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57 ABSTRACT

Rotatable lifting surface devices, such as propellers, impel-
lers, and turbines, and blades for such devices use camber
profiles and pitch distributions to obtain performance from
flexible devices and blades, made from materials like poly-
mers and polymer-composites and even metals, that is
substantially the same as the performance of stiff devices
and blades, usually made from materials like steel and
aluminum.

31 Claims, 4 Drawing Sheets
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ROTATABLE LIFTING SURFACE DEVICE
HAVING SELECTED PITCH DISTRIBUTION
AND CAMBER PROFILE

BACKGROUND

This invention relates to turbines, impellers, propellers,
and the like, and particularly to propellers for water craft.

The search for propellers having low cost and yet good
performance is ongoing. As described in U.S. Pat. No.
6,371,726 to C. Jonsson et al., the general design goal of a
propeller is high performance, i.e., high forward thrust or
propeller efficiency at any speed. One approach to this goal
is a large propeller diameter in combination with a low
drive-shaft speed, with blades having optimal radial (hub to
tip) load distributions, areas large enough to avoid cavita-
tion, and thin cambered sections of the airfoil type.

Traditional materials used for propellers for marine appli-
cations, such as steel, aluminum, and bronze, provide good
strength and stiffness but now can be more expensive than
newer composite and plastic or polymer materials that have
been used in propellers for some time. Nevertheless, the
performance of such newer materials in applications like the
marine application has generally been poor.

Some composite materials, such as hand-laid fiber-rein-
forced composites and resin-transfer-molded composites,
have shown promise, but they are so expensive that they can
cost more than a molded aluminum propeller. The flexural
strength of composites and polymers also is often not high
enough to obtain performance equivalent to a metal propel-
ler. Plastic polymer or plastic-composite propellers may
have the required strength, but they often do not have the
stiffness needed to replace metals like aluminum with
equivalent performance. Because composites deflect under
load, the performance of a composite propeller can suffer
because its shape can differ from the optimal shape.

A useful goal is a propeller or a propeller blade, which is
part of a propeller assembly, that is made of a light and
flexible material and that yet performs substantially the same
as propellers or propeller blades made of stiffer materials,
for example, aluminum. Prior attempts to reach this goal
have been unsuccessful.

European Patent Publication EP 0 295 247 discloses a
propeller made of an expensive hand-laid composite poly-
mer-matrix material. The propeller is elastically deformable,
and thus the pitch, which is the distance a cylindrical section
of the propeller ideally moves in one rotation, varies under
load. The pitch is controlled by carefully making the pro-
peller stronger or weaker at predetermined places on the
blades. A beam is used to support a propeller blade in the
radial or span-wise direction of the blade, thus providing
additional strength and resistance to bending in that direc-
tion.

Patent Abstracts of Japan Publications No. JP 11-314598
and No. JP 11-180394 describe propellers made from rein-
forced resin materials that allow the propellers’ pitch to
change under load. Publication No. JP 11-314598 describes
strengthening propeller blades in certain directions by suit-
ably orienting the reinforcing fibers, and although it men-
tions blade deflections, the Publication does not address the
issues of camber, pitch, and optimum pitch to get optimum
performance.

U.S. Pat. No. 3,318,388 to Bihlmire discloses a metal/
plastic composite propeller, where the plastic is molded over
the metal, that allows the propeller’s pitch to alter under
load. Other propellers made from polymer materials are
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described in U.S. Pat. No. 5,275,535 and No. 4,842,483 and
European Patent Publication No. EP 0 254 106.

None of the above-cited documents discusses any par-
ticular combination of pitch distribution and camber profile
of a flexible propeller or propeller blade that enables the
propeller or blade to deflect into an optimum design pitch
distribution at design and off-design conditions.

SUMMARY

Applicant’s propellers and propeller blades use novel
camber profiles and pitch distributions to obtain perfor-
mance from flexible propellers and propeller blades, made
from materials like polymers and polymer-composites and
even metals, that is substantially the same as the perfor-
mance of stiff propellers and blades, usually made from
materials like steel and aluminum.

In accordance with one aspect of Applicant’s invention, a
rotatable lifting surface device includes a hub and a plurality
of blades extending from the hub. A blade is formed of a
material that is flexible, has a pitch distribution across a span
of the blade, and has a camber profile at at least one radial
station of the blade such that the blade is loadable toward a
trailing edge of the blade and that the blade is deflectable
from a first position in which a load on the device is low and
the pitch distribution is a first pitch distribution, such that a
pitch of the blade increases from the hub to a tip of the blade,
to a second position in which the load on the device is an
intended load and the pitch distribution is a second pitch
distribution different from the first pitch distribution.

In accordance with another aspect of the Applicant’s
invention, a water craft includes a hull, an engine disposed
in the hull, and at least one propeller driven by the engine.
The propeller includes a hub and a plurality of blades
extending from the hub. A blade is formed of a material that
is flexible, has a pitch distribution across a span of the blade,
and has a camber profile at at least one radial station of the
blade such that the blade is loadable toward a trailing edge
of the blade and that the blade is deflectable from a first
position in which a load on the propeller is low and the pitch
distribution is a first pitch distribution, such that a pitch of
the blade increases from the hub to a tip of the blade, to a
second position in which the load on the propeller is an
intended load and the pitch distribution is a second pitch
distribution different from the first pitch distribution.

BRIEF DESCRIPTION OF THE DRAWINGS

The various features, objects, and advantages of Appli-
cant’s invention will be understood by reading this descrip-
tion in conjunction with the drawings, in which:

FIG. 1 depicts a propeller;

FIG. 2 illustrates propeller and blade geometry;

FIGS. 3A, 3B and 4A, 4B are plots of the pitches of two
blades in accordance with Applicant’s invention; and

FIG. 5 is a cross-section of a portion of a boat, showing
an inboard/outboard engine and propellers.

DETAILED DESCRIPTION

It will be understood that this description focusses on a
marine application simply for convenience of explanation. It
is believed Applicant’s invention can be applied in other
applications, for example, pumps and turbines for various
fluids, such as water, oil, etc. This application uses the term
rotatable lifting surface device to encompass propellers,
impellers, turbines, and similar devices.



US 7,040,940 B2

3

The blades of rotating lifting surface devices, like pro-
pellers, in accordance with Applicant’s invention are flexible
and have pitch distributions and camber profiles such that
the blades are deflected into optimal position when the
propellers are operating at their intended design conditions.
As explained in more detail below, this requires special
combinations of pitch distribution and camber profile. For
example, the camber profile of each blade may have its
maximum at a position past the 60% chord position.

FIG. 1 depicts a propeller 1 for a boat or water drive
system that includes a plurality of blades 2, each of which
is connected to a hub 3 and has a leading edge 4 and a
trailing edge 5. The blades and hub may be integrally formed
or each blade may be attached to the hub, for example, in a
respective recess in the hub, as described for example in
U.S. Pat. No. 6,371,726 cited above.

Also shown in FIG. 1 are mutually perpendicular axes x,
y, z that define a Cartesian coordinate system for describing
the geometry of the propeller 1. The x-axis is co-linear with
the axis of the substantially cylindrical hub 3 (which is
apparent from the broken-line portion of the axis). If it is
imagined that the blades continue from their tips through the
hub to the x-axis, then the y-z plane may be defined such that
it includes those points on the leading edges of the blades
where the blades contact the hub. It will be understood that
identifying the leading edges in this way implies that the
propeller rotates about the x-axis in a clockwise direction,
i.e., as if the y-axis rotates into the z-axis, as they are shown.
As indicated in FIG. 1, a point in the x-y-z space, such as a
point on a blade 2, can also be located in a cylindrical
coordinate system by specifying an angle 6 from the y-axis,
a distance r in the y-z plane, and a height x,, above the y-z
plane. It will be appreciated that selection of such coordinate
systems is arbitrary and that other coordinate systems may
be used instead.

Alocus of points called a generatrix may be defined on the
chord line of each section; the generatrix splits the chord of
each section and is equidistant from the leading and trailing
edges. In FIG. 1, one generatrix is indicated by the broken
line 6 and one of the chord lines is indicated by the broken
line 7. Each point on the generatrix 6 can be defined in the
cylindrical coordinate system by indicating the radial dis-
tance r from the hub axis, the angle 0 from the x-y plane, and
the x-coordinate x,. A propeller defined in this manner
having a non-constant value of 0 is said to be skewed, and
a propeller having a non-constant value of x,, is said to have
rake. A propeller geometry, including the generatrix, is
typically defined at discretized stations r/R, where R is the
total radius of the propeller. Thus, the tip of the blade is
located at r/R=1.0 and the hub axis is located at r/R=0.0. A
chord line is a locus of points that connects the leading and
trailing edges along a helix located at a constant radial
position r. A chord line is split into equal segments by the
generatrix, and FIG. 1 shows two such segments having
length C/2, and thus the full length of the chord line is C.

FIG. 1 also shows a section through a blade at one station.
The section has a thickness t(s) through the blade that
typically varies with the station and with the position along
the chord line at that station. For example, the maximum
chord-wise thickness near the hub may be 0.75 inch (in) or
19 millimeters (mm), and 0.5 in or 12.7 mm at the /R=0.5
station, and 0.0625 in/1.6 mm near the tip. As shown in FIG.
1, the chord line 7 may be used to identify positions along
a chord-wise direction of the blade, and these positions may
be conveniently identified relative to the full length ¢ of the
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chord line, so that the leading edge of the blade is at position
0.0 and the trailing edge is at position 1.0. These positions
are indicated in FIG. 1.

A section of a blade also has a camber profile or camber
line, one of which is indicated in FIG. 1 by the solid line 8.
A camber line is a locus of points between the leading and
trailing edges that are equidistant from the surfaces of the
blade at a given radial station. As depicted in FIG. 1, a
camber line 8 may depart from the chord line 7 at that
station, and the distance between these lines may be repre-
sented by a parameter f(s) that varies with position along the
chord line. This relationship may be better seen in FIG. 2,
which shows a section of a blade 2 having leading and
trailing edges 4, 5, chord line 7, and camber line 8. The
camber profiles at different stations of a blade are typically,
but not necessarily, substantially the same.

From FIG. 1, it can be seen that the pitch angle ¢ of a
blade at a particular radial station is just the angle formed
between the chord line at that station and a plane that is
parallel to the y-z plane. As noted above, the pitch is the
distance traveled by a helix rotating through 360° and
passing through the leading and trailing edges of a blade at
a particular radial station. If one knows the pitch, one can
readily determine the pitch angle, and vice versa.

Applicant has recognized that design and performance
problems presented by propellers and blades made of flex-
ible materials can be solved by choosing a pitch distribution
across the span of the blade and a camber profile along each
blade such that, in combination, the intended load causes the
propeller pitch to deflect into the optimum or near-optimum
geometry for a set of operating conditions, which for a boat
may include load in the boat, engine torque, speed relative
to the water, etc. that affect the in-flow conditions of the
propeller.

In particular, Applicant’s camber profile has its maximum
at a chord-line position that is past the 0.6 chord position,
measured from the leading edge, at each radial station of the
blade. This is depicted in FIG. 2 for one radial station. The
maximum camber position is the point or points at which the
camber line 8 is farthest from the chord line 7, e.g., the
position at which {{(s) is maximum. Maintaining the camber
maximum past the 0.6 chord position ensures that the blade
is loaded near the trailing edge, which in turn ensures that a
flexible blade will deflect such that its pitch decreases under
load, even at off-design conditions. It is currently preferred
that the point of maximum camber at one or more radial
stations on the blade be between 65% and 95% of the
respective radial position’s chord length. At much less than
65%, the blade is not likely to be loaded properly at
off-design conditions, and at much more than 95%, the blade
will suffer efficiency losses due to its insufficiently gradual,
or smooth, camber profile.

It should be understood that loading the trailing edge in
this way is unconventional because it produces uneven
loading on the blade along each chord-wise section, which
can lead to large pressure drops that incite cavitation on the
blade. This is normally avoided by the propeller designer as
it can have adverse effects on efficiency and propeller
longevity. Nevertheless, various materials such as those
described below have excellent resilience against cavitation
erosion, and thus the usual requirement to avoid cavitation
can be substantially ignored. The deflection of a propeller or
blade made of a flexible material would be difficult to
control if it used a traditional cambered section having the
maximum located more toward the leading edge than what
is indicated in this application. Rather than deflecting into a
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more optimal position, such a propeller blade can deflect
into an even less optimal position.

Applicant has further recognized that the pitch of the
propeller should have a radial distribution such that the pitch
increases gradually and more or less continuously from the
hub to the blade tip, preferably with total increases in pitch
of between about 10% and about 30%. The blade is shaped
such that portions of the blade that are near the hub, e.g., at
stations around r/R=0.3, are at or near the intended optimum
pitch. The pitch gradually increases along the span of the
propeller to a point at least at about the r/R=0.9 position, i.e.,
90% of the total radius, where the pitch reaches its maxi-
mum. As just described, the maximum pitch may be between
about 110% and about 130% of the pitch at the hub,
depending on the material and the operating conditions. In
this way, when operating in water, or another intended fluid,
the propeller deflects into the intended pitch distribution,
i.e., substantially 100% of the intended optimum pitch
substantially all along the span, giving substantially optimal
performance for the propeller.

It should also be understood that having a radially-
increasing-pitch distribution even if mainly under low/no-
load operating conditions in this way is also not likely to be
favored by the typical propeller designer, who knows that a
constant pitch, like the pitch of the threads of a screw for
driving into wood, or a decreasing pitch makes it easier for
the propeller to move through its medium. Furthermore, a
radially-increasing-pitch distribution is contrary to the com-
mon design strategy to decrease the pitch of a propeller
blade near the tip in order to unload the propeller at the tip
and thus avoid vibration or tip-induced vortex cavitation.

Applicant’s invention addresses the problem of off-design
operation by using a selected combination of pitch distri-
bution and camber profile to ensure that even at off-design
conditions, such as slightly more or less angle of attack on
the propeller blades, the blades deflect into the optimal
position. Suitable propellers and blades can be designed in
a number of ways, but computerized tools are currently
believed to be most advantageously used in an iterative
design process. For example, the PROPCAV software,
which is available through a consortium led by the Univer-
sity of Texas at Austin, is useful for determining the pres-
sures at different points on a proposed propeller or blade.
PROPCAV is a panel (or boundary element) method that
handles fully wetted and cavitating conditions in non-axi-
symmetric in-flow, generating accurate representations of
the flow at the leading edge, tip, and root of a propeller blade
since the hub is also paneled. The method includes mid-
chord back or face cavity detachment and treats separate
cavities on the two sides of the blade. These results are
usable with methods of finite-element analysis, such as the
ADINA System, which is available from ADINA R&D, Inc.,
Watertown, Mass., and which is a program for comprehen-
sive finite element analyses of structures, fluids, and fluid
flows with structural interactions.

FIGS. 3A, 3B and 4A, 4B are plots of the pitches of two
blades generated by these methods. FIGS. 3A and 4A show
final designs that have undergone correction for deflections
due to the materials of the blades. FIGS. 3B and 4B show
how much correction was actually applied to arrive at the
respective final designs. Those of skill in this art will
understand that these corrections were determined by cal-
culations at discretized sections of the blade, which is
attached to the hub at station r/R=0.3. Considering FIGS. 3A
and 3B, the pitch near the tip in the no/low load condition,
i.e., before correction, is about 122% of the pitch near the

20

35

40

45

50

55

60

65

6

hub. Considering FIGS. 4A and 4B, the pitch near the tip in
the no/low load condition before correction is about 115% of
the pitch near the hub.

Applicant’s propellers and blades are thus necessarily
flexible and can be made from many materials that are light
yet strong and inexpensive. For water applications, particu-
larly useful materials appear to be plastic polymers and
polymer-composite materials. It is currently believed that a
particularly useful material is a plastic-composite material of
approximately 50% glass fiber and approximately 50%
polymer, but materials of more or less than 50%, including
zero percent, glass fiber content can be used. Suitable
materials are commercially available from a number of
manufacturers, including for example LNP Engineering
Plastics, Inc., Exton, Pa., which makes Verton® Long Glass
Fiber Reinforced composites, which combine nylon,
polypropylene, polyphthalamide, polyester (PBT), ABS and
other engineering thermoplastics with long glass fibers.
Although long glass fibers are used as reinforcing fibers in
such materials, other fibers, such as short glass fibers, carbon
fibers, or boron-tungsten fibers or wires, could be useful as
reinforcing fibers in a polymer or resin matrix or vice versa.
Plastics, polymers, resins, and composites are low-cost
alternatives to aluminum and have several other advantages,
including resistance to cavitation erosion and the enable-
ment of replaceable blades.

While having good strength, these materials are so flex-
ible that a propeller’s performance under load is different
from its performance under low/no load. These materials are
advantageous in that propellers and blades can be made by
injection molding, which is an inexpensive production
method. Blades may be molded into a propeller’s hub by, for
example, molding the hub and blades in one molding
operation, or blades may be molded individually and
mounted or affixed to a separate hub after molding.

Besides injection molding of polymers and polymer-
composites, suitable propellers and blades can be made with
other materials and methods, such as resin transfer molding,
although resin transfer molding is relatively more expensive
than injection molding.

Applicant’s propellers and blades can be used in marine
applications with any engine configuration. As described in
U.S. Pat. No. 6,468,119 to E. Hasl et al., boats are often
driven by either inboard engines, or outboard engines, or
inboard/outboard engines. In the inboard configuration, the
engine is typically positioned within a compartment on the
boat and a drive shaft extends through the bottom of the
boat’s hull, with the propeller positioned such that the
propeller and part of the drive shaft are in the water during
normal operation. An outboard engine is a self-contained
unit that is often attached to the transom of a boat and
includes an engine that is positioned within a cowling, at
least one propeller attached to a lower unit, and a drive shaft
in a housing that extends in a generally vertical direction
between the engine and the lower unit. The lower unit
typically contains gears for transferring drive-shaft torque to
a propeller shaft that is generally oriented perpendicularly to
the drive shaft. The inboard/outboard configuration is a
hybrid of the inboard and outboard configurations that
generally includes an engine positioned in a compartment,
like the inboard configuration, that is typically located
proximate the transom of the boat, like the outboard con-
figuration. The inboard/outboard engine also includes a
drive assembly that resembles the lower unit of an outboard
engine.

Referring to FIG. 5, which depicts an inboard/outboard
configuration as shown in U.S. Pat. No. 6,468,119 cited









