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This final veport covers 2 years of ARO-sponsored ressarch into the
fundamental behavior of rotor dynamics. The original proposal vas for )
years, but the third yeer is now to be done under a new grant. Thus, this
report covers only s portion of the originally-proposed work. In this finsl
report, we vill summarize the work done, including publications and scientific
persomnsl; and ve will provide pertinest technical descriptions of each msjor
area we have pursued.

The philosophy of our resesrch has bdeen to increase the fundamental
understanding of those dynamic and serodynamic phenomens associsted vith the
helicopter. Our approach has been to follow three intertwining lines of
research. The first of these is the line of msthemstical modeling. HRere, we
wish both to synthesize and refine msthematical models for various, fsolated
rotorcraft phencmena, and to learn to couple them togsther in a systematic way.
Thds 1is the building-dlock approach wa have followed. The second lins of
inquiry has been in the development of sclution msthodologies for these
equations. Here, certsin solution strategies work better for certain models;
and some modeling techniques require new solution strategies. WUe look
specifically at methods that megnify our iasight, are computationally .fucua:.
snd that can be extended to large~scale systems.

This leads, them, to the third thread of ressarch: basic physical insight.
Of course, because we desl with isolated components or with simplified couplings,
we do not intend to be sble to mske predictions on helicopter stadbilicy and
response that would be spplicadble to detailed design studies. On the other
hand, we do expect our methods to be predictive of the behavior of simplified
research wodels, such as those used by the Army Ressarch and Techmology
Laboratories. Purthermore, we believe our results give qualitative insight
into the physical phenomena present in production rotors. Thus, we try to
involve sll three elements in our research effort

2. Stacement of Problem

The odjectives and scope of this work are as follows:

1) To discover the basic relationships between blade structural patameters
and the flap-lag-torsion airlosds that resulc.

2) To determine the extent to which rotor-body coupling affects inplane
loeds and overall helicopter vibrations.

3) To develop our basic trim procedures to the point at which they can be
spplied to large, state-of-the-art rotor response program.

4) To determine the effect of dynamic stall on the rotor airloads and on
the basic trimming methods.

3) To investigate other methods of obtaining time histories of rotor response,
including Hamilton's Lew of Varying Action.
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Before proceeding to the details of each objective, it is informative to
outline the scope in each task. With the exception of item 3}, the above
cbjectives are not aimed at the quantitative prediction of helicopter response.
They are aimed at obtaining fundamental insight into how votor vibrations

. develop and into how they can be efficiently calculated. Thus, in item ! we
% consider a simple elastic~blade wodel with elastic flap, lag, and torsion.

o Although other, more sophisticated flap-lasg-torsion models cettainly exist,
they have not been obtained under the same assumptions nor vith the same
purpose in mind ss ours. Thus, ve have proceeded slowly and carefully to
make sure wve understand the physical processes at sach step.

In 1item 2, wo are looking at s fuselage with 3 rigid body modes and
4 elastic wmodes (as in cur prior work) but with & move detailed rotor model.
Naturally, a true fuselage will have many more glastic modes; but we look at
a generic frequency sweep that could be representative of several potential
sodes. Since we have already found that flapping motions drive inplane sotions
(while inplane effects (lapping much less) we make several simplifying
sssumptions to incresse the productivity (and physical incterpretations) of the
work.

Item ) is the only area in vhich we approach the ares of applications.
These trim procedures are nov fairly well understood in terms of theory, and
the advancements now come through more sophisticated spplications. Therefore,
2 we have reformulated the trim procedures.

Item 4 is a new ares of research that developed out of our dynamic-stall
work. It is not in our scope to develop any dramatically new dynamic stall
procedures. Ve merely take existing methodologies, investigate hov they
should be modified to be useful for simplified vidration snalyses, and study
the resultant effects on the types of calculations we are making.

Item 5 13 also a new ares of research which developed out of our prior
trim investigations. For nearly linear systems, the trim method of periodic
shooting is equivalent to finding and inverting the Floquet transition matrix.
(An earlier solution ssthod in our research also relied on Floquet theory for

" vibration analysis.) Thus, ft is natural to look for more efficient means of
% finding the transition matrix. One possidility is the use of Hamilton's Law
. of Varying Action with comparison functions in time. In this resesarch we

study Hamilton's Lav in detail vith respect to convergence and efficiency.
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3. Scientific Personne]l and Degrees

Below 1is a tabulation of those who worked on this project during the past
two years along with the degree they have pursued.

Pergonnel Man-Months Effort Degree t
David A. Peters 7.8 - (P.1.)
Gopal Gaonkar 3.0 - (C.1.)
Ruang Ming-Sheng 15.0 Ph.D.

Svani Karunsmoorthy 15.0 D.Sc.d

Denny Chiu 14.0 M.Sc.2, Ph.D.
Aair lzadpenah 13.0 Ph.D.

Robert Longabaugh 5.$ M.S.

Lilians Venturs " 3.0 n.s.>

Steve Slocum 0.5 N.S.

James 0'Malley . n.s.

Jack Ort - n.8.3

M. Chouchane - N.S.

Timothy Ryen - n.s.!

1!«..1"4 December, 198)

Zpeceived May, 1984

3lhcu.nd August, 1984

‘hcotnd December, 1984

5 Received August, 19835

Thus, 2 professors and 11 students worked on the project for a total
of 76.5 man-months. There wvere 5 Master of Science degrees and 1 Doctor
of Science degree svarded.
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In this section, wo summerise the results of cur research through
Mgust 1965. BRecall that we have completed ocnly two ysars of a three-year
effort. Thus, scme of the tasks have taken a slightly differeat turs dus to
exciting results obtained during the research. The aew direction of these
tashs is mirvored in the nev vesesrch gramt, recestly swarded to the PI
through Ceorgis Institute of Techmology. Becawse, this research project is
ongoing st amother fastitution, this eummary will be brief. Details aay be
found in the references. (Referemce numbers ia this section refer to the
publicat ion numbers ia Sectiom 4.) Below, we list progress in each of the
five proposed sress.

2.} Torsice

The first ares to be consideved is the ares of elastic torsion. Our
work ia this ares is found in Refersace 1). Ve heve added elastic toreion
to our equations and have documented these equstions in ssid refereance.
Several importsnt features distinguish these from other elsstic, flap-lag-
torsion equations in the literature. First, the ordering scheme used in
the equations is based on the physical properties of represeatative rotor
blades. Second, the equations are gives ia a hiersrchical sammer such that
one can retain varying orders of terws as desivred. Third, the equations are
derived in forward flight with complete accoumtiag for curvilimsar cootrdinates,
warp, and noalisear virtual-work terws. Pourth, the equatiocns are all written
down in one place such that they can be checked term by terw against past and
future work. The highest order equations retain all kaown terms from previous
work.

fo addition to the development of these equstions, we have successfully
coded them and have obtained numerical solutions. Withia the framework of
this pottion of the work, we have developed & nev family of polynomials for
use in the Calerkin anslysis. These polyncmials are orthogonal oa -1 to +41,
ate normal ized, and match the boundary conditions of unifors beams. A good
portion of our work was devoted to the development sad documentstion of these
polynomials. FPurthermore, as we developed aumerical solutions to the equations,
we discovered that a very accurate tria procedure was required. Thus, we
applied the sctometic pilot to the equations with eacellent success.

Doe to the incressed effort in polynomial development and ia tris
procedures, we have not performed as amny vibration calculations as we
originally plamned. Thus, cur present intent i{s to wait watil dynamic stall
i{s sdded to the model before we do the detailed, parametric studies.

................... -
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3.2 BRotor-Sody Couypling

Ia the ares of rotor-body coupling, we hsve pursued tvwo major lines of
vessarch. The fivst of thess is the effect of votor-bady coupling on helicopter
vidbrations. The results of this vork ave partially given in Rsfevencs «.

In that veferemce, perametvic studies show the effects of structural parameters
on body vidration vith & rigid-blade, (lap-lag modal of the rotor and vith 9
fuselage degrees of freedon. S$Since thea, we have developed ths sodel for an
elastic votor and have begum the codiang. As 1t tures out, the i(acreased
conplenity of the elastic equations has forced us to develop & aev iterative
procedure for the harmonic-balance approach. Preseatly, it appears that this
procedure will be successful.

In a second ares, ve have continued our long-ters i(aterest ia dynamic
inflov and in (s effect on the stabllity of couwpled rotor-body modes.
Reference 2 describes the model that we have developed, and Reference ¢
provides comperison of stadbility and response calculations with experimsntal
data. The correlstions are no less tham spectacular, and they establish our
sodel as the premier wodel for dvaamic iaflow.

L) _Oveamic Scoll

An important part of our research into rotor vidbration has beea the
sodification of the ONERA dymamic stall model for use in rotorcraft problems.
Reference | provides the theoretical foumdation for the stall model that
we are aow using. It is a completely umified model ia that quasi-steady and
quasi-static sevodynamics can be recovered from it. Purtherwore, it is
vritten in terws of U, and U, vith W Thus, it 1
easy to implement. '{uuy. it is ia terms of aomlimsar diffevential
equat tons that can be limesrised for wse in eige salue amalyses. Fu.ure work
is needed to nodify the VMERA pitching-uoment aodel.

tn en iaportant spin-off of this work, we have found the concepts laberent
in the stall model cam be used to model wmsteady, tramsonic aerodynamics.
References 7 and 14 summerise this vork. Although such of the work was Jone
undet Air Fotce sponsorship, 8 good portion wes dome under the ARC gramt.
in particular, the problems emcountered (s that vork lead to a detter
understanding of ocur dynamic stall sodel and a better wnderstanding of our
trin sethod called “periodic shooting™. Ve have now showed that periodic
shooting can be wsed for stability computstions vheas & particular rotor
parameter is tahen ot an wknown along with iaitial conditions.

3.4 i

This driags ws to the next area of research, tris sethodologies. Several
tasks have been performed withis this cetegorv. The first task to be Jdiscussed
is the additicn of fuselage degrees of freedom to the tris process. References
9 and 10 outlime cur progress in this area. JSeveral iaportant insights have
tesulited. (lacluded among these are the facts that: 1) several different tris
definitions can be uwsed, each with a physicallv-seaningful interpretation snd
esch with & well-defined sathatmetical formslation, 1) fuselage serodvnamic
detivatives aeed to be defined in terws of nonlinear definitions of tuler angles,
and J) coanvergence can be tapid provided sn apptoptiate striategy is used.

........................................
.......
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In & second area of wvork, ve have successfully applied our trim wmethods
te lavge, production-type rotor response codes. Basically, wve have three
trim procedures, each of which having its own streagths and its own reals
of spplicability. One is the harmonic balance, one is the asthod of periodic
shooting (References 7 and l4), and one 1s the automstic pilot (Refevence 5).
In Reference 1), the automatic pilot was successfully applied to 3 fairly
complicated rotor model. In Refevences ) and 12, all the methods vere applied
to an Arey Alr-Loads program. The results are cowpared vith vind-cunnel dats
with excellent agreement. Also, these sethods have been applied succesafully
at Ceorgia Tech and at Kaman Aevospace Corp.

A third development within tris sethodologies has been our study of
tip~loases for rotors. (The liftu and drag near & rotor tip have 3 large
effect on the trim of the rotor.) Referen.e 1l ocutlines the initial phase
of the work, in which the lift near a ving tip vas examined via lifting-line
theory. Since the, we have expanded the lifting-line analysis to hovering
rotors; and we have aow developed lifting-surface wmodels of rotors in hover.
AS & practical development. our results oot only show excellent correlation
with ssasured data, but they display a greater computational efficiency than
previouw work.

The improved efficiency has come from an important finding. In particular,
we have learned that, under certain conditions, 1ifting-line and l{fcing-pane!
methods can result in ervors that do 9QC §0 tO aero as the mesh 1s refined.

One such condition §s wvhere 2 sissatch in panel sizes occurs at some node, and
8 second condition is vhere 2 uniform mesh is used near the tip. As 2 result
of these odservations, we have discovered the optimum way to size the panels
1o a lifting-surface theory. Furthermote, we have learned to replace finite-
diflerence solutions with Fourier solutions in some cases.

3.3 Clogess Theory

the last area to Do discussed is that of Floquet analvsis. Ve have had
two adjor projects under this heading. First, ve have bdeen developing a
aalti=blade transfore that is applicable to rotors with an even hulber of
diades. T™he enisting smitiblade transfomrs can be applied to such cases, bdut
ofe coordinate alwavs redains in the rotatiag system. Consequentiv
B/l-harmonics rtemdln In the equations. The situation is wost criticel for
& i=bladed totor (B=) for which the old method Is completelv degenerate.
Out nww sethod, based on an extension of Jack Noffaann’s work, overcomes this
prodled; and only b=haraonics remdin. [n two fajor developments of this
telti-blade votk, we have: 1) developed 2 sattin formulation such that the
cumbersolie algebra of sech teansforms Is avoided, and 2) compared the efficacy
ef the new constent-comfficient sporoximetion vith previouws work. In this
jattet caoe, ve have found the teselts to be Mech better than expected.

ta the second Floguet ptoject., we have eaxtended Namijton’s Law of Vatving
Action to a billineat formmistion. The tesultant finite elements in time are
then used to find the fleguet Transition Natrin. Sevetal iavestigators have
been spplring Ramilton’s Lav, but the results often diverge and computstions]
efficiency is Jow. e have droven with sathetatical tigor that present
spplications ate incottectly formmiated: snd, thus, thev will sooner of later
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diverge for some case. Ve have also proven, however, that the correct
formulation (vhich ve have developed) is categorically couvergent; and we
have demonstrated this numerically as well by solving problems vhich (in
previous work) had diverged.

The results of this vork are two-fold. First, it has resulted in an
sntirely nev wey of locking at dynsmics problems (from a varistionsl point of
view). Second it has resulted in computational efficiencies that rival those
of time-marching. Ve are very excited about this work.

¢, _Conclusion

In conclusion, the work has proceeded succussfully on several, videly
varying topics. This multi-disciplinary aspect of our work has resulted
tn {nteractions that would be othervise iapossible. e believe that this
synergiss among the {ive areas has been one reason that such cuum tesults
have been ocbtained.
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