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ABSTRACT

Pertormance data from the NASA-Amy OH-6A higher harmonic control
(HHC) flight test program showed significant reductions in main rotor shaft torque
and engine power in hover and forward flight {1]. The unsteadv aerodynamics with
the higher harmonic control system application. including wake etfects. were con-
sidered to studv whether such power reductions are feasible

An airfoil oscillating in pure plunge can achieve propulsive torce (" Katzmayr
efie="), as in the case of birds’ wings flapping ir flight. Here it will be shown
tha this effect can be enhanced in the presence of layers of shed vorticity with
‘h: proper phasing. In addition, while it is known that an airfoil oscillating in
picch, will typically produce drag at most values of reduced frequency, it is found
that the presence of another layer of shed vorticity of the proper phase, can
reduce the drag on the pitching airfoil depending upon wake spacing, reduced fre-
quency, and phase. Under some conditinns ihe added layer or lavers of saed vor
ticity will even result in propulsive force acting on the pitching airfoil similar to
the "Kaizmayr" effect for the plunging case.

It was found, for the OH-6A helicopter, that the measured reductions in
main rotor shaft torque and engine power are feasible when evaluated with respect
to the "Katzmayr eitect" and the additional drag reduction or propulsive force
obtained due to pitch and plunge oscillations with the effect of adjacent wake

layers of shed vorticity.
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Summary

Open loop performance data from the NASA-Amy OH-6A higher harmonic
control (HHC) flight test program. Wood et al. [1], show significant reductions
in main rotor shaft tcrque and engine power in the airspeed regime from hover
to 100 knots. Depending upon HHC controller phase and helicopter airspeed.
reductions in power were recorded as large as 20 %, with reductions of the order

of 10% being typical.

Higher harmonic control is un active helicopier vibration control concept
which alters the aerodynamic loads on the rotor Liades such that the blade re-
sponse is reduced. This in turn reduces the vibratory forces and moments acting
at the hub, which cause airframe vibration. Basically, HHC 15 an electronic,
computer-controlled active vibration suppression system which scnses and cancels
vibrations in a helicopter by N/revolution feathering or pitch motion of the rotor
blades, N being the number of blades'. Very substantial vibration reduction was
achieved under a NASA-Army sponsored program using s mocified OH-6A he-
licopter. Higher harmonic blade pitch control was imsiemented by superimposing

4/rev. (32 Hz) swashplate motion upon basic cyclic and c leciive control inputs.

' I Roberts *Wood. R. W Powers. J 11 Cline, and C. . Honmond,  On Preveloping and

Flight Testing a Higher Harmonie Control Svstem.” Joumnal of AILS Japuary, %35,
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During the program. in addition to reducing vibraiion levels, the HHC system
showed the potential for decreased helicopter power requirements. Recent study
of the OH-6A flight test data indicates that the mecharism by which the power
reduction was achieved is related to the unsteady aerodynamics associated with
HHC. This is supported by the fact that higher harmonic control by the very
nature of the method by which it is implemented through oscillating an airfoil
in pitch with resulting plunge motion. requires definition of unsteady aerodynam-

ics to adequatelv model its physics'.

The fundamental closed form solutions of Theodorsen [3]. and Loewy [4]
provide the basis for theoretical work in this area. The closed form theory
shows rapid changes in the lift deficiency function with changes in reduced fre-
quency, wake spacing and frequency ratio. In the past, emphasis in the study
of unsteady aerodynamics has tended to focus on flutter instability and the effect

of unsteady aerodynamics on generating lift and torsional loads.

In this research, we are interested in performance. and emphasis wiil be on
the effect of unsteady aerodynamics on the drag of the airfoil. When the drag
force is reversed, acting to propel the airfoil forward, it is generally referred to
as either negative drag or propulsive force. The classic reference on this subject

is that by Garrick [S].

"'}, R. Wood. Max I Platzer. Ahmed Abourahma. Mark A, Couch * On the Unsteady
Acrodynames  of Higher [Harmome Control.” Paper Noo C 17, Nineteenth Furopean

Rotoreraft Forum  Cemobbio (Como). ltalv, September 1993
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While Garrick’s [5] work shows that an airfoil oscillating in pitch will
typically nroduce drag in the lower reduced frequency range, k. it 1s found that
the presence of another layer of shed vorticity of the proper phase can reduce
the drag on pitching airfoils and depending upon wake spacing, reduced frequen-
¢y, and phese. may even enhance the prepulsive force acting on the airfoil similar

to the "Katzmayr " effect for plunging airfoils.

The specitic mechanisms, that have been used in this research to discuss
the phenomenon of OH-0A helicopter rotor power reduction. ate: (1) the unsteady
..~odynamics associated with a plunging airfoil and how that produces a propul-
sive force or decrease in rotor power ; (2) the influerce of a laver of wake
vorticity on this propulsive force, which represents the influence of the unsteady
aerodynamics of one rotor blade on adjacent rotor blades, (3) the unsteady aero-
dynamnics associated with an airfoil oscillating in pure pitch and how this pro-
duces in general a drag force on the airfoil unless accompanied by layers of shed
wake vorticity ; and (4) the influence of the phasing of a layer of shed vorticity
on thi. drag force. and how. depending upon specific phasing, th= etfect on the

airfoii wiii be either drag or propuisive force.

The analysis of the above effects was based upon; (1) the classical flat
plate unsteady aerodynamic theory for an incompressible fluid of Theodorsen (3],
its extension to include chordwise forces (drag) by Garrick (5], the rotor wake
analysis of Loewy [4], (2) the panel method developed by Plati+ et al. (6],
that can be applied fo- unsteady incompressible flow past airfoils or airfoil com-

binations of arbitrary geometry and amplitudes of different kinds of motinns.
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In the first approach. Theodorsen's well known lift deticiency tunction C(k)
has been modified by Loewv for the case ot a hovering rotor. Ai-foil drag or
propulsive force was determined by the methods of Garrick {2]. In the second
approach. the panel code allowed a systematic study of the lift and drag produced
bv oscillating airfoils and airfoil combinations in an incompressible inviscid

flow.

The panel code results were checked against different reterences. The results
showed uood agreement with these references. For the parameters ot the OH-
6A rotor in hover. the main conclusion was that the reductions in drag and
propulsive forces generated on an airfoil, oscillating in pitch or plunge, due to
wake phasing, are sufficient to explain the reductions in power recorded on the

OH-6A during the NASA-Army flight test program {I].
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i. INTRODUCTION
A. GENERAL

The determination of the unsteady aerodvnamics associated with a helicopter rotor has
presented a challenge to the heliconter analvst since the conception of the helicopter. The
effect of blade oscillations on resulting airloads has prompted new interest in oscillatory
blade aerodynamics in connection with possible performance cains. Rotarv wing unsteady
aerodynamics is considerably more complex than fixed wing aerodynamics.

The simplest case is that of hover, but even here the problem is complicated by the
influence of the shed helicopter wake from the rotor. In forward flight, the problem is
further complicated by the fact that the velocity of a local blade element ranges at the
blade tip from transonic on the advancing side to low subsonic on the retreating side, and
at the blade root from low subsonic on the advancing side to reversed flow on the retreat-
ing side.

For this reason there is a great need for advances in the present theory in order to
explain modern helicopter problems, yet, the number of advances in rotorcraft unsteady
aerodynamic theory are very limited, so we need toreview current unsteady aerodynamic
theory for rotorcraft znd to advance the theory in one of the areas where improvement is
badly needed.

The goal of this thesis is to explain the measured power reductions in the OH-0A
higher harmonic control (HHC) flight test program conducted by E. R. Wood et al [1].
This research will consider the unsteady aerodynamics with HHC system application,

including wake cffects, in order to determine whether such power reductions are feasible.
1




B. ROTARY WING UNSTEADY AERODYNAMICS
In this section, some elements of unsteadv airfoil aerodynamics will be discussed.
Consider an airfoil undergcing sinusoidal pitch and plunge motion. As the airfoil pertorms
an oscillation, vortices are shed into the medium with a circulation strength equal in mag-
nitude to the increase in circulation about the airfoil, but opposite in direction. These dis-
turbances are stored in the {luid because the shed vorticity convects downstream at the
local flow field velocity.
The counter-rotating vortices induce a sinusoidal flow field which further changes the
.. The result of this complex flow field is a timc difference or delav between the
airfoil’s motion and the induced aerodynamic forces. This delav is known as the phase
lag, v ([34]. To simplify calculations for this type of motion, it is common to describe
the airfoil position and the associated aerodynamic forces by complex variables. For pure
plunge oscillations the vertical motion of the airfoil is descnibed by the real part of the
following equation:
) = hy €8 e e (1.1)
where h, is a complex number. and » is the frequency ot oscillation. Similarly, the lift is

dec~ i by -

where L, is the quasi-steady lift given by the expression :

Lo=5 pUZS Cry (B 7 U oo oo e (1.3)




This is termed quasi-steadv because the angle of attack lis represented by h/U.
The values of r, and \ represent the magnitude and the phase respectively, of the
true instantaneous lift relative to the quasi-steadv lift. The variables r, and w in
general depend on the reduced frequency k. the Mach number M. and the Revnolds
number For inviscid. incompressible fluid the values of r, and w will be only a
tfunction of k [34]. A complete solution for the oscillating flat-plate airfoil in an
incompressible inviscid flow has been obtained by Kussner and Theodorsen and

reproduced from Reference [35] in Figure (1.1).
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C. ADDITION OF WAKE EFFECT

For the helicopter in hover. the rotation of the wing introduces a number of features
that require special attention, notably the returning vortex wake, the time varying free
stream. and radial flow, and a fundamentally transcendental geometry that requires either
approximate or numerical solutions. The lift on a wing is due to its bound circulation.
Conservation of vorticity in the flow requires that there be trailed and shed vorticity in
the wake behind the wing.

The spanwise variation of bound circulation results in trailed vorticity parailel to the
free stream direction. Time variation of the bound circulation leads to shed vorticity par-
allel to the wing span. The wake is composed of sheets of vorticity convected downstream
from the trailing edge by the free stream velocity The wake of a rotor in hover or in ver-
tical flight consists of helical vortex sheets below the disk, one from each blade. Unsteady
motion of the rotor blade wiil produce a shed vorticity in the wake spirals. With low disk
loading ( at low collective pitch settings ), the wake remains near the rotor disk and there-
fore passes close to the following blades. Thus the wake vorticity is not convected down-
stream of the airfoil as with a fixed wing, and the shed vorticity sheets below the rotor
disk must be accounted for to correctly estimate the unsteady loads.

For high inflow (high collective pitch settings ) or in high-speed forward flight, the
wake will be convected away from the blades. The returning shed wake influence is pri-
marily a concern of hover and vertical flight, and forward ﬂight at airspeeds less than
100 knots. Assuming high aspect ratio of the blade, lifting line theory requires a knowi-
edge of the loads on the blade section, and the retumming shed wake of the rotor must be

incorporated into the two-dimensional unsteady airfoil theory.




The wake far from the blade section will have little influence. so the emphasis is on
modeling the wake near the blade. which tor low inflow consists of vortex sheets that are
nearly planar surfaces parallel to the disk plane. Based on these considerations., a two-
dimensional model for the unsteady aerodynamics of the rotor can be constructed. Loewy
in 1957, developed a two-dimensional model for the unsteady aerodynamics of the blade

in a hovering rotor.. including the effect of the helical shed wake.

D. HIGHER HARMONIC CONTROL (HHCQ)

The prnimary source ot helicopter vibration is the higher harmonic blade loads gener-
ated by the aerodynamic environment at the rotor disk. For an N-bladed rotor, the oscil-
latory (N-1)P, NP, and (N+1)P blade loads are transmitted as exciting hub forces and
moments to the airframe at a dominant frequency of N per rev (NP). A significant reduc-
tion in vibration level has been achieved by industry in the last twenty five years. The
desired goal was to achieve 0.02 g and this goal cannot be met wi.out a quantum
advance in vibration control technology. The vibration levels first specified by the U.S
Army for the AAH/UTTAS procurement in the early 1970s were later revised upward in
the mid 1970s to better reflect realistic desizn goals consistent with the state-of-the-art in
helicopter vibration control [1].

A higher harmenic control system drives the blades in pitch at the (N-1)P, NP, and
(N+1)P harmonics of rotor rotational speed, generating new unsteady airlcads, which in
combination with the new oscillatory inertial loads, cancel the harmonics of blade loads
that cause airframe vibration. Therefore the vibrations are suppressed at the source.
Although there are several ways to implement HHC on a rotor system, the approach

generally followed to date has been by blade root feathering using swashplate oscillations .




By means of clectro-hvdraulic servo-actuators. the swashplate is excited in the
collective, longitudinal cyclic. and lateral cyclic mmodes at NP resulting in blade pitch
oscillations at three distinct frequencies of (N-1)P. NP, and (N+1)P in the rotating frame.
In the system considered. developed for the four-bladed OH-6A helicopter, higher har-
monic blade feathering for vibration reduction is achieved by superimposing 4/rev swash-
plate motion upon basic collective and cyclic tiight control inputs.

Yerturbing the statiorarv swashplate at 4/rev both verrically and in pitch and roll
results in third. fourth. and fifth harmonic blade feathering in the rotating system. Fourth
harmonic blade feathering is achieved by oscillating the swashplate vertically about its
collective position, while third and fifth harmonic blade feathering in the rotating system
results from 4/rev tilting of the stationary swashplate i pitch and roll about its cyclic tilt
position [2]. Results of experimental efforts by Hamrond {52] showed that successful
suppression of vibration can be achieved by osciilating the blades at relatively small

angles.

E. OH-6A (NASA/ARMY/HUGHES) TEST PROGRAM DATA

The goal of this research has been a systematic study of the OH-6A helicopter
HHC fligat test program, in order to understand and explain the significant reduction in
main rotor shaft torque and engine power that was measured in flight. Showa in Figure
(12) are the power reduction results from the HHC Open Loop Flight Test Program

(NASA/ Army/ Hughes - Sept. 1982).
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Figutes (1.3) and (i.4) (From Ref. [1]) show the very substantial vibration reduction
achieved under a NASA-Army sponsored program using a modified OH-0A helicopter. Higher
harmonic blade pitch control was achieved by superimposing d/rev. (32 Hz) swashplate
motion upon basic cyclic and collective control inputs. The aircraft was flown from zero

airspeed to 100 knots with the HHC system operated both open loop (manually) and closed

loop (computer controlled).
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The significance of power reduction means that: (1) the lelicopter pavioad cai be
increased. (2) the maneuverability can be markedly increased. (3) marginal operating condi-
tions, such as at seaz in high sea states can be better met, and (4) the helicopter operz..ag
costs can be substantially reduced. Increased interest in HHC and its potential benafits for
the helicopter now require that we try touss the proper tool to understand this phencm:.-

non. It would appear that we presently have the computationai toois. namely the par

method for unsteadv inviscid, incompressible tlow past airfoils or airfoil cormbinations of

arbitrary geometry, developed by Platzer et al [0]. and the single wake ciosed forn anal-

ysis developed from Loewy’s theory by Wood and Couch [40].
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F. SCOPE

Chapter II contains a quick review of the most important research starting with the
work of Knoller [10] in 1909 and Betz(11] in 1912. They explained the bird’s ability to
generate forward thrust by means of wing flapping. In 1922, R. Katzmayr, experimentally
verified the work of Knoller and Betz. Birnbaum, von Karman. Theodorsen. and Garrick in
the vears 1924 through 1936, were the pioneers of flapping wing aerodvnamics.

The fundamental closed form solutions bv Theodorsen {3], Loewv {4], Garmick [5], pro-
vide our basis for theoretical work in this field. While Loewv's work on wake-induced
flutter helps to explain the phenomenon, it also points up difficulties to be overcome. That
is the closed form theory shows rapid changes in the lift deficiency function with changes
in reduced frequency, k; wake spacing, h; and frequency ratio, m.

Garrick further developed the work of Theodorsen by deriving the horizontal force for-
mulas for airfoils or airfoil-aileron combinations oscillating in any of the three degrees of
freedom: vertical flapping, torsional oscillation about a fixed axis. and angular oscillation
of the aileron about a hinge Also presented in Chapter 1. Loewy’s two-dimensional mode!
for the unsteady aerodynamics of the blade of a hovering rotor, is presented to proviae i
base for discussing the obtained results. Also presented in Chapter Il is a quick survey of
the most relevant rererences who developed and used panel methods to study unsteady

acrodynamics of oscillating airfoils in an incompre. ible. inviscid flow.
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In the third chapter. the propulsive force is estimated according to the OH-6A helicop-
ter parameters obtained from reference {36]. In this analvsis, the blade is divided into sec-
tions. Assuming hovering conditions, the reduced frequency at each section was evaluated.
Using the unsteady panel code the time history of the airfoil drag ( or propulsive force )
coetficient was recorded. For the assumed plunging motion with plunging amplitude as
obtained from reference {1], tfor a given mode of vibration, the average propulsive force
for each section was calculated.

The total average propulsive force was obtained by adding together the contribution
from each blade section. The obtained results showed that the resulting propulsive force
from a single airfoil oscillating in plunge is not enough to explain the significant power
reduction on the OH-6A helicopter. This led us to study the aerodynamic interference
between two blades, which is the main subject of the fourth chapter.

In Chapter IV, the two-airfoil unsteady panel code developed by Pang [25], is used
to study the wake interference between two airfoils This code has been formulated to
solve for the potential flow for two airfoils executing unsteady motion in an inviscid
incompressible tlow medium. It is an extension of the code, developed by Teng [24] for
single airfoils. The technique uses the well known panel method for sieady flow and
extends it to unsteady flow by accounting for the continuous shedding of vortices into the

trailing wake.
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Numerous case-runs are presented to illustrate the aerodvnamic interterence between twe
oscillating airfoils. Results obtained for p'unging and pitching airfoils show a significant
production of propuisive force at certain wake phase angles. In Chapter V' the question of
propulsive efficiency due to plunging or pitching and the possibility of single-degree-of-
freedom pitching flutter are discussed. Chapter VI discusses the findings of this research

and presents the main conclusions.
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II. BACKGROUND

The effect of plunge and pitch oscillations on the resultant drag of an airfoil
has been the object of aeroelastic research back almost to the time of the Wright
brothers (1903). In 1909 and 1912. respectively, Knoller {10], and Betz [11] were
the first ones to e¢xplain the birds’ ability to generate a forward thrust by means
of wing ﬂappingl. Another one of the earliest investigators of this era was R.
Katzmayr {7]. who in 1922 conducted two series of experiments to explore the
eifects of oscillatorv fluid or airfoil motion on resultant lift and drag.

Katzmayr’s experiments which were performed in the aerodynarnic laboratory
of the Technical University of Vienna, may be divided into two series. In the first
series, the angle of attack of the wing mod<l was changed by oscillating the wing
model about an axis parallei to the span and atright angles to the airflow. In the
second series of experiments, the airfoils were stationary while the airflow itself
was subjected to periodic oscillations. Here. for certain air velocities and frequen-
cigs, and considering thick airfoil sections, Katzmayr measured negative drag or
positive propulsive force. This discovery, to be later known as "Katzmayr effect”,

helped to cxplain the propulsive mechanism of birds flying through the air.

'Plazer. M. F.. Neace. K. S.. and Pang, C K.."Acrodvnamic Analvsis of Flapping Wing
Propulsion”. AIAA paper No.o 930484, 31st Acrospace Sciences meeting, Reno. NV, January

11-14. 1993
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Later. E. G. Richardson [8]used the "Katzmayr etfect” to explain the locomotion
of fish through water. In his paper, Katzmayr summarized his results to show: (1)
the effect of flowing air, whose direction is undergoing constant periodical change,
is quite favorable, (2) the wing section which exhibiis favorable characteristics in a
constant airflow. works better in an osciilating flow.

In 1935, Theodore Theodorsen [3] introduced the general theoiy of aerodv-
namic instability and the mechanism of flutter. In the first part of his paper.
Theodorsen developed the velocitv potentials due to flow around oscillating air-
foil-ailerons. In the later part of the paper, he developed the differential equations
of motions and determined the flutier speed.

The most relevant work with respect to the present research is that by 1. E.
Garnick [5], who applied the work of Theodorsen [3] (o obtain a closed form ana-
lytical expression for the propulsive force generated by an oscillating airfoil. An
airfoil oscillating in pure plunge or flapping motion was shown by Garrick to have
a propulsive force throughout the entire range of reduced, k, while for an airfoil
oscillating in pitch, propulsive force can only be achieved for a specified range of

reduced frequency, k, where k must be greater than 2.0 .
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In 1942, W. Schmidt [14] recognized that the Knoller-Betz or Katzmayr etfect
applies to both a flapping airfoil in uniform tlow or a stationary airfoil in oscillat-
ing flow. He demonstrated experimentally that a stationary airfoil positioned in the
‘ wake of a tlapping airfoil increases the propulsive efficiency to almost 100 percent
throughout the whole frequency range because the stationarv airfoil converts the
vortical energy generated by the flapping airfoil into additional thrust. He also
found that the mechanical limitations inherent in pure flapping motions could be
overcome by an arrangement which he called the wave propeller.

H. Bosch [15] investi-a- .d the interference of twu lifting surfaces in two-
dimensional unsteady ucompressible flow, using classical flat -plate theory. He
showed that a harmonically flapping airfoil upstream of a stationary airfoil increases
the propulsive efficiency to almost 100 %, thus confirming Schmidt’s experimental
findings. Bosch’s analysis is limited to flat-plate airfoils oscillating about a zero
incidence mean position.

In 1957, Loewy [4] developed a two-dimensional model for the unsteady
aercdynamics of the blade of a hovering rotor, He derived an expression for the
two-dimensional oscillatory lift deficiency function as a function of the reduced
frequency, wake spacing anu the ratic of the airfoil frequency of oscillation and the

rotational speed.
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The wake in hover or vertical flight consists of helical vortex sheets below the
disk, one from each blade. Unsteady motion of the rotor blade will produce shed
vorticity in the wake spirals. '

In Figures (2.1A) through Figure (2.1D), from Ret. [4], Loewy illustrated the
basic elements of the unsteady flow field of a helicopter rotor. A rotor in hover-
ing or vertical {light produces a trailing tip vortex with a downward axial veloc-
ity that, if otherwise undisturbed. forms a contracting helix as shown in Figure
(2.1A). If the inflow over the rotor disk is constant. then thefluid off the trailing
edge of the blades makes a helical surface with horizontal radial elements as shown
in Figure (2.1B).

If there is an oscillation in blade effective angle of attack, blade lift will alter-
nate also, and as a result of these changes in lift, vortices wiil be shed continu-
ously at the blade trailing edge. These vortices fall along the horizontal radial
elements of the helical surface shown in Figure (2.1B), so long as the oscillations
in angie of attack are smalii. Figure (Z.1C) iliustrates this iocal sheet of shed vor-
ticity. It should be noted that vorticity is considered to be on the helical surface
shown in Figure (2.1B), the vertical displacements from that surface shown in Fig-
ure (2.1C) represent the strength of the vorticity at a particular azimuthal and radial

position [4].
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The vanation in this vertcal displacement (hence vortex strength) around the
azimuth corresponds to the history of the motion of a given blade element at a
fixed radius. Varation of shed vortex strength in the radial direction at any tixed
azimuth angle is a function of the variation with blade span of (1) blade planform;
(2) amplitude of oscillation of effective angle of attack, and (3) relative air veloc-
ity. Since (from the Helmholtz theorem ) vorticitv cannot begin or end in space. a
variation of shed vorticity in the radial direction implies that there are trailing vor-
tices at constant radii similar to and inboard of the tip vortex. These traiiing vorti-

ces have been induced in Figure (2.1D).




The schematic drawings, Figures (2.1A) through Figure (2.1D), Ref. [4], indicate
the difficulty of attempting to obtain a complete representation ot unsteady rotor
aerodynamics. One means of simplifying the problem is to consider extreme "pitch"
valdes for the helix. For the case of very high intflow velocity, u, in relation to €,
and the opposite. where u is verv low compared to €2 This is shown in Figure
(2.2).

When the vertical spacing between adjacent helicai surfaces of shed vorticity 1s
very large, then we expect that all shed vorticity bevond a small fraction of a rev-
olution would be too far below the blade in question to have a significant effect.
Under these conditions, it would be sufficient io account for onlv the attached
vortex shcct within that fraction of a revolution, as in Figure {2.2A).

On the other hand, wher the vertical spacing between the adjacent helical
surfaces of shed vorticity is very small, ull the sheets of shed vorticity tend to pile
up on each other. and the effect of that vorticitv close to the blade in question
( ched by blade passes ) is of more importance than that which exists beyond
a reference azimurh angle on either side of the blade. This situaticn is depicted in

Figure (2.2B), Ref [4].
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A. High Inflow

B. Low Inflow

Figure (2.2) Schematic Representation of Unsteady Rotor Flow Field.




With low rotor thrust values ( low collective pitch ) the wake remains near
the rotor disk and therefore passes ¢l se to the tollowing blades. Phus. the shed
vorticity sheets below the rotor disk niu.. be accounted for to correctly estimate the
unsteady loads. For high inflow or high-speed forward flight the rotor wake will
be convected away from the blades. The wake far from the blade section will have
little influence, so emphasis 1s on modeling the wake near the blade In the case
of low inflow, this consists of vortex sheets that are nearly pianar surtaces paral-
lel to the disk plane [4].

Based on these considerations. @ two-dimensional model for the unsteady acro-
dynamics of the rotor can be constructed. It is assumed that the chord, amplitude
of the oscillaticn 1n ettective angle of attack, and relative airspeed vary slowly
enough with span so that what occurs aerodynamically at one blade radius station
is essentially duplicoted on either side of it.

The assumipton means that the tflow problem at a given blade section is two-
dimensional. Furthermore, consistent with the idea that only the vorticity near the
blade scction has an important effect, one may allow the planar rows of vorticity to
extend to infiaity in the horizontal direction in order to achieve mathematical sim-
plification. It should be stated that this is a first-order theory, so that such effects
as that of the wake upon itsclf have been neglected. The oscillatory flow induced
at the airfoil in the free-steam direction, for example, will affect the airfoil lift and

moment as well as the vorticity shed at the trailing edge.
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Since the shed vorticity is being accounted for as perturbations in the main

flow. this component of induced velocity will be small compared to the free-steam
velocity (except when the spacing approaches zero) and must react with smail, first-
order airfoil displacements. Because of the physical unrealities associated with the
standard mathematical model representation of the problem (such as zero thickness
of wake and airfoil, zero displacement of the wake from horizontal planes, and
infinite velocities at the core of a vortex), the accuracy of results as the wake
spacing goes to zero is questionable. The effect of the horizontal component of
induced flow. therefore. has been neglected in Loewv's analysis.

Shown in Figure (2.3) is the two-dimensionalized model of unsteady rotor flow
{4]. The portion of the circular surface which is determined by (!) a particular
blade radius, (2) the azimuth angle on either side of the blade section (within
which the shed vorticity is of importance), and (3) the vertical dista:mce spanned by
a given numbers of rows of vorticity, can be regarded as a plane, one in which
the two-dimensional unsteady aerodynamic problem may be attacked.

This i3 shown in Figure (2.3 A), with an arrow indicating that the rows of
vorticity under the rotor disc extend to infinity. Consistent with the idea that only
the vorticity near the blade section has an important effect, one may aliow the pla-
nar rows of vorticity to extend to infinity in the horizontal direction in order to
achieve mathematical simplification. These final niodifications are shown in Figure
(2.3 B), which is a two-dimensional model, Ref. [4], of unsteady rotor acrodynamics

for a single-bladed rotor operating at low inflow.
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The general approach used bv Loewv is the same as that of Schwarz [30].
Only the effects resuiting from oscillatory motion of a thin airfoil are considered.
and the airfoil itself is represented by continuous vorticity distributed along a
straight line [9]. It may be also noted that the effect of viscosity in damping the
shed vorticity could be accounted for by considering onlvy a finite number of rows
beneath the reference airfoil, or by multiplying the vortex strength by an experi-
mental decay function related to the time through the rotational speed and the

number of rotational cycles corresponding to a partcular vortex row.
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This has been omitted trom the analysis since vortex decay time is fong
compared to the rotational periods of most rotors. An extension to Loewy 's work is
that by Shipman and Wood [29] in 1970. The authors present a method for
determining rotor blade flutter in forward flight. Incompressible unsteady aerody-
namic theory was applied where shed vorticity botk in and below the plane of
the rotor is accounted for. This was made possible by noting that the damping for
rotor blade aeroelastic instability varies with velocitv. Since the 1angental velocity
of any "lade segment varies with azimuth, so will flutter damping].

It is assumed at the onset of flutter that oscillations will begin to build up
prior to the blade reaching a critical azimuth position, then decay as the blade
moves beyond this point. This build up and decay means that the vorticity shed
due to the oscillations will be contained within a double azimuth region on either
side of the critical azimuth position. Assuming this region to be small allows the
wake system to be two-dimensional.

The lift deficiency function resulting from the two-dimensional wake model is
compared with earlier results obtained for a helicopter in hover and fixed wings. In
ihe limiting case when ihe advance raiio is very smaii, Shipman and Wood's lift
deficiency reduces to Loewy’s lift deficiency function. Also in the limit as the
wake spacing is very large, this function reduces to Theodorsen’s lift deficiency

function .

Shipman, K. W. , and L. R. Wood " A Two-Dimenstonal Theorv for Rotor  1lade Flutter

m Forward Flighi. " Joumnal of Aireralt, Vol. No. 8. Number 12, pp. 1008-1015,

December 1971
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The theorv was applied to bending torsion tlutter for the tip segment ot arotor
blade. The results tollowed the normal trends of having the flutter velocity decrease
as the blade center of gravity was moved aft and of having the flutter velocity
increase as the blade suffness increased .

The previously shed wakes are destabilizing so that they reduce the flutter
velocity. The buildup and decay produces wakes that are essentially centers of vor-
ticity. Thus their position with respect the reterence blade will be sensitive to the
advance ratio which determines the vertical spacing. It was found that as the
wakes were brought closer by reducing the advance ratio and/or inflow ratio. the
flutter speed is decreased [29]

The phenomenon of airfoil flutter is caused by energy extraction out of the
wind stream by means of airfoils which are free to oscillate in pitch and plunge.
As described by Duncan [19], this effect can be easily demonstrated in a wind tun-
nel if a device is built which allows t» vary the phase relationship between pitch
and plunge. Pliase angles near 90 degrees produce maximum energy cxtraction so
that the device operates as aflutter engine. McKinney and DeLaurier {20] demon-
strated that this effecc can be used to convert wind energy into mechanical energy.
Scherer, McKinney and Delaurier used Theodorsen's flat-plate theory for perfor-
mance estimates of the f{lapping foil propulsor and of the wingmill, respectively.

It was shown by W. Schmidt, that optimum energy extraction occurs for har-
monically fiepping airfoils upstream of a stationary airfoil. There is a need for
aerodynamic analysis methods which enable systematic studies of the effect of air-
foil geometry, incidence angle varation, amplitude of oscillation and airfoil interac-

tion on the aerodynamic forces due to incompressible flow over airfoils or airfoil
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combinations executing pitch or plunge motions. A panel method was developed in
order to do parametiic studies of these effects. In the past, a number of investiga-
tors have solved the steady flow problem using source and vortex paneling, the
most prominent ones being Hess and Smith [21]. A few authors have extended this
approach to the case of unsteady motion of single airfoils, notably Basu and Han-
cock [22] and Kim and Mock [23].

Basu and Hancock [22] presented 2 numerical method for the calculation of
the pressure distribution, force, and moments on a two-dimensional airfoil undergo-
ing an arbitrary unsteady motion in an inviscid incompressible flow. The method
was applied to (i) a sudden change in airfoil incidence. (ii) an airfoil oscillating in
high frequency and (iii) an airfoil passing through a sharp-edged gust.

Teng [24], developed a computer code for the numernical solution of unsteadv
inviscid incompressible flow over an airfoil. Pang [25] extended the work of Teng
and developed a computer code to study unsteady airfoil interference effects. The
technique uses the well known panel methods for steady flow and extends it to
unsteady flow by accounting for the continuous shedding of vortices into the trailing

wake.
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[1I. DRAG REDUCTION DUE TO

BLLADE FLAPPING

( KATZMAYR EFFECT)
A. INTRODUCTION

In this chapter. a discussion will first be presented of the physics of tlapping
airfoils which explains the bird’s ability to generate a forward thrust by means of
wing flapping. This will be followed by a description of two methods capable of
predicting the pressure distributions, !ift. pitching moment, and drag or thrust on airfoils

which execute harmonic oscillations in plunge or pitch.

The first method is based on the generalization of the well-known steady-state
panel method to the case of unsteady airfoil motion. It is based on the assumption
of inviscid, incompressible flow. The second method is based on the classical The-
odorsen theory for oscillating flat-ptate zirfoils in incompressible inviscid flow. The
unsteady panel method permits the investigation of f{inite-thickness airfoils of arbitrary
geometry which may execute rather general unsteady motions ( ramp and oscillatory ).
In contrast, Theodorsen’s analysis is testricted to thin airfoils ( flat-plates ) and to small
amplitude oscillations. The chapter ends with a comparison of results computed by both

methods.
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B. THE PHYSICS OF FLAPPING AIRFOILS IN LOW-SPEED FLIGHT

The phenomenon of thrust generation due 1o wing flapping or due to steady flight
in a sinusoidal gust car be explained in a rather elementarv wav. Consider the latter
case of flight through a sinusoidal gust. as shown in Figure (3.1). The relative wind
vector changes direction between a maximum positive and negative angle of attack. The
resultant aerodynamic lift is perpendicular to the instantaneous wind vector. If we as-
sume the viscous drag to be small. then it is easilv seen that the sinusoidal gust gen-

erates a sinusoidally varying thrust.

A similar effect is generated if the airfoil executes a sinusoidaily varying plunge
motion ( wing flapping ) about an otherwise steady flight conditions. This explanation
of thrust generation due to wing flapping or due to flight through a sinusoidal gust was
first advanced by Knoller [10] and Betz [11]. Its experimental demonstration was
accomplished by Katzmayr [ 7] and is therefure generally referred to as Katzmayr

effect !,

Since it is well known that every change in airfoil incidence causes the shedding
of a starting vortex, a more precise cxplanation of the Katzmayr effect has to takeinto
account the continuous vortex shedding due to wing flapping or due to flight through

a sinusoidal gust.

PPlatzer. Mo F Neace. K8 and Pang, C. K" Acrodvnamie Analyvsis of Flapping Wing  Propulsion”.

page 1. AIAA paper Noo Y3-0484, 31s1 Acrospace Sciences meehng, Reno, NV January 11-140 1993,
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Figure (3.1) Propulsive force on plunging airfoil
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Similarly, the quantitative prediction of the induced oscillatory forces ( lift and
thrust) had to await the development of a complete unsteady aerodvnamic theorv.
Such a theory was first accomplished in the 1930’ s by Theodorsen [3] in the United
States and by Kussner {16] in Germany. It can be found in the textbooks on aeroelas-
ticity, for example the book by Bisplinghoff, Ashley, Halfman {41]. Theretore only
_the final formulas will be given here and the reader is referred to those texts for
additional details. More recently, a second approach to the determination of the
unsteady aerodynamic forces on oscillating airfoils became feasible with the advent of
high speed computers and the development of efficient numerical solution methods. The

fundamental building blocks of this method are presented in the next two sections.
C. PANEL CODE FOR STEADY INCOMPRESSIBLE INVISCID FLOW

In potential flow theory, the flow field around an airfoil may be represented by
the velocity potential. Considering contributions from the free stream flow and the

source and vorticity distribution, the total potential may be constructed:

b = O + by + Dy 3.1
where

Gy = U[xcos(a )+ ysin(a)]

o, = qgil!n(r)ds (32)

v, = -] ods

2n
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The source distributions q(s) vary trom panel to panel. while the vorucity strength
v (s) is assumed constant for all panels. The value of representing the [low past an
airfoil by surtace singularity distributions lies in the fact that these singulanty distn-
butions automatically satisty Laplace's equation. the governing tlow equation for invis-

cid incompressible tlow:

d b =0 (3.3)

N 3

Since Laplace’s equation is a linear homogeneous second order parial differential
equation, the superposition principle used in Equation (3.1) holds. The boundary con-
ditions include {low tangency at control points (mid-points of panels) and the Kutta
condition at the trailing edge, requiring equal tangential velocities for the first and last
panels. By evaluating the integrals along the airfoil surface, the potential may be de-
termined at an/ point in the flow field. Each point is defined at a radius (r) anc angle

() from a chosen reference point on the airfoil.

The reterence point in this study is the leading edge. The airfoll is represented
by a number of defined points. calied nodes [34]. More points produce greater resolution
and better accuracy. One hundred to two hundred points are usually sufficient. with

the larger number used for more complicated airfoil shapes or .nore involved calcula-

tions. The lines connecting these nodes are the panels. There are n+1 nodes with first

and last node overlapping.
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Figure (3.2) depicts the panel geometry. Numbering starts at the trailing edee. then
2 p | o \ g g cag

progresses along the lower surface. leading edge, and upper surface. and ends at the

trailing edge. The unit normal vectors (n;) are perpendicular to the panels and directed

outward from the airfoil surface. The unit tangential vectors (t,) are parallel to the

panels and the positive direction is defined with increasing numbering (n to n*+l ).

The pancls may vary in length, with the exception of the first and last panels, which

must be equal in order to use the Kutta condition at the trailing edge.

b
—_— LA . P
K"—- . > T
‘\'u ~ _______,.—————'""'"—"3 2 ! X
“V jsl

Figure 3.2 Panel Method Geometry
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The required input consists ot the number of nodes ¢n the airfoll surtace. the
coordinates or the nodes reterenced {rom the ieading edge. and the angie or attack in
Jegrees. The program produces normalized velocities and pressure <cetficients at each
control point as output. The use cf intluence coeificients icads to a siraightfonvard

procedure tor programming the equations.

An aerodvnamic intiuence coetlicient 1s defined as the velocitv induced at a fieid
point by a unit strength singularity distribution on one panei. Fer the nwo-dimensional

steady ilow problem. the tollowing intluence coetficients are neceded {341

:\ﬂ o

4. normal velocitv component induced at the i*' panel control point by unit

strength source distribution on the i panel

1 Mii+1 .
\?] = __ sin (9i —ei)ln »’«"r—+» + cos(ei - Bi) Bii i 1) (3.4)
] _ i ;i '

= 1/2 Y

-—dl

A‘gi: tangential velocity component induced at the ! panel control point by unit

strength source distribution on the i panel

t 1 rxi+l

A= = sin(ei—Si)Bii—cos(Gi—ei)ln—~~~ EERES (

(P9
n
g

-

r.
i}

=0 . l=

LU

B";. normal velocity component induced at the i panel control point by unit

strength vorticity distribution on the j** panel
a 1 Niel | o
B. = - cos(Gi—Gi)ln - —sm(ei—ei) Bii 3 T (3.6)

2w r..
1
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. . - ' i . .
BY;  tangential velocity component induced at the i’ panel control point bv unit

strength vorticity distribution on the i panel

i

J . ri -}
B - cos(B. -8 )B.. -sin(B. ~8)In T
1 2 i ] ! ! 1

: R (3.7)
- r.
1
= 1/2

where the veometnical quantities. depicted in Figure (3.3) are defined bv

-

' ST
G T (Xm, -x)" - (vm -V) m,o= B
S VoL,
vm, = ' 9 =arctant L (3.8)
' 2 WNoL TN,
1=l !
‘/—Vmi_—viﬂ\’ (ymi“.ﬂ
B;; = arctan| -+ ! -arctan| ——
! \xm =Xy \xmi—xjj

The first boundarv condition requires flow tangencv at the control points

(Vly, =0. i=1,2 ... M, (3.9)
In terms of intluence coetficients (with \'r_ = 1),
n n
AN +y X n ~ 5§ — = i = 2
Z ,Aijqj_ vy Bij - sin (a Gi) 0. i=12 n
1=1

UUUTURES ¢ E U UUROURPOTOT (3.10)
i=1

The second boundary condition is the Kutta condition. which states that the pressures

on the lower and pper panels at the trailing edge must be equal if the flow is to leave
the trailing edge smoothly.
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Figure (3.3) Relationship Between Geometrical Ouantities
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Hsing Bermoulli's cquation, the pressure coefficient can be expressed as

p-p S\ w7
. r { total |
( - - | (31
P b2 Vo
.
PV
The pressure cquilibiium also tmplies equal velocities for incompressible {low. Since

the nommal velocities are taken to be zere, the boundary condition mayv now be stated as
Al |
(VoY - (V) (3.12)

where the negative sign is strictlv due (o the adopted convention of positive tangential
velocities tn the direction of increasing node numbering. Since the flow 1s positive 10
the right, the panel downstream of the front stagnation point will have negative values
for computational purposes only It is important to note that not all the lower snrface
panels have a reversed sign, only those downstream from the stagnation point. This is
especially significant for non- symmetrical airfoils or any airfoil at an angle of attack.

In terms of influence coelfficients, the normalized cquation hecomes

3} n n N

{
‘

~ ~ 1 t ' t
\/_, | Aij(’i’ -y Z Bii cos (s B)) - Z | /\I‘,qif -y Z Bi‘. -eos (o 0))  (313)
=

P P | =]

Fiquations 3.10 and 3 13 1cpresent a linear algebraic system of (nt 1) equation and
(nt 1) unknowns. The unknowns are the source sirengths which vary from panel to

panel ¢ qy u,) and the vorticity strength v,
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Fxpanding and rearranging Equation 5 {0 tor an exampic airtoil of i <73 noades and

nanels results i

Ay - AL, - BT =BT - SBU L e =)
VI AL, BT SBY BY L, 5 i - ) (3 14
,\2: AV ~\:,\ A —‘_/(B'_lj ‘ B;_‘t . S B I K B

Fhe equauons now readiiv iend themseives to soiution In matnx arm Recasting

wiIth simpler notation. the AL, ierms (coetticients of o, ) mav be renamed ., .nd the
1 !

sum of ail B, terms in parentheses (coetticients of ~ ) renamed ., . where i - 1
2 .noand 1=1.2 ... n The terms on the right side ot the cuuation may

be renamed b,. The (n+1) equation. or in this example. the 74" cquation comes

from Equation 3 13 in a similar manner:

'

(A} |- AL D, - (A L AL )y s (A o AL L),

[ - - |
""/l ( L’vl!.l - Bl-'}l } ( Blil: v B(-:.:)" R | Bll‘: - B("i‘; )‘

= oS (o -Uy) - cos (U —) (3.15)

The coetficient g, may be renamed a-; Ml ot the B! terms in the brackets together
form the coetficient of v, now renamed w~; 5, The entire right side of the cquation

constitutes the new term b+
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Finatlv expressing this svstem can be written 1 concise matrx iom

a. R ),
T R Yo b,

: a. 1. h

Lo A ey ds N

...... (3.10)

; . . h

Yoot Yin e 4, g
a 1 L b

noeil | 0o -

This svstem 1s solved m the program using a Gaussian Elimination subrouune. \With

the values of the q, and v known. the velocuy at each panel control point mav be

calculated

Al q, - cos(a—Ol) L1 =0,02, n. (3.17)

_.Il‘
1 [\4 =

1=
The total velocity is equal to the tangential velocity due to taking the normal velocity

1o be zeru
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D. UNSTEADY PANEL (CODE

Mhe extenston of his method 0 an wriell ewperencing o a0 cianse i
ingle o, attack can be accompiisied as toilows 1t s snportant o recan Pranatl’s
aariy low sosuatization experiments swnich demonsirateda the ceneration of a
starting vortex ort the tratiing-edge whenever the sngie of autack was ohanged.
ilence continuous changes m angle o attack produce @ contnuous snedding of
vorticiiv mto the traiiing wake. This shedding can ve exprainea by ine teimholtz
LOrtex theorem snich reguires tat anv change 1 the arculauon aiouna e ol
must be matched bv the appearance of an equal counter vortex ..U the rating

edue in order o achicve constaney of the totai circuration 1) e siow neld.

The vortices shed from the trailing edge move with the tluid parucles of the
surrounding tluid and hence are swept downstream with a speed essenually cqual
to the tree-stream speed  Therefore these vortices will stav close enough to the
airfoil for a finite time 10 intluence its pressure distnbution .Anv unsteady airtoil
theory therefore must describe this voriex shedding process. 1t is this feature
swhich distinguishes unsteady airtoil theorv  irom 115 steady coumcrpan: The
above considerations suggest that the airtoil can be modeled bv similar source

and vortex distributions as in the steadv  case.

-y,

i o ) . , .
Plaer, M F Class i ectire Noles Masal Postgradoate School, SMonteres

Caltforma sep T3
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Hence source panels are again placed on the airtoii surtace together with a
singie vortex distnbution which is the same for cach panet. An arbitrary ¢hange in
angle of aitack then is subdivided into small step changes such that & starting
vortex is shed into the wake each time a step change occurs and the tlow 1angency
and Kuua conditions are cntorced at cach time step.

In addition 10 the n airfoil panels awake panel is assumed to be attached to
the trailing cdge such that. atter cach time step. the vorticity of the wake sanel is
assumed 1o be concentrated into a single point wvortex which detaches trom the
airfoil and starts moving downstream with the free-stream velocitv \s one wake
panel detaches from the airfoil a new one is created and a wake of point vortices
is created. As in the steadv problem n unknown source strengths and one unknown
vorticity strength on the airfoil are introduced.

In addition, there is now the unknown vorticity strength of the wake panel
whose length and orientation are also unknown. Hence there are three additional
unknowns which need to be determined bv a proper set of equations: (a) the

flow tangency conditions provides n cquations. (b) the Kutta conditicn provides an
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ity strength on the wake panel.
Theretore two more equations are needed to determine the length and orienta-
tion of the wake panel. These are obtained by making the following assumptions. i.e .

(d) the wake panel is oriented in the direction of the local resultant velocty at its
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nid-point. ¢y the denetn oi the wake panel i~ proporiionat to the magnitudge o the
ocal resuitant s clocity at its intd-pomnt and o the tme-siep The xutla conaition
ond  the last two conditions are noniinear cyuations and theretore necesstiate an

ierative soiution procedure  rigure 3.4y trom Rer I35 shows the panel tiethod

representauon tor unsteady tlow
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Vortex Shedding at Time Step tg

Helimboltz's theorem

Qe r e F Ty =10
Panel
+— 9§ Source Distribution (('i)k

Vorticity Distribution Yy

U (Fy-1.)
T ‘\i (Fyy - rk-l)(’; b
b ™~ (v.) (ﬂ —,
e RNy (o7
(‘ _H’___.:::‘::-/\T} A (F =,
> P e - \,/ ‘& k
Vo
tan® (Vi)
V) anQ, = K
ok (U,
. \(\‘\(Dk Ak = ((k —tk-l) /l (l',\v)k2 + (v\\)kz'

X/ (l"\v)k

Figure (3.4) Pancl Methods Representation for Unsteady Flow




THEODORSEN'S ANALNYSIES
As stated berore. iheoaorsen’s tneory tor osciilatng siat-prate ariolis i imviserd
incompressitle Tow is well Jdocumentea. Theretore. - ¢ summanze cere v the

final formuias. The 1ift on an airfoli osciilaung ot treauengy - 1y alven

1J

)ty RN

Ly =@ - 21 Cihyy &
L, = 12 < (ijk)y| 1= 2CH)] - 2/ L) k)
k= ob/ U ¢ bisthe semi-chord and"a" is the elastic axis )
C(ky s the lhift deficiency function and is given by
k)

CK) = cpmbm e = FK G K (319)
i k) =il (k)

where  11=,(k) 15 the Hankel tunction ol second kind and is given in terms

of Bessei functions as . il':n(l-;) - dptky Y
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F. GARRICK'S PROPULSIVE FORCE ANALYSIS

Garrick |3] appiied Theodorsen’s theorv to determine the thrust and drag
cenerated by an airfoil which executes a sinusoidal mouon in pitch or in plunge.
He found the 1ollowing formula tor the average propuisive torce

R ~

P = pbo” azh: ~ (A, - h:)(x.; “2(ay -hya b (3.20)

N

where a - Fo G
B bt IR 12 ] el e 2 s F - GO
ap = b b ap] - sin(pa—@,) - (172 —acos(pa - 0,) |
- (F72) cos{ a =p,) ~(G/2)sin( Py -P) |
by = bo{ - a2 - F/k* + (1/2 -a)(G/k) ]
by = (b/2)[ (172 = Glk)cos( (Pr—-p,,) = (F/K)sin (1 —,)]
For pure plunge, the average propulsive torce is reduced to
P, = wpboh F (k) + G (k) | (3.21)
For pure pitch, the expression for the average propulsive force is given by
P, = Trpb'}(-)zui [a, - b.] (322)

where a, and b, are defined in Equation (3.20).
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The expression for the average drag 1 bquauon (3 20) of Garriek’s report
07 13]awvas tound o be tnoerror  The correct ¢xpression as civen m Guircek’s

subsequent  ceview  (32] 1S

C- = - Geoand N - Zopaom 4N
G. COMPARISON OF RESULTS

In a recent thesis. Riester | 43 ] presented a uetaiied comparison  ith
Theodorsen's predictions .t the lift and pitching moment computed with the un-
steadv panel code. Generallv. good agreement was found. thus lending credence
to the reliability of the panel code. In the present work. we are interested in
the prediction of the thrust and drag forces generated bv an oscillating airtoil.
Calculations were performed to ascertain the panei code’s capability . Figures
(3.5y to (3.7) show the companson between Garrick’s predictions and the vanel
code resuits. These figures present plots of the average propulsive torce coef-
ficient vs the non-dimensional plunging amplitude of oscillation. HRAR (HBAR
= h/c), for three reduced frequencies. k=0.1. | and 2. The two methods are
in good agreement for small plunge amplitudes. is might be expected. the
agreement starts 1o deteriorate with increasing plunge amplitude. The panei code

was applied to an NACA 0009 airtfoil using 190 panels.
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Figere (3.5) Comparison of Panel Code Results with Garrick ( k=0.i)
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H, ESTIMATED POWER REDUCTION DUE 70O HHC FOR OH-6A

HELICOPTER

rhe ultmate eojecuve of this research was 1o actermine e cireet o0 unsteady
aerodvnamnics on the measured power values oo e OH-0A heitconter. Ve are
especiallv interested 1 hnowing whether these errects couid produce the power
changes recorded dunnge e NASA - Army open icop tight tests i the tlight

regime from hover e 100 knots.

[N order 10 estmate the change in tocgque due 1o propuisive 10r¢e «ioot-
pounds per blade) due to HHC. the blade span was aivided 1nto secuons  \s-
suming hover conditions. the reduced frequency at cach blade secuen was cal-
culated The panel code was used to compute the propulsive force coetficient,
Cd. at cach blade section assuming pure plunge motion with a plunging am-
plitude of 1" The blade deflections, obtained from Wood et al {27]. were then

used to estimate the real value of the plunging amplitudes at cach blade segment

Finallv. the net bladetorque could be calculated by considering the propulsive
rorce at cach blade section and multiplving this saiue umes the rotor radius. then
summing over the length of the blade. Table 3.1. from Ret [42], shows the
OH-0A helicopter  parameters that were used to estimate the piopuisive forees.
The most important parameters are. number of blades. ) =d. 1otor radius (ft),
'

R 13.2. blade chord (1), ¢ = 2b = 057 rotor speed (rad/seer. €2 = 49,20 and

helicopter weight (1b), G ~2550.




TABLE 3.1 THE OH-6A HELICOPTER ROTOR PARAMETERS :

Rotor radius (1) 32
Number or blades 4
Rotor =peed (radrsec) 020
Blade chord (1) .87




Table (3.2) shows. at each blade secuon 1 R. the reauced tfrequency. K(r).
local speed. U(r). the computed average propuisive rorce. P.: ir) ana the torque.
T.pif). due to the propuisive Torce at each diade secuen.  Tumming tie est-
mated torque at cach blade secuon. the resuitant teraue aue to the pronuisive force
ver tlade was :ound 0 pe 8.1l {t-Ib assuming . pure punging mouon with
constant piunging ampiitude of ! " 2t each biade ~ecnon. Wood et ai 1271 ap-
pited Garrick’s equation and considered the etfect o1 the second 10 tweltth har-
monic ioads. He tound. icr 2P harmonic « HHC " 'n ' 20 degree phase at 60
Knots ) . ihat the power vained is about i1.3 horsepower. Tor more detail. the

1
v

reader s rererred 1o table 2 or Refl 271 -now e ciade

detlections tor several harmonics used bv this reference.  ~“hown in Figure(3.12)
is the average drag coetficient. Cdav. versus reduced frequency as obtained with
the panei code for a plunging amplitude of 1" The airtoil used was NACA 0015

(OH-6A airfoil). The propulsive force. P,;,, is given by :

Py = 0.5 p.U% Cdr.Cy (3.24)

and the torque. Txh. at each blade section is given bv:
Ton = Py 7 (228)

where U is the local speed at each section. C, is the propulsive force coef-
ficient as obtained by the unsteady panel code and + is the radial distance of
each blade section. For the OH-6A. the angular trequencv. () = 30.26 rad/sec.

theretore the power per blade is tound to be 0.74 horsepower as given bv :

P=Txh Q. (3.26)
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TABLE 3.2 LOCAL REDUCED FREQUENCY. K, (r). PROPULSIVE

FORCE. Py, (r) \ND TORQUE. T, (r).

r/R k (r/R) U(r/R)

5 Py, (F/R) I\ (/R)
e , R B
[ -] |- | [osee ] Iy L 1t-b |
o1 eses eed Lowwers aam
n2 AIEREEN 1328 ‘ (708 0o
03 () 2877 (992 | 19830 Tn!
0.4 DS 2080 0108 N6
0.5 0173 3320 CRRE 0.80
Con 014 3984 0127 1.09
0.7 01233 164 8 0134 32
0.3 01079 s3I G139 | 50
TR BN URICER 507 0144 Y
TS
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IV. ANALYSIS OF WAKE

INTERFERENCE £FFECTS
A, INTRODUCTION

The resuits of Chapter I show that propulsive torces. zenerated ~olelv
bv plunge oscillations of an artoll are insutticient to expiam e power
reduction observed and measured on the OH-0A helicopter  Thererore. in this
chapter. *ve e¢xamine whether the power reduction might be caused by tavorable

wake interterence effects due to the wakes shed {rom preceding biades.

To this end. the extension of the unstcadv panel code to the case ot two
airfoils [25] was adopted and applied to the study of the wake interterence effects
between two helicopter blades. Wake interference effects were studied in the
1950’s by Loewv [4] by extending Theodorsen's analvsis. lLoewy treats an
infinite number of lavers of shed vorticity placed beneath the rotor at a given
wake spacing and developes a modified lift deficiencv ‘unction . His interest
was in the possibility of wake-induced blade flutter. which restricted his analysis
to the determination of lift and pitching moment changes due to wakes shed
from preceding blades. A closer inspection of Loewy's paper suggests that it
should be possibie to use the same approach to examine drag and propulsive

force changes on the reterence blade due 1o wakes shed from neighbouring blades.
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Further. 1t 15 desirable to carry this one step turther and investgate the
case of a single wake shed trom the preceding blade which interteres with the
wake shed trom the reference blade’ This case allows a direct comparison

with the unsteady wwo-toil panel code.

Also. there are regimes of helicopter light where oniv the 1irst iaver of
shed vortcity 15 of consequence. In the following sccuons we tirst descenbe the
two-toil pane! code and Couch’s modification of the toewy anaivsis.  This is

followed bv 1 presentation and comparison ol the major results.
B. UNSTEADY TWO-FOIL PANEL CODE

The extension of the single airfoil code ( previouslv described ) to the case
of two airfoils requires no new building blocks. However, the two-foil analvsis
requires the introduction of five frames of reference. namely two moving local
frames of reference which are attached to the two airfoils. two trozen local frames
of reference. and the inertial {rame of reference. Furthermore. it requires the
satisfaction of the two Kuitta conditions which are coupled non-lincarlv  The

solution requires an iterative procedure to compute the two vorticity distributions.

U A detatled development of this theorv 1y derved ond presented
m oa recent MNPS thesis v Mark Couch Ret [0
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[t also necessitates the creanon of a subroutine which wranstorms Al coor-
dinates i either or two local frames of reterence 1o the gelobal trame of reterence
Finallv. it requires the extension of the mtluence coetticient concent to iciude
the effect of the second airfoil with 1ts own wake and 1t requires the introduction
of an additional intluence coetficient, namelv that on the vake clement  jue (0
the wake element from the other anrroil. It cach airtoli .~ modelled  -ath N
panels. tiien this produces o INx ¢ N-3 ) matnx wnich o~ subsequentdy -ulved

Dy (auss chiminaton

Pang | 23] was onlv able 1o venty this code v ompanng e computed
aressure distributions with previous work by Giestng 531 ence 't was nec-
essarv to further evaluate the code by companng its output with other known
solutions before applving it to the oscillatorv blade interterence problem. These

comparisons are given in section C.

The main parameters used in this code are. the airtoil tvpe, number of
panels. N, the relative locations of the two airfoils. iniual angle of attack. am-
plitudes or osciilation (pure pitch. pure plunge or both). irequency ot osctilation
tfor each airfoii, the pivotr points (for piich cases), rise time( for ramp mouons j.

These input parameters are in the tile "fort.1"

This program produces an extremely large amount of output to the screen. It
is convenient to write the output to a file on a Unix basea machine during
program runs. The output file can uet very large tor tong program runs (when

the ume historv 15 long)




For this reason. the logical variable "output" was added to the input file n two
modes " true”" or " false”. Vhen this variable is set to "false”. the screen output

is not printed and the required outputs are redirected to output files.

The following list describes the output files and the data thev contain:
fort.2 . This is tor user suppiied airtoil coordinates. it desired .
fort.3: This file contains the global coordinates of AFI at each ume siep.
fort.4 - This file contains the global coordinates of AF2 at each time step.
fort.7. This tile contains the iift. moment. and drag coetficients tor both airtoils.
fort.8 . This tile contains the pressure coeff. for AF1 at each time step.
fort.9 . This file contains the pressure coetf for AF2 at each ume step.
fort.10: This file contains the first airfoil’s core vortex (wake) positions.
fort.11: This file contains the second airfoil’s core vortex (wake) positions.
fort.12: This file contains the angle of attack at each time step.

fort.13: This file contains the y-axis translational motion at each time step.
C. LOEWY’S ANALYSIS

Loewy [4] developed a two dimensional model for the unsteady aerodvnamics
of the blades of a hovering rotor. including the effect of the shed wakes. Figure
(4.1), from reference [40], shows his two-dimensional model of the helical
wakes. The wake in the case of a multi-bladed rotor in hover consists of

helical vortex sheets below the disk. one from each blade.
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Assuming sinusoidal motion. the downwash over ihe rererence airtoii. V7, and

s vorticity (either fbound or shed) mav be writen  respectiveiv s
. - ol \
\ RN Lo Qe l 4 )

where the barred quantities are complex  The induced vefoonty at a pomt :© on
the airfoii resulting trom an clement of vorticity i strenuth 7wt a weneral
pomnt in the wake 15 wiven by (4]

Vg OX 2)d:
dw (N1 ‘ 12

~

T T Qo gy
where O is the total number of blades and h 15 the wertucal distance between
suceessive rows of vorticitv. nois the number of revoiution indes. and 1S the

aumber of blades index as shown in Figured | The wake spacing, b 15 defined

MRS (43)
LQQ

where u is the inflow selocity ¢ time-averaged normal to the disk)
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Figure (4.1) Acrodynamic Unsteady Model for a Multi-Bladed Rotor.

The total downwash over the airfoil can be expressed conveniently by summing
the integrals involving the bound vorticity and the row of vorticity in the plane

of the reference blade with those for the rows of vortices below the plane of the

rotor
’ / - vl= o=
wix) = __Z_I_U Y.(-E); 3 +/‘ Yoo (8)dE Zj Yy (E)(x 8) /€
i 1 TS 1 X*E gt a0 ) o (X 6)2 ) (IIO'{/)Z/II

o [T Tl -6y } »
,,Z.,:/.”(X..E)zlnzc)z/lz (4.4)

65



The first 1wo terms on the right -hand side of this integrai eauation are those
that arisc in the ciassical unsteadv airtoil theorv or Theodorsen | * 1 the third
and fourth tierms contribute the intluence or ail the vorucitv beiow ihe »ane
ot the rotor disc. Loewyv solved the integral equation using Sohngen’s inversion
tormula [31]. and obtained his iift deficiency tuncuon. { (Kk.m.h). wwnich is given

by
C (kmhy = F(knth)y — v G (kem.hy 4.3

where K. 1s the reduced trequency (detined bv /U m s aiven ov che
ratio Q. h is the wake spacing defined before. and the real and imaginary
parts of Loewv's lift deficiency function. F. G are given by {4]"

JiaA - (Y, +BJ1)B

F'(k.m.h) = -— — :
A"+ B~
(Y, =BJ)A+] uB
-G'(k.m.h) = R
AT =B”
where
A=Ja+Y -JB . B=Y -JpB-Ja
and
kh _—kh oA
e -—-e Zsin(2am)
W= T e B e TR
e’ —2cos(2xm) ~e e"' —2cos (2xm) ~e

66



Here it can be scen that as the spacing between rows of vorticity, .
becomes infinmite. F7 approaches I and G’ approaches G. Also as k tends to
mfinity, C'(k.m.h)  approaches C(k). When h is zero. all the vorticity lies in
the planc of the airfoil, singularities result, and the meaning of anv obtained
results, physicallv speaking. is not clear [4]. Loewv [4], and Couch [40] showed
plots for Fand G versus reduced frequencv k. Locwy treats an infinite
number of wakes and Couch cxplores a finite number including the special case
of a single wake. These plots show the cffects due to wake phasing, m | and
wake spacing, h. A case of special interest is the wake shedding from one

~e

preceding blade oniv. For this case Loewy's lift deficiency function, C* . reduces

to the following lift function. C* obtained by Wood and Couch [40]:

C*=F*~-i1G* (4.6)
H1+2& A - (Y, -2/8) B,
where  F* = — —
Ay -+ By

(Y -27B0 AN 4(1-24,) B,

v By

]

AN S AO280 < K208, By s X 20B e ey

‘

g

N
&, = e " cos 2em 3 t g
A’ D -t n = - ‘ﬂ‘/} . .
55;1 ’ BN (-e sin 27;}7/;]

5]

The propulsive force coefficient can be calculated and the results, obtaines v

Wood and Couch (40], using F* and G* are:

For pure plunge : Cp, = ,,sz-;';((F.>z+(G.)2)

For pure pitch Gy, = 77'{'2‘13;{((}:')2‘(0')2)[—;—, *(%—8}2]*—71—{—1——3)
ooyl 1 1 G*
(F )(—Z-‘a+—:>—(.2_+a)( k’}

A,-.



D. EVALUATION OF THE TWO-FOLL PANEL CODE

Neveral anaivses are avariable inothe aerogvnamie cterature anich permit

‘mited evaiuaton ot the two-roll panel code Jhese are

‘round Effect on Airfoil Lift in Steady Flight

S . ika et al [44] analvzed the cround ctfect on o 2-D tlar prate insing
the methoa of coatormal iranstormauons  Figure 4 2 a shows e panel code
resuits. Fraure 4 2 h reproduces 1omouka resuils, i scen mat e 1wo meinods
e i ozood agreement. Figured 3a and Fioure 4 3D show the compartson be-
tween the result obtained by Weglev [46] for a i9°% thick RAETOT armonl in
ground etiect and the panei code prediction 1tor a NACA 0010 av zero angie ot
attack. The two results are again seen to be in good agreement constdenng the
fact that the RAE10I airfoil (whose coordinates are not known ) was approxi-

mated by a NACA 0010 airtoil

2. Bic.....¢ Effect

Glauert [45] defined a factor B which gives the lift reduction on the wrtoil
in an unstaggered biplane configuration compared to the lift on a monoplane at
the same incidence. Table 41 gives the correction fuctor for several non-dimen-
sional biplane spacings. It is seen from this table and from Figure (4 4) that the

two resuits are again in reasonatle agreement,
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TABLE 41 CORRECTION FACTOR IFOR A BIPLANE

We | B ( Code) | B (ref. [45) |
______ T T T -
0.50 | 0.770 0,730 ?
0.57 0.847 0.800 !
LOO 1 0,902 0,855 '
1.25 ; 01.942 0.895 |
.50 | 0097 0.920 |

Another ground interference study is due to Bagley [ 40]. As can be scen from
the comparison of the panel code (Figure 4 5a) with his predictions ( Figure 4.5
h), i ground cffect. the lift is reduced over the upper surface and increased
over the lower surface  As the airfoil approaches the ground. the flow between

the atrfoil and ground is reduced and hence the pressurc is increased.
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. ANALYSIS OF OSCILLATORY BLADE INTERFERENCE EFFECTS

Having determined in Chapter (0 that pure appme o1 g -ingle ~eticonter
rotor  blade 1s unlikely 1o produce a drag reductnon sutticient 1o explain the
OH-0A 1HC power reductions [ 110 solelv. due - e Ratzmavr cirect. ¢
investigate 1 this secuon the possibility of favorapble badeswake interierence
effects. Consider the arrangement of the two airtoils snown m ieure (401 The
wake shed from airtoil =2 impinges airfoil = 1. it the verucal spacing pernween
the two airtolis falls bpelow a certamn salue. depending on e amniiuae orf
oscillatien of airtoil =2 This case cannot be analvzea with the unsteaay panel
code because the vortices start to penetrate the second artoli or pecause e
wakes shed irom the two airfoils come in contact with cach other. as shown

in Figure (4 7).

On the other hand. if the vertical non-dimensional spacing is two or more
no problems occur. A second important parameter is the horizonl spacing be-
tween the two airfoils. This parameter controis the phasing between the two
wakes Hence the unsteady two-toil code permits the analvsis of Loewv's ar-
rangement for the special case of two wakes. This case is considered bv Wood
and Couch [40] in closed form and presented in Ref [39] Furthermore. the
single airfoil case is recovered i the vertical spacing is chosen to be large
because the effect of the first airfoil on the second must diminish with increas-

ing distance between the two foils
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Figure (4 8). and Figure (4.9) show the computed litt and drag (thrust) co-
ctficient tor airfoil =1 in the presence of airtoil = 2. Both airtoiis are oscillating
in plunge with an amplitude of 0 14 and a reduced frequency of 00617 The
vertical spacing between the twe airfoils is 200 In this case the lift and thrust
coetficients are found to be identical to the ones obtained from the singic airfoil

code. thus showing that a distancc of 200 is sufficient to recover single airtoil

results.

In Figures (4 10) to (4 21 on the other hand. the verical spacing 15 reduced
10 2. For these caiculations. the time step 1s 3 10.5 “me units. The prunging
amplitude is again 0.14. the reduced frequercy is 0.0617. The twelve figures
410 to 421 show four different cases of phasing between the two wakes. In
Figures (4.10) to (4.12), ine wake pattern, lift and drag are shown for zero
phasing, m = 0, Figures (4.13) 10 (4.15) show a phase of m=0.20833, Figures
(4.16) to (4.18) show the case of m =025 and Figures (4.19) to (421) show

the casg of m=05.

A closer inspection of these figures reveals the strong etfect of the wake
phasing. For m =0, airfoil # | experiences a reduction in thrust compared to the
single foil, whereas for m =0.5 airfoil # 1 experiences a significant increase in
thrust. These results are summmarized in Figure (422) where the single arfoil
results are also shown as well as the predictions by Wood and Couch [40]
when specialized to the case of two interfering wakes only. The agreement be-

tween the two predictions is encouraging.
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Similar results are obtained for the pitch case. The airfoils studied are again
NACA 0007 reils. pitching about the quarter-chord point with an amplitude of
| degree and a reduced f{requency of 00617 Figures (4.23) to (4.32) display
the same phasing vaiues as in the plunge case. These figures and the summa-
rizing Figure (4.33) show again that values of m near zero and one produce
increased drag compared to the single airfoil case, but values of m near 0.5
produce thrust. whereas the single airfoil produces drag. Both analyses, the anal-
ysis by Wood and Couch {40] for the special case of two wakes only and the
pancl code, produce similar trends. However, the uantitative agreement is not
as good as in the plunge case. The precise reascn is not sufficiently understood
at this time. It appears that the resolution of the sucnon peaks over the leading
cdge and therefore the computation of ihe thrust s none sensitive in the pitch
case than in the plunge case. Furthermore, it must Le r:membered that Loewy’s
analysis for an infinite number of wakes and that by Wood and Couch [40] for
two wakes are based on the flat-plate assumption, whereas the panel code requires
a minimum blade thickness in order to obtain accurate results. A further evalu-
ation of the panel code can be done ior the drag produced hy a single airfoil
pitching about the leading edge. In this case the analytical neory of Garrick [S]
and the computational results of Bosch [ 15] are availavle. 1t can be seen from
Figure (4.34) that the trends are again in agreement, but the <ode results deviate
from Garrick’s and Bosch’s results with increasing frequency  These dviations
must be attnbuted to the geometry differences ( flat plate verzus NALCA 0007 )
and the higher amplitude used in the panel code. Nofe that the pitchicn airfoil

starts to develop thrust only at a reduced frequency gieater than aboa: 1.8
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V. PROPULSIVE EFFICIENCY
AND FLUTTER ANALYSIS
A. INTRODUCTION

In the previcus two chapters it was shown that a single airfoil which
performs harmonic plunge osciliations generates a certain amount ot forward
thrust ( Kaizmayr effect) and that this thrust may be enhanced by the oscillatory
wake sied from the preceding blade if the frequency ratio or phasing m is in
the range 0.2 < m > 0.7 approximately 0.5. It was also shown that a similar
enhancement occurs for pitching blades. However, pitching airfoils develop thrust

~

only for relatively high values of reduced frequency, k > 0.6 by Garrick

results [S].

urthermore, it is well known that a pitching airfoil may develop negative
aerodynamic damping and thus experience single-degree-of-freedom flutter. As
nown by Loewy [4], the possibility of flutter is enhanced by wake interference.
This is an effect known as wake-induced flutter. It is therefore of interest to
study the effect of various parameters on propulsive efficiency and on flutter

instability in more detail.
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B. PROPULSIVE EFFICIENCY

Th= propulsive efficiency is defined as the ratio of the average work of
propulsion to the work required to maintain the oscillation. If this tactor is zer:
Or negative. we exnect energy to be extracted from the airand fed to the oucil-
lating svstem. For a tlat plate performing = flapping motion given bv h(t), where
h(ty =h, ¢ the result for the horizontal force per unit span. averaged over

one cvcle. 1s given by [42] .
J h} Bl 2 N
D = -npb(o’h; F7 (k) + G (k) (51

where F(k) and G(k) are the real and imaginary parts cf the Theodorsen iift
deficiency function €(k). For the case of pitching motion, the average horizontal

force per unit span length is given by the foliowing equation. (5.2):

= 3 22 2271(1 )“' ] (I\FG’I N
D= -npb o a”l[F +G7 l—(-2+ é—a +L2—Fa z—a)—- "_K(’_’ J

where «,, is pitch amplitude and (a) is the position of axis of rotation. a= - |
coriesponds 1o th: leading edge, a = + 1 is the trailing cdge. The propulsive
efficiency then is given by :

DU

- Y 5.
n W (5.3)

W is the average work required to maintain the oscillation. For pitch, it is

given by [42]:

3 2 o2 0/
W = ntpb o Ua“{2(7—a) - lad

-

F(1-a) Y (5.4)
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For plunge, 1t is aiven by
202 vl Ty
WV - mpb h”m '\I'(k) - m)bh”m UF (k) (5.5

I'hen the efficiency factor. 1, can be expressed as. for plunge

T (M) 1 GT (k)

N, (5.0)
! IF (k)
and  Tor piteh
v - . | | PGl
UG ! .(I d) o | ( AJ - l( 6a)\
: kl 2 2 L2 kz k2
o /| ’ Iy I G e
(" a) -(a \l( al v
2\D \ 27/ N / ki

Fipure (S.1) shows the propulsive cfficiency of a single plunging airfoil as
a function of reduced fiequency  Slowly flapping airfoils reach very high values
ol efficiency, approaching one  As the frequency of flapping is increased. the
elfiziency falls to S0 percent  Pitching airfoils, on the other hand, start out with
an efficiercy of no more than 50 pereent at high frequency of oscillation which
quickly falls (o zero and to negative values with decreasing fiequency. A negative
propulsive cfficiency means that no work is required to maintain the oscillation,
but instead energy is extracted from the airstrear  This implies a loss of damping

and thus the possibility of single-degrec-of-freedom flutter in pitch.
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Figure (5.2) shows the propulsive efficiency of an airfoil which pitches about
the leading edge. The efficiency quicklv drops to negative values as the fre-
quency is reduced. As seen in Figure (5.2), infinitely large negative values are
reached as the inverse frequency approaches 24, corresponding to a reduced fre-
quency of 0038 This is the flutter condition, as will be explained in more

detail in the next section.

Similar trends are found for other pitch axis locations. as seen in Figure
33 ( pitch axis is at the quarter chord and mid-chord point ). The three quarter
chord point is an exception. Here the propulsive etficiency is minus one at very
high reduced frequency, which falls to larger negative values with decreasing
frequency ( Figure S4) However, it is interesting to note that a small shift of
the pitch axis of only 0.5 % in either direction restores the efficiency to 0.5

for large frequencies, from which it starts to drop with decreasing frequency.

These results show that there is a fundamental difference between airfoil
plunge and pitch motions. Plunge oscillations of a single airfoil always produce
thrust, and the efficiency decreases as the frequency is increased. Pitch oscil-
lations, on the other hand, produce thrust oniy at reiativelv high vaiues of re-
duced frequency, k > 0.6. This possibility of single-degree-of-freedom in pitch

flutter is discussed in more detaii in the next section.
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Figure (5.2) Propulsive Eficiency n versus 1/k for an airfoil
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C. SINGLE-DEGREE-OF-FREEDOM AIRFOIL FLUTTER

Consider an airtoil hinged at 1ts {cading edge but elasticallv resirained from
rotating about this axis by a torsion spring with constant K, (ft-Ib /rad). The
airfoil is placed in a low-speed airstream so that the unstrained position of the
spring corresponds to zero angle of attack . Figure(5.5), The equation of

motion for this single-degree-of-freedom svstem is given by
[ a+K a=M. (5.8)

M, is the aerodynamic moment due to a(t) and [, is the momentof inertia

1L

about the leading edge. Assuming that «(t)= «, ' . then equation (5.8) can

be wiritien as

_‘i [ __‘f,)' +m, =0 (5.9)
TCpb Lo ) -
where ©,, is the natural frequency of torsional vibration and is given by :
e
o o= - (5.10)
o v l
oL

and m, is shorthand for the dimensionless aerodvnamic coefficient and can be
written as [41]:

M : -
B v B [ 1 (1 N (l | :
m, = com e S M, - \\Lu o)\, Ta) Lh\2 al . (5.11)
tpb @ e -

P
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where " a " is the elastic axis position and at the leading edge a= -1 m,

ts a complex number and it is atunction only of reduced frequency, k = w b/U.

Lquation (59) can be sphit into rcal and imaginary parts.

ltt :(/(') V2 :\

(8

Re{m\_} - Re (5.12a)

g \
aph @ /

Im {mey =0 TR (5.12b)

Flutter occurs at that value of the reduced frequency where the imaginary
( out-of-phase) part of the actodynamic moment becomes zero. provided that ihe

corresponding real (in-phase) part yvields a non-imaginary tlutter frequency.

Figure (5.5) An airfoil restrained (o rotate about its leading cdge

in two-dimensional flow.
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Figure 5.6 shows the variation of the real and imaginarv ( damping ) parts of
the pirching moment for an airfoil pitching about the leading edge. It is seen
that the pitch damping goes through zero at a reduced frequency of 0.038  This
value agrees with the previously found value using propulsive efficiency ( energy

extraction ) considerations.

Figure 37 displays the companson between the pitch damping coefficients

(note that the pitch damping coetfficient i1s defined by Theodorsen [3] as:

unkl_ 1 N J ;:
= Mu.—k _La,)(L(L*!wh) - “.ﬂq-a,l L

m o} ;

-~

1
5 o e
The difference in Cm shown in Figure 4.8 is due to a difference between the
My . Ly, My, and L, terms in Equation 5.13 as determined by panel code
( Riester [43] ) and Theodorsen’s theory [3]. The imaginary part in Figure 5.7
is obtained by Equation 5.11 computed by the panel code and Theodorsen’s

analysis. It is seen that the two computations are in reasonable agreement,

recognizing the difference in geometry ( NACA 0007 versus flat plate ).

Systematic variation of the pitch axis location shows that zero pitch damping
is possible for axis locations upstream of the quarter -chord point. No flutter is
possible, on the other hand, for axis locations at or downstream of the quarter
chord point, Figure 58. Loewy [4] has shown that wake interfereace greatly
increases the possibility of flutter. The unsteady panel code provides an oppor-
tunity to investigate and to extend this well-kncwn finding. This is a problem

which should be studied in more detail.
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Crpy vs k (pitching airfoil, a, = 17)
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Migure (5.7) Comparison of ('m (Tmag.) vs Kp for NACAOD0T Oscillating

in pitch about the leading edge for (ty = 1" and N =200 pancls.
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VI. RESULTS AND CONCLUSIONS
A DISCUSSION OF RESULTS

This research was undertaken. to study the effect of unsteady aerodvnamics
on reductions of main rotor shaft torque and engine power measured when
the HHC system was applied to the OH-6A rotor. In Chapter 111 we studyv pro-
pulsive force resulting from pure plunge oscillation of an airfoil in inviscid,
incompressible {low. The results of flat plate theory. Theodorsen [3] and Garrick
[5], are used to validate panel code results. Comparison with Garmick showed
good agreement in pure plunge, especially, for lower values of reduced frequency

and amplitudes of oscillation.

Figures 3.5 to 3, show the average drag coefficient versus plunging
amplitude for three values of reduced frequency, k= 0.1, 1, and 2 respectively.
It is seen from Figure 3.5, ( reduced frequency, k is 0.1) that agreement
between the panel code and Garrick [5] is very good for a range of non-
dimensional plunging amplitude up to 15 to 20 % of the blade chord. On the
other hand, for higher values of k, the two results arc in good agreement for
a range of plunging amplitude up to approximately 10 %. Single airfoil code, was
used to compute the time history of the drag (thrust) coefficient of the NACA

0015 airfoil (the blade section of the OH-0A ).
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Figure 3.12 and Table 3.3 show the average drag coetficient versus reduced
frequencv for an NACA 0015 airtoil which executes plunging oscillation with

-

| " plunging amplitude. The OH-0A data presented in Table 3.1. Wood [42],
and Figures 3.8 to Figure 3.11 from Ref. [27], were used to estimate the
propulsive force per blade obtained due to plunging oscillation tor | P frequency
case. In thesc figures. the difference between the deflections when the HHC
is "on" and " off " represents the plunging amplitude. The controller phase is
also significant. Phase angle of 90Y or 120" are those where helicopter vibra-

tions were most sever. whereas at phase angle ot 300 or 330", the helicopter

vibrations were significantly reduced.

We look for the greatest power benefit to occur at the phase angle of
lowest vibration, that is 300" or 330", Table 3.2 shows the amount of propuisive
force and torque generated at each blade segment. The results of this table
showed that the contribution ot 1P (first harmonic) were 3 horsepower. Wood
et al [27], applied the Garrick equation and considered the effect of blade plunge
response in relation to the second to twelfth barmonic loads. He found for 2P
harmonic only ( HHC "on", 330" phase at 60 knots ), the power gained was
about 11.3 horse power. For more detail. the reader is encouraged to study Table

2 of Ref [27)1.

V'wood 15 R Higman. [ and Ramesh Kolar, " Higher Hamome Control
Promises nproved Dvnamic Interface Operauons’ AGARD Proceedimgs of
the 78 th Fight Mechanies Paner. Mav 19910 Seville. Spain
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Chapter 1V, considers the influence of therotor wake interaction and examines
whereas such interaction might cause favorable effects. First. the case of an iso-
lated airfoil ( single airfoil oscillating in plunge) with absencc of wake was
considered ( or th wake located at great distance from rotor ). This is the "Katz-
mayr effect" case where the resulting drag force is a propulsive force. It was

the primary case considered by Garrick {S]

The advantage of the Panel Codeis that it provides us with time histories
of unsteady lift. drag, and the wake trajectorv by which we can better understand
and analyze the problem. In each case, the wake pattern was plotted in order
1o be sure that the wake produced by the second airfoil would not interfere with
the reference airfoil. Also the lift and drag (or the propulsive force) were plotted

versus non-dimensional time, T* ( T* = t.Ulc).

The closed form solutions are based upon a very thin flat plate airfoil
undergoing very small motions when we model it in the unsteady panel code.
For the calculations an NACAO0007 airfoil was selected. The airfoii sets at zero

mean angle of attack and the reduced frequency, k, is = 0.0617

For the OH-6A, the value of reduced frequency, k at 70 % radial station,
was calculated and found to be .1234 for the 32 Hz exciting frequency. The
reference length used by the panel code is the blade chord or 2b, so the 0.1234
reduced frequency corresponds to 0.0617 per the panel code definition. Non-
dimensional wake spacing, for single airfoil analysis. was h =200 ( mathemat-
ically equivalent to infinite spacing, or we say that the interaction between the

two airfoii is very small) .
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The amplitude of plunge oscillation was h, = 0.14 ( by the panel code =
07, for the same reason ). The panel code results are compared 1o other refer-
ences 1n order to know the code limits. The comparison of the code results to
that obtained by Ref. [44]. is shown in Figure (42). This figure shows the
relative lift coetficient of an airfoil (a wing of relativelv long span) as it ap-
proaches the ground for different values of angles ot attack. The tigure. showed
that e results cstimated by the panel code and the results obtained by Ref.
[44], are verv close. For h/c + 0.5 theresults obtained by the panel code

are suspected.

Another comparison is shown in Figure (4.4). This tigure and Table 4.1
show the correction factor, B, versus the chord-gap ratio in a biplane configura-
tion. The correction factor, as defined by Ref [45], is the reduction of the lift
coefficient of an unstaggered biplane compared with that of monoplane at the
same angle of incidence. On Figure (4.3) and Figure (4.5), the lccal speed ratio
and pressure coefficient vs X/C are plotted and showed very good agreement

with Wegiey [46] and Bagley (1959), respectively.

The panel code 1s suspect whenever the wake generated by an airfoil
impinges on another airfoil. The numerical panel code method also encounters
difficulty with discontinuities. For these reasons it is important to carefully check

the time history plots after each computer run.
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In Figure (4.8), the time history of the lift coefficient. C; vanation is
plotted. Shown in Figure (4.9 is the drag coefficient. C; versus the non-
dimensional time T* We observe from Figure (4.8) that the lift varies as the
frequency of oscillation, with a mean lift value of zero as we expect. Amplitude
of oscillatory lift was found to be+ 0.0510. Figure (4.9) clearly shows the "
Katzmayr effect”. We noted that the calcuiated drag varies at twice the plunge
oscillation frequency of the airfoil Also. observe that the airfoil is generating a
propulsive force as indicated by the mean value of drag coefficient. which is

seen to have a negative value.

Looking to the computer printout at, at the non-dimensional time T* =
0.0, steady state, the drag generated by the first airfoil was found to be
Cgss =-000131 for NACAQ007, which is the airfoil type that was used for
most of our analyses at zero angle of attack, and a towal number of panels
N =100 (i eSO panels at the upper surface and 50 panels at the lower surface).
For NACA0909, (this air.oil was used to compare the code results with that of
Bosch’s for a pitching case), the steady state drag C,,, was found to be .000196
at N =100 and 000113 at number of panels N =150

It 1s known that, for an airfoil at zero angle of attack, in an inviscid
incompressible flow field, steady state drag is zero, so in our calculations that
stead, state drag was subtracted from the drag genecrated at each time step. Shown
in Figure (6.1) is the steady state drag coefficient vs angle of attack [37]. Figure
(6.1a) ~hows the variation of steady state drag coefficient vs angle of attack for
three different airfoils; NACA0003, NACA0007, and NACAO0012 at total number

of panel of 200.
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In this graph, it is showa that. for the thin airfoil NACAO003 at zero angle
of attack. the drag coetticient is verv small but as the angle of attack increases.
the drag coefficient highly increases more than in the cases of NACA0007 and
NACAO012. Figure (0.1b) shows the etfect of increasing the total number of pan-
els N on the drag coetficient of the airfoil NACAQ0012. As the total number

of panels increases. the steadv state drag coetficient accumulated error decreases.

Figures (4.10) through Figure (4.21). show the same case as above. that
of an airfoil oscillating in plunge, but with the introduction of a wake laver
in the near proximitv of the raference airfoil (non-dimensionai wake spacing, h
=2 ) for wake phasing, m = 0. 020833, 0.25. and m = 0.5, These correspond

to phase angles of 0V . 75V, 90° and i8G" . respectively.

We see that the phase angles relate to the phase reiationship between the
reference airfoil and the wake layer of shed wvoricity. These phase angles were
obtained in the panel code by establishing the proper time phase between the
initiation of the wake vorticity and the oscillation ot the reterence airfoil. This
time phase is in turn a function of the frequency of oscillation which is directly
related reduced frequency, k. For the results presented here, for k = 0617, this
corresponds to 50.92 time units for m=0.0 (0 phase ), 61.53 time units tor m

= 0.2083 ( 75" phase ). and 76.38 time units for m = 0.50( 180" phase ), etc.
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' the reduced trequency . k. changes. this corresponds to a change in
frequency (at given chord length and free stream velocity ). For k=0 1234, this
correspond 50.92 time units for m=0.0, 56.23 time units for m =0.2083, and
03.65 time units for m=0.5, etc.

Figure (4.10) shows the wake position for m= 0.0, the case where the
wake shed from the second airfoil at h=2 is in phase with wake shed from
the reference airfoil itself. In Figure (4.21), the ume historv of lift variation
1s shown.

This is indicated by the solid line for Cl; . The dashed line. Cly, indicates
the variation of lift on asecond airfoil located at the point of initiation of the
wake layer at h=2. OQOur discussion will focus airfoil| , indicated by the solid
line in the figures mentioned above. For an airfoil oscillating about zero angle
of attack, the mean lift is zero. We found that, while the mean lift is zero, the
amplitude of lift oscillation is smaller in the presence of the wake at zero
phasing. From these figures. we conciude that the effect of wake vorticity at
zero phasing is to reduce the " Katz navr effect”.

Comparison of oscillatory lift values of the 75" wake phasing case. with
the case of no wake or single airfoil, shows that they are identical. since the
values at 75 degrees phase are the same as that for infinite wake. Table 0.1

proves this result.
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The time history of drag is seen to vary as twice the plunge oscillation
frequency of the airfoil. We also observe that the airfoil is generating propulsive
force as indicated by the mean value of drag, which is seen to have a negative
value. Results of 75 degree wake phasing case, confirm that there is a phase
angle, m, at which the effect of the wake vorticity on the reterence airfoil gives
the same results as when the wake is removed . It has been shown at a phase
angle of zero degrees that the shed wake vorticity increases the drag on the

oscillating refe:ence airfoil. i.e. diminishes the "Katzmavr etfect”.

Conversely we found that at a phase angle of about 180 degrees, there is a
significant decrease in drag at the reference airfoil due to the wake vorticity.
This implies an intermediate phase angle at which the drag is identical to the
"Katzmayr effect”. It turns out that such a phase angle exists. In fact, at this
phase angle the lift, drag and pitching moment are found to be identical to the
case of no wake, and match the "no wake" values identically.

Table (6.1) show the aerodynamic coefficients Ci¢1). Cl(2), Cm(1), Cm(2),
Cd(1), and Cd(2) vs. Non-dimensional time. This table is a part of one of the
output files. It shows these aerodynamic coefficient vs time trom the nondimen-
sional time unit 113.3 until 159.1. The phase angle at which this occurs is 75

degree or m =0.20833, for the case considered her:.




Table (6.1)  Aevodynamic coefficients vs Non-dimensional time (from time
step 113 to 159) for the case of wake phasing, m =75 degree, wake spacing

h =2, reduced frequency k =0.0617 and plunging amplitude hbar = 0.14)

TINF cL(1) cL(2) cH(1) cM(2) co(1) cD(2)
111.290032  0,006952 0.014965 -0.001387 -0.003432 -0.000011 -0.000039
114.563866 -0.001073 0.00.130 0.000665 -0.001427 0.000000 -0.000011
115.A36R00 -0, 0090R1 -0,000881 0.002701 0.000614 -0.000009 0.000000
117.109734 .0, 016877 -n.008R7T1 0.004674 0.002639 -0.000036 -0.000008
11R, 382660 —0.024266 -0.016644 0.006534 0.004599 -0,000079 -0.000035
119.655602 -0.031067 ~0.024005 0.008236 0.006446 -0,000133 ~0.000078
120.928535 -0.037111 ~0.030777 0.009738 ©€.008134 -0.000194 -0.000132
122.201469 -0.042247 -0.0367°1 (.011001 0.009621 -0,000255 -0.000i93
123.474403 -0,046347 —0.041898 0.011994 0.010872 -0.000310 -0.000254
124.747337 ~0.049307 -0.045974 0.012693 0.011855 -0.000355 ~6.000309
176.020271 -0.051051 -0.0489i8 0.013077 0.0125/6 -9,000384 -0.000353
127.293705 -0.051534 -0.050659 0.013140 0.012929 -0.000394 -0,000302
128.566132 ~0.050746 -0.051152 0.012878 0.012994 -0.000386 -0.000393
129.839066 ~0.048701 ~0.050385 0.012296 0.012738 -0.000358 -0.000384
131.112000 ~0.045454 -0,048375 0.011412 0.012169 -0.000315 .-0,000358
132.384933 ~0.041083 -0.045182 0.010245 0.011301 --0.000260 -0.000315
133.657867 -0,035698 -0.040872 0.008825 0.010155 ~0.000199 -0.000261
134.930801 -0.029433 -0.035556 0.007188 0.008758 -0.000138 -0.000200
136.203735 -0.022446 -0.029364 0.005375 0.007146 -0.000082 -0,000139
137.476669 ~0.014310 -0.022450 0.003431 0.005358 —0.000038 -0,000084
118.749603 -0,007014 -0.014982 0.001404 0.003437 ~0.000009 -0.000040
140.022537  0.001046 -0.007147 -0.000655 0.001432 0.000001 -0.000011
141.295471  0.009072 0.000865 -0,002696 --0.000608 -0.000007 0.000000
142.56R405 0016865 0.009855 -5.004668 ~0.007634 ~0.000035 ~0,000008
111.841339  0.024230 0.016627 -0.006521 -0.004593 -0.000078 ~0.000035
115.114273  0.030990 0.023991 ~0.008212 -0.006441 ~0.000133 ~0.000078
1AF.3A7207 0.036981 0,030761 -0.009700 -0.008128 -0.000194 ~0.000132
117.660141  0.042057 0.036775 —0.010948 -0.009616 —~0.(00255 -0.000193
148.933075 0.046093 0,0418A83 -0.011926 -0.010867 -0.000310 ~0.000254
150.206009 0.04R996 0.045960 -0.012610 ~0.011€50 -0.000354 -0.000309
151.478943  0.056693 0.048503 -0.012985 -0.012541 ~0.000382 -0.000353
152.751877  0.051145 0.050543 .0.013039 -0.012523 ~0.00039% ~0.000382
154.024811 0.050343 0.051136 -0.012775 -0.012988 ~7.000384 ~0.000393
155.297745 0.046306 0.050371 -0.012196 -0.012733 -0.000357 -0.000384
156.570679  0.045084 0.GAB3A4 -0.011319 -0.012164 -0.000314 ~0.000357
157.843613 0.040757 0.045167 -0.010163 -0.011296 -0.000266 -0.00031"
159.116547 0.035427 0.040858 -0.008757 -0.010150 -0.000199 -0.000260
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The proper phasing is achieved by positioning the reference airfoil 76.38
time units to the rig. of the second airfoil. the airfoil that generates the wake.
We found in the case of the plunging airfoil that the wake at zero degree phase
increases the drag force. while the wake at 75 degree phase gives us close
results to "no wake at all" case. So, we expect that the wake at 180 degree to
increase the propulsive force. Shown in Figure (4.22), is the variation of the
average propulsive force coefficient versus wake phasing, m. The circles in the
graph represent panel code results for the parameters mentioned above.

Superimposed on the plot of the figure are the analytical closed form
results of the Loewy theory as modified for one wake, as shown in Figure
(422) from Wood et al [38]. Note the good agreement between the two sets
of results. It is likely that the agreement can be further improved by increasing
the nurber of panel from 100, used for these calculations, to 200 or 200 more.

As was done previously for an airfoil oscillating in plunge, we will now
consider the case of an airfoil oscillating in pitch with particuiar emphasis on
drag or propulsive force. We will first look at the case without presence of
layers of adjacent wake, then look at the wake effect including the important
consideration of phasing. We will begin by considering the numerical results and
comparing these results with Garrick, Bosch, for "no wake" case, and then com-

pare with Loewy’s theory when the wakes are included.
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Cornstdered 1s the case of an NACAO007 arrtoil set at zero degree angle
of attack. The airfoil is oscillating with an amnplitude 1 degree. The reduced
frequency is taken at k=0.00i7 and the non-dimensional wake spacing was
h=200. which is numerically equivalent to having the wake at infinitv. The time
history of the lift variation, Ci. and the time historv ot drag variation. Cd. reveal
the following. We observe that the lift varies as the trequency of oscillation.
with a lift mean value of zero as we expect.

in contrast to the lift time history. the drag time history indicates :hat the
calculated drag varies at twice the frequency of the pitch oscillation. The am-
plitude is given by Cd= 0.000192. The mean drag value is found to be Cd =
0.00009 and the mean lift 1s of course 0.0 at zero angle of attack.

For an airfoil oscillating in pitch with the wake layer near the reference
arrfoil at non-dimensional wake spacing, h=2. The case of zero degree phase,
where the wake below the airfoil at h=2 is in phase the wake shed from the
reference airfoil itself. Review of the results indicates a reduction in the ampli-
tude of lift variation for the m=0.0 case when compared to the case with no
wake at all (wake at infinity ). We see that the lift amplitude decreases. We also
see an increase in mean steady drag accompanies the rzduction in lift ampliiude,
for the case of zero wake spacing (m=0). Proper phasing is achieved at m
=0.5. At this value, we found that the lift enhancement in this case of puve

pitch, is similar to what we found in the plunge case.
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B CONCLUSIONS

The most impontant conclusions that can be drawn from this research are:
I. For drag, in both cases of pure plunge and pure pitch. wake phasing ¢an
increase or decrease the steady component of drag acting on the airfoil.  The
increase in the steadv component of propulsive force due 1o wake phasing in the
"

case of pure plunge was sufficient 10 significantly enhance the " Katzmavr

effect value of propulsive force.

2. For an airfoil oscillating in plunge or pirch. for optimum reduction in drag
and enhancement in vibratory Jift. the phase angle of the wake vorticity in the
single wake case with respect to motion of the reference airfoil should be about

180 Y.

3. For an airfoil oscillating in plunge or pitch, the largest value of steady drag
and smallest value of oscillatory lift occurs - ‘hen the phase angle of the wake

vorticity with respect to motion of the reference airfoil is about 0

4. For lift, in both plunge and pitch in the singie wake case. wake phasing can
increase or reduce the cscillatory lift acting on the airfoi'. Where in the absence
of wake vorticity, the effect of oscillations decrecases the lift (lift deficiency ).

With the wake present we also observe lift enbhancement ( lift efficiency ).

5. There exists a phase angle, 75 for the case, (reduced k = 0617, wake
spacing, h = 2), where the cffect of wake vorticity on the reference airfoil is
identical to the case of the wake at infinity ( represented in the code by wake

h=200), or no wake vorticity at all.
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Applying these tindings to the OH-0A case, we can add the following

conclusions :

0. Measured reductions in power are feasible when ihe "Katzmayr" ecifect and

thesis - reported  wake enhancements are included.

7. Measured higher harmonic conrrol results show least benetit at 100 knots

due 10 the wake being transported greatest distance irom rotor at this speed.

3. Poor repeatability of measured open loop pertormance daia is to be expected

due 1o shifts in vake position ',

9. For helicopters. it is standard rotor blade design to locate the center of
gravity, aerodynarmic center, and elastic axis at the quarter chord point to avoid
flutter. This was illustrated in the analysis. Results of this thesis showed that
flutter is impossible for this condition without wake interference. However,
Loewy’s results introduce the possibility of wake induced flutter. Future investi-

gations. therefore. will have to explore this possibility in more detail.

1R Woud, Max I, Platzer, Ahmed 27 ourahma, Mak A Couch

" On the Unsteady Acrodyoamics ol Higher Harmonie Control.
Paper No. C 17, Nincieenth Juwropean Rotoreratt Forum. Cernobbio
Comoy Nalv . September 1993
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C RECOMMENDATIONS

1.\ new flight test program. directed at studying helicopter performance. is

needed. The NASA-Army OH-0A program was dedicated to vibration testing.

2. Continued full scale HHC tests in the NASA Ames 40 x 80" wind tunnel is
enceuraged. In addition. it is suggested that tests be initiated in small university

wind tunnels to verify the findings of this thesis.

3. Controlled whirl tower testing is also recommended. since this allows careful

measurement and control of performance parameters,

4. A wind tunnel program is nceded to explore similar cases and to verify the

present rescarch findings.

5. The panel method is a significant analysis tool that can be applied to study and
solve similar problems. It provides an excellent method for studying single or

two-degree-of-freedom flutter problems.
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