatads -

&

R IRt T RO
A R AR K
- . >

:%E &y

™t

Fax

[®]

114

NCMENCLATURE

14ft deficliency function
boily pitch moment

eigenvalue, s " ork 1w

progressing (high frequency) flap mole

regressing (low frequency) flap mode

“anping ratio, { = —Res/ =\

progressing (high frequency) lag mo‘e

regrecsing (low frequency) lag mofe

body nitch modes body pitch degree of freedon

factor in time lag of inflow

inflow mefe

fnflew ratio: nean iniuced velocity of rotor, “ividet by

tip rpeed

lengitutinal induced velocity perturbation

lateral induced velocliiy perturbation

roial ‘amplng, o= Tes

boly roll mofe; boly roll degree of freeiom

mofal frequency, W = Ims;

rotor rotatioml speer

=iy=

syetem excitation frequency -



% INTRODUCTION

The importance of unstealy aerodynamic forces in aeroelastic

N e v e e

phencnena hars long been acknowledged, based on both fixed wing an? rotary
wing experience. Yet an entirely satisfactory model for the unsteaﬂy.
1o acroynamice of a helicopter rotor is still not avallable, particularly
for problems such as flutter stability and handling qualities that involve
trancient motion of the system., A model for the noncirculatory loa’s can

; be reatily chtaine! fron two-dimensional unsteady airfoil theory, but the

vrerults from elther two-7imensional or fixed-wing three-dimensional

L 1

wing theory for the circulatory loads are not applicable since the wake

; rnofelr are not correct for rotary wings. The development of a general
theory for rotary wing unctealy airloads is Adifficult due to the comrlex
ceonetry of the rotor wake, even in hover. l!Moreover, in forward flight

a time-invariant mofel of the system ir not porcible due to the pericfieally
varying aerofynamic environment of the blades., Consequently attenticn

ha- recently been focured on the “evelorment of relatively rimple rofelr

for the unrtea’y aeroiynamice., There models take the form cf "ifferential
equations for marameterr Aefining the wake-intucel veioctty Aictribution

at the rotor Aislk,

- g

% The develorment of such an inflow Aynamics morel involver two ctewr.
:} The firet rten is the identification, from analysirs or experiment, of the
%2 structure and paranmeters of the un=teady aerodynamice model. The recon’
g: ctep ir the verification of tre model by correlation of calculationr and
%% nearuremente for progresrively more Adiverse ant complex aervelastic
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problems. Consiieradle progress has been made with the first step,
although much remains to be done. The present paper ir a contridbutlon
to the =econd ctep. BRousman (Ref. 1) has produced a set of experimental
data that provider an opportunity to examine the influence of Inflow
dynmamics on the coupled behavior of a rotor and body. In the sections
below, the inflow dynamice model used and the experimental system will be
dercribe’, Then the measured data will be compared to calculations obtaine?
#ith an® without the inflow *ynamice model, and the influence of unrteady

aerodynanics on this syrtem will be discussed,

PEPTURBATICN INFIC *CDEL FCR RCTCR UNSTEADY AER(C DYNAMICS

The inflow :lynamics model used here ie derive? in detall in Refes. 7

an? 3. For the present purpoter only the inflow perturbation due to nitch
an? roll noment: in hover is concidered., A wake-indfuced velocity perturbation

that varier linearly over the rotor Adick is Aefined by

N - 2\, reos¥ 4 \yrrin\P

where r and® \Y are the polar coordinates of the Airk. The variadbler )x

an® )\ y aAre related to the anerodynamic pitch and roll nement coefficlente

(f'.'”y and C"’x) by firet order Aifferential equations:

..: \x . \x . )_} - c.‘!y
M » an

¥y My Jaero

where T ~ K (dW ™M), with K a constant,

The factor JIN/SM can be ohtained from Cifferential momentnn
theory ar follovr (Ref. 2). A thrust perturtation T on the elenent of

a,

-l



oo 3R epe. o

RS

PO ¢
PSSR SL SO |

B
P

+ o
AL

[ UG RN 3

Aiek area @A ic related to the inflow perturbation by ¢T = m2 &v, where
the mass flov rate 18 m = R, 34 (vo and §v are the mean and perturbaticn
inflow velocitles, written \o an? §$)\ when made Aimensionlese by éivi‘ing
by the rotor tip <peed). Hence

5 - aT/dA

?svo

%4 linerr variation of &v over the rotor disk implies a linear variation of
the loading @7/2A, which corresponds to pltch and roll moments. Tntegraticn
of this exprersion over the rotor dirk produces then 3N/ dM = 2/ \0-
This result for b\/ln can be “erived more rigorously by neans of uns.teaﬂ:,'
artuator dick theory (Refs. 2, U, and S). Neglecting the time lag, the

factor 3\/) M= 02/ \0 rroduces a 1ift deficlency function of

(ree Ref. ?; here a is the blade rection 1ift curve rlone and® @= ir

the »otor folifity ratio), which is ifentical to the low frequency anproxiraticn

to Toewy's 1ift feficlency function for harmonic loacing (Ref, 2):

1
c."’ﬁi

{where h/b is the ratio of the rhe® wake vertical epacing to the hlace

semichor?, hence h/b = /s \O/v"). The recult b\/ QM = 2/ \,,..\ for moment
perturhationcs in hover is also supported by parameter identification

from meacurements of rotor flap recponce to cyclic control (Refs. 6 and 7).

The paryameter ¥ in the inflow tinme lag is obtaine® by considering
the apparent macs of an inpermeable dirk subject to an angular
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acceleration (Ref. 8):

K = ‘Egé? = 0.113

This value is rupported by comparison with experimental data (Ref. 9,

for thrust perturbations) and by parameter identification results (Refs.

£ and 7). ™he value of Kk seeme to Jepend on the rotor mean loacing

‘1 tribution (Ref. 5). There is some imdication that a larger value

(,726, %ef. 10) or smaller value (.086, Ref. 5) is appropriate in certain
caser. Yithout the time lag ( K = 0), & quasietatic inflow nofel ir ohtaine”,
the e¢ffecir of which are expressed by the 1ift deficlency function 7 given
above, cr rotor dynamics problems in whieh the dominant aero’ynanic

forces are the 1ift prerturbations due to angle of attack changer, the
ma.g;pltn"e of the aerodynamic influence 18 durcribed by the blade lock mmber
{ithiech containc the scction 1ift curve rlope). Hence in ruch carer the effectr
of the quarictatic inflow model can be largely reprerented by the uvse of

aa effective Lock number that is the product of the actual Lock munber

an® the 11ft deficlency function (Refs. 11 and 12). A quasistatic inflow
dynamics mofel har long been used in handling qualities analyres (mee

Ref. 13 for example). A very large value of the time lag ( K ~¢ 09 ) woulr

elininte the influence of the inflow dynamier,

Uxrerimental meanurenentsof hub moment response to cyeliec contrel
an? cnft orcillations chow a significant influence of the inflow cdynanicr
(?ef. ?). The role of the inflow dynanics was ifentifie’ in themre mearurcmentr

by correlation with calculations using the adbove mciel; the good correlation

obtained provider further support for the values of 3/ JM and K. Zalematienr

<l}a
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of fMap-lag stability also predict a significant influence of the inflow
dynanice (Mefe. 14 and 15). The need for the time lag appears to fepen”
on the problem involved, The influence of the time lag is often encugh

to he mearureadble, but the quasistatic model may still give qualitatively
correct results, The inflow dynarics model is not quite as well cevelomner
for forwar® flight as for hover, but considerable progress har heen made

{cee "ef:, 5, 8, 12, 1h-15).

TESCRIPTICN CF THE EXPERIMENTAL AFTARATUS

"he experimental data considered here were obtaine? in an investigntiior
of grovnd reconance ctability in hover (Ref 1). A model rotor with hingeler~
blader, on a gimval rupport with pitch and roll degrees of freecom ves
tezte?!, The nrimar, paraneters ceccribing the rysten are given in Mable 1.
™~ exmerinental arparatus and test techniques are Fferaribed in fetall in
?ef. 1. Mort of the recults precented in this parer are for a cecllective
~itch of ~ero, hut the canhered airfoll used har zero 1lift at 2n angle of
attack of -1.50. Hence the rotor had a omall positive thrust value at
nerc collective pitch. & 1ift curve rlope of 6.57 was used® for (hir ajrfet?
at low "eynolfe number. The blader ha” flap an?! lag flexurer at ra'ial
ctation N.1052, with no pitch/flap or pitch/lag coupling~. ™he collecti-e
nlteh unc introduce autborr of the flexures. 'The dlafes were very rtiff
in torsion. Two flap flexures were ured: configuration 1, for which the
flap flexnre had one-fourth the stiffneer of the 1ig flexure: an® ronflpgurs tion
t, with equal flar zad lag flexure stiffnesser. (The decignation "configuration
4" follows Zef. 1.)

-5~
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Table 1. Rotor Parameters

umber of blades

Radiue, R

Solifity ratio

Lock nunber

Twist

Tip t‘ach number (at 1000 rom)

Tip "eynolds number (at 1000 rpnm)

Airfoll

Height hub above gimbal

donrotating lag fregquency
Configuration i
Sonfiguration &

denrotating flap frequency
Zonfiguration 1

Tonfiguration I

-6-

0.%1t m
0.040L

L

0

0.25
243000,
NACA 23017

0.241 nm

6.70 Mz
6.73 !!‘”J

3013 1z

£.69 12
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The blade lag stiffness was ruch that the rotating matural freduency
of the lag mode was below once-per-revolution for rotor cpeeds above
4hs rpn., The springs on the gimbal produced resonances betwaen the
regrecsing lag mode and the body pitch and roll modes at rotor speed: of
ahout 595 rpm an® 765 rpm respectively (see Tadle 2). At such reronance ,
#ith the blade lag frequency below 1/rev, a ground reronance inttabllity is

rossible If the cycten camping 1s low enough (lef. 2).

JOSCRIPTICN CF THh ANALYSIS

The aercelartic stablility of this nystem was calculate? using
the analyrivs deccribe’ in Ref. 2. The only rotor decreer of freetom
con={‘erc’ were the fundamental flap an? 1la3 moder of each of the three
Wlader, The bol'y Aegrees of freedom consit ted of pitch end roll motion
zhout the gimbal, Tn hover, the coning and collective lag moder “o not
eccrrle with ruch body motion, Mence the annlytical model conminted cf the
rotor cyclic flap, cyclic lag, and bho’y ritch an® roll Aegrees of freefom
(12 ~tater), The varinblec "x and \y were included when the inflcw
‘ynanice nodel was use? (14 ctates). The yorameterr require® by the ane lyrir
vere ‘elornine” from the known valuec of the geonetry, inertinrs, nonrctating

frequencies, an' nonrotating ramping of the rotor anc boy (lef. 1).

REOULTS FCR XNFIC RATICN 1

In "igs. 1 o S5 the measurec modal frequenciec and damping for
confizuration 1 (the =oft flap flexure) ¢’ a function of rotor rpeed ure
conpare? with calculations. The collect:ve pitch is zero. The calculate’

7.
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Table 2. Rotor-

Pltch mede
Rotor speed (rpn)
Tlan frequency (per rev)
lag frequency (per rev)
011 mode
“otor spee’ (rpn)
™ap frequency (per rev)

Lag frequency (ner rev)

Resonances

Configuration 1

595
L.14
0.”1

75
1.12
0.6

Configuration

€05
1.27
0.7

770
1.20
0.47
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recult: are for two cases; with and wichout the inflow dynanmice model,

The modal frequencies (J are shown in Figs. 1 and 2, <nd the fanring ¢~ of
the regrereing lag, body pltch, and body roll motes is ehown in Fig:. 3

to 5. The eigenvalue is s = ¢~ iid; a mofe 1ic unstable if o~ is

msitive. The vegrescing lag mode damping showe & ground resonance
inctabllity due to coupling with the roll mode. The derignation of the

mcles In these and the rucceeding figuree is Mefined in the nonenclau;re

lict, 'ithout the inflow dynamicz model, the calculate?! frequencles c¢f the Ay
no“ec are too low for rotor rreeds above the reronancer (Tig. 2); the lag mce
ir too ctahle at the reronance (Tig. 3); the pitch moe danmping ic too high
(™4z. )3 an® the roll nmude camping ir far too high (Fig. 5). The ho'y
~truetural fanping iz small (note the value at S0 = 0), ro the direremunctcs
'h "Myr. I un® 5 zre Aue to the aerofynamic forces. 'ith the inflo: dynnricr
~olel, the frequenciec are precicted well (Fig. 1); the calculation of the

1.z nole Aanpling is improve’, although it is rtill too rtable ut the

reconance (Tig. 3); the pitch node danping is predicte’ well, except that

1t 15 sonewhat low at high rotor rpeet (Fig. I); and the calculate” rell

node ‘amping correlater well with the measurements (Fig. 5). The preciciicn
uf the lag node 2amping at the groun® resomance inetabllity cculd be

inrwcved hy reducling the ctructural camping of the rotor lag or beorfy '

ro1l notion -- if cone rational epvroach for making fuch a chanse ecul?

be ortadblirhe?!, Note that there are rignificant rhiftr in the do'y
frequancier at low retor rpee due to reronance with the flap mo“er., Zven
u#ith the rotor not rotating. the flap an' boty motionr are counle’, w!lth

the effect that the flap-pitch ant flap-roll freqrency nrair- nove arart.

The " ymmetry of the dody frequencies then producesr the rplit in the regresrin:

«0-
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an’ progressing flap frequencies observed at zero rotor speed, .

1 calculate? mode identifie® with the inflow cdynamice is shown in
g, 1. 'ore information about the character of this mode is provided by
%i-, A, which showsc the locus of the flap and inflow roote ac the inflow
tine lag varles. (nly the flap ‘egrees of freedomn and the inflow variabler
were use? to calculate these roots. The points shown in Fig. € are the
an~i-tatic inflow cave ( K = 0), the case without inflow Aynamice (K =00},
an? the inflow Adynamice mo“el used here ( K = 0.,112). The quarirtatic rcotr
nre nbtalne’ from the rootr without inflow dynamics by multiplying the lLock
nuther by the 1ift deficlency function. The consequence of such a re'uction
in offective Lock numher is a re’uction in the “anping, with no change in
the nagnituce of the root (in the rotating frame). In the range k = 0,0
¢+ 0,05, the flap motion an? inflow varfables are highly roupled, as :hown
hr the fact that the regressing flar an® inflow moder twitch charactm; ESIES
ncte that the root corresponiing tc the uncounle? inflov lag for K = 0,112
1~ ueh 4fforent. from the coupled inflow rootr). As a result of the great
sounling vith the inflow variables, the regrescing flap node actually hir
hi~her danning 2t K = 0,112 than it foer without the inflow Aynanier; an?

the inflov mode i a low frequency orcillatory mode, ar chown in Tig, 1.

‘The measure’ frequeoncler and regrerring lag mo?e ‘amning are cc:ntvre"
»4¢h ¢cnlculations uring the quatirtatic inflew model in Figr, ? and 8, The
nonrotating bo'y frequencier are £till preficte? well, dbut the caleculater
hoty frequencier are much too high at rotor speede above about 300 rpm

{Mg. 7). Tonsequently the reronances with the lag mofe are chifte’ to

-10-

URIGINAL PAGE IS
OF POOR QUALITY




3

-

higher rotor ~peeds than in the measuremente, In particular the prentect
tn: tability at the roll mode reronance is predicted to occur at 0 rm,
in:tea' of 750 vpm as measured (Fig., 8), In addition, the boly no'le
canping i not predicted ac well as with the complete inflow cdynamier .

mo'e). !lence for this problem the quasistatic inflow mocdel 1s not scceptutle.

Mge. 9 and 10 show the body mode damping as a function of ccllective
pitch at A50 rpm.  Agadn, the use of the ianflow Aynamica model rroducer
coud nsorrelation, marticularly €or the roll mefe. There i= a nignificant
influance of the unttealy aerodynamica even at a collective of 10°. thich
nay be exrecte? since the 1ift ceflciency function ir =still ruch ]e*é
than 1 (T1g. 11). The rerults with the quasistatic model show a large
vo'uction in famrning aroun® a collective pitch of -1.50. tthere the thrurt

1 #gvo anf co the rtatle 117t feficlency function ir alro revo,

ISULTS TR CONFIGIRATICN U4

-

“n Tige. 17 to 17 the nennured mudal frequencies and damplng fér
~onfigncation ® (the ctiff flap flexure) are conpared with calculationr,

"he r~ollartive pitch is cero in thic case. Without the inflow dynanter
mo'el, the correlation i: similar to that for configuration 1: the prelicted
roll mo'e frequency ir too low at rotor rpeeds above the reronance !™ig. 13);
the regressing 1ag mode is too ~table at the roll mode reronance (Fig. 1M);
an? the chlculate? roll more camping i2 much too high (Fig. 15). In
afdition, the caleculated frequency of the pltch mode does not match elther
of the mo“er obrerved helow 3 42 in the experiment (Fig. 13). The malculatnd

-11-
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regrecring flar mode has high camping, and so can not correspon® to one

of the nmearured modes. The damping of the pitch mode calculater without

the inflow “ynamier im shown on both Tig. 16 and Fig. 17, but thirs commaricon
1= not meaningful cince the frequency does not match either mearure’ noce,
Jith the inflew “ynamics model, the frequencies are well preticted, excort
fer the rell mo'e at rotor speeds from 250 to 350 rpm (Fig. 12). A= for
~enfi-uration 1, the mre’laotion of the lag mofe famping is inproves "7if,
1"); ~n? the correlation of the calculated and measured roll mece ﬂanring

Ae very ~oo" (Fig, 15). ‘aoreover, nov two moder are predlcted to nceur
heler 2 Yt An? the cnlculated nodes correlate well with the meacures

ae'er in Soth frequency ant famping (Tigs. 12, 16, and 17). The low frequeney
nete 1o now 1dentifle? ar the inflow mode, although ite elpenvecter iavolver

conrlferable motlcn of the Yoy an' rotor.

*“or thic configuration, the correlation ir not goot at the rercnance
hetwcen the regrersing flap mode and the body roll mode (£ = 250 to 350 r=,
Fig. 12). The caleulationr show nuch more coupling than the measurcments., The
freanencier ealeulated withcut aerodynamic forces (Fig. 17) show the rane
affect, o the coupling ir due to the rntructural dynamice of the ryrten,

Thit retoannce occurt at a flap frequency of about 1.%/rev, which rugrests
th=t the nrohlen involves come high frequency asroelantic phencmenon. .'P.ho
nrodblen eould he a Aeficlency in the aerodynamic model at high frequencien;

or norcivly some higher mode of the rotor or bYody ir involver.

“he rnccerrful nrediction of the low frequency moder measured in the
tert of configuration # ralzen further questions, Tlrrt, what is thir

-12-
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inflow node? That is is measureable is surprising, since in fact the inflow
. variabler )\y and )‘y do not correspond to real physical states of the
zystea. This mode may be interpreted as follows. The uncteady aerolynamice

Introfuces behavior of the system, as observed in either the time or

ek e vr et s m

S e T
»

frequency domain, that can be approximated by an additional oscillatory

. moe with low or moderate damping (the experimental procedure uced to

B T

mensure the frequency an? canping only works for cuch modes). Aprroximating

LN

the behavior by an additional moce implies then the existence of a’itional

o A o Bhaa

ctater or Aegreee of freefom of the system,.

: The secon? quertion it wvhy the inflow node was observe! in the tertr
~f configuration &, but not for configuration 1. ''ith increared €lav
#41ffnec, the regrencing flap mote will be more couple® with the berly
actton. The great counling hetween the flap motion an? inflow variabdler
then inrller that the inflow Aynamies will have more influence on thc hedy
notlons for configuration 4 than for configuration 1. The pitch and 1nflow
noen were measured by apnlying a pitch moment impulse to the bo'y. Then

+ the modal frequencler were ‘dentified fron the magnitude of the rpectrwr

b

of the reculting trancient pitch motlony an® the correrponding “anmning wae
ertinote” ueing the moving block technique (Ref. 1). fonsicer what the

ralenlations imply about the tark of identifying the pitch an® inflou nofer

ﬁéﬂx&}k .

P

,:fi ] from the bofy pitch motinn., Figs. 19 and 20 show the camping ratio of the
;?.‘ lovw frequency nores for the two configurationr, and Table 3 summaricec the
E? } recnlts for LU ~ £50 rpn. For configuration  relative to confimwration 1,
i, 13-

e
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™hle 3. “ady Piteh and Tnflow Mode Characteristics (L= £50 ymm)

Configuration 1 Configuration
Titch mode

Trequency 1.9 Hz 2.00 '

Tonring ratio 0.11 c.10
Tnflow node

Trequency 0.473 My 0.70 L,

Tenmping ratio 0.59 0.7

Patio contributions of
inflaw and nitch mofes

to ritch neotion 0.0°

[

e
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the “anring ratio of the pitch mode is increaced while the damping ratio

of the inflow mode is decreased. This implies that the inflow mofe will

be more obcervable for configuration 4, since the damping ra’ o determines
the relative width of the resonant peake. HNote that with a danning ratio

of 0.7, the frequency rerponre will har?ly show a resonant meak at all.

Tn n?ditlon, the enall frequency of the inflow mode for configuration 1

oul? make it nore fficult to mearure that mode, since the exmerirental
“ata reduction procedure had a frequency recoluticn of 0.2 ¥z, The rermare
¢T lhe hody nitch noticn to an applie? moment can bhe characterize’ by a

mnols -zero plot, shown in Pige., 21 and 22 for the two configzurationes,

Thr lavzer cemaraticn of the inflow rcot from the zero for configurntign

h im~lier =~ore martisipation of the inflow moce in the pitch rerpence.

™. 1071 contribution can be quantified by consifering the ratic of the
confficlents of the pitch and inflow nmodes in the partial fraction exroncicen
of the »iteh response, Thir rotio is ®% for configuratien 1, and 2075 for
ronftauratior ' (Tuble 2; the next largest contributicnr, fron the recrer=ing
Ma- oo lag nofes, are aprroxinately 107 of the contributicr of the iaflow
moic). "hc freqrency recponte of the bedy nritch motlon to an aprlie?

acnent e ~hown in Filos, 22 an? 2 fo~ the two configurations, The
crlculationt confirm that the inflow mose chould he obrervahle for configr2tirn

h, dbut not for configurntion 1.

SCNCLUSICNS

Talenlations of the mocal frequencier an? Janning for 2 hingelers
votor on a gimballed supnort in hover have shown good correlation wit:.

-15-
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neasnreneats when an inflow dynamics model is used to account for the
influence of uncteady aero’lynamices. The influence of the uncteacy
aerofynanics war significant for thls system. Cne of the modes in the

measure’ Rata hos been identified as an inflow mode, demonstreting that

the unctea'y aerodynamice are well represented by an augnented state mocel

in this cose, and that the inflov Adynamics mode 1s Airectly mearurezble.
The remaining Aiscrepancy between the measured and calculated result-
involvrad the reronance hetween the flap and roll mofes at lov rotor
crea? for configiration by Further ~evelopnent an' verification of thir
inflor “ynader nofel will require ccmparison with data for addition~

rotor ~yetens, and exten-ion of these investigations to forward flignht,
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Figure 1. ‘'loda) frequencier as a function of rotor +pee? for

configuratinn 11 connariron of messurementr (rotntr)
an? exlenlations inclucing inflow Aynanics (13nes),
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