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(57) Abstract: The present disclosure is directed to a gas turbine engine defining a radial direction, a longitudinal direction, and a
circumferential direction, an upstream end and a downstream end along the longitudinal direction, and an axial centerline extended
along the longitudinal direction. The gas turbine engine includes a low pressure (LP) turbine defining an outer flowpath. The outer
flowpath detines a first outer flowpath radius at an upstream-most end of the LP turbine, a last outer flowpath radius disposed at a
downstream-most end of the LP turbine, a middle outer flowpath radius disposed therebetween along the longitudinal direction. The
middle outer flowpath radius is greater than the last outer flowpath radius.
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RAINBOW FLOWPATH LOW PRESSURE TURBINE ROTOR ASSEMBLY

FIELD
16061} The present subject matter relates generally to gas turbine engine architecture.
BACKGROUND
3002} Aircraft, such as commercial airliners, generally includes gas turbine engines

mounted forward of a leading edge of a wing of the aircraft. In known configurations, at
feast the rotary members of the gas turbine engine {e.g., the turbine section, the compressor
section, and the fan assembly) are disposed forward of the leading edge to mitigate risks

relative to rotor fatlure.

G003 Among direct drive gas turbing engines, a low pressure (LP) turbioe and the fan
asscrably are each coupled to a LP shaft to define an LP spool without a reduction gearbox
therebetween (1.¢. the LP turbine and the fan assembly rotate at approximately the same
rotational speed). In contrast, mdirect drive gas turbine engines (¢.g., geared turbofans)
mchude a reduction gearbox disposed between the fan assembly and the LP turbine rotor. The
gearbox generally proportionaliv reduces the fan assembly speed relative to the LP turbine
rotor. Therefore, indirect drive LP turbine rotors generally rotate at greater speeds compared
to direct drive LP turbine rotors. For example, some indirect drive LP turbines may rotate

approximately three times the speed of a direct drive LP turbine.

[6604] However, increased efficiencies due to the faster rotating LE turbine and relatively
low speed fan assembly are at least partially offset by increased risks to engines and the
aircraft due to rotor fatlure (e.g., disks, hubs, drums, seals, impeilers, blades, and/or spacers).
Theretore, known indirect drive LP turbines generally require additional structures to at least

reduce such risks to those comparable with the relatively low speed direct drive turbine.

[B005] Stil] further, mdirvect drive engine architecture mtroduces addifional svstems and
assemblies {e.g., the reduction gearbox) relative to direct drive engines that generate other
performance debits and aircraft risks. For example, in addition to risks from a relatively high
speed LP turbine, the reduction gearbox adds weight, complexity, and novel failure modes to

the engine and aircraft.
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3006} Therefore, there is a need for aircraft and engine svstems that may inchude
structural and risk benefits from a relatively low speed LP turbine while also improving

aircraft efficiency.
BRIEF BESCRIPTION

(G007} Aspects and advantages of the invention will be set forth in part in the following
description, or may be obvious from the description, or may be leamed through practice of

the invention.

16008} The present disclosure is directed to a gas turbine engine defining a radial
direction, a longitudinal direction, and a circumferential direction, an upstream end and a
downstream end along the longitudinal direction, and an axial centerling extended along the
longitudinal direction. The gas turbing engine includes a low pressure (LP} turbine defining
an owter flowpath. The outer flowpath defines a first outer flowpath radius at an upstream-
most end of the LP turbine, a last outer flowpath radius disposed at a downstream-most end
of the LP turbine, a middle outer flowpath radius disposed therebetween along the
longitudinal dircction. The middle outer flowpath radius is greater than the last outer

flowpath radius.

[G009] In one embodiment, the middle cuter flowpath radius is greater than the first outer

flowpath radius.

[6610] In various embodiments, the LP turbine further defines an inner flowpath, i
which the inner flowpath further defines a first inner flowpath radius corresponding to the
first turbine rotor, a muddle inner flowpath radius corresponding to the muddie turbine rotor,
and a last imner flowpath radius corresponding to the last turbine rotor. The last inner
flowpath radius is less than the middle inner flowpath radius and the first inner flowpath
radius. In onec cmbodiment, the nuddle ioner flowpath radius is greater than the first mner

flowpath radius.

6611} in still various embodiments, the LP turbine includes a plurality of rotors disposed
between the first turbine rotor and the last turbine rotor along the longitudinal divection. At
least one of the rotors defines a maxinnum outer flowpath radins. In one embodiment, the LP
turbine further includes a forward turbine case surrounding the outer flowpath upstream of

the one or more middle turbine rotors defining the maxumum outer flowpath radius. The LP
g

&2
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turbme further includes a plurality of outer shroud segments at the one or more rotors
defining the maximuom cuter flowpath radius and downstream thereof. The plurality of outer
shroud segments arg disposed generally equidistant of the outer flowpath and the plurality of
outer shroud segments are coupled to the forward turbine case and extended toward the

downstream end of the LP turbine.

[6012] In a further crabodiment, the plurality of outer shrond segments together
encompass a circumference around the outer flowpath. In yet another embodiment, the
plurality of outer shroud segments further include one or more vanes attached thereto. In still
another embodiment, the plurality of outer shroud segments are candilevered from the
forward turbine case toward the downstream end of the LP turbine. In still vet another
embodiment, the LP turbine further includes an exhaust case disposed downstream of the LP
turbing, in which the plurality of outer shroud segments are coupled to the exhaust cases at
the downstream end of the plurality of cuter shroud segments. In ong embodiment, the LP
turbine further includes an aft turbine case extended from the forward turbine case toward the
downstream end of the LP turbine. The aft turbine case surrounds the plarality of outer

shroud segments along the circumferential direction.

661 3] In still a further embodiment, the aft turbine case is disposed generally equudistant
of the outer flowpath along the longitudinal direction. In one embodiment, the forward
turbing case, the plurality of outer shroud segments, and the aft turbine case define an

attachment interface.

[6614] In various embodiments, the plurality of outer shrouds define a first shroud
proximate to the forward turbine case, a last shroud disposed at the downstream-most ¢nd of
the LP turbme, and one or more nuddie shrouds disposed therebetween. In one embodiment,
the first shroud corresponds approximately to the maximuun outer flowpath radius. The one
or more middle shrouds and last shroud together define a decreasing radius, and the last

shroud corresponds approximately to the last outer flowpath radius.

[3615] In still various embodiments, the outer flowpath defines a rate of increase i the
outer tlowpath radius greater than a rate of increase m the inner flowpath radius of the inner
flowpath, each from the upstream-most end of the LP turbine to the middie outer flowpath
radius. In one embodiment, the outer Howpath radius defines a rate of decrease equal to or

greater than a rate of decrease of the outer casing outward of the outer flowpath along the

L
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radial direction from the middle flowpath radius to the downsiream-most end of the LP
tarbine.

6616} in yet still various embodiments, the inner flowpath defines a rate of decrease of
the inner flowpath radius greater than a rate of decrease of the outer flowpath radius of the
outer flowpath, each from the nmuddle outer flowpath radius to the downstream-most end of

the LE turbine.

3617} Another aspect of the present disclosure is directed to an aircraft defining a
fongitudinal direction, a latitudinal direction, and a trangverse direction. The aircraft includes
a fuselage extended along the longitudinal direction to which a pair or more of wings attaches
along the transverse direction. The wing includes a pylon, and the wing defines a leading
cdee and a trailing edge. The leading edge defines a forward plane and the trailing edge
defines an aft planc. The aircraft further includes a gas turbine engine coupled to the pvlon of
the wing. The engine includes a fan assembly that includes a plurality of fan blades rotatably
coupled to a fan rotor. The engine further includes a LP turbine defining an outer flowpath,
int which the outer flowpath defines a first outer flowpath radius at an upstream-most end of
the LP turbine, a last outer flowpath radius disposed at a downstream-most end of the LP
turbine, a middie outer flowpath radius disposed thercbetween along the longitudinal

direction. The middie outer flowpath radius is greater than the last outer lowpath radius.

G818} In one embodiment, the middle outer flowpath radius is greater than the first outer
flowpath radius, and the LP twbine further defines an mner flowpath m which the inner
flowpath further defines a first inner flowpath radius corresponding to a first turbine rotor, a
last inner flowpath radius corresponding to a last turbine rotor, a middle inner flowpath radius
corresponding to one or more rotors thercbetween along the longitudinal direction. The last
mner Howpath radius s less than the muddle inner flowpath radius and the first inner

flowpath radius.

3019} These and other features, aspects and advantages of the present mvention will
become better understood with reference to the following description and appended claims.
The accompanving drawings, which arc incorporated in and constitute a part of this
specification, illustrate embodiments of the invention and, together with the description, serve

to explain the principles of the mvention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[6620] A full and enabling disclosure of the present invention, including the best mode
thereof, directed to one of ordinary skill n the art, is set forth n the specification, which

makes reference to the appended figures, m which:

6021} FIG. 1 is a perspective view of an exemplary crubodiment of an aircraft including

a direct drive engine according to an aspect of the present disclosure;

[6622] FI(G. 2 is a crogs sectional view of an exemplary embodiment of a gas turbine

cngine attached to a wing and pylon of an aircraft;

{0023] FIG. 3 18 a cross sectional view of an exemplary embodiment of the LP turbme of

the engine shown in FIGS. 1-2;

[0024] FIG. 4 15 an exemplary embodiment of a portion of the LP turbine shown in FIG.
3.

{0025] FIG. 5 15 another exemplary embodiment of a portion of the LPT turbine shown in

FIG. 3:

{0026] FIG. 6 15 a cross sectional view of another exemplary embodiment of a gas turbine

engime attached to a wing and pylon of an aircraft; and

6027} FIG. 7 is a planar view of an exemplary embodiment of the aireraft shown in

FI1GS. 1-4.

{0028] Repeat use of reference characters in the present specification and drawings is

intended to represent the same or analogous features or clements of the present invention.
DETAILED DESCRIPTION

[6629] Reference now will be made m detail to embodiments of the invention, one or
more examples of which are illustrated in the drawings. Each example is provided by way of
explanation of the invention, not hnutation of the invention. In fact, it will be apparent to
those skilled in the art that various modifications and variations can be made 1 the present
wmvention without departing from the scope or spirit of the invention. For instance, features
ilustrated or described as part of one embodiment can be used with ancther embodmment to

vield a still further embodiment. Thus, it is intended that the present invention covers such
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modifications and vanations as come within the scope of the appended claims and their

equivalents,

6630} As used herein, the terms “first”, “second”, and “third” may be used
interchangeably to distinguish one component from another and are not intended to sigmfy

location or importance of the individual components.

6031} The terms “upstream” and “downstream” refer to the relative direction with
respect to fluid flow mn a fluid pathway. For example, “upstream” refers o the direction from
which the flind flows, and “downstream” refers to the direction to which the fluid flows.
Unless otherwise stated, “downstream” and “upstream”™ refer to the general direction of fluid
flow of air or resulting combustion gases through a core flowpath of the engine from entry in

the compressor section through exit from a turbing section,

[6032] Embodiments of an engine and atrcraft are generally provided including a direct
drive gas turbine engine that may include structural and risk benefits from a relatively low
specd LP turbine while also improving aircraft efficiency. The engine includes a low
pressure (L.P) turbine defining an outer flowpath in which the outer flowpath defines a first
outer flowpath radius at an upstream-most end of the LP turbine, a last outer flowpath radius
disposed at a downstream-most end of the LP turbine, a middie outer flowpath radius
disposed therebetween along the longitudinal direction. The middle outer flowpath radios is

greater than the last outer flowpath radius.

[6633] In various embodiments, the engine further defines the middle outer flowpath
radius greater than the first outer flowpath radius. In still various embodiments, the LP
turbine further defines an inner flowpath in which the funer flowpath further defines a first
mner Howpath radius corresponding to the first turbine rotor, a middle inmer flowpath radius
corresponding to the middle turbine rotor, and a last inner flowpath radius corresponding to
the last turbine rotor. The last inver flowpath radius is less than the nuddle inner flowpath
radius and the first inner flowpath radius.

16034} The engine and the areraft to which it attaches may enable mounting the LP
turbine undemeath a wing of the aircrafi, thereby reducing the moment arm from a wing
shear center of the wing {0 a center of gravity of the engine. Defiming the middle outer

flowpath radius greater than the last outer flowpath radius may enable reducing the moment

5
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arm from the wing shear center of the wing to the center of gravity of the engine. Reducing

the moment arm may redace weight of the wing

w2

pylon, and/or engine, thereby increasing
aircraft efficiency with direct drive gas turbine engines without the added complexity of a

reduction gearbox or increased risks of a bigher speed LP turbine.

[0635] In contrast to indirect drive enging configurations with high speed LP turbines, the
cmbodiments shown and described herein may improve aircraft efficiency without the added
systems, complexities, failure modes, or risks of an mdirect drive engine. In various
embodiments, approximately 318 kilograms (kg) of aircraft weight may be reduced for every
51 millimeter {mm) shiff in a center of gravity of the gas turbine enging toward a leading
cdge of a wing of the aireraft along a longitudinal direction. In still varnious embodiments,
shifting the center of gravity of the gas turbine engine toward the leading edge of the wing
may improve aircraft fuel bum by 0.5% for every 51mm shift. The embodiments described
herein may further remove weight, parts, and risks unique to indirect drive engines relative to

reduction gearbox failure.

[(6636] Reterring now to FIG. 1, an exemplary embodiment of an aircraft 100 s generally
provided. The aircraft 100 defines a longitudinal direction L, a latitudinal direction LT, and a
transverse direction T, and an upstream end 99 and a downsiream end 98 along the
longitudinal direction L. The aircraft 100 mcludes a fuselage 110 extended generally along
the longitudinal direction L. A pair of wings 120 cach extend from the fusclage 110 of the
aircraft 100, Each wing 120 includes a pylon 130 to which ong or more gas turbine cngines
10 ¢hereinafter “engine 107) attaches underneath the wing 120 (e.g., inward along the
latitudinal direction L'T). In varous embodiments as shown and described herein, the
excraplary embodiments of the engines 10 define a direct drive engine in which a low

pressure turbine rotor attaches to a fan rotor without a reduction gearbox therebetween.

G037} It should be vaderstood that references to “upstream-most end”, or “vpstream of”,
are relative to a component or part toward the upstream cnd 99 as shown in the figures and
generally understood in the art as the direction from which a fluid comes before and as 1t
passes the area, part, or component in question. Similarly, references to “downstream-most
end” or “downstream of” are relative to a component or part toward the downstream end 9%
and 15 generally understood in the art as the direction to which a fluid goes as it passes the

area, part, of component in question.



WO 2018/156235 PCT/US2017/066029

{3038} Referring now to FIG. 2, an exemplary embodiment of a portion of the atrcraft
100 is generally provided. FIG. 2 may further provide detai! as to the relative placement of
the engine 10 to the wing 120 of the aircraft 100 such that overall aircraft efficiency is
mmproved while defining the relative risks, and nutigations thereof, of a direct drive engine.
The engine 10 defines an axial centerline 12 extended along the longitudinal direction L, and
a radial direction R extended from the axial centerline 12, As shown m FIG. 2, each wing
120 defings a leading edge 122 and a trailing edge 124, As depicted schematically in FIG. 2,
the leading edge 122 of the wing 120 defines a forward plane 126 extended along the
latitudmal direction LT and the transverse direction T (shown in FIG. 1), The trailing edge
124 of the wing 120 defines an aft plane 128 extended along the latitudinal direction LT and

the transverse direction T (shown in FIG. 1).

{6635} In various embodiments, the wing 120 further defines a wing shear center 121
The wing shear center 121 defines a point through which shear loads produce no twisting of
the wing 120. The wing shear center 121 may further define a center of twist when torsional
loads are applied to the wing 120, As depicted schematically i FIG. 1, the wing shear center
121 may further define a wing shear center plane 123 extended along the latitudinal direction

LY and the transverse direction T (shown n FIG. 1).

(6044 Referring still to FIG. 2, the engine 10 includes, in serial flow arrangement along
a longitudinal direction L, a fan assembly 14, a compressor section 21, a combustor section
26, a turbine section 31, and an exhaust nozzle assembly 33, The engine 10 extends
generally along the longitedinal direction L, in which the exhaust nozzle assembly 33 defines
a downstream-most end 35 that may be disposed approximately equal to the wing shear plane
123 along the longitudinal direction L. In various emboduments, disposing the downstream-
most end 33 of the exhaust nozzle assembly 33 may turther shifi the engine 10, such asat a
low pressure (LP) turbine 30, toward the wing shear center 121, and therchy reduce a
moment am from the engine 10 acting from the wing shear center 121, Reducing the
moment arm from the wing shear center 121 may further reduce weight of the wing 120
and/or pvlon 130, thereby improving aircraft efficiency. In one embodiment, the LP turbine
30 1s disposed inward of the wing 120 along latitudinal direction LT. The LP turbine 30 is
disposed between the forward plane 126 and the aft plane 128 of the wing 120 along the

longitudinal divection L.
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[6041] The compressor section 21 generally mcludes a low pressure (LP) compressor 22
and a high pressure (HP)} compressor 24 in serial flow arrangement from the upstream end 99
to the downstream cnd 98, The turbine section 31 generally includes an HP turbine 28 and an
LP turbine 30 in serial flow arrangement from the upstream end 99 to the downstream end
98. The combustion section 26 is disposed between the HP compressor 24 and the HP
turbine 28. The HP compressor 24 and the HP turbine 28, with an HP shaft 34 rotatably

coupling each, together define an HP spool.

3642} The fan assembly 14 mcludes a plurality of fan blades 42 rotatably coupled to a
fan rotor 15, The fan rotor 15 is rotatably coupled toward the upstream ond 99 of a driveshaft
36 extended along the longitudinal divection L. The LP turbine 30 s coupled to the
driveshaft 36 and disposed at the downstream end 98 of the driveshaft 36, The fan assembly
14, LP compressor 22, driveshaft 36, and the LP turbine 30 together define an LP spool. In
one embodiment, the LP twrbine 36 defines at least four rotating stages or rotors 40. In
another embodiment, such as shown in FIG. 3, the LP turbine 30 defines six or more rotating

stages 40,

364 3] During operation of the engine 10, a drive motor begins rotation of the HP spool,
which introduces air, shown schematically as arrows 81, into a core flowpath 70 of the engine
10. The air 81 passes across successive stages of the LP compressor 22 and the HP
compressor 24 and increases in pressure io define compressed air 82 entering the combustion
section 26. Fuel i1s introduced to the combustion section 26 and mixed with the compressed
air 82 then ignited to vield combaostion gases 83, Hnergy from the combustion gases 83
drives rotation of the HP turbine 28 and the LP turbine 30, as well as their respective HP and
LP spools, and the fan assembly 14 and compressor section 21 to which cach are attached. In
one embodiment, the LP spool rotates about the axial centerline 12 at approximately 6000
revolutions per minute {RPM) or less. In another embodiment, the LP spool rotates about the

axial centerline 12 at approximately 4000 RPM or less.

3044} The cvele of introducing air 81 mto the core flowpath 70, mixing with fuel,
igniting, and producing combustion gases 83 provides encrgy to rotate the plurality of fan
blades 42 about the axial centeding 12 of the engine 10, A portion of air 81 passes through a
bypass duct 60 defined between a naccellie 45 and an outer casing 18 of the engine 10. The

outer casing 18 is substantially tubular and surrounding the compressor section 21, the

O
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combustion section 26, and the turbine section 31 generally along the longitudinal direction
L. In the embodiment described herein, the nacelle 45 mayv firther include a fan case. The
outer casing 18 may further inchude a cowl defining a generally agrodynamic flowpath of the

bypass duct 60.

(6043} Referring still to FIG. 2, the fan blades 42 define a maximum fan diameter 43
along the radial direction R, The maximum tan diameter 43 s generally from tip to tip of
diametrically opposed fan blades 42, Alematively, the maximum fan diameter 43 may refer
to an inner diameter of the nacelle 45 including a fan case swrrounding the fan blades 42. The
fan assembly 14 of the engine 10 further defines a fan pressure ratio measured generally from
downstream of the fan blades 42 over the upstream of the fan blades 42 (1.¢, a ratic of fan
discharge pressure to fan mlet pressure). For example, the fan pressure ratio may be a rafio
of the pressure downstream of the fan blades 42 shown schematically at point 39 over the
pressure upstream of the fan blades 42 shown schematically at point 38. In various
embodiments, the engine 10 defines a fan pressure ratio between approximately 1.0 and

approximately 1.8

6046} Referring now to FIG. 3, an exemplary embodiment of the LP turbine 30 of the
engine 10 1s generally provided. Refermng to FIGS. 1-3, the LP turhine 30 of the engine 10
further defines an cuter flowpath 300. The outer flowpath 300 defines a first outer flowpath
radius 301 at an upstream-most end of the LP turbine 30 and a last outer flowpath radins 303
disposed at the downstream-most end of the LP turbine 30, The outer flowpath 300 further
defines a middle cuter flowpath radius 302 disposed between the first outer flowpath radius
301 and the last outer flowpath radius 303 along the longitudinal direction L. The nuddle
outer flowpath radius 302 s greater than the last outer flowpath radius 303, Inone
embodiment, the middle outer flowpath radius 302 is also greater than the first outer flowpath

radius 301,

G847} Referring still to FIG. 3, in various crabodiments, the LP turbine 30 further
defines an inner flowpath 310, The nner flowpath 310 defines a first inner flowpath radius
311 at the upstream-most end of the LP turbine 30 and a last mner flowpath radins 313 at the
downstream-most end of the LP turbine 30. The mner flowpath 310 of the LP turbine 30
further defines a middle nner tlowpath radius 312 disposed between the first inner flowpath

rading 311 and the last inner flowpath radius 313 along the longitudinal direction L. The last

10
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wnner flowpath radius 313 18 less than the middle inner flowpath radius 312 and the first mner

Howpath radius 311

3648} in one embodiment |, the LP turbine 30 of the engine 10 defines a first turbine
rotor 41 at an upstream-most end of the LP turbine 30 and a last turbine rotor 42 at a
downstream-most end of the LP turbine 30. The first inner flowpath radins 311 and the first
outer flowpath radius 361 may cach correspond to the first turbine rotor 41 of the LP turbine
30. The last mner Howpath radius 313 and the last outer flowpath radius 303 may each

correspond to the last turbine rotor 42,

3649} in various embodiments, the middle inner flowpath radivs 312 and the muddle
outer flowpath radius 302 may each correspond to any of several rotating stages or rotors 40
between the first turbine rotor 41 and the last turbine rotor 42 along the longitudinal direction
L. in one embodiment, the middle wner flowpath radius 312 is greater than the first inner
flowpath radius 311, It should be understood that the muddle outer flowpath radius 302,
relative to the first outer flowpath radius 301 and the last outer flowpath radius 303, may not
correspond to the same rotor 40 as the muddle inner flowpath radius 312 relative {o the first

mner flowpath radius 311 and the last inner flowpath radius 313.

[0054] In one embodiment, the outer flowpath 300 defines a rate of increase in radius
greater than a rate of increase in radius of the inner Howpath 310 from the upstream-most end
of the LP turbine 30 to the middle outer flowpath radins 302, In another embodiment, the
wnner flowpath 310 defines a rate of decrease m radius greater than a rate of decrease m
radius of the outer flowpath, defined from the middle outer flowpath radius 302 to the

downstream-~-most end of the LP turbine 30.

{0051} For example, referring still to FIG. 3, the cuter Hlowpath 300 may define a first
outer flowpath angle 52 from approximately the first outer flowpath radius 301 {0
approximately the nuddle outer flowpath radius 302 that is greater than a first inner flowpath
angle 51 from approximately the first inner flowpath radins 311 to approximately the middle

inner flowpath radins 312

[6652] As another example, referring still to FIG. 3, the outer flowpath 300 may define a

second outer flowpath angle 54 from approxamately the middle outer flowpath radius 302 to

1§
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the last outer flowpath radins 303 that 1s less than a second inner flowpath angle 33 from

approximately the middle inner flowpath radius 312 to the last inner flowpath radius 313,

16053} Referring now to FIGS. 4 and 3, excmplary embodiments of a portion of the LP
turbine 30 are generally provided. In cach embodiment, the LP turbine 30 further includes a
forward turbine case 320 surrounding the outer flowpath 300 upstream of the one or more
rotors 40 defining a maximum outer flowpath radius 3035 of the outer flowpath 300 of the LP
turbine 30. One or more rotors 40 downsiream of the first turbine rotor 41 and upstream of

the last turbine rotor 42 may define the maximum outer flowpath radius 305.

3654} Referring still to FIGS. 4 and 5, the LP turbine 30 may mclude a plurality of outer
shroud segments 330 at the one or more rotors 40 defining the maximum outer flowpath
rading 303 and downstream thereof. The plurality of outer shroud segments 330 are disposed
generally equidistant of the outer flowpath 300. The plurality of outer shroud segments 330
are coupled to the forward turbine case 320 and extended toward the downstream end 93 of

the LP turbine 30.

[3655] in various embodiments, the plurality of outer shroud segments 330 together
surround the outer flowpath 300 along a civcumferential direction € (shown 1n FIG. 7) from
one or more rotors 40 defining the maximuim outer flowpath radins 305 and downstream
thereof. The plurality of outer shroud scgments 330 may further include one or more vanes
335 attached thereto. The plurality of outer shroud segments 330 may generally be
segmented along the circumferential direction € as well as segmented along the longitudinal
direction L such that cach of the plurality of cuter shroud segments 330 are pieced to the LP
turbine 30 during assembly to encompass the outer flowpath 300, Additionally, cach of the
plurality of outer shroud segments 330 may be pieced to the LP turbine 30 such that the vanes

335 are disposed and assembled between successive stages of the rotors 40,

[B856] Referring still to the embodiments shown in FIGS. 4 and 5, the LP turbine 30
further includes an exhaust case 160 disposed downstream of the LP turbine 30, In the
embodiment shown in FIG. 4, an aft turbime case 322 1s coupled to the exhaust case 160. The
aft turbine case 322 extends from the forward turbine case 320 toward the downstream end
98 of the LP turbine 30 and coupled to the exhanst case 160. The aft turbine case 322
surrounds the plurality of outer shroud segments 330 along the circumferential direction €

{shown i FIG. 7} and along the longitudinal direction £, The aft turbine case 322 exiends
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generally along the longitudinal direction L from the forward turbine case 320 at the one or
more rotors 40 defining the maximum outer flowpath radius 3035, The aft trbine case 322
may be disposed generally equidistant of the outer flowpath 300 along the longitudinal

direction {..

{6057} Referring now to the embodiment shown in FIG. 4, the plurality of outer shroud
segments 330 are cantilevered from the forward turbine case 320 toward the downstream end
08 of the LP turbine 30. The engine 10 may turther define at the forward turbine case 320, at
least a portion of the plurality of outer shroud segments 330, and the aft turbine case 322 a
forward attachment interface 321, In various embodiments, the forward attachment interface
321 may couple the plurality of outer shroud segments 330 and vanes 333 to the forward
turbine case and the aft turbine case 322 via one or more of mechanical fasteners or joining
methods, including, but not limited to, bolts, nuts, screws, rivets, tie rods, pins, etc., or

welding, soldering, brazing, or other bonding methods, or combinations thereof.

[3658] In the embodiment shown in FIG. 3, the plurality of oater shroud segments 330
are coupled to the exhaust case 160 at the downstream end 98 of the plarality of outer shroud
segments 330, For example, the plurality of outer shroud segments 330 may define an
attachment interface 165 between the plurality of outer shroud segments 330 and the exhaust
case 160. In various embodiments, the attachment interface 165 may mate the plurality of
outer shroud segments 330 to the exhaust case 160 via one or more of mechanical fasteners or

joining methods, such as those previously mentioned.

[6059] Refterring back to FIGS. 4 and 5, in various embodiments, the plurality of cuter
shrouds 330 may further define a first shroud 331 proximate to the forward turbine case 320
along the longitudinal dircction L, a last shroud 333 disposed at the downstream-most end of
the L.P turbine 30, and one or more middle shrouds 332 disposed therebetween along the
longitudinal direction L. In one embodiment, the first shroud 331 corresponds approximately
10 the maximum outer flowpath radius 303, The one or more middle shrouds 332 and the last
shroud 333 together define a decreasing radius along the longitudinal direction L toward the
downstream end 98 of the LP turbine 30. The last shroud 333 corresponds approximately to

the last outer flowpath radius 303,

[0064] Referring now to FIG. 6, another exemplary embodiment of the portion of the

aircraft 100 shown in FIGS. 1-5 is generally provided. n the embodiment shown in FIG. 6,
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and in conjunction with FIGS. 1-3, the LP turbine 30 of the engine 10 defines the first turbme
rotor 41 at an upstream-most end of the LP turbine 30 and the last tarbine rotor 42 at a
downstream-most end of the LP turbine 30. The LP turbine 30 defines a turbine burst arca
140 extended at a first angle 141 along a plane of rotation 143 of the first turbine rotor 41
toward the upstream end 99 of the gas turbine engine 10, and at a second angle 142 along a
plane of rotation 144 of the last turbine rotor 42 toward the downstream end 98 of the gas
turbing engine 10. Each plane of rotation 143, 144 extends along the radial direction R, Each
plane of rotation 143, 144 may further extend along the transverse direction T (shown i FIG.
i)

16061} Referring to FIG. 6, in one embodiment, the first anglc 141 of the turbine burst
area 140 is approxamately 15 degrees or less. In another embodiment, the first angle 141 of

the tarbine burst area 140 1s approxmmately 5 degrees or more.

3062} Referring still to FIG. 6, in one embodiment, the second angle 142 of the turbine
burst area 140 is approximately 15 degrees or less. In another embodiment, the second angle

142 of the turbine burst arca 140 1 approxamately 5 degrees or more.

6663} Referring now to FIGS. 1-6, in various embodiments, the turbing burst area 140
mward of the wing 120 along the latitudinal direction LT is defined within the forward plane

126 and within the aft plane 128 of the wing 120 along the longitudinal direction L.

[3664] Defining the turbine burst area 140 inward of the wing 120 along the latitudinal
direction LT, and between the forward plane 126 and the aft plane 128 along the longitudinal
direction L, may reduce pylon 130 and wing 120 weight by shifting the engine 10 toward the
wing shear center 121 along the longitudinal direction L. Shitting the engine 10 toward the
wing shear center 121 may reduce aircraft 100 weight and thereby increase atrcraft
cfficiency. While further defining a direct drive engine, the overhung weight from the pylon
130 and the engine 10 may be reduced due to an absence of 3 reduction gearbox toward the
upstream end 99 of the engine 19, thereby mcreasing the moment amm from the wing shear
center 121, and ultimately, aircraft weight and inefficiency. By disposing the turbine burst
arca 140 within the forward planc 126 and the afi plane 128 of the wing 120, the weight of
the pyvlon 130 and wing 120 are reduced while also mamtaming nisks and failure modes

similar to and known among direct drive engines.
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[3065] Referring now to FIGS. 1-7, embodiments of the aircraft 100 and engine 10 are
generally provided, in which a contamment shield 150 is further defined. In FIG. 7, a planar
view of the aircraft 100 1s provided along either planc of rotation 143, 144 (shown in FiG. 6}.
The contaimment shicld 150 1s extended over the LP turbing 30 along the longitudinal
direction L. In vanous embodiments, the contamment shield 130 extends from the first
turbine rotor 41 through the last turbine rotor 42 along the longitudinal direction L. The
containment shield 150 provides retention of LP turbime 30 rotor components that may
iberate following a rotor farlure. Rotor components may include disks, hubs, drums, seals,
impellers, blades, and/or spacers, or fragments thereof, which may ¢ject from the engine 10

generally within the turbine burst area 140,

6666} In various embodiments, the containment shield 150 extends at least within a
transverse turbine buorst area 139, The transverse turbine burst area 139 may generally extend
clockwise and/or counter-clockwise from a top dead center reference line 13, The top dead
center refercnce Hine 13 1s extended from the axial centerline 12 along the radial direction K.
In one embodiment, the transverse turbine burst area 139 extends approximately 60 degrees

or less clockwise and/or counter-clockwise from the top dead center reference line 13.

6667} In one embodiment, the containment shield 130 may be coupled 1o the wing 120
of the aircraft 100, as shown at the first containment shield 151, The first containment shield
151 exiends gencrally along the transverse direction T and within the transverse turbine burst
arca 139, In another embodiment, the containment shield 150 may be coupled to the outer
casing 18 of the engine 10, as shown at the second containment shield 152, The second
containment shield 152 extends at least partially in a circumferential direction € {shown in
Fi1G. 7) from the top dead center reference hine 13 extended from the axial centerline 12 of
the engmme 10. In various embodiments, the second containment shield 152 extends along the
clockwise and/or counter-clockwise dircction along the circumferential direction C from the
top dead center reference Hane 13, In vet another embodiment, the second containment shield
152 may extend substantially circumferentially around the LP turbine 30 along the
circumterential direction C {e.g., approximately 360 degrees).

[6068] The containment shield 150 may be constructed of, but not limited o, ceramic
matrix composite (CMC) matenals and/or metals appropriate for gas turbine engine

containment structures, such as, but not imited to, mickel-based alloys, cobalt-based allovs,
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won-based alloys, or titanium-based alioys, each of which may include, but are not hmited to,

chromium, cobalt, tungsten, tantalum, molybdenum, and/or rhentum,

3669} The containment shicld 150 may further, or alternativelv, include a solid foamed
synthetic polymer. In one embodiment, the solid foamed synthetic polymer may mclhude a
synthetic elastomer, such as an elastomeric polyarethane. In ansther embodiment, the solid

foamed synthetic polvmer may include an ethylene vinyl acetate and/or an olefin polymer.

{3670} In another embodiment, the contaimment shield 150 s formed from a phurality of
fabric sheets formed from a plurality of fibers. In cach sheet, the plurality of fibers may form
a network of fibers {¢.g., a woven network, a random or parallel nonwoven network, or
another orientation). In particular, the containment shield 130 may be constructed from high
strength and high modulus fibers, such as para-aramid synthetic fibers (¢.g., KEVLAR fibers
available from E 1. duPont de Nemours and Company), metal fibers, ceramic fibers, glass
fibers, carbon fibers, boron fibers, p-phenylenetherephtalamide fibers, aromatic polvanude
fibers, sitlicon carbide fibers, graphite fibers, nvlon fibers, or mixtures thereof. Another
example of suitable fibers inchides ultra-high molecular weight polyethvlene (e g,

SPECTRA fibers manufactured by Honeywell International Inc ).

{6671} The fibers of the containment shield 156 may have high tensile strength and high
modulus that are highly oriented, thereby resulting in verv smooth fiber surfaces exhibiting a
low cocfficient of friction. Such fibers, when formed 1nto a fabric layer, gencrally exhibit
poor energy transfer to neighboring fibers during intermitient transfers of energy or torque
from rotor failure of the LP turbine 30 to surrounding structures, such as the outer caging 18

and/or the wing 120 ot the aircraft 100,

[6672] The systems shown i FIGS. 1-7 and described herein may mprove aircraft
cfficiency utilizing direct drive gas turbine engines by reducing a moment arm from the wing
shear center 121 to the upstream end 99 of the engine 10, thereby reducing weight of the
wing 120, pylon 130, and/or engine 10. Reducing the moment arm may be enabled by
defining the maximem cuter flowpath radius 303 of the LP turbine 30 at one or more rotors
40 between the first turbine rotor 41 and the last turbine rotor 42 of the LP turbine 30.
Furthermore, the systems disclosed herem may improve aireraft 100 efficiency while utilizing

direct drive gas turbine engines while obviating additional subsystems, risks, and failure
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modes introduced by mdirect drive engines. Improvements to aircraft efficiency may include

decreased weight, decreased system falure risks, and mmproved overall atrcraft fuel burn.

This written description uses examples to disclose the invention, including the best mode, and
also to enable any person skilled in the art to practice the invention, including making and
using any devices or systems and performing any incorporated methods. The patentable
scope of the mvention is defined by the claims, and may include other examples that occur to
those skiiled m the art. Such other examples are miended o be within the scope of the claims
if they include structural elements that do not differ from the literal language of the claims, or
if they include equivalent stractural elements with insubstantial differences from the literal

languages of the clamms.
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WHAT IS CLAIMED IS:

L. A gas turbine engine defining a radial direction, a longitudinal
direction, and a circumferential direction, an upstream end and a downstream end
along the longitudinal divection, and an axial centerline extended along the

longitudinal direction, the gas turbine engine comprising:

a low pressure (LP) turbine defining an outer flowpath, wherem the outer
flowpath defines a first outer flowpath radius at an upstream-most end of the LP
turbing, a last outer flowpath radius disposed at a downstream-most end of the LP
turbine, a middle outer flowpath radius disposed therchetween along the longitudinal
direction, wherein the muddie outer flowpath radius 1s greater than the last outer

flowpath radius.

2. The gas turbine engine of clain 1, wherein the middle outer flowpath

radius s greater than the first outer flowpath radius.

3. The gas turbine engine of clavm 1, wherein the LP turbine further
defines an inner flowpath, and wherein the mner flowpath further defines a first inner
flowpath radius corresponding to the first turbine rotor, 2 middle inner flowpath
radius corresponding to the middle twrbine rotor, and a last inner flowpath radius
corresponding to the last turbine rotor, and wherein the last inner flowpath radius is

less than the middle inver Howpath radius and the first nner flowpath radius.

4. The gas turbine engine of claim 3, wherein the middle mner tlowpath
radius is greater than the first inner flowpath radius.

5. The gas turbine engine of claim 1, wherein the LP tuwrbine comprises a
plurality of rotors disposed between the first turbine rotor and the last turbine rotor
along the longitudinal direction, and wherein at least one of the rotors defines a
maximum cuter flowpath radius.

5. The gas turbine engine of claim 5, wheremn the LP turbine further

COMPriscs:
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a forward turbine case surrounding the outer flowpath upstream of the
one or more middle turbine rotors defining the maximum outer flowpath
radius; and

a plurality of outer shroud segments at the one or more rotors defining

the maxumum outer flowpath radius and downstream thereof, and wherein the
plurality of outer shroud segments are disposed generally equidistant of the outer
flowpath, wherein the plurality of outer shroud segments are coupled to the forward

turbine case and extended toward the downstream end of the LP turbine.

7. The gas turbine engine of claim 6, wherein the plurality of outer

shroud segments together encompass a circumference around the outer flowpath.

8. The gas turbine engine of claim 6, wherein the plurality of outer

shroud segments further comprise one or more vanes attached thereto.

9. The gas turbine engine of claim 6, wherein the plurality of outer
shroud segments are cantilevered from the forward turbine case toward the

downstream end of the LP twrbine.

10, 'The gas turbine engine of claim 6, further comprising an exhaust case
disposed downstream of the LP turbine, wherein the plurality of outer shroud
segments are coupled to the exhaust cases at the downstream end of the plurality of

outer shroud segments.

t1.  "The gas turbine engine of clatm 6, wherein the LP turbine further
comprises an aft turbine case extended from the forward turbine case toward the
downstream end of the LP turbine, and wheremn the aft turbine case surrounds the
plurality of outer shroud segments along the circumferential direction.

12, The gas turbine engine of claim 11, wherein the aft turbine case is
disposed generally equidistant of the outer flowpath along the longitudinal direction.

13, 'The gas turbine engine of claim 11, wherein the forward turbine case,
the plurality of outer shroud segments, and the aft turbine case define an attachment

mterface.
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14, The gas turbine engine of claim 6, wherein the phurality of outer
shrouds defing a first shroud proxamate to the forward turbine case, a last shroud
disposed at the downstream-most end of the LP turbine, and one or more middle

shrouds disposed therebetween.

15, 'The gas turbine engine of claim 14, wherein the first shroud
corresponds approximately to the maximum outer flowpath radius, and wherein the
ong or more middle shrouds and last shroud together define a decreasing radius, and

wherein the last shroud corresponds approximately to the last cuter flowpath radius.

16.  The gas turbine engine of claim 3, wherein the outer flowpath defines a
rate of mcrease in the outer Howpath radius greater than a rate of increase in the mner
flowpath radius of the inner flowpath, each from the upstream-most end of the LP

turbine to the middie outer flowpath radius.

17, 'The gas turbine engine of claim 16, wherein the outer flowpath radias
defines a rate of decrease equal to or greater than a rate of decrgase of the cuter casing
outward of the outer flowpath along the radial direction from the middle flowpath

radius to the downstream-most end of the LP turbine.

I8, 'The gas turbine engine of claim 3, wherein the inner flowpath defines a
rate of decrease ot the jnner tlowpath radius greater than a rate of decrease of the
outer flowpath radins of the outer flowpath, each from the muddle outer flowpath

radius to the downstream-most end of the LP turbine.

19, An aircraft defining a longitudinal direction, a latitudinal divection, and
a transverse divection, the aircraft inclading a fuselage extended along the longitedinal
direction to which a pair or more of wings attaches along the transverse direction, the

atrcraft comprising:

a wing extended from the fuselage, the wing comprising a pvion, and wherein
the wing defines a leading edge and a trailing edge, and wherem the leading edge
defines a forward plane, and wherein the trailing edge defines an aft plane; and

a gas turbine engine coupled to the pylon of the wing, wherein the engine

COMPIISCs:
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a tan assemblv comprising a plurality of fan blades rotatably coupled

to a fan rotor; and

a LP turbine defining an outer flowpath, wheremn the outer flowpath
defines a first outer flowpath radius at an upstream-most end of the LP turbine,
a last outer Howpath radius disposed at a downsiream-most end of the LP
turbine, a middie outer flowpath radius disposed therebetween along the
longitudinal direction, wherein the middle outer flowpath radius is greater than

the tast outer flowpath radius.

20, The aircraft of claim 19, wherein the middle outer flowpath radius is
greater than the first outer flowpath radius, and wherein the LP turbine further defines
an inner flowpath, and whercin the inner flowpath further defines a first mner
flowpath radius corresponding to a first turbine rotor, a last inner flowpath radius
corresponding to a last turbine rotor, a middle inner flowpath radius corresponding o
one or more rotors therebetween along the longitudinal direction, and wherein the last
imner flowpath radius is less than the middle inner flowpath radius and the first inner

flowpath radius.
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