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Prototypes of the recently developed periscopter, a flying
platform tethered to a ground station, are presently extremely
difficult to fly. Tests conducted by the Defence Research Board of
Canada in Valcartier, Quebec, and by Westinghouse of Canada near
Hamilton, have led to several crashes, Possible causes for the lack
of flying qualities are: unbalanced aerodynamic forces and moments;

inadequate controls; and poor inherent stability characteristics.

In this investigation, the system of counter-rotating lifting
rotors used in the present periscopters is examined with a view to
improvement of the flying qualities, The aerodynamic theory of

helicopter rotors is considered as a background,

The blades of the present periscopter rotors neither flap nor
feather, The feasibility of using either articulated (flapping) blades
or rigid feathering blades is examined, It is found that flapping

blades are not feasible mainly because of associated stability and

ii



control pfoblems. Also the two counter-rotating rotors would tend to
strike against each other, A rigid rotor system featuring feathering
blades is found to be feasible, Such a system is therefore examined
in detail by computing all relevant aerodynamic parameters, It is
shown that the feathering system can provide all required control
moments, Its introduction would therefore eliminate the present bail

mechanism,

AQ analysis of the stability characteristics of a periscopter
featuring a rigid feathering rotor s&stem is developed, However,
when hovering in still air, such a periscopter is shown to be unstable,
The possibility of rendering it stable by the use of rotor controls
is demonstrated, No attempt ié made to suggest a specific design

for the control system to be used,

The effect of various operational parameters on the flying

qualities of the periscopter is investigated,
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1, INTRODUCTION

Periscopter is the trade name of an unmanned flying platform
tethered to a ground vehicle, The platform is kept aloft by two elec-
trically driven counter-rotating rotors (propellors), The periscopter
is Jointly developed by the Defence Research Board of Canada and by
Westinghouse of Canada, The system is designed to accommodate a
television camera that can overlook a limited ground area of military or

other interest from a height of up to 600 feet.

Several periscopter prototypes have been built and tested in
recent years, Some have crashed., None has as yet performed to the full
satisfaction of the research and development teams, and no commercial
production has so far been contemplated. The purpose of this research
is to investigate the aerodynamics and dynamics of the periscopter types
now in existence, and to gain some understanding through theoretical
analysis of the causes for the crashes, = Suggestions are made for
design changes, A simultaneous investigation of an advanced test pro-

gram for the periscopter is in progress at McMaster University.

The tether cable of the periscopter system connects the flying
platform to a ground vehicle, The design of the cable consitutes a
formidable engineering problem, The cable must perform three functions,
It must hold the platform in the air much like the string of a kite -
prevents the kite from escaping. Therefore the cable must be light

 and strong, Its tension is the aerodynamic 1ift minus the weight of



the platform, The cable must contain electrical leads of sufficiently
_ good conductivity and insulation for powering two electric motors
developing each up to five horsepower Finally, the cable must
contain additional electrical leads to serve both the control system
and the electronic devices (television camera) of the platform,
Research t§ward development of a better cable is necessary but has not

been included as part of this investigation,

The flying platform and the tether cable have a combined weight
of the order of 100 pounds, The required aerodynamic 1lift is generated
by a system of two coaxial counter-rotating rotors approximately four
feet in diameter, In still air the rotors move in two horizontal planes
whose design distance is approximately three inches apart, The rotor blades
are made of light rigid material, There occurs, nevertheless, some
in-flight blade flexing. This flexing is currently held responsible for
the collisions that have occurred between the two rotors and that have

caused the crashes during test flights,

A simple platform lifted by two counter-rotating rotors is
capable only of hovering in still air, If there is an incident wind of
constant velocity, or if there are random gusts, the simple tethered
hovercraft becomes completely unstable and will crash, Control devices
are therefore used to render the periscopter aerodynamically and

dynamically stable within a wide range of wind conditions. The



following control moments are essential: A yaw moment must be
available for the case when the reactions of the counter-rotating
propellors do not fully compensate, This condition occurs wheﬁ there
is non-zero wind velocity resulting in non—identical upstream flows
for the two rotprs. A pitch moment and a roll moment must be avail-
able when, because of winds or gusts, the rotors develop unbalanced
pitch and roll, These moments also serve to manoeuver the platform

within the constraints of the tether cable,

In the existing periscopter models control moment for yaw is
generated by increasing or decreasing the speed of one rotor with
respect to the other rotor, This changes the net reaction torque
which must be zero, The control mechanism consists of a sensing device
that controls the speed of the two electric generators in the ground
vehicle supplying the power for the rotor motors, (The motors are of
the induction type so that their speed changes with the frequency of
the electric power and therefore on the generator's rpm,) The yaw
control is thus fully automatic, It involves considerable ground

equipment,

The control moments in pitch and roll are presently generated
by torquing the platform against a bail mechanism, In the latest
periscopter prototype, Skyhook IV, at the Canadian Armaments Research
and Development Establishment (CARDE) the bail is six feet long and
carries at its lower end a weight of about four rounds, The upper
end of the bail is hinged near the centre of gravity of the peri-

scopter, Torquing is produced by two direct current servo motors,



one for pitch and one for roll, The torquing motion of the bail is
constrained by the tether cable whose tension is in the order of

thirty pounds, Because of this tension the bail deflections are very

small,



2, HELICOPTER DYNAMICS AND AERODYNAMICS

To our knowledge, no analysis of periscopter type aircraft has
as yet been published. Our analysis of the aerodynamics of the
periscopter rotors is an extension of the known aerodynamics of the
helicopter rotor., For this reason, some relevant facts of the dynamics
and aerodynamics of helicopter rotors are reviewed in this section,

We specifically mention single-rotor aerodynamics and the calculation
of a rotor induced velocity field. Rotor types used in modern

helicopter designs are discussed,

SYMBOLS USED

4

r radius of the rotor

b number of blades

o blade elemental chord

x non-dimensional radius r/R

L rotational speed of the rotor (radians/second)

b4 blade azimuthal angle measured from downwind position
vy induced velocity

\'f wind velocity

v resultant velocity at the blade element

UT velocity component in the plane of the rotor

UP velocity component perpendicular to the plane of the rotor
Vc climb velocity

o rotor disc incidence

GE collective pitch setting



¢ downwash angle (UT/UP)

i blade elemental angle of attack

P tip speed ratio (UTAQR)

A UPA1R inflow ratio

J\'cvl vi/ﬂR

K factor for longitudnal variation of induced velecity
o] air density

T thrust

H H-force

b § Y-force

P disc loading (T/nRz)

2.1 Rotor Aerodynamics

i
No complete analysis exists for the aerodynamics of helicopters

rotors, The flows encountered, especially in forward flight, are
very complex, They are non-linear and unsteady (time-periodic),
Consequently, a manageable analysis must rest on some simplifying

assumptions,

Figure 1 (see Appendix 1) shows the effects of a hovering
rotor in still air, A pressure difference Ap develops across the
plane of the rotor. The pressure difference causes the air above the
rotor to accelerate and to pass through.this plane, The induced
velocity Vie also called the rotor downwash, is defined as the velocity
of the air when passing through the rotor plane. Downstream of the

rotor plane the air is further accelerated until it reaches a distance



of about one rotor diameter, In forward flight, this distance reduces

to as much as one rotor radius,

The forces and moments acting on the helicopter rotor blade
can be investigated by analyzing the flow past a rotor blade, Figure 2
shows the top view of a blade that rotates counter-clockwise, R and ¥
are respectively the rotor radius (blade span) and the time-dependent
azimuthal angle of the rotating blade._(l is the angular speed,
Figure 3 shows the elemental section of the blade at a typical distance
r from the center. As the blade rotatés, the elemental section moves
through the air with velocitx!lr.flr is the component of the incident
flow velocity vector that lies in the plane of the rotor, The
component perpendicular to this blane is the induced velocity Vi The
resultant velocity is denoted by V', The angle between the direction
of the resultant velocity and the direction of the chord of the blade
element is the angle of attack i, The angle of attack is the difference
. between the angles Gc and ¢, where Qc is the angle between the chord
and the rotor plane and ¢ is the angle between the flow velocity

vector and the rotor plane. One therefore has, since g is small,

i =0 ¢ =0 - — £2.1.1)

Considering now the helicopter in motion, one defines three
planes for the purpose of introducing a.suitable coordinate system,
These are the rotor plane, the longitudinal plane, and the lateral
plane, The origin is at the rotor center, The rotor plane is already

well defined, The z-direction is chosen to be perpendicular to the


http:blade.Il

rotor plane, The longitudinal plane is then defined by the z-direction
and the direction of the flight velocity V. The x-direction is

chosen to be perpendicular to the z-direction and in the longitudinal
plane, The y-direction is perpendicular to the longitudinal plane,
Thus, the xy-plane is the rotor plane, the xz-plane is the longitu-
dinal plane, and the yz-plane is the lateral plane. The aerodynamic
force vector (rotor force) in general does not coincide with any of
the three coordinate directions., One therefore has the x—éomponent

of the rotor force which is usually termed the H-force, the
y-component of the rotor force which is termed the Y-force, and the
z-component of the rotor force which is identified with the rotor
thrust, The thrust is to be distinguished from the lift: if a fourth
plane is defined by the directions of the flight velocity agd the
rotor force, them by definition, the 1lift lies in that plane and is
the component of the rotor force perpendicular to the flight direction;
the drag is defined as the component of the rotor force parallel to

" the flight direction.

The blade loading is a function of the blade span variable r
and the azimuth angle ¥, The total aerodynamic force developed by a
blade for a given Y is therefore calculated by integration with
respect to r, Since Y is a function of time, the time average of
the aerodynamic force developed by the fotor is then found by inte-

gration with respect to ¥ from O to 2m.

The thrust produced by a rotating blade generates a moment

about an axis in the rotor plane, This axis is perpendicular to the



blade span, passes through the rotor hub, and rotates with speedf.

If at a given azimuth angle Y the thrust loadings of each blade of a
two-blade rotor are identical, the two moments will exactly cancel,
In that case the resultant moment at the rotor hub is zero, This
ideal condition prevails only if the helicopter hovers in still air,
The thrust; and therefore the momeﬁt, due to an elemental section of
the blade, actually depends on the angle of attack i and on the
magnitude of the resultant flow velocity V'. These quantities in
turn depend on the induced velocity vy which in general is not

uniform throughout the rotor plane,

If the helicopter is in forward flight, then the.advancing
blade (¥ = 0° to 180°) experiences an increased resultant air flow
velocity and an increased angle of attack, c.f. Fig. 3. This increases
the thrust loading on the advancing blade, Onvthe retreating blade
(¥ = 180° to 360°) the thrust is decreased. Consequently, the moments
are no longer balanced, The resultant unbalanced moment at the rotor
hub is largely a roll moment (about the x-axis)., Unless neutralized,
this moment causes the helicopter to roll over, There is also a
pitch moment (about the y-axis due to a variation of the induced
velocity in the longitudinal plane), An additional pitch moment may
be caused by blade flexing. Again, the helicopter will pitch over

unless the pitch moment is neutralized,

2,2 Induced Velocity

The calculation of the distribution of the induced velocity in



the plane of the rotor (rotor disc) is difficult, especially in
forward flight, Its determination is nevertheless essential for an
analysis of the helicopter's performance, stability, and control,

This is because the distribution of the induced velocity determines
the distribution of the blade incidence (distribution of the angle of
attack along the blade span), The distribution of the blade incidence
in turn affects the thrust and the moments, which are the most
relevant parameters of the analysis, No accurate theory bﬁt

approximations based on simplifying assumptions are available,

The calculation of the induced velocity is simple when the
ﬁelicopter is hovering in still air (Ref., 3, 10, 11), It follows
closely well proven propellor théory. Propellor theory is based on
the law of conservation of momentum, Despite its simplicity it gives
surprisingly good results, The rotor disc with its more or less
complicated radial distribution of incidence, loading, etc., is
. replaced by a thin actuator disc, The actuator disc is assumed to
produce a uniform pressure difference across its plane, It thus
accelerates the air flow uniformly. In this approximation the

induced velocity is calculated as

v, » == 5 = -2 (2.2.1)
2Ptk 2P

This expression is of course independent of the blade span variable
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A more accurate calculation of the induced velocity takes the
dependence on the spanwise load distribution into account, The
calculation is based on conservation of momentum at a blade elemental

section, 1Its result is the more complicated expression

<

c—anR - 2(6 xR ~ V)
= p ) + (-1 + .- g = ) (2,2,2)
1 e +V o= a0R

( S + ¥ 4 2 )

o aQR ¢ 16
X

Vi:(-—g-l‘
2

Equation 2,2.,2 is a function of the span variable x and is very
accurate for hovering in still air, It can also be derived by more
sophisticated vortex theories, quuation 2.2,2 gives a constant value
for the induced velocity over the blade span if(r% and ©.x are
independent of the blade span variable x, This implies that the blédes
are untapered and linearly twisted, For such twist and taper one can

therefore use the simple momentum theory (Reference 10),

Considering now forward flight, an approximation of the induced
velocity that is uniform over the rotor disc is given by Glauert's
formula

W o s (2:2,%)

NPT
Here V' is the assumed uniform resultant velocity of the air flow
through the disc. ZEquation 2,2.3 is juétified only in that it reduces
to the momentum equation 2,2.1 when V' = Vo which is the hovering

condition, (It also reduces to the expression one finds for the

induced velocity of an elliptically loaded wing with fhe same total
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1lift and the same span, when V' is taken as the flight speed V,)
Glauert's formula is largely empirical, It is regarded in the
helicopter iiterature as a realistic estimate of the mean induced

velocity for any forward flight condition (Ref, 3, 11, 20),

In a more refined analysis of the induced velocity in forward
flight it is necessary to take the spanwise and the azimuthwise
variation into account., The induced velocity is after all a function
of the local blade loading., It also depends on the forward speed and
on the disc incidence, The fact that the induced velocity depends on
both the blade span variable and the azimuth angle affects the aero-

dynamic characteristics of the rotor, Several theories are available,

One approach takes the longitudinal variation of the induced
velocity across the rotor disc into account., As the air is accelerated
toward the rotor disc, air particles entering the upstream portion of
the disc héve experienced the influence of the rotor for less time
than air particles entering the downstream portion of the rotor, As
a result, the deflection of the air particles toward the rotor
increases from the upstream portion to the downstream portion, Thus
the induced velocity, being the velocity component-perpendicular to
the disc, also increases from the upstream portion to the downstream
portion, This generates a nose up pitch moment. The effect actually
becomes negligible at high flight speeds, say above 60 mph, and is
therefore usually ignored in performance and stability calculations.
In 1926 Glauert suggested that the increase of the induced velocity

in the longitudinal plane is linear, He proposed the
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formula

v, = vo(l + Kx Cos¥ ) (2.2.4)

vhere LA is the mean induced velocity given by equation 2.2.3. The
calculation of K is difficult, One approach is to determine inde-
pendently the distributipn of \A in the longitudinal plane K is then
adjusted so that Equation 2,2.4 best fits these data, A theoretical
calculation of \A in the longitudinal plane for a rotor that is
uniformly loaded was given by Castles and deLeeuw (Ref, 2), Based on
their calculations, K is approximated by the relationship

k280,245 (2.2.5)
3 A A

The tip speed and inflow ratios ¥ and A are defined in the table of
symbols, Paync points out that the value of K calculated from Equation
2.2.5 agrees better with experimental results than values of K

calculated by other methods (Ref, 20),

Mangler in 1953 published an analysis of the distribution of the
induced velocity in the rotor plane, based on linearization of Euler's
equation of motion, He thus assumed that everywhere in the rotor plane
the induced velocity is small compared with the flight velocity, He
expanded A in terms of a Fourier sefies in the azimuth angle ¥, The
advantage of Mangler's approach is that it relaxes the assumptién that
the load distribution is uniform; it thus permits the calculation of
vy to be based on a more realistic load distribution (Ref, 16), It
is shown later, however, that Mangler's approach cannot be applied to

the rotors of the periscopter because there the induced velocity is of
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the same order of magnitude as the wind velocity.

A very accurate though involved method for the calculation of
the induced velocity in the plane of a rotor consists of replacing
the rotor wake by a suitably chosen vortex system, This method has
received increased attention in recenf years (Ref, 3, 5, 26, 27).
Much computational work is involved. The vortex method is useful in
the calculation of the time variation of the induced velocity., Such
studies aré necessary if one wishes to analyze vibrations or flutter,
or for a general aeroelastic analysis, Vortex theories are not used

for regular performance and stability calculations,

2.3 Rotor Types

Broadly, there are two helicopter rotor types. These are the
flapping rotor, also called the fully articulated rotor; and the

cyclic-pitch rigid rotor, whose blades are capable of feathering,
The Flapping Rotor

Each blade of a flapping rotor is hinged near the hub axis so
that it can freely flap up and down (Fig. 4). A second set of hinges
allows the blades to move through a small.angle in the plane of the
rotor., Thus the design of the flapping rotor provides one flappinghinge
and one so~called drag hinge for each blade, By this deéign no
moments (except a negligibly small blade pitch moment) can be trans-
ferred through the hub to the helicopter, Figure 5 shows a flapping

rotor, AA is the initial rotor plane, The blades OC and OC' are
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flapped up through the flapping angle B, Each blade experiences three
forces: the thrust which is nearly perpendicular to the blade span; a
centrifugal force which at all times is perpendicular to the rotor

shaft; and an inertia force.

The flapping angle P varies as the rotor rotates and is a
function of the azimuth angle ¥, B is determined by the dynamic balance
of the three forces and can be approximated by a three-term Fourier
series in ¥, A discussion of the dynamics of flapping blades is

given in Ref, 10, Thus

B=a -a Cos? - b Sin¥ (2.3.1)

Because of the negative signs in Equation 2,3.1 the Fourier constants,
which are termed flapping coefficients, all become positivé. The a, =
flapping produces a}backward tilt of the rotor tip path plane; it is
due to the aerodynamic forces that are sine functions of Y. a, is

' independent of aerodynamic damping and of the mass of the blade, The
bl -flapping produces a starboard tilt of the rotorytip path plane if
the rotor, as seen from above, moves counter-clockwise; it‘is due to
aerodynamic forces that are cosine functions of ¥, In Section 4,1 it

is shown that b, depends on the coning angle a, and on the longitudinal

variation of the induced velocity, When the helicopter hovers in still

1 and 'b1 are zeros and the blades then have a constant

flapping angle which is the coning angle ae

air, both a

Flapping of helicopter blades for the purpose of eliminating

aerodynamic moments about the rotor hub was first introduced in 1919



by Juan de Cierva (Ref., 7). The flapping motion of the rotating
blades in early helicopter models resulted in‘large periodic in-plane
Coriolis forces. Drag hinges were introduced to reduce the resulting
periodic in-plane stresses in the blades, Despite this precaution
helicopters still crashed, It was found that the presence of the drag
hinges led to what is termed ground resonance, an unstable oscillation
of the blades about the drag hinges. The problem was eventually solved
by the introduction of in-plane damping, Nevertheless, thé centrifugal
forces experienced by each blade must be borne by sturdy flapping pins
which render the rotor hub heavy and of complicated design. Thus, the
heavy hub, the in-plane hinges, and the in-plane dampers, all contri-
bute to a structurally complicated design of the flapping rotor, Such
helicopters are controlled by tilting the hub, which results in
tilting the thrust vector., Their stability and flying qualities are
poor and they are structurally complicated, It is possible, however,
to improve the stability and flying qualities by moving the flapping
hinges away from the hub through a certain fraction of the blade span,
Such rotors are termed offset hinge rotors. Many helicopter types
currently in use are of the offset type. (For a detailed discussion

of offset type rotors see Ref, 19 and 20.)
The Rigid Rotor

Only recently have designs featuring a rigid rotor been given
serious attention (Ref, 6, 7, 14). So-called cyclic pitch, or
feathering, of the rotor blades is employed to relieve the unbalanced

moments produced in forward flight, The blade angle of attack is

16



varied in a controlled mode by varying the geometric pitch setting
as a function of the azimuth angle ¥, This is made possible by the
use of a swash plate mechanism (Fig. 6)., The geometric pitch setting

as a function of Y is

0 = ec - A Cos? - B Sin¥ (2.3.2)

where_gc is termed the collective pitch setting, _Oc can be varied
during flight. A and B are the feathering coefficients; they may be
positive or negative. A forward tilt of the swash plate results in a
negative value for the feathering coefficient A, producing a nose-
down pitch moment, Similarly, a backward tilt of the swash plate
produces”a nose-up pitch moment., Roll moments are produced by tilting
the swash plate to the right or left, This varies the feathering
coefficient B, The collective pitch settiﬁg Oc can be increased or

decreased by respectively raising or lowering the entire swash plate,

Helicopters of the rigid rotor design are easily controlled by
varying their collective and cyclic pitch, The stability and control

characteristics of the rigid rotor helicopter are different from those

of flapping rotor helicopters. The more recently developed rigid rotor

helicopters have definite advantages over the flapping rotor types.
They have a better stability, can be manoeauvered more easily, have a
wide center of gravity range, are easy to fly, can be flown by
instruments, have high maximum speedsy and are altogether mechanically

simpler,

17



Distinguishing Features of the Periscopter

When analyzing tﬁe periscopter for performance, control and
stability, it is necessary to clearly bear in mind those features of
the periscopter that distinguish it from the helicopter, These are:
(1) The periscopter is tethered to the ground by a cable restricting
~its freedom of motion, The cable's tension constitutes an additional
force that does not exist for the helicopter, The limited freedom of
motion and the cable tension may significantly affect the periscopter's
stability and control, Helicopter stability and control theory can
for this reason not be directly applied.

(2) The aerodynamic efficiency of the periscopter is of secondary
importance, Instead, flying qualities must be given first priority.
(3) The close coexistence of counter-rotating blades complicates the
aerodynamics, Ineteference affects cannot be taken fully into theore-
tical account,

(4) Flexing, flapping, and feathering, of counter-;otating blades,
pose formidable mechanical design problems,

(5) The periscopter has no forward flight., Nevertheless, flying in a
steady wind is aerodynamically equivalent to the forward flight

condition of the helicopter,

18



3, STATEMENT OF THE PROBLEM

The design of the periscopter is complicated, This is because
the aerodynamic charaéteristics of the counter-rotating rotors, the
characteristics of the control system, and the stability character-
istics, are strongly interrelated, The flying qualities of the peri-
scopter depend on these characteristics, Their improvement amounts
to an optimisation of these three factors, For example, the rotor
system should be optimised to develop the required 1lift with a min-
imum of power, This however becomes a minor consideration, The
ma jor cdhcern is the improvement of the flying qualities, There are
significant unbalanced forces and moments that depend on the rotor
aerodynamics, The control system must balance these forces and
moments, Its design must therefore take the rotor aerodynamics into
account, Furthermore, in a rigid rotor design employing cyclic pitch
the rotor itself would provide the control, The design of the control
systen must also take the periscopter's stability characteristics
into account, The stability charaéteristics in turn depend among

other things on the rotor aerodynamics,

It follows that the investigation of the periscopter must
follow a course that begins with the aerodynamics of the rotor system,
followed by an understanding of the control and stability problem,

This leads to a theoretical prediction of attainable flying qualities,

The periscopter rotor systems employed in current designs do

19



not feature blade flapping or feathering, These systems have caused
considerable trouble (including the crashes) when flight-tested, The
upper and lower blades tend to flex and strike against each other,
The effect must be studied in terms of the rotor aerodynamics, The
periscopter flying qualities have been very unsatisfactory at wind
speeds as low as 10 feet per second, At speeds in the order of 20
feet per second it is almost impossible to fly the present models,

It is clear that the control and stability characteristics of the

present models are inadequate in relation to their aerodynamics,

The feasibility of replacing the periscopter's present simple
system of rotors by more elaborate alternative systems is examined,
Blade flapping and feathering are specifically investigated, Since
one is ultimately interested in the flying qualities of the peri-
scopter, a combination analysis of the aerodynamics of the rotor
system, the control system, and the stability, is carried out, It
is shown that the introduction of blade flapping ié not feasible,
but that the introduction of blade feathering promises a significant

improvement of the flying qualities,

3.1 The Flapping Rotor

In the case of a flapping rotor system, no aerodynamic moments
produced by the rotor would be transferred through the hub to the peri-
scopter, Nevertheless, the incident wind would cause the rotor tip
path plane to tilt backward and sideways, This is because of the

existence of the a.-flapping and the b

1 -flapping discussed in

1

20
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Section 2,2, The tilt of the rotor tip path plane causes a tilt of
the thrust vector, This means that the thrust vector no longer passes
through the center of gravity of the periscopter, Moments would
therefore be created about the center of gravity, and the control
problem would thus still exist, Control could be achieved in two ways,
One could use a bail mechanism, The present bail mechanism.would have
to be redesigned because the performance of the systems used in
current periscopter models has not been found satisfactory in flight
tests, Alternatively, the hub could be tilted., This would result

in a tilt of the rotor tip path plane, Tiltinglof the hub is
accompanied by mechanical difficulties, This is true for helicopters,
and would he even more severe for the counter-rotating system of the

periscopter with its two distinct tip path planes,

Flapping blades would create another serious problem, The
bl-flapping would cause one rotor to tilt in one rolling direction
and the other rotor to tilt in the other rolling direction. This means
that on one side the rotor blades would come much closer together than

is provided for by the design distance of the two rotor planes,

Therefore they would tend to strike against each other,

Some calculations of bl-flapping have been made, They show
that the bl—flapping of each rotor can be as large as six degrees,
giving each blade a tip deflection of about three inches, To this
must be added an allowance for possible vibrations or flutter of the

blades, Thus, in order that the perilous interference of the two

rotors be completely eliminated, fheir present distance of three
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inches would have to be considerably increased, say to eight inches,
Eight inches would not be a small distance compared with the rotor

diameter,

Moving the rotor discs apart to a relative distance that is
~ comparable, or almost comparable, to the disc diameter would compli-
cate the aerodynamics of the system, Theoretical analysis of such a
configuration seems impossible, It should of course be feasible to

conduct wind tunnel tests,

In a configuration featuring a safe distance between the two
rotors, the air flow occupying the space between the two rotors would
be accelerated under the influence of both rotors, This would result
in a higher induced velocity at the lower rotor so that the difference
in the induced velocity at the two rotors could no longer be neglected,
The inflow conditions at the lower rotor would be influenced by the
skew angle of the wake of the upper rotor, and also by the wake's
interaction with the incident wind, It would thus be imperative to
employ a different design for each rotof. The design of each rotor
would have to be based on the aerodynamic effect, to be determined

experimentally, of the distance between the two rotors,

The bl-flapping depends on the coning angle a, and on the
longitudinal distribution of the induced velocity, The coning angle
could be kept small by the use of heavy material for the blades and by
choosing a suitable load distribution over the blade span, However,

the major cause for the b,-flapping is the longitudinal variation of

1
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the induced velocity, This effect cannot be eliminated through design,
For high wind speeds, however, the slip stream is almost horizontal,
and the longitudinal asymmetry of the induced velocity is negligible,
But for the transition rangerof‘wind speeds (10 to 50 feet per second),
the induced velocity decreases as the wind speed increases, and the
longitudinal asymmetry of the induced velocity increases, This reéults

in increased bl—flapping,

A flapping rotor design would involve significant mechanical
problems, There would have to be a heavy hub to accommodate each
rotor's flapping pins, in-plane hinges, and the in-plane dampers, (see

also Section 2,3),

Finally, flapping rotors have very poor stability character-
istics (Ref, 10), ‘Despite the design possibilities mentioned, it is
therefore unlikely that the introduction of flapping rotor blades

would improve the periscopter's flying qualities,

It follows from this discussion that the adoption of a flapping
rotor system for the periscopter is not promising, For similar reasons
one should also reject the adoption of off-set flapping hinge rotors,

sea-saw rotors, and stiff-hinged flapping rotors,

3.2 The Rigid Rotor

It was said in Section 2,% that the unbalanced moments ex-
perienced by the periscopter and caused by winds and gusts could be

effectively neutralized if the blades were given a suitably chosen



cyclic pitch (feathering) as they rotate in azimuth, Not only could
the aerodynamic moments in this way be neutralized, but any desired
control moments could be produced by the use of cyclic pitch, Bail
mechanisms could therefore be completely eliminated, It should also
be possible to use the collective pitch for yaw control, This would
result in the elimination of some of the ground equipment currently

needed for yaw control,

The history of the rigid rotor with feathering blades began
as recently as 1957, At that time the Lockheed Company encouraged a
research and development group consisting of non-conformist aero-
—dynamicists to investigate the design feasibility of an air vehicle
that could take off and land vertically, should be relatively quiet,
should have low downwash velocity, and could be mass produced, Heli-

copters were found to be the answer, But at that time helicopters

2k

were very complicated in design and had poor flying qualities, Flapping

blades were still used, The Lockheed group began to search for a new
7 helicopter concept featuring both a simpler mechanical design and more
satisfactory flying qualities, The principal problem was to find
imﬁroved means for producing control moments, The concept of a rotor,
whose blades do not flap but whose incidence changes as a function of
azimuth, was adopted as a result of the research, Such rotors are the
now known rigid feathering rotors, Lockheed thus revived a concept
that had been abandoned as impractical during the early years of the
helicopter, The promise shown by the rigid rotor concept - with ité
potential for hands-off stability - led to an extensive development

program, The advantages of the rigid rotor helicopter were found to
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be a much simpler mechanical design, improved inherent stability, and
better control and manoeuverability (Ref, 15). The improvement in
stability is accomplished by a control gyro mounted above the blades,
The first two Lockheed 286 helicopters were certified in 1967, They
were the first rigid rotor vehicles certified by the Federal Aviation

Administration of the United States,

Adoption of the rigid rotor concept for the periscoprter appears
very promising. Some mechanical problems would of course have to be
overcome, Each rotor would have to be feathered by an individual

swash plate mechanism,

"To establish the suitability of a rigid rotor system for the
periscopter, a theoretical analysis of thg aerodynamics of counter-
rotating rigid rotors with feathering blades, and of the relevant
stability and control problem, has been carried out. The analysis is

presented in Section 4,



L, THE RIGID ROTOR SYSTEM

A rigid feathering rotor system is investigated, The system
consists of two coaxial and counter-rotating rotors, The rotor
design of the existing periscopter models is considered, Each rotor
has two identical blades which are tapered but not twisted, The
diameter of each rotor is 52 inches and their design speed is %3000 rpm,
The distance between the two rotor planes is three inches, The total
available power is approximately 8,5 horse power, and both rotors

produce a total thrust of 95 pounds,

4,1 Aerodynamic Analysis

ADDITICNAL SY}MBCLS USED

C0 root chord
c blade elemental chord
tn taper integral of order n
v, mean induced velocity
A
ol vo'{hR
% V sin «
o2 aQR
A h01+A02 |
5 mean drag coefficient for blade section
M mach number

XZ-Xl effective blade radius

A effective rotor disc area
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¥ %pacﬂszB(b=l+)
o
3 Y R/2
c coefficient of thrust (thrust/Y)
CMR coefficient of roll moment (roll moment/YM)
Cyp coefficient of pitch moment (pitch moment/YM)

- C coefficient of torque

In this section, a mathematical model is considered for the
computation of the aerodynamic forces and moments developed by two
counter-rotating rigid feathering rotors, such as could be employed
in a periscopter, Since every mathematical model constitutes a
coqpromise between the complexity of the live configuration it is to
describe, and the requirement that the computations be manageable, it
is necessary to go through some preliminary speculations as to what
effects, if any, can be neglected, Such considerations lead to a

set of simplifying assumptions,

To obtain average values, the forces and moments developed
by an elemental section of a blade must be integrated over the blade
span and over the azimuth angle (see Section 2,1), In order that
integration in closed terms be possible, such variables as the chord,
the twist, the induced velocity, etc.,, must be reasonably simple functions
of the blade span variable x and of the azimuth angle ¥, Assumptions
are formulated not only for the purpose of simplification but also
because of lack of informétion, for example, assumptions are made
about the unexplored aerodynaﬁic interaction between two co-axial

rotors, about the induced velocity distribution, and about tip losses,



The assumptions made and their justifications are listed in the
following items (1) to (1%3)., Some remarks on computational procedure

are also made,
Assumptions

(1) Wind data, A wide range of wind velocities is considered,
Computations are made in steps of 10 feet per second from zero
(hovering in still air) to 60 feet per second, The wind incidence
is varied in steps of ten degrees from -20° to +20°.

(2) Blade chord taper, In most simplified helicopter analysis the
blade chord is assumed to be uniform along the blade span, However,
in the present analysis the spanwise variation of the chord is taken
into account, The blades are linearly tapered, If ¢ is the chord

length of the elemental section at the span station x, then

c = Co(l-t* %) (4,1,1)

root chord - tip chord
root chord

where .t* =

The varying chord is easily taken into consideration by the

use of taper integrals which are defined as

t =4 et 5) 25T @ (4.1,2)

wheren =1, 2, 3 ,... .
(3) Blade twist, The périscopter rotor blades have zero twist,
Nevertheless, for the sake of generality a linear twist can be intro-
duced into the analysis, Thus

0, = 9.5 = 8, .x (4,1,3)
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where ch is the total twist from root to tip. ch is set equal to
zero in all computations,
(4) Tip loss factor and effective disc area, Some spillage of air
from the lower surface of a blade to its upper surface occurs at
each rotor blade tip, This results in a reduced thrust near the tip,
The effect is known as the tip loss, Experience shows that the tip
loss can be taken into account by introducing an effective blade span
(Ref, 10), ‘One thus has the dimensionless effective outer radius

of the blade

_ _ tip chord
X, = (1 5 3

= 00960

for the existing periscopter rotor blades X,

Because of the existence of a hub and an aerodynamically
ineffective blade root, there exists an effective inner radius of
the rotor, whose dimensionless value for the present periscopter is

X, = 0,15,

The effective disc area is then

A' = nR2 x2 - nRZ xi
2 2 2
= nR (x2 - xl)
= nRZ e , (4,1,4)

where e = 0,92,

It is important to note that the tip loss factor is relevant
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for the calculation of the forces and moments, but is not relevant
for the calculation of the power consumed, Thus, for the calculation
of the power consumed, x2 must be set equal to one, One therefore
has two taper integrals, One in which X5 = 1.0 and which is used

for power calculations , the other in which X5 = 0.96 and which is
used for the calculation of all other aerodynamic parameters,

(5) Blade feathering, The rotor blades are allowed to feather,

The geometric angle of incidence 9 is a function of the azimuthal

angle Y, Thus

@=0_ - ACosY-BSinV (4,1.5)

(6) Induced velocity, There are two co-axial rotors whose planes
are three inches apart, Each rotor disc has a diameter of 52 inches,
The distance between the discs is therefore about one-seventeenth of
the diameter, The air is somewhat accelerated in the region between
the rotors, The induced velocity is therefore higher at the lower
rotor than it is at the upper rotor, The effect can be expected to
be negligible as long as the distance between the rotor planes is
small compared with the rotor diameters, This is considered to be
the case in the present configuration, For computation purposes,
both rotors are therefore aséumed to be in the same plane, and the
induced velocity is.thus calculated as if the system of two two-blade

rotors were replaced by a single rotor that has four blades,

Equation 2,2,2 is used for the calculation of the induced
velocity distribution in still air, The distribution is shown in

Figure 7, However, for further calculations the induced velocity



shown in Figure 7 is replaced by a linear distribution

vi = H + Gx

where it is estimated (from Figure 7) that G = 36 feet per second and

H = 15 feet per second, With these values,

. v; = %6x + 15, (4,1.6)

Equation 4.1.6 is used for the calculation of the thrust developed
in still air, The thrust obtained is 96,1 pounds, From this value
one can calculate the average induced velocity from simple momentum
theory (Equation 2,1,1)., One obtains 39,03 feet per second, This
isgvery nearly the value given by Figure 7 for x = 2/3.' It is in
agreement with the general practice of using the value of \Z] given
by blade element theory (Equation 2,2,2) for x = 2/3, The value
obtained in this way is usually considered as representative of the

average induced velocity,

In steady'winds, the calculation of the induced velocity is
more complicated, The various procedures available were discussed
in Section 2,2, Equation 2,2,4 is simple and suitable for present

purposes, Thus

v. = v (1 + Kx Cos V)
i o
where K = 4 5/ (see Equation 2.2.5)
=3 @.2ew/N) | 4 S

The lateral variation of the induced velocity over the disc is ignored

- 16e1"5

as the relevant quantity k = is very small in the present
aop t4

2
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analysis (Ref, 20),
The average value of the induced velocity v, over the disc is

T
v

” = m'- (Glauert's Formula).

One can also write

iy
R .
L Vi = 5Ape  ° (%.,1,7)

Thus v, is known in terms of the thrust T, But T depends on the

dimensionless induced velocity Aol according to

1.2 . "
T = Y(ect5 + 50,0 = t A - Bit, - Aoltz) (Equation 4,1,12)
which can be rewritten as
T = Y(xy - t, Aol) ¥ (4,1,8)

If Equation 4,1,8 is substituted into Equation 4,1,7, one obtains

after division by 613)2

L 3 2

allol + azkol + a5x01 + ahxol + ag = © (4.1.9)
where a; = 1.0

a, = ZXOZ

2 2 2
By = Ao ¥H = ATELAG (4,1,10)
a), = 2(xy) (YY¥)t,
e 2
ag =(YYY) (xy)
v 2

and (YYY) =1

(2me>cnn2
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Equation 4,1,9 is solved numerically, using Bairstow's method and a
digital computer, Computations are carried out for each relevant

value of the wind velocity V and the wind incidence &, A . is given

ol
by the positive real root of Equation 4,1,9, Results are shown in
Appendix 1, Table 1, The Fortran IV program for the calculation of
A,y is also presented in Appendix 1,

(7) Flexing of blades, Blades are never perfectly rigid and there-
fore flex under an aerodynamic load, The effect of flexihg can be
approximated by introducing a constant coning angle a, into the
analysis, The value of a is a function of the blade stiffness, a,
effects only the pitch moment, (The effect on the down wash angle ¢
is negligible,) The relation between the pitch moment and 2, is
linear; c¢,f, Equation 4,1,17, Since ag is not known for the presént
periscopter blades, it is set equal to one degree for the purpose of
all calculations, This is justified in view of Equation 4,1,17
whose terms not involving a, turn out to be very predominant,

(8) 1ift as a function of incidence, The 1lift coefficient is
assumed to depend linearly on the incidence, The slope of the
straight line representing C; against i is‘taken to be 6/radian, (The
blade section is NACA 0012 for most of the blade span,) This value
is adopted for all calculations,

(9) Region of reversed flow, In the vicinity of ¥ = 270°, there is
an angular region near the hub where the wind velocity exceeds the
linear velocity of the in-board blade elements, This results in a

relative air flow from the blade trailing edge to the blade leading

edge, Some negative 1ift is therefore created, The boundary of this
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reversed flow region can be estimated by setting the equation for
the in-plane velocity (Equation 4,1,11) equal to zero, One obtains
x = =% Sin ¥, The maximum value occurs when ¥ = 2700, so that then
x =1, But ¥ never exceeds the value 0,1, Since the minimum value
of the blade span variable is X = 0.15, the effect of reversed flow
on the total 1ift can then be neglected,
(10) Compressibility effects, The compressibility effects increase
both the thrust developed and the power consumed, A maximum air flow
velocity of the order of 700 feet per second is encountered at the
blade tips. This however, decreases linearly along the span of the
blade to zero feet per second at the centre of the hub, As a first
engineering approximation, one can use Prandt-Glauert's relation to
account for compressibility effects., Thus the 1ift curve slope, a,
is to be increased by the factor 1//;:;§:-where M is a representative
mach number for the blade span (say at x = 2/3), The factor is thus
approximately 1,1, This is considered in taking a = 6/radian,
(11) The downwash angle ¢ is of the order of five degrees, All
calculations are therefore based on the substitution Cos ¢ = 1, and
sin ¢ = ¢,
(12) Some rotational acceleration of the.air takes place when it
passes through the rotor discs, This effect is small for one disc
and becomes entirely negligible when there are two discs with counter-
rotating blades,
(13) The component of the flow velocity along the blade span (radial

component) is neglected,
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Numerical Computation of Aerodynamic Characterists

A1l computations of this section have been carried out with the
CDC 6400 electronic digital computer at McMaster University. The

Fortran IV program used is presented in Appendix 1,

The following aerodynamic parameters are of interest: the
thrust; the power consumed; the moments in pitch and roll; and the
blade elemental angle of attack as a function of the blade span variable
x and the azimuth angle ¥, All these parameters depend, among other
variables, on the distribution of the induced velocity. For the
derivation of the various relevant formulas the reader is referred to

Ref. 20,

The aerodynamic parameters are computed, and their errors

estimated, in terms of the possible error in the induced velocity.

The notation of Section 2 is used. The resultant velocity
vector V' at the blade elemental section is resolved into two
components, The tangential component UT lies in the plane of the rotor,

while the component U is perpendicﬁlar to that plane. The components

P
are given by
U,
= =x + W Sin¥
OR
(4,1.11)
UP

A+a HCosY + A _Kx CosY
0R [) ol



Collective Pitch Setting

The thrust and the power are computed for a number of values of
the collective pitch setting @, in still air, Equations 4,1,12 and
4,1,15 are used, It is found that 9, = 8.5° gives a thrust of 96.1
‘pounds and that this réqgires 8.66 hp, This is just above the
required thrust of 95.0 pounds, The value 8.50 is therefore adopted

for the entire analysis,

Thrust
The average value of the thrust is
_1 . 3 2
T = %«pacobnzn ((ec'c3 - At, + BTt 0 - But)) (4.,1.12)
or T=YC

T

This expression is used to compute the thrust for wind speeds up to
60 feet per second and incidences from -20° to +20°. The results are

shown in Appendix 1, Table 1,

Expect for a = 20°. the thrust is seen to increase with
increasing wind velocity., At « = 20° the thrust decreases to Jjust
below the hovering value of 95 pounds, A change in the collective
pitch setting would be needed to keep the thrust above the hovering
value, This would somewhat increase the required power,

*In this analysis, |t does not exceed 0.1; Bc is zero; and B is very
small (which is shown later), Equation 4,112 can therefore be simpli-
fied to

T = YCT = Y'(Qth3 - Kta)

This expression can be used for a rapid calculation of the thrust under
all wind conditions,
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From Equation 4,1,12 it is seen that the thrust depends on the
mean induced velocity Abl as calculated from Glauert's formula, The
thrust is thus not affected by the longitudinal variation of the
induced velocity., If the mean induced velocity calculated from
Glauert's formula is not correct, then there will be an error in the
'calculated thrust, It is of interest to see, therefore, what
percentage error in thrust results from a one percent error in the

mean induced velocity. Thus one has from Equation 4.1,12,

Percentage variation in thrust . t2}'01 (4.1.13)
Percentage variation in mean induced velocity CT

Equation L,1,13 can be used for all relevant wind conditions. The
maximum value (which occurs at zero wind velocity) is -1.5. The
percentage error in thrust is therefore up to 1.5 times the percentage

error in the mean induced velocity.
Power Required

The power required is given by

C ° Y Y R .
HP, =2 (4.1.14)
550

where C. is the torque coefficient, The power required consists of two

Q

parts: the induced power and the profile power, (The induced power

is usually about 70 percent of the total power). Thus

cQ = ch e Efﬂ (4,1,15)

a

Strictly, & varies along the blade span because the airfoil (cross-



sectional shape) and the downwash angle ¢ are in general not constant,

However, a constant average value can be assumed, This value is 0,007,

Equations 4,1,14 and 4,1,15 are used for the computation of
the required power.under various wind conditions., The results are
shown in Appendix 1, Table 1. It is seen that the variation of the
required power with wind velocity and incidence is small, The highest

calculated value is 8,79 hp,
Roll Moment
The average roll moment developed by both rotors is

Roll moment = % paco-g_ﬂ_th (F{ze.ct - At,) +B (-fh - %uztz)) (4.1,16)

3

or Rol} moment = YM CMR

A positive value indicates a roll to the left. Equation 4,1,16 is

used to calculate the roll moment in various wind conditions with no
feathering (B=0)., Results are shown in Appendix 1, Table 2, The roll

moment increases with increasing wind velocity. The wind direction

has little effect,

The sign of the roll moment produced by one rotor is opposite
to the sign of the roll moment produced by the other (counter-rotating)
rotor, The resultant moment may therefore be zero, or it may be a

small moment to the left or right,
Pitch Moment

The average pitch moment developed by both rotors is
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Pitch moment = %pacogsf%f’(x(xolth) +a (ut;) + Aty + % uzta)

- (4.1.17)
= TyCpy

A positive value indicates a nose-up moment, Since both rotors
develop nose-up moments, the resultant pitch moment is twice the value
obtained for a single rotor, The first term in Equation 4,1,17 is the
pitch moment produced by the longitudinal variation over the rotor disc
of the indqced velocity. The second term is the pitch morient produced
by the coning angle a . The third term is the pitch moment produced by
feathering, The third term depends on the feathering angle A, The
~ three terms constitute independent contribution to the total pitch

moment, 4he first two terms are separately computed for the various

““wind conditions, The results are shown in Appendix 1, Table 2, and
in Figure 8, The third term is a cocntrol ﬁoment; it is discussed in

Section 4,2,

It is seen that the contribution to the pitch moment from the
" coning angle (which is assumed to be one degree) is very small compared
with the contribution by the longitgdinal variation of the induced
velocity., The coning angle is not expected to exceed three degrees,
Its contribution to the total pitch moment therefore remains below 7-8
per cent, For this reason, the effect of the coning angle on the pitch

-——moment is from here on neglegted.

For a given value of the wind velocity, the pitch moment is
low if the wind incidence is +20°. As the wind incidence decreases,

the pitch moment increases and reaches a maximum at a wind incidence
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of -20°. The pitch moment is zero in still air, As the wind velocity
increases, the parameter K increases asymptotically to the maximum
value 1,33, At the same time the induced velocity decreases, At low
speeds the increase in K dominates over the decrease in the induced
velocity, so that the pitch moment Kloltu increases with wind velocity.
Having reached its maximum, the pitch moment then decreases with
increasing wind velocity, Figure 8 clearly indicates this behaviour,
The periscopter operates in the range of wind velocities iﬁ which the

pitch moment is large and therefore critical,

An examination of Equation 4,1,17 reveals that the calculated
value of the pitch moment is sensitive to both the calculated value of

K and to the calculated value of-the mean induced velocity Aol'

It follows that for zero or negligible coning angle at every

wind condition

Percentage variation of Pitch moment 2 1,0 (4.1.18)

Percentage variation of K
The mean induced velocity affects both the value of K and the pitch

moment, One has,

0K _ 9 ( L/3 W )
ahbl akol (.25 + 1)
YR L,
(1.2a +#)

2
_0.9 K—.
B



and
. A
Percentage variation in Pitch moment 0 K ol
(LK + t)h )

Percentage variation in hol axol CMP

Aol : ,
(1- oong (4.1.19)

This ratio has been calculated and is found to be zero near the still
air condition, It reaches the value 0.6 at a wind velocity of 60 feet

per second.
Blade Stalling

A check has been made on the possibility that stalling occurs
on any portion of the blade at some azimuth angle, It is assumed that
the stall angle is 12 degrees, It was shown in Section 2,1 that the
blade elemental angle of attack is Oc - ¢y so that for no stall
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