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- FOREWORD

The Meeting was held to provide a forum for presentation and discussion of research
performed to obtain a more complete vnderstanding of the fluid dynamics of rotary wings,
and methods for calculation and analysis of the aerodynamics and dynamics of rotary wing
systems. The objectives of the Meeting were to survey the status of the technology,
including recent advances, and to indicate need for further research.

Twenty-five papers were presented at the Meeting, which consisted of six sessions,
considering the themes of Rotors’ Wakes, Rotors in Hover and at High Advance Ratio,
Rotor Unsteady Airloads, Rotor Airfoils, Rotor Configurations, and Noise, followed by a
round -table discussion reviewing all the material presented. Aspects discussed within the
main themes included recent work on calculation of rotcr wake characteristics and inflow
distribution; factors affecting performance at hever and high advance ratio, and techniques
for their improvement; description of analytical methods for calculating rotor unsteady
aerodynamics; experimental results for unsteady airloads; current and future trends in rotor
blade airfoil design and rationale for parametric trade-offs; experimental results of noise
measurements on rotors in flight and methods of noise calculation; recent rotary wing
applications.

By invitation of the French National Delegates to AGARD, the Specialists’ Meeting,
recorded in this document, was held at the Centre Nationale de la Recherche Scientifique,
Marseilles, from 13 to 15 September 1972.
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ROTOR WAKES - KEY TO PERFORMANCE PREDICTION
Anton J. Landgrebe* and Marvin C. Cheney, Jr,#*

United Aircraft Research laboratories
East Hartford, Connecticut 06108, USA

SUMMARY

The history of helicopter performance prediction methods and the influence of rotor wakes are traced
from the simple momentum techniques used in the early years of propellers and rotors to the current state-
of-the-art computer programs simulating the rotor's complex vortex structure. Early methods became
inadequate as disc loadings increased and wake effects became increasingly important, particularly for
hovering and low forward speed conditions where the tip vortex could induce stall at critical points on
the blades. Analytical and experimental techniques are described which define the geometry of the vortex
field of a hovering rotor and its effect on rotor performance. It was concluded that the most important
factor which influences the prediction of hover performance was the interference caused by the tip vortex
during ite first revolution. Integrated performance in forward flight was generally not sensitive to
variable inflow; however, when combined with unsteady airfoil data, variable inflow produced significant
effects on blade torsional responses.

NOTATION

AR Blade aspect ratio, R/c

b Number of blades

c Blade chord, ft

¢ Blade chord nondimensionalized by R
cL Rotor 1ift coefficient, 1ift/mRp (NR)

clnp Blade section lift coefficient neer blade tip

Cn Secticn pitching moment coefficient, moment/oPc®

cn Section normal force coefficient, f‘orce/%pU'z\o::2

Cop Rotor propulsive force coef’icient, force/wlizp(ml)2

Cq Rotor torque coefficient, torque/';rl‘\’:')p((IR)2

€ Rotor thrust coefficient, thrust/mR2o(OR)°

¥ Distance from axis of rotation to blade section nondimensionalized by R
R Rotor radius, ft

U Resultant blade section velocity, ft/sec

v Free-stream velocity, knots

vz Induced velocity at blade in axial direction, positive up, ft/sec

z Axial coordinate measured normal to tip-path plane nondimensionalized by R
g Distance between the ce' ‘er of the rotor hub and ground, ft

a Section angle of attack, deg

o Rate of change of section angle of attack, radians/sec

#Supervisor, Potary Wing Technology
#¥Chief, Aerodynamics Section

it S0 el GG e

i e i Wi o o s

oA mad 71 2 i o s

il A LA, R e g i onlG A i i A

et i viaar K




i S

Lo

e aent

arpp Tip path plane angle of attack, positive nose up, deg

r Local blade circulation (equal to flRFccy/2), or strength of vortex element in wake, t't',e/sec2 3
01 Linear built-in twist rate, positive when tip pitch greater than root pitch, deg ;
075 Blade collective pitch measured at the 0.75R radial station, deg »
m Advance ratio, 1.69VAR

P Alr density, slugs/frt3

o Rotor solidity, be/rR

'/ Blade azimuth position, deg

Py Viake azimuth position, azimuthal degrees between vortex element and blade from which it

originated, deg

0 Rotor angular velocity, rad/sec

1.  INTRODUCTION

The problem of accurately predicting the flow field and associated performance of a lifting rotor
continues to restrict designers in their efforts to provide improved blade designs for helicopters.
Methods for determining rotary-wing inflow and performance were originally developed for propellers and
have evolved over the last one-hundred years. Following the early development of the simple actuator
disc and blade element-momentum methods, emphasis was placed on the development of vortex theory. This
resulted from the demands for more precise prediction of rotor performance, structural limitations,
vibrations, stability and acoustic characteristics. The progress of vortex methods has largely paralleled
the progress in the development of high-speed computers. The simple vortex theory approaches have been
superseded by complex wake modeling techniques for predicting the instantaneous rotor flow field. This
would not have been possible without the current advanced state of computer technology.

The prediction of the instantaneous flow field for the rotor is complicated by the following factors:
(1) the geometry of the vortex system generated by the rotor (rotor wake) is considerably more complicated
than that of a fixed wing wake and (2) unsteady fluw effects must be considered since the loading on the I
blades varies with time even when the helicopter is in steady forward flight. Some of the principal A
asgumptions limiting the accuracy of rotor inflow methods have been associated with the geometry of the .
wake and the neglect of unsteady aerodynamic effects. Generally, the rotor wake geometry was prescribed
in advance as a classical geometry consisting of undistorted skewed helical vortex filaments. However,
it is well-known from flow visualization results that the actual wake geometry differs significantly from
the classical model. Recent efforts at the United Alrcraft Research Laboratories (UARL) have concentrated
on the development of an analytic method for predicting the effects of distorted wake geometry and
unsteady aerodynemics or rotor performance.

The primary objectives of this paper are to (1) review the history of methods for determining rotor
inflow emphasizing the wake models employed, and (2) describe results from methods developed at United
Aircraft which demonstrate the influence of wake geometry and unsteady aerodynamics on rotor inflow and
performance for hovering and forward flight conditions.

2.  SURVEY OF ROTOR INFLOW METHODS

The intent of this survey 1s to present a brief history of the methods and the technical approaches
used along with a fairly comprehensive list of references. Although, the literature has been carefully
searched for the references presented herein, no claim is made for completeness. The references are
mainly limited to those describing theoretical rotor inflow and wake methods. Selected propeller methods,
which are adaptable to helicopter rotors, are also referenced. Completely experimental studies and
studies directed at understanding the fundamentals of the problem are generally not included. Since a
general description of each method is beyond the scope of this effort, emphasis, for the vortex methods,
has been placed on indicating wake models used. More complete descriptions of selected references may be
found in Refs. 1 through 5. In general, emphasizing the wake, each method may be characterized by
selecting the applicable combination from the following major descriptive categories.

1. Rotor or propeller theory
2. Hover (static thrust) or forward flight
3. Momentum or vortex theory




L, Type of wake model in vortex theory

a. Simplified (vortex cylinder etc.) or complex (helical vortex filaments) wake model
b. Undistorted or distorted wake
c. Theorelical or empirical wake model

Refevences representing nearly all combinations within the above categories are presented below.

2.1 Inflow methods based on momentum theory

Rotary-wing momentum theory was originated by Rankine (1865, Ref. 6) and Froude (1889, Ref. 7).
Simple momentum theory is based on the assumption of a uniformly loaded actuator disc and results in a
uniform inflow distribution at the rotor or propeller which is assumed to have an infinite number of blades
without tip locses. Removal of the constant inflow assumption was achieved to a limited extent by the
introduction of blade element-momentum theory by Drzewiecki (1892, Ref. 8), Reissuer (1910, Ref. 9), and
Glauert (1926, Ref. 10; 1927, Ref. 11). In blade element-momentum theory, as applied to the hovering
condition, the radial variation of inflow is found by neglecting contrartion of the walke and considering
the rotor disc to be divided into concentric rings. Through strip analysis the elemental thrust produced
by each ring element is determined in terms of the inflow velocity at the rotor. By equating this to the
overall momentum change in the air flow through each annulus, and assuming that the inflow velocities are
constant around any ring, the inflow at each element can then be determined. In Ref. 10, Glauert provided
a gimple linear representation of the fore-aft variation of inflow over the rotor for forward flight
conditions. Mangler and Squire (1953, Ref. 12) developed a modified actuator disc theory to predict the
rotor inflow variation with azimuth. Recently, Wood and Hermes (1969, Ref. 13) developed a forward flight,
variable inflow theory based on blade element-momentum theory and an empirical relation for induced flow
build-up on a blade. However, most current forward flight momentum methods used in rotor design are
based on the constant inflow assumption.

2.2 Inflow methods based on undistorted wake geometry

To solve the inflow problem in a more refined manner as required for accurate blsde airloads calcula-
tions, the rotor wake must be analyzed. Simple vortex theory describes the wake by a semi-infinite
cylindrical vortex sheet which is emitted from the blade tips (Fig. la). This implies an infinite number
of blades, uniform blade loading, and neglects wake contraction. The rotor inflow due to the cylindrical
vortex sheet is solved through use of the Biot-Savart law and by representing the sheet as a uniform
distribution of an infinite number of vortex rings of infinitesimal thickness which are located in planes
parallel to the rotor disc. The constant (hover) or mean (forward flight) induced velocity resulting
from this theory, which was first developed by Knight and Hefner for the propeller static thrust condition
(1937, Ref. 14), has been shown to be equivalent to that obtained from momentum theory. Coleman, et al.
(1945, Ref. 15) developed a method to calculate the fore-aft variation of rotor inflow produced by the
skewed elliptical weke cylinder for forward flight conditions. This method was later expanded on by
Castles and DeLeeuw (1954, Ref. 16) and Castles and Durham (1956, Ref. 17) to result in methods for
predicting the induced velocity distribution for the longitudinal and lateral planes of symmetry of the
rotor, respectively. Heyson and Katzoff (1957, Ref. 18) removed the uniform loading assumption from the
above approach by modeling the wake as a number of parallel and concentric vortex cylinders (Fig. 1b),
the intensities and dimensions of which correspond to the prescribed pattern of the loading. The sum of
the superimposed induced velocity fields of the individual vortex cylinders yield the overall inflow
field of the radially nonuniformly loaded rotor. As described in a series of NACA reports, Heyson
continued to refine this approach and finally included & nonuniform azimuthwise vorticity distribution
(1960, Ref. 19). An earlier attempt at predicting the inflow variation with azimuth, using vortex theory,
was developed by Drees (1949, Ref. 20). Two other vortex theories based on an infinite number of blades
are those of Wang Shi-Tsun (12961, Ref. 21) and Baskin (1960, Ref. 22) in which the vortex rings that had
pPreviously been used to represent the vortex cylinder are replaced by vortex lines and a layer of dipoles,
respectively,

Due to the inherent limitation of the above methods using vortex cylinders, which is that time-
averaged rather than instantaneous induced velocities are predicted, these methods are not adequate for
providing accurate variable inflow distributions for the determination of the fluctuation of the blade
sirfoads, Tu solve for the variable Lufiow fur a flulte uuter Of Vieldes wsihg vortex theory, ‘the wuke
from each blade must be considered. Goldstein (1929, Ref. 23) derived a vortex theory for propellers with
finite numbers of blades. Goldstein solved the problems of the flow attributable to a set of semi-
infinite, eguidistant, ecexinl, helicolidal surfaces, eack oof representing the vortex sheet emanating
from a blade (Fig. 2). Goldstein's solution was developed using Betz's optimum loading condition (1919,
Ref. 24); that is, it neglects the slipstream contraction and hence refers rigorously only to a lightly
loaded propeller. The basic assumption of the Goldstein theory is that the velocity field of the vortex
system at a large distance from the propeller is equivalent to the potential field of the rigid
helicoidal surfaces. This is rigorously correct only for propellers where the circulation along the
blades is such that the flow in the wake 1s identical with the potential flow of such a set of equidistant
esanial reliesldal curfaces. e Sollcteln enulysic as entended Uy Loek [yl Ref. 5| hes tewn wpplied
to the hovering condition for helicopter rotors. The primary limitations, the assumptions of a non-
contracting wake and & small ratio of wake displacement velocity to propeller advance velocity, were not
important to the original development which was intended for propellers operating in axial flight.
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However, even with their limitations recognized, the Goldstein-Lock and blade element-momentum analyses,
until recently, represented the state-of-ths-art for routine calculation of rotor hover performance.

Due to the complexity of the induced velocity calculations associated with a spiral wake system in
forward flight, these calculations had to awalt the availability of the digital computer. A computer
method by Willmer (1963, Ref. 26) replaced the undistorted spiral wake from each blade by a simplified
model. He assumed that only those parts of the wake which are near to the reference blade are important.
To these he applied his "rectangularization" principle which consisted of straightening out those parts
of the wake near the blade and making the mathematical simplification of integrating to infinity since
the outer parts of the straightened wake could be assumed to have little effect. Thus the wakes of all
blades are divided in parts (rectangular sheets) and placed 1ln their appropriate positions according to
the mean flow velocity through the disc and the number and relative positions of the blades that shed
them. Using an extension of Glauert's lifting line theory, the inflow solution is reduced %o a system of
simultaneous equations. These are solved on a digital computer and the results have shown considerable
improvement over the simpler theories that preceded it. A variation of Willmer's method wes developed
by Molyneux (1962, Ref. 27) in which the rectangularized sheets in the far wake are replaced by a line of
doublets whose strength is the integral of the doublet distribution across the span of the sheet. One
shortcoming of Willmer's method is the neglect of the time-wise variations of vorticity in the wake,

That is, the shed vorticity, which is defined as the vorticity which leaves the blade due to timewise
changes of circulation, and the corresponding changes in strength of the trailing vorticity (vortices
emitted normal to the blade span to blade radial circulation variations) are neglected. Loewy (1957,

Ref. 28) had earlier used & simplified two-dimensional representation of the shed vorticity to investigate
the flutter characteristics of an osciilating rotery wing airfoil. This problem was also treatec by

J. Jones (1965, Ref. 29), who developed a method for determining the influence of the shed wake at an
actuator disc (infinite number of blades) for low speed conditions., R, Miller in a series of publications
(1962, Ref. 30; 1964, Refs. 3, 31, 32) accounted for the shed vorticity through use of Theodorsan type
1ift deficiency functions. A simplification to the spiral wake, developed by R. Miller (1964, Ref. 31),
15 characterized by the feature that the helieal vortex lines departing from the blade are replaced «t
specific points by their tangents (infinite straight filaments). A similar wake representation is used
in the methods of Harrison and Ollerhead (1966, Ref. 33), Fuhr and Kussman (1970, Ref. 34), and W. Jones
and Rao (1971, Ref. 35).

One of the first nethods using helical vortex filaments to represent the undistorted wake of a rotor
is that of Castles and Durham (1959, Ref. 36). Undistorted filaments are used to represent the tip vortex
spiral from each blude. The vorticity shed from the inboard portion of the blade is represented by a
central straight vortex line along the axis of the wake. Nondimensionalized induced velocities for
specific points are tabulated as a function of number of blades, wske axial velocity, and radius of the
point. A similar wake model was used in a method by N. Miller, Tang, and Perlmutter (1968, Ref. 37).

R. Miller used the spiral undistorted wake model, which he termed a "rigid wake", as an alternative to
his simplified straight vortex filament approach described above. The undistorted or "rigid wake"
assumption means that the in-plane wake coordinates (in planes parallel to the tip path plane) are
determined simply by the rotor rotational and translational velocities and the axial coordinates (normal
to the tip path plane) are determined by a mean flow velocity which is generally the momentum inflow
value, Piziali and DuWaldt (1962, Refs. 38, 36} uodeled the undistorted wake from each blade by a mesh
of segmented vortex filaments (Fig. 3). Each segment is straight and of constant vortex stength.
Ewsver, ths *tremglbn of Lhe Werlou® segmsnin Very LE asssrdancs wilh the virleticn Lo Cthe szimeilbwlss
and radial variation of the blade bound circulation. The segmented trailing vortex filaments emanate
from each of the end points of the blade lifting-line segments. The segmented shed vortex filaments
intersect the tralling filaments in a manner such that the segment end points of both are coincident.

In this manner, the changes in, and the effects of, trailing and shed vorticity are simultaneously
computed. In a similar manner, Madden (1967, Ref. 40) extended the method of R, Miller to include the
effect of both azimuthwise und radial variations of wake trailing circulation strength by representing
the trailing vorticity by several spiral vortices emanating from the blade and divided into finite
stra‘ght line segments. However, he retained a two-dimensional lift-deficiency type formulation for the
shed wake influence. Scully (1965, Ref. 41) has noted possible refinements to R. Miller's approach.
S:gel (1966, Ref. 2) expanded the method of Piziall and DuWaldt to the transient condition by allowing
the mean inflow, which establishes the axial position of the rigid wake, to vary with time in accordance
with the transient momentum changes. He included only the trailing wake contribution, since he consid-
ered the shed wake effect as second order. Davenport (1964, Ref. 43) and Balcerak (1967, Ref. Lk)
expanded the technlgues developed bty R, Miller wnd by Pi2ziall and DuMaldt for wn arndistorted wake vo the
tandem rotor application. Ichikawa (1967, Ref. L5) used an undistorted vortex sheet approach to develop
a2 unique linear theory for the blade spanwise 1ift distribution in which he deduced a closed form
1iftihg-1ine type roletlon froo & 1LDNLNg surfese (teory Uy matlematict]l appromlimtion. GSeversl
propeller performance theories that use an undistorted wake have been summarized by Wu (1965, Ref. 2).
Three other propeller theories that are also based on an undistorted wake geometry are those of Nelson
(1964, Ref. 46), Hough (1967, Ref. 47), and Mandl (1967, Ref. 48).

2.3 Inflow methods based on & theoretical distorted wake geometry

It was recogr zed by the earlier proponents of the rigid wake model (e.g., R. Miller, Ref. 32,
Piziali, Ref. 50) that the sensitivity of blade inflow and associated airloading to wake distor:ions
sxld Be =igiificant, The refiirement for arn Llmproved weke gesmeivy model wWap alzs conelided &% Lhe
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United Aircraft Corporation in a series of unpublished applicetions of the methods of Piziali and DuWaldt,
Willmer and Miller by Arcidiacono and landgrebe and in a later sty in which they cooperated with
Carlson and Hilzinger (1965, Ref. 49) to couple the variable inflcw solutions to a Sikorsky Airecraft
aeroelastic blade reaponse program,

R. Miller (1964, Ref. 31) established the concept of & "semi-rigid" wake. A semi-rigid wake geometry
results by replacing the constant axial velocity (normal to the tip path plane) of the rigid wake with
the instantaneous axial velocity of each vortex element occwiring at its generation at the blade.
Although this results in a distorted spiral wake, changes in the vortex element velocities with time, due
to interaction with the wake and blades, are neglected., Pizialli (1965, Ref. 50) also included & provision
for a semi-rigid wake. In addition, he refined his wake model to approximately account for the roll-up
of the spiral wake surface by truncating the mesh of trailing and shed vor‘ex elements behind the blade
at a prescribed wake azimuth and by providing thereafter for two concentrated vortex filaments to repre-
snet a rolled-up tip vortex and root vortex. Brandt (1962, Ref. 51) and Ham (1963, Ref. 52) applied
R. Miller's method using & semi-rigid wake to investigate wake elfects on rotor blade airloads for low
speed flight conditions. A comparison of the semi-rigid wake geometry with resvults from an experimental
program showed major discrepancies between the semi-rigid and measured wake ccordinates which Ham con-
cluded could be significant if accurate blade airloads are to be predicted.

In recent years the requirement for an improved distorted wake model has been recognized. Several
methods for predicting a more realistic wake geometry have been developed in the past seven years. These
range from simplified methods, such as methods in which (1) the wake is approximated by vortex rings or
vortex tubes or (2) the rotor is represented by an actuator (isc, to more complex methods in which the
distorted wake geometry is predicted through calculation of the mutual interaction of the wake filaments
emitted from eech blade.

The first of the simplified methods was that of Brady and Crimi (1965, Ref. 53) in which the
contracted wake of a static propeller, in and out of ground effect, is calculated by a time-step procedure
employing vortex rings of constant circulatior. strength. Trenka (1966, Ref. 54) used the results of tais
method to establish the contraction and spacirg of a mesh of discrete segments similar to Piziali's wake
representation for the purpose ¢f predicting the performance of VIOL propellers. Greenberg and Kaskel
(1968, Ref. 55) combined an actuator disc model of & hovering rotor with a wake comprised of a distribu-
tion of equal strength vortex rings over the slips*ream surface boundary. From applications of this
approach, they concluded that the streamline pattern is virtually independent of thrust coefficient. This
result was later :juestioned on the basis of expérimental results obtained at 'inited Airecraft {IWI, Ref.
56). Theodorsen (1969, Ref. 57) extended his early propeller theory to obtain a solution for the wake
contraction and associated performance of static propellers and hovering helicopter rotors with optimum
loading. Following the unsuccessful application of & semi-empirical wake model (1965, Ref. 58) and a
complete continuous vortex sheet deformation approach, Erickson (1969, Ref. 59) developed a method for
the static performance of a VTOL propeller in which he specifies the wake contraction based on the
method of Greenberg and Kaskel, and calculates the pitch of the trailing vortex sheets by iterating on
the axial positions and velocities at prescribed field points. A method for low speed forward flight
conditions was developed by Joglekar and Loewy (1970, Ref. 60) in which the rotor is assumed to be an
actuator disc and the corresponding distortions of the tip vortex filaments are used to establish the wake
geometey for wie bn Plalall's eirlioads progren [(Ref. S0 Vuskdn (1900, Lef. €1) doer & Shsvortleg vortex
tube of uniform circulation to obtain an approximate representation of the distorted wake of a rotor in
forward flight. An approximate solution for the wake downstream of a rotor, where the wake rolls-up into
two concentrated counter-rotating vortices similar to a fixed wing wake, was developed by Levinsky (1970,
Ref. 62). For the wake close behind the rotor he used inclined actuator disc theory applied to a
combination of an infinite number of ring vortices of elliptical cross section and an infinite number of
ring vortices and sources directed parallel to the axis of the elliptical cylinder. For the far wake he
used a single horseshue vortex divided into numerous strulght, viscous core segments.

The more complex distorted wake methods are all characterized by the representation of the wake from
each blade by segmented vortex filaments which are allowed to freely distort until a converged wake
pesulér. The wehe geomstsy meirod Jeyelsped by Londgeete vt the rited Ymem ™ “eseeroh Tuboratoris
ig descrited in a series of references (1969, Ref. 63; 1971, Refs. 56, 64, 65, and 66; 1972, Ref. 67).
The wake model is composed of a finite number of discrete vortex filaments from each blade, The straight
vortex elements are free to convect at a velocity equal to the sum of the free stream velocity and the
velocity induced by the trailing and bound vorticity. The influence of the shed vorticity on the wake
distortions is assumed negligible since 1ts intensity is small in comparison to the trailing vortex
strength. However, the influence of the shed wake directly behind each blade is included empirically in
the airloads calculation through the use of unsteady two-dimensional airfoil data. Several modes of
operation have been provided in the computer program for this method. The most complex mode, and also
the most costly, is to allow all the wake elements to interact freely with the intent of calculating all
the wake features including the rolling-up of the tip vortex &nd the distortion of the wake (vortex sheet)
emitted from the inboard region of the blade. The computer requirements and costs are normally prohibi-
tive for this mode of operation so various alternatives have been provided. The selection of these
alternatives is usually determined by the accuracy required and the flight condition cf interest (hover
or forward flight). Ome alternative mode consists of grouping the vortices from each blade into (1) a
strong, rolled-up tip vortex filament, and (2) several weaker trailing vortex filaments representing the
inboard vortex sheet (Fig. 4). The complete mutual interaction of these vortices may be calculated, or
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the geometry of the inboard vortices may be prescribed and the distortions of the tip vortex computed.
The computation of the wake geometry is accomplished by the following procedures:

1. The circulation strength in the wake is estimated from a previous solution of the bound
circulation distribution on the blade (1ifting line).

2. An initial wake geometry is spacified.

3. The classical Biot-Savart law is applied to comp:ite the velocities induced by each vortex
segment in the wake at the end points of the assigned distorting segments.

4, These velocities are integrated over a small increment in time to define a new wake geometry.

i 5. Steps (3) and (4) are repeated, alternately, until a converged wake geometry corresponding to
the initial estimate of blade bound circulation is obtained.

6. A new estimate of the blade bound circulation distribution is computed using the calculated
wake,

7. Steps (2) through (6) are repeated, iterating until a compatible wake geometry-circulation
solution is obiained.

The wake geometry method has been coupled with a circulation analysis and an aercelastic blade response
analysis so that a consistent wake geometry, rotor inflow distribution, and airload distribution may be
iteratively computed (Fig. 5). The method is applicable to both steady-state hovering and forward flight
conditions, and it is currently being extended for transient conditions and to include a lifting surface
representation for the blades. In order to avoid prohibitive computation costs, the far wake model for

1 hovering flight may be represented by helical filaments and, unlike the near wake, this far wake region

: is constrained from distorting freely. Another option in the method for reducing computer costs is to

H consider the lesser induced effects at each wake point in approximate form. By selecting a bounding
displacement velocity induced by a single wake segment at each segment end point considered, & grouping of
all segments into a near and far wake region is achieved for euch end point. The near wake region
contains the segments which make a substantial contribution to the displacement velocity at the segment
end point. Thus, this contribution is calculated anew for each time step in the iteration loop. The
displacement velocities induced by the segments of the far wake region are recalculated only at selected
time steps. Their summation ylelds the combined influence of the far wake region on the segment end
point, which is kept constant for the selected interval (generally, calculation of the displacement
velocities due to the far wake during the first time step is sufficlent). A similar wake geometry method
was developed by Crimi (19€6, Ref. 68). This method differs from the above mainly in the following
manner: (1) the wake consists only of tip vortex filaments, (2) a near and far weke provision is not
included, (3) refinements for the hover condition are not included, and (4) fuselage interference effects
on the wake are calculated. A third method, which is also similar to the above in the basic technical
approach, is that of Scully (1967, Ref. 69). Scully's wake model consists of distorting segmented tip
vortex filaments and nondistorting inboard filaments. Rather than start the interaction procedure with
an asgumed initial wake model, Sadler (1971, Ref. 70) developed a method to predict the wake geometry

by a process similar to the start-up of a rotor in a free stream. An array of distorted, discrete
trailing and shed vortices is generated as the blade proceeds in time. The "free wake analysis" developed
by Clark and lLeiper (1969, Ref. 71), limited to hovering rotors, is a spatial analysis rather than the
previous temporal analyses. That is, rather than computing the wake velocities and associated wake
geometries for a series of time steps, the segmented trailing wake is allowed to move freely through a
computed velocity field to establish a wake pattern. Similar near wake geometry results from this
spatial method and landgrebe's temporal method are shown In Ref. 65,

2.4 Inflow methods based on prescribed empirical wake geometry

Cor-urrent with the rotor inflow methods based on a theoretical wake geometry, other methods have
been deveLloped based on empirical wake models. Most of these methods are directed toward the rotor hover
condition in that this condition is the one most influenced by wake distortion effects and it is the
gsimplest one for obtaining experimental flow visualization data.

Gray (1955, Ref. 72; 1956, Ref., 73) developed a semiempirical method for the wake of a single bladed
rotor based on experimental wake geometry data obtained from smoke-visualization tests., He postulated the
wake as a rolled up tip vortex filament and a separate inboard vortex sheet (Fig. 6). Although this
method was relati-'ely advanced for its time, it was necessary for Gray to make several simplifying
assumptions, since this was prior to the availability of high-speed computers. Gray's approach was later
expanded for propellers by Gartehore (1€, Ref. Th). FKorke end Wells {1%J, Ref. 75) modified momentum
theory to include the effects of the prescribed near wake by adding a wake-induced "interference" velocity
distribution to the adjusted momentum inflow. Magee, Maisel and Davenport (1969, Ref. 76) developed a
spriempliries]l methed for preteriblng fhe wiks 2t eompiting the perlormencs of a beseribg rotor. The
degree and rate of wake contraction are determined from the ring vortex model of Ref. 53 and the axial
vake coordinates are based on a "slipstream acceleration parameter" which was partially based on
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experimental data and synthesized to provide correlation for several rotors and propellers, Seed (1967,
Ref. 77) used a prescribed slipstresm profile, based on experimental observations, and a semiempirical
relation for the spiral pltch to calculate the performance of a rotor with circulation control by
blowing. He found that his prescribed wake model provided better orrrelation than his "continuous
deformation model" in which the spiral wake form is allowed to Ceform within & specified wake contraction
boundary.

The requirement for a method employing an accurate prescritbed wake mudel obtained from experimental
wake data was concluded by Jenney, Olson, and Landgrebe (1968, Ref. 78) who found that the rapid contrac-
tion of the slipstream under a hovering rotor places the vortex system sufficiently close to the rotor
blades that it causes significant changes in the radial distributions of induced velocities which can
result in a loss in hover perfcrmance. A method based entirely on en empirical wake was developed by 4
landgrebe (1971, Ref, 56; 1072, Ref. 67) at the United Aircraft Research Laboratories for hovering rotors ;
vith any number of blades. The method, entitled "The UARL Prescribed Wake Hover Performance Analysis", was §:
derived to compute the blade circulation and inflow distribution and the corresponding rotor performance
based on a prescribed wake geometry. Generality regarding the specification of the geometry was maintained
in the computer analysis to permit the evaluation of a wide variety of wake geometry models. Sample
computer plots are shown in Fig. 7 for a typical experimental wake (far wake instability neglected) and
a classical wake model, Each blade is represented by & segmented lifting 1in-, and the wake is represen-
ted by a finite number of segmented vortex filaments trailing from the blade segment boundaries. The
blade and wake characteristics are assumed to be independent of azimuth position. The program is divided
4 into three parts. The first transforms the wake geometry input to wake cuordinates. The second contains 4
: the computation of the wake influence coefficients at the hlades as defined by the Bilot-Savart law and
. the numerical procedures for solving the circulation matrix and associated induced velocity distribution.
i In the third part, performance characteristics are computed. Conventional strip theory based on two-

3 dimensional airfoil data is assumed applicable to compute the rotor performence characteristics. The

E method was successfully applied at UARL following the experimental acquisition of systematic model rotor
3 hover performance and wake geometry data which were generalized tofacilitate the rapld estimation of wake
geometry for a wide range of rotor designs and operating conditions. The method is currently in use at
Sikorsky Alircraft and the U, S. Army Aviation Materiel Research and Development Laboratory, and has

E accurately predicted the hover performance of a wir a..ge of full-scale helicopter rotors. This
prescribed wake analysis wers successfully applied i. predict propeller performance by Ladden (1971, Ref. ¥
79) based on generalized prupeller wake data, Gilmore in Part II of the same reference presented an

extencicn of Gartehore's cemlempiviewl upproweh. 3
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For forward flight conditions, Tararine (1960, Ref. 80) empiricized an analytical wake model based
on tip vortex flow visualization data obtained using smoke technigues in a wind tunnel. Isay (1971,
Ref. B1) developed a simplified vortex model for the analysis of the flow at the rotor based on a
prescrived lrapezoldal low dlstributlion lu the wake, Taudgeebe o § pellluger (1971, wel. U4 modified
the UARL aeroelastic performance method, described previously, to include a prescribed wake option for f
forward flight conditions, and have prescribed the experimental wake patterns of lLehman (1968, Ref. 82)
which were cbtained fex rhotogrerhing tip wortex bubble patterre of & model rotcr in u water tunnel.

2.5 Recent emphasis in inflow studies

B RTR)

Ir addition to refinlng the wake geoimetry models, recent emphasis has been placed on more accurate
analytical simulation of blade-vortex interference. Several studies have been conducted to investigate
improved representetions of the biale =nd the wake (purticalarly; the tip vortex)., These Ltudles inelude
the following areas:

(AT

1. Representation of the blade by a lifting surface instead of a lifting line (e.g., Refs. 83
3 through 85),

2. Details of blade-vortex interaction (e.g., Refs. 86 through 89), and

3. Studies of vertex structure and stability (e.g., Refs. 90 through 92).

Although significant progress has been made in these areas, continued studies are required to improve our 3
understanding of the complex rotor problem and to apply the new knowledge and analytical techniques to :
rotor inflow methods. i

3. RESULTS OF RECENT STUDIES CONDUCTED AT UNITED AIRCRAFT

For several years, invesiigations have been conducted at the United Aircraft Research laboratories
to experimentally examine specific effects of blade perameters and wakes on rotor performance and to
develop methods to predict those effects. Many of these efforts considered hovering flight since this
remains the most important asset of the helicopter. The work, in addition to the forwerd flight and
unsteady flow effects presented later, have been supported, to a large extent, by the U. S. Army Air
Mobility Research and Development Laboratory and the NASA lLangley Research Center.
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3.1 Hovering flight

There have been a variety of techniques devised to improve the erficiency of rotors in hover. These
include twist, planform taper, thickness taper, root cutout, camber, and blade tip sweep. These pa.a-
meters generally affect the thrust characteristics at a given povwer and, of course, the objectives have
alweys been to increase thrust at a given power. The objective of increasing maximum thrust for a given
rotor size was not rigorously pursued during the years of the reciprocating engine since installed power
vas generally insufficient to reach maximum thrust conditions. However, with the advent of the turboshaft
engine, and the corresponding improvement in power to weight ratio, stall-associated problems rather than
power limits often have limited performance.

Initial performance methods could not predict these stall effects and as a result new high perfor-
mance helicopter designs did not achieve their expected performance levels. In many cases these reductions
in maximum thrust reached levels as high as 10 percent, which seriously compromised payload capabilities.
This reduction in actual lift compared to lift predicted using classical methcds is demonstrated in Fig. 8.
Here experimental results are shown for model rotors having two and six blades and compared to theoretical
results of the Goldstein-Lock and momentum analyses. This figure demonstrates the good correlation for
the 2-bladed rotor and the poor correlation for the 6-bladed rotor. These results, and additional results
obtained for other blade configurations (Ref. 56) provided evidence that the discrepancy was related, at
least in part, to the failure of the analyses to simulate the change in blade aerodynamics caused by the
increase in solidity (higher number of blades). Programs were undertaken at United Aircraft to identify
the mechanisms causing these discrepancies and to provide the technical base from which improved perfor-
mance methods could be developed. Initial research efforts were directed at experimental measurements of
the wake geometry, particularly the strong tip vortex, and the effects of various blede design parameters
on wake geometry. Data vere obtained on L-ft model rotors by emitting smo'.e thru the rotors and visualizing
the vortices. As shown in Fig. 9, it is possible to locate the core center of the tip vortex relative
to the blade tip as well as the cross section of the inboard vortex cheets. Another important wake
characteristic is evident from the photographs of Fig. 9. This is the vertical spacing between adjacent
vortex cores relative to the vertical spacing between the first (uppermost) vortex and the blade passing
above it. The spacing between cores is significantly greater than that between the first vortex and
following blade demonstrating the increesed transport velocity of the tip vortex after the passage of the
following blade. Examination of sequential photographs revealed that the vertical velocity of the tip
vortex consists of two distinet constent values. In the region between the generation of the vortex and
the passage of the adjacent following blade there is no strong downwash influence present and the rate is
relatively low. The passage of the following blade then imparts a large downward momentum producing the
resulting geometry shown in Fig. 9. The radial velocity, on the other hand, does not experience a distinect
change due to a blade passage, but instead exhibits an initially high value and then approaches zero
exponentially. This radial component of velocity was found to be relatively insensitive tc all design
parameters investigated and was dependent primarily upon disc loading. The effects of increasing solidity
on vortex geometry is revealed from Fig. 9 where the 8-bladed rotor is shown to place the trailing tip
vortex very close to the following blade. As a result of the tnterference produced by the high induced
velocities of the tip vortex, local stall could be produced for an 8-bladed rotor whereas such stall could
be avolded for a rotor having fewer blades. However, at constant disc loading and solidity interference
is relatively insensitive to number of blades. This represents the major requirement in predicting the
performance of a rotor in hover -- the ability to define the position of the tip vortex and the induced
velocity field around it. The influence on the tip vortex location and induced angle of increasing the
number of blader is also illustrated in Figs. 10 and 11. For a fixed blade loading and chord, the radial
and vertical locations of the tip vortex below the following blade are shown for 2-, 3-, 4-, 6-, and
8-bladed rotors. As shown in Fig. 11, the angle induced at the blade increases significantly as the
vertical displacement decreases. For higher loaded rotors it is obvious that severe stall could be pro-
duced which would significantly reduce performance over that predicted using classical methods. This
becomes an important consideration when the maximum 1ift capability of an existing rotor is increased by
adding one or more blades. Such a configuration change could not achieve the increased 1ift expected
unless the effects descrihed asbove are securately modeled., Tt echoald be noted thet the effecte of
increased number of blades are less serious when the chord is reduced to maintain constant solidity.

Under these conditions, if a reduction in chord accompanies an increased in number of blades, the reduction
in vortex strengths compensates the reduction in vertical displacement.

The effeite Jae to vorter lnterference on raldlal flatritation of sngle of sttack and loadlng are
shewn in Fig. 12, Here the distributions predicted for a model rotor operating telow stall (CT/o- = 0.07)
are presented for the distorted wake and classical wake methods. The most notable diffezence is over the
tip region where angle of attack and loading excursions of the distorted wake method reach levels approxi-
mately 50 percent higher than those of the undistorted wakz methods. To avold premature rotor stall
caused by tip disturbances of the type shown in Fig. 12, some recent rotor designs have incorporated a
finite reduction in blade angle near the tip to obtain a more nearly uniform angle of attack distribution.
This ensures that a greater span of blade can more nearly achieve its lift potential.

Additional rotor design parameters such as tip speed, blade twist, aspect ratio, planform taper, and
camber have been experimentally investigated at United Aircraft (Refs. 56 and 93) to determine their
effects on performance and wake characteristics. It was found that the wake geometry was insensitive to
independent variations in tip speed, aspect ratio, and camber, at least over the range of varisables
tested. The ‘nfluence of number of blades i1s limited to establishing the wake azimuth angle where the tip
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E‘ vortex passes below the adjacent downstream blade at which point the vertical velocity increases
i significantly. The effect of camber was, as expected, to increase the maximum rotor thrust due to the
increased C of the cambered section. Blades having planform taper at zero twist were found to stall

at a considerably lower thrust coefficient than constant chord blades of equivalent blade area, Although
only limited fiow visualization data have been cbtained for the tapered blade rotor, preliminary results
indicate that the initial vertical velocity of the tip vortex is much reduced over that of the constant
chord rotor. As a result, greater interference effects are produced on the following blade causing
] premature tip stall. It is speculated that the tip circulation strength, which is the primary source of
the initial downwash velocity, 158 lower due to the reduced blade chord. As a result of tip stall, much
E of the inboard blade area, which is considerable in light of the taper effects, dces not nearly reach its
full 1ift potential. Of course, large values of negative twist should accompany taper in order to place
the inboard sections at more favorable L/D levels and, in fact, it seems reasonable to expect that a
tapered blade should require greater twist than a constant chord blade of equivalent area. Thie appears
warranted since for equivalent areas, the tip chord of the tapered blade is less than that of the
untapered blade and, assuming no twist, would be subjected to tip stall at a lower thrust level,

I’ Results of the UARL Prescribed Wake Analysis described earlier are compared to experimental results
in Fig. 13. The wake used to generate these results was estimated from flow visualizetion photogrephs

3 where the accuracy in reading coordinates is approximately 1/2 percent of the radius. %he sensitivity of
performance. to the tip vortex position is demonstrated in Fig. 13 where the tip vortex is displaced this
amount (1/2 percent R) further from the rotor. The important conclusions that have resulted from these
investigations are that knowledge of the strength and position of the tip vortex of highly loaded multi-

4 bladed rotors is extremely important and that performance prediction methods must accurately simulate this
‘ geometry if reliable performance estimates are to be expected.

3.2 Wake stability characteristics

Indications from the many flow visualization investigations conducted at United Aircraft, primarily
with model rotors as reported in Ref. 56, are that the helical tip vorter is relatively stable and
repmatable in the eeyion belos the *swerlng sofor extendlng Scen %o erpeoaimebely 20 mescnd oF the sedlur
This region is, of course, the most important regarding performance and fortunately produces a generally
steady aerodynamic environment at the blades. However, as the helix progresses downstream it tekes on a
more random behavior and eventually an apparent instability. Whether the tip vortex undergoes a form of
viscous dissipation (decay) or vortex breakdown (bursting) as characterizes certain fixed wing tip
vortices is conjecture at this time, However, results indicate a definite departure from the classical
concept of a amoothly contracting wake below the rotor. Evidence of this is shown in Fig. 1L, in which
the fourth vortex cross section proceeds to travel radially outward (note particularly the photographs
for ¥ = 60 and 120 deg) until it is no longer vieible. Although it is recognized that a small perturba-
tion such as a small amount of ambient wind or a slight blade-out-of-tracs may be necessary to precipi-
tate the instability, this is believed to be an academic consideration since full-scale rotor operation

Wake stability was found to increase with decreasing wake azimutl, ‘!’w. For example, the
repeatability of the tip vortex position beneath the followiig blade (q.w = 360 deg/b) was within 1
pereent Of the rellas. More photogreptic examples and & more complete &lstisslon OF the mstdbie neture
of the far wake are presented in Refs. 56 and 67. Evidence of far-wake ins.ability for a small-scale
propeller with two blades is discussed in Ref. 91. It is mentioned therein that the instability was
characterized by axial but not radial oscillations of the tip vortex in the far-wake region. This differs
from the observations of the model rotor tip vortices which exhibited substantial radial as well as axial
movements,

The implications of this far wake instability on rotor performance and vibration have not yet been
confirmed; however, it is believed that under steady hovering flight conditions the disturbances in the
far wake are sufficiently removed from the rotor plane so as not to significantly affect its aerodynamic
environment. The unsteady effects of the far wake are expected to play & uore important role when
considering acoustic phenomena, the effects of wake impinrgement on fuselage and tail surfaces, and the
problems associated with slung loads.

3.3 Forward flight

Applications of the wake methods to the forward flight case have shown rotor performance for
conventional helicopter flight conditions to be considerably less affected by the wake. In forward
flight, with forward tilt of the rotor disc, the blades are moving away from the wake, therefore feeling
less of its influence. As in the hover condition, the wake elements become distorted as a result of
interactions with other elements in the wake. These Qistortions are slolilar o thove produaced vy &
fixed wing, as depicted schematically in Fig. 15. Shown is the general "rolling up" characteristic
produced at the lateral extremities of the wake with the rolled-up portions growing in size as they pro-
ceed downstream. These large downstream distortions, however, do not significantly influence the flow
field at the rotor. A more quantitative represertation of the tip vortex geometry obtained from Ref. 6k
is presented in Fig. 16. Here, theoretical results are presented for a 2-bladed rotor, and the wakes are
shown for both the classical helical shape (undistorted) and the more realistic distorted wake., The
planform view indicates relatively small differences in the tip vortex geometry, particularly over the
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important near wake region; however, the profile views show significant diffe:ences. A comparison of
the axial tip vortex coordinates for a model rotor predicted by the theory of Ref. 63 and obtained from
the experimental results of Ref. 82 is presented in Fig. 17. Although the geome*ric differences between
the distorted and nondistorted wakes are significant and generate great academic interest, it has been
found that they are generally not important differences when it comes to the determination of rotor per-
formance and certain other rotor characteristics for conventional forward flight conditions. (This cannot
be generalized, however, to include flight conditions which place portions of the wake in the plane of

the rotor, for example during maneuvers.) In fact, for many flight conditions, simple constant inflow
thoory predicts generally the same integrated performance as the variable inflow theories.

A comparison from Ref. 66 of the predicted performance using constant inflow, undistorted wake
variable inflow, and distorted wake varisble inflow with full scale experimental results is presented in
Fig. 18. The results indicate only minor differences over the conditions investigated and relatively
poor correlation with the test data. It will be shown later that improves -:=elation is achieved when
unsteady aerodynamic effects are included.

It is interesting to note that the integrated performance results of Fig. 18 remain relatively
unchanged between the three analytical results, yet the calculated inflow over the disc and the azimuthal
distribution of angle of attack and loading contain considerable veriations which must be simulated to
accurately predict nonperformance rotor characteristics such as noise, stresses, vibration, and control
loads, These variations are exemplified in Figs. 19, 20, and 21, where results were calculated using
UAC blade response and variable iuflow analyses. Figure 19 shows a typical inflow velocity map (induced
velocity produced at the blade location during each revolution) demonstrating the highly variable
character of the inflow, particularly over the outer region on the retreating side where the strong tip
vortex induces large downwash velocities. Considerably lower velocities are induced on the advancing
blade where a weaker tip vortex is produced as a result of the reduced lift over the advancing blade tip
region. The two pockets of upwash shown in the two forward quadrants are produced by the passage of tip
vortices from previous blades similar to the vortex passage shown in Fig. 19. The azimuthal variation in
section angle of attack at the 75 percent radial station is shown for the constant and variable inflow
ceses in Fig. 20, The maximum excursions of 1 to 2 deg of the variable inflow curves from the constant
inflow curve are attributable directly to tip vortex passage effects and occur on the advancing blade at
approximately 130 deg and on the retreating blade over a region from 240 deg to 330 deg. Although the
retreating blade disturbances appear greater than those cn the advancing blade, the actual loading distur-
bances are less due to the reduced dynamic pressure on the retreating blade. The azimuthal variations in
loading for the 75 percent stetion are shown in Fig. 21 where the relatively small advancing blade angle-
of -attack disturbances shown on rFig. 20 translate into large loading disturbances. The effects of wake
distortions are shown in Figs. 20 and 21 to increase the peak disturbances over those of the undistorted
case. It should b.: noted again, however, that although the variable inflow theories generate significant
differences in loading distribution compared to the constant inflow case, the integrated performance shows
negligible differences. One should expect this when considering the basic characteristics of vortex
interference phenomena; for flight conditions below stall, that is when the blade sections are operating
on the linear portions of their lift curves, and assuming steady-state airfoil data, the interference
produced by a vortex should generally induce upwash and downwash on adjacent sections of the roter disc.
The net effect should be one of cancellation which is evident in Fig. 21 where an increased loading at
one azimuth position is generally accompanied by an unloading at an adjacent azimuth position.

The following comments summarize the forward flight wake characteristics which have been revealed
through research conducted at United Aircraft.

1. Wake geometry in forward flight is primarily deternined by number of blades and the following
parameters: advance ratio, o, rotor angle of attack, &, and thrust coefficlent, Cp.

2. Rotor wake effects on blade airloading generally decrease with increasing advance ratio,
increasing rotor engle of attack, and decreasing number of blades.

Tnereasing the advange rafls refures thd auptsr F Slali-r- oo Intgrseri] ws by Heplaring the weke i
downstream from the rotor. Increasing the rotor angle of attack increases the axial spacing between the K
wake and the rotor by providing an additional component, V sina , to the wake axial transport velocity @
relative to the rotor disc. Decreasing the number of blades reduces the number of blade-vortex intersec-
tions by reducing the number of tip vortices in the wake. In addition, for rotors with fewer blades the E
vortices from the previous blades have more time to move further beneath a blade due to the increased E
blade spacing. The effect of rouvur thrust level is more complex in that it tends to increase wake effects i
by increasing the rotor-wake axial spacing. In addition to the reduction of wake effects due to these
blade-wake geometry considerations, advance ratioc and angle of attack influence the proportion of the wake
induced velocities to the total induced velocities at the vlades. An increase in either of these para-
meters leads to an increase in the axial velocity component, V sino, which contributes to the total
inflow. An increase in this inflow component decreases the significance of the wake induced velocities.
At moderate to high flight speeds (hereafter referred to as p>0.,1) this component 1s typically greater
than half of the total inflow. Also, as advance ratio is increased, blade flapping velocities brcome an
increasingly greater proportion of the total inflow.




3. For moderate to high speed flight, the wake deflection angle is the predominant factor in
determining the significance of wake effects. For most conventional helicopter conditions wnere the
rotor supports the total gross weight and provides the total propulsive force, the rotor is normally
tilted over at an angle of attack which results in a wake deflection angle of sufficient magnitude to
reduce the wake sensitivity. However, wake effects can be anticipated as being very significant for
helicopters with auxiliary propulsion for which the rotor tilt may be such as to result in wake deflection
angles approaching zero.

L, For low speed flight ( u - 0.1), the sensitivity to wake effects is stronger because of the low
magnitude of the flight velocity components, V cu8 a and V sin a, which 1limit the extent to which the wake
i{s transported downstream and in the axial direction resulting in a greater number of blade vortex-inter-
sections closer to the rotor. In fact, tip vartices pass above the blades for some low speed flight
conditions. The typical "roughness” experienced by aircraft flying in this 1w speed range is attributed
to wake effects on the vibratory response of the rotor blades.

5. In addition to the factors mentioned above, wake effects on rotor forward flight performance are
less than wake effects on hover performance due to the fact that, unlike the hovering rotor wake, in
forvard flight the tip vortices do not continuously pass beneath the tip region of the f.llowing blades.
The hovering rotor generates approximately 1/4 to 1/3 of its 1ift over the outer 10 percent of the blades.
The passage of a tip vortex close to the blade in this tip region has been shown to significantly
influence the tip airloading and, thus, the integrated rotor perfcrmance. In forward flight, the vortices
do noct continuously pass under the blades in the predominant loading regions. In fact, for rotors with
low numbers of blades flying at high advance ratios there are no blade-vortex intersections for a large
extent of the blade azimuth travel. In addition, the local vortex induced effects on performance tend to
cancel for intersections at the inboard portion of the blade because of the equal and opposite velocities
induced on opposite sides of the vortex.

3.4 Wakes and unsteady aerodynamics

The primary frequency content of the constant inflow loading curve shown on Fig. 21 is two per rev
(2P); however, higher frequencies are introduced when variable inflow effects are included such as the SP
frequency contained in the variable inflow results shown in Fig. 21. These higher frequency components
become particularly important when considering other rotor characteristics suchi as vibration, noise, and
control loads. Exciting frequencies due to variable inflow effects (5P, for example) often coalesce with
certain fundamental blade frequencies and, therefore, excite vibratory modes which would not otherwise be
excited with constant inflow. Additionally, wake effects coupled with unsteady airfoil data produce
important results which could not be predicted without simulating each of these phenomena., Unsteady
aerodynamic effects are characterized by significant departures from the classical quasi-steady airfoil
data, as shown in Fig. 22 (Ref. 95). Here the normal force and pitching moment are shown at one Mach
number for both nose up (positived ) and nose down (negative & ) pitching velocities and compared with
steady state values. It is apparent that the forces and momentc produced by an oscillating airfoil ere
extremely sensitive to the rate of change of angle of attack in addition to the absolute angle,

The impact of unsteady aerodynamics is felt primarily in two areas., The first is in performance
where the 1ift overshoot shown by the positive & curve in Fig. 22 directly affects the 1ift capability of
the retreating blades of a rotor in forward flight. The apparent delay in stall results from the
retreating blade increasing in angle of attack as it approaches its minimum dynamic pressure position
thereby experiencing the favorable 1ift characteristics shown by Fig. 22, Precipitious stall to below
the steady state value is avoided for many flight conditions because the blade mcves into &8 more favorable
angle of attack environment while undergoing its negative angle of attack change. An example of the
effects of unsteady aerodynamics on performance is shown in Fig. 23. The full scale test results which
vere presented in Fig. 18 and compared to variable inflow theory are now compared to tlieory including
unsteady aerodynamics, Improved performance correlation is indicated. The increased lift over that of
the classical theory shown at the higher angles 1s attributable to two changes occurring on the rotor.
The first is the direct increase in 1ift of the retreating blade due to the higher 1lift coefficients
produced by the unsteady effects (Fig. 22), and the second is the higher advancing blade lift which
accompanies the increment in 1ift of the retreating blade. ‘This is simply a result of the trim require-
ment that the advancing and retreating blade flapping moments be equal. In addition, it's expected for
most conditions that the advancing blade 1ift increment would be greater since its center of prersure is
more inboard and requires higher 1ift to balance the retreating blade 1ift moment.

The influence of the combined effects of variable inflow and unsteady aerodynamics is significant
in evaluating vibration and control loads. This is demonstrated in Fig. 24 where experimental blade root
torsional moments, which are directly relatable to control loads, are compared to analytical torsional
moments assuming unsteady aerodynamics with and without variable inflow. It is apparent that improved
rarrelatin 18 echleved when varieble Infiw i< included. &Elthough recnlte secovming etendy asradymamice
are not presented in Fig. 24, comparisons with the test date were made and showed poor correlation. The
need for both unsteady aerodynamic~ and variable inflow to achieve the higher harmonic response present
in the test data becomes more apparent wiien referring back to Fig. 20. Here the high frequency content
of the section angle of attack (and 1te Tiist d&rivetive) 16 evident. As Qescrived tarllier, the variable
inflow effects were responsible for the high frequency content of angle of attack. However, the steady
airfoll pitching moment data are essentimlly insensitive to high frequency angle of attack variations




below stall. It thus becomes apparent that variable inflow is required to produce the variations in

angle of attack, and unsteady aerodynamic airfoil data are required to allow the blade to respond to

these variations. Studies are continuing at United Aircraft to correlate other dynamic characteristics of
rotors, such as airframe vibrations and noise, and it is believed the potential for improvements in these
important areas has been significantly advanced with the addition of variable inflow and unsteady aero-

dynamics.
Lk,  CONCLUDING REMARKS

Rotor intiow methods have advanced from the early momentum and vortex theories based on an infinite
number of blades,to complex wake models in which the verticity from each blade is analytically represented.
The wake representations used in the inflow methods have progressed from undistorted to distorted wake
models. The distorted wake models are either calculated by iterative procedures, in which the self-
induced effects of the wake structure are included, or prescribed using empirical wake data. In addition
to refining the distorted wake geometry, recent emphasis has been on 1ifting surface techniques, improved
analytical simulation of blade-vortex interaction, and improved definition of the structure and stability

of the blade tip vortex.

Experimental investigations employing model rotors and flow visualization techniques have revealed
important wake characteristics of rotors in hovering flight. These characteristics, departing signifi-
cantly from classical concepts of wake structure, have been found to strongly influence rotor performance.
For example, the axial velocity of an element of the tip vortex from one blade is substantially constant
prior to its passage beneath the following blade at which point the velocity increases to a new value.

The initial velocity varies linearly with blade loading, and the secondary velocity varies as the squa:e
root of disc losding, in & fashion similer to the momentum inflow veloclity., Accurate simulaticrn of these
wake parameters, partl:zularly the initial vortex velccity, has been shown to be necessary to ensure
reliable performance predictions. i

In forward flight, the extent to which the wake influences rotor airloads and performance varies
conellerably with the perameters defining tle rotor opersting condition. I perticuler, weke effect:
generally decrease with increasing flight speed and nose down angle of attack. For forward flight condi-
tions where the wake passes close to the rotor, accurate prediction of the wake distortions near the
blades 18 required for establishing rotor stresses and vibration characteristics. The combined effects of
variable inflow and unsteady aerodynamics significantly improve the calculation of blade torsional res-
ponses in forward flight. The improvements are related to the higher frequency content of blade section
angle of attack produced by the variable inflow, and the resulting oscillatory pitching moments produced
by the unsteady pitching moment data.
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Prepared Comments on Paper |
by
J.2.Jones
Westlanc Helicopters Ltd
Yeovil, Somerset, UK

My first task is to congratulate Mr Landgrebe and Mr Cheney on their excellent paper. They have provided a
comprehensive review of a difficult subject and their bibliography will be an indispensable source of reference for
many yeass. And of course the authors themselves have made a considerable contribution to the subject. Therefore
I hupe they will not ubject il in order to promote specialist discussion now and perhaps to give a lead to the later
round table discussion, 1 questiun their paper in detail and what they are doing in principle.

One of the items which worries me is the treatment of vorticity. The Biot-Savart law is assumed, although the k
i fluid is certainly compressible and it is often necessary to resort to some computing tricks, such as a finite core size '
I or a limiting velocity, to make the wake patterns converge.

I was struck by (Section 2.5) the slight emphasis given to blade-vortex interaction and lifting surface theories,
evell Lhougl: the inderforyive betwien Une vworten and & sieteeding blade (s the essenve of the hover probdem: ‘Also
could not this interaction be a source of the blade pitching moments?

Despite your cle‘ms in the paper | don’t think that the combination of variable inflow and non-steady aero- !
dynamics really explains the differences between the measured and calculated torsional inoments which are shown 4
in Figure 24, It is a step i, the right direction but the remaining errors in amplitude and phase are large and, | b,
suspect, the mean values are of opposite sign. I would suggest that some other phenomenon is present, perhaps an ]
unusual dynamic response or inaccurate measurement.

Turning now from the details to the matter of princinle I think it weuld be well to try to establish, during this -ﬂ
meeting, just what the future of rotor wake studies should be. The authors have made it clear that the biggest
influence on performance occurs in the hover and that in forward fligitt the wake mainly affects vibration and noise.
(Even this cannot be clearly demonstrated; noise is determined by harmoiics very much higher than the fifth and a
study of a high speed helicopter has shown that the important vibration is fargely unaffected by inflow variations.)

It may be therefore that there is little more to come from further, deeper studies of the wake.

Perhaps I should say tuat | am not playing devils advocate. | have a personal liking for this branch of the
subject which is absorbing and should have special place for helicopter engineers because it has done more than
anything else to start off and maintain a fundamental interest in rotor aerodynamics. But I sometimes feel that
resources of money and intellect may be wrongly allocated to such studies. By the end of the meeting | would
like to be convinced one way or the other.
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AN ACTUATOR DISC THEORY FOR ROTOR WAKE INDUCED VELOCITIES

by

Robert A. Ormiston
U.S. Army Air Mobility R&D Laboratory
Ames Directorate
Moffett Field, California 94035, USA

SUMMARY

A general actuator disc theory is presentea for predicting ihe time-averaged downwash distribution, and
steady state force and moment response cnaracteristics of helicopter rotors in forward flight. Particular attention is
given to a proper definition of the rotor potential flow problem. The formulation of the theory is conceptually based
on classical fixed-wing lifting-line theory to enhance its versatility and provide insight about the complex physical
features of the rotor downwash distribution. The method of solution expresses the rotor downwash in a Fourier series
where the coefficients are given as a summation of influence functions. It is shown that the rotor wake vorticity can
be agsumed to lie in a flat planar wake for a wide range of flight conditions, thus simplifying the Biot-Savart integra-
tion for the downwash. The vorticity elements in the flat planar wake are decomposed into si’ ple circular and linear
elements to further simplify the integrations. The quantitative results presented are preliminary and are limited to
the downwash and influence functions for each element of vorticity for a specified rotor circulation distribution. The
downwash distributions are then superimposed to tllustrate the variation of downwash with advance ratio for uniform

rotor circulation.

The results show nonuniformities and lateral asymmetries of the downwash that were not revealed
by previous analyses.

NOTATION
a two dimensional lift curve slope UP' UT blade velocity components, Eq. (5)
a,b blade flapping coefficients v, iy cosine downwash influence functions,
n' n ¢’ 8 Eq. (13)
q
circulation integrals, Eq. (18)
\4 velocity
number of blades
vt 5 Vn sine downwash influence functions,
circulation integrals, Eq. (22) | Eq. (13)
blade chord, per blade w induced velocity normal to disc
thrust, roll, and pitch moment X, y rotor coordinates, Fig. 9
coefficients
o rotor shaft or airfoil angle of attack
downwash integrals, Eq. (18)
B rotor blade flappin- angle
downwash integrals, Eq. (34)
y lock number, pacR4/I
blade flapping inertia
Visy Yar Yo V. wake vorticity elements
circulation integrals, Eq. (25) b B
T, 1's , Pc hr emonics of bound circulation
downwash constants n n
n dimensionless lateral coordinate, y/R
blade flapping spring constant
6, Bb, 98. Gc blade angle, collective and cyclic pitch
1ift per unit length
A, )\c , )‘s dimensionless induced velocity A = w/R§}
rotor roll and pitch moment n n
M advence ratio, 4 = U_/RQ
dimensionless flap frequency
£ dimensionless longitudinal coordinate, x/R
rotor radial coordinate
p air density, dimensionless radial
rotor radius coordinate, r/R
rotor thrust o] rotor solidity, be/7R
downwash coefficients, Eq. (12) ¢ induced angle of attack ¢ = UP/ UT

free stream velocity

2 ). 9 O

circulation distribution functions,
Eq. (10)
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X wake skew angle Q rotor angular velocity

[ ¥ rotor azimuth angle ™ nondimensionalized by R{ifor velocities,
f abeRQ for circulation

1. INTRODUCTION

The problem of theoretically calculating the downwash distribution of helicopter rotors in forward flight
continues to be an important focus for rotary-wing research, particularly as advanced rotor types are introduced and
flight speeds increase. Notwithstanding the sophistication of present numerical techniques for predicting the complex
rotor downwash field, a need exists for simpler but rigorous analytic techniques which will aid in understanding and
interpreting the complex relationships between rotor circulation, downwash, and blade motion. In particular, the
1 steady-state force and moment response characteristics of hingeless rotors are strongly influenced by the lower
F harmonice of nonuniformities in the downwash distribution. A natural approach is to apply the highly succesasful con-

cepts of classical fixed-wing lifting-line theory to the helicopter rotor, but, somewhat surprisingly, this has not been
fully attempted to date. Therefore, the prcecnt paper seeks to arrive at an appropriate problem definition, tailored
to the prediction of rotor downwash and response characteristics, and provide an appropriate theory for treating this

problem.

2. DISCUSSION OF THE PROBLEM

: A general actuator disc theory must include a certain minimum number of factors to adequately represent
the important physical processes which influence the rotor downwash distribution. The basic problem is to properly
relate the bound circulation distribution at the rotor disc to the velocity field induccr by that bound circulation and its

: associated wake vorticity. Equally important for actual rotors is the inclusion of roto." blade flapping motion dynamics.
F\ This implies that the theory must address simultaneous solutions of the appropriate equations governing these three

k

T

unknown quantities, the circulation distribution, downwash distribution, and the blade flapping motion. The independ-
ent variables are configuration parameters such as blade planform geometry and twist, collective and cyclic pitch, i
shaft angle of attack, and advance ratio. Rotor thrust coefficient must be included for low advance ratios as it .

r influences the wake skew angle.

Inherent in this problem definition are approximations which are acceptable within the limits of applica- 3
tion of the theory, i.e., determination of rotor forces and moments required for basic performance and control ;
analyses. The actuator disc replaces th= otyal rotor hlg(iCusiski/man Jnfigéito number of blades which distribute the 4
bound drculaﬁMLﬂm%er the rotor disc. Although the vortex wake of actual rotors consists of a sheet of E

vorticity for each individual blade which rolls up into a viscous-core tip vortex, the wake vorticity of the actuator disc
is continuously distributed wiihin the volume of fluid which has passed through the rotor disc,and wake distortion due
to the effects of self-induction is ignored. The general actuator disc theory can therefore be characterized as a

rotor potential flow theory where certain restrictions are applied to the wake configuration. A skewed cylindrical
region is most commonly used for the wake vorticity, although a flat planar wake may also be appropriate for certain
operating conditions. The rotor circulation and downwash are related to one another by invoking the lifting-line
assumption and neglecting the unsteady aerodynamics of the near shed wake. This is consistent with actuator disc
theory since as the blade number becomes infinite the chord length vanishes and hence the reduced frequency

{k = wn/2v) also vanishes. Fxcept for predicting detailed rotor blade airloads, vibrations, and acoustic properties,
these approximations are not unreasonable and a general actuator disc theory should be capable of yielding highly ]

accurate results for rotor response.

A na

Conceptually, the general actuator disc problem defined above is a direct counterpart for rotary-wings of
Prandtt’s classicul Hfttog - Hire theory for Urate sy Fincd-wings, T stmltrity of Uk vamious olermnhle £80 best bl
illustrated by the diagrams in Fig. 1 which trace the
sequential relationship of circulation, vorticity, and down-
wash. Except for the existence of blade motion, the

CLASSICAL FIXED WING LIFTING LINE THEORY
actuator disc problem contains elements identical to finite-

A‘:"(;‘LGE 39| circuLaTion WAKE BIOT | iy wing lifting-line theory. They are complicated, however, '
r [e 5 333.,] N vc;m:c;lrv-o s.:».r:-r DOWNWASH by the periodic relative velocity experienced by the rotor §
w(y,l . blade in forward flight, and the increased complexity of 3
the wake vorticity distribution caused by the circular 3
motion of the rotor blades and the azimuthal and radial 3
GENERALIZED ACTUATOR PISC THEORY gradients of bound circulation. 4
&l circuLaTion WAKE BIOT i i

w Fir g || VORTICITY] | VART Wir.y) The primary advantage of classical lifting-line

8 [8ur-ve] ;- ::‘;,; LAw | |DOWNWasH theory derives mainly from its ability to provide insight
Y - :
ROTOR [ and understanding about the effects of wing configuration

BLADE on the spanwise loading and downwash and the wing induced |
PITCH drag. It is also a simple and versatile tool for calculating y
finite-wing characteristics, and many results can be gen- |
8 :(')-T‘Igfh‘ o Hsr O eralized in terms of basic configuration parameters like j

L% | DvnaMICS aspect ratio and taper ratio. It is felt that these features

4 are equally important for rotary wing analyses and that a
generalized actuator disc theory would be highly useful. 5
Figure i. Corresponding potentifll flow problems Present techniques for computing the induced {
for fixed and rotary wings. velocity field of helicopter rotors rely almost exclusively !
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on discrete vortex filament methods which are based on extensive digital computation (ref. 1-4). These techniques
are necessary when detailed aerodynamic, vibratory, and acoustic results are required and they include the mutual
interaction of the circulation distribution, downwash, and blade motion. However, because of the extensive numerical
computations involved, they afford only limited physical insight, and lack the versatility of simpler methods. There-
fore, they are not fully justifiable for predicting basic rotor response characteristics. These drawbacks can be

j partly attributed to the use of discrete vortex filaments for the wake in contrast to the continuous vorticity of classical
1 lifting-line theory. It is felt that to obtain comparable eimplicity and insight, a continuous wake method such as
actuator disc theory must be used. A concise comparison of traits of the two analysis techniques is presented in

Table 1.
Table 1. Comparison of two conceptual approaches to the rotor potential flow/response problem.
Characteristic Approsch Actustorjdiag continuuns. wake Fimiiﬁtﬂi;‘:;ng:\st:mte
Wake geometry Skewed cyl.nder or flat planar Determined by mutual self
induction
Range of applicability Rotor forces and moments Rotor forces, moments, blade
loads, vibration, acoustics
Complexity, computation requirements Low to moderate High
Versatility, insight High Low

The solution for the present general theory is based on expanding the unknown variables in apnropriate
Fourier series in the blade azimuth angle, and solving the resulting equations using the harmonic balance method.
That is, the coefficients of each of the sine and cosine harmonics for each equation are collected and equated, yielding
a set of linear algebraic equations. Fundamental to this approach is expressing each Fourier harmonic of the dovn-
wash distributior 48 a linear combination of all the Fourier harmonics of the circulation distribution. The coefficient
of each circriation harmonic is therefore an influence function [of the rotor radius] of the downwash distribution.
The influe.ice functions are determined by application of the familiar Biot-Savart law to the wake vorticity generated
by indiv’dual harmonics of the circulation distrihution. The resulting downwash distribution is then Fourier analyzed
to obtain the influence functions. After determining the rotor circulation distribution from the harmonic balance
method, the downwash distribution is obtained by appropriately weighting and then superimposing the various influence
functions. The rotor response forces and moments may be obtained from either the blade motion or integration of the

circulation distribution.

The major attraction of this approach is that the most difficult part of the problem, the Biot-Savart integral
equation, can be solved independently for a series of rotor circulation distributions to yield the corresponding down-
wash influence functions. These functions need only be evaluated once, and the downwash for any rotor or flight con-
dition may be obtained by merely solving the relatively simple harmonic balance equations. The influence functions
themselves will also provide detailed insight into the structure of rotor downwash by identifying the specific contribu-
tions from each type of circulation distribution. While not a primary rotor response characteristic, the induced drag
of helicopter rotors is an intriguing aerodynamic problem. Because of the continuous nature of the vorticity and down-
wash distributions of a combined actuator disc, lifting-line formulation, it should be feasible to rigorously investigate
rotor induced drag characteristics. Although the elegance of the induced drag relations for fixed-wing lifting-line
theory, in particular the minimum drag criterion, may not be attainable for the rotating wing, it may be possible to
develop some useful analytical relationships to guide efforts for drag reduction.

Although the definition of the present actuator disc problem is relatively straightforward, being a natural
extension of classical lifting-line theory to rotary wings, previous actuator disc theories have not usually been
addressed to the general problem. Principally, the work of refs. 5-7 has been restricted to determination of the
downwash in the longitudinal and lateral planes of symmetry of the rotor, for azimuthally constant circulation. Results
for the entire rotor disc are presented in ref. 8. However, the contributions of certain wake elements are not included
in the downwash. An azimuthally varying circulation distribution is extensively treated in ref. 9, however, results
are restricted to the lateral plane of symmetry and again certain contritutions to the downwash were not included.
When viewed in the framework of the general actuator disc problem, these results represent a first step in determin-
ing the required influence functions, since the downwash contribution fron: all elements of the wake vorticity is
required on the entire disc before the Fourier analysis can be performed. A limited number of other methods,
refs. 10-11, based on, or similar to, actuator disc theory have been published, but for various reasons they do not

fully satisfy the above problem definition,

The solution of the elementary rotor blade flapping equation for rotor response is traditionally carried out
by harmonic balance assuming a uniform distribution of induced velocity. As an extension of these methods, several
efforts have been made in refs.. 12-14 to incorporate certain arbitrarily specified downwash distributions. Although
quite versatile, these approximate methods are not derived from a rational simplification of a rigorous formulation of
the rotor potential flow problem. Therefore, it is hoped that the present definition of the general actuator disc theory
will provide a sound basis for generating future approximate techniques.
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3. EFFECTS OF NONUNIFORM DOWNWASH ON HINGELESS ROTOR RESPONSE

The cantilevered blades of hingeless rotors are capable of transmitting bending moments to the rotor hub,
resulting in substantial rotor r:~ment responses to control inputs. These hub moments then create large azimuthal
nonuniformities of the rotor d wnwash which have significant first harmonic content. An approximate treatment of
this problem 1is given in ref, 13 where the nonuniform downwash was expressed by the first harmonic terms of a
Fourier series.

X-Ao+kccosw+kaslnlb (1)

The downwash components X,, A., and X! were derived in terms of the rotor thrust and moments using simplified
momentum and vortex theories, For example, in forward flight, the derivatives of the inflow components with respect
to the rotor thrust and moment coefficients obttained from momentum theory were expressed as

d xo 1/2 o0 0] fdcg

dx 1 0 -3/2 o0]ddc @)
s u L

da, 0 o -3/2] Wd .,

The simple diagonal form of the matrix expresses the direct correspondence between the distribution of rotor forces
and downwash which is characteristic of momentum theory. The influence of flight condition is evident in the inverse
variation of downwash with advance ratio. At higher
velocities therefore, the downwash produced by the reac-
Ar tioa of a given rotor force or moment is diminished. Rotor
response characteristics including this downwash equation
were investigated in ref. 13 using a linear harmonic balance
technique o solve the blade flapping equation, including the
offects of reversed flow. An example of these results using
the first elastic flap bending mode are given in Fig. 2.
Two response derivatives, rotor thrust and pitching moment
due to longitudinal cyclic pitch versus advance ratio, for
zr — TTHOUT DOWNWASH the non-lifting rotor condition (Cy = 0) are shown. In this
— W0 RORUNIFONE condition the moment response vanishes in the limit as
A0 DOWNWASH, Eq. (2) i - 0, because Eq. (2) implies that infinite downwash would
be required to support a finite moment. In other words, at
@ = 0, the downwash produced by a moment is always suf-
ficient to cancel out that moment. For advance ratio
greater than zero, the effect of downwash is to reduce the
rotor response. This reduction decreases for the moment
derivative as g increases but only up to a point. Beyond
that, (u~0.4) it increases again. For the thrust derivative,
the effect of downwash increases uniformly with advance
. L -2 L '4 1 16 1 IB ratio. These results are a contradiction of the intuitive
ADVANCE RATIO, /. : :asis on which many researchers disregard nonuniform
ownwash effects at high advance ratio. Even though the
inverse variation of downwash with advance ratio in Eq. (2)

dlcr/ao) 3|
a8, .2

dicy/a0) 08
dé, 06

.04

.02

Figure 2. Typical effects of downwash on hingeless supports this reasoning, the increasing sensitivity of hinge-
rotor response characteristics, CT =0 less rotor response at high advance ratio is of greater
(from ref. 13). importance and therefore the downwash cannot be neglected.

Additional results in ref. 13 provide extensive correlation with experimental data and confirm that the
simyis downwash theories generally yield the proper qualitative results for most of the response derivatives. How-
ever, in terms of desired quantitative accuracy, they are
not considered wholly adequate. As a means of checking

1o P the downwash theory directly, an attempt was made to
h g : ; ; derive, from the experimental data, the relationship
I a2 140 between downwash components and the rotor thrust and
el g ::é mcments. This led to solution of an inverse problem and
b o 232 yielded empirical inflow derivatives in a form suitable for
@ 4T ® 239 direct comparison with Eq. (2). One of the derivatives,
“aer L[ dXO/dCT, is show. in Fig. 3. At low advance ratio, it

THEORY: Eq-(2) confirms the simple theory, but a etriking departure occurs
which peaks for advance ratios near 0.8, Although the
reason for this phenomenon is not certain, the peaking at

4 = 0.8 implies that it may be related to the reduction fn
average blade dynamic pressure on the retreating side of

& i i i i i L L i i

0O .2 .4 6 .8 10 12 L4 I& |8 the rotor disc which is also a maximum near this advance
ADVANCE RATIO, p ratio.
Figure 3. Comparison of simple downwash theory The lack of detailed understanding of the nature
with experimental data (from ref. 13). of the rotor downwash distribution, and accurate means to
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calculate its effect on rotor response characteristics provides a strong impetus for improving the serodynamic
potential flow theory of helicopter rotors. The results presented above should be particularly amenable to investiga-
tion by the general actuator disc theory presented herein.

4. DERIVATION OF THE THEORY

The general actuator disc theory vests on the solution of two simultaneous equations. The first one
expresses the ralationship between the bound circulation and the induced velocity while the second relates the blade
dynamics to imposed aerodynamic flapping moments. The former is derived from the Kutta-Joukowski theorem,
£ =pVT, and steady thin airfoil theory ¢, = acr. Since = 6-8, we have the fundamental equation of lifting-line theory.

r-2% g g ®

For rotating wings, the component of V normal to the blade span is taken, and ¢ is defined in terms of the relative
velocity of the blade perpendicular to the plane of rotatiorn. Applying the 1sual small angle approximations yields

ral
T =2 (6U;-Up,) @

where

UT-p+psinw. I_Jp-x+oﬁ/0+uﬂcosw+ua (5)

The rotor blade pitch angle is given by the usual relation for collective pitch, and lateral and longitudinal cyclic pitch
respectively

6-6°+6ccoaw+easlnw (6)
The downwash assoctated with the rotor potential flow field is contained in Eq. (5), and denoted by A.
The equation for the blade dynamics is obtained from the integrated flapping momenti.

. 1
Iﬂ+aﬂz+xﬂ)ﬁanzj‘tw)odp 4]
0

The flapping deflections of an elastic blade have been approximated by a single rigid body degree of freedom, rotation
about a centrally located hinge. A spring element Kp i3 used to simulate the elastic restraint of hingeless rotor con-
figurations, and determines the dimensionless flappirg {requency, p =1+ x,/mz. For hingeless rotors, p is a
fundamental parameter which specifies the relative stiffness of the rotor. It has a significant influence on the magni-
-ude of rotor moment response and the degree of coupling between the pitch and roll axes of the rotor. The importance
of the actual elastic bending degrees of freedom is discussed in ref. 13, and if required they could easily be incor-
porated in Eq. (7). The aerodynamic lift in Eq. (7) i3 obtained from the Kutta-Joukowski theorem yielding,

1-_
Q%+ o?8=y [ TT 0 ®)
0
A more customary form of this equation is obtained by subsatituting in Eq. {4) for f‘
1
o 2 2 - Z - - 2 o
Aa“+p°p 2J;szn(UT)(UT 6-U,U)pdo ®)

Although the first equation eliminates the complication of integrating the aerodynamic flap moment in the reversed flow
region (Up < 0) since sgn (I_JT) is a function of 0, it cannot yield a solution for the fundamental harmonic of blade flap-

ping when ;:'2 =1, f.e., for articulated rotors. Since we are primarily interested in rotor blades with elastic flapping

restraint, we will proceed with Eq. (8) and return to the articulated rotor configuration below.

The two Egs. (4) and (8) together with the Biot-Savart law for the downwash are used to solve for the throe
unknown quantities, T'(0, ¥), B(¥), and A(o,¥). This syster of linear integro-differential equations with variable
coefficients is solved most easily by expressing the dependent variables in appropriate Fou:ier series in ¥, and then
resorting to the harmonic balance technique to obtain the Fourier coefficients. For the circulation and flapping angle
we have

= f‘o ¢o(p) + z (f‘c ac (P)cos n ¥ + I-"s ¢s (p)sin n d-‘) (10)
n=1 n n n n
and
ﬁ-ao+nZ’l @, cosnab+bn sin ¥) (11)

The downwash is given in similar fashion, however, each harmonic is written as a linear combination of all the har-
monics of the circulation series. The coefficients of each circulation harmonic are termed downwash influence func-
tions and these are obtained from the Biot-Savart law, which will be discussed below.

A=u°+zl(uncosn$+vnslnnab) (12)
n-

N
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u=uoo)i‘+ el +u" @I (13)
1-21_°: % S 8

n n N n n ]
v =V 0) l"0 + 121 vcn‘p) I"ci + val(p) l"lai

The influence fu:ction U’g () represents the nth cosine harmonic of downwash resulting from the wake vorticity asso-
ciated with the ith cosine harmonic of the bound circulation distribution. Similarly, Vgl(o) denotes the nth sine har-
monic of downwash associated with the ith sine harmonic of circulation,

Equations (10) through (12) are first substituted in the circulation Eq. (4). Since the Fourier series
expressions for the dependent variables are not expanded in the blade spanwise coordinate, 0, the circulatlon equation
can only be satisfied in an average integrated sense. This is accomplished by weighting Eq. (4) by 0% and integrating
from the blade root to tip as follows

jlfozdp=lj'1[9l'1 -T,10% a0 14
) 2¢ Ur~Up p (14)

After substituting in the series expressions, the coefficients of each sine and cosine harmonic on each side of Eq. (14)
may be equated. This harmonic balance technique then yields the following series of linear algebraic equations,

a +cH T +12(clr‘i+c r) = 1=%(8°+%u68-§ua) (15)

L b 8
1 1 1 1|.¢c
Co ro+Ac 1.‘c + Z (Cci II‘ci ..'csl rsi)+ [liz(zao"'%)+ 8 ] 8

1 1 i=1
(16)
o [},) a
p'f +a T +z b! T +p! P )+f—=2-L|-=1)s +§“9
oo sl sl =i cl c1 sl 12 8 8ls 3 o
n=2,®
-a’
o y =32
ns n n 1jn ") 12
COI‘+A f +Z(Cc rc+cs fs)‘}[zbn'.'s(an 1+an+l)] g
n n i=1 i i i
0 , mn>2
(17)
o
poF+a T z(D"f +p F I a +2o )] g
o o 8 c, C n+l
n n |i=1 i %
, n>2
where
A =J’1o o do c“=-1-j’lu”pzdp D‘)=lflv“p2dp (18)
O % 077 T2 00 T T2y 0

If the circulation series is truncated for n > N, then 2N + 1 equations are obtained. It should be noted that the circula-
tion equation could be satisfied without the integral averaging if the dependent variables were expanded in a doubly
infinite series of both independent variables. Alternatively, a collocation method could be used to satisfy the circula-
tion equation at a finite number of arbitrary radial locations. Note that the p2 weighting function is equivalent to a
single point collocation at p = 0. 75 for radially constant circulation and downwash proportional to radius.

The differential Eq. (8) for blade dynamics is similarly converted into a series of linear algebraic equa-
tions which may be used to solve directly for the flapping coefficients (a,, bn) in terms of the harmonics of the rotor
circulation.

o o o 2

—L(TA +‘4r B ) (19)
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A E
s, == A +ET B.) \
p -1 9 4 8 2 2
PE A (20)
b, = bl B, +L A -Bp )
1 p-l( 5%y 27¢, ¢
a _L.f A E(f B ),)]
n 2 8
p-n n-l n-
(21)
b —7—r‘ A, +E(T‘ B - B J
n 2 2 2 c c c
p - n n n-l n-1 n-1 "n-
where 1
B )=£ 9,0 de (22)

These relations are a less restrictive generalization of results which may be found in ref. 2. A significant
result of Eq. (20) is that the first harmonic {1anping coefficients and thus the moment response of a hingeless rotor is
indapendent of circulation harmonics higher than the second, therefore, accurate rotor moment predictions should be
obtained by truncating third and higher harmonics of the bound circulation. It should be noted that this conclusion
neglects the indirect effect (via the circulation equation) of the higher circulation harmonics on the first two circulation
harmonics. As noted above, a;, by cannot be defined by Eq. (8) for articulated rotor blades but the following rela-
tions regarding the first two circulation harmonics are obtained. These result from the physical fact that the first
harmonic aerodynamic flapping moment of a centrally hinged rigid blade must vanish.

Bs B Bc
B _2p oy 27 B2
II‘c 2 A 1'Is & ll:; H A 1-'o+2A II‘c 23)
1 cl 2 1 sl sl 2

These relations show how the first sine and cosine harmonics of bound circulation are related to the zeroth and the
second harmonic in the case of an articulated rotor and are a generalization of results presented in ref, 10.

The steady thrust and moment response of the rotor may he determined by appropriate integration of the
serodynamic loading over the rotor disc.

T.zlgzb Efl 'M,_.Z’I_nzbr A +Er B 'Ls-ﬁi—b“rB +Ta -Erp (24)
002 2 010125232 2 2/ 10 s11222

1
where I()=£ ¢y (25)

Note that the moments are simply proportional to the first harmonic flapping coefficients a;, bl' In fact, they may he
equivalently written as

bK bK
. B . b
M=-—Fa, L=-—%b (26)

The simultaneous harmonic balance equations from the circulation and blade flapping equations may be
solved using Crame.'s rule. This procedure will be illustrated for a first approximation to the solution, i.e., retain-
ing only first harmonic (N = 1) Fourier coefficients for radially constant circulation. In matrix form, then, the three
circulation Eqs. (15) and (16) become

e o o o i [~ 1
A, +C) ccl cﬂ1 r; 0 2fam o0 5, 1 o0 2/3u -2/3ulle
1 1 1 1 1 )
c, A, +C,) c, <l‘c b+ ~ 4/3p 0 1 g =g] 0 1 0 0 [Key @D
1 1 1 1 8
1 1
D D (A, +D_ l'" 0 1 offb, 2/3p 0 1 o |,
- 1 1 1 1 b - -l

and the three blade dynamics Eqs. (19) and (20) become

1
) [ ° @ |(%
1
a7 0 m 0 Tcl pAlL (28)
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These 6 simultaneous equations in 6 unknowns may then be solved directly, Note that 60. Gs. Gc, and « are independent
control variables. If we write Eqs. (27) and (28) in concise notation

[A] (T} +[B] {8} ~(c] {6}, {8} = [D] {I'} (29)
Solving for the circulation vector {I'? in terms of the control vector {8} we have

{T}=(E] {6}, where [E]=[[(A]+[B] [D]]-l [(c] {6} (30)

T

-

The matrix [E) represents the derivatives of each circulation harmonic with respect to each control variable, or

dfo/deo dT /d8, dI‘o/dOB dr‘o/da

Y

[E]= df‘c /deo di‘c /48, dT, /des dl"c /da (31)
1 1 1 1

df, /nle0 df‘s /dec dT, /deB df, /do

I = 1 1 1|

Therefore, with the circulation harmonics determined, the appropriate weighting of the influence functions in the
superposition Eq. (12) ylelds the downwash distribution, For the flapping coefficients Eq. (29) is used.

{8} = [D] (E] {8} (32)

Finally, the rotor thrust and moments may be determined from Eqs. (24) or (26).

We will nowbriefly examine the method of solution for the articulated rotor. The alternate form of the
blade flapping Eq. (9) will be used, reversed flow effects will be ignored, and only the first harmonic coefficients w:ll
be retained. This yields the following matrix equation where p2 =1,

[ \ TR B pl TERN I S 4 4 1
1 0 ¢ ]ao Co+2Fo cl+2 e, c1 - 51 I'L e 0 LR | LA
2 2
pa 1, p-2 1 .2 1 g2 _¥ § U]
gy 0 8(1+2Ly frrfe+8r o +870 c B [IEf=21 0 & o o |1l @3
> 1 1 5 ) N g
pl+ue® 1+us D' +uE ‘ %
0 %é-l) 0 . Po™ %o °1 R TS| 1T %u 0 1+%u - ol
-EEZ EE -EEO 1 Jd
i NJ [z~ 2o 2 N\ ) L \ /
where E”=1J‘IU“pd.o F”=lj‘lv“pdp (34)
072y 0P%® ToTay Vo

With only the first harmonics of circulation retained, Eq. (23) yields the following

B

- - (]

T =0, T =-ug f‘o (35)
1

1 1 8
Using these relations, the circulation harmonics may all be written as functions of f‘o, thus the matrix of downwash
coefficients becomes a simple column vector where the elements will be defined as Ko Kcl’ Ksl respectively. Since
Eq. (19) i8 valid for a, when p = 1, we may determine fo in terms of a,
BB
2 08
=A -L 1
» whereK=A 2 A (36)
%1

F:

o

®lo®

We are now able to eliminate f‘o from Eq. (33) and determine the flapping coefficients in closed form.

z[(1+u2) 6 +3H (6, -l

37

) 1+ (K /K)]

(38)
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o g, __1
b, =f, 2 [6+7K (39)
1445

Except for the effects of downwash which are condensed in K, K. , Kg , these results are identical to the elementary
expressions given in ref. 15. (In the notation of ref, 15 the coefficients given here would be a,, -2y and -bl
respectively.) 8 8

They also indicate that relatively simple approximate analytic expressions for rotor flapping response
including the etfects of nonuniform downwash may be obtained. Furthermore, within the constraints of actuator disc
theory, these expressions can be obtained from a rational theory derived from first principles. The influence of the
downwash due to wake vorticity is completeiy contained in the constants K, K, ., Kg , therefore, the effects of any
wake geometry assumptions will be reflected in them, 1 1

It is interesting to note one additional piece of information from the second form of the blade flapping
Eq. (9). Examination of the harmonic content of the aerodynamic flapping moment shows that the first harmonic
terms, which determine the thrust and moment response of the rotor, are not affected by downwash harmonics higher
than the second. Thus, only the first two harmonics of downwash need be retained for prediction of the rotor thrust
and moment response. Like the similar conclusion noted earlier regarding truncation of the circulation series, we
are neglecting here the secondary effects which may be produced by the circulation equation,

5. THE WAKE VORTICITY DISTRIBUTION

Of central importance to tize general theory developed above is the determination of the downwash at the
rotor disc corresponding to each of a ser,«: of bound circulation functions. This is accomplished by integratirn of
the wake vorticity according to the Biot-Suvart law. But first we must determine the distribution of vorticity in the
wake, Vorticity is deposited in the wake by the bound circulation, which, in accordance with Helmholtz'
theorem, generates trailing and shed elements of vorticity in proportion to the radial and azimuthal gradients of bound
circulation respectively. The vorticity deposited in the wake is convected away from the rotor by the resultant fluid
velocity. Since this velocity is determined in part by the spatial distribution of the wake vorticity, a direct
analytic solution for both the downwash and wake vorticity is virtually impossible to obtain.

In specific cases, however, approximations to the convection velocity may be used to avoid this difficulty
and also improve the utility and versatility of the theory. Specifically, in the case of actuator disc theory, it is cus-
tomary to assume the convection velacity to be the vector sum of the free stream velocity and the mean downwash
velocity. This then leads to a skewed cylindrical region cf vorticity originating at the rotor disc, where the trailing
and shed vorticity elements appear as skewed helical and radial lines respectively, as shown in Fig. 4(a). The skew
angle is given by

X wppn (40)

BOUND
CIRCULATION

CIRCULAR
TRAILING

TRAILING
ELEMENT

/ ¥ 3
SHED LONGITUDINAL °

ELEMENT TRAILING
ELEMENT '

Figure 4. Skewed wake used for actuator disc theories,
a) actual trajectories of wake vorticity elements,
b) equivalent simplified wake system.

It has been known that the helical trailing wake elements could be decomposed into a simpler equivalent pattern con-
sisting of circles and straight line elements which is shown in Fig. 4(b). This wake geometry was used for the down-
waeh calculations presented in refs. 5-7 and 9. As discussed above, these results were generally restricted to the
lateral and longitudinal planes of symmetry and not all of the vorticity elements which contribute to the rotor down-
wash were treated.

d3




A further simplification of the rotor wake geometry is valid if certain relatively mild restrictions on the
rotor operating condition are accepted. At low rotor thrust or high forward velocity, the downwash becomes small in
comparison to the free stream velocity and the wake skew angle approaches 90°. This leads to the limiting case of a
flat, planar wake where the vorticity lies in the plane of the rotor disc and extends infinitely far downstream of the
rotor. Under these conditions, the wake for a rotating wing is equivalent to the conventional fixed-wing wake geometry.
It should be noted that for lifting rotors operating at very low advance ratios, however, the flat planar wake (and to
some degree even the skewed cylindrical wake) is completely invalid, but for moderate thrust levels over a fairly wide
range of advance ratios it can be expected to give quite reasonable results. The major benefit of the flat planar wake
geometry is the simplification of integrating the wake vorticity according to the Blot-Savart law. Furthermore, the
wake skew angle is eliminated as a variable.

The restrictions imposed by the assumption of a flat planar wake may be estimated to first order by using
the results of refs. 5 and 9 which present calculations of some important downwash properties in terms of wake skew
angle, Two of these are chosen as criteria for estimating permissible deviations in wake skew angle. The first is the
longitudinal gradient of downwash at the rotor center for a uniform circulation distribution, from ref. 5.

o

A

(E-m-mé‘ @1)

oyl"‘

d

o

The second property 13 the downwash on the lateral axis () = 80°) for a sinusoidal variation of radially constant circula-
tion taken from ref. 9. Both of these are plotted as a function of wake skew angle in Fig. 5(a). The permissible skew
angle deviation for a 10% error in these two quantities is noted on the figure. The wake skew angle may be related to
advance ratio for any given value of rotor thrust coefficient by means ¢f simple momentum theory for downwash

A =Cp/2/\2 + 4 “2)

20 This relation is plotted in Fig. 5(b) for a thrust coefficient
‘ r A y=90°) . : regresentative of a Ig flight condition. In this way, the
IV C~siny above wake skew angle deviations may be translated into
o o the minimum permissible advance ratio for the flat planar
.5 10% E’R_R_O_Rf wake. As shown in Fig. 5(b) the correspondin,; advance
i.-—-"'" ratios are 0.10 and 0, 16. These results mesn vat the
[ d\ approximate flat planar wake is justifiable for conventional
— == (&= 0), T const helicopter rotors over a significant range of rotor flight
1.0 )\o dE conditions. For substantially unloaded, reduced tip speed
10% ERROR rotors of future advanced compound rotorcraft, the flat

planar wake would be fully acceptable with essentially
negliglvle error due to wake skew wgle deviations,

5 | 1 1 J

We will return now to the determination of the
wake vorticity distribution, restricting attention to the flat
planar wake. As {n the case of the skewed cylindrical wake,
the elements of vorticity in the flat planar wake may be
decomposed into simpler constituent elements. The basic
elements of vorticity ara again fllustrated in Fig. 6 for the
flat wake. For clarity, discrete trailing and shed vortex
filaments from a single bound circulation element are
shown. The root vortex is included for generality but only
exiots for arbitrary circulation distributions which are
finite at the rotor center. The arrows indicate the circula-
tion direction; the right hand rule defines the direction of
J rotation of the induced velocity. Note that the shed vortex

= G.iﬁl
u?,'j 80 85 90 filaments imply continuously increasing bound circulation,
WAKE SKEW ANGLE, X deg

The decomposition of the spiral trailing vortex
element into simple circular and linear ¢lements may be

Figure 5. Validity of the planar wake configuration, casily demonstrated geometrically. In Fig, 7, the spiral
a) selected downwash criteria; b) result- trailing tip vortex filaments of two successive bound cir-
ing minimum advance ratio limit for 10% culation filaments are traced as they are generated by
allowable error in downwash, alternate incremental rotations and translations of the

rotor. Inthis way, the circular and linear portions of the

BOUND TRAILING SHED spiral are easily visualized. Furthermore, the contribu-

CRCULATION T VORTICITY tions of additional spirals from other bound circulation
—74. filaments can be seen to form complete circles and con-
T>\/<-‘ ] tinuous linear elements. In the limit as infinitesimal
> = Fi increments are taken, the trailing wake forms a continuous
N @ distribution of circular and longitudinal elements of vorticity.
VORTEX In a similar manner, it may be shown that the

radial shed vorticity elements can be represented by suc-
Figure 6. Schematic of constituent elements of vortic-  cessive circles distributed behind the rotor disc, with the
ity in wake for the flat planar configuration.  shed vorticity oriented on the radil of the circles.
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In summary, the elements of vorticity, Fig. 8, which
contribute to the rotor downwash are the circular and
longitudinal elements of trailing vorticity o'c. ¥y), the
radial elements of shed vorticity (v;) and the bound cir-
culation distribution (¥, ). Note that the root vortex (v,), if
present, is a special part of the longitudinal trailing vor-
ticity, although it is a finite strength vortex filament.
Unlike the root vortex, all other elements are in the form
of continuous (or piecewise continuous) distributed vorticity.
In the special case of azimuthally constant bound circula-
tion, the shed vorticity vanishes and the bound circulation
contribution to the downwash is zero. Therefore, only the
trailing vorticity elements need by considered. In general,
Figure 7. Decomposition of spiral trailing vorticity however, each of the above elements will contribute to the

element into equivalent circular and rotor downwash and none can be ignored.

longitudinal elements.

One final step in decomposing the wake vorticity elements is to resolve the circular and radial elements
into their orthogonal x and y components. The wake vorticity is then in a form directly amenable to the Biot-Savart
integrations. These components are shown schematically in Fig. 9 in relation to the rotor coordinate system. It is
convenient to define specific regions of the wake which are labelled in the figure. These are the front half, region @ ,
and the rear half, region @ , of the rotor disc, and wake behind the rotor, region @ . The wake in regions Q and

@ will also be referred to as the interior wake, while region @ will be called the exaterior wake. Note the positive
sign conventions for the orthogonal wake vorticity components.

TRAILING VORTICITY
CIRCULAR ELEMENTS, y¢ SHED VORTICITY, y,

LONGITUDINAL ELEMENTS, ¥, BOUND VORTICITY, ¥}
B el -_—
— T Sl
‘||Iw* oAt ) (
e
Figure 9. Boundaries of vorticity of flat planar wake,
Figure 8. Schematic of each decomposed constituent rotor coordinate system, wake regions, and

element of vorticity in flat planar wake, orientation of positive vorticity components.

5.1 Differential Wake Vorticity Elements. With the wake vorticity broken into the various elements discussed above,

it is appropriate to now derive the relations for their strength in terms of the bound circulation gradients. This process
may be broken down into three steps. First, the differential trailed and shed circulation deposited from a specific
radial location of the rotor is determined, according to Helmholtz' theorem. Second, the spatial distribution of this
differential wake circulation is defined giving the differential circulation per unit distance, or the differential wake
vorticity. Third, the contributions from all radial locations are integrated for the final wake vorticity,

5.1.1. Different Circulation in Wake — Consider first the trailing vorticity deposited from radius r by a rotor blade
having angular velocity §, shown in Fig. 10. According to Helmholtz' theorem, the trailed circulation in the annulus of
width dr is proportional to the radial gradient of bound circulation but it will also increase continuously as the blade
rotates. Therefore, the infinitesimal rate of change of circulation is proportional to time and radial differentials and

is therefore second order. Similar reasoning applies to the differential shed circulation of Fig. 10. Thus, for the
actuator disc we have,

Qdt 2T
2r

Qdt 3T

on ar (r,¥)dd (43)

L =0t e, dT 0 =

Note that the positive vector quantities for these differential circulation elements are indicated in Fig. 10.

5.1.2. Differential Wake Vorticity — We now consider the differential vorticity due to the circular and longitudinal
elements of the trailing spiral wake. The incremental angular rotation dy and translation d£ of the rotor in a time
increment dt together with the associated differentials of trailed circulation are shown in Fig. 11. (Note the similarity
with Fig. 7). The strength of the circular and longitudinal elements dzl"c and d2rl are equal to dzl‘t given by

Eq. (43). As mentioned above, the circular element may be resolved into x and y coinponents which are also shown
in Fig. 10 and are equal to dzl}. Since vorticity is defined as circulation per unit length, the components of vorticity
trailed from radius r at a lateral distance y in the wake are

2 2 '
d l"cx . d l“c d‘zl‘#
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Figure 11, Schematic of spatial distribution of

: differential circular and longitudinal

1 circulation elements of trailing wake

Figure 10. Differential circulation shed and trailed for successive incremental rotations
from rotor. and translations of the rotor.

where d¢ = U, dt, dx = -y dy, d = Qdt, and dy = N/r'z-y2 dy. Note that d'ycx must be multiplied by the ratio dx/dt
because the vector dzl."cx extends only over the dx portion of the length d{.” We now have,

- _ BEn(y) '
d)'cx(y.r) MR k;(r.w)] oy dr

8gn{xX

|bl" 1 |ﬂl" dr
dy_ (y,r)= (r, d))] dr, dy v, r) =-= (r, 'b)] (45)
cy 2MuR |dr £ ar [3r : 7r2-y2

The sgn functions reflect the change in vector orientation of the differential circulation around the azimuth. The use
of x appearing in these equations refers to the x location on the rotor disc where the element of vorticity originated.
These expressions give the differential wake vorticity at a lateral position y due to trailing circulation deposited from
radius r. A significant characteristic of the wake vorticity is revealed in these equations. The vorticity due to the
circular element of trailing circulation is inversely proportional to advance ratio, while the longitudinal element is
independent of . The former variation reflects the increased spacing between successive circles deposited at time
intervals dt as the rotor translation velocity increases. The significance of this result is that it gives some insight
into the effects of advance ratio on the variation of wake vorticity and hence rotor downwash.

5.1.3. Integrated Wake Vorticity — To account for the
vorticity trailed from each radial location, Eq. (45) must
be integrated over the rotor radius. The integration limits
will depend, however, on the lateral position y if the point
of interest is in the exterior wake and on both x and y if
the point is in the interior wake. We will first consider
points in the exterior wake, or region @ in Fig. 9. The
circular trailing vorticity elements for all radii are
sketched in Fig. 12(a): only those circles where r 2y
contribute to the vorticity at y. Therefore, the range of
integration will be y s r < R. Furthermore, hnth the left

Figure 12, a) Radii contributing to vorticity at and right portions of the circular elements contribute to
point y in external wake, b) schematic the wake vorticity, requiring two integrations, the paths of
of integration path. these integrations are diagrammed in Fig. 12(b). These

two integrations are generally equal in magnitude thereby
doubling or cancelling the wake vorticity, depending on the sign of the integrand. Then for region @ , Eq. (45) yields

R
Yq® =2£ 47 g @, r)dr, oryp ) =0 (48)

Consider next a point in region @ of the interior wake. Agalin, the circular trailed vorticity elomenis for all radii

are shown in Fig. 13(a). Since we are now fixed in the rotor disc x,y coordinate system, ihese are circular elements
which were shed by the rotor at its present position. (Previously deposited circular elements have been swept behind
the rotor a distance x = U,t and for clarity are not shown in Fig, 13(a).) Circular elements of r 2«/x2+y2 will pass
over the point -x, y as they are swept rearward and thereby contribute to the vorticity. However, those of

r <vx4+y“ will be swept behind the rotor without passing over the point of interest and clearly will not contribute

to the vorticity. Therefore, the appropriate limits of integration are \/x§+y2 < r < R which are also diagrammed

in Fig. 13(b). Similar reasoning applies for vorticity in region @ and we have
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Y\ (X, y) = dy ~(y,r)dr,
Ol @

R R
Ygty) -{ dy U rhdr + mdv@w.r)dr @

The expressions for wake vorticity presented
abovc were developed for the general case of a radially
varying rotor circulation distribution. It is of interest to
consider a special restricted case, that of radially constant
rotor circulation, This implies that all trailing vorticity
is shed at the rotor perimeter, i.e., as tip vortices. The
above expresstions for vorticity are then easily developed
without the need for radial integration. Corresponding to
Eq. (43) the differential trailing circulation is giverf by
dhi(¢¥) = T'(¢) Qdt/2n. Then corresponding to Eq. (45)
we have

E Figure 13. a) Radii contributing to vorticity at
point -x, y in region @ of interior
wake, b) schematic of integration path.

dr,

e r r T

2 Y, =g— T 48)
- ¢?r, c,  2MMR ;2_},2 o, 2mR’ 4" F2 7

| s T, These formulas are valid for the intevior wake, in regions
@ and @ . However, in the exterior wake they either

ol 1, double or cancel, depending onthe azimuthal variation of

rotor circulation.

TP e e

We have now determined general relations for
the vorticity due to the x and y components of the circular
trailing vorticity and the longitudinal trailing vorticity ele-
ment for a flat planar wake. We must now treat the resolved
components of the shed vorticity elements. The differential
Figure 14. Schematic of spatial distribution of circuletion element dzl"s shed from radius r at a lateral

differential circulation elements of shed point y ard swept downstream a distance d£ in time incre-

wake for successive incremental trans- ment dt ig shown in Fig. 14, The resultant components of
lations of rotor. wake voruicity are

a’r a’r
8 8

- X (dx! .
g = dy (dt) ; dysy V) (49)

Since dx =cos $ dr, dy =sin  dr,df = U= dt and d2I‘ = dZI" = dzl‘ given by Eq. (43), we have
o

= 1 {]
dvsx = [ 3 w)] ) &0)
During a differential rotation d for constant y, tan § dr = r d and we have

sgn(x) |3T
¥y " "mm (.w)] s s f-(r.w)] dd 61)

For d‘ys , the previously derived integration limits for r apply, however, it is advantageous to lntefrate azimuthally
for d7'sy due to its simpler form. The Jimits are Y s <y inregions @ and @ where ¥, = sin yA/X2+y? and
g = sin~! y/R. In region @ the limits are <y s - Pp. Note that the shed wake vorticity components are
inversely proportional to advance ratio, as were the circular elements of trailed vorticity.

The remaining elements of vorticity which can contribute to downwash are the bound circulation distribu-
tion, and a root vortex if present. The root vortex will be present if radial circulation distributions are used which
are finite at the rotor center. Although physically unrealistic, this may occur for certain approximate circulation
distributions. If 8o, the root vortex will be equal in strength to the integrated average of circulation around the
azimuth for r = 0. This is just the total bound circulation strength 1'o of the rotor since harmonics of the circulation
will not cortribute to the root vortex.

The bound circulation will contribute to the rotor downwash if azimuthal harmonics are present. In this
case, the vorticity is radially oriented and is simply the circulation divided by the an:nlar distance at each radius.
Thus ‘yb(r,w) = [(r, )/2mr.
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To demonstrate the application of the vorticity relaiions derived above, some example results will be
given. For a radially uniform circulation distribution having a mean and first harmonic sine #:d cosine variation,
the associated contributions to the wake vorticity have been derived. These are given in ‘fable 2 and illustrate some
interesting features of the wake. Note that the rotor coordinates x, y, r have been made dimensionless by R becom-
ing £, 1, p. For many of the wake vorticity components, the vorticity is Invariant with x except when crossing from
the interior to the exterior wake where the vorticity either doubles in value or vanishes. In all cases, the vorticity
is invariant with x in the axterior wake. Note that the shed vorticity does depend on x in the interior wake, but ‘Lat
o the lateral axis (x = 0) the vorticity is equal to 1/2 the value in the exterior wake (if finite). Furthermore, the
change in vorticity from the value at x = 0 is either an odd or even function of x.

Table 2. Components of wake vorticity for radially constant, first harmonic rotor circulation
distribution, I'= I"O + l"c cos Y + l"s sin Y

Trailing Vorticity [
— Bound Root
Wake Circular 'I" ::;:g: Shied Moicity Vorticity | Vortex
Reglon = np v, | 2mRuy, | 2mRy, 2nRp Y 2TRUY | 27R Y, y
e " sx sy b r
.0 J_(_g ,——-zro
. r r 0 0 r
0 l_n o 1-11 ro ¢
r 2 =
o - oT (2] n=0
® T __’1_2 0 —2 0 0 0<sE<®
1-n J1-n
®.® Tn |-Tht| T r n(1 -l) r(Jl-;'f’ )
¢ ¢ ¢ 0 ¢ o
I"c cos ¥ 3 T L 0
©) 0 | -2r i 0 0 et J1P | ® p?
( 2
I"J[Jl-n - in L "1"- )
’ 2
D.Q|r 2= rn |r—Z= rn(l-l)
) 1-n g e l-r)2 +sgn(€)[|-§'— - In ('-%;—’le)” g
T o r 115 0
2 o
® |r-2 i |zt lor [/1_'2 i L,,(H_l-rﬁ)] .
8 - n2 8 1-712 8 nl

6. INDUCED VELOCITY

The expressions for the various elements of wake vorticity enable the calculation of the rotor downwash
using the Biot-Savart law. This is given in differential form in the following equation.

Y, & Ny-y I+ & y)lx-x ]

2072 (52)

2
d'wx ,y )= dx dy
0T A kx4 4y,

The double integration must be carried out over the entire wake region of Fig. 8. The order of integration in x and y
depends upon convenierce and also avoiding difficulties with singularities. Because of the relative simplicity of some
of the expressions for vorticity, much of the integration may be carried out analytically, but in general, numerical
integration will also be required. After the downwash distributions have been obtained, it is a relatively straight-
forward matter to Fourier analyze the results to obtain the downwash influence functions., Some results of this type

will be presented below.

It is of some interest to discuss the relation between the symmetry properties of the wake vorticity and the
downwash distribution. This 18 because the harmonic content of the downwash can be determined in part from its
symmetry. As discussed earlier, only the first two downwash harmonics directly influence the rotor thrust and
moment response. Therefore, the symmetry relations will enable certain information about the eventual influence
on rotor response to be determined from the wake vorticity distribution alone.

We will consider briefly only one example, where the component of vorticity in the exterior wake is twice

the value in the interior wake but otherwise only a function of y. We are interested in the symmetry of downwash with
respect to the y axis, therefore the pairs of points on tho lines x = # shown in Fig. 15. The vorticity in the interior
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and exterior wake is labelled 1x and 2x respectively to
xEX, xzy represent the doubling factor. Now when the ¥x component
] — of vorticity is invariant with x, the downwash induced at a
YL ) point P by elements of the wake equidistant upstream and
i ?= 2x S . downstream of P will be identical. As a result, wake
@ filaments extending upstream of P may be flipped over to

coincide with equal length downstream filaments without
changing the downwash at P. Using this basic procedure
on the points at x yields the equivalent wake systems
shown in Fig. 15. Thus the downwash is composed of two
terms, one due to a double strength semi-infinite rectang-
7 \ ular wake and the other due to an irregular shaped remnant,
! L L i T_’ The remnant wake differs only in sign for the points =x
T yu = ] therefore its contribution is an odd function of x, or anti-
\ I8 symmetric about the y axis, It is relatively simple to
g j demonstrate that wake vorticity which is an even or odd
function of y will produce a downwash distribution which is
Figure 15. Geometric demonstration of symmetry correspondingly an odd or even function of y. It may be
relations of downwash. shown that these symmetry characteristics lead to the
exclusion of downwash harmonics shown in Table, 3

Table 3. Downwash harmonics excluded.
An example will illustrate these results. Con-

X axis y axis sider the ¥, component of vorticity for uniform circulation
(see Table 2) which doubles in the exterior wake and is an
Downwash All sine Odd cosine and cven odd function of y, The downwash will thus be symmetric
symmetric harmenics | sine harmonics about the x axis, and the remnant wake will produce a
about axis downwash contribut’ :n antisymmetric about the y axis. As
a result, no sine or even cosine harmonic influence functions
Downwash All cosine | Even cosine and odd will exist. Similar relations may also be deduced for other
antisymmetric | harmonics | sine harmonics components of vorticity and also for vorticity distributions
about axis which are functions of both x and y in the interior wake. The

symmetry relations may be used to demonstrate an interesting
parallel between the downwash of a fixed wing and the downwash on the lateral axis of a rotor, As shown above, when the
x component of vorticity is independent of x within the interior and exterior regions, only the semi-infinite rectangular
portion of the equivalent wake will contribui. ... iownwash on the lateral axis. Since this is identical to the wake config-
uration of a fixed wing, the downwash will be identical for equivalent vorticity distributions.

7. QUANTITATIVE RESULTS

The present quantitative results are preliminary and are limited to the downwash influence functions for
one rotor circulation distribution, that of uniform circulation. These results permit a graphic interpretation of the
distribution of induced velocity on the rotor disc for each of the contributing wake vorticity elements. For uniform
circulation, these elements consist of the two components of the circular trailing vorticity, ch, Ye..» the longi-
tudinal trailing vorticity ¥;, and the root vortex, ¥,. These elements are given in Table 2, Both Hle vorticity
and corresponding downwash distributions are shown in Fig. 16 in isometric plots. For the downwash of the longi-
tudinal trailing vorticity and the root vortex the advance ratio was chosen to be unity. In this way the downwash dis-
tributions could be plotted with comparable vertical scales. All four are equal except the downwash of the root vortex
which is reduced by 1/2. The vorticity elements, however, are not drawn to scale. The radii of the downwash plots
are limited to r/R < 0,95 since for uniform circulation, the downwash generally becomes infinite at the rotor perimeter.
For the same reason, the downwash of the root vortex singularity is truncated at v= 0° and for r/R <0.25, These
downwash distributions show the familiar fore-aft gradient on the longitudinal axds due to the circular trailing vorticity
elements. Furthermore, the full azimuthal distributions presented here also reveal that significant nonuniformities
are present at v = 90° and 270° due to the Ycy vorticity component. Both the longitudinal trailing vorticity and root
vortex are shown to produce laterally asymmetric downwash distributions which will be increasingly predominant at
higher advance ratios. The lateral asymmetry for a uniform azimuthwise circulation distribution has not been evident
in other actuator disc theories hecause these two vorticity elements are typically neglected, Figure 17 includes
conventional plots of the downwash distributions and the corresponding influence functions, The downwash nonuniform-
itles of the Ye, vorticity component are manifest as odd cosine harmonic influence functions. The Y¢y component, in
contrast, ylelds only a single influence function, the first cosine harmonic. Since the downwash of the Y, and Y,
vortctty elerments Is anlisynmetric about the x axls, only slne harmorde {ritaence factions exdst.  Note that inflaence
functions Vg for Y, are equal for all n. Although these results are limited to the uniform circulation distribution,
we now have an indication of the downwash on the entire disc, and a first set of downwash influence functions for the
flat planar wake configuration,

A final figure is included to illustrate the total downwash due to the superimposed contributions of the
various wake vourticity elements. For a specified uniform circulation ¢'stribution the total downwash will be uniquely
determined by the sdvance rativ Therefore, Fig. 18 depiets lsometrie plots for three wdvance ratios 4= 0.0, U 25,
and 0.75. The zero advance ratio case is idealized in that the flat planar wake is not valid for this condition. These
plots depict the increasing asymmetr: of the downwash as the advarce ratio increases. The powerful influence of the
rout wortex b wlo ovldent;  Ome emumnple ts shiown for o= 0. 75 | Plg. 18 whizh nodlests dre root vworten euntribation.
Physically this corresponcs to the downwash produced by the tip vorticity trailed from the rotor disc perimeter. This
figure indicates how the dovnwash gradients from two vorticity elements, vc, and ¥ 4 are mutually reinforce and
attenuate one another at ¢ = 90° and 270° respectively. Thus at = 90°, for high advance ratios, the impulsive loads
on the blade will be severe, especlally since the velocity is greatest, whereas the reduced gradient and lower velocity
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Figurc 16. Isometric plots of vorticity and downwash elements for uniform circulation distribution.
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©=0.75 ) p=0.75
| NO ROOT VORTEX

Figure 18. Variation of downwash distribution with advance ratio for uniform circulation.

at ¥ = 270° combine to virtually eliminate the impulsive loading. Therefore retreating rotor blade problems due to
the time-averaged downwash distribution are lessened in comparison to the advancing blade, a striking departure from
the customary behavior of rotary wings.

8. CONCLUDING REMARKS

For rotors assumed to be characterized by an actuator disc, a proper definition of the rotor potential
flow problem, for application to downwash and response predictions, has been proposed. An appropriate theory and
method of solution are outlined which should be sufficiently simple and versatile to give a better understanding of the
complex physical features and influences of the rotor circulation and downwash distributions. The important results
obtained from the derivation and the numerical results will be noted below.

1) A simple, flat planar wake has been found to be a valid configuration for the wake vorticity down to
advance ratios of around g =0, 15 for a nominal rotor thrust coefficient.

2) The rotor blade flapping equation reveals that only the second and lower harmonics of circulation or
downwash directly influence the rotor thrust or moment. This implies that a reasonable approximation for the exact
solution of the theory would be to truncate Fourier coefficients beyond the second harmonic.

3) Examination of the wake vorticity elements reveals that they fall into two groups, those whose strength
varies inversely with advance ratio and those which are invariant.

4) The numerical downwash results show large gradients at the advancing and retreating azimuth locations

and their variation with advance ratio. The longitudinal vorticity elements which are usually ignored are shown to
cause significant lateral asymmetries in the downwash.
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r 5) The uniform circulation distribution has undesirable characteristics evidenced in the infinite downwash
at the rotor perimeter, and the discrete root vortex. The radial circulation distribution must be chosen to be zero at
r=0and R to give realistic results.

6) Future efforts must obtain additional influence functions in order to use the present theory to predict
rotor response.
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The Jtructure of the Rotor Blade Tip Vortex
by
v.V. Cock

Jenior Kesearch Engineer (Aerodynnmicy)

Weotland Helicopters Limited
foovil Engrland

SUMMARY.

The reoults ' 4 se* of experiments devised to meacure the velocity distribution through a helicopter
rotor blade tip vortex ar. presented. The experiments were conducted 'n a single full scale rotor blade
operating at a reprecentative tip speed on a whirl tower, The rotors was mounted in the inverted position
(i.e. thrusting downward) to reduce the ground offects and produce a steady flow through the rotor. The
vortex velceity dictributi-nu were measured for a range of vortex "ages" and a number of blade loadings,
the highest of which was nbove that normally associated with 4 hovering rotor., A vortex ‘age! range in
terms of blade rotation of approximately 70 to 380 of azimuth was covered,

i Flow visualisation uszing smoke was employed to determine the trajectory oi *he vortex anc a hot wire

! anememeter to measure the induced velocitics associated with the tip vortex,
¢ NOTATION.
8 (r) The vorticity function expressed in terms of the distance, r , from the axis of symmetry of the
: vortex.
1 9. Circumferential vortex induced flow.
A The magnitude of thevorticity in the central region (vnrtex centre %ine tor )
£,C Constants describing vorticity distribution outside central region St rl).
eN
T, Cuter boundary of constant vorticity region.
r Outer bcundary of vorticity distribution acsocisted with the vortex,

1
4 1, INTRODUCTION.

The accurate prediction of rotor performance, rotor limit conditions, .vibratory loads and the rotor
noise 4re becoming an increasingly important requirement in the eurly stages of helicopter design. Reliable
theoretical methods are essential in crder to predict these parameters with the accuracy required by the
designer, The precisior with which these qualities may be determined relies upon a detailed knowledge of
the aerodynamic loading on the rotor blade and how it varies around the dise, One of the most difficult
features to determine in the estimation of the aerodynamic loading is the induced flow through the rotor.
Many theoretical models of a helicopter rotor wake, in both hover and forward flight, have been developed
in Europe, United States and the U,K., in an effort to improve upon the commonly used uniform induced flow-
momentum theories, The majority of these models represent the rotor wake by a system of trailing vortices.
They vary in complexity from the relatively simple concepts of Willmer,(l) who used a set of semi and
doubly infin :e vortex lines, to the more complex free-wake models such as those of Crimi,(2) Landgrebe,(3)
and more recently Clark and Leiper (4). All these mathematical models, by necessity, make assumptions on
the structure of the tip trailing vortex, Some methods assume a finite core size to the vortex, others
limit the maximum velocities to some arbitrary figure. These assumptions have been necessary due to the lack
of experimental information and may have been acceptable in the past, but as the wake models become
increasingly more sophisticated the validity of the assumptions must be open to question. Such queries
become particularly significant when considering wake deformation and the proximity of the trailing vortex
to the following blades., The tip trailing vortices may lie within one chord's width of the blade throughe
out a large region of the helicopters flight envelope.

An experiment was carried out by Simons et al (5) where the velocity distribution through the vortices
was measured on a model rotor using hot wire anemometry techniques. This experiment showed the techniques
of using a hot wire probe to be possible, but the results are restrictive in application due to the smnull
scale of the rotor and the low tip speed employed. An experiment was therefore devised to measure the
velocity distribution through the tip vortex of a full scale rotor.

2, DESCRIPTION OF TEST FACILITY.

The experiment was carried out using a standard proluction blade mounted on a whirl tower {(shown in
fig.1), normally used for the balancing and tracking of production blades. The power supply was from &
400 ", p. electric motor, capable of running in either direction. The blade and hub were mounted in the
invertod position and rotated in the opposite direction from standard, producing a rotor that thrusts
downwayd, This method of mounting has a distinct advantage in that the ground effect is reduced and a far
steadior flow through the rotor is produced on a tower whose height from ground level to hub centre is only
19 ft, A single blade was attached to the hub with a large counterbalance weight attached diametrically
opposite to balance the centrifugal forces., The single blade and to some extent the presence of the ground
produces a tip vortex path that remains 'below' the rotor disc for more than one revolution. This feature
enabled the velocity measuring equipment to be positioned below the rotor and moved both radially and
vertically with comparative ease. In addition the use of a single blade meant that high blade loadings could
be obtained with the limited power available, The rotor was 28 ft. radius, with a blade chord of 1,367 ft,
8° overall washout and NACA 0012 section, The blade tip cap wac similar in design to that of a standard
Sikor:ky S58 rotor blade, extending 6% inches beyond the spar at the quarter chord reducing to 1 inch at the
trailing edge. A tip speed of 600 ft/sec. was used throughout the test program. The whirl tower had the
facility to measure rotor thrust and power.

3. DESCRIPTION OF EXPERIMENT,

Success of the experiment relied on the steady nature of the flow tlrough the rotor, absolutely still
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air conditions and the ability to determine accurately the trajectory of the tip vortex. The requirement
that the tip vortex centre should pass exactly through the jrobe meant that these fuaturecs were essential,

3.1, Flow visualisation

The trajectory of the tip vortex was determined by taxing a large number of 'still' photographs of the
flow, made visible by injecting smcke into the rotor flow field. The smoke was generated by a commercial
distress flare housed in a small container with a supply of compressed air, The smoke was piped to a five
pronged rake mounted vertically, Juat above and outside the rotor disc, In this position the smoke
becomes entrained in the tip vortex uaking the passage of the vortex clear over more than one revolution
of tk> rotor. A sct of photographs was taken using two hand operated cameras positioned in the dis: plane
and at right angles to the rake. The sequence of photographs in figure 2 shcw the pussage of the tip
vortex during ons revolution of the rotor. (The photo§rnphs were not obtained during one revolution
oconoequently they are not at equal time intervals). he photographs have been sequenced t» give an
indication of the progress of the vortex across the rotor dise . The rotor hub iz to the left of the
picture and the blade is advancing towards the camera.

A large number of these photographs were procesced to obtain the path of the vortex during its period
belcw the disc, an example of which is shown in figire 3. The scale of the photographs was obtained from
the knowledge of the dimensions of the rake, Figure 3 also shows the position (below the blade) of the
vortex from the preceding blade passage., It is interesting to note the rapid change of direction of the
vortex from the predominately spanwise movement to a combined spanwise and vertical movement after the
following blade has passed over the vortex, the change in direction being vrincipally due to the presence
of the 'new' tip vortex outboard. The presence of an axial velocity, along the vortex in the direction
of rotation ¢f the rotor can be observed from the photographs. The smoke entrained near the centre of
the vortex is seen to move circumferentiully around the rotor disc by a substantinl amow.t during one
revolution of the rotor. A crude estimate of the magnitude of the vortex axial velocity suggests that it
is of the order of a tenth of the tip speed, but further detailed investigation would be necessary for a
reliable estimate. Photograph 2 of the sequence shown in figure 2 shows the blade having Jjust passed through
the smoke trails leaving a distinct tip vortex, illustrating the very rapid rolling up of the trailing
vorticity.

The trajectory of the tip vortex was determined by this photographic procu:u for the five collective
pitch settings used in the experime..t to measure the vortex velocity distribution,

3¢2. Velocity measurement
3.2.1, Instrumentatjon

The hot wire anemometer, used to measure the velocity distribution through the vortex, consists of a
short piece of wire 5 microns in diameter and approximately 1/16th inch in length suspended between two
prongs as shown in figuvre 4. The wire forms one arm of a bridge circuit and is heated by the current
flowing in the bridge. This bridge is powered by a servo amplifier whose output voltage is controlled by
the bridge unbalance and which maintains the probe resistance (and hence the probe temperature) very nearly
constant,

Air flow reduces the temperature of the wire, which is sensed oy the change in current flow due to
the corresponding change in resistan:e, and is instantaneously corrected by the servo amplifier,
Fundamentally, the power required to maintain constant temperature is monitored. As this output is non
linear with velocity it is conditioned by a small battery powered analogue computer (Lineariser) having a
transfer function such that the output voltage is proportional to flow velocity. The output from the
lineariser is therefore amenable to quantitative assessment by recording on a U.V. cr a magnetic tape
recorder, or observation on an oscilloscope,

The 'electronic upper frequency' limit of the anemometer was found to be of the order of 90kHz, No
direct frequency response measurements were made as the expected frequencies of flow fluctuations of
interest in the experiment were far below this frequency. Each probe was calibrated individually againct
a pitot-static tube for a velocity range of 0 to 350 ft/sec.

The instrumentation used during the experiment ircluded a long persistance scope which was used to
monitor the output signal from the lineariser, A magnetic tape recorder with an upper frequency limit of
20kHz was used to record the signal., Analysig of the signal was carried cut later by replaying the tape
recorder at a reduced speed and rerroducing the signal on a U,V, recorder. The reproduce speed of the
tape recorder was reduced by a factor of 16 such that the 1200Hz galvanometer resporse was effectively
increased to approximately 20kHz thereby maintaining the recorded bandwidth.

3.2.2. Experimentg]l procedure

Having determined the trajectory of the tip vortex the probe could be positioned accurately below the
rotor, recording the velscity distribution associated with the tip vortex as it passes over the probe,
The axis of the probe was aligned normal to the rotor radius and parallel to the ground, i.e., with the
axis of the sensitive element laying along the axis of the tip vortex, As the element ic insensitive to
velocities along its axis no rotor swirl components or axial velocities within the vortex would be measured,
The velocities measured are only those in the plane normal to the axis of the wirc and therefore will be
the translational velocity of the tip vortex in spanwise and vertical directions (of the rotor) and the
circumferential induced velocities associated with the vortex, Vortex radial flows are assumed omall by
comparison with the circumferential velocities, The translational velocity of the vortex over the probe
was meagured from a cine film of the moke flow visualisation of the vortex. The movement of the vortex
centre from frame to frame was determined and with the knowledge of the speed of the film the translational
velncity of the vortex over the probe was obtained. ™is information enabled the time base of the record-
ing of the vortex 'signal' to be convertnd to a distance base, Also the translationanl velocity of the
vortex could be removed from the signal, Thus the circumferential velocity of the vortex alone could be
deduced and its variation with distance from the vortex centre. Recorded on a secparate channel was an
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azimuth marker positioned to indicate when the blade was directly above the probe. The exuct 'age' of the
vortex in term' of how far the blade had progressed around the azimuth by the time the vortex was recorded
could therefore be obtaingd. By Xarying the spanwise position of the probe a vortex 'age' range was
obtained, ages between 70" and 380  of azimuth were found to be possible,

The output signal from the probe was displayed on e long persistance scope and although the vortices
were immediately visible when the probe was mounted in the estimated path of the vortices the height of
the probe had to be adjusted such that the maximum number of vortex centres passed through the probe., It
was found that the path of the vortices tended to drift with time but when a good set was observed
{(determined by the maximum velocities) they were recorded on magnetic tape, It was not possible from
obgervation of the scope to tell if the vortex core passed over the probe so reliance was made on
observing the magnitude of the velocity peaks, Replaying the tape at a slower speed was the only way of
telling whether the vor‘ex centre had been intersected. This intersection was determined by comparing
the minimum velocity within the vortex core with the mean translational velocity over the probe. When the
two velocities were the same the core centre had been intersected, i.e. the condition of zero induced
velocity associated with the vortex under consideration,

4, ANALYSIS OF RESULTS.

The hot wire probe measures velocities in & plane normal to the axis of the wire but cannot distinguish
direction within the plane. The wire therefore records the vector sum of the vortex induced flow and the
translational velocity of the vortex. In order to conduct any analysis of the vortex by the fixed hot wire
approach, a number of assumptions on the relative magnitude and character of the flows must be made.

They are:~

1, That the major components of the flow in the plane normal to the element are a circumferential
velocity associated with the vortex and the translational velocity. No significant vortex radial
velocities are assumed to exist when conducting the analysis.

2, The curvature of the vortex path is assumed to be small over the region where the vortex velocities
are being measured,

7. The translational velocity is constant over the period when the vortex signal is being recurded.

4, The three above assumptions and the condition that the vortex centre passes exactly through the probe,
are prerequisite for any analysis. Only under these conditions can the two velocities (the induced
and the translational) be separated, the translational velocity being in a direction normal to the
induced, can therefore be removed from the signal,

5. The recordings being time-based and not the measurement of the vortex velocities at an instant in
time (or age?sof the vortex means that any change in the structure of the vortex, such as roll-up,
would be reproduced during the time taken for each vortex to effectively traverse the probe i.e.
one side of the vortex would be younger than the other. However, it was argued that the characteristic
time for traversal of the vortex was small in terms of its ageing, This feature was subsequently
shown to be the case, even the vortices at widely differing ages (within the measured range) did not
show any significant structural changes.

6. The measurements of induced flow, although only obtained in one horizontal plane through the vortex,
were assumed to be representative of the flows in any radial section of the vortex, i.e, the vortex
was assumed to be symmetrical and lence isolated; a requirement for any basic interpretation of the
measurements. This assumption amounts to the fact that the vortex may be considered as an effectively
fully rolled-up tip vortex,

Since it is only possible to interpret those recordings where the vortex centrc passed through the
probe, the method obviously produced a large amount of unusable information. However, it was found that
with only about one minute of recording for each condition a sufficient number of vortices of good quality
were obtained, In the majority of conditions at least 5 vortices were considered sufficiently good to
analyse, A typical trace of one of these vortices is shown in figure 5. This figure shows the symmetry
of the vortox and a well defined 'viscous' core, with the minimum wvelocity within the core of similar
magnitude to the translational velocity of this vortex, indicating zero induced velocity associated with
the vortex, (Remembering that the probe cannot distinguish the change in direction of the induced velocity
as the vortex centre is crossed). The time base of the signal has been converted to a distance base to
give an indication of the relative size of the tip vortex,

A certain amount of high frequency content to the signal was observed in the vicinity of the high
induced velocities, the origin of which is as yet unknown but it is believed to be associated with the
probe and possibly a motion of the wire produced by the high rates of change of air velocity. The
possibility of it being turbulence was ruled out as the energy content was far too high., A lower
frequency signal can also be observed in the high velocity region of the vortex which could represent the
rolling up of the trailing vortex sheet. A similar observation was made by Kiicheman (6) when analysing
the structure of the leading edge vortex on a slender delta wing.

Figure € shows a sequence of vortices illustrating the regularity and degree of repeatibility
attainable. The line down the centre of the third vortex indicates that the viscous core was intersected.
The small discontinuity in the region between the vortices is produced by the passage of the blade over
the probe and can therefore be used to estimate the 'age'! of the vortex.

In order to analyse the results and compare the differing test conditions the output velocity traces
were curve fitted and the translational velocity component removed. The form of the curve fitting was
baged upon the estimated vorticity distribution within the vortex rather than the velocity profile, the
form of the vorticity distribution being the easier quantity to munipulate although it was the velocity
profile comparison that was used as the criterion for the quality of the fit, The type of function
defining the vorticity distribution was determined by transforming the velocity distribution of a number
of vortices into a vorticity distribution via the expression:-
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(Auulinc the vortex to be doubly infinite for the purp.ses of deterumining the oore vorticity distribution
which is valid when the core radius is omall compared with the radius of curvature of the vortex). The
function that was found to best fit the vorticity distribution outside the central region of the core was

of the form:- F.!c_)“. ...(2)

and within the central region a constant distribution of vorticity was assumed, due to the lack of detail
on the trace and its emall size., Defining a single function for the vorticity distribution was not found
to be realistic due to the rapid 'fall-off' in vorticity at the edge of the central area. Thus the vortex
is divided into three areas, the imnner core {region 1) where the vorticity is constant (extending to r )
the outer part of the core where the vorticity is of the form of equation 2 and outaide the core where no
vorticity exists (region 3).

Having defined the form of the functions describing the vorticity the equation giving the velocity
distribution was obtained. The velocity at any radial point being:-

r
|
qr = rIo B(r) rdr serte * (3)
giving the expression for the velocity within the area of constant vorticity (region 1) vortex centre line
to T, asi- | v
qf- 7 ........(4)
(where A is the magnitude of the vorticity)
and within the area containing the vorticity but outside rc(region 2,r - r,)- r
2 15
L AR B =N (s)
= — + r(-N-C} (r+C)
=TV TEwam D i
and outside the area containing the vorticity (region 3s7y :-00) the expression becomes:= a
2
_afmE 8 ra-0-C (-0 | 6
W=7 TEwew .

{where r) is the radius of the region containing the vorticity)

Using equations 4 and 5 the unkmowns (4,B,C, N and r_) were determined taking 9 point values of the
velocity profile from the traces and using a least squares approach to obtain the best fit., All of the
test conditions were analysed in this fashion. For each condition 9 point velocity values from each
trace were measured and the unkmowns A,B,C, N and r_ obtained for the condition. The quality of the
agreement between the original tracss and the constructed line is shown in figure 7. Also shown is the
distribution of vorticity within the core and the three regions described above,

5. DISCUSSION OF RESULTS.

Five thrust conditions were covered for a constant tip speed of 600 ft/sec. and for each thrust o
congit:lon four radial positions of the probe were considered, giving an age range of approximately 70" to
380°. It was not possible however, to analyse some of these conditions, particularly the low pitch and
early vortex age. The proximity of the probe to the blade leading edge precluded positioning the probe
in the optimum positicn. Although high velocity peaks were recorded no well defined vortex cores were
obgarved except for tho higher loading case, Only the analysis of the good quality vortices have there-
fore been reproduced,

Figures 8(a) to (d) show the resultant analysis of the induced velocity distribution through thelvortex for
the differing ages and blnde thrusts, All the traces are basically similar in form with the maximum
velocities increasing with increasing blade lift, except for the highest blade loading condition where
the peak velocity is greatly reduced and the viscous core diameter increased, The reason for this
apparent discontinuity could be due to blade tip stall. A theoretical analysis using & ccntracting wake
model (described in refeference 7) suggests that the blade is on the point of stalling at a blade lift of
approximately 3800 1lb. This figure was determined by postulating that the blade section near the tip
(5% radius) stalls at & similar 1ift coefficient to that occurring on a model of the section in a wind
tunnel under two dimensional flow conditiona. A similar value of blade lift was obtained from the
reduction of flight test data from a Wessex undergoing high attitude hover tests.

Figures 9 through to 12 show some of the observed basic characteristics of the tip vortex and how they
vary with blade lift and time, Figure 9 shows the vortex circulation measured fror the traces by taking
the velocity at the outer edge of the core., The outer edge of the core was readily observable on the
majority of traces and was identifiable by a definite change in slope of the measured vortex velocity
distribution. The curve outboard of this point obeyed the 1/r law, showing the flow to be irrotational,
The core was also distinguishable by a sharp increase in the high frequency content of the siznal., The
circulation is plotted against total blade 1ift and is compared with the equivalent %ip vortex strength
for a theoretical constant spanwise blade circulation distribution. The circulation appears to be lower
than might be expected considering that uniform spanwise circulation would under-predict the peak
circulation near the tip. 4 similar observation was made by Dosanjh et al (8) who found that the measured
circulation in the rolled up tip vortex behind a semi-wing mounted in a wind tunnel was only 5&% of the
sxpected valus, A further indication of the d&ifference between bound circulation and the circulation
entrained in the tip vortex is found in the high loading case if the stalled ccndition of the blade tip

is the cause of the growth of the tip vortex core. The Ci near the blade tip aprroaching this condition
wald be approninately 1.0 (before stalll. The ompested Momter simsuletion would te of 3 cloiler omler to
the bound circulation i.e. approaching 400 ft2/sec. The measured circulation,as shown in figure 9 ,never
reaches half this value, A difference of this magnitude is unlikely to be attributable to inaccuracic. in
the equipment or the experimental process. Resolution of this apparert discrepancy can only be obtained
by a more gomprehensive investigation where the blade loading distribution is also measured.
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The experimentally obtained band on the graph indicates the degree of scatter of the vortex signals
and includes the effect of vortex 'age'., The effect of age on the circulation contained in the tip vortex
has not been reproduced as the scatter from trace to trace was in most cases larger than the variation of
the mean value with age, Therefore, within the experimental accuracy the total circulation in the tip
vortex remained substantially conastant over the age range covered. A similar conclusion was made
regarding the size of the vortex, the variation with blade loading was observable but any variation with
age was not, The variation in vortex diameter with blade loading is shown in figure 10, again the scatter
band is quite large increasing with the higher loadings., The faot that the vortex size and the circulation
do not change materially within the age range covered (within experimental accuracy) suggests that the roll
up process can be considered complete by at least 70 degrees of rotation of the rotor,

The viscous core size, on the otherhand, did show a small but distinct change with vortex age, but
no signilicunt changes over tho blade loading range, excert for ths highest luuding case. The viscous core
being defined for the seke of description by the distance between the velocity peaks (which is not necessarily
the di.. 2tor of the constant vorticity region). The variation of viscous core size with vortex age is
shown in figure 11, the difference in size between the lower loading conditions and highest condition
being readily observable, The viscous core diameter was considerably smaller than expected, especially
as the boundary layer of the blade would be expected to be turbulent at a Reynolds No, of 5.2 x 105, based
on tip speed and blade chord. A comparison was made between the measured velocity distribution and the
theoretical distribution for a viscous vortex (9)., A value of 10 times the laminar kinematic viscosity
was used, as suggested by Newman (10)for conditions where the boundary layer is turbulent, This theory
produced a velocity distribution with a viscous core approximately three times larger than measured and a
velocity distribution that was underestimated outside the viscous core., The comparison indicated that
significantly more vorticity existed outside the viscous core than has been observed by Newman and Dosanjh
who also compared measured results from a wing mounted in a wind tunnel with viscous vortex theory,

Figure 12 shows the decay of the induced velocity peaks with vortex age for the five blade loading
conditions, The velocity peaks are those obtained as a result of the curve fitting, not necessarily the
peak velocity recorded on the trace which included some high frequency 'moise' near the peak., The peaks
on the signal were of the order of 20 to 40 ft/sec. higher than the curve fitted values. At a blade loading
of 3,750 1lb.a higher degree of scatter was observed on the peak velocities than on the lower loading cases,
a dashed line has therefcore been used and indicates the higher velocity values obtained for each age
condition,

The most commonly used representation of the tip vortex in theoretical rotor wake models is a vortex
with uniform verticity in the core, sumetimes called the ‘combined' or Rankine vortex. Using this
representation a core size is normally postulated, which if chosen too small will produce extromely high
induced velocities. A comparison between the observed vortex velocity distribution and a vortex with
uniform vorticity, but having the same total circulation is shown in figure 13. Two 'combined' vortices
are illustrated, one having the same maximum velocity as the observed vortex and the other with half the
core size, Both vortices show that the combined vortex representation overestimates the induced velocities
in the vicinity of the core by & substantial suount. The radiel position of the peak weloeity i3 alsc
overestimated for any reasonable restriction on the maximum velocity.

6, CONCLUSIONS,

The observed structure of the rotor blade tip vortex indicates that the vortex can be assumed to be
effectively rolled up by at least 70° of rotation of the rotor. The effective size of the vortex core was
considerably larger than simple theories would suggest, but the viscous core was significantly smaller,

The velocity distribution through the vortex was unlike those observed in experiments on semi wings
in a wind tunnel. The type of comparison obtained with the viscous vortex theory for the wind tunnel
cxperiments Yy Nowmn end Lotendh wae nob abtetiablc with tiils experiment, The privary dHTerence beliig
the small viscous core size and 'fuller' velocity profile. Represeniation of the tip vortex by a Rankine
or combined vortex would produce significant errors in the induced velocity within a 'half chord' radius
of the centre of the tip vortex,

The circulation contained in the tip vortex was approximately half the value expected, based on the
supposition that the rolled up vortex strength would be of a similar arder to the peak circulation near the
blade tip.

The results of the highest blade loading case showed a marked change in the vor‘ex structure suggesting
that the blade tip may have been in a high drag or stslled region. Should this suggestion be the case then
it may be that at higher tip speeds when the strength and position of the shock wave on the aerofoil is
dominating the drag characteristics a significant change in vortex structure may be produced.

The experiment, although primarly of &n expoloratory nature indicated the feasibility of using a hot
wire anemometer to measure full scale rotor wake characteristics, although some refinements for more
detailed work would be desirable,
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A VORTEX-WAKE ANALYSIS OF A SINGLE-BIADED HOVERING ROTOR
AND A COMPARISON WITH EXPERIMENTAL DATA

by

Robin B. Gray+ and George W, IircvwnM
School of Aerospace Engineering
Georgla Institute of Technology

Atlanta, Georgla 30332

SUMMARY

A theoretical method 1s developed for determining the geometry and strength distribution of the
vortex wake generated by a single-bladed hovering helicopter rotor. The analysis begins with a simple
model of the ultimate wake geometry and then proceeds to establish the corresponding nondimensional tip-
vortex strength. This simple vortex-wake model is adjusted by procedures that are based on the Biot-
Savart law to obtain a first approximation for the tip-vortex geometry. Next, an estimate of the blade
collective pitch angle is found from blade-element considerations. Then, a first approximation for the
geometries and strengths of the vortex-sheet filaments that are shed from the blade tralling edge 1is
determined by marching inboard from the blade tip. Thus, & simultaneous solution for the filament strengths
is not required. Further adjustments to the wake geumetry, the strengths of the inboard filaments, and
the collective pitch are made until succeeding changes become acceptably small,

The results are in good agreement with experiment for the axial displacements of the tip vortex
after one turn of the hellx, for the blade collective pitch angle, and for the thrust coefficient. The
axial displacement of the first turn of the helix eand the rate of contraction of the wake is not as good.
It appears *hat the wake model in this, as in other analyses, differs from the physical wake in certain
important, tut unknown, features.

RESUME

Une méthode theorique est developpee pour déterminer la. geometrie et la distribution de la force
des tourbillons dans le sillage d'un rotor & une seule pale d'helicoptere qul se be.la.nce da.gs 1tair.
L'analyse commence avec un modele simple de la geometrie finale du sillage et puls procede & établir le
coefficient du tourbillon de bout de pale. Ce modele simple des tourhillons dans le sillage est ajusté
par des procedes qul se basent sur la loi Biot-Savart pour obtenir une premiere approximation pour la
geometrie du tourbillon de bout de pale, Ensuite, on trouve une estimation de l'angle du pas de la pale
en considérant 1'élément de la pale, Puls, on détermine une premiere epproxima.tion pour les geometries et
les forces des filaments des tourbillons dans le sillage du tra.ncha.nt tralnant de 1s pale en marchant a
l'interieu.r partant du bout de pale. X Aussi, une solution simultande pour les ferces des filaments n'est
pas exigée. Encore des ajustements & la geométrie du slllage, aux forces des filaments intérieurs, et au
pas sont faits Jusqu'’ & ce que les changements successifs deviennent petits aun degre acceptable,

Les resultats s 'accordent bien avec 1'experience pour le deplacement dans le sens de l'axe du
tourbillon de bout de pale epres une rotation de l'helice, pour le pas de la pale, et pour le coefficient
de la poussee. Ie deplacement dans le sens de l'axe de la premiere rotagion de l'helice et la vitesse de
la contraction du sillage ne se conforment pas si strictement avec les resultats expezimentaux. 11 paralt
que le modele du sillage dans cette analyse, comme dans d'autres analyses, differe du sillage physique
quand it s'agit de certalns aspects qui sont importants mails inconnus.

NOTATION
a 1lift curve slope K2 axial displacement parameter of
tip-vortex helix in ultimate wake

A wake contraction ratio, R_/R

r length in radial direction
b mumber of blades

R rotor radius unless with subscript
c blade chord length

T rotor thrust
c l1-A

u with subscript, nondin}ensional induced
Cl" tip-vortex strength coefficient, velocity component, u I/RAQ, etc.

F/lmR A%

RS
CT'B bound-vortex strength coefficient PR

u ,v ,w radial, tangential, and axial induced
CI"F vortex-fllament strength coefficient Yelocily oaponents

Lo U velocity relative to blade element and

Cp thrust coefficient, T/p™R Q perpendicular to blade span
K, axial displacement parameter of first v uy/cr.

turn of tip-vortex helix
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exial pitch angle of vortex,

Pigs. 1 and 3
E x nondimansional radius, r/RA ¥ azimuth angle
] a nondimensional radius of vortex Y A azimuth angle between calculating point
element, r'/RA and first radial plane
4 z nondimensiona. axial distance, Z/RA ' azimuth angle from reference point to
' vortex element
z nondimensional axil.a.l distance to
\ vortex element, Z /RA Q blade angular velocity
2,2’ length in axial divection Subseripts
ai induced angle of attack at blade a with u and w: apparent induced velocity
lifting 1l.ne
; . B bound vortex
3 By ralial pitch angle of vortex, Fig. 3
4 Fn nth vortex filament
r tip-vortex strength
n teger
¢ nc;ndi.mensional vortex core radlus,
¢’/RA P arbitrary point
' vortex core radius r,V,2 radial tangential, and axial components
8 blade collective pitch angle t tip vortex
7\2 wake contraction parameter W wake boundary defined by tip vortex
g,10,2 Carteslan coordinate system L ultimate wake
p air density

1. INTRODUCTION

The primary objectives of this analysis are to develop a vortex-wake method for determining the
hovering performance of a helicopter rotor without the degree of empiricism that is required in the pre-
scribed-wake method and to achieve an elapsed computer time less than that required in the free-wake
analyses that generate the vortex system from rest, The ; :ocedures to be used for generating the wake
vortex system and relating the blede aerodynamic loadlng to the strengths of the tralling vortex filaments
differ, in several respects, from those of both the prescribed-wake and the free-weke analyses. However,
the mmerical techniques used in programming the Blot-Savart law for the digital computer are essentially

the same.

In the prescribed-wake analysis, the geometry of the wake vortex system near the rotor is
determined from flow visualization studies. With the wake geometry known, the application of the Biot-
Savart law and the blade-element theory to the system ylelds a set of simultaneous equations which are then
solved for the blade bound-vortex strength distribution., The calculation of the thrust and power is
straightforward, The computer time that 1s required for these calculations is relatively short. However,
for a general application of the method, tables of experimentally determined geometric parameters
describing the radial and axial coordinates of the vortex elements in temms of their azimuth positions from
the blade must be available for a wide range of thrust levels and rotor configurations.

In the free-wake analysis, the complete vortex system is generated from rest with the initial fila-
ments being constrained to follow a contracting path as they move down the wake, The Biot-Savart law is
again used to determine the motion of the filaments and the filament strengths are related to the blade
characteristics through the blade-element theory. The vortex filament strengths are found by solving the
resulting set of simultaneous equations. The constraint on the wake is then relaxed and iterations are
performed until the system converges to the free-vortex configuration. Therefore, & relatively large

amount of computer time 1s required.

Both of these methods have been shown to yield good comparisons with experiment for overall per-
formance., However, the free-wake analysis does not predict the initilal tip-vortex geometry accurately.
Furthermore, if the measured geometry is introduced as the initial condition for the free-wake analysis
and 1if the iterations are allowed to proceed, the result is essentially the same as that which would be
generated from rest. Since the physical wake is a free-vortex system, it would appear that there are
omissions in its mathematical model which lead to a different configuration when the free-vortex condi-

tion is satisfied analytically.

In consijeration of this problem and of possible ways of determining its causes, it appeared that
an advantage would be realized if a procedure wer: developed which would proceed from the more important
to the less important elements that contribute to the flow field, This marching process would isolate the
various contributions and would permit analytical experimentation. A second consideration is that the
method should be developed in terms of the quantities that are more easily measured in the laboratory. A
third consideration is that the experience that has been gained over the years should guide the develop-
ment, The procedures to be presented satisfy all of these requirements to some extent. In addition, a
complimentary experimental program has been initiated which should provide further guldance toward improv-

ing the preliminary results.
A single-bladed rotor has been chosen for this development. This obviously reduces the complexity of
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the vortex system and hence the mumerical computations. From a consideration of previous results, it
would appear that some of the problems are not associated with the number of blades. Thus a successful
solution should be easily extended to multi-bladed rotors. However, in that case, a different problem
arises which is not considered here and which becomes more severe with increasing numbers of blades. This
is the interaction problem in which the aerodynamic loadings on following blades are modified by the close
passage of the tip vortices shed from preceeding blades.

In addition, the single-bladed rotor 's more amenable to experimental investigation eince it elim-
inates the necessity for constructing a model having exactly identical blades with the same aerodynamic
load distributions, tip-vortex strengths, and wake geometries. Without this specification on multi-bladed
models, the tip vortices from each blade will not follow identical paths but will interact to a greater or
lesser degree. It is recognized that a theoretical analysis sased on an invariant wake will be "ideal"
in that helicopter rotors, in conjunction with existing environmental conditions, rarely achieve this effect.
However, the availability of such an ideal analysis will provide a starting point for investigating the
real case by perturbation techniques.

2. FIRST APPROimATION OF THE TIP-VCRTEX GEOMETRY

It 1s assumed that the isolated, single-bladed rotor is hovering in & non-viscous, incompressible
fluid which is at rest at infinite distances from the rotor hub except for points within the ultimate
weke., The Helmholtz theorems are obeyed and the Biot-Savart law is applicable.

2.1 Simplified wake model

The initisl blade and wake vortex configuration is very much simplified and is shown in Fig 1.
Blade coning and flexdbility are neglected which is reasonable for a counterweighted, see-saw blade of
rigid construction. These effects may, however, be included at a later point in the analysis, The blade
is replaced with a lifting line having constant circulation. A straight-line vortex of the crme strength
but negative in sign is placed along the axis of the system. A helical vortex, also of the same strength,
is shed into the wake at the blade tip position, This helical vortex has a constant radius and a zonstant
geometric pitch. The vortices have a constant-radius core which is assumed to rotate as a solid body. For
some distance down the wake below the rotor plane, these shed vortices are not free but are bound to the
spaclal coordinates &s described. This condition will, however, be relaxed.
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Figure 1. Simplified vortex model for a hovering, Figure 2. Simplified ultimate-wake vortex model

single-bladed rotor. for a hovering, single-bladed rotor.

The ultimate wake is then composed of twc vortex filaments as shown in Figure 2, One lies along
the axis of blade rotation which is also the axis of the vortex system. The other is a right circular
helix representing the tip vortex. Here in the ultimate wake, these vortices are truly force-free.

2,2 Analysis

The induced velocity field is related to the vortex strength and gecmetry by the Biot-Savart law.
From the gencral derivation given in Ref 1, the nondimensional redial, tangential, and axial induced
velocity components are found to be respectively:

Ec? =yus= -cc?‘- I {x'ate.n ¢'sin (‘i"-‘i’) + [x'ta.n B'sin (Y'-‘l’) + x’cos (‘l"-‘l’)](z-z')} %I ’ 1)

% =v= % I {x'zta.n g’ [x-x'cos ('i"-‘l’)] - [x'ta.n B'cos (‘i"-‘l’) - x'sin (Y'-Y):Kz-z')} :'-\;—' ’ (2)
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where PPax+x?. 2 xx’cos ( -Y) (z-z ) c2 . {s) a

The primed quantities represent the nondimensional coordinates and certain geometric angles of the coenter
1line of the rotational core of the vortex. The unprimed quantities represent the nondimensional coordi-
nates of the point at which the induced velocity components are to be calculated. The introduction of the
vortex core radius, ¢, does not permit P to become zero. Hence the integrands remain finite every-
where and the points at which the velocities are calculated are approximately restricted to the surface of
the vortex core. nless otherwise noted, all lengths are made nondimensional by dividing by the ultimate
wake radius and the velocities are nondimensionalized by dividing by the product of the ultimate wake
radius and the rotor angular velocity, The tip-vortex strength coefficient is included in the definition
of u, v, and w. It is noted that in the ultimate wake where tan B’ is zero, the integrand of Eq (1) is
an odd function of ¥’ whereas those of Eqs (2) and (3) are even functions. Thus for the simplified model
of Fig 2, the radisl velcoity of the tip vortex iz identically zerc and the waluse cf the tangential and i
axial velocities are exactly twice those of the blade tip of Fig 1 if the effect of the lifting line 1is {
excluded,

In this method, the selection of a value of ¢,, completely defines the nondimensional geometry of
Fig 2 since x* = 1, The corresponding value of the tip-vortex strength coefficient is found from a consider- K.
allon of the velocity dlegram with respect U0 the blade of a polnt ou the tip vortex 1n the Witimele wake,
This diagram is similar to that of Fig 3a. Thus

tan ¢
C =
r v, - (vt-Zb) tan ¢ 2

where b 1s the number of blades and vy and wy are found by numerically integrating Eqs (2) and (3)
over the tip vortices from mimus infinity to plus infinity. The term involving "b" accounts for the
co..tribution of the vortex along the axis of the system. This value of Cl" is held constant for the
remainder of the procedures.

Wy

8) APPARENT AXIAL INDUCED VELOCITY. ») APPARENT RADIAL IKDUCED VELOCITY.

Flgure 3. Veloclty disgrams for determining the apparent axial and radial
induced velocities at a point, P , on a vortex filament,

Before continuing with the determination of the flow field associated with the simplified wake
model, several questions must be resolved. The first of these is concerned with the numerical procedures
to be employed and with the expressior of the theoretical results in terms that will be convenient for
comparison with experimental results. In determining the motion of a vortex filament, the usual practice
has been to ldentify a sufficient number of pnints along the vortex so that their displacement in the
theoretical flow field will adequately define the vortex geometry as time progresses. The displacement of
these points is three dimensional and therefore the three coordinates that define each point will vary with
time. On the other hand and for the exparimental case, 1t is convenient to cbserve the vortex motion in a
radial plane, Here, the motici is two dimensional although the identity of the point under observation
changes with time, Therefore, a definite advantage would be realized if the theoretical analysis were
developed in a corresponding manner, Thus, the theoretical and experimental motions would correspond
directly and the angular coordinates of the points at which the velocitles were calculated could be fixed
cnce and for all. The velocity components that are observed and calculated in these radial planes are
given the name "apparent velocity components”. The necessary relationships are found from a consideration
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of the velocity diagrams at a point on the vortex filament. These diagrams are determined with respect to
the blade and are shown in Figure 3. Thus, the apparent radial and axial velocity components are found
to be respectively:

o4 T (e
. _"‘P(cr) o v - P(cr.) ) ©
i = R S

Cr P Cr. P

Here, w,, Vv,, and w_ are the radial, tangential, and axial induced velocity components that are associated
with th engire vortex system. In a like manner, the radial and axial pitch angles of a filament are

respectively:
cr

= uaP (g) and tan ¢ e wap(%) s (7

A second question is concerned with the angular spacing of the radial planes that are described
in the preceeding paragraph. This spacing can not be determined a priori except that the planes should
be more closely spaced in the immediate vicinity of the calculating point. Some experimentation is
required in order that the contributions of the vortex elements to the velocity at a point will be
adequately represented, An example will be given later in the paper.

ta.nBP

A third question 1is concerned w.th the structure of the tip-vortex core. The representation
used in Eqs (1) - (3) does not adequately describe the phencmenon and appears to underestimate the local
self-induced effect. An approximate expression for this contribution is found by starting with the
equation given in Ref 1 for the rate of advance of a vortex ring. There, the core is described as hav-
ing & circular cross section and to be rotating as a solid body. In the present case, the contributions
of small arc lengths of the helical fllament on either side of, and adjacent to, the calculating point
are desired. The circul~r arc that is equivalent to the hellical arc is found by passing a circle through
the calculating point and through the intersection points of the helix with the two adjacent radial planes.
The vortex core between these two planes is assumed to have a circular cross section of radius, ¢ ,
and to be rotating as a solid body. Over the remaining length of the ring, the core is reduced to a line
vortex. The desired contribution i1s then the difference between the result of Ref 1 for the complete
ring and the integril of the Biot-Savart equation over the line vortex described ab. . The results for
an arc of a helical - rtex having a constant radius and a constant geametric pitch are

Avt = - Awt tan & (8)
eo eo
4P k sin — cos — 1 + cos ]
o2cos b L.l 2 2 [ _] 0
o S o fn -4 - i — =]t 7} )
2 27 sin 5=
1-k"cos -
where & is the inclination angle of the circle with respect to the system axis
Y tan g
sin ‘l’o
¥ 1s the angle between the calculating point and the first adjacent radial plane. The
2 angular spacing of the radial planes is symmetric about the calculating point.
sin ¥ cos 5(1 - tan® 8)
sin 8 = O
0 ¥
2 o 2
1 + cos > tan §

290 is the arc length of the ring over which the core is assumed to extend.

¥ 2
2 _( 2 0 4002 2
PL =41+ cos 2t:a.n 6) +¢
2
# =1-%5
P
L

Because of the approximations involved in the development of Eq (9), the incremental velocities become in-
creasingly in error as the arc length of the helix, Y, , approaches zero. This is due primarily to the
behavior of the fourth term in this equation, On the other hand, as Y, 1s increased, the representation
of an arc of the helix by a circular arc becomes poor from the geometrical viewpoint, It appears that a
value Yq~ 6° 1s acceptable. Additional work is required on this aspect as well as on the development of
Eqs (8) and (9). The derivation of a similar set of equations for the general case is an exercise in
geometry and will not be included here. It is to be noted that an increment to the radial induced velocity
will appear in the general development.
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Figure 4, Azimuthal contributions of the tip-vortex elements to the induced veloci®y components as
determined from the Biot-Savart lew., The areas under the curves represent the tangential,
axial, and negative radial induced velocity components at the blade tip for the simplified
vortex wake model of Figure 1. Tan¢, = 0.04; €RvO.O1.

2.3 Flow fleld assoclated with the simplified wake model

Eqs (1) through (4) have been used to calculate the self-induced velocity components along the tip
vortex of Figs 1 and 2 for several values of tan ¢” and a ratio of core radius to rotor radius of 0.01.
In order to determine a satisfactory angular spacing of the radial planes, the integrands of Eqs (1)-(3)
were first computed for tan ¢ = 0,04 and plotted in Fig 4 as a function of azimuth distance from the blade
position. This is a typical distribution and illustrates the necessity of having a close spacing in the
vicinity of the point at which the velocities are calculated. The areas under the curves represent the
veloclity components so that for numerical integrationa it appears that locating the radial planes at plus
and ninus 0,75°, 1°, 1.25°, 2°, 5°, 10°, 15°, 20°, 30°, L.°, 90°, and 135°, and at 0° and 130° would be
satisfactory. If Eqs (8) und (9) are used with ¥ = 5°, then the first radial planes would be located at.
#5° for the first turn but would need be located af *° (i,e. *358° and #362°, ete.) for succeeding turns.
When the calculating point is at the end of the helix, the increments given by Eqs (8) and (9) must be
divided by two, The contribution of the first 5° of the helix to the axial velocity at the blade tip as
found from Eq (3) is about 6 per cent of the total., For the same length, Eq (9) ylelds a contribution of
about 9 per cent. The sane comparisons exist for the ultimate wake., At both points, if the core radius is
divided by two, the contribution is increased by about 28 per cent. The location of the calculation points
is given in the next section.

The variation of the nondimensional self-induced velocity components along the tip vortex with
azimuth distance from the blade position is shown in Fig 5. The effects of the lifting line and the axial
vortex are not included at this point. The ultimate wake values were determined by an extrapolation
process in which the turns of the helix were approximated by vortex rings. Note that for the greater part
of each turn of the helix, the radial aad tangential induced velocities are very nearly constant.

2.4 Displacement procedures for the tip vortex

It hes been pointed out previously that the tip vertex of the simplified wake model in Fig 1 is
not force-free but is bound to the specified coordinates., This condition is now relaxed and the tip vortex
1s allowed to displace according to the velocity field given in Fig S. Again for the numerical procedures 5
a satisfactory number and distribution of radial »lanes must be established which will be favorable for the
establishment of an acceptable displacement of the tip vort~x when it is aliowed to move under the action
of the apparent radial and axial induced velocities. An inspection of the velocity variations of Fig §
shows that the radial and tangential induced velocities are very nearly constant for a large part of each
turn of the helix and, for approximately the same intervals, the slope of the axial induced velocity curve
is also nearly constant. Thus, the same spacing of the radial planes that was given in Sec 2.3 should te
satisfactory if the 0° reference plane is lined up with the lifting line. These planes also locate the
calculating points for the procedures of Sec 2.3. Note that these planes are fixed to the system whereas
the planes in Sec 2.3 are cemtered on the calculating point and are moved from point to point along the
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Figure 5, Nondimensional induced veloeity components associated with the tip vortex only and at the
tip vortex locus for the simplified vortex wake model of Figure 1, %Tan ¢, = 0,0k4;

CF = 0.00156; eRv0.01.

g filement as the velocity calculations proceed. For multi-bladed rotors, it iso suggested that the radial

¢ planes be located by dividing the given azimuth les that are greater than 5 by the number of blades and
then eliminating those that are moved within the 5 arc. This distribution should be centered on each
blade to complete the full circle of 2m radians., A similar distribution would determine the spacing of the
planes with respect to the calculaliug points, This will require further investigation however.

The displacement of the tip vortex begins in the ultimate wake where the geometry and velocities
are known and do not change with time (i.e. the tip vortex is force-free). For practical reasons, & limit
must be established and this limit is set at 20 turns of the helix., The velocities will not be precisely

DA o JLHOSE OF 2he ultimate weke but the small errors should be acceptable, Hence, starting 20 turns down the
helix from the rotor and designat this point as point "n", the apparent radial and axial induced
velocities are determined by Eqs (6) using the extended data of Fig 5. Then, moving up the helix towards
the rotor to the next radial plane and the (n-1l) calculation point, the apparent velocity components ere
computed in a like manner. The averages of the components in the two planes are used to locate a new point
of intersection of the helix with the (n-1) radial plane. This procedure implies a moving backward in time
and if the reference coordinate system is attached to point "n" in the ultimate wake, the new location in
the (n-1) plane is given by (Y measured from blade)

o o)
and - ®n Bn-1 o
Znal 2 Cr (Yn—-l - rn) 5

where cl:gn - ‘i'n) is the nondimensional time (negative) required for the blade to rotate through an
i angle eq ’c% the"angle between the two planes, A new intersection point of the tip-vortex helix with
the (n-2) plane is determined in a similar manner. The process is repeated between each of the radial
plenes until the rotor plane is reached. The general expressions for the coordinates of the intersection in

each plane are
n-u (ua +u, )
_ n=m+1 n-m _ 1)
X =1t z 2 cl"Un-m Vn-m+ (10)
n
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vhere 1 £ m » n, When m = n, the rotor plane has been reached and the vortex geometry is referenced to the
rotor plane by subtracting L) which is a negative quantity, from the values obtained from Eq (11). The re-
sults of this first displacement for one case are shown in Figs 6 and 7. The effect of the lifting line

is not included in this step., Its length 1s, however, increased in the radial direction so as to join the
end of the tip vortex in its new location. It is interesting to note that the ratio of the new rotor
radius to the ultimate weke radius is very nearly /2 which is the value predicted by the simple momentum

] theory. Inspection of Fig 7 indicates that the slopes of the axial and radial displacement curves undergo

] appreciable changes only in the immediate vicinity of azimuth angles from the blade position that are

] integer multiples of 2r , It 1s also seen that the wake has essentlally contracted to its final value
after about eight turns of the helix whereas the helix pitch angle is still increasing after ten turns.

Figure 6.

Result of first iteration on tip vortex
geometry. Dashed-li.ie helix is the ini-
tial configuration of constant diameter
and constant helix pitch angle. The solid-
line helix is obtained after the first
displacement based on velocity components
asgociated with the dashed-line helix.
(Single-bladed rotor; ultimate-wake helix
1 — pitch angle = 0,04 rad.)
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The three induced velocity components are computed as before at a number of points along the
first displaced position of the tip vortex. The total values are determined which include the self-
induced effect and the contributions from the extended lifting line and the axjal vortex. The total
apparent velocity components are caleculated in each radial plane and a second displacement of the tip vor-
tex is found according to the procedures described previously., This second displacement 1s also shown in
Fig 7. It is seen that the rotor radius has increased slightly, that the wake has essentially contracted
to its final value after five turns of the helix, and that the helix pitch angle has reached its final
value after four turns.

Since the purpose of this section is to obtain a good approximation to the tip-vortex geometry,
the procedures are terminated at this point. Additional iterations on the geometry will be performed
after an approximate geometry and strength distribution has been obtalned for the vortex sheet that 1s
shed from the blade tralling edge.

3. FIRST APPROXIMATION FOR THE TRAILING-EDGE VORTEX SHEET

In order to proceed with the analysis, it is necessary to introduce the blade geometric character-
istics, The quantities used are those for a model rotor for which measured tip-vortex geometrles are avail-
able. The characteristics of this rotor are described in Sec 5. Also a different value of the ultimate-
wake geometric pitch angle is used so that tan ¢,, = 0,07 which corresponds to a Or = 0,00303 for this
model, Using the procelures of Sec 2, a tip-vortex strength coefficlent 1s determined and an approximation
to the tip-vortex geomrtry is computed., This coefficient remains constant throughout the analysis whereas
further adjustments tc the tip-vortex geometry will be made in Sec 4,

The vortex sheet that 1s shed inboard of the blade radial station at which the bound circulation
is a maximum is replaced by ten vortex filaments. The procedure automaticelly locsces these filaments so
that they are more closely spaced over the radial intervals where the sheet strength 1s greater and vice
versa. The accuracy of the filament geometries is not as critical as for the tip vortex. This assumes
that they remain separate from, and inside the path of, the tip vortex. The effect of these filaments on
the aserodynamic loading is more pronounced oin the blade sections toward the blade root where the dynamic
pressure is low so that the effect on the “otal thrust 1s small, Therefore, the procedures for developing
the geometry of the trailing-edge filaments will be more approximate than that for the tip vortex.

3.1 First approximation of the blade collective pitch angle

The blade bound vortex strength coefficient 1s related to the blade characteristics through the
Kutta-Joukowski theorem and the blade-element theory. Thus

o
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This eguation may be solved for 6 so that
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The induced angle variation in the vicinity of the blade tip is computed by Eq (14) using the induced
velocity components associated with the axial vortex and the tip vortex in its second displaced position
and for a given blade angular velocity. An example of this variation is given in Fig 8 for tan ;15en = 0,07
and shows that the magnitude of the induced angle is a minimum at r/R = 0.89. The blade bound vortex
strength will be a maximum near this same point but its exact location will depend upon the distribution
of the blade twist and chord length, upon the variation in the blade airfoll section characteristics, and
upon the relative velocity, U, In terms of the nondimensional quantities,

2

i = () [(Z0) ] (15)

An initial value of © is obtained from Eq (13) by setting Cl" /Cl.. =1 and substituting the
B

values at r/R_= 0,89 for the other quantities. A somewhat Letter value of 6 1s obtained from Eq (12)
by adjusting 3 siightly and observ its effect on the radial variation of the bound vortex strength

ratio. When this ratio reaches a maximum velue of 1 at some radlal station, then the necessary condition
on the bound vortex strength 1s satisfied, Lacking a suitable model of the tip-vortex shedding mechanism,
it is assumed that the vortex sheet that is shed from the hlade outboard of this radial station immediately
rolls-up to form the tip vortex. In the example of Fig 8, the condition is satisfied at r/R = 0.905 at
which 6 = 7,51°, This value is the first approximation of the blade collective pitch angle, Given the
blade twist distribution, the usual reference pitch angle at the tip, at the 0.75R, or at the blade root
can be easily established.

3.2 Determination of the geometry and strength of the inner filaments

With the first approximation of the collective pitch angle now determined and for the computed
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values of the induced velocity components along the 1ifting line, the ratio of the blede bound vortex
strength to the tip-vortex strength is caelculated by Eq (12). The radial variation of this ratio is also
plotted in Fig 8. The stalions at which this ratio has the values 0.90 and 0.95 are located at r/R = 0.843
and 0,862 respectively. These points remain fixed for the succeeding calculations. A vortex filament of
one-tenth the strength of the tip vortex but negative in sign is shed into the wake at r/R = 0.862. (It is
to be noted that the strength of this filament will be allowed to vary from step to step in the procedure
but its initial shedding point will not. Its strength will always be set equal to the negative of the
difference between the tip vortex strength and the bound vortex strength at r/R = 0,843 which will be
determined anew in each step). The strengths of the lifting line inboard of r/R = 0,862 and the axial
vortex are reduced to 0.9001. and - 0.90(:1.. respectively.

For the first approximation, the filament is constrained to move down the wake along & surface
vwhose local radius 1s proportional to that of the surface described by the motion of the tip vortex. The
constant of proportionality is the nondimensional point of origin of the filament which in this cese is
0.862.

The procedure begins with the calculation of the apparent axial velocity at the blade trailing
edge. This velocity has contributions from the tip vortex, the lifting line with its stepped circulation
distribution, and the axial vortex at its reduced strength (negative with respect to that of the tip vortex),
The axial position in the first radial plane is determined using an expression similar to Eq (11) except
that the summation begins at the rotor plane instead of in the ultimate wake. The corresponding radiel
position is found by multiplying the radius of the tip-vortex surface at the same axdial position by the
proportionality constant. The self-induced effect is not included. The apparent axial velocity 1s then
computed in the first radial plane and 1s used to find the axial coordinate in the second radial plane,
The process 1s repeated until the "ultdmate" wake of the tip vortex is reached, An example 1s given in
Fig 9. The distance between symbols represents 180° of blade rotation, Corresponding points in time for
the tip vortex and the first filament are indicated by the same symbol, The axial distance shown covers
about two-thirds of the total distance that was computed,

The axial and tangential induced velocities that are associated with the tip vortex, the axial
vortex, and the first filament are computed near the tip of the 1ifting line and the induced angle is
determined. In this case, the difference from the distribution of Fig 8 are slight but the variation is
plotted in Fig 10 for illustrative purposes. The location and value of the minimum magnitude of the
induced angle has changed and this determines a new value of 6 from Eq (13). As before, the bound vortex
strength ratio variation is calculated and after several adjustments of 8, the necessary condition is
satisfled as described in Sec 3.1. The resulting variation is also plotted in Fig 10. The bound vortex
strength is now equal to the tip vortex strength at r/R = 0,9 for 6 = 7.50°.. The bound vortex strength
1s computed at r/R = 0,843 and the strength of the first filament is now set equal to the negative of
the difference between the strength of the tip vortex and the bound vortex at this point, The origin of
the first filament remains at r/R = 0.862.
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The locations rc the radial stations at which the bound vortex strength ratios are 0.80 and 0.85
are found to be r/R = 0,818 and 0.829 respectively, A filament is shed from the trailing edge at
r/R = 0.829 whose strength is the negative of the difference in bound vortex strengths at r/R = 0.843 and
0.818. The magnitude of its strength is very nearly one-tenth the strength of the tip vortex and is so
designated in Fig. 10. Again the radial station of origin of this second filament is not changed in the
succeeding iterations although its strength may be changed.

The intersection points of this second filsment with the radial planes are located in the same
manner as described for the first filament. However, the effect of the first filament is included in the
computation of the apparent axial induced velocities that are used to locate these intersection points.

In addition, the bound vortex strength is decreased at r/R = 0,862 by an amount equal to the strength of
the first filament and at r/R = 0.829 by an amount equal to the strength of the second filament. The
strengths of the remaining segment of the lifting line and the axial vortex are now 0.80 and - 0.80,
respectively, of the tip vortex strength., The coordinates in the radial planes of the intersection points
at intervals of 180° of blade rotation are shown in Fig 11, Note again that the geometries of the first
filament and the tip vortex are not changed from those which were determined previously.

The procedures that are described above are repeated step-by-step until the blade root is reached.
At this point, any circulation that remains about the blade i1s assumed to be shed into the wake and the
geometry of the corresponding filament is determined. As a result, the strength of the axial vortex is
reduced to zero.

This completes the determination of the first approximation for the geometry and strength distri-
bution of the trailing-edge vortex sheet. The sheet has been replaced by a number of vortex filaments
whose geometry and strength are found by a process that marches inboard from the blade tip so that a
simultaneous solution for these quantities 1s not required, The procedures automatically maintain the con~
dition that the sum of the filament strengths must equal the strength of the tip vortex., The process is
Justified by the results which confirm the assumption that the effects of the inner filaments on the motions
of the outer filaments are not appreciable. In this regard, computations show that the blade collective
pitch angle remains essentially unchanged after several filaments are shed into the wake and this part of
the procedures may be omitted beyond that point. However, it will be seen that further adjustments to the
pitch angle will occur later in the analysis.

L, TITERATIONS ON VORTEX GEOMETRIES AND STRENGTHS

The wake vortices whose geometries and strengths were computed in Secs 2 and 3 are not force-free.
The procedures for fulfilling this condition are essentially the same as those employed in the previous
analyses that have been developed by other investigators.
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4.1 First iteration on the inner filaments

The procedure begins with the calculation of the apparent axial and radial velocities at selected
points along the position of the first filament that is shed inboard of the blade tip. These velocities
contain contributions from the entire vortex system including the self-induced effect. The initial
geometries and strengths are, of course, those determined in the preceding sections, The first displace-
ments of the intersection points of thls first filament with the radlal planes are computed in the same
manner as that for the tip vortex in Sec 2. After the new geometry is found, the collective pitch angle
is adjusted and a new strength for the first filament is calculated.

The next step is to calculate the apparent axial and radial velocities at selected points along
3 the position of the second filament. The difference here is that the new strength and geometry of the
1 first filament ar: used, In a like manner and after a new filament geometry is found, the collective
] pitch angle is a'justed and new strengths for the first and second filaments are calculated. The bound
: vortex strength outboard of the point at which the filament is shed 1s also adjusted so that the system
conforms to the Helmholtz theorems.

This procedure is repeated for each of the filaments that are shed from the blade trailing edge.

4,2 First iteration on the tip vortex.

The first iteration on the tip-vortex geometry is accomplished in a similar way. The apparent

] axial and radial velocities are computed for selected points along the position of the tip vortex, These

3 include contributions from the tip vortex using the geometry found in Sec 2.4, from the inner filaments
using the strengths and geometry found in Sec 4.1, and from the corresponding blade bound vortex strength
distribution. The procedure for displacing the intersection points of the tip vortex in the radial planes
is the same as described before. After a new geometry 1s found, the collective pitch angle is adjusted
and a new distribution of the blade bound vortex strength ratic is computed by Eq (12). The nondimensional
thrust loading can now be computed from

d C C
T o=yl (B)(X . 16
a(r/R) o\ )<Cr . v) 2

This distribution is numerically integrated to give the thrust coefficient. Since the bound vortex strength
ratio is a stepped function of radius and if the stations where the fllaments are shed are taken as the
calculating points, then the average value of this ratio should be used in the computation.

The calculations have not been carried beyond this point. The results that will be discussed in
Sec 5 differ from the measured geometries in certain aspects which, it is believed, cannot be corrected
by further iterations. It appears that the theoretical model differs from the physical model in certain
important, but unknown, details. One area that is under investigation is the vortex core size and
structure,

4,3 Further iterations on vortex strengths and geometries

Additional iterations can be performed using the procedures just described, The positions of the
inner filaments are changed with adjustments to their strengths and to the collective pltch angle as
required. The radial stations at which these filaments are shed and the tip-vortex strength coefficient
are held constant, Then the tip-vortex position is adjusted with adjustments to the pitch angle following
as necessary. This procedure may be continued until the changes in positions between successive steps
become acceptably small, The rotor thrust and power are then computed using standard blade-element
procedures.

5. COMPARISON OF PRELIMINARY RESUITS WITH EXPERIMENT ;

The procedures that are described in the preceding sections have not yielded an acceptable final
geometry for the wiake vortex system. The results that follow were obtained at the end of the computations
that are descrived in Sec 4.2, No concentrated effort has been put forth to make the computing procedures
more efficient, Each case that is presented has taken about 70 minutes on the CDC 6L0OO computer.

The calculated parameters are compared with the experimental results of Refs 2 and 3. The model
rotor had the following characteristics:

No, of blades . . » 1 Airfoil section . . . NACA 0015

Chord . .« ¢+ 15.24 cm (constant) Radius e s s 0 s e l22m y

Twist . ... .. None Tin gecmetry . o o o Roundsd hell 3
body of

Solidity « .. . . 0.040 revolution

Fig 12 compares the measured and calculated nondimensional radial and axial displacements of the 9
tip vortex for tan o = 0.07. In this figure, the coordinates are referenced to the rotor radius and 3
only cover the range of the experimental observations. The axial positions after one revolution of the

blade compare favorably. In both sets of data, the axlal position of the vortex oscillates about & line

having a constant slope of approximately 0,07. The oscillatlions correspond to the close passage of the

inner filements and appear to be approximately 180° out of phase with each other. This 1s an inconsistency

and will be investigated. For the first turn, the data comparison is not good. Although the axial dis- ,‘
placements are very nearly linear during this interval, their slopes are appreciably different. In
addition, the computed rate of contraction of the tip vortex is considerably less than the measured value.
However, the computed contraction ratio after ten revolutions of the blade agrees very closely with that
measured after three turns. These results are consistent with those published by other investigators and
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seem to support the previous observation that important physical details have not been properly modeled.

Figure 13 shows the comparison of the calculated and measured values of the collective pitch
angle., The calculated points fall within the range defined by experiment. The apparent scatter of the
experimental data can be attributed to scale effects, The 3/h-rad1us Reynolds numbers for these tests were
between 240,000 and 430,000, Two-dimensional data for the NACA airfoil show & decrease in lift-curve
slope of about 104 over this range, For the calculations, a = 5.73 per radian.

Figs 14 - 17 present a comparison between the computed and measured geometric parameters as a func-
tion of thrust coefficient. The measured parameters are from Refs 2 and 3 and represent a good approxima-
tion of the experimentally observed tip-vortex geometry. However, they are to be viewed as average values
since the objective of these tests was to determine a simple representation that would be suitable for per-
formance prediction. As may be seen, the agreement is good for the contraction ratio and the axial dis-
placement parameter in the "ultimate" wake while the agreement is not as good for the rate of contraction
and the axlal displacement parameter for the first turn of the tip-vortex helix.

6. CONCLUDING REMARKS

Theoretical procedures have been presented which permit the determination of the vortex geometry
and strength distribution in the wake of a hovering rotor. The method tegins in the ultimate wake and
proceeds to establish the complete vortex system in - step-by-step process. This system is then allowed to
displace as required until the force-free condition 's fulfilled. The rotor performance is based on this

final configuration,

The computed results compare favorably with experiment in some aspects but not in others. In this
regard, it 1s consistent with the results of other investigators using other methods. It appears that cer-
tain important physical details of the system are not properly modeled.
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Réaumé

Le rotor de 1'hélicoptére a été le premier moyen technique qui ait permis d'accomplir le vol ver—
tical, C'est d'ailleurs encore le plus efficace, L'exposé retracera la démarche historique qui y a conduit. Puis,
nn examinant les diverses limitations auxquelles il s'est heurté en vol stationnaire et en vol de translationm,

i il énumérera les procédés envisagés pour l'améliorer.

P En annexe, sera donné l‘*historique des méthodes de calcul des performances,

INTRODUCTION

1972, voila une belle année ou 1l'hélicoptére se porte bien si nous devons en juger par 1'assistance
nombreuse qui est venue & ce Congrds de Marseille, capitale frangaise de l'hélicoptére. Et, cet optimisme nous
porterait facilement & wne attitude d'auto-satisfaction. Qu'ils sont loin les pionniers qui ont créé petit & petit
1'hélicoptére d'aujourd'hui et que nous mépriserions facilement de n'avoir pas su conatruire les merveilleuses
machines que nous produisons. Et quant & chacun d'entre nous ici, il pense avoir adapté sur ses hélicoptéres tous
les progrés possibles et imagine souvent mal qual progrds nouvesu pourrait y 8tre incorporé,

: Ces deux attitudes sont évidemment inadmissibles, car ce sont nos devanciers qui nous ont permis de
3 parvenir au point actuel et il ne faut pas que nous croyons que le progrés technique de la voilure tournante s'ar-
réte & ce que nous savions en sortant de 1'école ou aux améliorations que nous pouvions prévoir i cette époque.

Pendant que l'avion & voilure fixe connaissait le prodigieux progrds en vitesse et en distance frane
chissable, il restait congénitalement embarrassé de sa vitesse minimale de sustentation pour quitter ou rejoindre
le sol, et 1'intér8t considérable d'emploi que présente un domaine de vol qui inclut 1'ensemble de la surface ter-
restre et non pas seulement quelques pistes bien choisies, pressait les chercheurs de trouver. Mais, le probléme de
vol immobile est autrement plus ardu que celui de la glissade sur l'air et il suffit de remarquer comme une mouette
qui plane paisiblement sur ce port doit s'agiter fébrilement pour s'envoler et se poser, pour mesurer qu'il y a bien
une différence de nature entre les deux problémes.

Mon exposé n'a pas la prétention d'8tre une revue historique complébe du rotor de 1'hélicoptire,
d'abord, parce que certains d'entre vous ici ont & ce sujet beaucoup plus d'expérience ou de connaissance que moi=
méme et que l'histoire compléte du rotor d'héliccptire nécessiterait un livre entier,

Je remercie M, Francis Maillard d'avoir bien voulu pour sa part se charger de dresser un petit histo-
rique (cf annexe) des perfectionnements successifs des méthodes de calcul de parformance du rotor. Il a lui-méme
vécu toute cette période passionnante et parle de tout cela en témoin actif qu'il fut,

Par contre, j'essaierai de rappeler comment les différentes limitations rencontrées dans 1'améliora~
tion des hélicoptdres se sont révélées et ont pu 8tre progressivement éloignées ou supprimées, Et surtout, je vou=
drais insister sur le fait que 1'hélicoptére eat encore une technique en pleine jeunesse; que son évolution techni-
que est loin d'8tre terminée et que les progrés considérables, encore possibles, devraient lui permettre de fournir
4 des utilisateurs de plus en plus nombreux, des services de plus en plus grands,

LE VOL STATIONNAIRE

C'est naturellement par ce point du domaine de vol que nous commencerons puisque c'est bien dans cet
ordre que le probldme a été abordé par les hélicoptéristes (& 1a différence des avionistes qui cherchent depuis dix
ans A ajouter cette possibilité d2 vol vertical & des avions congus pour le vol de croisidre) 1 comment décoller et
se maintenir en vol immobile ?, Une premitre évidence s'impose : puisqu'il faut un déplacement relatif d'une surface
par rapport & l'air pour générer des forces et puisque l'appareil est supposé immobile, il faut que des surfaces por-
portantes ese déplacent par rapport i l'appareil; comme par ailleurs, le seul mouvement que la techrologie sait réali-
ser commodément est le mouvement de rotation uniforme, il faut faire tourne: des ailes ou des pales autour d'un axe,
Nous voici done conduits immédistement a 1'hélice de Léonard de Vinei (qui n'est pas encore une voilure tourmante),
et, au délut d= ce siscle, tous les chercheurs et savants travaillent sur 1'hélice.

Avant de regarder leurs travaux, arrStons-ncus wn instant sur les autres, ceux qui choisissent des
voies différentes. Que de projets avortés d'aérodynes a ailes battantes. &i pourtant, les oiseaux volent ainsi et
parviennt 4 des performances de vitesse importantes, qui, transposées en similitude de Froude aux tonnages des machi-
nes actuelles, (rapport de vitesse = 6 \/Tapport de masse) son* de 1'ordre de 500 km/h. Comment ferez-vous pour
vous déplacer avec votre hélice & axe horizontal ?,.

"’
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Le pari tecimiqus du rotor d'hélicoptére se déplagant dans son plan et soumis A d'atroces dis-
symétries paratt contre nature et détourne de lul de nombreux chercheurs qui veulent tenter du premier coup une
synthdse entre les nécessités du vol stationnaire et du vol de translation, Mais les inventeurs d'ailes battantes
ou tournantes autour d'autres axes que 1l'axe vertical, comme le cyclo=-gyro, échoueront sur ce qui a 4té, est
encore et restera longtemps le probldme numéro un de toutes nos réalisations, la tenus en fatigus, les vibrations
ot 1'adroélasticité.

f La rajson qui a conduit la nature & choisir cette solution quatre fois (%) au eours de 1'évolutim,
reside-t=olle dans des avantages spécifiques ou bien dans 1'impossibilité biologique de faire autrement 7,

On n'a pas encore tranché définitivement la question des avantages spécifiques de 1'aile battants,
mais si Oemichen (**) avait penché pour le oul, Vance A. Tucker (%#+) semble avoir donné une grande probabilité au
nor, or @elysant le bllan Swegdtique 4'vissaua drecode b woler en sowWTlerie, [l fouk done penoer jue lu scludion
de 1'aile battante a passé par la résolution du gigantesque probldme de fatigue posé par le mouvement altermatif et
que o'est dans la structure fibreuse et constamment renouvelée des os et des plumes vivantes qu'elle 1l'a été (il ne
se pose réellement que pour les s olseaux en raison de la croissance des contraintes comme la racine cubique de
la masss en similitude de Froudof.‘o

Revenons alors & cette hélice & axe vertical qui va nous permettre de réaliser un réve si ancien g
nous tenir en 1l'air immobiles ol nous voulons,

La premidre limitation qui apparatt immédiatement est une limitation de performance. Pour enlever le
moteur et sa transmission de mouvement, 1'hélice eile-mSme et son pilote, il faut une poussée supérieure au poids e%
les hélices corniuss ne procurent pus cette poussde, Et 1o wachine de Lévuand de Vinci mécunnalt une premiére loi fun-
damentale qui relie la poussée au diamdtre, Il est inutile comme 1'indiquent ses dessins de prévoir une surface de
1 pale qui fasse deux fois le tour de 1'hélice; ¢a n'est pas en augmentant cette surface de pale que l'on augmentera
¥ ia powsede, mi. bien en ceguentad lo diwbire. Frouwle, Tenard, Deéguet dublizont choowm leuws chiffres de gueliné
de 1'hélice en air immobile; la poussée maximale d'une hélice par unité de puissance installée est liée & la charge
de disque de fagon inéluctable et le maximum que l'on peut en espérer fournit une référence commode de qualité, unj-
formément utilisée aujourd'hui,

F F
M = chiffre de Mérite == § —— <1
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Pour soulever l'hélicoptére, il va donc falloir apprendre & construire des hélices de grand diamdtre,

La liste est longus de ceux qui se lanceront dans des constructions d'appareils grendeur, mais la valeur des efforts
& encaisser, de la force centrifuge, du moment d'encastrement, un devis de masse extrémemsnt précaire, ajouté A des
problimes de stabilité et de pilotage,qui sont en général & cette époque simplement escamotés, ne permettront que
des expériences sans résultats pratiques. Et puis vient le premier miracle de 1'hélicoptdre, le rotor génial de
La Cierva. Conscient de 1l!'insuffisance des moteurs de son époque et de la trop grande complexité du probléme, il
renonce 4 1'hélicoptére & décollage purement vertical et munit ses avions d'une voilure autogire qui tourne en auto=
rotation & la place de la voilure fixe, Les premiers modéles unt encore des pules haubanées pour encaisser ie mument
fléchissant et une aile auxiliaire avec des gouvernes claessiques; mais, les machines marchent mal et roulent en
raison de la dissymétrie aérodynamique., Alors La Cierva invente cette géniale articulation de battement qui. résout
tous les problémes d'un coup et les vols du quatridme appareil, le C4, A la fin de 1922 marqueront la premidre
étape capitsle de l'histoire du rotor.

Structuralement, il n'y e plus de momont fléchissant et la force centrifuge qui ne pdse rien devient
une amie en se chargeant de remplir la fonction de hauban; 1l'appareil ne roule plus puiaque par une conjonction heu=
reuse, la pale se trouve battre autour de son axe avec une fréquence qui est justement égale & la fréquence de rota~
tion et que la phase de ce mouvement de battement s'ajuste d'elle-méme & la phase de la variation de vitesse rela-
tive pour augmenter 1'incidence de la pale qui recule et diminuer celle de la pale qui avance, Et, puisqu'il n'y a 1
plus de moment transmis au mat, on peut le manoeuvrer facilement pour piloter 1'appareil et supprimer einei l'aile |
et ses gouvernes, (|

Le second miracle sera 1'ouvre de Bréguet qui poursuit avec ténacité son projet d'hélicoptére & vol
vraiment vertical. Abandonnant le rotor biplan qui lui avait permis de voler dés 1907, il reprend le rotor de
La Cierva., I1 trouvera le moyen d'articuler les pales suivant leur axe longitudinal pour commander le pas de fagon
cyclique (nouveau hasard heureux, la fréquence naturelle du mouvement est encore sensiblement égale & la fréquence
de rotation du rotor), permettant de dissocier l'orientation du rotor nécessaire au pilotage et l'orientation de son
axe, fixé cette fois-ci rigidement A l'appareil et & son moteur. Le gyroplans Bréguet-lorand surpassera considéra=
blemsnt en 1936 tous les records d'hélicoptire et sera véritablement la premidre configuration comportant tous les
organes de notre hélicoptére d'aujourd'hui.

Les rotors coaxiaux de Bréguet sont ceux qui se rapprochent le plus du schéma de Froude, Ce schéma
bien connu idéalise le rotor sous forme d'un modéle de disque qui agit comme wne pompe volumétrique en faisant subir
& l'air qui le traverse une surpression A p, Fig. 1. Si le nombre de pales est assez grand et si on prévoit deux
wotors wislhis towrmant en sens inverss, 11 est fatile 8o voir que cetts ascimdlation est Ldgitime; L'Squation de

Bernoulli en mouvement non permanent g
e 2 ot -
montre bien que le potentiel créé par la circulation autour des pales I varie de fagon brusque en dessous et en des-

sus du disque et que toutes les molécules d'air qui ont traversé le disqus, méme sans avoir touché les pales, sont
souwnises A ce gain de pression totals, Ce gain est constant si les pales sont & circulation constante et 1'échapraw

ment tourbillonnaire se réduit & wn débit =Ap en extrémité de disque, ce qui correspond, il est facile de le 3
voir, & 1'optimum de ce schiza et donne une vitegse induite constante égale & la moitié de 1la vitesse du souffle & 1
grande distance, §
(#) Les inmectes, les ptérodactyles, les oiseamux et les chiroptéres, ]

1

(#*) Oehmichen. Nos mattres, les oiteaux,
1) The sanergetics of Tind flight amrican Cciemtifdc. May 1745,
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Les seules pertes par rapport & ce schéma sont les pertes de frottement sur les pales et pour les minimiser, il
y a lieu g
« de chercher des profils & grande finesse;
« de choisir une forme en plan hyperbolique et un vrillage également hyperboliquej
+ de choisir une faible vitesse périphériqus pour que l'angle moyen de sillage ne
8'éloigne pas trop de 45° (suivant la théorie classique de 1'hélice

np: 13 'B ) PFig. 3

tg (Behecty /)

Tes rotors de Bréguet s'efforceront de remplir ces conditions A l'exception toutefois de la vites-
se périphériqus qui réagit directement sur le couple nécessaire & l'entrainement ies rotors et donc sur la masse
du réducteur principal.

D'autres dispositions de rotors seront essayées. Quelques mois aprds Bréguet (1938), Focke s'adju-
gera tous les records et traversera l'Allemagne avec un appareil A deux rotors latérmux. Puis Sikorsky trouvera la
disposition monorotor & hélice anticouple qui se généralisera et s'est imposée jusqu'd nos jours & plus de 9 héli-
coptéres sur 10, Bell fera voler le premier hélicoptire A rotors en tandem. Vers 1950, l'apparition de la turbine
4 gaz, beaucoup plus légdre, achdvera de donner & 1'hélicoptire sa physionomie d'aujourdthui, sans oublier le
Fenestron de notre maison en 1970,

Ces diverses configurations qui suivent celles de Bréguet sont aérodynamiquement un peu moins bonnes
puisqu'une partie de 1'énergie est perdus par rotation de la veine d'air, et ceci modifie légbrement l'optimisation
aérodynamique du disque sustentateur, en obligeant A ce que la circulation des pales et la portance s'annulent au
centre du disque, mais compte tenu de la forte vitesse périphérique déjh nécessaire par ailleurs et de 1'impossibi-
1ité pratique de donner aux pales une corde infinie en emplanture, cette perte est faible et de l'ordre de 7% é*).
Quelques pertes (5%) également sont & sitribuer au nombre de pales finies et & la perte induite en bout de pale(**),

Mais en fait, le probladms de 1l'optimisation d'un rotor au point fixe est immoral, en e sens qu'il
faudrait se donner beaucoup de mal pour améliorer de quelque pour cent l'efficacité sucientatrice et réciproquement
il est possible de faire subir & la configuration optimale beaucoup d'outrages sans que l'efficacité descende beau=
coup.

Si on regarde les rotors d'aujourd'hui et qu'on les compare 4 ceux de Bréguet et aux hélices encore
antérieures, on pourra 8tre surpriz de leur trouver peu d'avantages.

Une fois passé le cap du gyroplans de Brégust, qui avait enfin permis de considérer le probliéme de
la poussée en vol stationnaire comme résolu, on a au contraire assisté & wne dégradation progressive des performan~
ces de qualité sustentatrice (chiffre de Mérite) des hélicoptires et de leurs rotors. La configuration avec rotor
de quesue est moins efficace que celle de Bréguet, mais nous savons qu'elle est plus légire & construire; la vitesse
périphérique das pales a eu tendance A augmenter et la surface des pales & diminuer bien au-deld du compromis opti-
mal, d'ou un rendement propre guére meilleur que 0,7, mais c'est pour des impératifs de vol en translation; la forme
en plan est devenue rectangulaire, car c'est la seule qui ait pu 8tre fabriquée cormodément; le vrillage est beau-
coup trop faible parce qu'un vrillage trop élevé fatigue les pales en vol rapidey le profil n'est pas cambré parce
que la cambrure donne des efforts dans les commandes de vol, 8tC.ee o

Tout ceci nous amdéne i ne pas 8tre fiers du chiffre de Mérite des hélicoptires d'aujourd'hui, qui se
situe tout compris entre 0,4 et 0,5,

En terminant ce rapide tour d'horizon des moyens utilisés pour le vol vertical, je dirai simplement
un mot de la configuration de 1l'hélice carénée & laquelle j'ai consacré autrefois personnellement beaucoup d'efforts.
L'hélice libre habituelle remplit deux fonctions simultanées s fournir & i'air qui la traverse 1'énergie nécessaire
pour provoquer le mouvement, et encaisser la force qui en réoulte,

C'est cette double fonction qui entratne que la surface efficace du jet & 1'infini soit rigoursuse-
ment la moitié de celle du disque de l'hélice, N'est-il pas possible en séparant les deux fonctions précédentes, de
les assurer mieux et d'échapper i cette fatalité ?. La réponse est positive : en disposant des surfaces annulairez
autour de 1'hélice, on peut parvenir & guider la veine d'air & sa sortie et & lui imposer, mar un angle de divergenoce
aval important, n'importe quelle surface efficace A l'ec . En fluide parfait incompressible, il n'y a donc pas de
limite supérieure au chiffre de Mérite, mais les limitations viennent d'autre part &

d'abord de la viscosité du fluide qui provoque les décollements de l'air dans la couche limite du diffuseur. Il est
donc nécessaire d'crgandser la rigénération de cette couche limite et 1'énergle ainsi dépenmée falt qus le ehifire
de Mérites comporte ume limite supérieure dépendant de la viscosité du fluide; ensuite, & un moindre degré, le débit
4 travers 1'hélice est limité par la compressibilité, et ceci joue pour les trds fortes charges de disques supérieu-
res A& 1000 ou 2000 kg/m2,

B 1o se gonlecte d'ups sorvis Syllnd: Jo chiflre de Mirite sapportd 4 1'hilise eves la mlme
référence que 1'hélice libre, est limité par la valewr 2 ot de fagon pratique des chiffres de l'oxdre de 1,1 ont
pu 8tre obtenus (V2 x 0,7 & 0,8).

Avec une sortie di nte & 45°, la Société Bertin a obtenu grfce A une stabilisation de soufflage
du diffuseur, wn chiffre de 1,7 (V2 x 1,2) en comptabilisant 1'énergie de soufflage sans pertss de charge (Fig. 4).
Aveo cette mlme sortie, la Sté NORD=-AVIATION a pu obtenir un chiffre proche de 1,4 (Ve x 0,95) en stabilisant 1la
couche limite grfice A m tourbillon pidgé entretenu par la rotation m8me de 1'hélice, c'est-i~dire sans faire appel
A aucune autre source, Mais, faire voler un aviom & hélice carénée est d'un tout autre ordre de difficulté; sensibi-
1ité aux rafales, effet de sol nifaste, violent effet de tangage de la translation, trainée trda élevée des caréna-
ges A grande vitesse. Le rotor libre de 1'hélicoptdre a peu & craindre pour le moment de cette concurrenoce,

(*g Shapiro. Principles of Helicopter Engineering.
(#*) Sissing, B = 0,97
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LE VOL EN TRANSLATION

Nous avons déja dit comment La Cierva d'un coup avait inventé le rotor que nous connaissons au=
Jourd'hui et que 1l'articulation de battement avait résolu génialement, & la fois des problémes de légdreté struo=
turale, de mécanique du rotor et de pilotage,

Bréguet, Focke, Sikoraky et les autres exploitdrent cette merveilleuse idée pour donner naissance
A la forme classique du rotor articulé, qui est encore aujourd'hui ccmpldtement généralisée,

Comment alors vont apparaltre les limitations de vitesse 7, Sur les premidres machines, ce sont
sanifestement des limitations de puissance et ceoi sous la forme la plus simple qui soit, A savoir la tratnée du
fuselage.

En ce qui conceme le rotor lui-méme, la mise en translation d'un disque sustentatsur s'accompagne
en effet d'un effet favorable sur la puiesance nécessaire prise en compte dés 1926 par Glausrt & l'occasion des
calculs d'autogires, et il n'est que de regarder la fig., 5 pour le comprendre,

Alors, en effet qu'en vol atutionnaire la portance est générée par 1l'accélération vers le bas de
1'air qui a traversé le rotor et de lui seul, la mise en translation produit sur la veine tourbillonnaire un en-
roulement un peu analogue & celui de la nappe tourbillonnaire de l'aile, si bien que nous pouvons y distinguer
trois catégories de molécules d'air g

(1) o des molécules qui ont traversé le rotor et subi le saut de pression Ap ;

(2) . des molécules qui passent suffisamment loin du rotor pour échapper compldtement
4 son influence et retrouver & 1l'infini aval les mémes pression et vitesse &
1'amont et qui ne participent donc en rien & l'affairej

(3) « des wolécules qui, sans 8tre passées dans le rotor, s'en sont approchées suffi=-
samment pour 8tre captées per les vitesses induites de l'enroulement tourbil-
lonnaire,

Cette derniére catégorie de molécules augments, tout compte fait, le débit d'air sur lequel s'ap-
puie 1'hélicoptdre et produit donc une baisse de la puissance nécessaire au vol, si bien que 1'hélicoptire qui a
reusei A décoller, a ipso facto suffisamment de puissance pour atteindre des vitesses de 100 & 150 km/h.

Malheureusement, le fuselage d'un type cage & poule, que 1l'on a été contraint de construire, n'a
rien de bien fin et constitue au départ la principale limitation. M8me en 1970, il faut savoir que ces résistancas
passives, comme la t8te du rotor, le moyeu, le moteur, le train, etc... sont encore plus cofiteuses en puissance
disaip?o que ;;ont le reste, y compris la nacelle des passagers, Mais li n'est pas le sujet et nous reviendrons au
rotor (Fig. 6).

La premidre limitation en vitesse du rotor apparalt dans la limitation de portance de la pale recu~
lante, Plus 1'hélicoptére va vite, plus la pale reculante va doucement, et comme grosso modo il faut bien que cette
pale porte sa part de l'appareil, (ne serait-ce que pour 1'équilibre en roulis), voilh que cette limitation de
vitesse minimale que 1'on dénongait sur l'avion & vollure fixe, réapparaissait comme limitation de vitesse maximale
de 1'hélicoptdre, Mals, fort heurcusement, de nombreux fucteurs favorables vont faire que catte limitation, pendent
de longuss années, ne sera pas vraiment critiqus,

D*abord, la pale ne passe en position reculante que pendant un court instant et les décollements se
manifestent dans cees conditions d'une fagon beaucoup plus tardive que dans le cas d'écoulements permanents. Pour
fizer 1os 1ddes, uu prolfil symetrique qud we porte g O = 1,2 &u régloe peruaccal, &Spasse® 2 €u Togiue TIansi=
toire, Bien qu'ignoré ou mal pris en compte, encore récemment, on peut affirmer qus ce phénomdne heursux a repoussé
ipso facto d'au moins 50 km/h les limiteas d'apparition de décrochage et que, conclusion pratique pour les chercheurs
d'aujouwrd'hui, les travaux futurs d'investigation sur de nouveaux profils ou de nouvelles configurations de rotor
ont peu de sens s'ils ne cherchent pas d3s le départ & cerner les phénoménes dans ces conditions transitoires.

Ensuite, le début de décrochage de la pale reculante n'est pas une limite infranchissable; il ne se
traduit pas comme sur la voilure fixe d'une perte de manoeuvrabilité de 1'appareil, mais seulement par des vibra-
tions dans les commandes dues au recul du centre de poussée, ou par des contraintes accrues dans les pales, Par ail=
leurs, par raison de symétrie, la baisse de portance de la pale reculante améne une baisse de portance de la pale
avangante dont 1'extrémité peut méme 8tre déporteuse, et le déficit global est réparti sur les pales en positions
AV et AR, La puissance nécessaire au vol augments bien évidemment, mais ceci reste modéré et admissible jusqu'd un
certain niveau de décollements, Il y a donc la une barridre, absolue bien sfr, mais qui apparaft progressivement.

Que faire pour aller plus vite ?, une fois atteinte la limite de décrochage, il faut impérativement
sugmenter la vitesse périphérique, ceci va naturellement augmenter globalement la puissance perdue par la tralnée
propre des pales, mais laisser le décrochage s'instaurer cofitsrait encore plus cher en puissance et en limitations
diverses, Mais en augmentant cette vitesse périphérique, nous atteignons la limitation de vitesse supérieuve de la
voilure fixe avec 1l'spparition sur la pale avangante, cette fois, des phénombnes de compressibilité (ondes de choc,
bruit, augmentation de tratnée). Si la tendance A partir de 1945 va 8tre d'augmenter la vitesse périphérique, celle-
ol sera presqus stabilisée vers un peu plus de 200 m/s & partir de 1955,

Par rapport au rotor de 1950, le rotor de 1970 a gratté encore quelques points, par exemple 3

. on augnentant la surface des pales, ce qui retarde le décrochage de la pale reculante sans
aggraver les phénoménes de compressibilité, Mais, ceci cofite cher en masse de pales et en
traltnée de profily

. en affinant les profils d'extrémité jusqu'a 6% d'épaisseur relative par exemple, pour per—
mettre de tourner un peu plus vite;

en multipliant le nombre de pales et en mettant des servo-commandes pour réduire la géne
dus aux vibrations;
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mais tout oeol n'ire plus bien loin et nous pouvons conolure que la forme olassique du rotor de 1'hélicoptdre,
que nous connaissons tous aujourd'hui, eat définitivement condamnée & ne pas dépasser des vitesses de l'ordre de
350 km/h, soit wun paramdtre d'avancement de 1'ordre de 0,40,

Et aprés ?, donnerai-je tort & mon introduction et faut=il que les écoliers qui sortent de 1'école,
ou les futurs responsables qui n'y retourneront plus guére, s'imaginent que le progris technique de l'hélicoptére
a atteint son asymptote et qu'ils peuvent dormir tranquilles avec des idées bien en ordrs pour le reste de leurs
Jours 7, J'aurai la cruauté de les détromper et de leur affirmer qu'ils auront encore des efforts i faire pour
assimiler et comprendre les développements considérables qui attendent la technique Je la voilure towrnante. Mais
1A, la variété des possibilités techniques m'interdit de jousr les prophdtes et il va falloir que vous m'écoutiez
redire bien des choses que vous savez déja sur les grandes classes de possibilités techniques qui sont offertes au
rotor et que je reclasserai en trois catégories 1 hélicoptdres purs, hélicoptéres combinés, hélicoptéres comverti-
bles. Malhsureusement, en raison de leur trés grand nombre, je ne pourrai dire que quelques mots sur chaoun.

LE ROTOR D'HELICOFTERE PUR A GRAND PnRAMETRE D*AVANCEMENT

Si la barriére de compressibilité est bien absolue, celle du décrochage l'est moins, J'ai parlé de
Cz = 1,2 tout & 1'heure, alors que les valeurs déjh atteintes sur les ailes d'avion sont deux & trois fois celle-la
ot 1l'action sur le couche limite pur aspiration, soufflage et par d'autres procédés peut élever encore ces valeurs.
Je citerai les projets du NGTE, mais surtout les travaux de nos amis frangais Giravions-Dorand qui ont réussi, en
France vers 1956 et depuis lorw, dans les scuffleries de imes, de Lelles wxpériences avec un rotor & vulet fluide
(Fig. 7). Des finesses remarquables, supérieures & 12 ont été obtenues A des paramdtres d'avancement proches de 0,5
sans vibrations génantes et le rotor expérimenté a montré d'excellentes qualités beaucoup plus loin encore.

Il est malheureux qus 1'entratnement par réaction masque ces avantages par wn rendement de propulsion
tres médiocre, mais ceci n'est peut-8tre pas rédhibitoire, En tous case, des progrds sont certainement encore possi-
bles de cette fagon puisque nous sommes loin encore des possibilités maximales des profils,

LE ROTOR DERSCHMIDT (Fig. 8)

Il faut signaler cette tentative de nos colldgues allemands vers 1960, de donner & la pale un mouve~
weiit &o trainde de grands amplitude de fagon & compenser eu grande partie la dissyultrie fondamentale. Lien slr, ce
mouvement devra 8tre accordé sur la fréqusnce du rotor, ce qui eat possible en excentrant suffisamment 1'articula-
tion de tratnde. De ce fait, la pale séjournera plus longtemps du c8té avangant que reculant, mais comme la force
de portance est propartionnells au carré de la vitesse, il est pussible grfic 4 une amplitude suffisante de compane
ser effectivement A la fois les deux facteurs, En fait, le procédé a achoppé sur les problimes de vibrations et de
tenue & la fatigue qui sont notre pain quotidien d'hélicoptéristes,

LE ROTOR A B C (Fig. 9)

Cette voie fructususe a été imaginée par la maison Sikorsky et fait l'objet de développements trds
Emportats. Vous saver toas que B0N pricips esi, Teveniht en irritre suwr l'articulation Jo La Clerve; 0'accepter
de construire un encastrement compladtement rigide et de neutraliser le moment de roulis généré par la dissymétrie
de vitesse, en associant deux rotors coaxisux towrnant en sens inverse, Les pales peuvent alors s'éviter de modi-
fier leurs incidences et garder celle de la meilleure finesse, Les difficultés pour un hélicoptére pur de cette for
mule sont dens le fait que le rotor rigide peut diificiiement s'incliner par rapport & 8on axe pour essurer la pro-
pulsion de 1'appareil et que méme dans ce cas, la partie des pales reculantes proche du moyeu restera attaquée par
le bord de fuite dans de mauvaises conditions,

En fait, 1'applicatiop du rotor A B C ne se congoit que dans la formule combinée dans laquelle une
propuleion auxiiiaire permet au rotor et & i*appareil de rester parfaitement hvrizontal,

L'HELICOPTERE COMBINE (Fig. 10)

Le premier appareil i voilure tournante de La Cierva était déjd un appareil combiné, c'est-b-dire
qu'il combinait une voilure tournante pour le vol & faible vitesse, & une aile et une propulsion classique pour la
grande vitesse,

Le principe de cette combinaisun est assez naturel pour l'esprit surtout pour ceux qui ont wne lon-
gue tradition d'hélicoptére derriére eux,

Si 1thélicoptére refuse de porter ou de propulser au-dessus d'une certaine vitesse, alors quel'avion
4 voilure fixe refuse au contraire de se sustenter au-dessous d'une autre vitesse, combinons les deux moyens et uti=
lisons-les alternativement dans 1'ume ou l'autre des deux phases de vol,

Malheureusement, cette voie intuitive est trés cofiteuse.

D'abord sur le plan aérodynamique, nous avons déjh dit que vers 350 km/h, une fraction trds impor-
tante de la puissance était dépensée a vaincre les résistances passives et quz parmi celles-ci, le moyeu et la par-
tie centrale des pales étajent responsables de beaucoup. Or, la puissance perdue par wn C xS donné varie comme le
cube de la vitesse, C'est-ia~dire que pour aller plus vite, en gardant le rotor sous la forme ou il a permis de dé=
~oller l'appareil, il est nécessaire d'augmenter énormément la puissance, donc le poids et la eonsommation du moteur,

Par ailleurs, sur le plan structural, ajouter des propulseurs, des transmiesions et une aile, ce n'est
pas gratuit et cela ge traduit par de la charge utile et de la rentabilité en moins,

En conséquence, dans tous les projets d'hélicoptéres combinés que nous avons pu faire ou voir, la
finesse généralisée se dégrade de fagon catastrophique d'une valewr d'environ 4 & 5 pour 1'hélicoptére pur 4 des
valeurs & peine supérieures i 2, L'hélicoptire combiné est donc une manidre chire d'obtenir de la vitesse. Est=ce &
dire que cette voie soit mans intér8t, Absolument pas. D'abord parce que dans certains cas une vitesse élevée peut
8tre absolument nécessaire dans une mission donnée et le client de la machine peut accepter d'en payer le mrix. Et
ensuite, parce que les inconvénients que j'ai signalés plus haut ne seront pas toujours infranchissables,
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Pour diminuer la trainée des rotors d grande vitesse, on t ralentir leur rotation, éventuslle-
ment songer A retracter leurs pales télescopiques (comme Bell 1'a étudié) et finalement arréter compldtement 1
rotor et le replier & l'intérieur du fuselage, Si de telles opérations ne sont pas faoiles, elles ne sont pas non
plus impossibles et en fin de ocompte il e'agit de comparer le résultat final avec ce que 1l'on pourrsit avoir par
d'autres néthodes,

Par exemple, si on veut produire un avion supersoniqus capable de déoollage vertical, on a le choix
entre une solution de ce genre et une solution avec réacteurs de sustentation. Volume, masse, trainée de 1'un et
de 1'autre eystime doivept 8tre mis en comparaison et il serait bien difficile aujourd'hui de parier quelle est
tous comptes faits la solution la plus économique,

HELICOPTERE CONVERTIBLE

L'hélicoptére convertible a été défini par l'organisation qui nous invite ici, comme un hélicoptdre
qui utilise des zotors & aves verticaux pour décoller et les fait pivoter de 90° pour les utiliser comme propulseur
en translation,

Nous retrouvons li une idée extrémement ancienne et qui répond & 1l'objection que devaient se faire
vers 1900 les pionniers qui refusaient l'axe vertical de 1'hélicoptdre, responsable des dissymétries dont j'ai par—
1é, pour ss lancer dans des aventures d'avion A ailes battantes.

I1 suffit en effet de bien observer les oiseaux pour constater que, aprds avoir pris leur envol par
un mouvement d'aile AV - AR, (1'aile attaquant l'air par 1'intredos au cours du mouvement de rotour), ils produisent
ensuite une trajectoire de ce mouvement progressivement inclinée, pour finir & grande vitesse par un mouvement prin-
ciralement de haut en bas, Si bien, que le rotor & axe horizontal, comms moyen de sustentation et de propulsion, ne
date pas d'aujourd’hui.

Le meilleur historique en a été fait par le Pr Focks au cours de la Sime conférence du Msmorial de
La Cierva. Rappelons les projets du Dr Vol Host vers 1940, puis le projet d'Heliconair qui fut développé au Brésil
par le Pr Focke aprds la guerre et mené jusju'aux essais d'un banc grandeur (Fig. 11), pour 8tre repris ensuite par
Curtise-Wright et Hank Borst en 1960 (X~19) et plus récemment par le Dr Siegfried Cunter, Heinkel et VFW, Mais
c'est A notre regretté colldgue Lichten de Bell que revient le mérites d'avoir fait voler en 1958 l'appareil XV3.
kujourdthui, tous csux qui sont icl peuvent dire qu*ils travaillent & dss projets ds oo genre st mul douts qus oet
hélicoptére & rotor convertible marquera un progrés déoisif analogue aux inventions de la Cierva et Bréguet.

Sur le plan techniqus, il bénéficie de tous les avantages de 1'hélicoptire et garde une charge
utile qui est sensiblement voisine, puisqu'il n'y a pas de parties importantes supplémentaires & prévoir, Quant
aux limitations aérodynamiques, la conversion supprime définitivement la limitation de déorochage de la pale recu~
lante et atténue la limitation de compressibilité sur la pale avangante, puisque l'addition de la vitesse de la
pale et de celle du déplacement se fait quadratiquement et non plus arithmétiquement.

b TUtUr eutivertills, Llen gue L'apperence extérisure asser seublatls & wn rotor Clamsijus; on -
fire cependant notablement, D'abord son vrillage est beaucoup plus fort et ceci se comprend facilement, En effet,
c'est au cas de translation qu'il importe d'adapter ce vrillage pour éviter que certaines parties de la pale pro=
pulsent pendant que d'autres tratnent, ce qui détériorerait le rendement de fagon inacceptable. La difficulté est
alors d'éviter que les pleds de pale n'aient en vol stationnaire un calage trop élevé et ne décrochent prématuré-
ment, Mais ceci est faisable et, une fois obtenu conduit & des chiffres de Mérite en vol stationnaire au moins 1,5
fois ceux des hélicoptdres actuels (0,75 contre 0,5) ou mieux.

M. Gilmore de Boeing affirme avec raison que l'hélicoptdre convertible est le véhicule le plus ef-
ficace du monde en vol immobiles.

Quant au comportement en translation, il retrouva malheureusement pour nous toutes les embuches du
rotor classique, A savoir t fatigue, vibration, et aércélssiicité; mais cette fois avec la satisfaction de tra~
vailler pour un gain trés important de vitesse et sans que la résolution de ces probldmes ne soit & priori plus
difficile que sur un hélicoptiére pur,

Au-dela de 750 lm/h,d peu prés, la limite de compressibilité devient absolus et d'autres solutions
devront 8tre imagindes,

L'hélice carénée munie d'une sortie variable (diffusion en vol stationnaire, contraction en vol de
translation) pourrait 1a retrouver une place de choix jusqu'a la barridre du vol supersonique qui devra évidem-
ment faire appel A d'autres techniques.

CONCLUSION

La voilure tournante qui nous permet aujourdthui de construire et d'utiliser des appareils, capa-
ble d'une mobilaté inconnue autrefois, est le fruit des travaux acharnmés de tous nos devanciers et cet exposé
n'aura pu en donner qutun rcflet bien fugitif, Mais, elle a encore devant elle des possibilités de développement
considérable, notamment sous forme convertible. Nous savons que ces progrds seront une oeuvre collective A laquel-
le chacun d'entre nous peut apporter ume contribution,

Je souhaiterais que dans le cadre de cette organisation qui nous accueille aujourd'hui nous puis=—
sions provoquer les discussions fructususes et, personnellemsnt, en vous remerciamt de m'avoir écouté pendant
quelques instants, je suis prét A répondre & vos questians.
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HISTORIQUE DES METHODES DE CALCUL IE PERFORMANCE DES HELICOPTERES

par
Jo SOULEZ-LARIVIERE et F, MAILLARD

Du fait de 1'extréme variabilité, dans le tempe et dans 1l'espace, des conditions de fonctionne-
ment d'une surface élémentaire de pale d*un rotor, on rencontre sur celui-ci et & chaque instant & peu prée tous
les aspects possibles de 1l'aérodynamique,

Les vitesses peuvent 8tre nulles, négatives ou positives jusqu'a atteindre Mach 1, les incidences
taibles dans une partie de la pale atteignent +90°; dans d'autres, les angles de dérapage peuvent aussi atteine
dre 90°, Toutes ges valeurs sont simultanément instationnaires,

Chaque pale est théoriquement interactionnée par une infinité de sillages variables provenant des
pales précédentes, ainsi que par les parties passives comme un fuselage ou le sol, activés comme une aile auxi-
liaire, ou dynamiques comme un systime anticouple ou un jet propulsif,

Le probléme du calcul de performances d'un hélicoptére est donc nécessairement trés complexe, Il
est donc normal qu'il n'ait pu 8tre abordé d'entrée dans toute sa généralité et que les méthodes employées aient
historiquement évolué dans le sens d'une sophistication de plus en plus poussée,

Negligeant les travaux fondamentuux communs & toutes les applications aérodynamiques, on constate
que c'est & 1'occasion de 1'autogire que furent développées les premidrea méthodes valables,

C'est Glausrt qui en 1926 (RM 1111) base sa méthode sur la constatatiom qu'en vol vertical wn roter
se comporte comme le prévoit la théorie de Froude, et qu'en vol horizontal le flux moyen induit est le méme que
celui d'une aile ayant méme sustentation que le rotor et dont l'envergure serait le diamétre du rotor.

Négligeant les variations locales de ce flux, il calcule alors la distribution d'incidence néces-
saire & 1'équilibre du rotorj puis, présumant que le terme passif Cxp du coefficient de trainée de profil peut
8tre considéré comme constant ou 8tre moyenné, il établit une méthode de calcul applicable aussi bien a 1'héli~
coptére qu'a l'autogire et permettant de calculer la puissance absorbée, dans 1l'hypothése ou les angles d'inci=
dence et de dérapage restent partout faibles, et les vitesses radiales peuvent 8tre négligées.,

Des le départ, cette méthode a permis, dans le cas des autogires lents et peu chargés, des prévie
sions satisfaisantes,

Cette méthode fut bient®t complétée par Goldstein, puis Lock (RM 1127) introduisit dans lo calcul
le premier harmonique de battement et Wheatley (NACA TR 487) le cercle d'inversion et le vrillage.

Ces méthodes purent s'appliquer & la fin des années 30 et dans 1'immédiat aprés guerre & 1'héli-
coptere vrai qui faisait son apparition. Les auteurs, pour la plupart se contentérent d'introduire des facteurs
correctifs plus ou moins empiriques, ou de tenir ccipte de phénoménes précédemment présumés négligeables,

Ainsi furent introduits le rayon utile BR et une non-uniformité de la vitesse induite pour le cal=
cul du flux (Sissingh) et l'écoulement radial fut pris en considération. Bayley (NACA TR 716) fait varier Cxp
avec l'incidence locale. Wheatley, Glauert et Lichten introduisent des formes en plan non rectangulaires et le
couplage pas-battement, Meyer le déport de l'axe de battement, Kissilovsky les profils évolutifs; Nicholsky,
Mangler et Miller améliorent la définition du flux induit local; Jenkins tient compte des oscillations de trainée;
Gessow (NACA TN 3366) suppose un Cz plafonné aux grands angles et prend en compte un pied de pale non aérodynami-
que; Zbrozek étudie l'effet de sol et Gabel l'influence des déformations élastiques des pales., Paralldlement au
développement de ¢e qui peut 8tre considéré alors comme une méthode classique, des france-tireurs appliquent des
méthodes originales,

A 1'occasion du Gyroplane Bréguet, vers 1935, Devillers et Dorand créent une méthode basée sur la
considération d'un nombre fini d'azimuts représentatifs des positions successives de pales, azimuts yui peuvent
8tre étudiés de fagon approfondie, Cette méthode préfigure celle qui sera développée dans les années 60 chez
Sikoraky pour étudier, en méme temps que les performances, les mouvements d'une pale articulée et flexible.

En 1945 Klemin présente (Aero Digest) d'une fagon trés claire, une méthode beaucoup plus empirique
mais trés souple, qui est celle du bilan, Quoique la mort de Klemin ait interrompu la publication de cette méthode
avant qu'elle ne soit mise au point, elle a rencontré un grand succés tint & couse de sa simplicité que de la
facilité avec laquelle on y introduit 1'influence de phénoménes parasites de toute nature et des résultats tres
suffisants qu'elle pernet d'obtenir dans la plupart des cas,

Dans les années 50, l'amélioration des performances, l'introduction de charges de disque et de pale
élevées, 1'adoption de hautes vitesses de rotation, et de puissrnces élevées, grice en particulier aux turbines,
révelent que les méthodes de calcul deviennent insuffisantes a prévoir les performances dans les cas ertrfmes,

Les phénomenes de compressibilité et de décrochage, en régime instationnaire, sont la cause de
cette insuffisance,

Tanner (NASA CR 114) tient compte des thincmimec le comprwceibilisd =ais se limite a queslques cas
particuliers de forme de rotoar.

Tarzanin, cher toeing-Tertol, e: Earr.s (J. of & siezmen: cm:2e 2y carsctere iymasivue du
décrochage et des intémmctions 1'un &cculezs=nt rydial Tee o dic—cram,
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En France, Hirsch tente une synthése en vue de tenir compte avec une meilleure précision que
celle atteinte jusqu'ici, de l'ensemble des phénomenes,

Malgré l'ampleur des travaux effectués, il reste beaucoup & faire pour obtenir une méthode en-
tidrement satisfaisante,

Certains phénomenes sont en pratique tout a fait négligés par les calculs actuels, par exemple 3

- Mise en rotation par le couple moteur de la veine d'air traversant ls rotor
(effet facilement calculable, mais générulement modéré).

- Supplément de trainée induite sur chaque pale, d & un effet d'allongement de la pale
(cet effet dont l'importance fut exagérée par les auteurs jusqu'aux années 30, est au
contraire & tort tout 4 fait négligé aujourd'hui).

- Centrifugation de la couche limite, travail de pompage correspondant, et int<ractions
diverses lides a cette centrifugation,

- Intéractions rotor-fuselage (mais on tient compte, conformément & la théorie du biplen,
des intéractions rotor-aile).

D'autres phénomenes sont traités de fagon insuffisante @
- Variation du nombre de Reymolds le long de 1'envergure'et en fonction de 1'azimut.

~ Tous les phénomenes liés & llinstationnarité (en incidence, en vitesee, en pompage et
en dérapage) et aux intéractions de ces instationnarités,

C'est 14 un ensemble de phénoménes insuffisamment connus et qui exigera beaucoup d'études é16-
mentaires préalables,

-~ Influence des sillages des pales sur les pales suivantes et spécialement des tourbillons
marginaux (tant d'extrémités que d'emplanture), mais ausei des nappes tourbillonnaires
produites rr les variations de circulation et des nappes ralenties dues aux trainées

passives,
= Profil dynamique différent du profil géométrique (1ié & 1'instationnarité).

~ Bordure du cercle d'inversion, ou des incidences de +90° sont rencontrées avec des vitesses
non négligeables lorsque le disque a ne forte incidence (vol & trés haute vitesse, rotor
délesté ou en cours de conversion).

I1 peut sembler étonnant que tant de phénoménes importants étant plus ou moins inconnus ou négli-
gés, les prévisions de performances se révélent cependant & peu prés satisfaisantes dans les cas normaux, Cela
tient & deux choses 3

« D'une part, ces phénomdnes sont souvent d'une nature telle que leur influence est faible swr

le bilan de puissance, Ainsi le tourbillon marginal démie par une pale et rencontrant la suivante, produit des
effets du mlme ordre mais de signes contraires dans sa partie extérieure et sa partie intérieure, L'effet global

sur la puissance ost donc trés faible, bien que la distribution des poussées et trainées cuit gravement perturbée,

. D'autre part, ces phénoménes ne prennent toute leur importance que dans des cas extifmes
par exemple : charge de pale tres élevée en ressource, Dans ce cas, il ne s'agit pas d'un cas de vol permanent
et on ne demande généralement pas au calcul une grande précisiom,

Cependant il peut s'agir de cas qui peuvent définir une possibilité extr8me trés importante 3
par exemple survitesse possible en piqué, décélération en ressource ou quick stop, virage & grande vitesse et &
ce point de vue il sera nécessaire de disposer de méthodes de prévisions correctes. En outre, seules de telles
méthodes peuvent 8tre utilisées s8i on veut s'en servir pour prévoir les efforts dans les pales, particulidrement
dans les cas extrémes qui sont nécessairement les plus utiles a connattre,

I1 importe aussi de disposer de méthodes suffisamment exactes pour permettre de prévoir, non seu=
lement lee performances globales de la machine, mais aussi les variations que pourra provoquer telle ou telle
modification constructive, variations qui devront pouvoir s'exprimer, soit en puissance absorbée dans un cas de
vol donné, soit en recul des iimitations pour ume méme puissance,
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Reflexions Faisant Suite a I'Exposé de I'Article §
par
R.Hirsch
Aerospatiale
Etablissement de Chatillon

L'exposé trés exhaustif ct de grande clarté que M. Soulez-Lariviere a présenté se suffit 4 lui-méme: il est en
soi assez complet pour qu’il n’apparaisse réellement pas utile d'en commenter les différents paragraphes, ce qui

reviendrait 4 les paraphraser.

Je me bornerai donc 4 émettre quelques remarques complémentaires sur deux chapitres que me tiennent a
coeur:

— La prévision théorique du fonctionnement des rotors d’hélicoptéres;

— La conception des rotors de *Convertibles™ et les possibilités qui en découlent.

En ce qui concerne la lére question, nous en sommes & modéliser, assez complétement le fonctionnement des
profils de pales 4 condition que ne se manifestent pas les combinaisons d’effets soniques et d’effets d’écoulements

transverses en décrochage.

Sont actuellement pris en compte:

— Les effets d’induction d'un systéme tourbillonaire en réseau de nappes hélicoides aplaites et déformées pour
que figurent la contraction et la distortion du pas.

~ Les effets instationnaires touchant le développement de la circulation et celui des champs de pression.

— Les effets de compressibilité infrasonique, y compris 'influence des délais de transmission de signaux
d’induction.

— Les effets d’intéractions tridimensionnelles entre profils.

— Les etfets de non linéarité des lois de coefficients de portance des profils 4 I’égard de I'incidence variant de
—180 2 +180° dans le cercle d’inversion.

— Les effets de non linéarité dus aux battements vertical et horizontal et en chaque station azimutale aux
déformations de flexion et de torsion de pales.

L’influence de chaque effet peut étre ainsi pesée.

Les quelques diagrammes ci-joints permettent la comparaison entre assais 4 Modane et calculs — Leur concor-
dance n’est bien sir pas absolue, mais 'on peut considérer-qu’il est possible d’effectuer des prévisions convenables
concernant les résultats 4 attendre de modifizations de forine ou de structure de rotors en projets — sur l'ensemble

(aérodynamique et mécanique) de leur - .p. “tement.

On pourrait méme maintenant - rder s..r un plan rationnel analogue 4 celui mis en oeuvre pour les hélices,
les problémes d’optimisation des p..cormances d’un rotor et essayer d’en déduire la forme de pale optimum 4

construire.
Ceci nous conduit 4 la deuxiéme question: la conception des rotors de convertibles.

Les phases fondomentales de fonctionnement de ceux-ci sont: le soulévement — le vol d vitesse élevée toutes
deux en configuration “axiale’.

Nous savons depuis longtemps déterminer la forme de pale (forme en plan, vrillage, nature des profils) qui
satisfaisant 4 certain conditions de compatibilité, permet d’obtenir une performance simultanément optimum en
deux régimes de fonctionnement distincts. De norabreuses vérifications et applications ont permis d’affirmer cette
technique. Ces méthodes d’optimisation ont été appliquées au problémes des convertibles et I'on a constaté la
possibilité, grice 4 elles, d’obtenir, avec la méine pale, des performances satisfaisantes ¢n soulévement (chiffre de
mérite de 0,74 par exemple pour D = 5,20 m et 830 Kw) et i vitesse élevée effets de compressibilité inclus d
18 000 ft: rendement 5 = 0,77 4 Mach 0,67, sous 630 Kw. Ceci s'obtient avec des charges au disque nettement
supérieures 4 celles dont on use sur hélicoptéres, mais encore faibles vis-d-vis de celles habituelles aux hélices.

11 en résulte évidement que la poussée dé soulévement par unité de puissance cst plus faible que celle obtenue
sur hélicoptéres: mais, compte tenu des besoins en puissance d'un tel appareil pour qu’il fonctionne aux vitesses de
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4
f croisire de 400 Kts, il n’y a pas ld un handicap véritable. Les diagrammes et la photo ci-joints indiquent les résul-
¥ tats de mesure obtenus sur une maquette de rotor de 90 cm de diamétre,

La forme des pales issues de la double optimisation trés élargies 4 leur embase, peut soulever des difficultés de
réalisation. Il y a moyen de tourner la difficulté par aménagement d'un volet de courbure d’embase de pale tel que
nous avions pu le proposer dés 1948 dans notre publication de 'époque®. C'est Id une forme assez atténuée de la
double pale Hamilton qui doit conduire 4 une réalisation relativement aisée.

De telles pales, beaucoup plus *“‘consistantes™ que celles des rotors de convertibles 4 faible charge au disque
souléveront des problémes de tenue mécanique, ¢n vibrations notamment, certainement plus faciles a traiter pourvu
qu’on s’attache d créer pour elles une technologie adaptée.

Ainsi donc, je suis pour ma part persuadé qu 'on a un intérét évident sur tous les plans, a viser haut dans la
performance 4 obtenir des convertibles - et a cesser de se contenter d'en attendre un prolongement modeste du
domaine des combinés.

3 En bref, et c’est semple-t-il la conclusion 4 retenir, il sera possible, avec des convertibles de la famille évoquée
: ici, de disposer d'appareils ayant les performances de vitesse d'utilisation exigées pour les STOL actuellement en
projet, tout en bénéficiant des avantages du décolluge vertical,

Je suis heureux que 'occasion m’ait été offerte de souligner ces remarques devant vous.

SYMBOLES

(Unités MKSA)

n régime de rotation en tours/sec.
p masse volumique de l'air
D diamétre disque rotor
S surface
U vitesse périphérique
v vitesse de translaticn
T traction
W puissance absorbée ]
Q couple
Rz portance globale référée i la vitesse d’entrainement J"‘
Rx trainée globale référée 4 la vitesse d’entrainement
Rzl charge aérodynamique locale d'un profil de pale :‘!
\Y; i
A paramétre d’avancement T $
Vi azimut de la pale 3
B
. . I3 w 1
x = Cp coefficient de puissance A
pn°D? :
. . w 3
Cr coefficient de traction p 3
pn*D

¢ RHirsch: Hélices optima simples et coaniales. PST.225 - T.UI — 1948,
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Rz
C coefficient de portance
E 2 pl2SU?
c fficient de trainé AL
coefficient de trainée
X pl2 S U?
C coefficient de couple —Q—
mnq ' p/4SU*D -
! ap _ , . ! :
1 —';— dx = Py charge aérodynamique locale relative des profils de pale Rz,/p,
0 0
a® élongation de la fondamentale de battement
Po pression statique ambiante

sidein ndd

i 8 i S

e -l i




Position des resultantes aerodynamiques

n° 812 A=0,3 n® 873 A=045

Essai(corrige de leffet de moyeu)

Calcul

n® 858 A=0,3 n° 901 A=0,60
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Rotor quadripale 3 double adaptation @ =0,90m

Essais au point fixe a Chalais —Meudon

E Coefficient de puissance Cp= W
| Cp pr°D’
A Chiffre de merite Fm = 0,798 %T
P
8 = Calagea O,7R
el e N |1 R J[ .
| e
+ Point de calcul grandeur @ 4m s X=0124 ! FmA
| |
‘e 7 " " maquette @ 09m a X=0138 |
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Schema .4 principe dun volet
sur  Rotor Modane2,60m

— — — Pale origine

Pale avec volet

échelle ,010m
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COMPORTEMENT D'UN ROTOR AU-DELA DU DOMAINE DE VOL USUEL A LA GRANDE SOUFFLERIE DE MODANE b |

b par 4

Michel Lecarme
Ingénieur de recherche i 1'AEROSPATIALE
Division Hélicoptéres 3
13221 Marseilie Cedex | 3
France E

RESUME

Un rotor expérimencal de 4,150 métres de diamdtre a fait 1'objet de plusieurs campagnes d'essais
2 la Grande Soufflerie de 1'ONERA 3 Modane. La raideur des pales et la puissance des movens expérimentaux
de la Soufflerie nous ont permis d'effectuer de nombreuses mesures et visualisations dans des
configurations sévéres et & des vitesses périphériques élevées.

Au cours de l'exploration des domaines d'essais de nos divers jeux de pales, nous sommes allés
jusqu'au paramidtre d'avancement 0,87 ; le décrochage de la pale reculante a été étudié pour de nombreuses
valeurs des paramétres d'affichage : vitesse du vent, vitesse périphérique, inclinaison de 1'arbre et pas

T I e

E général ; le moyeu actuel ne comporte pas de commande cyclique du pas.
Les limites d'utilisation d'un rotnr conventionnel en paramétre d'avancement ont été E
précisées ; le développement du décrochage de la pale reculante est influencé par le cercle d'inversion b

et les interactions tourbillonnaires ; ce décrochage produit des perturbations d'autant plus importantes
b que le paramétre d'avancement est plus faible.

SUMMARY

Several series of tests have been performed on a 4.150 meter diameter experimental rotor in the
ONERA large wind tunnel at Modanc. The blades stiffness and available power of test equipment in this
wind tunnel made a number of measurements and visualisations possible in somme severe configurations and
at high tip speeds.

During the exploration of the test envelopes for our various sets of blades, a tip speed ratio
of .87 was reached ; the retreating blade stall was studied at several values of pre-set parameters, such
as : wind speed, rotor tip speed, rotor shaft tilt, and collective pitch. The present rotor head is not
provided with cyeclic pitch countrol.

Operating limits for a corventional rotor were determined in terms of tip speed ratio ;
development of retreating blade stall is affected by the reverse flow area and vortex inter-actions ;
this stall produces disturbances which increase as the tip speed ratio decreases.

NOTATIONS

Rayon du rotor (métres)

Distance de 1'axe du rotor d'un point de la pale (métres)

Distance relative = r/R

Corde d'une pale (métre)

Plénitude du rotor -« 3 C/wR (rotor tripale)

Vitesse du vent (métres/seconde)

Vitesse locale (métres/seconde)

Vitesse angulaire du rotor (radians/seconde)

Vitesse périphérique = @ R (métres/seconde)

Paramétre d'avancement = V/U

Inclinaison de 1'arbre moteur par rapport 3 la verticale (degrés) positive vers 1'aval
Incidence du rotor = inclinaison du plan décrit par les extrémités des pales par rapport &
un plan horizontal (degrés), positive en cabré ; cet angle est défini dans 1'approximation
du premier harmonique de l'angle de battement

Augle d'attaque oblique (degrés), positif vers l'extérieur

Angle d'azimut de la pale (degrés), origine en position extréme aval ; le sens de rotation
est le sens horloge vu de dessus

Angle de battement d'une pale (degrés) positif vers le haut

p = ap - a) cosy -~ by siny - ap cosyy - b2 sin2y etc...

Basculement 1ong1tudma1 du rotor (degrés) Op =0q + a)

Pas d'une pale 3 R = 0,75 degrés

Nombre de Mach local

Nombre de Mach en extrémité de rale avangante

Masse volumique de 1'air (Kilog/métre cube)

Surface balayée par le rotor (métres2) =wR2

Traction ou trainée du rotor (Newtons), positive en tralnée, dans le triédre vent
Portance du rotor (Newtons) dans le trié&dre vent

Abréviation pour 100 fx/g = 100 X/1/2p S U2

Abréviation pour 100 fz/o = 100 z/1/9p S U2

N.B. Notations de certains auteurs américains :

CXR/® = - X/200 CLR/¢ = Z/200

Pregsion statique dans la veine (Pascals)

Pression statique locale (Pascals)

Pression différentielle locale = p intrados - p extrados au meme pourcentage de corde
(Pascals)
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Charge aérodynamique locale sans dxmensxon. intégration le long de la corde
Rapport des chaleurs spécifiques de 1'air (1,40)

CN Coefficient de portance normale locale = 2 Pra/xM2 = 1,43 Pm/M2
Pression cinétique (Pascals) = 1/2 'v2

Ap/q CN Coefficient de pression différentielle = —32 o
0

Q Pression cinétique maximale (Pascals), en extrémit& de pale avangante
My Moment de battement en une section de la pale (métres x Newtons)

Mp Coefficient sans dimension de moment de battement = Mp/pw 2 CR4

MS Moment de trainée en une section de la pale (métres x Newtons)

Ml Coefficient sans dimension de moment de trainée = Hl/f«oz CR4

MB Moment de torsion en une section de la pale (métres x Newtons)

Me Coefficient sans dimension de moment de torsion = M@/¢ w!? c2R3

Op/po Pression différentielle relative ]
P Po [ 22 &
P
(3

N.B. Les caractéristiques de per”ormances du rotor sont données moyeu exclus. Les coefficients
de moments sonc relatifs aux amplitudes .demi créte-a-créte), soit globales soit par harmonique.

1. INTRODUCTION

En 1970 et 1971, nous avons étudié 3 la Grande Soufflerie de Modane S1 MA un rotor expérimental
dans un domaine d'essai maximal, s'&tendant aussi loin que nous le permettaient les limitations
technologiques et vibratoires.

Nous avons effectué un grand nombre de mesures et de visualisations d'écoulement dans des
configurations qui se situent au-dell de celles des vols actuels, notamment avec décrochage de la pale
reculante et 3 des paramétres d'avanceizent trés élevés, tout en ayant des vitesses périphériques
réalistes.

Le domaine d'essai exploré s'étend du stationnaire jusqu'au paramétre d'avancement 0,87 ; nos
moyens d'investigations consistérent en pesées globaies du rotor, mesures des contraintes des pales,
mesures de pressions locales sur les pales, visualisations par fumée ou par fils de laine. Quelques
configurations ont fait l'objet de mesures acoustiques,

2. MOYENS D'ESSAIS

Les moyens d'essais ont &té& décrits dans notre communication au 7&me Congrés de 1'ICAS, & ROME,
en 1970, reproduite dans la revue '1'Aéronautique et 1'Astronautique™ n° 25 de 1971.

Nous rappellerons que l'installation de la Grande Soufflerie de Modane est surpuissante, nous ne
sommes limités ni par la vitesse du vent ni par la puissance disponible au rotor. L'inclinaison de
1'arbre peut aller de - 95° & + 25° ; en particulier les essais en fonctionnement hélice sont possibles
et le cas du stationnaire hors effet de sol peut &tre &tudié avec une procédure ONERA permettant
d'éliminer 1'influence de la vitesse induite dans la veine par le rotor.

La veine d'expérience a un diamétre de 8 métres et une longueur de 14 métres.

Une balance 3 six composantes et un couplemdtre situés sous le moyeu donnent les caractéristiques
de performances du rotor. Un collecteur tournant de 111 pistes transmet 3 la chaine de mesure les
informations en provenance des pales : jauges de contrainte, angles de battement et de trainée, capteurs
de pressions. La conduite des essais fait 1'objet de précautions particulidres : en dehors des
surveillances de routine, 25 informations sont examinées en permanence par deux spécialistes et certaines
d'entre elles sont enregistrées durant toutes les rotations.

3. CARACTERISTIQUES DES ROTORS

Les rotors essayés 3 ce jour sont des rotors tripales complétement articulés, de 4,150 métres de
diamdtre ; le vrillage des pales est de quatre degrés par métre, soit approximativement 8 degrés du centre
rotor & 1'extrémité des pales.

Le rotor | comporte plusieurs jeux de pales ne différant que par leure équipements et leurs
masses ; la corde est constante : 0,210 métre et la plénitude est &gale 3 0,09664 ; le profil est le
NACA 0012, symétrique.

Le rotor 2 comporte des pales 3 profil NACA 0012 muni d'une extension cambrée du bord d'attaque,
la corde passant 3 0,21525 métre.

Nous n'avons pas cherché 4 réaliser un rotor semblable & un rotor réel ; nos pales sont denses
(nombre de Lock faible) mais les fréquences propres relatives sont analogues 3 celles des pales &ellus
plastiques, de sorte que nous avons des comportements vibratoires réalistes mais de faibles amplitudes,
circonstance heureuse qui nous permet de tester des configurations trés sévéres inabordables par un rotor
dynsmiquement semblable & un rotor réel classique.

Le moyeu actuel ne comporte pas de commande cyclique du pas ; la variation d'incidence du rotor
est obtenue par 1l'inclinaison de l'arbre ; pour simplifier le langage nous appellerons ce type de rotor :
"rotor a basculement libre". Dans ces conditions il y a quatre paramdtres d'affichage : la vitesse du
vent, le régime du rotor, le pas général et 1'inclinaison de 1'arbre.

La commende cyclique du pas sera introduite en 1973.

4. LES GRANDS PARAMETRES D'AVANCEMENT

L'objectif des essais de 1970 était 1'étude d'un rotor de vitesse périphérique usuelle :
200 métres/seconde ; lorsqu'on augmente le paramdtre d'avancement, les troubles transsoniques apparaissent :
dégradation des performances et accroissement des vibrations ; dans ces conditions nous n'avons pas pu
dépasser le paramdtre d'avancement 0,60 ; quelques essais complémentaires 3 régime variable nous ont
appris que 1'influence de la compressibilité se faisait sentir 2 partir d'un nombre de Mach en extrémité
de pale avangante 0,85 ; pour &tudier en 1971 les grands paramétres d'avancement, nous avons donc diminué
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6.3

le régime rotor de manidre 2 rester en-dessous du seuil de compressibilité, tout en nous maintenant
au-dessus de la limitarion technologique inférieure (685 tours/minute, soit une vitesse périphérique
149 métres/seconde). Nc't= .oum's alors parvenus avec le rotor | aA = 0,87 et U = 152 m/s, et avec le
rotor 2 3\ = 0,84 et U = 156,5 ~/s,

4.1, Réduction du domaine d'essais

Le domaine d'essais diminue régulidrement quand le paramétre d'avancement augmente. La
figure | montre dans le diagramme portance/pas la grande différence des domaines réalisés avec
le rotor 1 pour A = 0,30 et A= 0,87 ; aux petits pas nous sommes limités par les couples
régatifs, un peu au-deld des autorotations, pour des raisons technologiques propres au Banr ;
aux pas plus élevés, & A= 0,30, nous sommes limités par les vibrations des pales en trainée ;
quand A augmente, une nouvelle limitation apparait : les butées de battement, car le
basculement longitudinal croit avec A ; d'autre part les vibrations augmentent et contribuent
4 la réduction du domaine expérimental.

Cette importante réduction du domaine est propre aux rotors 3 basculement libre ; il est
probable qu'elle serait moins spectaculaire avec un rotor i basculement contirdlé par la

: commande cyclique de pas.

4.2. Pilotage du rotor

R~

L'impression dominante de 1'expérimentateur est la difficulté du pilotage du rotor aux

b grands paramétres d'avancement (au-deld de 0,60) ; indépendamment de 1'ambiance vibratoire, qui

sera examinée plus loin, cette difficulté provient de la susceptibilité du rotor au pas

général (la dérivée & Z/ 38) et de 1'espacement des montées en pas 4 1'inclinaison o constante

(la dérivée 38/ d&Q), illustrée par la figure 2. Les changements d'inclinaisons & Q doivent

étre entrepris avec précaution, avec manoeuvres alternées du pas, et A petits intervalles.
Quant 3 la susceptibilité au pas, nous pensons qu'un rotor 3 basculement libre deviendra

: impilotable vers un paramétre d'avancement égal 3 1, car d 2/ 30 sera infini 3 & q constant.

{ Il est 3 noter que nos rotors étaient pavfaitement stables dans tous les domaines 3 grands

A, méme en autorotation.

4.3, Performances
L'étude des performances de nos rotors aux grands J\ conduit i envisager deux domaines :
a) Les incidences rotoriques o p négatives
I1 devient de plus en plus difficile d'incliner le rotor vers 1'amont (incidence ap

négative), comme le montre la figure 3, 3 cause de la grande importance du basculement
longitudincl (dérivie daj/daq).

La résultante des forces aérodynamiques, 3 peu prés normale au disque aux faibles A,

9 s'incline vers 1'arriére, de sorte que méme si 1'on réussit & obtenir une incidence

1 négative, on ne peut pas obtenir de traction valable : figure 4 ; a A= 0,60 le rotor

b n'est méme pas capable de tirer son moyeu (dont le coefficient de trainée croit comme
A2).

b) Les incidences rotoriques &p positives

Le basculement longitudinal a peu d'importance dans ces cas-13 ; lorsqu'on représente,
selon l'usage, les résultats moyeu exclus, on a la surprise de constater que la polaire
i d'autorotation est indépendante du paramétre d'avancement ; les lois de pas différent
légérement. L'augmentation de trainée du rotor complet quand A croit, pour une
1 portance donnée, est due au moyeu.

4.4, Vibrations des pales

E Le comportement vibratoire de nos rotors aux grands /A présente deux aspects :

A - les amplitudes globales des vibrations de battement, tralnée, et torsion augmentent

- considérablement avec /A, comme le montre la figure 5 ; d'autre part, les vibrations croissant
généralement avec la portance, la portance maximale utilisable diminue quand A augmente. Les
courbes de la figure 5 ont été établies pour une portance faible de maniére a ne pas faire
intervenir le décrochage de la pale reculante.

1 - aux N\ modérés les essais sont parfaitement répétitifs, les raies non harmoniques

3 faibles et rares, 1'analyse de Fourier sur une période est valable ; aux grands /A il n'en est
b plus de méme, en particulier le rotor devient davantage susceptible aux résonances, et les
harmoniques de rang supérieur & 4 ont une grande part d'aléatoire.

3 Nous donnons &3 titre d'exemples figures 6, 7 et 8 quelques analyses de Fourier sur une

4 période ; nous ne pouvions pas effectuer des analyses sur un grand nombre de périodes,
notamment des analyses spectrales habituellement faites sur des enregistrements de trois
minutes, car nous &tions constamment en conditions endommageantes, nous avions un grand nombre
0 de points de mesures 3 faire dont la durée devait 3tre minimale.
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4.5. Ecoulements sur la pale reculante

Les paramdtres d'avancement élevés sont le domaine de 1'attaque oblique, dont 1'influence
est importante dans la détermination thiorique des performances et l'apparition du décrcchage.

La figure 9 montre la différence des zones 3 forte attaque oblique entre A.0,30 et A 0,70,
On peut séparer les effets de 1'attaque oblique sur les &coulements en deux zones : la zone
éloignée du cercle d'inversion et la zone proche de ce cercle. Loin du cercle d'inversion, il
est bien connu que 1l'attaque oblique retarde le décrochage ; dans nos essais du rotor 1 &quipé
de prises de pression nous avons pu constater que le décrochage apparait vers Cy 1,2 pour A 0,30
) tandis qu'il faut monter & CN 1,7 pour A 0,60, Mais dés que 1'on s'approche du cercle d'inversion
la situation est changée.

L'examen des résultats des prises de pression du rotor | et des visualisations d'écoulements
sur le rotor Z nous a montré que les perturbations en pale reculante prés du cercle d'inversion
w apparaissent 3 des charges de plus en plus faibles quand le paramétre d'avancement augmente, et
dés la portance nulle au-deld de A 0,60 ; dans le cas ol nous avions la porrance locale nous
avons pu constater des perturbations analogues 3 celles d'un décrochage pour des portances locales
faibles, et ces perturbations sont situées au voisinage du cercle d'inversion ; dans ces
conditions la rofation du vecteur vitesse locale pour un point 1i& 2 la pale est trés rapide et
produit d'importants cisaillements dans la couche limite générateurs de turbulence. Lorsque les
portances locales augmentent par accroissement du pas ces perturbations amorcent le décrochage
proprement dit et il n'est pas possible de séparer les phénoménes ni de dire 3 partir de quelle
valeur du pas le décrochage commence ; pour simplifier le langage nous dirons simplement qu'a
partir de A 0,50 le rotor est toujours décroché, plus ou moins suivant sa charge ; nous
examinerons plus loin si ce phénoméne est important ou non.

1 Pour illustrer ce fait nous donnons figure I! un schéma de 1'écoulement dans la
configuration suivante : A 0,77 olq - 8° @ 6°, portance du rotor nulle (rotor 2) ; les symboles
de visualisations sont expliqués figure 10 ; il y a deux zones de perturbations : l'entrée dans
le cercle d'inversion et la zone intérieure aval soumise au sillage du moyeu ; dans une partie

: de la sortie du cercle d'inversion les fils sont centrifugés, indice d'une couche limite épaisse

4 dont l'énergie turbulente est insuffisante pour agiter les fils.

Les visualisations par fils sont obtenues de la fagon suivante : une tourelle mobile située
3 la partie supérieure de la veine comporte un appareil de photo et des lampes stroboscopiques
dont le champ est dirigé par télécommande vers la position de la pale en azimut que 1l'on
désire ; pour une position en azimut 1'obturateur de l'appareil phots est cuvert pendant cing
éclairs successifs, déclenchés par 1'azimut choisi, de sorte que l'on est renseigné sur
1'agitation des fils ; ceux-ci sont collés en un point sur 1'extrados d'une pale en deux
lignes : 25 % et 60 % des cordes.

! L'examen des visualisations par fils montre que la premiére partie de la pale reculante
est plus perturbée que la deuxidme partie ; nous pensons que ce fait est dii & deux causes :

- l'amont du disque est plus chargé que 1'aval, phénoméne particulier aux rotors a
basculement libre et & faible nombre de Lock

- 1'angle de la force centrifuge et du vecteur vitesse locale est plus grand en début de
pale reculante qu'en fin de pale reculante, de sorte qu'avant 1'azimut 270° le fil est attaqué
de travers par le veal local, ce qui peul provoquer une tutbulence dans Ta couthe limite.

5. LE DECROCHAGE

. Le décrochage des pales d'un rotor n'est pas un probléme simple ; entre 1l'écoulement sain 3
faible sillage et le décrochage du type courant plan 3 grand sillage turbulent il existe des états
intermédiaires difficiles & classer, compliqués per 1'appariticn de phénomenes tridizensicnrels
instationnaires. Certains troubles de comportement, tels que 1'augmentation des vibrations de torsion
qui accompagne souvent le décrochage, peuvent se manifester dans d'autres circonstances, ou bien ne pas
avoir lieu alors que l'on constate par ailleurs que le décrochage existe ; nous verrons plus loin que

; Hémporeanes §'de portertntion 'fecstellent ot eteitieltemert e & 1o walesr de 1a presticn

1 cinétique locale.

5.1. Influence du décrochage sur les performances

La portance et la traction (ou la trainée) du rotor sont trés peu influencées par le
1 décrochage de la pale reculante ; par contre le couple moteur augmente, surtout aux incidences
4 faibles du rotor, positives ou négatives. I' ne faut pas en conclure que nous ayons 13 un
critére simple de décrochage, car chaque fo's que ce décrochage a pu &étre localisé en pas nous
avons constaté que la divergence du couple commengait plus tdt, d'une part 3 cause de
1'augmentation de la trainée de profil en pale reculante d'autre part 3 cause de la divergence
de trainée transsonijue en fin de pale avangante, comme nous 1'ont montré nos analyses de
pressions locales. Ainsi au point fixe, le chiffre de mérite chute plusieurs degrés avant le
début de décrochage, 3 la vitesse périphérique de 200 mdtres par seconde, le dernier quart de
la pale étant en fonctionnement supercritique.

Nous avons obtenu une manifestation spectaculaire de 1'augmentation du couple avec le
dtctotiage Gatre Gef CORGIRIONT Intomprestivied &vec on TOROT &d¢ T witte e fiametie & T
Soufflerie de MARIGNANE : au cours d'une mesure en autorotation a3 forte portance, chute brutale
du régime et augmentation non moins brutale du basculement longitudinal ; il a fallu injecter
immédiatement de la puissance au rotor, C'est pourquoi les essais d'autorotation i forte
portance sont délicats.
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6.5

5.2, Les pressions locales

Une version du rotor | était équipée de capteurs de pression différentielle et de pression
absolue ; les résultats les plus intéressants et les plus fiables proviennent des capteurs de
pression différentielle, répartis en quatre cordes,

Les enregistrements sur bande magnétique sont numérisés cent fois par tour, moyennés sur
trois tours et mis sous la forme Ap/po ; puis les charges locales Pm sont calculées pour chaque
corde, le nombre de Mach local de référence M = 1 (RU + V sin *) oll a est la vitesse du son dans
la veine, et le coefficient de force normale a Cy = 1,43 Pm/M2. L'étude des pressions locales
est grandement facilitée par l'utilisation du coefficient de pression Ap/q CN que 1'on calcule
par la formule dp/q Cy = pAP-l—m, qui a 1'avantage de ne faire intervenir aucune hypothése sur

o
les vitesses locales. En incompressible non décroché les répartitions des coefficients de
presaion le long de la corde se réduisent 3 une courbe unique qui nous sert de référence ;
parallélement 3 nos essais de rotors, les profils utilisés étaient testés 3 la Soufflerie S3 MA
en courant plan dans les mémes conditions de nombres de Mach et de nombres de Reynolds, de sorte
que nous avons pu comparer les résultats en rotor tournant et en courant plan ; la plupart des
désaccords ont pu étre identifiés et expliqués.

Les pales munies de capteurs de pression avaient un équipement trés sommaire en capteurs
de contrainte, de sorte que nous avons limité leur utilisation au paramétre d'avancement O, 60,
les paramétres d'avancement plus &levés conduisant & des problémes vibratoires délicats.
Jusqu'a A= 0,60 les phénoménes sont stables et répétitifs 4 deux exceptions prés : le point
fixe ol se déclenche brusquement un flottement de torsion, et les inclinaisons trés grandes de

1'arbre vers l'amint ol les vibrations divergent si 1'on persiste dans le décrochage.

Les répartitiuns “es presrions en corde qu'il est possible de tracer sont trop nombreuses,
de sorte que nous avons utilisé un critére simple pour caractériser 1'évolution des zones de
décrochage en fonction des paramétres d'essais : la chute des coefficients Ap/q Cy au
voisinage du bord d'attaque, 3 2,5 %7 et 6 % de la corde, car c'est & partir du bord d'attaque
que le décrochage se développe. Nous donnons cette &volution figure 12 pour six cas, qui
méritent quelques commentaires ; les tracés ne sont pas lissés ; des droites joignent les
points de calcul (100 par tour) :

ay)\0,30 og - 8°

© 7,8° : pas de décrochage, mais importante manifestation d'une interaction tourbillon-
naire dont l'emplacement théorique est noté IT sur 1'axe des azimuts. Les lignes
pointillées sont les valeurs de Ap/q Cy en incompressible non décroché.

@ 10,4° : décrochage sur la plus grande partie de la pale reculante ; la brusque
remontée de Op/q Cy dans 1'interaction tourbillonnaire est accompagnée d'une baisse
importante du coefficient de portance.

) A0,30 ot - 24°

L'interaction tourbillonnaire a disparu, l'inclinaison de 1'arbre &loignant les
tourbillons marginaux des pales ; au pas de 15° il n'y a pas de décrochage (il y a
peut étre une bulle de décrochage 3 2,5 % pour 1'azimut 280°) ; Ap/q Cy 3 2,5 % est
plus élevé en pale amont parce que dans ce cas le profil est en configuration
supercritique au voisinage de son Cy maximal ; le décrochage est nettement &établi au
pas de 16,5°.

Dans tout le domaine compris entre A0 et A 0,40 1'apparition du décrochage (en montant
le pas) est brutale, tout au moins pour le rotor I.

o MNo,s0 ag - 8°

Pour ce paramétre d'avancement il n'y a pas d'interaction tourbillonnaire possible en
pale reculante ; les perturbations au voisinage de 1'azimut 360° sont dues au sillage
du moyeu, dont 1l'importance croit avec le paramdtre d'avancement ; le décrochage est
progressif & cause de 1'influence du cercle d'inversion.

Nous donnons figures 13 et 14 quelques courbes de répartitions en corde ; les tracés n'ont
pas la prétention d'@tre rigoureux car ils sont basés sur six capteurs, situés & 2,5% 6 2
26 % 40 % 60 % et 80 %. Pour A0,50 on voit nettement lc déplacement de 1'amont vers 1'aval
des bosses de pressions différentielles produites par le déplacement des tourbillons issus du
bord d'attaque, caractéristique du décrochage instationnaire ; on voit aussi les valeurs
élevées des coefficients de portance dues 3 la fois 4 1'attaque oblique et au caractére
instationnaire de 1'écoulement. Lorsque les Mach locaux sont faibles les valeurs des CN ne sont
pas précisées, un calcul simple d'erreur montrant qu'il n'est pas possible de le faire ; on peut
cependant affirmer qu'elles sont trés supérieures d ceiles du courant plan stationnaire.

Sur la figure 14 nous avons montré par un schéma qu'une interaction tourbillonnaire en fin
de pale reculante vient compliquer les écoulements, relayée peu aprés le sillage du moyeu.

Tous les essais du rotor | muni de prises de pression ont &té effectués & la vitesse
périphérique 200 métres par seconde ; au paramitre d'avancement 0,60 nous avions un nombre de
Mach en extrémité de pale avangante égal 2 0,96, avec une ambiance vibratoire et une ambiance
sonore trés élevies. Il est probable que nous avions &galement des décrochages derridre les
chocs en pale avangante, mais nous manquons d'informations & ce sujet.
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{ 5.3. Influence du décrochage sur les vibrations des pales

Le comportement vibratoire d'un rotor décroché dépend essentiellement du paramdtre
d'avancement (pour un vrillage donné). On peut énoncer comme loi générale que le décrochage
est d'autant plus dangereux que le paramétre d'avancement est plus faible ; le cas le plus
critique que nous ayons rencortré est le point fixe, ol le décrochage a déclenché brusquement
un flottement de torsion accompagné d'un violent bruit de tambour ; pour notre rotor (le rotor
1) le décrochage est apparu vers R 0,80 dans les conditions locales du courant plan
stationnaire, le caract&re instationnaire du phénoméne ne se manifestant qu'une fois les
vibrations de torsion déclenchées, & la fréquence propre des pales (4,5w).

Aux faibles paramdtres d'avancement jusque vers 0,50, le décrochage se manifeste
essentiellement par une augmentation plus ou moins brutale des vibrations de torsicn ea
fréquences harmoniques du régime, notamment de rangs 1|, 2, 4 et 5 ; une augmentation des
vibrations de trainée apparait souvent mais ce n'est pas une régle générale. Le rotor |
décroche brutalement ; en méme temps, comme nous l'ont montré des visualisations par fils,
les vibrations de torsion augmentent brusquement. Le comportement du rotor 2, & bord d'attaque
cambré, est plus compliqué ; aux faibles inclinaisons de 1'arbre le décrochage est progressif
et 1'évolution des vibrations de torsion n'est pas simple ; aux grandes inclinaisons de
] 1'arbre vers l'amont on retrouve le comportement du rotor | avec un décrochage se produisant 3
de plus grandes portances 4 cau . de la cambrure.

: Lorsqu'on augmente le pare-:tre d'avancement le décrochage deviant de plus en plus
progressif pour nos deux rotor: ; nous attribuons ce fait au développement du cercle d'inversion
et aux cisaillemen:s de la cou'': limite qui 1'accompagnent. D'autre part l'influence du
décrochage sur les vibrations diminue jusqu'd disparaitre, pour les raisons suivantes :

- 1'ambiance vibratoire augmente avec le paramétre d'avancement, d&s la portance nulle

~ les pressions cinétiques diminuent en pale reculante

- les limites vibratoires ne nous permettent pas de pousser le décrochage jusqu'd ce qu'il
rencontre des zones 4 fortes pressions cinétiques.

Nous donnons figure 15 trois exemples caractéristiques du comportement du rotor 2 :

a) Ao,30 0\9 - 8° ; au pas de 8° quelques troubles d'écoulement apparaissent 3 40 % du i
rayon par interaction tourbillonnaire en fin de pale avangante ; au pas de 10°5 ces i
troubles déclenchent un décrochage local en début de pale avangante ; les vibrations de )
torsion augmentent ; un nouveau phénoméne apparait, de légéres perturbations en fin de 1
pale reculante par interaction tourbillonnaire. Au pas de 12° les vibrations de 2

1 torsion diminuent, pour une cause inconnue, puis augmentent brusquement ; au pas de 13° ¥

3 le décrochage est bien établi et occupe une zone trés importante de la pale reculante,

comme le montre la figure 16.

SoTRRS i, e o

b) A\ 0,68 oq - 8° ; au pas de 6° la portance est pratiquement nulle ; malgré la faible
valeur du nombre de Mach en extrémité de pale avangante (0,78) les vibrations sont
fortes ; les écoulements ne sont perturbés qu'a l'entrée dans le cercle d'inversion.
Quand on augmente le pas, ces perturbations s'étendent lentement dans la premiére
moitié de la pale reculante, mais au pas de 8° des troubles sérieux d'interaction
tourbillonnaire apparaissent en fin de pale reculante dans une zone ol les pressions
cinétiques commencent 3 &tre notables, et c'est peut &tre 13 la cause de
1'augmentation des vibrations de trainée, tandis que les vibrations de torsion plutdt
sensibles au décrochage proprement dit augmentent peu. Au pas final de 10° le
décrochage est important mais & 1'intérieur d'une zone de faibles pressions cinétiques ;
les limitations de vibrations de battement et de trainée nous empéchent d'augmenter
davantage le pas.

it 3

o

RS S

¢) Ao,40 oqQ 0° ; c'est le seul cas que nous ayons rencontré oii le décrochage & faible A
est accompagné d'une augmentation faible des vibrations de torsion ; nous franchissons
13 deux autorotations l'une 3 @ 4°, 1'autre a © 6,5° aprés la divergence du couple
moteur.

On sait que dans les autorotations les charges aérodynamiques sont déplacées vers le centre
du rotor par rapport aux configurations usuelles ; il en résulte des troubles d'écoulement
prématurés dans cette zone mais de pev d'importance au point de vue vibratoire ; c'est nettement
1'interaction tourbillonnaire de fin de pale avangante qui déclenche ces troubles ; le décrochage
proprement dit n'apparait que vers @ 7°, ol les vibrations de trafnée croissent trés rapidement ;
pour cette valeur du paramétre d'avancement, l'interaction tourbillonnaire de fin de pale

reculante est réduite & une zone minuscule.

R Ay ey

Les interactions tourbillonnaires jouent un rdle important mais seulement dans les cas ol
elles sont possibles, c'est-3-dire aux faibles incidences du disque. Aux fortes incidences
positives ou négatives les trajectoires des tourbillons marginaux sont trop &loignées des pales 5
pour que les vitesses induites par ces tourbillons soient notables. i

e

Les conséquences da2s perturbations de la pale reculante ne se manifestent que pour des
pressions cinétiques relatives q/Q supérieures i 0,2 ; la figure 17 montre leurs répartitions
pour A 0,30 et AAO,70 ; aux trds grands A les troubles en milieu de pale reculante ont peu
d'importance.
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Pour terminer nous donnons figure 18 deux exemples de photographies de pale munie de fils,
choisies parmi les 850 photographies exploitables que nous avons obtenues. La direction des fils
est un &quilibre entre 1'influence du vent local et celle de la force centrifuge. La photographie
supérieure montre, de 1l'intérieur vers 1'extérieur, une petite zone saine, une zone décrochée
sur un tiers de rayon environ, avec des courants de retour dans la couche limite, puis une zone
saine jusqu'd l'extr@mité. La photographie inférieure a la particularité assez rare de montrer un
&coulement inverse sain sur la majeure partie du cercle d'inversion ; la zone de décrochage
proprement dite avec courants de retour s'étend presque jusqu'd 1'extrémité de la pale ; une
grande partie du bord de fuite comporte une couche limice &paisse de faible énergie turbulente,
les fils sont centrifugés.

6. CONCLUSION

N O R I e — Y

La Grande Soufflerie de Modane permet d'effectuer des essais de rotors dans des conditions trds
' gévéres, limitées seulement dans la plupart des cas par la tenue des pales en fatigue ; notamment il est
possible de faire des mesures 3 des paramitres d'avancement trés &levés tout en ayant des vitesses
périph&riques réalistes.

Il est possible d'utiliser des rotors classiques 3 des paramétres d'avancement trés élevés a
condition de ne pas leur demander des efforts de traction, de maitriser les problémes vibratoires, et
de diminuer la trainée des moyeux.

e

L'étude du décrochage de la pale reculante n'est pas simple, de nombreux paramdtres intervenant
et des phénoménes annexes apportant leurs propres perturbations. D'une manidre générale on peut dire que
les conséquences du décrochage sont d'autant plus graves que le paramétre d'avancement est plus petit.
Aux paramétres d'avancement trds &levés la pale reculante est toujours le siége de perturbations
d*écoulement, qui vat uue faible impurtance tent (ue zes pressicas ciu€tiques sumt failles,

N T e o T
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AERODYNAMIC FACTORS INFLUENCING OVERALL HOVER PERFORMANCE

] by
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5 SUMMARY

t‘. There are numerous aserodynamic factors and interrelationships which influence the hovering efficiency
of a helicopter, but which are frequently neglected or inadequately treated. Analysis of isolated rotor
performance and definition of wake structure and tip vortex characteristics are important subjects that

are receiving a relatively high level of attention; this paper deals primarily with interference effects
that should receive additional emphasis.

Some of the recent improvements in busic rotor design practice at Sikorsky Aircraft are described
briefly, and results of several series of model rotor tests are discussed. Moderate values of blade root
cutout are shown to have an unanticipated effect on hovering efficiency. A large root cutout decreases
figure of merit of the rotor, but also reduces vertical drag of a typical airframe below the rotor, cutting
the aerodynamic penalty to about half of what tests of the rotor alone would indicate. Tests of a tilt-

- rotor model show that, unlike the conventional single rotor helicopter configuration, the rotors do not

5 benefit from a partial ground effect caused by the airframe in the rotor downwash field., The relationship

g of blade twist and ground effect is discussed, and the influence of ground proximity on vertical drag is
presented. It is shown that net airframe vertical drag can be zero or negative when the aircraft is close to
the ground. Additional systematic experimentation is clearly needed, as is the development of thecry to
cover the various relationships involved in overall hover efficiency.

SYMBOLS
b Number of blades
¢ Blade chord
CD Airframe vertical drag coefficient, D/mR2 p(QR)?2
CQ Rotor torque coefficient, Torque/mR3 p(AR)2 .
; Cp Rotor thrust coefficient, T/wR® p(nR)2
D Vertical download on airframe
M Figure of merit, .707 cT3/2 /e
R Rotor radius
r Radial distance from center of rotation
T Rotor Thrust
Yy Distance below rotor
Z Height of rotor above ground
[¢] 5 Collective pitch measured at three-guarters radius
A Hover inflow ratio, Induced veloseity/QR
] Air density
o Rotor solidity, be/mR
] Azimuth angle, degrees
aR Rotor tip speed

1. INTRODUCTION

The &..odynamic performance of a hovering helicopter is a much more complex subject than it was
once considered to be. The traditional concept of hovering performance, used for the first quarter-century
of helicopter development, was a highly simplified one. A few design variables, including rotor solidity,
i blade twist, and tip speed, were recognized as having & fundamental effect on hover figure of merit. These
parameters plus the operational variables (altitude, temperature, gross weight range, etc.) were used to
predict the basic hover performance, usually by classical or semi-empirical technigues. This performance
vas then corrected by 10 percent or so to account for tail rotor power, by 2 or 3 percent to account for
transmission losses, and sometimes by a few percent to account for the vertical drag (aerodynamic download)
on the fuselage caused by the rotor slipstream. This procedure provided an estimate of the overall aircraft
hover performance. All too often, however, the measured hover performance was found to be somethins different.

In recent years much more sophisticated analyses have been developed to predict the performance of
the isolated rotor. In particular the influence of the tip vortex has been recognized as a major factor.
As 1llustrated schematically in Figure 1, the span load distribution of each blade is altered substantially
by the presence of the trailing vortex from the preceeding blade. Some of the initial work conducted in
this area by Sikorsky Aircraft and United Aircraft Research Leboratories was reported in Reference 1. More
recent and detailed investigations of rotor wake structure and performance effects are reported in Refer-
ences 2-4, Programs to define the basic characteristics of trailing vortices have been reported in Refer-
ences 5 and 6. There are current efforts to devise techniques for dissipating the trailing vortex, such
as the air-injection method reported in Reference 7.

The subjects of wake structure, vortex characteristics, and effects on performance are receiving
considerable attention at this time. On the other hand, there are a number of aerodynamic factors influ-
E encing hover performance which frequently are neglected or inadequately treated. The primary intent of this
- praper is to identify several examples of such factors, which warrant increased emphasis in the future.
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2. AERODYNAMICS OF ISOLATED ROTORS ;

Rotor aerodynamic design variables are presented in Figure 2, divided into the traditional factors
and some of the supplementary variables that are considered in modern analysis. Airfoil section and blade
taper are shown in parentheses in the left-hand column, because although they have long been reccgnized as
important design varielLles, there has been very little actual variation in these parameters until quite
recently. Standard airfoils and constant chord have been the general rule. In modern blade designs, the
airfoil sections are tailored specifically to meet design obJectives. Not only are airfoil camber and
thickness apt to be significantly different from traditional values but there is also frequently a span-
wise variation of the airfoil section from root to tip, made possible by modern materials and fabrication
techniques. Similarly, not only is blade taper now possible with economical construction methods, but
arbitrary spanwise variations of chord may be considered, along with arbitrary blade twist distributions.
Tip geometry has been recognized as having particular importance aes a result of recent investigations of
the structure of the rotor wake. The number of blades is recognized as having aerodynamic cignificance
apart from the solidity considera%tion, because of effect of the number cof blades on tip vortex structure,
Special features or devices designed to influence the characteristics of the trailing vortex must also be
considered as part of the rotor aerodynamic design. The extent of root cutout and spar shape have en
impact on hover performance - an example of this effect is discussed in a following section. Finally, the
blade stractural dynamic properties, although not aerodynamic factors at all, interact so strongly with
the serodynamics under some circumstances that they are included in the 1list of design variables in
Figure 2. The most common example of this interaction is the dynamic twisting of the blade, caused by
aerodynamic torsional moments, which in turn changes the blade span load distribution and therefore
performance.

One example of a recent Sikorsky rotor incorporating some of the never design variables is shown
in Figure 3. The Improved Rotor Blade or IRB, designed and developed for the CH 53 helicopter with
support and active participation by the U, S. Naval Air Systems Command, has demonstrated significant
performance advantages over the standard production blades. The IRB utilizes a hollow titanium spar and
a molded fiberglass uerodynamic shell. It incorporates cambered blade sections, varying from 15 percent
at the blade root to 9.5 percent thick at the tip. It has a high, nonlinear twist, with local variations
near the tip to compensate for the angle of attack disturbance caused by the vortex from the preceeding
blade. The tip is also tapered to reduce the strength of the tip vortex and improve the spanwise loading
distritution. This rotor has demonstrated substantial lmprovements in hovering performance over the
standard production rotor system. It is also quieter than the standard rotor.

Another recent rotor design, shown in Figure 4, is that developed for the Sikorsky S-67 Blackhawk
helicopter. The blades on this rotor incorporate a substantial tip sweep, combined with a twist change
and an airfoil which varies from a symmetrical, 12 percent thick section at 95 percent radius to a
cambered, 6 percent airfoil at the tip. These features are important factors in the good performance and
low noise signature of this aircraft.

2. NET HOVER PERFORMANCE

Even with the refinements in the aerodynamics of rotors mentioned above, it is obviously not
adequate to consider only the isolated rotor. The present concept of,factors Influencing net hover per-
formance of the main rotor is shown in Figure 5. Not only are aerodynamic design of the rotor and op-
efptisnal vaslatlies sontlderad; bubr the blade streebural dynamiee wnd the alefeame docipn a®e whisc &oh
sidered. The blade structure can influence the isolated rotor performance, as previously discussed, and
the airframe design, in combination with the rotor aerodynamic design and operational variables, determine
vertical drag (download on the sirframe) and rotor thrust recovery (increase in rotor thrust at constant
power due to the presence of the airframe). ''he isolated rotor perrormance, vertical drag, and thrust
recovery determine the net rotor performance, Note that this diagram considers the main rotor only and
that the tall rotor and transmission, etc., must still be considered for overall aircraft performance.

4, EFFECT OF ROOT CUTOUT

An example of some o1 the aerodynamic luteraction Tactors mentioned will ve described for a roto:r
having a large root cutout. One such rotor is the Sikorsky TRAC rotor system, which is a variable diameter,
telescoping blade configuration under development for advanced VIOL aircraft, with support from the U. S.
Army Air Mobility Research and Development Laboratories. This rotor has a blade physical arrangement which
results in a root cutout of approximately 50 percent of radius when the blade is fully extended, as can be
seen in Figure 6. The inboard half of the blade is a1 elliptical cross-section tube which is enclosed by
the outer blade when the blade is retracted. The ellipse is 33 percent thick and has a chord of one-third
that of the outer blade. There was concern that this large cutout might result in a substantial hovering
performance penalty, and a series of tests of four-foot diameter rotors were conducted, under U. S. Air
Force sponsorship, to establish the effect of root cutout. Results are reported in Reference 8. The
test blades used in the investigation are shown in Figure 7. They included root cutout values measured
from the center of rotation, of 10 percent (minimum value), 25, 40, and 50 percent of radius. Typical
test results are shown in Figure 8, which presents hovering figure of merit ratio (normalized to the
10 percent cutout value) as & function of percent cutout. The performance penalty at 50 percent cutout
was about as predicted, ranging from about four to six percent at typical thrust coefficients and tip
speeds. At lower cutout values an unexpected nonlinear variation was established, with significant per-
formance losses which were not predicted by any of several theories used, In order to eliminate the
possibility that di’ferences in construction accuracy between the four sets of blades was causing the
effect shown, the tests were repeated with a single set of blades, with root cutout successively increased
by removing the inboard trailing edge, through the range from 10 to 50 percent cutout. Essentially
identical results were obtained. It seems evident that the nonlinear hehavior with cutout is associated
with the changes in the downwash velocity distribution induced by the cutout, and poseibly due to formation
of a finite strength root vortex as well as the usual tip vortex. Flow visualization photographs, using
smoke filaments ejected from the blades, show evidence of a finite strength root vortex for the 50 percent
cutout case. The downwash patterns are different for the 10 percent and 50 percent cutout cases, as
shown in Figure 9. These patterns, determined from the flow visualization studies, show that the large
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cutout produces downwash tlow which is farther outboard than for the conventional (minimum cutout) rotor.
At high thrust, smoke emitted from the 50 percent spanwise station actually moves outtoard as it flows
down, in contrast to conventional behavior.

S. VERTICAL DRAG AND THRUST RECOVERY

As the large cutout rotor produces less lift and therefore less downwash near the center of the
disk than the conventional small cutout rotor, it was reasoned that it should also produce less download
(vertical drag) on that portion of the airframe inboard of 50 percent radius. To verify this hypothesis,
a second series of tests were conducted, under U. S. Army sponsorship, to determine the differences in
vertical drag and thrust recovery due to root cutout for several airframe configurations (Reference 9). A
typical airframe model, representing a compound helicopter configuration, with fuselage and a wing having
a span of €0 percent of the rotor diameter, is shown in Figure 10. The airframe download vas measured
simultaneously but independently of the rotor thrust and torque measurements. The measured values of
vertical drag on this airframe, and similar measurements for the fuselage without wing, are shown in
Figure 11 as functions of the net thrust coefficient-solidity ratio, (C, - C. )/o. As can be seen, the
vertical drag is reduced through use of the large cutout rotor, particularily for the winged configurations.

The effective vertical drag is dctually less than the measured download, in most cases, because
of a favorable interference effect of the airframe on rotor performance. This may be viewed as a partial
ground effect and is referred to here as thrust recovery. The thrust recovery is defined in Figure 12 as
the increase in thrust at constant power that the rotor experiences in the presence of the airframe, com-
pared to the performance of the isolated rotor. This thrust recovery, expressed as a percentage of
vertical drag, is shown in Figure 13 for the cases under consideration. For the fuselage model, the
thrust recovery is slightly better with 50 percent cutout than with the minimum cutout, whereas with the
wving, vhich has most of the additional area inboard of 50 percent radius, the thrust recovery is not as

' good. The net vertical drag, which is the differeiace between the airframe download and the thrust re-
covery, is presented in Figure 1i. The net saving in vertical drag with the 50 percent cutout is not as
large as the gross vertical drag reduction (Figure 11) but is still appreciable. In fact, the hover
performance penalty for the large cutout, which amounts to four to six percent at typical thrust levels
for the isolated rotor, is reduced to only two to three percent for the winged configuration when the
net vertical drag savings are considered.

Hover performance and vertical drag are influenced by blade root cutout primarily because of the
effect of cutout on blede span load distribution, which in turn affects rotor induced power and down-
wvash near the root. It should be expected that any other rotor aerodynamic d2sign variable which controls
span load distribution might have similar effects. A second example of this relationship is provided by
the use of blade twist to increase hover efficiency. Most helicopter rotors have a blade loading distri-
bution which is too low at the inboard end to achieve the classic icdeal cf uniform disk loading. Increasing
twist will usually improve the loading distribution and increase the hover figure of merit, at least
for the isolated rotor. The higher downwash produced at the inboard end, howvever, can be expected to
result in higher net vertical drags. This was illustrated by recent tests at Sikorsky Aircraft, vhere
hover flight tests of a high-twist experimental rotor demonstrated an increase in useful lifting capacity
of only two-thirds of the thrust increase demonstrated on the rotor vhirl tower.

6. THRUST RECOVERY OF ASYMMETRICAL CONFIGURATIONS

All of the vertical drag model tests conducted by Sikorsky Aircraft for single rotor airframe
configurations out of ground effect have shown thrust recovery effects, typically in the range of 20 to
50 percent of the vertical drag. These single rotor airframe models generally exhibit a substantial de-
gree of polar symmetry, i.e. any area blockage under one portion of the rotor disk is more or less bal-
anced by a similar area diametrically opposite. Thus the front of the fuselage tends to balance the rear
of the fuselage, and a right ving panel tends to balance the left wing panel about the center of rotation.
Tests of asymmetrical configurations, on the other hand, have not alwvays shown favorable thrust recovery
effects. One example of this was provided by a series of tests of tilt-rotor models. The tilt-rotor is
a lateral twin rotor configuration, and although it is symmetrical with respect to the fuselage centerline,
the area blockage is highly asymmetrical from the point of view of each rotor. One of the test models,
wvhich utilized an end plate as a reflection plane to simulate the presence of the second rotor, is shown
in Figure 15. Measured vertical drag characteristics for this model out of ground effect are shown in
Figure 16 for two wing flap conditions. Although the vertical drag forces were substantial, there was no
measurable thrust recovery at high rotor thrust and actually a slight negative thrust recovery at low
thrust. All of the tilt rotor configurations investigated showed generally similar results. Tests of the
rotor with a reflection plane only showed no significant adverse interference for the rotor-to-rotor
separation distance being simulated. Thus some peculiarity of the tilt rotor airframe configuration is
responsible for the result.

Fer a vhile it was hypothesized that the lack of polar symmetry of the blocked area in the down-
wvash flow of the rotor might be rcsronsible for the lack of thrust recovery. This conjecture seemed
somevhat reasonable considering that the rotor is articulated and therefore cannot support an unbalanced
moment about the center of rotation. An interference in the downwash flow field might be supposed to
cause the rotor to fiap in such a manner as to cancel out any incremental lift. To check this idea,
calculations were made for two simple cases with Sikorsky's Generalized Rotor Performance method, which
accounts for the aerodynamics and dynamics of a freely-flapping rigid blade. An untwisted rotor at zero
blade pitch was assumed, and the rotor inflow ratio, A\, was assumed eqnual to zero at all points except
for a thirty degree sector of the disk in one case, and for two diametrically-opposite thirty degree
sectors in the other case. In these areas an arbitrary inflow ratio of .02 was assumed, to represent
an upvard interference velocity in the plane of the disk caused by the airframe. If the hypothesis were
correct, the symmetrical disturbance should produce a lift increment, whereas the unbalanced disturbance
should produce none. Results of these calculations are presented in Figure 17. Time histories of blade
flapping and thrust coefficient for one blade are shown for both the symmetrical disturbance (double
pulse, with pulses centered about 90 and 270 degrees azimuth) and asymmetrical disturbance (single pulse
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' centered about 90 degrees azimuth angle). The calculations disproved the original hypothesis; the single
pulse disturbance shows an integrated 1lift increment of exactly one-half that of the double pulse distur-
bance, rather than szero. The blades do flap to eliminate the unbalanced moment, but they do it in such a
vay that there is a positive 1lift increment on the half of the disk opposite the disturbance as wvell as
directly at the disturbance.

The lack of thrust recovery of the tilt rotor models remains unexplained, but it is now believed
that a partial recirculating downvash flow develops when both the flow blockage due to the wing and the
reflection plane are present. This recirculation, which would not exist when either the wing or the plane
of symmetry were absent, could cause an increase in the rotor induced power that would tend to cancel the
beneficial thrust recovery effect. The test results are still believed to be correct and applicable to
typical lateral twin rotor configurations.

Subsequent to the above test experience, Sikorsky has obtained test data on another asymmetrical
ccnfiguration wvhich does show the normal thrust recovery effect. This was a hover test of a full size
tail rotor - vertical fin combination in which the rotor downwash was directed toward the fin rather than
avay from it. All of the area blockage was on ore side of the rotor disk, but thrust recovery amounted to
approximately 25 percent of the lateral fin drag, greatly decreasing the aerodynamic penalty of the block-
age in the slipstream. This result provides a qualitative confirmation of the theoretical calculations
described above. A positive thrust recovery effect should be considered as the normal situation for air-
frame components in the flow field of a hovering rotor whether the area blockage exhibits polar symmetry
or not. It should be noted that this conclusion is not in agreement with earlier NACA studies, reported
in References 10 and 11, where attempts to measure thrust recovery were generally unsuccessful. Obviously
the influence of airframe components on the rotor will decrease as the distance between the two increases.
This diminution of thrust recovery with increasing separation between rotor and airframe has been ob-
served several times in various model tests.

T. GROUNL EFFECT

The influence on hover performance of rotor proximity to the ground has long been recognized, but
the phenomenon is not very well understood. Several peculiarities have been noted which as yet are not
explained by theory. One example of this is the apparent influence of blade aspect ratio on the magnitude
of thrust augmentation in ground effect. In a study conducted by Sikorsky Aircraft several years ago it
wvas noted that low aspect ratio blades seem to have significantly higher augmentation ratios due to
ground effect than high aspect ratio blades. This relationship was reported in Reference 12. Another
unexplained phenomenon is the influence of blade twist on ground effect. Figure 18 presents hover per-
formance data obtained in tests conducted at Uanited Aircraft Research Laboratories on two model rotors
vhich vere identical except for blade twist. Some of these data were obtained in U. S. Army-supported
tests which are descrited in Reference 3. For the out-of-ground-effect condition, high negative twist is
beneficial at the higher thrust levels, as would be expected. With the rotor close to the ground, however,
the lower twist rotor has substantially better performance throughout the usual range of thrust loadings.
This effect is shown in a different manner in Figure 19, which presents thrust augmentation ratio (thrust
in ground effect divided by thrust out of ground effect) as a function of height above ground.

As the thrust recovery aspect of vertical drag phenomena is presumed to be due to partial ground
effect, it seems reasonable to assume that factors which influence the magnitude of ground effect, in-
cluding blade aspect ratio and twist, would also influence the magnitude of thrust recovery. However,
test data to verify this assumption are not available.

8. THE INTERRELATIONSHIP OF VERTICAL DRAG AND GROUND EFFECT

Because the downwash pattern below a hovering rotor is substantially altered by proximity to the
ground, it is to be expected that vertical drag of airframe components will also be altered by ground
effect. The change in downwash pattern is shown by the photographs in Figure 20 which show patterns of
smoke introduced into the flow field just above the rotor. In ground effect, a dome-shaped region of iow
velocity air appears under the center of the disk, and the main downwash flow is pushed outboard. Static
pressures in the flow field are also substantially altered, as described in Reference 13. Both the
velocity and pressure fields will influence vertical drag. The interrelationship of ground effect and
vertical drag is illustrated by test results obtained on a series of simple models below a rotor. The
rotor is the same as that shown in Figure 20; it is two feet in diameter, with two untwisted blades of
aspect ratio six. The vertical drag models included a cylindrical simulated fuselage with a diameter
of 0.25 R and a length of 1.2 R (where R is rotor radius), a simulated wing with a chord of 0.2 R and
a span of 1.6 R, and two flat disks having radii of 0.4 R and 0.6 R respectively. All.models were symme-
trically mounted under the rotor and the three flat configurations were 0.33 R below the rotor. The
simulated fuselage was closer to the rotor; the top of the cylinder was .073 R below the rotor disk.
Although these models do not represent any actual helicopter configuration, the trends of the data
are generally representative of the aerodynamic interrelationships to be expected.

Typical results of the tests are presented in Figures 21-2L. The collective pitch is constant
(approximately 10 degrees) for all rasults shown. The measured rotor torque was also essentially constant
within the accuracy of measurement for all conditions shown. The influence of height above ground and ver-
tical drag configuration on rotor thrust at constant power is shown in Figure 21. A substantial ground
effect exists for the isolated rotor; the rotor thrust coefficient - solidity ratio increases by approxi-
mately 35 percent as height is decreased from the out-of-ground-effect condition (assumed for Z/R = 5) to
the lowest value (Z/R = 0.45). The presence of the vertical drag models increases the thrust (positive
thrust recovery) at the out-of-ground-effect condition, but has very little effect on rotor thrust at the
minimum height. It may be noted that in the vicinity of Z/R = 1 several of the models actually caused a
negative thrust recovery, that is, the rotor thrust is less with the airframe components present than for
the isolated rotor.
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The thrust recovery, obtained from the differvnces in the curves of Figure 21, is shown in Figure 22
for the various vertical drag models. In each case the thrust recovery can be seen to drop substantially
at rotor height ratios below 2.0, becoming negative fur three of the models at Z/R = 1.0. At the lowest
height the magnitude of thrust recovery is very small for all models.

The measured verticel drag values for the models are presented in Figure 23. These curves also
exhibit a drop in value with decreasing Z/R, becoming negative for several models at the lowest rotor
height. The 60 percent disk has a particularily large negative vertical drag (positive 1lift force) at
minimum rotor height. Pressure measurements on the disk showed a substantial positive pressure on the
lower surface and a surprisingly large negative pressure peak at the center of the upper surface. The
negative pressure peak suggests the formation of a vertical standing vortex of substantial strength on
the upper surface, as previously reported in Reference 14. A similar drop in pressure was noted on the
ground directly under the center of the rotor when the rotor was mounted close to the ground but without

" vertical drag models.

The net vertical drag, which is the measured vertical drag minus the rotor thrust recovery, is
presented in Figure 2k, It can be seen that the net or effective vertical drag gererally drops in ground
effect, and can be substantially negative very close to the ground. The two disks, which show the
largest negative drags, also exhibit a slight dip in the curve at a height-radius ratio, Z/R, of 2.0.

Of all the models, the wing extends farthest out from the center of rotation into the higher velocity
region of the downwvash field. It exhibits an essentially constant net vertical drag with reducing rotor
height down to one rotor radius, followed by & sharp drop to a near-zero net drag at the lowest height.

The final example of the complexity of vertical drag is presented in Figure 25 which shows add-
itional tes: data on the effect of wing vertical location for the cut-of-ground-effect conditon. The
apparent vertical drag (measured download divided by rotor thrust measured concurrently) is higher for
the high wing position than for the low wing position. After accounting for thrust recovery, however, the
effect is reversed; the net vertical drag (download minus thrust increase, divided by isolated rotor
thrust at the same power) is higher for the low wing than for the high wing. This result seems qualita-
tively reasonadle in view of the slipstream contraction which occurs below the rotor; the wing blocks a
smaller percen’: of the slipstream when it is very near the rotor disk than it does in a low position
vhere the sliputream is fully contracted. .

9. CONCLUDING REMARKS

At the present time there is no theory which encompasses all or even most of the aerodynamic
interrelationships considered herein. These factors can be studied with small models at moderate cost,
with adequate accuracy and repeatability. The low Reynolds numbers of some of the flows involved, how-
ever, make direzt application of the data to full size helicopters somewhat questionable. There needs to be
a series of systematic experimental research programs on both small and large scale models to establish
Reynolds number effects and to extend the fund of data available cn the overall hovering efficiency of
helicopters. Further, it is necessary to develop analytical models tha: will permit determination of
vertical drag, thrust recovery, ground effect, etc., to give the designer the means of optimizing his
aircraft without the necessity of long and costly experimental optimization programs.

There is an additional factor that needs emphasis. Up to this point the discussion has been limited
to pure hover, in other words no horizontal velocity component due to either translation or wind is
considered. Statistically, this is a rather rare event - the real "hover" situation involves advance
ratios vhich are seldom belov .0l and occasionally higher than 0.10. There is evidence, for example as
discussed in References 1 and 15, that rotor hover aerodynamics are altered substantially at very low
advance ratics. It is quite possible that rotor-airframe-ground interference relationships in general
also are altered substantially at lov speeds. There is very little useful experimental data on these rela-
tionships, and no established theories. It should be an objective to develop iest data and theories for a
continuous spectrum of operation from true hover up to high forward speeds. The rotor-airframe interference,
vhich is primarily a performance consideration in hover, becomes primarily a stability and control con-
sideration in cruise. A continuous theory is necessary to derine the relative magnitude of these effects
for any specified condition.

It is time tc focus additional attention on the serodynamics of hovering rotors in real environments:
alvays in close proximity to an airframe, frequently in close proximity to the ground, and usually in
variable vinds vhich require continual coxfreetive actions by the pilot.
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SUMMARY

The present study is concerned with the rotor in axial flow. It is possible to treat the whole
practical region of advance ratios, beginning with large positive values (propellers) over small positive
and negative values (helicopters) (part 1) up to large negative values (recovery rotor) (part 2).

[ Firstly a brief outline of the calculation methods is given. In the first part a vortex method is
used, but in the second part a momentum - blade element method was applied on account of widely separa-
ted flow. Since these methods have to be used many times during a design cycle or during performance

calculations it is important that they are as quick as possible to save computer calculation time.

Finally, a comparison with experimental data is performed for some cases.

LIST OF SYMBOLS

A Rotor disc area M Rotor torque
aAA disc area element A M Torque of rotor blade element :
10 Mass flow through rotor disc area element
3 1
Activity factor = 1.0 ff 2 (%) d (ﬁr) . 1
16 . 2R p static pressure 3
b Number of rotor blades Py s?atic pressure on the upper side of rotor 4
disc area element 1
¢ Eludechondint Radiusi P, static pressure on the lower side of rotor 4
cp Local blade section drag coefficient disc arua element 7
¢, Local blade section lift coefficient Py atmospheric pressure :
ey Blade section design lift coefficient R Total blade radius
Cr Integrated design lift coefficient = r radius along blade
1.0 3 t‘a Radius of rotor area acting like an imperme- 1
r r '
chli (T?_) d (.R_) able disc :
02 r; Blade root
Rw Radius of rotor tip vortex at azimuth angle ¥ g
cp Power coefficient = \4 Axial free stream velocity
. }
05 (%‘—:—1) v d Axial velocity through rotor plane = wi-V ;
(RPMI\ ZRIfE))S i i
6 (TW) ("Té_) Va Resulting velocity at rotor blade element r
Vw Axial velocity at end of wake core E
S e eae el : (o Yo Axial induced velocity at hovering for hypo- 3
01515 iTﬂT) T thetical rotor with nniform disc loading =
;RPE] 2R L8] 3
P v i ! t(i t b)l t wake b g 1
‘wp RERSLLEICoRLt CLRAR A tunoU e;x_\;'a 9408 w, Axial induced velocity in rotor plane f
| L U ¢
LS 3 LT T el .’. v X,Y,2 Rectangular coordinate system
AD Drag of rotor blade element Zw Axial displacement of rotor tip vortex at 1
- Rotor thriat azimuth angle V¥
AF Thrust of rotor blade element o Rotor blade section effective angle of attack 3
cpl1:s) aj Local induced angle of attack
F.M. Figure of merit = 0.798 P 0 Blade angle at radius r [:.
h Maximum blade profile thickness f, Blade angle at blade root 4
AL Lift of rotor blade element d = arctan Tv'ﬁ' 1

126




v Ty T Lok (o PR
8-2
€ = arctan ¢|/cp
vd
4 Inflow angle = arctan g
Ag nondimensional velocity through rotor
plane = Vg/v,
Az nondimensional rate of descent = V/v,

1. HOVERING AND ASCENDING ROTOR
(Helicopter, propeller)

This part, which is applicable to propellers and helicopter rotors, is vaiid in the whole positive
advance ratio range over hovering flight up to very small negative values. The mehod is a vortex-iine-
blade-element-theory with vortex wake sheets of every blede consisting of serveral discrete vortices formed

by straight line segments.

Especially for small advance ratios the blades of a rotor »re operating inthe vicinity of the wakes
of the preceding blades, therefore a knowledge of the shape of this wakes is necessary to calculate the in-
flow and forces of the rotor. This i8 possible by the free-wake-analysis. But in this case no use was made
of it, because the calculation time would be too highandbecause the aim of this study was the ability totake
into account different conditions at the blade tips, as different blade tip shapes, radial blowing, tip jot drive.

1.1 THE CALCULATION METHOD

The basic shape of the blade wake vortex moael is seen in Fig. 1. In the weakly loaded case the
shed vorticity dissipates early, therefore the relatively short blade wakes. In the heavily loaded case, a
rolling up of the vortex sheets takes place in general. But this process and the behaviour of the tip vortex

8 density of air

8, s8ea level standard density

o = 8/8,

¥ Azimuth angle

w  Blade rotational speed = =

is mainly a function of rotor geometry. This is shown by investigations in Ref. 1 and in Fig. 2.

Preliminary flow visualisations in the
Dornier water channel (Ref, 7) also showed speci-
fic modifications of the tip vortex of a half wing
model when altering the geometric wing tip shape.
The main trends are also shown in Fig. 2: stream-
wise outer edges produce a high intensity tip vor-
tex with small diameter. A drooped tip moves
this vortex further outward than the not drooped
case., Decreasing tip leading edge sweep-back
below a certain limiting value (»60°) causes a
decrease in tip vortex intensity and an increase
in diameter. A pointed blade tip with 30° sweep-
back showed no tip vortex, (compare with Ref, 11
for force measurements)

Observations described in Ref. 4 and
also those of Dornier tip jet driven test rotors
indicate, that the tip vortex follows the tip jet but
dissipates early due to strong jet turbulence
(Fig. 2).

On this basis a method was developed
in which the geometric shape of the tip vortex and
his length up to dissipation was prescribed accor-
ding to the geometric properties of the rotor. Also
the length of the several blade wakes up to rolling
up is prescribed. The radial contraction of all
elemental vortices in these wakes is assumed to
be proportional to that of the tip vortex.

The axial position of the wake vortices
however and consecutively the inflow angle and
downwash distribution is found iteratively as the
result of the induction of all vortices. The flow
diagram of the cornputer program is seen in Fig Q.
An average example co.1sumes about 15 sec CPU-
time on an IBM/370-155 computer,
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1.2 CALCULATED EXAMPLES

The first example is the initial XC-142A propeller as shown in Fig. 3. According to Ref. 2 an
extensive propeller research program was conducted because of the obvious static performance thrust de-
ticiency encountered during flight tests. This case seemed to be of interest to check the present method.
Because of the uncertainty concerning the drag-rise Mach number of the blade tip profiles two limiting va-
lues were taken. The measured values lie well between the calculated curves especially in the heavily loaded
case.

In Fig. 4 the calculated performance of the original C-160 Transall propeller is seen. Measure-
ments were not available, therefore a comparison with the brochure (Ref, 9) is made. The take-off perfor-
mance according to the present method also shows a disagreement with Ref. 9 in the low-velocity and static
case. This may be due to the strong blade-vortex interaction and the partly separated flow which is indicated
by the thrust capacity in Fig. 4.

Fig. 5 shows the results of an alternative wood propeller design with several blade tip modifica-
tions which was chosen on account of structural reasons (Ref. 10). Measurements are not available because
these results were used to modify the design. In the low speed range the propeller with swept tips shows the
best performance.

As a final example, a Dornier tip-jet driven test rotor was chosen, In Fig. 6 the calculated down-
wash distribution in the rotorplane is compared with experiment. It can be concluded that the vortex model
works also in this cagse. The measured rotor thrust in Fig. 7 however is higher than predicted. Possibly
this is the influence of the dam surrounding the test rig. (Ref. 3). Further studies of this effect are running
now.

2. DESCENDING ROTOR
(Recovery Rotor)

The second part deals with the powered descending rotor - not with the windmill - for the aim of
the present study was the calculation of a recovery rotor. Considering the complicated flow field of a des-
cending rotor with extensive regions of separated flow (Fig. 8) a vortex theory seemed not to be valid.
Therefore a special blade-element-momentum theory was developed.

2.1 THE IDEAL DESCENDING ROTOR

Fig. 9 shows the idenl descending rotor according to momentum theory in terms of nondimensio-
nal flow through the rotor plane again#! nondimensional sink rate. The theoretical flow fields are outlined
together with a band of measurements. To describe these better, the following approach has been done:

2.2 FAST POWERED DESCENT

In this case the flow through the rotor plane is reverse, high angles of attack occur at the bla-
des, and cause separated flow with constant pressure coefficient as depicted in Fig. 10, This flow is des-
cribed by Eq. (5) which is also shown in Fig. 10 This equation leads to an ideal autorotation point at 2,

The rotor thrust in this case equals §/2 TR®* V2with atmospheric pressure in the rotor wake accordi: 1g to
Eq.(4). That means the rotor acts like an impermeable disc with the drag coefficient 1.0. In order to make
a more realistic approach with the actual disc drag coefficient the modification according to Eq. (6) has been
introduced (Fig. 10 and 11). This model represents a decreasing portion fo the impermeable rotor area,
when the sink rate is increased. Beyond the sinkrate of 2.3 the flow through the whole rotor plane is again
fully reverse.

Eq. (6) can not be solved for the result must be compatible with the blade-element representation
according Eq. (7) in Fig. 11. The final solution of Eq. (8) is found iteratively.

2.3 THE VORTEX RING STATE

If the sink rate is decreased below the ideal autorotation value (A,=1.768) the vortex ring state
is entered. To calculate this flow, the approach of Ref. 5 was modified (Fig. 12). The basic considera-
tions are as follows: The wake of a descending rotor behaves like a free jet. The area HIJ in Fig. 12 re-
presents the loss free jet core. In the outside of line IJ the mixing zone begins with a practically constant
static pressure. On the line [K there exists no axial velocity. Because this line contains the stagnation
point of the onset flow it can be concluded that the static pressure there equals the total head of the onset
flow. Experiments confirm this. Therefore the energy theorem can be written in the form given in Fig.12,
Again momentum theory and blade-element theory must be in accordance and Eq.(11) is solved iteratively.
But a solution over the whole rotor disc area is found only in the static case. With increasing sink rate
there exists an increasing rotor disc area, where Eq. (11) has no solution and when the ideal autorotation
is reached there is no solution at all. This undefined rotor area is again replaced by a corresponding im-
permeable disc, so the flow field is similar to that depicted in Fig. 12.
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2.4 CALCULATED EXAMPLES

The calculated performance of a recovery rotor in the region of high sink rates is given in Fig.13.
With the aid of results like this it is possible to establish a pitch schedule for a transition with constant
power and RPM. A comparison with experiment throughout the whole transition range is shown in Fig. 14,
which represents a quasi-atationary transition at a fixed pitch. Measured and calculated thrust and power
agree fairly well from the vortex ring state up to a certain sink rate well beyond the ideal autorotation.
Above this sink rate, however, the measured thrust is higher and the measured power is lower ihan the
calculated values,

This behaviour cannot be explained by a lower than atmoshperic pressure in the rotor wake using
Eq. (4) nor with the blade profile polar curves according to twodimensional measurement.

But from preliminary flow visualisations according Fig. 15 there is some evidence for the exi-
stence of free vortices along the blade upper surfaces, which can in fact alter the twodimensional profile
characteristics in a favourable direction. Fig. 15 gives also an impression of the selected layout of the
recovery rotor. In the cruise condition the rotor is locked and uperates as an empennage. For transition
it is converted into a rotor with increased diameter due to the centrifugal force.
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Vd

MOMENTUM THEORY

F= .g.n[v’(R’+o.2a ra’ -1.28 ri’ )= Vg (R*-rq?)]

ra = R[(18797 2l -18797) A, -33233 2 +4.3233]

F=f(V.V.F) (6)

BLADE ELEMENT
THEORY

AF = (AL sine + ADcose) sin(e+ &)

A_:".-_- (AL sineg +AD cose) cos(e + &)

F:%—b J c(r2w2+vd')(cl sing+cy cose) sin(e+d) dr
fi

F=g(V4g,w,Nn,F) (7)

F=f(VV§,F) =gl(Vqg,w,0,F)

V,w,  ARE GIVEN

F=f(V4.F) = g (Vvg.F) (8)

Fig. 11 «REAL) DESCENBING ROTOR
D) FAST DESCENT UP T8 IDEAL AUTOROTATION
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MOMENTUM THEORY
1 m=gVAA
AA= 27 r Ar

ENERGY THEOREM

ABOVE ROTOR
Po+ 0 = p1+-3— Vd2

BELOW ROTOR

2 2 2
p2+-g-vd= p°+-32-v + %Vw

Ap =py-py = AF/ AA

Ap = iV2+£VW2

2 2
2AF 2
Vw AA
AF=2g mr Vg [Vd+\/Vd2-V2] Ar (10)

AF = (AL sin € + AD cos € ) sin(&e-%)
AM = (AL sin € + ADcos€) cos(e~0)r

AF= Vg (r) [Vd(r)+\/vd(r)2+v’] =
= {%VR(r)z(cl sin €+ cpy cos €) sinfe- ) (11)
; Fig.12 VORTEX RING STATE
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THE DEVELOPMENT OF AN EFFICIENT HOVERING
PROPELLER/ROTOR PERFORMANCE

PREDICTION METHOD

by

D.C. Gilmore** and I.S. Gartshore®*¥

SUMMARY

This paper describ.s the development of a method for predicting the
performance of heavily loaded propellers and rotors in steady hovering flight.
The method has two particularly useful characteristics: 1) certain simplifying
assumptions which allow consistency in the analytical model to be achieved with
only a few small scale iterations and 2) a need for only a part of the wake to
be specified.

The analytical model, built up from three basic elements, includes a
single vortex filament shed from the tip of each blade, a vortex sheet shed inboard
of the point of maximum bound circulation on each blade, and an outboard sheet rolling
up to form the tip vortex at an arbitrary angle.

Roll-up angle affects the circumferential variation of induced velocity
components but not their mean values. Application of the method to three propellers
shows that accuracy of results is dependent upon realism of the assumed wake
geometry,

The conceptual simplicity of the method and speed of computation make 4t
a potentially useful tool.

** Mr. Gilmore is a staff aerodynamicist at Canadair Ltd.

*** Dr. Gartshore is associate professor of aerodynamics at the
University of British Columbia
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Notetion

SYMBOL
A

A

F.M.

ko) k,

GREEK
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DESCRIPTION
Constant = 1// 2 = ,7071
Ultimate Wake Axial Velocity influence factor
Blade Chord/Radius Ratio
Number of Blades
Tip Vortex Radial Contraction Distance/Rp;,
Local Drag Coefficient = D/ 1/2pn2b&uP2

Local Lift Coefficient = L/ 1/29n2b&rn,2

Power Coefficient = Power/pn305 )

Thrust Coefficient = Thruat/pnzba

Circulation Strength Coefficient = 1 x bCju
th T3

Diameter of Propeller

Core Radius of Rolled~Up Tip Vortex and Inboard
Sheet/RTn,A

Core Radius of Qutboard Sheet Filanents/&uPA
Azimuth Angle = 2n/B
]

3/2
Figure of Merit = .798 Cp /CP
Vake Pitch dz/dy,k, is used for 0 eVl p

and k2 for Y>F

Distance Between Element of Vorticity and Point
of Interest in Flow Field .

3
Radius, Distance to Radial Station
Total Velocity/AR.uP .
Induced velocity, also rotational velocity at R
Non-dimensional Induced Velocity = V/ARTIP
Influence Coefficient in Biot-Savart Law

Non-dimensional Radial Position = R/R.rn,
also Cartesian Coordinete

Non-Dimensional Cartesian Coordinate

Non-Dimensional Axial Coordinate Used in
Cartesian and Polar Coordinate Systems

Geometric Blade Angle at x = .75
Circulation Strength = bﬂAan%IPCr
Radial Contraction Rate

2

Induced Angle = tnm-:l (Vz/r:zﬂ2 +V tan)]'/z)

azimuth Angle Measured From Lifting Line

Rotational Speed

UNTTS

Radian

Radians

Ft

Ft

Ft/sec.

l,t2/sec.

Rad.

Radians

Rad./sec

i

i




93

SUBSCRIPTS

's' Outboard Sheet Filament

g Filament (especially in inboard sheet)

‘n' Ernd of Filament i.e. where it intersect:
tip vortex

‘o' Tip Vortex; cutboard sheet filament

X Radial Diraction

tan,y ‘ Tangential Direction

TIP, T Tip of Blade

Y2 Coordinate Directions

1. Introduction

Work in the last decade on hel.copter and V/STOL aircraft has emphasized
the need for detailed information on propellers or rotors at an early stage in
design. While methods have been available to treat high advance ratio flight
conditions (see ref. 1 to 11), as found in conventional propeller driven aircraft,
the static thrust case and the low advance ratio condition (with either axial or
oblique inflow) have very few design methods which allow predictions of detailed
loading distributions to be made. The work described in this paper is aimed at
the development and critical assessment of methods capable of predicting the
performance of heavily loaded propellers and rotors in steady hovering flight.

The need for accuracy in calculations of VIOL rotor performance can be
emsphasized by noting that a 1X change in the lifting capability of a rotor, at a
given power input, may mean a 102 change in payload for the aircraft, and perhaps
the difference between profitable and unprofitable flight operation. A complete
analytical prediction would also allow for an optimization of the blade geometry
and operating conditions for a given mission requirement.

A review by the authors shows that analytical methods can be classed in one
of three categories: 1) single point, 2) potential theory of gigid sheets, and
3) finite element vortex theories. All methods must have as their fundamental
aim the prediction of flow conditions at the blade and a means of relating these to
the load carried. Moreover, all must maintain consistency, between conditions in the
wvake and those on the blade - this is the basic consistency relation.

Single point methods (1 to 7) require that one representative condition
on the blade be related to a corresponding condition in the wake (typically velocity
at a particular radius or mean velocity over the radius (13) neglecting the azi-
muthal variation of velocity). A wide variation in pexformance predicted from
these is possible as shown in Figure 1.

Derivatives of theories (10, 11) in which the wake produced by a propeller
in forward flight forms a rigid helical screw surface are classed in the second
category. These offer a more realistic picture in that they account for a finite
number of blades and maintain precisely the consistency between the assumed wake
and blade loading but place restrictions on the velocity variations. The assum-
ption of a rigid screw surface wake follows from the Betz solution (15) to the
problem of the wake produced by a propeller with a minimum energy loss in forward
flight (i.e. the optimum propeller). Application of the foregoing methods has
indicated (17) that they are in general inaccurate and incapable of giving detailed
loading information at low advance ratios, a flow region, admittedly, for which
they were not designed. See, for example, Figure 2.

Recent efforts to develop theories applicable to low advance ratio operation
of propellers and rotors have centred around increasing the accuracy in the modelling
of propeller and wake. Flow visualization by Gray (12), Valensi (18) and lately by
Adams (19) and Tanner (20) has revealed two basic features of the wake: a) the
tip vortex shed from the blade near the tip which rolls up quickly and b) an inboard
sheet with vorticity opposite in sense to that of the tip vortex and exhibiting no
roll-up. Methods which include these flow features are grouped into the third
category-finite element vortex theories. Here a further classification of methods
can be made according to the amount of decoupling between blade loading and wake
strength. Decoupling enables the consistency relation to be satisfied empirically
and is used to reduce the magnitude of the computational effort.
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The least decoupling is evidenced in methods (21, 22 and 23) in which ghe

uh is allowed to align itself everywhere with the local flow. These produce the

most consistent solutions and are capable >f useful accuracy but at the expense of
high computaticn times. At the other extreme (24, 25, 32), methods exist in which
the wvake 1is completely specified. These are useful if the wake geometry of an
unknown design can be predicted reasonably well in advance. In between, are methods
like (26) and (27). The former is concerned with comparing flow fields of a rotor
in and out of ground effect while the latter can usefully predict only the inboard
flow condition (0.30 < R/R, <0.75). Erickson (14, 28) tried with moderate success
to use a continuous vortex sheet for the wake from each blade which could distort
itself into alignment with the local flow within a specified axial variation of
induced velocity. Gray (12) and later Gartshore (29) and Gilmore (31) using
assumptions broadly based on flow visualization have developed a method in which
the vake is partly decoupled - part of the wake is specified and the remainder is
calculated.

A review, extension and evaluation of the present authors' partly decoupled
model is given in later sections of this paper. In assessing the accuracy of the
analytic models and assumptions, it is necessary to have accurate measurements of
the mean and instantaneous velocities close to one or more propellers. These can
be converted to local blade loadings using well-known strip theory, although the use
of strip theory with two-dimensional aerofoil data is itself somewhat uncertain.

An overall check on the accuracy can be made by measuring the total thrust and
torque on the propeller and comparing these with integrated values of blade loadings
calculated from measured inflow velocities.

Measurements of velocity near five propellers were used to evaluate the
analy:ic prediction methods. In the case of the first three, designated as 1967,
1968 and HSD-9 propellers, mean velocities (averaged circumferentially) were
neasured at specified points in the propeller flowfield using a tuft to indicate
direction and a pitot tube to measure velocity magnitude. Interpolation of measured
values then gave the velocity components in the propeller plane. This process is
called a "flow survey"”. In addicion, the intioduction of smoke into the flow used
with stroboscopic lighting, provides visualization of the region near the propeller.
For the remaining two propellers, direct measurements of the instantaneous velocity
were made near the propeller plane using a single hot wire anemometer (30). The
azimuthal variation of each velocity component was obtained from the measurements,
to provide a further comparison with the results from the vortex wake models.

2.0 The Vortex Wake Model

This section describes the vortex wake models developed by the present authors
and the calculation procedures which were used to predict performance of static thrust
propellers. Three related models have been tested, as illustrated in figure 3: (a)
the "simple" model in which each blade (represented by a lifting line) is assumed
to shed a single vortex filament from the tip; (b) the simple model to which has
been added an inboard vortex sheet shed from each blade at radii less than that
wvhere the maximum bound circulation occurs; and (c) a model in which each blade
(again represented by a lifting line) sheds an inboard vortex sheet and an outboard
vortex sheet which rolls up rapidly to form a tip vortex. The last model allows
roll-up distance to be specified and the outboard sheet strength to be made consis-
tent with the associated bound vortex strength at the blade.

While Gartshore (16) included an inboard sheet representation ia his original
model, its effect upon the induced field in relation to the tip vortex only was
unknown. Calculations carried out by Clark and Leiper (22) on hoverin;, helicopter
rotors had suggested that the effect of the inboard sheet might be larye under
certain blade loading conditions. In addition, the neglect of the rol.ing up pro-
cess in modelling the tip vortex of (16) was believed partly responsible for less
than satisfactory agreement between measured and predicted performance.

The three basic wake features of the present authors' model, tip vortex,
inboard vortex sheet and outboard vortex sheet, are described below.

2.1 The Tip Vortex

The tip vortex in the wake of a static thrust propeller caa often be observed.
From visualization using smoke and stroboscopic lighting its position may be approx-
imately determined and represented by expressions of the form:

Ro=Ryp (A+ ce M ) Q)
da. _ k(Y



vhere: «‘ = azimuth angle defined as in Figure 9 with respect to
coordinates fixed in space but instantaneously coincident
with the blade plane such that ¢ = 0 is along the quar-
ter chord of one blade.

R+p = blade radius
A,C, )\ = constants
k = axial displacement function
Z, = axial distance downstream

The tip vortex will have a constant strength if roll-up is not represented
explicitly; its strength will vary if roll-up of the ouiboard vortex sheet is
represented. The value of K appears to be approximately constant for Y, > %.
vhere B is the nuxder of blades. After studying the flow visualization pictures
for one propeller, the following form for K was assumed:

k = kz(“’./[?!/B])z ‘or w', < 27‘/8

k=kg for W, > 2%/B i

The reasons for choosing this form will be discussed later.

The tip vortex core, an often elusive quantity which is necessary to disguise
one shortcoming of potential wake models is discussed in detail in (16). It is pos-
sible that this vortex core does not represent a real region which might be observed
but rather denotes a region in which the potential model is grossly inaccurate. As
such it should be considered as an ~apirical quantity, to be given a value which pro-
vides e most realistic results. As a general rule it appears plausible that the
tip vortex core Le about equal to the chord of the blade creating the tip vortex.
This is not unreasonable since no lifting line theory representing the blade itself
is likely to provide accurate information abcut the velocities in the wake less
than one chord from the lifting line.

The strength of the tip vortex, once it is completely rolle¢ up, has been
made equal to the maximum bound circulation on the blades. This assumption was
suggested by Gray (12) and is an extension of the usual lifting line theory of
wings to the propeller case. No easy way of checking this assumption can be found;
it is convenient and plausible however.

2.2 The Inboard Sheet

The second major feature of the wake of a propeller is the inboard vortex
sheet. Vorticity shed inboard of the point of maximum bound circulation composes
the sheet which, by contrast to the tip vorticity, does not roll up and ie generaliy
weaker in strength. The sheet is represented in the model by a number of discrete
vortex lines or filaments. Assuming the effect of the sheet to be small its posi-
tion in space has been fixed rather less exactly than was the case for the tip
vortex. The position of a filament which was shed at R = r- R'm' is:

Ri= rRyp(A+Ce

where
&4 = axial poo’ition of the filament
% B go k (W.)d¥e

3(21)- value of @ which makes filaments at Zg¢ lie at the same
relative radial positions as those at which they were shed.

%':,' = Rpp k{(‘”)

k‘ = pitch of filaments = constant. Presumably k‘ varies
for small 2.

Following Gray's assumption (12) for the tip vortex, considered here to Le
somewhat too crude for the tip vortex but hopefully accurate enough for the inboard
filaments representing the inboard vortex sheet, we assume:

kg=ky=const. for W ¢ 21y

k¢ = 2Kk, for W >27/p
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Again, a vortex core must be assumed for the filaments representing the
inboard vortex sheet, and again 4 value roughly equal to the mean chord of the blade
appears appropriate.

2.3 Outboard Vortex Sheet

The vorticity which rolls up into the tip vortex must clearly be shed as a
sheet; however, little is known about the roll-up process. Flow visualization
pictures suggest that roll-up occurs close to the blade.

For computational simplicity the following assumptions were made: that the
shret can be represented by discrete filaments, and that vorticity shed from the
blade outboard of the point of maximum bound circulation moves downstream with a
characteristic radial contraction (outwards) until it meets the tip vortex. The
characteristic contraction is equal to that of the most inboard filament, of the
outboard sheet, which must intersect the tip vortex at a specified azimuth angle
(the roll-up angle). Each filament upon meeting the tip vortex combines with it,

changing the strength of the tip vortex. The position of an outboard sheet
filament is:

Re = re RTIP(A + Ce_xtw‘)

(5)
If the filament intersects the tip vortex at R¢m N wr then
em - { ]
Ae = - 1In [—-—
rln - | /q",- (6)
dz
S2e _ k(We)Ryp
dy,
where: Ac = roll-up rate (characteristic contraction) of outboard sheet

filament (rad-l)
Wr = Roll-up angle - rad.
Fgm- radius at which most inboard filament joins tip vortex

r." = radius at which most inboard filament is shed from lifting
line.

As roll-up angle decreases, the outboard filaments become more radially
oriented and ultimately coincide with the bound vortex or lifting line when Y, = 0.
This causes the effect of the outboard sheet to decrease and the model to approach
the simpler lifting line and tip vortex representation. Various values of vortex
core size for the filaments of the outboard vortex sheet have been tried but,
again, a value of this quantity roughly equal to the blade chord is appropriate.

In the calculation of the outboard vortex sheet position and effect, the tangential
induced velocity Vi was neglected by comparison with the blade rotational velocity.
This assumption could easily be improved, 1f required.

2.4 Basic Equatiouns

The flow field is assumed to be potential, satisfying La Place's Equation
in three dimensions so that the influence of vortex elemente in the field can be
superposed. Once the geometry and strength of the trailiing vortex filaments are
known, the velocities at any point in the flow field can be calculated. 1In
representing the vortex sheets, the filament circulation strengths are made equal
to the difference in bound circulation on the lifting line between the shedding
radial station and the next outboard station where the next filament is shed.
Using the assumption of two-dimensionality at each radial station, the bound
circulation from the Kutta-Joukowski rule is:

[ A bC, u
° 4drA 2 S

uhore:
fo = bound circulation at radius r

b = chord to radius ratio

C.
2 21%

W = local total velocity = [Vz + (R.Q +‘U"'r) J /ﬂRnpA

local 1ift coefficient

PR
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Considering a tip vortex element of circulation strength le , a velocity is
induced at a point r, ¢ , Z as given by the integral form of the Biot-Savart law
(see ref. 16) which reduces here to:

Vr - CX V;/P,’dwo
vy = o { vy /P? d¥ @
Vg = r-o\ V,v_'/P'5 d‘Po

where: P
Vr‘ - V" Cos ¥, + Vy Siny,
Vu: = "V"Sin Wo + Vy‘ Cos "P.
l[:
P, = [(x-x.)2+ (y -Yo)2+ (Z-zo)g & ez]
and:

Ve = _‘gsz: (y-yo) + %:(Z-Z-)

Vo - ° -Zo +‘d_z__o (x"xo)
vy :*. (z-2z,) dz. ( )
) = - e (X-X, +.i-x-° e
Ve a_‘x". ( ) g5 Y Y
From equations (1), (2) and (3),
X-%, = RCosy - Ryp (A + CJ)W')CN"P.
y-Yo = RSin® - R (A+Ce>¥)smy,

z2-2, = | z- keRye ._g_.’ for Y, & 27/B

F
Z - kgRrip ¥, Y, >2w/B
so that:
. e = -ARgpp (Ro i MR _t\cosy,
s_:'i” nP(ARm Sz (ARTIP ) 2 )
Re _ cos ¢ - N-Re - 1)siny
:_J’_ﬁo = ARnr(ARﬂ, o8 Yo (Aanp ' e

2
dz. . ) keRre (%/F ) for ¢ < 2n/B
¥ k2 Rpp y,> 2r/B

Similar equations apply for the filaments representing the vortex sheets,
the changes occuring only in the geometry of the filaments.

Numerical techniques were applied in thie solution of equations (8) and the
simplifications which were used in their application are described in the next section.

2.5 Approximations Used

In spire of the close specification of the wake by equations (1) to (6) it
is not complete and several "free" constants remain to be fixed: A, C, k“kv)

Since the tip vortex is assumed to leave the blade tip,
A+C=1 9)
and from simple momentum models for propellers,

A=1/fT

These assumptions are made, leaving kl' kz and A to be determined.
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If one considers only the ultimate wake*, far from the propeller, the tip
vortex has & helical shape of constant pitch and radius. Since the tip vortex is
the dominant feature in the flow field, in the ultimate wake at least, we agsume that
it is the only part of the wake affecting its own position and motion. On this
basis, the axial velocity of the helical vortex in the ultimate wake can be deter-
mined and hence its pitch can be found., The helix angle is equal to 4, where:

¢, = Ton' ( Ve, / (R, R + v,,.)) (10)

15 evaluated for Yo == @0 .| Here V¢ 18 the velocity of the filament in the
direction of increasing ¢ ; Vzo , the velocity of the filament in the axial direc-
tion; L2 , the rotational velocity of the propeller, and ARTIP' the radius of

the tip vortex centreline in the ultimate wake. Since kz/A = tan ¢, , from
the geometry of the tip vortex, equation (10) allows a value of k, to be calculated

from the velocities V,, and Vy .

In a similar fashion for the inboard sheet k, may be found by calculating
the axial and tangential velocities in the ultimate wake at a radius occupied by
one of the filaments. In this connection, since the tangential velocity term is
always small compared withR &, this part of the expression has been omitted, leaving

dz = 2k RT p = V.
aq’: ' ! ( nz ){ (11)
evaluated where “Vf —e o0

To evaluate (V3 )* , the velocities associated with or induced by the tip
vortex and all filaments of the inboard vortex sheet at radii larger than that at
which the one in question lies, are added.

The omission of all velocities associated with filaments inboard of the one
under consideration follows the observation that the velocities induced by a helical
vortex are usually much larger insice the helix than outside. In the limit, as the
helix angle decreases to zero, this solenoidal approximation becomes exact, since
the velocity then is zero outside the helix while it is non-zero and uniform inside.

The one remaining constant in equations (1), (4) and (5), X , is found from
the variation of radial position of the tip vortex with azimuth angle as determined
from flow visualization pictures.

Several simplifications of the numerical procedure were used to shorten
computing time. The velocity at the propeller plane associated with the ultimate
wake tip vortex can be found with fair accuracy once and for all, by the following
method, Since the ultimate wake tip vortex is a regular helix of constant pitch
and radius the velocity assoclated with it will be nearly proportional to the cir-
culation strength per unit length of cylinder. This would be exactly true for an
infinite length of closely packed vortex rings, rhat is, in the limit when the
helix angle goes to zero. Now the strength per unit length of ore helical tip
vortex is

dfe . lo
dz (Z”ARTlP)%}

(12)

where:
fo = the tip vortex strength
ARﬂP- radius of tip vortex in the ultimate wake.

If the velocities Vz are found for the tip vortex and divided by f;/kz
the resulting parameter

Az = Vz/(Fe/ke) (13)

should be a constant for a fairly wide range of values of [, and k,, provided that ,_,
and k, are consistent with each other. This assumption was checked %or values of [
ranging over those expected in propeller calculations and was found to be reasonably
correct {within a few percent in velocity Vz). Since the contribution to total Vz

* Sco comments in section 3.0 and 3.4 on the measured extent of the organized wake
downgtream of two propellers.
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at the propeller from the ultimate wake (say for & & iRTIF ) is usually about
102 of the total, this error is small, Use of this approximation shortens computing
time considerably. Vg cannot be found in this way with comparable accuracy but is
small in any case, compared with QRy,.

For calculating the contribution to the velocities at the propeller plane
from the inboard filaments in the far wake an identical scheme could not be adopted,
since the helix angles of the inboard filaments in the ultimate wake are greater
than are those of the tip vortex. In this case Az was not assumed constant but
vas allowed to vary with helix angle of the vortex filament. It was assumed con-
stant with radius, however, an assumption which when checked was found reasonably
valid inside the filament helix radius. Again, calculating the contribution of
the vortex filaments in the ultimate wake to velocities at the propeller plane by
this method reduces computing time considerably.

The velocities in the ultimate wake associated with either the tip vortex or
the inboard filaments may be calculated, once and for all, and a table constructed
of values of A_ and k, for this case, to be used for all subsequent calculations.
This was done, again Shortening computer time.

2.6.1 Results from Flow Visualization

Since the tip vortex is considered to be the dominant part of the flow field,
it 1s important to locate it with fair accuracy. To do this, flow visualization
photographs showing the vortex position for various blade azimuth angles were used
to plot the vortex position. Three propellers were studied and are discussed below:

1) The 1967 propeller (4 blades) at 12° and 14° blade angle was studied.
The tip vortex location is plotted in figures (4a) and (4b) as Re/Ryip
and Z,/Rye against Y, .

There is a sudden change in axial location of the vortex when it passes
beneath the next blade ( Yo £= 90°). There appear to be further sudden
jumps, of lower magnitude, at larger angles (about 230° and 320°, on the
9-75 = 12° gurvey).

The radial contraction, while not well defined by the points, appears
smooth. The tip vortex appears to stay near the propeller plane for the
first 90°, then move away with nearly constant helix angle. These
observations are reasonably well fitted by the equations (1) to (3)
which are also represented on figures (4a) and (4b).

It is worth noting that for the first 90° the tip vortex lies less than
one-half chord length below the propeller plane. This distance is certainly
smaller than that for which lifting line theory is usually employed and
provides cause for skepticism in the present calculation.

2

~

Data from the second propeller studied, the 1968 propeller, is presented
in Figures (5) to (8) in the same form as that for the 1967 propeller.

The original version of the 1968 propeller, the 'A', at the 12° blade
angle 18 shown in Figure (5). The circled points follow the normal radial
contraction envelope shape within a 10% tolerance band, while the axial
position increases gradually for y <90° and then abruptly exhibits a
Jump in slope for Y~~~ 90° characteristic of four bladed propellers. A
larger amount of scatter about the usual straight line variation is
evident for the axial position. In addition, the first indication of a
secondary, weak tip vortex, is shown by the crosses. Extrapolation of these
points suggests that this weak vortex is shed from R/ = 0.88, a radius
close to where a rather large change in slope of the radial distribution
of blade angle occurs. The axial position of this secondary vortex at
any azimuth always appears to be downstream of the strong tip vortex, and
follows a similar variation.

Data from the "B" version of the 1968 propeller is plotted for 14° and 17°
blade angle in Figures 6 and 7. The "B" blade geometry is noteworthy in
that an even more abrupt slope change in blade angle distribution occurs
for .88 < R/RTIP <0.90 than in the "A" version. There is presumably

some correlation between the blade angle distribution and the double tip
vortex feature, in view of the large undulations of both tip vortices
radially and axially in Figure 6. These larger positional fluctuations
imply more nearly equal strengths of the two vortices. The effect of
increasing blade angle (or CT) tends to reduce the undulation amplitude,

while the position of cross-over of both radicl and axial coordinates

does not appear from the available data to show any consistent variation
with blade angle. Due to dispersal of the smoke in the flow visualization
photos it is difficult to obtain data on the secondary vortex for ¢/ > 90°.
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3) The third propeller to which the method was applied was the HSD-9 propel-
ler at 12° blade angle. The data from this propeller is plotted in
Figure 8. Radial contraction and axial variation of the tip vortex
position show no unusual properties.

2,6.2 Evaluation of Free Constants

From figures 4-8, values of the free constant A were chosen to represent the
three propellers. This data is included in Table (2-I). A simple polynomial
(cubic) has been chosen for the relation between Ze and We for ¥p&F and a
linear relation for larger e as in equation (3). The relation for Z, (I-l-k)
corresponding to @Y, < F determines how far the tip vortex will pass under the
succeeding blade. The actw.l vortex positon couid be found by iterative pro-
cedures, but such refinements are probably not worthwhile until other difficulties
in applying the method are overcome,

Table 2-1
Propeller A A C Zo
1967 $.75 =127 | 0.40 707 | .293 | 7 Tip VorTex -
[/ for © <F
=14 | o040 | .707 | .293 dze o ka(%e/)" bor %
. @ |« W3 F
1968-A B.ps = 12° | 0.48 .707 .283 z g
5 Vortices
1968-8 Q.75 = 140 | 0.51 | .707 | .273 | & [mboard VerTic for W.<F
dz’ kzlz or m.
=17° | 0.53 707 | .293 de, =
]k, W,3F
D-9 = 12° | 0.50 707 | .293
050 kg chosen in program

3.0 Results and Discussion

3.1 Simplest Model

As already described, the simple model incorporates only a tip vortex, which
leaves the blade at the tip and whose strength is equal (within 22) to the maximum
bound circulation on the blade. Conventional airfoil data was used in the strip
theory necessary for converting velocities at the blade to forces and circulations
on the blade. A constant drag coefficient of .0l was used, with one exception
discussed szparately., Before discussing the final results for forces, induced
angles etc. on the blade, two particular observations are relevan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>