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SINGLE BLADED TORQUELESS HELICCPTER DZSIGN
ABSTRACT

There has been a standing need for small portable
strap-on backpack helicopters. This paper describes the
steps leading to the design and construction of a working ;
prototype. The prototype has a single rotor blade 12 feet
long balanced by a 4 foot spar supporting two counter
rotating propellers. A belt power transmission system
drives the propellers from a small two-stroke gasoline
engine located at the center of rotation of the rotor.

The device straps onto the pilot's back, and the pilot's

legs act as the landing gear. Empty weight of the machine
is 75 pounds and it can lift a total of 270 pounds. Per-
formance figures are calculated to be: Top speed - 48 mph,
cruise speed - 38 mph, maximum rate of ¢~ = 420 ft/min.,
minimum rate of descent (power off) - 9.4 ft/sec, and fuel
consumption - 1.5 gal/hr. Recommendations for future

designs are given in the paper.
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Introduction

Ever since Icarus donned his wings and flew too close
to the sun, man has dreamed of flying. 1In 1903, with
their aircraft the 'Flyer', the Wright brothc.s opened the
age of flying. Since that time, however, flying has
increased in sophistication and complexity and is now well
beyond the reach of the common man in cost and utility.
Therefore, the dream for a simple, portable, strap-on back-
pack helicopter is still alive and is well exemplified by
the numerous designs listed in the Appendix. The millions
of dollars the U. S. Government has invested in portable
man-carrying devices such as the Bell's Jet-powered flying
belt, Hiller's Flying platform, and Aerospace General's
minicopter illustrate that there is a military need for
individual flying machine.

This »roject, then, is a design of such a machine; a
machine which would be easy to fly, cheap to operate, and
simple in design - a device which would be portable and
could strap on to the pilot's back. I felt a single-
bladed torqueless helicopter design would be the most suc-
cessful approach. 1In the utility section of this paper, I
describe the factors which influenced by selection. The
description section explains the working prototype I built.
In the design section, the factors which I considered in

the design of my helicopter are discussed. Finally, in the

recommendation section, Iindicate the direction future work




should take. The Appendix lists all the major calculations

used in design.
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Utility of Backoack Helicopters -

Four factors affect whether a backpack helicopter will

L

: will be commercially feasible. They are trip times, oper-
E ating costs, flight training required, and comfort. In

i military operations comfort is replaced by a more important
requirement, utility.

A comparison of trip times for various distances and

W srwm

vehicles is shown in Figure 1. This indicates a backpack

helicopter (roof copter in the illustration) is egual to

gt

the automobile and is better than other forms of trans-
portation to a range of about 20 miles. A backpack heli-

copter would be further favored in urban, mountain and

-~

forest areas where automobiles may average no more than 30 L
miles an hour. ]
Although a backpack helicopter is as complex and is in 7

the same size catagory as a motorcycle, its cost will :]
probably be in the same range as that of an automobile. ;
Low production numbers and redundancy in design to ensure |

safe operation accounts for the increased expense. Fuel 51
consumption, however, will be low, in the order of 2 gallons j
of gasoline an hour. ?
3

The flight training for the torqueless helicopter is

minimal. Students have soloed torqueless helicopter designs
such as Aerospace General's mini copter or Benson's Gyrocoptcr
in less than 10 hours. A similar amount of time is required

ta learn how to drive a car. As a compariscn, a conventional
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torque driven helicopter requires up to 200 hours of flight
training.

A backpack helicopter will be uncomfortable. There is
an inherently high noise level associated wi+h helicopter-
Further, for a nation which objects to the use of seat
belts and motor cycle helmets, the strapping on of a back-
pack helicopter with its numerous straps, buckets and webs
will certainly seem to be a nuisance. Finally, there will
be no sense of security as afforded by an automobile's
interior, the pilot will be exposed to the elements with
no shell or fixed references to protect him.

Utility is the backpack helicopter's greatest asset.

It can be used as cheap means for reconnaissance. Power

and pipe line survey, police surveillance, and traffic
monitoring are all commercial uses. For military uses,
reconnaissance is again a primary task. Ship to shore move-
ment of Marines is another possibility. Further, a simple,
easy to fly, inexpensive man-carrying device could revolu-
tionize warfare. Solders could fly over obstacles, whether
man-made or natural, thus, expanding the marines' concent
of vertical envelopment to the individual trooper. Wher-
ever the terrain is hostile and unpassable by other means of
transportation the backpack helicopter is a possible sub-
stitute.

In the appendix of this paper is a historical section.

Included are all backpack helicopters built. These heli-
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copters failed because they could not meet one of the
requirements above. If they were torque driven (this
includes co-axial helicopters), they were difficult to fly,
requiring the skills of a normal helicopter pilot. 1If
they were tip driven, it was usually by jets or rockets and
fuel consumption was in the order of one gallon per minute.

This meant high operating costs. As mentioned earlier, my

design avoids both of these problems.
Thus, a single bladed torqueless helicopter won't
replace an automobile, but it should find successful

military as well as civilian uses.
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Photo 2 - Rotor mounted on rotor stand plate.
In foreground is part of the rotor blade.
Seen in the middle is the rotor head, engine,
and tuned exhaust system. In the background
is the timing belts, propeller mounts, and
propellers.
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General Description

My single bladed torqueless helicopter has several
major components. A single rotor blade is counterbalanced
by a spar supporting two counter rotating proupellers. A
reciprocating engine drives these propellers using a timing
belt power transmission system. The engine revolves with
the rotor and is located near the center of rotation.
Finally, my rotor head provides automatic collective con-
trol. (see design section, rotor head). The performance
of my design is listed on page 10.

The Rotor Blade

The rotor blade is 12 ft long and has a chord of 10
inches. The airfoil section is the NACA 0012. This section
has the top surface symmetric to the bottom surface and it
has a maximum thickness equal to 12% of chord.

The rotor blade is constructed of three materials:
common aircraft streamline tubing, polyurethane foam and
fiberglass cloth. The aircraft streamline tubing is 1 3/4
inches in equivalent diameter and is used as the leading
edge of the rotor blade as well as the main load-carrying
member. Polyurethane foam is glued to the streamline
tubing to form the body of the rotor blade. The foam is
formed by using a table saw. Repeated parallel cuts are
méde along the length of the foam; the depth of the cuts is
adjusted to form the outline of the airfoil section.

(Photo3 ). The foam is sanded down to the proper airfoil




Photo 3 - Sample of foam after cuts have been made
with table saw. The trailing edge has been sanded
down.




section by using cuts as a guide. Fiberglass cloth covers

the rotor blade. This gives support to the foam and pro-
vides the blade with a smooth, hard surface. Only one lavyer
of cloth is used with the wrap beginning and ending at the
lcading edge. Epoxy resin is used to impregnate the cloth.
(Photo 4).
Propellers

The vrovellers are hand carved from laminated maple.
I used 14 laminations, each lamination 1/8 inch thick to
give a maximum propellcr thickness of 1 3/4 inches. The
diameter of the propeller is 2 feet. The chord tapers g
lincarly from 3 1/4 inches at the root to 1/2 inches at the
tip. Each propeller has a pitch of 15 inches. Pitch is
defined as the distance the propeller advances through the
air for each revolution. (Photo 5).

Propeller Mounts

The propellers are mounted on hollow shafts 1 1/4
inches in diameter. The shafts have a minimum wall thick-
ness of 1/8 inch. Constructed of steel, the shafts run in
extra light series ball bearings (Type 3L07). These bear-
ings are mounted 6 inches apart in a light-weight aluminum
housing. The housing is attached to the spar through a
short scction of 2-inch square aluminum extrusion.

(Photo 6).

Reciprocating Engine

A fan-cooled, single cylinder, two-stroke McCulloch

g —g




Photo 4 - Rotor Blade

Note streamline steel tubing leading edge,
foam body.

15
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E Photo 5 - Propeller

Note the Lamination Lines
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Photo 6 - Propeller
Mounts. Propeller in foreground is incomplete.




101B racing kart engine is used. This engine burns a mix-
ture of gasoline and o0il supplied from a small 8 0z. fuel
tank. A special Hartmen Enduro tuned exhaust provides 35%
more power. The engine is attached to the r~+or head b
using an aluminum engine mount. It is mounted in such a way
that the center of rotation of the rotor passes through the
carburetor and the power take-off shaft is vertical.

(Photo 7).

Power Transmission

I selected a Uniroyal timing belt power transmission
system. Two l-inch H-section belts, with a pitch length
(the circumference of the belt) of 100 inches, transmit the
power. Two power-grip timing belt pulleys are attached to
engine power take-off shaft. These pulleys have a diameter
of 3.183 inches; the propeller shafts each have one power-
grip timing belt pulley of 4.456 inch diameter. The timing
belts are twisted 90° in order to fit on the vertically
mounted engine shaft and the horizontally mounted propeller
shafts. (Photo 8).

Rotor Head

The rotor head has three major moving parts. The
thrust bearing for the axis of rotation is provided by using
the rotor head off of the prototype of the Kaman Lifesaver
Ejection Seat. The other two moving parts are journal bear-
ings for the feathering and flapping axis. These are just

plain bearings (i.e., no balls or Needle bearings used). The




Photo 7 - Engine. Note carburetor location over the
center of rotation. Engine shaft is vertical. Object
across top of picture is tuned exhaust.
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Photo 8 - Power Transmission System
Note 90° twist of belts. Belt on right side is

twisted clockwise; belt on left side counter-
clockwise
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rotor head is attached to the aircraft streamline tubing.
This tubing is continuous and acts as both the leadinag edae
of the rotor blade and the spar which supports the propel-
lers. Continuity is provided by off-setting rhe spar to
one side of the rotor spindle. (Photo 10)

Fuselage

(See design section)

it




~ Photo 10 - Rotor Head ?
At the bottom of this picture is the thrust bearing

for the axis of rotation. At the top are the bearings ]
for the flapping and feathering axes. Note how spar
passes to one side of the rotor spindle (center of

the picture). )

|
|
n
y




|

23

Design

This section of the paper describes the design problems
encountered in my helicopter and their solutions.

Gross Weight

The first step in design is to estimate gross weight,
that is the total weight the helicopter will have to lift.
Rescarch indicates that back pack helicopters without pilots
have weighed between 40 1lbs to 110 1lbs. I weight 175 1lbs.
This means a total gross weight of 215 to 285 1lbs is poss-
ible. Early in September I estimated 270 1lbs as the gross
weight of my aircraft. (See the appendix for the weight
breakdown). This means my aircraft is capable of carrying
185% of its own weight. Most conventional helicopters are
capable of carrying only 40% of their own weight.

Disc Loading

After estimating the gross weight of the aircraft, I
was then ablc to estimate the disc loading. Disc loading is
the ratio of the aircraft weight divided by the disc area of
the rotor. This is analogous to the wing loading of an air-
plane. The disc loading of a helicopter is very important:
it has a direct effect on performance and is interrelated
with other design considerations. Since the gross weight
was fixed,disc loading could be changed only by varying the
rotor radius.

Of the many considerations favoring a low disc loading

(i.e., a large rotor radius), the power required to hover




is probably the most important. Power required is directly
proportional to disc loading. The larger the rotor radius
the smaller amount of power required to hover. Increased
propeller efficiency is an additional benefit of a large
rotor radius. The propeller efficiency increases as the
propeller placement moves from the center of rotation. To
keep the rotor balanced, the propeller must be placed fur-
ther from the center of rotation as the rotor diameter is
increased. Thus, propeller efficiency increases with
increasing rotor radius. Both of these effects, decreased
vower required and increased propeller efficiency, allow a
smaller engine to be used. This is important; small engines
weigh little and burn small amounts of fuel. Finallv, in
the event of engine failure, the . helicopter will descend

in autorotation. The minimum vertical descent velocity

and minimum landing speed are both directly proportional to
the rotor radius. The larger the diameter, the slower the
rate of descent, and the slower the landing speed. Since
my legs will be acting as the landing gear, this is impor-
tant.

The major disadvantage of a large diameter rotor may

be its unwieldiness for ground landing. Thus, I may trip

or fail easier. This can be disastrous. Finally, the
weight ot a large diameter rotor tends to counter the
advantages of a small engine.

Since these factors are irnterrelated, it was very




difficult to seclect the disc loading. Historical research
was of little help: rotor radii of 6 ft to 12 ft have been
used for back pack heliconters; this ilmplies a range of
disc loadings from 2.39 to 9.60. I finally decided that
the most important consideration was to make the helicopter
as light as possible. Figurell shows that when the rotor
radius is small the weight of the aircraft is high. 1In
this case, the helicopter requires a great deal of power to
fly, and this power can be supplied only by a large, heavv
engine. At the other extreme, the helicopter becomes heavyv
duc to a large unwieldly rotor. The best radius seems to
be about 12 ft. Figurel2 shows that the power required is
not cxcessive at this radius. Finallv, Figurel3 shows that
for a 12 foot radius, the rate descent in autorotation is
not so high as to break mny legs.
Tip Speed

The third stco in design is to select the tip speed.
Tip speed is defined as the velocity of the tip of the
rotor blade. For a constant tin speed a large diameter
rotor would rotate slowly while a small diameter rotor would
rotate fast. Tip speed affects the overall performance of a
helicopter. A heliconter with a low tip sweed requires less
power than a helicopter with high tip speed. Thus, the
lowest tip speed possible should be selected to reduce the
power required.

When a helicopter is in forward flight, it has an
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advancing blade and retreating blade.

The velocity over

these blades is different. (see Figure 14). Historically

this difference in velocity has been used to select tip

speced. A low tip speed is required to avoid compressi-

bility drag risc on the advancing blade tip. Compressi-

bility drag rise is a sudden increase in blade drag as the

speed of sound is approached. At the other extreme, a high

tip speed is required to delav retreating blade tip stall.

This stall occurs only at high forward flight speeds when

the difference between the blade rotation speed and the

aircraft speed is small. These two effects, however, only

become noticeable at aircraft speeds on the order of 200

mph. Research and performance calculations indicate speeds

of only 50 mph are obtainable by back-pack helicopters.

Thus, some other selection criteria must be used to deter-

mine blade tip speed.

The retreating blade experiences an additional effect.

This is reversed flow near the root.

When this reversal

flow region covers 25% of the inner rotor radius, roughness

in flight will be encountered. Setting reverse flow to

25%, in conjunction with the chosen value of 12 ft for the

radius and the calculated top speed of 50 mph, is sufficient

information to calculate tip speed.

300 ft/sec.

The calculated value is
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Airfoil Selection

Airfoil selection was straightforward. I selected the
NACA 0012 airfoil section. It is a symmetric section having
a maximum thickness equal to 12% of chordwise (leading edge
to trailing edge) length. Until just recently, the NACA |
0012 or similar type airfoils have been used exclusively in

helicopter rotor blades.

ik b St e i ol e ik

Efficiency
The final step before making routine calculations is to

estimate efficiency. Efficiency is defined as the rotor

power required divided by the engine power provided. Less
than 100% efficiency results from propeller losses, hub
rotational drag, and rotor tip losses. By calculating the
theoretical power required by the Bensen B-4 and several
Nagler and Rotz's helicopters, and comparing this to the
actual power required, I was able to estimate efficiency.

J The lowest efficiency estimated was 54%. To allow for j
unexpected losses, I assumed the efficiency of my heli-
copter would be 50%. H

Other Design Criteria

At this point all other aerodynamic calculations are
routine. The selection of gross weight, disc loading, tip
speed, airfoil section, and efficiency, have fixed.all of
the other design quantities. Briefly they are:

Chord - 10 in.

Ty T P N Y N N Yy TV T T T P T R A

etip-10.7° (the angle the blade tip makes with path of




the blade tip)
Hover power required - 14 hp.

pal o
p=2. 4 (coning angle, the angle the rotor blade makes

with the plane of rotation. This is analogou: to dihedral
angle of wing. A rotor blade is held outward by centri-
fugal force and is deflected upward by blade 1lift).

Engine Selection

After aerodynamic considerations have been completed
the engine may be chosen. There are several factors to con-
sider when selecting an engine: fuel consumption, engine
weight per horsepower, and total power available.

I chose a reciprocating engine over a jet or rocket
engine because of its 1low fuel consumption. Jets and
rockets become efficient only when they are moving through
the air at high speeds, (in the order of 400 mph). This
speed is not obtained by the helicopter propellers as they
rotate about the rotor's center.

Figurell, which is an adaptation of Figure]l5, best shows
the effects of engine weight per horsepower (ke). It is
simply the total engine weight divided by the maximum power
available from the engine. For example, a 20 pound engine
which produces 10 horsepower has a ke of 2. A large ke
makes the helicopter too heavy for two reasons. First, the
optimum rotor radius becomes larger as ke increases: a
large diameter rotor will be heavier than a small diameter

rotor. Second, a large ke means the engine itself will be
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heavier. A helicopter with a ke of 2 will have an engine
which weights twice that of a helicopter with an engine of
kc of 1.

Finally, performance calculations indicate that at
least 14 hp is required for hover. The maximum power out- ;
put of the engine should be somewhere between 14 and 20 hp.

There are two types of reciprocating engines available,
four-stroke and two-stroke. A four-stroke reciprocating
engine has better reliability and consumes less fuel than a 1
two-stroke engine, but it weighs more than twice as much as
as a two-stroke for engines of equal power. It was because
of this weight disadvantage that I limited my selection to
two-stroke reciprocating engines.

The appendix lists 31 small two-stroke engines. Two
engines in particular fulfilled my requirements. They are
the Herbrandson Dynad 280 and the McCulloch 101. The

Herbrandson engine is a small twin cylinder horizontally

opposed air-cooled engine. It produces up to 20 hp and has
a ke of 0.78. Because of anticipated carburetor problems
caused by centrifugal force, it is necessary to mount the
engine with the carburetor at the center of rotation. Thus, 1

the carburetor does not feel the effects of being rotated

with the helicopter rotor. The llerbrandson engine is air

cooled and is designed to be used only where a steady flow

of cooling air can be maintained, as in front of an air-

plane. Since there is very little air movement at the
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center of the rotor, the Herbrandson engine would tend to
overheat. I selected the other engine, the McCulloch 101,
a single cylinder, fan cooled engine. Since the McCulloch
is fan cooled, it can be operated for long pcriods of time
without fear of overheating. Normally it can provide only
13 hp and it has a ke of 1.0. Thus, the McCulloch is under-
powered. Fortunately, the power of any small two stroke
engine can be increased by about 35% through the use of

of f-the-shelf exhaust tuning. Special fuels add 10% to the

power. In all the power of the McCulloch can be boosted to

over 18 hp.

Power Transmission

My design required a power transmission system. The
cngine is located at the center of rotation of the helicop-
ter rotor so as to avoid carburetor problems. Two counter-
rotating propellers are located 4.1 feet away. A power
transmission system must be used to transmit the power
from the engine to the propellers.

There are several principle requirements for the power
transmission system. First, it must provide for counter-
rotation of the propellers. In order to have their gvro-
scopic precession cancelled, one propeller must turn clock-
wise while the other propeller turns counter-clockwise.
Further, the power transmission system must have a wide
speed range, capable of accepting the McCulloch's output of

9500 rpm. Finally, it rmust be light in weight, simple, and

bl
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available 'off-the shelf.'
Several power transmission systems were considered. L3
This includes V-Belts, chain drives, stock gears with axle
power transmission, flat belts, and timing belt drives.
The requirement for a speed range up to 9500 rpm eliminated
all the available systems but one. A timing belt power
transmission system is the only system capable of operating J
at this speed. The closest competing system was V-Belts
which are capable of accepting 5000 rpm.
Counter rotation of the propellers is provided by L

mounting the McCulloch engine with the power take-off shaft

vertical. The two timing belts are each twisted 90° so
that they can fit onto horizontally mounted propeller
shafts. Counter-rotation is caused by twisting one belt
90° clockwise and the other 90° counter-clockwise.

I had difficulty in selecting the speed reduction of
the power transmission system. Speed reduction is defined
as the ratio of engine rpm to propeller rpm. The major
consideration in chosing speed reduction is propeller
efficiency. Propeller efficiency can be increased in two
ways, by reducing propeller speed or by increasing the
propeller placement distance (the distance between the pro-
peller shafts and the rotor's center of rotation). These
two methods conflict with each other. Reducing propeller
speed calls for a large diameter pulley to be used at the

propeller shaft. Large diameter pulleys weight more than

dihads il B 8 MU i BB Sl e




small diameter pulleys. Increasing propeller placement

distance requires the pulleys to be light in weight. The
pulleys, in conjunction with the propellers, propeller
shafts, bearings, and bearing holders balance the rotor
blade. Thus, large diameter pullevs would mean a small pro-
peller vlacement distance. The best compromise seems to be
about 4.1 ft for the propeller placement distance and 1.3
for the speed reduction. This means the propeller effi-
ciency is 59% and the propeller speed is 7300 rpm. Provel-
ler efficiency needs to be higher and propeller speed should
be lower. All other combinations, however, gave poorer
results. The only other solutions were to increase the
rotor blade weight or to decrease engine speed. Increased
rotor blade weight would allow the »nropeller placement
distance to be increased. The rotor blade balances the
propeller, pulleys, etc., Since one of the major objectives
is light gross weight, this is not a good solution. As for
the other vossibility, I had no control over engine design,
therefore it was impossible to reduce engine speed. Using
the specifications of 1.3 speed reduction and 4.1 ft pro-
peller placement distance, I designed the timing drive power
transmission using completely off the shelf components.

Propeller Design

The propellers were the most difficult parts to design.
Propellers in helicopter rotors face several severe condi-

tions not encountered in normal propeller operation. Also,

—




there are several problems associated with counter-rotating
propeller design.

The greatest problem is caused by gyroscopic precession.
The propellers can be considered as gyroscopes. Since they
are spinning about their own axis and are also rotating
about the rotor's center they are subject to gyroscopic
precession. This gyroscopic force acts at right angles to
the direction of the rotation. If only a single propeller
is used, an unbalanced moment is transmitted to the fuse-
lage. Two propellers, one rotating counter to the other
are required to cancel this gyroscopic precession.

These gyroscopic forces subject the propeller blades
to an alternating bending stress. This means the propeller
blades are being bent forward and then backward as they
complete each revolution about the propeller axis. This
type of stress is normally encountered in conventional
aircraft propellers at magnitudes only one hundredth as
great as found in my propeller. Since the material inboard
must support the gyroscopic stresses caused by the material
out toward the tip, the pr&peller blades are tapered from
the root to the tip. This reduces the stress the inboard
sections of the blade must support.

Counter rotation of propellers requires special
consideration. It is customary to design each propeller as a

single rotating propeller ‘and then use them as a counter

rotating propellers. This yields less than ootimum results, Since




each propeller is operating in the other's wake, allow-
ances for the wake's effect on twist and chord distribution
must be made. I was able to do this by using an advanced
theory developed by Theodorsen (see NACA Report Number 924).

Forward flight causes a reduction in propeller effici-
ency. The propellers experience the same effects as do
advancing and retreating rotor rlades (see Figureld4). The
airspeed of the propellers undergo a cyclic variation in
airspeed: for an aircraft airspeed of 50 mph the propellers
have an airspeed of 120 mph on the advancing side and an
airspeed of 20 mph on the retreating side. For a fixed
pitch propeller it is impossible to produce a design which
will operate efficiently throughout this entire speed range.
For a far more complicated constant-speed propeller, or one
in which the blade angle may be varied, efficient operation
is possible for speed ranges as great as 150 mph. This
still limits aircraft speed to 75 mph. To keep my design
simple, I used fixed pitch propellers. This means my air-
craft top speed may be limited by propeller losses.
Rotor Head

The rotor head is probably the most complex part of the
helicopter. It must provide for the rotation of the rotor,
for blade flapping and for blade pitch changes. I experi-
mented with three different types of rotor heads.

All helicopter rotor heads must provide for the rotation

of the rotor. This means a shaft must be provided for the




rotor blade to rotate around. Since my helicopter is

torqueless, a simple thrust bearing may be used to mount
the rotor shaft on. Torqueless means that no torque is
transmitted to the helicopter's fuselage or body. This
allows a simple fin instead of an anti-torque tail rotor
to be used with the fuselage.

A helicopter rotor head must be able to accommodate
for the dissymmetry of lift in forward flight. Figure 14
illustrates that the velocity over the rotor blades is
different for the advancing and retreating side. For a
fixed blade pitch, a large difference in 1ift between the
advancing and retreating sides will exist because of this
velocity differance. The solution is to somehow reduce
the angle of attack on the advancing blade and increase it
on the retreating blade, thus correcting for velocity
asymmetry. 7There are two methods normally used to accom-
plish this. In what is know as a rigid rotor, the blade
pitch is reduced on the advancing side and increased on the
retreating side. (see Figure 16). The vast majority of
conventional helicopters use what is known as flapping,
however. In a flapping blade, the rotor is hinged so that it
may flap up on the advancing side in response to the
increased 1lift. (Figure 16 illustrates a simple type of flap-
ping rotor, a teetering rotor). On the retreating side the

blade flaps down in response to the decreased 1lift on that

side. Figurel7 shows that for the advancing side, as a
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result of the additional upward flapping velocity the angle

of attack is decreased. This decreases the lift generated
on the advancing side. A similar increase in angle of
attack on the retreating side is accomplished by allowing
the blade to flap down. Thus, when compared to zero flap-
ping, up flapping decreases lift and down flapping increases
lift.

As an additional requirement, the rotor head must pro-
vide for a means of varying the rotor 1lift. Two methods
may be used. The first involves holding the blade pitch
fixed and varying the rotor speed. For this method there
is approximately a 2% increase in thrust for each 1%
increase in rotor rpm. The other method involves holding
the rotor rpm constant and varying the blade pitch. This is
known as blade pitch feathering. This method has the advan-
tage of immediate response, there being no delay as the
rotor accelerates or deccelerates to a new rotor speed. A
combination of the above two method may be used, i.e. rotor
speed and blade pitch may both be increased in order to
increase blade lift. A helicopter is capable of a safe
descent much like that of the seed of a maple tree. This
power off descent is known as autorotation and can occur only
if the rotor blade pitch is at the corect setting. Thus,
regardless of which method is used, in the event of engine
failure the blade pitch must be decreased to an autorotative

setting of about 2° from the normal in flight setting of 8°

|
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As a final requirement, cyclic control must be provided -
by the rotor head. The purpose of cyclic ccntrol is to tilt
the axis of the rotor. This tilt of the rotor nrovides 2
horizontal component of lift. The magnitude and direction
of this component controls the speed and direction the
machine will move. On all back pack helicopters, this is
done by center-of-gravity shifting. In other words, the

pilot shifts his weight in relation to the rotor by means

of an overhcad control stick and this shift of center of
gravity causes the rotor to tilt.
The first tvpe of rotor head I experimented with was a

rigid rotor. (see Figurel6). Unlike the conventional rotor

hecad with three major moving parts, the rigid rotor offers
the advantages of having only two moving parts, the shafts
for the axis of rotation and the feathering axis. It has
the disadvantage of requiring a thrust bearing for the
reathering axis rather then a cheaper journal bearing.
I'igure 18 illustrates how a rigid rotor would work. The

vertical component of centrifugal force balances the lift of

the rotor blade. Blade pitch changes automatically in
resvonse to forward flight or in the event of engine failure.

I’reliminary wind tunnel tests were carried out using the

R Ty —

model shown in Photo 19. In autorotation, satisfactory oper-
ation was obtained in steady flight., When cyclic control

|
| was applied, however, the rotor blades would become violently
I
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Photo 19 - Rigid Rotor Model
Used in Wind Tunnel Tests. Proved unsuitable because
of instability encountered with application of cyclic

control.
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unstable. This characteristic climinated the rigid rotor
from consideration for my helicopter. ’

The second type of rotor head I exverimented with was i
the semi-rigid rotor. (see Figure 20). As illustrated, i

this rotor head has only two major moving parts, a shaft

for the axis of rotation and a journal bearing for the lag

Dieiaiaans s 2

axis. The lag axis lies between the feathering and flapping
axis. Thus, the rotor blade experiences a blade pitch

change as it flams. 1In this rotor head ,pitch is controlled
by engine speced. The engine driven propeller produces gyro-
scopic percession. Any increase or decrease in engine sveed

will cause a corresponding increase or decrease in the agyro-
i Pl

scoplc percession. This gyroscovic percession is balanced

by the pitching moment due to blade 1lift. For a change in

TR Y Y T y—

the gyroscopic moment, the blade 1lift must change in order

to balance it. Bladc 1lift mav be only varied by changing

blade pitch angle. This change occurs as an increase in
blade pitch in response to an increase in engine speed.
Photo 21 illustrates the apparatus used to test this type of
rotor head. Figure 22 shows that acceptable blade pitch
response occurred with changes in power. After a year and a
half of study I finallv dizcovered that this tyve of rotor
headi was immractical. It suffered from high stress concen-
trations in the rotor blade roots and from an unbalanced

I moment transmitted to the fuselage. Figure23 illustrates

the balance of moments in this type of rotor head and the
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Photo 21 - Semi-Rigid Rotor Model
Blade radius 3 feet, chord 2 inches. Powered by a
small D.C. electric motor.
i
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unbalanced moment transmitted to the fuselage.

The final type of rotor head I experimented with was
an articulated rotor. This type of rotor hcad has three
major moving parts, a thrust bearing for the axis of rota-
tion and two journal bearings, one each for the flapping
and feathering axis. In this rotor head, dissymetry of
lift in forward flight is taken care of as in conventional
helicopters, by blade flapping. Blade pitch is fixed in
powered flight, thus rotor lift is varied by changing
rotor speed. In the event of engine failure, the blade
pitch is automatically reduced from the flight setting of
10° to the autorotative setting of 2°. This is accom-
plished by balancing engine thrust against rotor blade drag.
Figure 24 illustrates this arrangement. When the engine
is running, the moment caused by the engine thrust exceeds
that caused by the the blade drag. This excess moment
holds the blade against the 10° pitch stop. With the
engine off, the moment caused by rotor blade drag holds
the blade against the 2° pitch stop. This arrangement was
tested by building a small model gasoline powered heli-
copter (no illustration available). This rotor head
proved to be successful. It was adapted for the full-
scale version.

At the time of writing, rotor stand testing has not

been started, so the fuselage has not been built. The
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fuselage will be composed of three major comwonents: har-
ness, tail unit and controls.

The harness will be made from a standard parachute
harness and a camper's backpack. The parachu+e harnese will
support the pilot while in flight. It will be attached to
the base of the rotor head using quick releases on the end
of the parachute risers. For ground handling, the camper's
backpack will support the helicopter. The weight of the
airciraft will rest on the operator's hips rather than his
shoulders. This way, an average man can easily carry the
75 1b. weight of my aircraft.

The tail unit is composed of a single fixed fin located
behind the pilot. It will keep the pilot facing into the
direction of flight. 1In hover, the propeller's slip stream
will hit the fin countering the small amount of frictional
torque transmitted through the rotor head. Thus, the
hovering flight is possible.

Controls are simple. An overhead control stick will
be used for cyclic control. Tilting the stick will control
the direction the helicopter goes. Located at the end of
the control stick will be the throttle. The purpose of
the throttle is to control the power of the engine. Since
the rotor blade pitch is fixed, the throttle will act as

the collective, controlling rotor lift through engine power.
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Recommendations

The helicoptcr described in this paper is not a device
that fullfills the requirements for success listed in the
utility section. The helicopter I built is cimply a working
prototype, the first step up from model testing. It is too
complicated, heavy, and bulky.

The first objective of any future design is to reduce
complexity. This can be hest accomplished by using either
a fuel injected reciprocating engine or a turboprop engine
instead of the conventional reciprocating engine I used.
Since these types of engines are not affected by centrifugal
force they can be placed out with the propellers. Thus,
there is no need for a power transmission system. A further
reduction in complexXity can be had by chosing a turboprop
engine over the fuel-injected reciprocating engine. Only a
single propeller is needed with the turboprop engine instead
of the two needed for the reciprocating engine. 1In a turbo-
prop engine, the gyroscopic precession of the prooeller
would be balanced by the smaller, faster turning turbine.

The weight of the helicopter will be reduced by the
selection of a fuel injected reciprocating engine or a tur-
boprop engine. The weight of my power transmission system
accounted for 23 1lbs of the total 75 1b weight. By selec-
ting the turboprop engine, a further weight reduction can be

made. A turboprop has a weight to power ratio of about 0.4,

compared to about 1.0 for a reciprocating engine. Thus,




with a turboprop engine, a aircraft weight of 40-45 lbs is

possible

Finally, the rotor radius can be reduced by using a
turboprop engine. A small weight to power ratio reduces
the optimum rotor radius needed for the least gross weight.
(sec Figure 15).

In summary, by selecting a fuel injected reciprocating
engine, the complexity and weight of the aircraft can be

reduced, By selecting a turboprop engine, the helicopter

will be simpler, lighter and less bulky.
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Appendix

The appendix is divided into two major sections, the
historical section and the design calculations The
historical section contains information on all single
bladed helicopters, backpack helicopters, and propeller-in-
the rotor helicopters that have been constructed. This
information was used to prevent making the same mistakes
of the past. This information was obtained at the Hub-
schrauber Museum in Buckeburg, Germany. Special thanks
goes to Mr. Werner Noltemeyer, the curator of the museum,
who was kind enough to open the museum archives and provided
me with housing for my five-day stay in Germany.

The design calculations section of the appendix includes

all important calculations I made in designing my aircraft.




Purpose: To estimate the design gross weight of the
helicopter

Method: Use historical research data and design estimates
to estimate the gross weight of the aircraft

Solution: The design gross weight is estimated at 270 lbs.

The breakdown is as follows:

Pilot 175 LBS
Rotor head 12 LBS
Engine (Mc 101) 15 LBS
Propellers 4 LBS
Propeller mounts 22 LBS
Rotor blade 15 LBS
Fuel & tank 5 LBS
(8 oz. of fuel)
Pack and stand 10 LBS
258 LBS
+ Safety Factor 12.9 LBS

270.9 LBS
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Purpose:

Method:

Solution:

59

To determine quantitatively disc loading
(i.e., rotor radius)

Fix disc loading so as to minimize aircraft
weight

Aircraft weight is given by

W=W_+ Wv

f

s . W
Substituting k, and k, for W,

Using simple momentum theory it can be shown
that 3/2

S Co + o Cd
ol 8
Substituting 3/2

3
p AV, C -
e nT [ T 5 0 Cd]

where

g = %% for a blade of uniform chord and

T
(@ =—2.__
e pTR (Q;;f

Therefore
2 3 3/2 3 =
p = PTRS @R) ;[ T 2] + PTR(QR)~ BC Cd (3

n /3 pﬂ;sz) n TR 8

It can be shown that
CIP CL BC

T 6  6mR
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Vv = OR = . 1_*'1‘ = TR = 6T %
T //anz B / anchBc / PR, BC '

Substituting into (2)

G o /2 3
P = 21831&513 T I/'_»T £ onr> | 6T v BC Cd ;
nv2 anz(gR)3 2 n DRCL BC TR 8 ;

pmR

L T

oo T /T, pmR’ [er ] /T BC Cd !
nR /’Zpﬂ n PRC; BC pRC; BC TR 8 3

= “é

S N e AR *
nR 2p T t 8n & .Y g

20% excess power is normal for a helicopter in hover.
Divide by 550 to convert into horsepower.

S L B et [ R 8
550 [nR 2pT n CI ‘

The two following values were assumed or calculated.

T = 270 1b.
n = 50%
3

p = .002378 slugs/ft

CL = .75

¢, = .01 |
Thus 3
pu 1584+ 01178 Voueronuaunss Gu s R s e i A (3)

R
Substituting back into Eq. (1)

2 158.4
W= We + KyR + K [-T- + .01178 vT]. ......... chseness (4)

The following values were used to plot Figure 11

We

K 1.25 lbs/ft

b

!
50 1bs E
E

pes—
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ke = 1.00 1lbs/hp
VT = 300 ft/sec
Thus
W=250+1.25R + 1.0[(138:4 4 3 53
Nomenclature R
A Disc area of rotor: Equal to R (ftz)
B Number of rotor blades
(& Chord of rotor blade (ft)
Cd Average drag coefficient of the rotor blade
C;, Average coefficient of 1lift of rotor blade
Cp Coefficient of power: Equal to ;;%;j
Cp Coefficient of thrust: Equal to
kb Weight of the rotor blade per foot (lb/ft)
ke Weight of the engine per horsepower (1b/hp)
P Power required to hover
R Rotor radius (ft)
T Rotor thrust (1b)
VT Velocity of rotor tip (ft/sec)
W Total gross weight of aircraft (1b)
wf Fixed weight of aircraft: fuselage, useful
load (1b)
w Variable weight of aircraft: rotor blade,
vV engine (1b)
n: Efficiency: equal to E23¥§: zﬁggi ;gggiring—
o} Solidity: equal to 3¢

™R
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P Air density: at gea level equal to
.002378 slugs/ ft

Q Rotor rotational speed (rad/sec)

s 3.14159
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Purgose:
Method:

Solution:

To determine minimum tip speed

Limit region of reverse flow to 25% of
retreating blade

V cos 1

Reversed flow occurs when
V cosi siny >Qr

This can be rewritten as
MR siny>r

where

ymg cosi

a}

Substituting x = R gives
% 5 g 8iNlivessrveivnasvssis senesemnes seibes (W)

From the above illustration maximum reversal
occurs at

p = = 3/2n

63
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Substituting into (1) gives

X ==l

Since x< 25% (from above)
Then

425 < = |

Take absolute value and solve for equality

.25 = 11
25 = Vv cos i
QR

Assume i is a small angle, therefore
cos i 1

]

.25 =

:1<
bS]
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