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ABSTRACT

A flexible joint assembly for a joint between a first duct and a second duct for
providing a flow of fluid, such as bleed air in an aviation implementation. The flexible
joint includes a bellows supported by a mounting assembly having a first support and a
second support, each surrounding a portion of the bellows. A set of rod assemblies can

operably couple the first support and the second support.

CA 2991622 2018-01-11



313348-3

FLEXIBLE JOINTS ASSEMBLY WITH FLEXURE RODS

BACKGROUND OF THE INVENTION

[0001] Turbine engines, and particularly gas or combustion turbine engines, are rotary
engines that extract energy from a flow of combusted gases passing through the engine in
a series of compressor stages, which include pairs of rotating blades and stationary vanes,
through a combustor, and then onto a multitude of turbine stages, also including multiple

pairs of rotating blades and stationary vanes.

- [0002] Duct assemblies are provided about the turbine engine and provide conduits for
the flow of various operating fluids to and from the turbine engine. One of the operating
fluids is bleed air. In the compressor stages, bleed air 1s produced and taken from the
compressor via feeder ducts. Bleed air from the compressor stages in the gas turbine engine
can be utilized in various ways. For example, bleed air can provide pressure for the aircraft
cabin, keep critical parts of the aircraft ice-free, or can be used to start remaining engines.
Configuration of the feeder duct assembly used to take bleed air from the compressor
requires rigidity under dynamic loading, and flexibility under thermal loading. Current
systems use ball-joints or axial-joints in the duct to meet requirements for flexibility, which

compromise system dynamic performance and increase the weight of the system.

BRIEF DESCRIPTION OF THE INVENTION

[0003] In one aspect, the present disclosure relates to a duct assembly for a gas turbine
engine including a first duct, a second duct, and a flexible joint assembly coupling the first
duct to the second duct. The joint assembly includes a bellows having a first end and a
second end. The first end of the bellows surrounds an outer surface end portion of the first
duct, and the second end of the bellows surrounds an outer surface end portion of the second
duct. The joint assembly also includes a mounting assembly, having a first support and a

second support. One of the first support and the second support surrounds at least a portion

of the first end of the bellows, and the other of the first support and the second support
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surrounds at least a portion of the second end of the bellows. The joint assembly further
includes a set of rod assemblies operably coupled to the first support and the second
support. The set of rod assemblies operably couples to the first and second support and
spans a length there between. The set of rod assemblies 1s configured to act as spherical

flexures to allow three rotational degrees of freedom at the flexible joint assembly.

[0004] In another aspect, the present disclosure relates to a joint assembly including a
bellows fluidly coupling a first duct to a second duct and having a first end and a second
end, with the first end of the bellows surrounding a portion of the first duct, and the second
end of the bellows surrounding a portion of the second duct. The joint assembly includes a
mounting assembly with a first support and a second support. One of the first support and
-~ the second support surrounds at least a portion of the first end of the bellows and the other
of the first support and the second support surrounds at least a portion of the second end of
the bellows. A set of rod assemblies operably couples the first support and the second
support and spans a length there between. At least one rod assembly of the set of rod
assemblies includes a rod bundle having a protective sheath wrapping at least a portion of

an exterior of the rod bundle.

[0005] In yet another aspect, the present disclosure relates to a joint assembly including
a bellows having a first end and a second end with convolutions located there between. The
first end of the bellows surrounds a portion of the first duct, and the second end of the

bellows surrounds a portion of the second duct. A mounting assembly includes a first

support and a second support. One of the first support and the second support surrounds at
least a portion of the first end of the bellows, and the other of the first support and the
second support surrounds at least a portion of the second end of the bellows. A set of rod
assemblies operably couples the first support and the second support and spans a length
there between. A length of the rod assemblies is sized to correspond to the convolutions ot

the bellows being 1n a compressed state such that the bellows are preloaded.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0006] In the drawings:

[0007] FIG. 1 1s a schematic cross-sectional view of a gas turbine engine with a bleed air

ducting assembly in accordance with various aspects described herein.

[0008] FIG. 2 1s a perspective view of the bleed air ducting assembly having multiple

flexible joints in accordance with various aspects described herein.

[0009] FIG. 3 is an enlarged, perspective view of one flexible joint of FIG. 2 in

accordance with various aspects described herein.

- [0010] FIG. 4 is an exploded view of the flexible joint of FIG. 3 in accordance with

various aspects described herein.

[0011] FIG. 5 is an exploded view of the flexible joint of FIG. 4, 1solating two fixtures

with rod assemblies in accordance with various aspects described herein.

[0012] FIG. 6A is an enlarged view one rod assembly of FIG. 5 having linear rods, in

accordance with various aspects described herein.

[0013] FIG. 6B is an enlarged view of an alternative rod assembly having a helical rods,

in accordance with various aspects described herein.

[0014] FIG. 7 is a perspective view of an alternative rod assembly for the flexible joint

of FIG. 3, including a helical sheath, in accordance with various aspects described herein.

[0015] FIG. 8 1s a perspective view of the rod of FIG. 7, including an alternative helical

~ sheath, in accordance with various aspects described herein.

[0016] FIG. 9 is a perspective view of another alternative rod assembly for the flexible

joint of FIG. 3 having a cylindrical sheath with a cutout pattern, 1in accordance with various

aspects described herein.
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[0017] FIG. 10A is a view of an alternative sheath for the sheath of FIG. 9 in a flattened
position illustrating a consistent spacing of the cutout pattern, in accordance with various

aspects described herein.

[0018] FIG. 10B is a view of another alternative sheath for the sheath of FIG. 9 in a

flattened position illustrating a variable spacing for the cutout pattern, in accordance with

various aspects described herein.

[0019] FIG. 11 is a perspective view of the flex hinge of FIG. 3 in a flexed position, in

accordance with various aspects described herein.
DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0020] The described embodiments of the present invention are directed to providing a
. tunable,' variable-section flexure for frictionless, wear-free flexible joint assemblies for
improved rotational compliance for reduced reaction loading into the fan case of turbine
engines during assembly and thermal growth of high temperature bleed-air ducting
systems. For purposes of illustration, the present invention will be described with respect
to an aircraft gas turbine engine. Gas turbine engines have been used for land and nautical
locomotion and power generation, but are most commonly used for aeronautical
applications such as for airplanes, including helicopters. In airplanes, gas turbine engines
are used for propulsion of the aircraft. It will be understood, however, that the invention 1s
not so limited and can have general applicability in non-aircraft applications, such as other
mobile applications and non-mobile industrial, commercial, and residential applications.
Additionally, the described embodiments will have equal applicability to any ducting
system experiencing high system loading or large thrust and shear loads requiring a flexible

joint assemblies to connect elements.

[0021] As used herein, the term “forward” or “upstream” refers to moving in a direction
toward the engine inlet, or a component being relatively closer to the engine inlet as
compared to another component. The term “aft” or “downstream” used 1n conjunction with

“forward” or “upstream” refers to a direction toward the rear or outlet of the engine relative

4
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to the engine centerline. Additionally, as used herein, the terms “radial” or “radially” refer
to a dimension extending between a center longitudinal axis of the engine and an outer

engine circumference.

[0022] All directional references (e.g., radial, axial, proximal, distal, upper, lower,
upward, downward, lett, right, lateral, front, back, top, bottom, above, below, vertical,
horizontal, clockwise, counterclockwise, upstream, downstream, aft, etc.) are only used for
identification purposes to aid the reader’s understanding of the present invention, and do
not create limitations, particularly as to the position, orientation, or use of the in#ention.
Connection references (e.g., attached, coupled, connected, and joined) are to be construed
broadly and can include intermediate members between a collection of elements and
relative movement between elements unless otherwise indicated. As such, connection
references do not necessarily infer that two elements are directly connected and in fixed
relation to one another. The exemplary drawings are for purposes of illustration only and
the dimensions, positions, order and relative sizes retlected in the drawings attached hereto

can vary.

[0023] FIG. 1 1s a schematic cross-sectional diagram of a gas turbine engine 10 for an
aircraft. The engine 10 has a generally longitudinally extending axis or centerline 12
extending from forward 14 to aft 16. The engine 10 includes, in downstream serial flow
relationship, a fan section 18 including a fan 20, a compressor section 22 including a
booster or low pressure (LP) compressor 24 and a high pressure (HP) compressor 26, a
combustion section 28 including a combustor 30, a turbine section 32 including a HP

turbine 34, and a LP turbine 36, and an exhaust section 38.

[0024] The fan section 13 includes a fan casing 40 surrounding the tan 20. The fan 20
includes a set of fan blades 42 disposed radially about the centerline 12. The HP compressor

26, the combustor 30, and the HP turbine 34 form a core 44 of the engine 10, which
~generates combustion gases. The core 44 is surrounded by core casing 46, which can be

coupled with the fan casing 40.
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- [0025] A HP shaft or spool 48 disposed coaxially about the centerline 12 of the engine
10 drivingly connects the HP turbine 34 to the HP compressor 26. A LP shaft or spool 50,
which is disposed coaxially about the centerline 12 of the engine 10 within the larger
diameter annular HP spool 48, drivingly connects the LP turbine 36 to the LP compressor
24 and fan 20. The portions of the engine 10 mounted to and rotating with either or both

of the spools 48, 50 are also referred to individually or collectively as a rotor 51.

[0026] The LP compressor 24 and the HP compressor 26 respectively include a set of
compressor stages 52, 54, in which a set of compressor blades 58 rotate relative to a
corresponding set of static compressor vanes 60, 62 (also called a nozzle) to compress or
pressurize the stream of fluid passing through the stage. In a single compressor stage 52,
54, multiple compressor blades 56, 58 can be provided in a ring and can extend radially
outwardly relative to the centerline 12, from a blade platform to a blade tip, while the
corresponding static compressor vanes 60, 62 are positioned downstream of and adjacent
- to the rotating blades 56, 58. It is noted that the number of blades, vanes, and compressor
stages shown in FIG. 1 were selected for illustrative purposes only, and that other numbers
are possible. The blades 56, 58 for a stage of the compressor can be mounted to a disk 33,
which is mounted to the corresponding one of the HP and LP spools 48, 50, respectively,
with stages having their own disks. The vanes 60, 62 are mounted to the core casing 46 in

a circumferential arrangement about the rotor 51.

[0027] The HP turbine 34 and the LP turbine 36 respectively include a set of turbine

stages 64, 66, in which a set of turbine blades 68, 70 are rotated relative to a corresponding
set of static turbine vanes 72, 74 (also called a nozzle) to extract energy from the stream of
fluid passing through the stage. In a single turbine stage 64, 66, multiple turbine blades 64,
70 can be provided in a ring and can extend radially outwardly relative to the centerline 12,
from a blade platform to a blade tip, while the corresponding static turbine vanes 72, 74
are positioned upstream of and adjacent to the rotating blades 68, 70. It is noted that the
number of blades, vanes, and turbine stages shown in FIG. 1 were selected for 1llustrative

purposes only, and that other numbers are possible.
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[0028] In operation, the rotating fan 20 supphlies ambient air to the LP compressor 24,

- which then supplies pressurized ambient air to the HP compressor 26, which further
pressurizes the ambient air. The pressurized air from the HP compressor 26 is mixed with
fuel 1n the combustor 30 and ignited, thereby generating combustion gases. Some work 1s
extracted from these gases by the HP turbine 34, which drives the HP compressor 26. The
combustion gases are discharged into the LP turbine 36, which extracts additional work to
drivé the LP compressor 24, and the exhaust gas 1s ultimately discharged from the engine
10 via the exhaust section 38. The driving of the LP turbine 36 drives the LP spool 50 to
rotate the fan 20 and the LP compressor 24.

[0029] Some of the air from the compressor section 22 can be bled off via one or more
bleed air duct assemblies 80, and be used for cooling of portions, especially hot portions,
such as the HP turbine 34, or used to generate power or run environmental systems of the
aircraft such as the cabin cooling/heating system or the deicing system. In the context of a
turbine engine, the hot portions ot the engine are normally downstream of the combustor
- 30, especially the turbine section 32, with the HP turbine 34 being the hottest portion as it
is directly downstream of the combustion section 28. Air that is drawn off the compressor

and used for these purposes is known as bleed air.

[0030] Referring to FIG. 2, an exemplary bleed air duct assembly 80 includes radially
inner first ducts 82 and radially outer second ducts 84. The first and second ducts 82, 84

can be fixed in their position. It should be understood that the first ducts 82, being disposed

radially inside of the outer ducts 84 is exemplary, and that the first and second ducts 82, 84
can have any position or orientation relative to one another. A joint assembly 86 couples
the first and second ducts 82, 84. A flow of bleed air 88 can be drawn from the compressor
section 22 (FIG. 1), for example, into the first ducts 82, through the second ducts 84, and
provided to an exhaust duct 90 for use 1n various other portions of the engine 10 or aircraft.
The flow of bleed air 88 can thermally heat and expand portions of the bleed air duct
assembly 30. Alternatively, ambient or system temperatures around the bleed air duct
~assembly 30 can cause expansion and contraction ducts 82, 84, imparting axial loading

along the ducts 82, 84. Such loading can cause bending or shearing forces at the ducts 82,
7
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84 or the joints assemblies 86. The joint assemblies 86 provide for reducing or mitigating
loading forces or any force acting on the bleed air duct assembly 80, while providing for
~ operational flexion of the bleed air duct assembly 80. For example, the flexible joint
assemblies 86 provides for transfer, kinematic movement, and bending movement of the

duct assembly 80 under large thrust and shear loads at the interface between the first and

second ducts 82, 4.

[0031] FIG. 3 illustrates an exemplary joint assembly 86 that can be utilized in coupling
the first duct 82 to the second duct 84. The joint assembly 86 includes a mounting assembly
96 having a first support 98 and a second support 100. A bellows 102 couples between the
first and second supports 98, 100, fluidly coupling the first duct 82 to the second duct 84.
The bellows 102 includes a plurality of convolutions 104. The bellows 102 is coupled under
a compressive pre-load. The pre-load is constrained based upon the length of the bellows
102 and the rod assemblies 110, discussed in detail later on. Such a length can determine
the compressive displacement of the bellows. . The bellows 102 can include a first end 114
and a second end 116 (best seen in FIG. 4). The first end 114 of the bellows 102 can couple
“to the first duct 82, and the second end 116 of the bellows 102 can couple to the second
duct 84. For example, the first and second supports 98, 100 can include a lip or a skirt. The
bellows 102 can stack within the lip or skirt. A penetration laser weld can be used to seal

the assembly, which can couple to the adjacent first or second duct 82, 84 with a butt weld.

[0032] A set of rod assemblies 110 extends between the first and second supports 98, 100,

positioned radially exterior of the bellows 102. The rod assemblies 110 are illustrated as
being equally spaced circumferentially about the supports 98, 100. It 1s contemplated that
the rod assemblies 110 can be unequally spaced based upon anticipated loading at discrete
portions of the joint assembly 86. The set of rod assemblies 110 span a length L between
the first support 98 and the second support 100. The length L can be measured as the
distance between the first support 98 and the second support when the bellows 102 1s in a
compressed position. As such, the set of rod assemblies can be sized to correspond to the
length L for the bellows 102 in a compressed state, to form the joint assembly 86 having

- the preload at the bellows 102.
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[0033] While not shown, it is contemplated that the joint assembly 86 is housed within
an exterior housing or casing, where it may be undesirable to expose the bellows 102 or
other components to the exterior of the joint assembly 86. Such a casing can mount to the
first and second ducts 82, 84,' or to the first and second supports 98, 100 in non-limiting

examples.

[0034] FIG. 4 illustrates an exploded view of the joint assembly 86. The first and second
supports 98, 100 can include a lip 112. The bellows 102 can be provided within the
circumference of the first and second supports 98, 100 extending to the lip 112. The ends
of the bellows 114, 116 at the lips 112 can mount to the first and second ducts 82, 84 1n
any manner, such as with a butt weld. While FIG. 4 illustrates particular ends 114, 116 ot
the bellows 102, particular supports 98, 100, and particular ducts 82, 84 in one particular
organization and organization for coupling the joint assembly 86, it should be understood
that such an organization is non-limiting, such that either duct 82, 84 can mount to either
end 114, 116 of the bellows 102, having any one support 98, 100 surrounding either end
114, 116, of the bellows 102 and either duct 82, 84. Any combination 1s contemplated, such
that the first and second ducts 82, 84 couple to the joint assembly 86 and fluidly seal the
- joint assembly 86.

[0035] FIG. S illustrates a subset of the joint assembly 86 including the two supports 93,
100 and the set of rod assemblies 110 for clarity purposes. The annular supports 98, 100

includes a set of mounting tab slots 120. The mounting tab slots 120 can be formed 1n the

exterior of the first and second supports 98, 100. Each mounting tab slot 120 can include a
wide mouth 122 and a narrow throat 124. While six mounting tab slots 120 are shown on
each support 98, 100, any number of mounting tab slots 120 are contemplated. A

complementary number of rod assemblies 110 or an alternative number of rod assemblies

110 can be utilized.

[0036] Furthermore, as with the rod assemblies, the mounting tab slots 120 can be equally
spaced about the supports 98, 100, or can be discretely arranged, having one, some, or a

set of slots 120 arranged or grouped closer to each other. The opposing support 93, 100 can

9
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include a complementary set of mounting tab slots 120, adapted to receive the set of rods

110 extending between the supports 98, 100 in a substantially axial direction defined by

the local bleed air duct assembly.

- [0037] - Each rod assembly 110 includes a rod bundle 126 disposed between opposing end
bushings 128. The rod bundle 126 can mount between the opposing bushing 128, and can
couple at the bushing 128 by welding, for example. The bushings 128 are sized for
reception in the wide mouth 122 of the mounting tab slots 120. The rod bundle 126 1s sized,
such as having a particular diameter, to slide through the narrow throat 124 to enable
msertion of the bushings 128 into the wide mouths 122, to secure the rod assembly 110 at
each of the mounting tab slots 120. Upon insertion, the narrow throat 124 prevents sliding
of the bushings 128 through the mounting tab slots 120, securing the rod assemblies 110
to the supports 98, 100. The compressed convolutions 104 of the bellows 102 (FIG. 3)
provides a preload to secure the rod assemblies 110 1n the mounting tab slots 120 at the

bushings 128.

[0038] The set of rod assemblies 110 can include sets of flexible alloy rods, which can be
made of high temperature, spring-tempered alloy. The rod assemblies 110 act as rotational
flexures at the joint assembly 86 to permit three rotational degrees of freedom at the joint
assembly 86. Each rod assembly 110 can be adapted to dampen high thrust loads, having a
high bending moment for the joint assembly 86. The use of the rod assemblies 110 between
the two supports 98, 100 decouples the high internal thrust pressure loads from the

frictional interface, reaction shear loads. Traditional designs utilize a ‘ball’ joint with a
spherical face contacting an outer shroud, which can experience a large amount of friction
as internal pressure increases. The rod assemblies 110 decouple shrouds, to remove the
frictional forces of the spherical face of the traditional ‘ball’ joint. Any axial loading on the
joint assembly 86 1s carried by the external rod assemblies 110 1n the axial direction relative
to the local bleed air duct assembly 80. In addition, the rod assemblies 110 permit three
degrees of rotational freedom for small angular rotations of the joint assembly 86. This can
include, but is not limited to, less than eight-degrees in any given combined rotational

direction. Additionally, using multiple rod assemblies 110 provides for distribution of axial
10
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loading and the bending moment loads equally among the rod assemblies 110
circumferentially about the joint assembly 86 in an evenly-spaced rod assembly
arrangement. As such, the number of rod assemblies 110 used or the particular arrangement
of the rod assemblies 110 can be organized based upon anticipated axial loads or bending
moment loads. In non-limiting examples, the number of rod assemblies 110 can be three,
four, sik, or eight, while any riumber or rod assemblies 110 1s contemplated. Use of the rod
assemblies 110 in the joint assembly 86 results 1n a lightweight, compact, and simplified
zero-backlash design for rotational kinematic motion, about three degrees of freedom,

without interfacial wear, friction, and associated high rotational stiffness.

[0039] Additionally, the rod assemblies 110 can be individually adapted based upon
anticipated axial and bending moment loads. FIG. 6A illustrates an enlarged view of one
rod assembly 110. The rod assembly 110 can include a rod bundle 126, including a number
of flexible alloy rods 130. In one example, the flexible alloy rods 130 can be linear,
extending between the opposing bushings 128 without any forces acting upon the rod
assembly 110. The number of flexible alloy rods 130 of the rod bundle 126 can be adapted
based upon, for example, anticipated loads. Additionally, the material utilized for the
flexible alloy rods 130 can be changed based upon expected loads or operational
temperatures. Such materials, for example, can include tlexible alloys. In yet another
examplé, the diameter of each individual flexible alloy rods 130 can be adapted based upon
the anticipated loads. Similarly, other variables such as rod length, operational

temperatures, of other factors can be determinative of changes or adaptations made to the

rod assemblies 110 based upon the anticipated loading.

[0040] FIG. 6B illustrates the rod assembly 110 having the rod bundle 126 organized as
a number of helical flexible alloy rods 129 to form a group of wound rods or a helical

wound cable, having a predetermined pitch. Such a pitch can be used to adapt the rod
assemblies 110 based upon anticipated axial loading or the magnitude of bending loads.
Thus, the particular organization of the rods 129, 130 can be based upon the anticipated
loading. For example, the helical tlexible alloy rods 129 can provide for increased flexion,

under lower anticipated loads, as opposed to the linear rods 130 of FIG. 6A, providing for
11
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lesser flexion under higher anticipated loads. As such, the geometry or organization of the
individual rods 129, 130 can be adapted based upon the anticipated loads. In an additional
example, the rod assembly 110 can have a combination of linear rods 130 and helical rods

129, such as a set of linear rods 130 surrounded by a layer of helically-wrapped rods 129.

[0041] FIG. 7 illustrates another exemplary rod assembly 210. The rod assembly 210 of
FIG. 7 can be substantially similar to the rod assemblies 110 of FIGS. 3-6B. As such,

similar numerals will be used to describe similar elements increased by a value of one

hundred. A rod bundle (now shown) 1s arranged between two bushings 228.

[0042] Regardless of whether the flexible alloy rods of the rod bundle are straight (FIG.
6A) or helically wound (FIG. 6B), a protective sheath 232 can wrap around at least a
portion of the rod assembly 210, covering the rod bundle. In the illustrated example, the
protective sheath 232 includes a helical, compliant sheath including a plurality of coils 234
provided around the rod bundle between the bushings 228 to form a helical coil sleeve. The
sheath 232 can protect the rod bundle, while providing support for additional loading. For
example, the sheath 232 can be coiled as a spring having a particular spring constant based
upon the pitch and material of the plurality of coils 234. Such a sheath 232 can support
axial loading along the longitudinal axis of the sheath 232 under compression or
decompression. Additionally, the sheath 232 can support bending moment loading and
- kinematic motion in rotational degrees of freedom outside of axial. Furthermore, the

plurality of coils 234 of the sheath 232 can be tailored based upon pitch to support

anticipated load while remaining compliant with the preload of the bellows (FIG. 3). As
such, the sheath 232 can be particularly tailored based upon the anticipated loading and

kinematic motion at the rod assembly 210 and the entire joint assembly 86 (FIG. 3).

[0043] FIG. 8 illustrates yet another exemplary rod assembly 310. The rod assembly 310
of FIG. 8 can be substantially similar to the rod assembly of FIG. 7. As such, similar

numerals will be used to describe similar elements increased by a value of one hundred.

[0044] The rod assembly 310 can include a sheath 332 with a helical coil sleeve shown

as coils 334 having a pitch such that the coils 334 are spaced 335 near the center of the rod
12
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assembly 310, exposing the rod bundle 326, and tightly arranged 337 near the bushings
228. The spaced portion 335 can be along any length of the sheath 332. As such, the sheath
332 can be discretely or locally tailored to support the loading and kinematic motion acting
on the joint assembly 86 (FIG. 3). The spaced coils 335 near the center of the rod assembly
310 can be used to support a particular range of axial loading, while directing any bending
moment loading and controlled motion to the center of the rod assembly 310. As such, the
- bending moment and shear force of the joint assembly 86 (FIG. 3) can be directed to an
axial center of the rod assembly 310 as opposed to another position, which may be less

suited to the bending moments or shear forces.

[0045] Referring now to FIG. 9, another exemplary sheath 432 is illustrated on a rod
assembly 410. The rod assembly 410 can be substantially similar to the rod assembly 310
of FIG. 8, except having helical flexible alloy rods 429 forming a rod bundle 426. As such,
similar elements will be described with similar numerals increased by a value of one
hundred. The sheath 432 is generally cylindrical and extends between the bushings 428. A
system of apertures 436 are provided through the sheath 432. In the illustrated example,
the apertures include a linear slit 438 connecting two end openings 440. The apertures 436
are formed around the sheath 432, such that the two end openings 440 are positioned
adjacent to one another, but slightly spaced from one another. The portion of the sheath
432 between the end openings 440 creates a rotational flexure. The rotational flexures are
sized for a particular spring constant and magnitude of rotation. The linear slits 438 extend

in the circumferential direction about a longitudinal axis detined through the rod assembly
410. The apertures 436 provide for flexion of the sheath 432 complementary to flexion of
the rod bundle 429. A variable pitch of the slits can also control the local stiffness of the
sheath 432. Simply put, more apertures 436 provides for more bending compliance. With
a greater population of apertures 436 at the longitudinal center of the sheath 432, the rod
assembly 410 becomes more compliant at the center. Any bending is biased toward the

center of the rod assembly 410.

[0046] Reterring now to FIGS. 10A and 10B, two exemplary organizations of the

apertures 436 of the sheath 432 ot FIG. 9 are shown 1n a flattened position for comparison.
13
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Looking at FIG. 10A, the linear slits 438 are thin, with the end openings 440 being
relatively small, by comparison. The apertures 436 are evenly spaced along the length of
the sheath 432. The evenly spaced apertures 436 provide for an even bending moment
along the length of the sheath 432, such as that of FIG. 7. Comparatively, looking at FIG.
10B, the linear slits 438 are thicker and the end openings 440 are larger by comparison.
Additionally, the apertures 436 are unevenly spaced, having a greater amount of apertures
436 near the longitudinal center of the sheath 432. As such, the bending moment will be

- less near the center of the rod assembly 410, tailoring bending of the joint assembly 86

(FIG. 3) near the center of the rod bundles 426.

[004°7] It should be appreciated, by the comparison of FIGS. 10A and 10B, that the
particular apertures 436, including size of the linear slits 438 and end openings 440, can be
tuned to a particular mode of bending. More specifically, the shape of bending of the rod
bundle within the sheath 432 and the kinematic motion of the bending can be at least
partially determined by the sheath 432. For example, the organization of apertures 436 in
FIG. 10B will direct bending toward the center of the sheath 432. A larger linear slit 438
or end openings 440 can provide for increased movement of the rod assembly 410, while
a smaller linear slit 438 and end openings 440 provide for greater surface area for the sheath
432, having a higher bending moment. Furthermore, providing a greater or lesser number
of apertures 436, to a particular position on the sleeve 432, can control the kinematic motion
of the rod assembly 410 or the bending moment. Additional factors, such as sheath
material, sheath length, and sheath thickness can be important in determining Kinematic

motion of the rod assembly 410 as well as tuning to particular loading on the joint assembly

30.

[0048] It should be further appreciated that while the apertures 436 are shown as having
generally circular or arcuate openings 440 between linear slits 438, the apertures 436
should not be so limited. For example, the openings 440 can be circular, oval, elliptical,
linear, curvilinear, square, rectangular, unique, or any combination thereof, in non-limiting
examples. Furthermore, the shits 438, need not be linear, nor extend in the circumferential

direction of the sheath 432 perpendicular to the longitudinal direction of the rod bundle
14
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426. For examples, the slits can be linear, non-linear, curvilinear, or any combination
thereof, as well as can have variable cross-sections, such as increasing or decreasing
widths. The slits 438 can also extend, in non-limiting examples, in a helical fashion,
perpendicular to the longitudinal direction of the rod bundle 426, or parallel to the
longitudinal direction of the rod bundle 426, or any combination thereof. Thus, it should
be appreciated that the geometry of the apertures 436, openings 438, and slits 438 can be
adapted to for a plurality of unique sheaths 432. As such, the particular sheath 432 can be

adapted to the particular desired kinematic motion of each individual rod bundle.

[0049] Turning now to FIG. 11, shows the joint assembly 86 of FIG. 3 in a flexed
position, couples the first and second ducts 82, 84 defining a longitudinal axis 92. A load
can act upon the joint assembly 86 to orient the second duct 84 in an offset manner relative
to the longitudinal axis 92 to define an angled axis 94 along the offset second duct 34. A
flex angle 106 can be defined between the longitudinal axis 92 and the angle axis 94. With
the load acting upon the joint assembly 86, rod assemblies 110 in combination with the
bellows 102 enable the joint assembly 86 to rotate in up to three degrees of freedom under

the loads.

[0050] The high-pressure joint assemblies described herein have a low total mass, a
simplified frictionless, and wear-free design, a tlex joint utilizing multiple rods for reduced

stresses and low bending moment that is tunable to high-pressure thrust loads.

[0051] Typical high-pressure joints consist of massive machined solid bar stock to form
matched interfacing inner and outer shrouds. High-pressure thrust loads generate high
frictional loads at the interface surfaces of such designs. These loads result in a high
bending moment for the flex joint assembly. The flexible joint assembly 86 as described
herein uniquely de-couples the high internal thrust pressure loads from the frictional
interface reaction shear loads. The flexible joint assembly 86 does not include any frictional

interface surfaces to transfer axial thrust loads and provides a rotational kinematic
constraint based on the combined rod bundle bending motion. Axial loads are carried

directly by the rod assemblies 110, 210, 310, 410. The individual bundles 126, 326, 426
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act as rotational bending flexures to allow three rotational degrees of freedom for small
angular rotations, such as less than 8 degrees. Axial thrust and bending moment loads are
distributed to the individual flexible alloy rods 129, 130, 330, 429. This results in a
lightweight, compact, simplified zero-backlash design supporting spherical kinematic

motion without interfacial wear, friction, and associated high rotational stiffness.

[0052] The frictionless wear-free tunable flexural rod bundles 126, 226, 326, 426 carry
the axial thrust and rotational bending loads. For small angular rotations, the individual
bundled flexible alloy rods 129, 130, 330, 429 generate a significantly lower bending
moment reaction and stress than a single flexural rod with equivalent cross-sectional area.
~ A solid.rod of equivalent length will generate significantly higher stresses and reaction
moments. For the same geometric magnitude of angular rotation, the maximum bending

stress and reaction moment are reduced with the use of multiple small diameter rods.

[0053] The ax1al load capacity of the rod assemblies 110, 210, 310, 410 is tunable and
adjustable by changing the number of flexible alloy rods 129, 130, 330, 429 1n a rod
assembly 110, 210, 310, 410 or the number of rod assemblies 110, 210, 310, 410.
Depending on the internal pressure magnitude, the number of rod assemblies 110, 210,

310, 410 1s changed by adjusting the inner diameter of a universal bushing 128, 228, 328,
428.

[0054] Each rod bundle 126, 326, 426 consists of individual high-temperature spring-

tempered nickel (or other) alloy rods that are bundled and attached at the ends with two

machined bushings 128, 228, 328. A helical coil protective wrap or sheath 232, 332, 432

- 1s used to protect and constrain the rod bundles 126, 326, 426. Joining of the rod bundles
126, 326, 426 to the bushings 128, 228, 328, 428 can be by welding, brazing, or other
equivalent metal joining method. The bushings 128, 228, 328, 428 are then aligned and
welded to the mounting tab slots 120 of the two aligned supports 98, 100. To create a slight
pre-load for the tlex joint assembly 86 the bellows 102 are slightly compressed during
assembly and the length L of the rod bundle 126, 326, 426 length between end bushings,
1s sized to the desired pre-load length.

16
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[0055] Stresses from the normal and bending loads can be calculated from closed-form
beam equations and superimposed to determine the approximate maximum total tensile
stress. The number and diameter of the rod assemblies 110, 210, 310, 410 can be varied to
size and optimize the tensile stress for a specific internal pressure. The total tensile stress
curve is used to determine the optimal rod assembly diameter. In one example, a rod

diameter between 0.022” and 0.027” was selected, while any rod diameter 1s contemplated.

[0056] The joint assembly 86 includes a low total mass, a simplified frictionless and
wear-free spherical flexure design, a low bending moment, multiple rods for reduced
stresses and moment, and tunable high-pressure thrust load adjustability and capabality.

- The design can be tuned and optimized for strength, kinematic motion, and minimal total
mass. The overall kinematic motion of the flexible joint can be controlled by adjusting the
helical pitch of the rod bundle 126, 326, 426 the overall length L of the rod bundles 126,
326, 426 and the design parameters of the outer variable pitch helical spring of the rod
bundles or the extertor sheath 232, 332, 432.

[0057] Additive manufacturing such as 3D printing can be used to manufacture the
particular elements having the discrete variable pitches necessary to meet design
parameters. Additive direct metal laser melting (DMLM) kinematic link is another option

for controlling the desired overall kinematic motion of the flexible joint.

[0058] The above disclosure provides a variety of benefits including that a pre-loaded,
flexible joint having three degrees or rotational freedom can be provided and can have
reduced reaction loading during assembly, operation, and thermal growth of high-

temperature bleed-air ducting systems.

[0059] To the extent not already described, the different features and structures of the
various embodiments can be used in combination as desired. That one feature 1s not
illustrated in all of the embodiments 1S not meant to be construed that it cannot be, but 1s
done for brevity of description. Thus, the various features of the ditferent embodiments

can be mixed and matched as desired to form new embodiments, whether or not the new
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embodiments are expressly described. All combinations or permutations of features

described herein are covered by this disclosure.

[0060] While there have been described herein what are considered to be preferred and
- exemplary embodiments of the present 1nvention, other modifications of these
embodiments falling within the scope of the invention described herein shall be apparent

to those skilled in the art.
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WHAT IS CLAIMED IS:

1. A duct assembly comprising:

a first duct;

a second duct; and

a flexible joint assembly coupling the first duct to the second duct and
comprising:

a bellows having a first end and a second end;

a mounting assembly having a first support and a second support and
wherein one of the first support and the second support surrounds at least a portion of the
bellows; and

a set of rod assemblies operably coupled to the first support and the

~ second support and spanning a length there between and where the set of rod assemblies
are configured to act as rotational flexures to allow three rotational degrees of freedom at

the tlexible joint assembly.

2. The duct assembly of claim 1, wherein a rod assembly of the set of rod

assemblies comprises a rod bundle and two bushings that attach at each end of the rod

bundle.

3. The duct assembly of claim 2, wherein the rod bundle comprises a set of

flexible alloy rods.

-+, The duct assembly of claim 2, wherein the rod bundle comprises a set of

wound rods having a predetermined helical pitch that form a helical wound cable.

3. The duct assembly of claim 2, wherein the rod assembly further

comprises a protective sheath that wraps at least a portion of an exterior of the rod bundle.

6. The duct assembly of claim 5, wherein the protective sheath includes a

helical coil sheath.

19
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7. The duct assembly of claim 6, wherein the helical coil sheath includes a

variable pitch along at least a portion of its length.

8. The duct assembly of claim 5, wherein the first support and second
support comprise mounting tab slots with a mouth and throat and the bushings are mounted

within the mouth.

9. The duct assembly of claim 2, wherein a length of the rod assembly is
sized to correspond to the bellows being in a compressed state such that the bellows are

pre-loaded.

10.  The duct assembly of claim 1, wherein rod assemblies of the set of rod

assemblies are equally spaced about the mounting assembly.

11. A joint assembly comprising:

a bellows fluidly coupled to a first duct to a second duct and having a first end
and a second end;

a mounting assembly having a first support and a second support and wherein
the first support surrounds at least a portion of the bellows and wherein the second support
surrounds at least another portion of the bellows; and

a set of rod assemblies operably coupled to the first support and the second
support and spanning a length there between and wherein at least one rod assembly of the

set of rod assemblies comprises a rod bundle having a protective sheath wrapping at least

a portion of an exterior of the rod bundle.

12.  The joint assembly of claim 11, wherein the rod bundle comprises a set

of wound rods having a predetermined helical pitch that form a helical wound cable.

13.  The joint assembly of claim 11, wherein the protective sheath includes a

- helical coil sheath.

14.  The joint assembly of claim 13, wherein the helical coil sheath includes

a variable pitch along at least a portion of its Iength.
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15.  The joint assembly of claim 11, wherein the first support and second

support comprise mounting tab slots with a mouth and a throat and portions of the rod

assemblies are mounted within the mouth.

16.  The joint assembly of claim 11, wherein a length of the rod assembly is
sized to correspond to the bellows being in a compressed state such that the bellows are

pre-loaded.

17. A joint assembly, comprising:

a bellows fluidly coupling a first duct to a second duct and having a first end and
a second end and convolutions located there between:

a mounting assembly having a first support and a second support and wherein
the first support surrounds at least a portion ot the bellows and wherein the second support
surrounds at least another portion of the bellows; and

a set of rod assemblies operably coupled to the first support and the second
support and spanning a length there between and where a length of the rod assemblies is
sized to correspond to the convolutions ot the bellows being in a compressed state such

that the bellows are pre-loaded.

18.  The joint assembly of claim 17, wherein the rod assemblies include at
least one rod bundle including a set of wound rods having a predetermined helical pitch

that form a helical wound cable.

19.  The joint assembly of claim 18, further comprising a sheath around the

rod bundle.

20.  The joint assembly of claim 19, wherein the sheath includes a helical coil

sheath with a variable pitch along at least a portion of its length.
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