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ABSTRACT

A closed-angle composite airfoil spar is provided for an airfoil assembly. The composite
airfoil spar comprises a web portion having a thickness. The composite airfoil spar also
comprises a flange portion having a thickness. The flange portion extends transverse to the web
portion. The composite airfoil spar further comprises a radius portion interconnecting the web
and flange portions. The radius portion is an acceptable amount thinner relative to thickness of
the web portion and thickness of the flange portion based on design requirements and material

properties.
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CLOSED-ANGLE COMPOSITE AIRFOIL SPAR AND METHOD OF
FABRICATING THE SAME

FIELD

The present application relates to composite airfoil assemblies, and is particularly

directed to a closed-angle composite airfoil spar and a method of fabricating the same.
BACKGROUND

A typical known airfoil assembly includes an upper skin panel, a lower skin panel, and a
number of composite spars interconnecting the upper and lower skin panels. The composite
spars usually include a number of open-angle “C”-shaped spars (i.e., an angle of the upper flange
or the lower flange at a web interface is slightly greater than 90°, making it an obtuse angle).
Each open-angle spar faces (i.e., opens towards) either in the forward direction of the airfoil
assembly or in the aft direction of the airfoil assembly depending upon the location of the
particular spar. If the open-angle spar is located in a rear portion of the airfoil assembly, the spar
generally faces forward of the airfoil assembly. If the open-angle spar is located in a front
portion of the airfoil assembly, the spar generally faces in the aft direction of the airfoil

assembly.

However, in some implementations of airfoil assemblies, a closed-angle spar (i.e., a spar
where the upper flange, the lower flange, or both flanges develop an angle with the web that is
less than 90°, making it an acute angle) is located in the front portion of the airfoil assembly. In
these implementations, the closed-angle spar faces (i.e., opens towards) in the forward direction
of the airfoil assembly like an open-angle spar located in the rear portion of the airfoil assembly.
Accordingly, those skilled in the art continue with research and development efforts in the field

of airfoil assemblies including composite closed-angle spars.
SUMMARY

In one aspect, a closed-angle composite airfoil spar is provided for an airfoil assembly.
The composite airfoil spar comprises a web portion having a thickness. The composite airfoil
spar further comprises an elongated flange portion having a thickness and extending transverse

to the web portion. The elongated flange portion forms an acute angle between the web portion
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and the elongated flange portion. The elongated flange portion serves as a splice between a

leading edge and a skin panel of the airfoil assembly.

In another aspect, an airfoil assembly comprises a leading edge and a skin panel abutting
the leading edge. The airfoil assembly further comprises a closed-angle spar having an
clongated flange portion and a web portion that forms an acute angle between the elongated
flange portion and the web portion. The elongated flange portion serves as a splice at a splice

point along the elongated flange portion between the leading edge and the skin panel.

In another aspect, a closed-angle composite airfoil spar is provided for an airfoil
assembly. The composite airfoil spar comprises a web portion having a thickness. The
composite airfoil spar also comprises a flange portion having a thickness. The flange portion
extends transverse to the web portion. The composite airfoil spar further comprises a radius
portion interconnecting the web and flange portions. The radius portion is an acceptable amount
thinner relative to thickness of the web portion and thickness of the flange portion based on

design requirements and material properties.

In another aspect, a method is provided of fabricating a closed-angle composite airfoil
spar having a closed angle of no more than 80 degrees. The method comprises applying layers
of a fiber reinforced material to a tooling piece to build up layers of the fiber reinforced material
on the tooling piece. The method further comprises drawing a vacuum about the tooling piece
including the layers of fiber reinforced material on the tooling piece for at least a first
predetermined process time. The method also comprises heating the tooling piece including the
layers of the fiber reinforced material on the tooling piece for at least a second predetermined
process time. The method also comprises, after elapse of the first predetermined process time,
releasing the vacuum drawn about the tooling piece including the layers of fiber reinforced
material on the tooling piece to produce the closed-angle composite airfoil spar having a closed

angle no more than 80 degrees.

In another aspect, a method is provided of assembling an airfoil assembly having a
leading edge and a skin panel that abuts the leading edge. The method comprises providing a
close-angle spar having an elongated flange portion and a web portion that forms an acute angle
between the elongated flange portion and the web portion. The method further comprises
splicing the leading edge and the skin panel at a splice point along the elongated flange portion

of the closed-angle spar.
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In another aspect, a method is provided for fabricating a closed-angle composite airfoil
spar. The method includes applying layers of a fiber reinforced material to a tooling piece to
build up layers of the fiber reinforced material on the tooling piece and produce the closed-angle
composite airfoil spar having an acute angle. The fiber reinforced material includes an epoxy

material that facilitates controlled flow and is relatively less mobile while crosslinking.

In yet another aspect, there is provided a closed-angle composite airfoil spar for an airfoil
assembly, the closed-angle composite airfoil spar comprising: a web portion having a web
portion thickness; an elongated flange portion having an elongated flange portion thickness and
extending transverse to the web portion and forming an acute angle between the web portion and
the elongated flange portion, wherein the clongated flange portion serves as a splice between a
leading edge and a skin panel of the airfoil assembly, and wherein the elongated flange portion
comprises a joggle along a longitudinal length of the elongated flange portion; and a radius
portion interconnecting the web portion and the elongated flange portion, wherein the radius

portion has a radius portion thickness.

In yet another aspect, there is provided a method of fabricating the closed-angle
composite airfoil spar of the immediately preceding paragraph, the method comprising: applying
layers of a fiber reinforced material to a tooling piece to build up the layers of the fiber
reinforced material on the tooling piece, the tooling piece comprising a plurality of temporarily
joined mandrel pieces shaped to produce the closed-angle composite airfoil spar having the
joggle along the longitudinal length of the elongated flange portion; drawing a vacuum about the
tooling piece including the layers of the fiber reinforced material on the tooling piece for at least
a first predetermined process time; heating the tooling piece including the layers of the fiber
reinforced material on the tooling piece for at least a second predetermined process time; and
after elapse of the first predetermined process time, releasing the vacuum drawn about the
tooling piece including the layers of the fiber reinforced material on the tooling piece to produce

the closed-angle composite airfoil spar.

In yet another aspect, there is provided a method of fabricating the closed-angle
composite airfoil spar of two paragraphs above, the method comprising: applying layers of a
fiber reinforced material to a tooling piece to build up the layers of the fiber reinforced material
on the tooling piece and produce the closed-angle composite airfoil spar having the acute angle

and the joggle along the along the longitudinal length of the clongated flange portion, wherein

S
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the fiber reinforced material comprises an epoxy material that facilitates controlled flow and is

relatively less mobile while crosslinking.

In yet another aspect, there is provided an airfoil assembly comprising: a leading edge; a
skin panel abutting the leading edge; and a closed-angle spar comprising: a web portion having a
web portion thickness; an elongated flange portion having an elongated flange portion thickness,
the elongated flange portion extending transverse to the web portion and forming an acute angle
between the web portion and the elongated flange portion, wherein the elongated flange portion
serves as a splice between the leading edge and the skin panel, and wherein the elongated flange
portion comprises a joggle along a longitudinal length of the elongated flange portion; and a
radius portion interconnecting the web portion and the elongated flange portion, wherein the

radius portion has a radius portion thickness.

In yet another aspect, there is provided a method of assembling an airfoil assembly
having a leading edge and a skin panel that abuts the leading edge, the method comprising:
providing a closed-angle spar having an elongated flange portion, a web portion that forms an
acute angle between the elongated flange portion and the web portion, and a radius portion
interconnecting the web portion and the elongated flange portion, wherein the elongated flange
portion comprises a joggle along a longitudinal length of the elongated flange portion; and
splicing the leading edge and the skin panel at a splice point along the elongated flange portion

of the closed-angle spar.

Other aspects will become apparent from the following detailed description, the

accompanying drawings and the appended claims.

— 33—
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A is an example airfoil assembly embodying a closed-angle composite airfoil spar

in accordance with an embodiment.

Fig. 1B is an enlarged view of Fig. 1A, taken approximately in the area labeled as circle

“1B” shown in Fig. 1A.

Fig. 2 is an enlarged view similar to Fig. 1B, and showing only the closed-angle

composite airfoil spar in accordance with an example embodiment.

Fig. 3 is an enlarged view similar to Fig. 1B, and showing only the closed-angle

composite airfoil spar in accordance with another example embodiment.

Fig. 4 is an enlarged view similar to Fig. 1B, and showing the closed-angle composite

airfoil spar in accordance with still another example embodiment.

Fig. 5 is a flow diagram illustrating an example method of fabricating a closed-angle

composite airfoil spar in accordance with an example embodiment.

Fig. 6A is an example tooling configuration for implementing the example fabrication
mcthod of Fig. 5.

Fig. 6B is a sectional view, taken approximately along line “6B-6B”, of Fig. 6A, and
showing only the closed-angle composite airfoil spar manufactured using the fabrication method
of Fig. 5.

Fig. 7 is a flow diagram of an aircraft manufacturing and service methodology.

—3b—
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Fig. 8 is a block diagram of an aircraft.
DETAILED DESCRIPTION

The present application is directed to closed-angle composite airfoil spars and methods of
fabricating the same. The specific composite airfoil spar, fabricating method, and the industry in
which the composite airfoil spar and fabricating method are implemented may vary. It is to be
understood that the disclosure below provides a number of embodiments or examples for
implementing different features of various embodiments. Specific examples of components and
arrangements are described to simplify the present disclosure. These are merely examples and

are not intended to be limiting,.

By way of example, the disclosure below describes composite airfoil spars and
fabricating methods for aircraft. More specifically, the disclosure below describes a composite
airfoil spar for use in an airfoil assembly of an aircraft. The composite airfoil spar and method of
fabricating the composite airfoil spar may be implemented by an original equipment
manufacturer (OEM) for manufacturing composite airfoil spars in compliance with military and

space regulations.

Referring to Fig. 1A and Fig. 1B (referred to herein collectively as “Fig. 1), an example
airfoil assembly 200 embodying a closed-angle composite airfoil spar in accordance with an
embodiment is illustrated. Airfoil assembly 200 includes a leading edge (e.g., nose fitting) 202,
an upper skin panel 204, and a lower skin panel 206. The leading edge 202 is located at front of
the airfoil assembly 200. The airfoil assembly 200 further includes one spar 210 (front spar)
located at front portion of the airfoil assembly 200, and two spars 212, 214 (center spar and aft
spar) located at rear portion of the airfoil assembly 200. The one spar 210 located at the front
portion is a closed angle spar (i.e., the spar forms an acute angle less than 90°) that faces forward
of the airfoil assembly 200. The one spar 210 may have a cross-sectional shape resembling the
letter “C,” as best shown in Fig. 1A. The two spars 212, 214 located at the rear portion are open-
angle spars that face forward of the airfoil assembly 200. While each of the two spars 212, 214 is
shown as having an obtuse angle and facing forward of the airfoil assembly 200, it is conceivable

that the spar be constructed with an acute angle and face aft of the airfoil assembly 200.

CA 3000916 2018-04-11
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A top part of each of the two spars 212, 214 is fastened directly to the upper skin panel
204. Similarly, a bottom part of each of the two spars 212, 214 is fastened directly to the lower
skin panel 206.

As best shown in Fig. 1B, a top part (the clongated flange portion 322) of the one spar
210 may be fastened directly to the upper skin panel 204 and the leading edge 202 proximate the
junction 203 where the upper skin panel 204 and the leading edge 202 meet. The web portion
320 of the spar 210 is located aft of the junction 203 between the upper skin panel 204 and the
leading edge 202.

Similarly, a bottom part of the one spar 210 is fastened directly to the lower skin panel
206 and the leading edge 202 at the junction where the lower skin panel 206 and the leading edge
202 meet.

A spar and a skin panel can be directly fastened together using any suitable technique.
For example, a spar and a skin panel can be directly co-bonded together using a suitable bonding
material. As another example, a spar and a skin panel can be mechanically fastened together

using suitable mechanical fasteners.

While the airfoil assembly 200 is shown and described having three spars (i.e., the one
closed-angle spar 210 and the two open-angle spars 212, 214), additional closed-angle spars
and/or additional open-angle spars, may be included in the airfoil assembly 200 without
departing from the scope of the present disclosure. Also, those skilled in the art will appreciate
that only a portion of the closed-angle composite airfoil spar 210 is shown in Fig. 1, and that the
overall size and shape of the composite airfoil spar 210 may depend on the end application. The

disclosed composite airfoil spar 210 may be sized, shaped, and contoured accordingly.

Referring to Fig. 2, an enlarged view of a portion of the closed-angle composite airfoil
spar 210 shown in Fig. 1A in accordance with an example embodiment is illustrated. In
particular, the composite airfoil spar 210 comprises a web portion 320 having a thickness of
0.220 +/-.005 inches (5.6 +/- 0.1 millimeters). The composite airfoil spar 310 also comprises a
flange portion 322 having a thickness of 0.220 +/-.005 inches (5.6 +/- 0.1 millimeters). The
flange portion 322 extends transverse to the web portion 320. The composite airfoil spar 210
further comprises a radius portion 324 interconnecting the web and flange portions 320, 322.

The radius portion 324 has a thickness of about 0.210 +/-.005 inches (5.3 +/- 0.1 millimeters). In

CA 3000916 2018-04-11
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the example embodiment shown in Fig. 3, the radius portion 324 is an acceptable amount thinner
relative to the thickness of the web portion 320 and the thickness of the flange portion 322 based
on design requirements and material properties. In some embodiments, the radius portion 324 is
no more than ten (10) percent thinner relative to the thickness of the web portion 320 and the
thickness of the flange portion 322. In some embodiments, the radius portion 324 is no more
than five (5) percent thinner relative to the thickness of the web portion 320 and the thickness of
the flange portion 322. The radius portion 324 has a radius in the range typically between a
minimum of about 0.25 inches (0.64 centimeters) and a maximum of about one inch (2.54

centimeters).

Compositionally, the material of the composite airfoil spar 210 including the web portion
320, the flange portion 322, and the radius portion 324 comprises fiber reinforced material. The
fiber reinforced material may include reinforcing fibers (e.g., carbon fibers, glass fibers or the
like) in a matrix material (e.g., thermosetting resin). In some embodiments, the fiber reinforced

material comprises reinforcing fibers in an epoxy material (the matrix material).

In a particular implementation, the epoxy material of the fiber reinforced material may be
a resin system with curatives that allow the epoxy material to gel relatively early on the
tempcrature scalc, such as between 240 °F and 260 °F (c.g., at about 250 °F). Such an epoxy
material may facilitate more controlled flow and may be less mobile while crosslinking, thereby
reducing (if not eliminating) the radius thinning described herein. As an example of such an
epoxy material, the composite airfoil spar 210 is fabricated from CYCOM® 5320-1 epoxy resin,
which is commercially available from Cytec Industries, Inc. CYCOM is a registered trademark
of Cytec Industries, Inc. CYCOM® 5320-1 epoxy resin may be cured using an out-of-autoclave
process (e.g., in an oven at atmospheric pressure). Other materials are possible in other

embodiments.

The radius portion 324 is shown in the example embodiment of Fig. 2. The average
thickness of thc web portion 320 is 0.220 +/-0.005 inches (5.6 +/- 0.1 millimeters) designated as
“W”, the average thickness of the flange portion 322 is 0.220 +/-0.005 inches (5.6 +/- 0.1
millimeters) designated as “F”, and the average thickness of the radius portion 324 is 0.210 +/-
0.005 inches (5.3 +/- 0.1 millimeters) designated as “R”. Thus, the average thinning of the
radius portion 324 is about five (5) percent of the average thickness of the web portion 320, and
about five (5) percent of the average thickness of the flange portion 322.

CA 3000916 2018-04-11
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In some embodiments, the radius portion 324 of the spar 210 forms an acute angle
(designated as angle “0” in Fig. 2) no greater than 90 degrees between the web portion 320 and
the flange portion 322. In some embodiments, the radius portion 324 forms an acute angle 6 of
at most 80 degrees between the web portion 320 and the flange portion 322. In other
embodiments, the radius portion 324 forms an acute angle 6 no greater than 70 degrees between
the web portion 320 and the flange portion 322. In still other embodiments, the radius portion
324 forms an acute angle 0 no greater than 60 degrees between the web portion 320 and the

flange portion 322.

Referring to Fig. 3, an enlarged view of a portion of the closed-angle composite airfoil
spar 210 shown in Fig. 1A in accordance with another example embodiment is illustrated. In
particular, the composite airfoil spar 210 comprises a web portion 420 having a thickness of
0.210 +/-0.005 inches (5.3 +/-0.1 millimeters). The composite airfoil spar 210 also comprises a
flange portion 422 having a thickness of 0.220 +/-0.005 inches (5.6 +/- 0.1 millimeters). The
flange portion 422 extends transverse to the web portion 420. The composite airfoil spar 210
further comprises a radius portion 424 interconnecting the web and flange portions 420, 422.
The radius portion 424 has a thickness of 0.185 +/-0.005 inches (4.7 +/-0.1 millimeters). In the
example embodiment shown in Fig. 3, the radius portion 424 is an acceptable amount thinner
relative to the thickness of the web portion 420 and the thickness of the flange portion 422 based
on design requirements and material properties. In some embodiments, the radius portion 424 is
no more than fifteen (15) percent thinner relative to the thickness of the web portion 420 and the
thickness of the flange portion 422. The radius portion 424 has a radius in the range typically
between a minimum of about 0.25 inches (0.64 centimeters) and a maximum of about one inch
(2.54 centimeters). By making the composite airfoil spar 210 using the manufacturing method

disclosed herein, the problems associated with radius thinning are avoided or at least minimized.

Compositionally, the material of the composite airfoil spar 210 including the web portion
320, the flange portion 322, and the radius portion 324 comprises fiber reinforced material. The
fiber reinforced material may include reinforcing fibers (e.g., carbon fibers, glass fibers or the
like) in a matrix material (e.g., thermosetting resin). In some embodiments, the fiber reinforced
material comprises carbon fiber in an epoxy material. As an example, the composite airfoil spar
210 is fabricated from CYCOM® 970 cpoxy resin, which commercially available from Cytec
Industries, Inc. CYCOM is a registered trademark of Cytec Industries, Inc. Other materials are

possible in other embodiments.

CA 3000916 2018-04-11
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The radius portion 424 is shown in the example embodiment of Fig. 3. The average
thickness of the web portion 420 is about 0.210 inches (5.3 millimeters) designated as “w”, the
average thickness of the flange portion 422 is about 0.220 inches (5.6 millimeters) designated as
“f*, and the average thickness of the radius portion 424 is about 0.185 inches (4.7 millimeters)
designated as “r”’. Thus, the average thinning of the radius portion 424 is about eleven (11)
percent of the average thickness of the web portion 420, and about fifteen (15) percent of the
average thickness of the flange portion 422.

In some embodiments, the radius portion 424 of the spar 210 forms an acute angle
(designated as angle “@” in Fig. 3) no greater than 90 degrees between the web portion 420 and
the flange portion 422. In some embodiments, the radius portion 424 forms an acute angle @ no
greater than 80 degrees between the web portion 420 and the flange portion 422. In other
embodiments, the radius portion 424 forms an acute angle @ no greater than 70 degrees between
the web portion 420 and the flange portion 422. In other embodiments, the radius portion 424
forms an acute angle @ no greater than 60 degrees between the web portion 420 and the flange

portion 422,

Referring to Fig. 4, an enlarged view of a portion of the composite airfoil spar 210 shown
in Fig. 1A in accordance with still another example embodiment is illustrated. The composite
airfoil spar 210 comprises a web portion 520, an elongated (i.c., wider) flange portion 522, and a
radius portion 524 interconnecting the web portion 520 and the flange portion 522. The flange
portion 522 includes a joggle 526 that is located between the radius portion 524 and end of the
flange portion 522. The use of joggle 526 is especially advantageous when there is a difference
in thickness between leading edge (e.g., nose fitting) 502 and upper skin panel 504. As shown in
Fig. 4, the leading edge 502 has a thickness that is less than the thickness of the upper skin panel
504. The joggle 526 is angled and formed such that one part of the flange portion 522 abuts flat
against the leading edge 502 and another part of the flange portion 522 abuts flat against the
upper skin panel 504. By providing the elongated flange portion 522 and locating the composite
airfoil spar 210 a little further aft of the airfoil assembly 200 (see Fig. 1A), the spar 210 can be
attached to the leading edge 202 and the upper skin panel 204 without using a splice plate. In
other words, the elongated flange portion 522 itself serves as a splice between the leading edge
502 and the skin panel 504.

CA 3000916 2018-04-11
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The following example illustrates a method of fabricating a composite airfoil spar in
accordance with an embodiment. The example fabricating method is intended to illustrate, but in

no way limits, the scope of the disclosure.

Referring to Fig. 5, a flow diagram 600 is shown illustrating an example method of
fabricating example composite airfoil spar 210 of Fig. 1A in accordance with an embodiment.
The fabricating method 600 disclosed herein may be employed according to military and space
regulations, for example. In some embodiments, the method comprises an out-of-autoclave

method, such as described herein.

In block 602, a number of layers of a fiber reinforced material is applied to a tooling
piece to build up layers of the fiber reinforced material. In some embodiments, the layers are
applied to the tooling piece to build up a minimum number of layers of the fiber reinforced
material on the tooling piece. In some embodiments, the layers are applied with periodic
compaction. In some embodiments, the fiber reinforced material can be selected from many
commercially available materials. For example, the fiber reinforced material can be selected
from one of a carbon fiber reinforced polymer material and a fiber reinforced epoxy material. In
block 604, a vacuum is drawn about the tooling piece including the layers of the fiber reinforced
material on the tooling piece for at least a first predetermined process time. In some
embodiments, the drawing a vacuum about the tooling piece including the layers of fiber
reinforced material on the tooling piece for at least a first predetermined process time includes
drawing a vacuum about the tooling piece including the layers of fiber reinforced material on the

tooling piece for a minimum time specified by a manufacturer of the fiber reinforced material.

Then in block 606, the tooling piece including the layers of the fiber reinforced material
on the tooling piece are heated for at least a second predetermined process time. In one
particular implementation, heating (block 606) may be an out-of-autoclave process. For
example, heating (block 606) may be performed in an oven at atmospheric pressure (e.g., about 1

atm).

In some embodiments, the heating (block 606) the tooling piece including the layers of
the fiber reinforced material on the tooling piece for at least a second predetermined process time
includes heating the tooling piece including the layers of the fiber reinforced material on the

tooling piece for a minimum time specified by a manufacturer of the fiber reinforced material.

CA 3000916 2018-04-11



10

15

20

25

30

After elapse of the first predetermined process time, the vacuum drawn about the tooling
piece including the layers of fiber reinforced material on the tooling piece is released to produce
the composite airfoil spar, as shown in block 608. In some embodiments, the fabricated
composite airfoil spar has a closed angle no more than 90 degrees. In some embodiments, the
fabricated composite airfoil spar has a closed angle no more than 80 degrees. In other
embodiments, the fabricated composite airfoil spar has a closed angle no more than 70 degrees.
In still other embodiments, the fabricated composite airfoil spar has a closed angle no more than

60 degrees

In some embodiments, the fabricated composite airfoil spar includes a spar radius portion
having a thickness that is an acceptable amount thinner than thickness of a spar web portion on
one side of the spar radius portion and thickness of a spar flange portion on an opposite side of
the spar radius portion. As an example, the spar radius portion has a thickness that is no more
than five (5) percent thinner than the thickness of the spar web portion on the one side of the spar
radius portion and the thickness of the spar flange portion on the opposite side of the spar radius

portion. The fabricating process then ends.

The above-described example fabricating method may be carried out using
manufacturing systems or apparatus suitable for making composite layered structures such as
composite airfoil spars. Referring to Fig. 6A, an example tooling piece 700 for implementing the
example fabrication method of Fig. 5 is illustrated. Tooling piece 700 is a male tool
configuration having a segmented mandrel assembly 710, such as with three mandrel pieces 711,
712, 713. The three mandrel pieces 711, 712, 713 are bolted and pinned together using end
fittings 714, 716.

During the fabrication process, fiber reinforced material is applied in layers onto the
temporarily joined three mandrel pieces 711, 712, 713 to build up layers of the material. The
mandrel assembly 710 including the layers of fiber reinforced material is then placed in an
envelope bag (not shown). A vacuum is drawn about the envelope bag. The part and tool are
heated for a predetermined time period and then allowed to cool. The vacuum is then released to

produce a composite airfoil spar that is subsequently removed from the mandrel assembly 710.

The example tooling piece 700 of Fig. 6A is a tooling option that is different and
relatively inexpensive as compared to known tooling options for making closed-angle spars.

Moreover, dimensional tolerance is improved by using the tooling piece 700 of Fig. 6A. The

CA 3000916 2018-04-11
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improved dimensional tolerance facilitates tooling assembly, which thereby reduces tooling costs

for assembly.

Referring to Fig. 6B, a sectional view is taken approximately along line “6B-6B”, of Fig.
6A, with certain parts removed. More specifically, Fig. 6B shows only the closed-angle
composite airfoil spar 210 with the joggle 526 of Fig. 4 manufactured using the fabrication
method of Fig. 5. The example tooling piece 700 of Fig. 6A can be modified to fabricate an

airfoil spar without a joggle, such as the airfoil spar 210 shown in Fig. 1B.

At this point, those skilled in the art will appreciate that using a tooling piece 700 having
a segmented mandrel assembly 710, as shown in Fig. 6A, may facilitate release and separation of
the composite airfoil spar 210 from the tooling piece 700 without damaging the cured composite
airfoil spar 210, thereby facilitating the fabrication of composite airfoil spars having an acute
angle 0 between the web portion 320 and the flange portion 322 and, if desired, relatively more
complex geometries, as shown in Fig. 1B. For example, the acute angle 6 may be no greater than

80 degrees and, as shown in Fig. 4, the flange portion 522 may include a joggle 526.

It should be apparent that although the above description describes a vacuum-based
fabricating method to make a composite airfoil spar, it is conceivable that other fabricating
methods may be used. Numerous other manufacturing systems or apparatus for making

composite airfoil spars are available and, therefore, will not be described.

It should also be apparent that a composite airfoil spar fabricated in accordance with the
above-described example method and preferred materials can use less fiber reinforced material to
produce a composite airfoil spar of comparable strength where radius thinning can be reduced at
the junction where the web portion and the flange portion come together due to material
capabilities. The result is a lower weight composite airfoil spar as compared to known
composite airfoil spars that have higher levels of radius thinning. The lower weight composite
airfoil spar can be used as a forward-facing spar in the front portion of an airfoil assembly. The
forward-facing spar improves airfoil assembly by providing ease of access to fastening elements

during assembly.

It should further be apparent that a composite airfoil spar produced in accordance with

above-described example methods is suitable for any type of application. The specific fiber

CA 3000916 2018-04-11
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reinforced material of the composite airfoil spar can be selected and tailored depending upon the

particular application of the composite airfoil spar.

Examples of the disclosure may be described in the context of an aircraft manufacturing
and service method 1000, as shown in Fig. 7, and an aircraft 1002, as shown in Fig. 8. During
pre-production, the aircraft manufacturing and service method 1000 may include specification
and design 1004 of the aircraft 1002 and material procurement 1006. During production,
component/subassembly manufacturing 1008 and system integration 1010 of the aircraft 1002
takes place. Thereafter, the aircraft 1002 may go through certification and delivery 1012 in order
to be placed in service 1014. While in service by a customer, the aircraft 1002 is scheduled for
routine maintenance and service 1016, which may also include modification, reconfiguration,

refurbishment and the like.

Each of the processes of method 1000 may be performed or carried out by a system
integrator, a third party, and/or an operator (e.g., a customer). For the purposes of this
description, a system integrator may include without limitation any number of aircraft
manufacturers and major-system subcontractors; a third party may include without limitation any
number of venders, subcontractors, and suppliers; and an operator may be an aitline, leasing

company, military entity, service organization, and so on.

As shown in Fig. 8, the aircraft 1002 produced by example method 1000 may include an
airframe 1018 with a plurality of systems 1020 and an interior 1022. Examples of the plurality
of systems 1020 may include one or more of a propulsion system 1024, an electrical system
1026, a hydraulic system 1028, and an environmental system 1030. Any number of other

systems may be included.

The disclosed composite airfoil spars and fabricating methods may be employed during
any one or more of the stages of the aircraft manufacturing and service method 1000. As one
example, components or subassemblies corresponding to component/subassembly manufacturing
1008, system integration 1010, and or maintenance and service 1016 may be fabricated or
manufactured using the disclosed composite airfoil spars and fabricating methods. As another
example, the airframe 1018 may be constructed using the disclosed composite airfoil spars and
fabricating methods. Also, one or more apparatus examples, method examples, or a combination
thereof may be utilized during component/subassembly manufacturing 1008 and/or system

integration 1010, for example, by substantially expediting assembly of or reducing the cost of an

CA 3000916 2018-04-11
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aircraft 1002, such as the airframe 1018 and/or the interior 1022. Similarly, one or more of
system examples, method examples, or a combination thereof may be utilized while the aircraft

1002 is in service, for example and without limitation, to maintenance and service 1016.

The disclosed composite airfoil spars and fabricating methods are described in the
context of an aircraft; however, one of ordinary skill in the art will readily recognize that the
disclosed composite airfoil spars and fabricating methods may be utilized for a variety of
applications. For example, the disclosed composite airfoil spars and fabricating methods may be
implemented in various types of vehicle including, for example, helicopters, passenger ships,

automobilcs, marine products (boat, motors, ctc.) and the like.

Further, although various embodiments of the disclosed composite airfoil spars and
fabricating methods have been shown and described, modifications may occur to those skilled in
the art upon reading the specification. The present application includes such modifications and

is limited only by the scope of the claims.
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What is claimed is:

1. A closed-angle composite airfoil spar for an airfoil assembly, the closed-angle composite
airfoil spar comprising:

a web portion having a web portion thickness;

an elongated flange portion having an elongated flange portion thickness and extending
transverse to the web portion and forming an acute angle between the web portion and the
clongated flange portion, wherein the elongated flange portion serves as a splice between a
leading edge and a skin panel of the airfoil assembly, and wherein the elongated flange portion
comprises a joggle along a longitudinal length of the elongated flange portion; and

aradius portion interconnecting the web portion and the elongated flange portion,

wherein the radius portion has a radius portion thickness.

2. The closed-angle composite airfoil spar of claim 1, wherein the skin panel of the airfoil

assembly is an upper skin panel of the airfoil assembly.

3. The closed-angle composite airfoil spar of claim 1 or 2, wherein the leading edge meets

the skin panel at a junction, and wherein the web portion is located aft of the junction.

4. The closed-angle composite airfoil spar of any one of claims 1 to 3, wherein the acute

angle is at most 80 degrees.

5. The closed-angle composite airfoil spar of any one of claims 1 to 4, having a C-shaped

Cross section.

6. The closed-angle composite airfoil spar of any one of claims 1 to 5, wherein the web

portion thickness is substantially equal to the clongated flange portion thickness.
7. The closed-angle composite airfoil spar of any one of claims 1 to 6, wherein the web
portion thickness is about 0.220 +/-0.005 inches (5.6 +/-0.1 millimeters), the clongated flange

portion thickness is about 0.220 +/-0.005 inches (5.6 +/-0.1 millimeters), and the radius portion
thickness is about 0.210 +/-0.005 inches (5.3 +/- 0.1 millimeters).

—14
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8. The closed-angle composite airfoil spar of any one of claims 1 to 6, wherein the radius
portion thickness is no more than 10 percent thinner than the web portion thickness and no more

than 10 percent thinner than the elongated flange portion thickness.

9. The closed-angle composite airfoil spar of any one of claims 1 to 6, wherein the radius
portion thickness is no more than 5 percent thinner than the web portion thickness and no more

than 5 percent thinner than the elongated flange portion thickness.

10.  The closed-angle composite airfoil spar of any one of claims 1 to 9, wherein the joggle is

elongated along the longitudinal length of the elongated flange portion.

11.  The closed-angle composite airfoil spar of any one of claims 1 to 10, wherein the
material of the web portion, the elongated flange portion, and the radius portion comprises a

fiber reinforced material.

12.  The closed-angle composite airfoil spar of claim 11, wherein the fiber reinforced

material comprises an epoxy material.

13.  The closed-angle composite airfoil spar of claim 12, whercin the epoxy material

comprises epoxy resin that gels at a temperature between 240 °F and 260 °F.

14.  The closed-angle composite airfoil spar of any one of claims 11 to 13, wherein the fiber

reinforced material comprises carbon fibers.

15.  An airfoil assembly comprising:
aleading edge;
a skin panel abuiting the leading edge; and
a closed-angle spar comprising:
a web portion having a web portion thickness;
an clongated flange portion having an elongated flange portion thickness, the
elongated flange portion extending transverse to the web portion and forming an acute angle
between the web portion and the elongated flange portion, wherein the elongated flange portion
serves as a splice between the leading edge and the skin panel, and wherein the elongated flange

portion comprises a joggle along a longitudinal length of the elongated flange portion; and
— 15—

Date Regue/Date Received 2022-12-03



a radius portion interconnecting the web portion and the elongated flange portion,

wherein the radius portion has a radius portion thickness.

16.  The airfoil assembly of claim 15, wherein the skin panel of the airfoil assembly is an

upper skin panel of the airfoil assembly.

17.  The airfoil assembly of claim 15 or 16, wherein the acute angle faces forward of the

airfoil assembly.

18.  The airfoil assembly of any one of claims 15 to 17, wherein the leading edge and the skin
panel are spliced together at a splice point, and wherein the web portion is located aft of the

splice point.

19.  The airfoil assembly of any one of claims 15 to 16, wherein the closed-angle spar is a

forward-facing spar for a front portion of the airfoil assembly.

20.  The airfoil assembly of any one of claims 15 to 19, wherein the acute angle is at most 80

degrees.

21.  The airfoil assembly of any one of claims 15 to 20, wherein the closed-angle spar has a

C-shaped cross-section.

22.  The airfoil assembly of any one of claims 15 to 21, wherein the elongated flange portion

thickness is substantially equal to the web portion thickness.

23.  The airfoil assembly of any one of claims 15 to 22, wherein the web portion thickness is
about 0.220 +/-0.005 inches (5.6 +/-0.1 millimeters), the elongated flange portion thickness is
about 0.220 +/-0.005 inches (5.6 +/-0.1 millimeters), and the radius portion thickness is about
0.210 +/-0.005 inches (5.3 +/-0.1 millimeters).

24.  The airfoil assembly of any one of claims 15 to 22, wherein the radius portion thickness
is no more than 10 percent thinner than the web portion thickness and no more than 10 percent

thinner than the elongated flange portion thickness.
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25.  The airfoil assembly of any one of claims 15 to 22, wherein the radius portion thickness
is no more than 5 percent thinner than the web portion thickness and no more than 5 percent

thinner than the elongated flange portion thickness.

26.  The airfoil assembly of any one of claims 15 to 25, wherein the joggle is elongated along
the longitudinal length of the elongated flange portion.

27.  The airfoil assembly of any one of claims 15 to 26, wherein there is a difference in

thickness between the leading edge and the skin panel.

28.  The airfoil assembly of claim 27, wherein the joggle spans the difference in thickness
between the leading edge and the skin panel.

29.  The airfoil assembly of any one of claims 15 to 28, wherein the material of the web
portion, the elongated flange portion, and the radius portion comprises a fiber reinforced

material.

30.  The airfoil assembly of claim 29, wherein the fiber reinforced material comprises an

epoxy material and carbon fibers.

31.  The airfoil assembly of claim 30, wherein the epoxy material comprises epoxy resin that

gels at a temperature between 240° F and 260° F.

32. A method of fabricating the closed-angle composite airfoil spar of any one of claims 1 to
10, the method comprising:

applying layers of a fiber reinforced material to a tooling piece to build up the layers of
the fiber reinforced material on the tooling picce, the tooling piece comprising a plurality of
temporarily joined mandrel pieces shaped to produce the closed-angle composite airfoil spar
having the joggle along the longitudinal Iength of the elongated flange portion;

drawing a vacuum about the tooling piece including the layers of the fiber reinforced
material on the tooling piece for at least a first predetermined process time;

heating the tooling piece including the layers of the fiber reinforced material on the

tooling picce for at least a second predetermined process time; and
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after elapse of the first predetermined process time, releasing the vacuum drawn about
the tooling piece including the layers of the fiber reinforced material on the tooling piece to

produce the closed-angle composite airfoil spar.

33.  Themethod of claim 32, wherein the heating the tooling piece including the layers of the
fiber reinforced material on the tooling piece for at least the second predetermined process time
mcludes heating the tooling piece including the layers of the fiber reinforced material on the

tooling piece using an out-of-autoclave process.

34.  The method of claim 32 or 33, wherein the drawing the vacuum about the tooling piece
including the layers of the fiber reinforced material on the tooling piece for at least the first
predetermined process time includes drawing the vacuum about the tooling piece including the
layers of the fiber reinforced material on the tooling piece for a minimum time specified by a

manufacturer of the fiber reinforced material.

35.  Themethod of any one of claims 32 to 34, wherein the applying the layers of the fiber
reinforced material to the tooling piece to build up the layers of the fiber reinforced material on
the tooling piece includes applying the layers of the fiber reinforced material to the tooling piece

to build up a minimum number of the layers of the fiber reinforced material on the tooling piece.
36.  The method of any one of claims 32 to 35, wherein the applying the layers of the fiber
reinforced material to the tooling piece comprises selecting the fiber reinforced material such
that the fiber reinforced material comprises an epoxy material.

37.  Themethod of any one of claims 32 to 35, wherein the applying the layers of the fiber

reinforced material to the tooling piece comprises selecting the fiber reinforced material such

that the fiber reinforced material comprises CYCOM® 5320-1 epoxy resin.
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38. A method of assembling an airfoil assembly having a leading edge and a skin panel that
abuts the leading edge, the method comprising:

providing a closed-angle spar having an elongated flange portion, a web portion that
forms an acute angle between the elongated flange portion and the web portion, and a radius
portion interconnecting the web portion and the elongated flange portion, wherein the elongated
flange portion comprises a joggle along a longitudinal length of the elongated flange portion;
and

splicing the leading edge and the skin panel at a splice point along the elongated flange

portion of the closed-angle spar.

39.  Themethod of claim 38, wherein there is a difference in thickness between the leading
edge and the skin panel, and wherein the splicing the leading edge and the skin panel includes

spanning the difference in thickness with the joggle.

40.  The method of claim 38 or 39, wherein providing the closed-angle spar includes the web
portion having a web portion thickness, the elongated flange portion having an clongated flange
portion thickness, and the radius portion having a radius portion thickness, and wherein the
radius portion thickness is no more than 10 percent thinner than the web portion thickness and

no more than 10 percent thinner than the elongated flange portion thickness

41.  The method of any one of claims 38 to 40, wherein the acute angle faces forward of the

airfoil assembly after the leading edge and the skin panel are spliced together at a splice point.

42.  The method of any one of claims 38 to 41, wherein the web portion is located aft of the
splice point where the leading edge and the skin panel are spliced together.

43, A method of fabricating the closed-angle composite airfoil spar of any one of claims 1 to
10, the method comprising:

applying layers of a fiber reinforced material to a tooling piece to build up the layers of
the fiber reinforced material on the tooling picce and produce the closed-angle composite airfoil
spar having the acute angle and the joggle along the along the longitudinal length of the
clongated flange portion, wherein the fiber reinforced material comprises an epoxy material that

facilitates controlled flow and is relatively less mobile while crosslinking.
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44.  The method of claim 43, wherein the epoxy material is a resin system with curatives that

allow the epoxy material to gel relatively early on a temperature scale.

45.  The method of claim 43 or 44, wherein the epoxy material gels at a temperature between
about 240 °F and about 260 °F.

46.  The method of any one of claims 43 to 45, further comprising:

drawing a vacuum about the tooling piece including the layers of the fiber reinforced
material on the tooling piece for at least a first predetermined process time;

heating the tooling piece including the layers of the fiber reinforced material on the
tooling piece for at least a second predetermined process time; and

after elapse of the first predetermined process time, releasing the vacuum drawn about

the tooling piece.
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