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(57) Abstract: A blade includes a blade body having a surface and a hole extending through the surface of the blade body. The hole
defines a hole axis and a plane perpendicular to the hole axis. The hole has an elongated hole perimeter within the plane. The hole
perimeter includes a plurality of non-linear perimeter sections to minimize stress concentration around the elongated hole perimeter
while maximizing the usable opening area. A rotor system includes a rotor hub and a blade as recited above. The blade extends radi -
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STRESS REDUCENG HOLES

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR

BEVELOPMERNT

{6001} This invention was made with Government support under FA&650-13--7304 awarded
by the United States Department of Defense. The Government has certain rights in this

invention.

CROSS-REFERENCE TO RELATED APPLICATION

{6082] The subject invention claims the benefit of and priority to U.S. Provisional Application
Ser. No. 62/219,886 filed September 17, 2015, the disclosure of which is herein incorporated

by reference n its entivety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

{6003] The present disclosure relates to rotary-wing aircraft, and more particularly to a rotor

blade for such aircraft.

2. Description of Related Axt

{6004} Traditional rotorcraft, such as conventional helicopters, inclade a rotor hub configured
to rotate about an axis and having multiple rotor-blade assemblics mounted thereto. Fach
rotor-blade assembly includes a blade that extends outwardly from the rotor hub.

{0085] A large number of slots, holes. or other openings may be formed {¢.g., by drilling) in an
upper surface of the blade at spaced locations. The upper surface can be made of a carbon-
fiber composite. These slots, holes or other openings can be subject to stress.

{0006] Such conventional methods and systems have generally been considered satisfactory for

their intended purpose. However, there is still a need in the art for improved openings.

SUMMARY OF THE INVENTION

{0087] A blade includes a blade body having a surface and a hole extending through the
surface of the blade body. The hole defines a hole axis and a plane perpendicular to the hole
axis. The hole has an elongated hole perimeter within the plane. The hole perimeter inchudes a
plurality of non-linear perimeter sections to minimize stress concentration around the elongated

hole perimeter while maximizing the usable opening arca.
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{6008] In accordance with certain embodiments, the non-linear perimeter sections inchide two
spaced apart opposed parabolic conic sections. Each parabolic conic section can include a pair
of endpoints and a vertex. A centerline axis of the elongated hole perimeter can extend
between the vertices within the plane. The non-linear elongated perimeter can inchude two
spaced apart opposed circular arcs. Each circular arc includes a pair of endpoints. One of the
endpoints from each of the parabolic sections can connect with respective endpoints of one of
the circular arcs. The other endpoints from each of the parabolic sections can connect with
respective endpoints of the other circular arc.

{6009] The parabolic conic sections and the circular arcs can alternate with one another about
the hole perimeter. The parabolic conic sections and the circular ares can be convex around the
entirety of the perimeter and are concave relative to the hole. At cach connection of one of the
end points of the circular arcs and a respective end point of the parabolic conic section, the
circular arc can be tangential to the parabolic conic section. Tangent lines defined through the
respective vertices of each of the parabolic conic sections can be perpendicular to the centerline
axis within the plane.

{0010] The blade body can define a blade axis. The elongated hole perimeter can have a first
dimension in a first divection aligned with the blade axis and a second dimension in a second
direction. The first and second directions can be perpendicular to one another and the first
dimension is greater than the second dimension such that the clongated hole perimeter is
clongated in alignment with the blade axis.

{6011] The blade can inclade a structural ring disposed on an inner surface of the hole o
provide reinforcement and to reduce warping of the hole. The structural ring can be a thin-
walled ring made of at least of one titanium or steel. The hole can be arranged adjacent to a
leading edge of the blade body. The hole can be one of a plurality of spaced apart holes that
are substantially identical and aligned with respect to each other.

{6012] In another aspect, a rotor system includes a rotor hub and a blade as recited above. The
blade extends radially outward from the rotor hub. The blade defines a root end proximate to
the rotor hub, a tip end opposite the root end. The hole can be one of a plurality of spaced apart
holes that arc substantially identical and aligned with respect to one another’s centerline axes
along the rotor blade. In yet another aspect, an aircraft includes the rotor system as recited

ahove.
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{0013] These and other features of the systems and methods of the sabject disclosare will
become more readily apparent to those skilled in the art from the following detailed description

of the preferred embodiments taken in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

16014} So that those skilled in the art to which the subiject disclosure appertains will readily
understand how to make and use the devices and methods of the subject disclosure without
undite experirnentation, preferred embodiments thereof will be described in detail herein below
with reference to certain {igures, wherein:

{0015] Fig. 1 is a perspective view of an exemplary erabodiment of a rotorcraft constructed in
accordance with the present disclosure, showing a rotor hub with rotor blades extending
therefrom;

{0016] Fig. 2 is a top plan view of a rotor blade of the rotary-wing aircraft in Fig. | constructed
in accordance with an embodiment of the disclosure, showing holes through the upper surface
of the rotor blade;

{6017] Fig. 3 is a perspective view of the rotor blade of Fig. 2, in accordance with an
cmbodiment of the disclosure, showing the holes proximate to the leading edge of the blade;
{6018] Fg. 4 is a plan view of a cross-section of one of the holes of the rotor blade of Fig. 2, in
accordance with an embodiment of the disclosure, showing the elongated hole perimeter:
{0019] Fig. 5 is an exploded plan view of the cross-section of Fig. 4, in accordance with an
embodiment of the disclosure, showing two spaced apart opposed parabolic conic sections and
two spaced apart opposed circular arcs; and

{0028] Fig. 6 is a perspective view of one of the holes of the rotor blade of Fig. 2, in
accordance with another embodiment of the disclosure, showing the hole having a structural

ring disposed on an inner surface of the hole.

BETALLED DESCRIPTION OF THE PREFERRED EMBODIMENTS

{6021] Reference will now be made to the drawings wherein like reference nurerals identify
sirpilar structural features or aspects of the subject disclosure. For purposes of explanation and
illusiration, and not himitation, a partial view of an exemplary embodiment of a rotorcraft in
accordance with the disclosure is shown in Fig. 1 and is designated gencrally by reference
character 10. Other emnbodiments of rotorcraft in accordance with the disclosure, or aspects

thereof, are provided in Figs. 2-6, as will be described.
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[0022] As shown in Fig. 1, a non-limiting exemplary embodiment of a rotary-wing aircraft in
which the invention can be implemented is generally indicated at 18. Although the aircraft 10
disclosed herein is a helicopter 10, it is understood that aircraft 10 can be any suitable type of
aircraft or machine. For example, a high-speed-compound rotary-wing aircraft with
supplemental translational-thrust systems, a dual contra-rotating co-axial rotor-system aircratt,
turboprops, tilt-rotors, and a tilt-wing aircraft can benefit from the invention. Furthermore,
although the invention is disclosed herein as being implemented with main rotor blades or tail-
rotor blades, for example, those having “Retreating Side Blowing” (hereinafter veferred to as
merely “RSB”) technology, it is understood that the invention can be implemented with any
suitable technology that requires openings in a blade, such as those used for weight cups for
holding weights to balance rotor blades. {n addition, it is understood that the invention can be
implemented with any other airfoil-type blade, such as a stationary or wind vane, wind-turbine
blade, or propeller blade on fixed-wing atrcraft. Morcover, it is understood that the invention
can be applied just the same to, in general, any suitable beam under load having holes.

{0023] With continued reference to Fig. 1, aircraft 10 includes a main rotor system 12 and an
airfraroe 14 having an extending tail 16 that moounts a tall-rotor system 18 as an anti-torque
system. Main rotor system 12 is driven about an axis of rotation Y through a main gearbox 20
by at least one engine 22 (fwo shown in the figure). Main rotor system 12 also includes a rotor
hub 24 having a plurality of rotor blades 26 (four shown in the figure), mounted to and
projecting radially outwardly from the rotor hub 24. Blades 26 may be made of a composite
material. Those skilled in the art will readily appreciate that helicopter 10 can have any
suitable configuration. k is also understood that the contour and cross-section {in size and
shape) of blade 26 may vary over the length of blade 26. It is also understoond that the blade 26
may be formed using known design and manofacturing processes.

{0024] As shown in Figs. 1-3, each blade 26 is configured to be coupled to the rotor hub 24 at a
root cnd 30 of the blade 26 disposed opposite a tip end 32 of the blade 26. It is understood that
root end 30 and tip end 32 can define any suitable geometry. Blade axis A is defined
longitudinally between root end 30 and tip end 32, Blade 26, e.g. blade body, defines an upper
surface 34 of the blade 26 and a lower surface 36 opposite the upper smface 34, Itis
conternplated that the blade 26 can be made of a carbon-fiber composite. Upper surface 34 of
each blade 26 also inchides a plurality of holes 38. Holes 38 are spaced apart from one another

in a radial direction with respect to hub 24 along each blade 26. Holes 38 of each blade 26 are
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substantially identical and aligned with respect to one another’s centerline axes , shown in
Fig. 4, and aligned with blade axis A.

{6025] As shown in Fig. 4, a plane 40, e.g. a cross-sectional plane, of hole 38 is perpendicular
to hole axis B is shown. Hole 38 has an elongated hole perimeter 42 within the cross-sectional
plane 40 of hole 38. The elongated hole perimeter 42 includes a plurality of non-linear
perimeier sections 41 (shown in Fig. 5) to minimize stress concentration around hole 38 while
maximizing the usable opening area, for example, for connecting hole 38 to a variety of other
devices or inserting devices within hole 38. Perimeter 42 has a first dimension E in a first
direction substantially aligned with blade axis A and centerline axis € of hole 38 and a second
dimension F in a second direction. First and second directions are perpendicular to one
ancther. First dimension E is greater than second dimnension F such that elongated hole
perimeter 42 is elongated in alignment with blade axis A. Cross-section 40 remains
substantially constant throughout the height of bole 38, e.g. slong hole axis B. Reduced siress
around perimeter 42 results in longer fatigue life for the part, and/or the option to mamifacture
a lighter-weight part.

{0026] With continuced reference to Figs. 4 and 5, non-linear perimeter sections 41 include two
spaced apart opposed parabolic conic sections 44 and 447 and two spaced apart opposed
civealar arcs 50 and SO Circular ares 50 and 50 have large radii of curvature such that if
circular arcs 50 and 50" were extended beyond the intersection with conic sections 44 and 44/,
each circular arc 50 and 50’ would enclose cach conic section 44 and 447 (i.e., circular arc 50
would enciose comnic section 44, and circular arc 50’ would enclose conic section 44). Conic
section 44 includes a vertex 48 and conic section 44’ includes a vertex 48°. A centerline axis C
of perimeter 42 extends hetween vertices 48 and 48" within the cross-sectional planc 40.
Tangent lines defined through the respective vertices 48 and 487 of each of the parabolic conic
sections, schematically indicated by lines D and ', are perpendicular to centerline axis C.
Parabolic conic sections 44 and 44 and circular arcs 50 and 50’ alternate with one another
about perimeter 42 such that the opposing ends of conic section 44 connect to circular arcs 30
and 50" and opposing ends of conic section 44" also connect to circular arcs 50 and 5¢".
Parabolic conic sections 44 and 44" and circular arcs 50 and 50 are convex around the entirety
of perimeter 42, and are concave relative to hole 38, The shape of hole 38 perimneter 42 allows
more efficient use of hole 38 structure, for example, it reduces stress concentrations as
compared with other traditional shapes such as circular, race track, or ellipse shapes. For

cxample, race track shape holes tend to experience higher stress concentrations at the
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intersections between its Hnear sides and arcuate ends than those experienced at similay areas
around perimeter 42 of hole 38.

{6027] As shown in Fig. 5, each parabolic conic section 44 and 44" inchudes a respective pair of
endpoints 46a and 46a’, and 46b and 46b". Each circular arc 50 and 50 includes a pair of
endpoints, 52a and 524, and 52b and 52b. Each circular arc 50 and 5 is tangential to each
parabolic conic section 44 and 44’ at a connection of the respective endpoints 46a and 46a’ and
52a and 52b, and at a connection of the respective endpoints 46b and 46b" and 52a" and 52b".
Endpoint 46a of parabolic conic section 44 and endpoint 52a of circular arc 50 meet one
another where circular arc 50 is tangential to parabolic conic section 44. Endpoint 463’ of
parabolic conic section 44 and endpoint 52b of circidar arc 50" meet one another where circular
arc 50 is tangential to parabolic conic section 44. Endpoint 46b of parabolic conic section 447
and endpoint 52a’ of circular arc 50 meet one another where circular arc 5{ is tangential to
parabolic conic section 44, Endpoint 46b” of parabolic conic section 44" and endpoint 52b’ of
civaudar arc 50" meet one another where circular arc 50’ is tangential to parabolic conic section
44’ While not required in all aspects, the perimeter 42 is non-linear (i.e., has no linear
perimeter clements) in the shown embodiment.

{6028] With reference now to Fig. 6, in accordance with an embodiment of the disclosure, each
hole 38 of rotor blades 26 includes a structural ring 54 disposed on an inner sutace 56 of hole
38 to provide reinforcement and to reduce warping of hole 38. Those skilled in the art will
readily appreciate that structural ring 54 can be a thin-walled ring made of a variety of suitable
materials, such as, titantom, steel, or the Hke. It is contemplated that i is optional to include
structural ring 54 in combination with hole 38, it is also contemplated that structural ring can
be used with holes other than holes 38, ¢.g. race-track shaped holes. While not shown, it is
understood that inserts can be included in the holes 38, such as inserts used for weight or RSB
implementations and/or for asrodynamic reasons.

{6029] The methods and systems of the present disclosure, as described ahove and shown in
the drawings, provide holes with superior properties including reduced stress. While the
apparatus and methods of the subject disclosure have been shown and described with reference
to preferred embodiments, those skilled in the art will readily appreciate that changes and/or
modifications may be made thereto without departing from the spirit and scope of the subject

disclosure.

6
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CLAIMS

Yo hat is claimed is:

1. A blade comprising:
a blade body having a surface; and

a hole extending through the surface of the blade body, wherein the hole defines a hole
axis and a plane perpendicolar to the hole axis, and wherein the hole has an elongated hole
perimeter within the plane, wherein the hole perimeter includes a plurality of non-linear
perimeter scctions to minimize stress concentration around the elongated hole perimeter while

maximizing the usable opening avea.

2. The blade as recited in claim 1, wherein the non-linear perimeter sections include:

two spaced apart opposed parabolic conic sections, whercin cach parabolic conic
section includes a pair of endpoints and a vertex, wherein a centerline axis of the elongated

hole perimeter extends between the vertices within the plane; and

two spaced apart opposed circular arcs, wherein cach circular arc includes a pair of
endpoints, wherein one of the endpoints from cach of the parabolic sections connccts with
respective endpoints of one of the civcular arcs, and wherein the other endpoints from each of

the parabolic sections connect with respective endpoints of the other circular arc.

3. The blade as recited in claim 2, wherein the parabolic conic sections and the circular

arcs alternate with one another about the clongated hole perimeter.

4. The blade as recited in claim 2, wherein the parabolic conic sections and the circular

arcs are convey around the entirety of the pertmeter and are concave relative to the hole.

5, The blade as recited in claim 2, wherein, at each connection of one of the end points of
the circular arcs and a respective end point of the parabolic conic section, the circular are is

tangential to the parabolic conic section.

6. The blade as recited in claim 2, wherein tangent lines defined through the respective
vertices of cach of the parabolic conic sections are perpendicular to the centerline axis within

the plane.

7
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7. The blade as recited in any of the preceding claims, wherein the blade body defines a
blade axis, and wherein the clongated hole perimeter has a first dimension in a first direction
aligned with the blade axis and a second dimension in a second direction, wherein the first and
second directions are perpendicular to one another and wherein the first dimension is greater
than the sccond dimension such that the elongated hole perimeter is elongated in alignment

with the blade axis.

8. The blade as recited in any of the preceding claims, further comprising a structural ring
disposed on an inner surface of the hole o provide reinforcement and to reduce warping of the

hole.

g. The blade as recited in claim 8, wherein the structural ring is a thin-walled ring made of

at least one titanium or steel.

i06. The blade as recited in any of the preceding claims, wherein the hole is arranged

adjacent to a leading edge of the biade body.

i1, The blade as recited in any of the preceding claims, whercin the hole is one of a
plurality of spaced apart holes that arc substantially identical and aligned with respect to each

other.
12. A rotor system comprising:
a rotor hub;

a hlade as recited in any of the preceding claims extending radially outward from the
rotor hub, wherein the blade defines a root end proximate to the rotor hub, a tip end opposite

the root end.

13. The rotor system as recited in claim 12, wherein the non-linear perimeter sections
inchade:

two spaced apart opposed parabolic conic sections, whercin cach parabolic conic
section includes a pair of endpoints and a vertex, wherein a centerline axis of the elongated

hole perimeter extends between the vertices within the plane; and

two spaced apart opposed circular arcs, wherein cach circular arc includes a pair of

cndpoints, wherein one of the endpoints from cach of the parabolic sections connects with
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respective endpoints of one of the circular arcs, and wherein the other endpoints from cach of

the parabolic sections connect with respective endpoints of the other circular arc.

14. The rotor system as recited in claim 13, wherein the hole is one of a plurality of spaced
apart holes that arc substantially identical and aligned with respect to one another’s centerline

axes along the rotor blade.

15. An aircraft comprising the rotor systems of any of claims 12-14.
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