GEARED TURBOFAN GAS TURBINE ENGINE ARCHITECTURE

CROSSREFERENCE TO RELATED APPLICATION
[0001] This application is a continuation in part of WitStates Application No.
13/363,154 filed on January 31, 2012 and claimeriyi to United States Provisional
Application No. 61/653,762 filed on May 31, 2012.

BACKGROUND
[0002] A gas turbine engine typically includes a fan satta compressor section,

a combustor section and a turbine section. Aierémg the compressor section is compressed
and delivered into the combustion section wherg mixed with fuel and ignited to generate
a high-speed exhaust gas flow. The high-speeduskigas flow expands through the turbine
section to drive the compressor and the fan sectidime compressor section typically
includes low and high pressure compressors, anduthée section includes low and high
pressure turbines.

[0003] The high pressure turbine drives the high pressanepressor through an
outer shaft to form a high spool, and the low pesgurbine drives the low pressure
compressor through an inner shaft to form a lowokpd@he inner shaft may also drive the
fan section. A direct drive gas turbine engindudes a fan section driven by the inner shaft
such that the low pressure compressor, low pressubene and fan section rotate at a
common speed in a common direction.

[0004] A speed reduction device such as an epicyclicat gesaembly may be
utilized to drive the fan section such that the $antion may rotate at a speed different than
the turbine section so as to increase the overafiyssive efficiency of the engine. In such
engine architectures, a shaft driven by one ofttineine sections provides an input to the
epicyclical gear assembly that drives the fan eactt a speed different than the turbine
section such that both the turbine section andahesection can rotate at closer to optimal
speeds.

[0005] Although geared architectures have improved praoypeilsefficiency,
turbine engine manufacturers continue to seek daritnprovements to engine performance

including improvements to thermal, transfer andppisive efficiencies.
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SUMMARY

[0006] A gas turbine engine according to an exemplary ehmbent of this
disclosure, among other possible things includesmapressor section, a combustor in fluid
communication with the compressor section, andrhirta section in fluid communication
with the combustor. The turbine section includdaradrive turbine and a second turbine.
The fan drive turbine includes a plurality of turbirotors. A fan includes a plurality of
blades rotatable about an axis and a ratio betwree=number of fan blades and the number
of fan drive turbine rotors is between about 2.8 about 8.5. A speed change system is
driven by the fan drive turbine for rotating thenfabout the axis. The fan drive turbine
includes a first aft rotor attached to a first $shathe second turbine includes a second aft
rotor attached to a second shaft. A first beassgembly is disposed axially aft of a first
connection between the first aft rotor and thet fgisaft. A second bearing assembly is
disposed axially aft of a second connection betwbersecond aft rotor and the second shatft.

[0007] In a further embodiment of the foregoing enginee tlirst bearing
assembly and the second bearing assembly incllide bearings.

[0008] In a further embodiment of any of the foregoing iaeg, the compressor
section includes a first compressor driven by @redrive turbine through the first shaft. A
second compressor section is driven by the seaobthe through the second shaft. The first
bearing supports an aft portion of the first shafhe second bearing supports an aft portion
of the second shatft.

[0009] In a further embodiment of any of the foregoingiaag, a forward portion
of each of the first and second shafts are suppdntea thrust bearing assembly.

[0010] In a further embodiment of any of the foregoing iaeg, the fan drive
turbine has a first exit area at a first exit pantl rotates at a first speed. The second turbine
section has a second exit area at a second exit @od rotates at a second speed, which is
faster than the first speed. A first performanaoardity is defined as the product of the first
speed squared and the first area. A second peafarenquantity is defined as the product of
the second speed squared and the second arearfoA@ece ratio of the first performance
guantity to the second performance quantity is betwabout 0.5 and about 1.5.

[0011] In a further embodiment of any of the foregoingiaeg, the performance

ratio is above or equal to about 0.8.



[0012] In a further embodiment of any of the foregoing iaeg, the first
performance quantity is above or equal to about 4.

[0013] In a further embodiment of any of the foregoingiaag, the speed change
system includes a gearbox. The fan and the fare durbine both rotate in a first direction
about the axis. The second turbine section rotates second direction opposite the first
direction.

[0014] In a further embodiment of any of the foregoingiaeg, the speed change
system includes a gearbox. The fan, the fan duvieine section, and the second turbine
section all rotate in a first direction about thxésa

[0015] In a further embodiment of any of the foregoingierg, the speed change
system includes a gearbox. The fan and the setwobthe section both rotate in a first
direction about the axis. The fan drive turbin@ates in a second direction opposite the first
direction.

[0016] In a further embodiment of any of the foregoingiarg, the speed change
system includes a gearbox. The fan is rotatabkefirst direction and the fan drive turbine.
The second turbine section rotates in a secondtoireopposite the first direction about the
axis.

[0017] In a further embodiment of any of the foregoingierg, the speed change
system includes a gear reduction having a gear gagiater than about 2.3.

[0018] In a further embodiment of any of the foregoingiaag, the fan delivers a
portion of air into a bypass duct. A bypass raeing defined as the portion of air delivered
into the bypass duct divided by the amount of alivéred into the compressor section, with
the bypass ratio being greater than about 6.0.

[0019] In a further embodiment of any of the foregoingiagag, the bypass ratio
is greater than about 10.0.

[0020] In a further embodiment of any of the foregoing ieag, a fan pressure
ratio across the fan is less than about 1.5.

[0021] In a further embodiment of any of the foregoingiaeg, the fan has 26 or
fewer blades.

[0022] In a further embodiment of any of the foregoingiegag, the first turbine

section has between about 3 and 6 stages.
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[0023] In a further embodiment of any of the foregoingieeg, a pressure ratio
across the first turbine section is greater thauab:1.

[0024] In a further embodiment of any of the foregoingiagag, includes a power
density greater than about 1.5 Ibf/and less than or equal to about 5.5 15f/in

[0025] In a further embodiment of any of the foregoing ierg, the second
turbine includes at least two stages and perforing frst pressure ratio. The fan drive
turbine includes more than two stages and perf@tres second pressure ratio less than the
first pressure ratio.

[0026] Although the different examples have the speciimponents shown in
the illustrations, embodiments of this disclosune anot limited to those particular
combinations. It is possible to use some of thepmnents or features from one of the
examples in combination with features or componénta another one of the examples.

[0027] These and other features disclosed herein candiaubderstood from the

following specification and drawings, the followindwhich is a brief description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Figure 1 is a schematic view of an example gasraréngine.

[0029] Figure 2 is a schematic view indicating relativéation between sections
of an example gas turbine engine.

[0030] Figure 3 is another schematic view indicating reéatotation between
sections of an example gas turbine engine.

[0031] Figure 4 is another schematic view indicating reéatrotation between
sections of an example gas turbine engine.

[0032] Figure 5 is another a schematic view indicatingtre¢ rotation between
sections of an example gas turbine engine.

[0033] Figure 6 is a schematic view of a bearing configarasupporting rotation
of example high and low spools of the example gesirte engine.

[0034] Figure 7 is another schematic view of a bearingigaration supporting
rotation of example high and low spools of the eplngas turbine engine.

[0035] Figure 8A is another schematic view of a bearingfigoiration supporting

rotation of example high and low spools of the eplEngas turbine engine.
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[0036] Figure 8B is an enlarged view of the example bgaconfiguration shown
in Figure 8A.

[0037] Figure 9 is another schematic view of a bearingigaration supporting
rotation of example high and low spools of the eplngas turbine engine.

[0038] Figure 10 is a schematic view of an example comfpeibine section.

[0039] Figure 11 is a schematic cross-section of examplges for the disclosed
example gas turbine engine.

[0040] Figure 12 is a schematic view an example turbirierrperpendicular to

the axis or rotation.

DETAILED DESCRIPTION

[0041] Figure 1 schematically illustrates an example gebirte engine 20 that
includes a fan section 22, a compressor sectiora2Zhmbustor section 26 and a turbine
section 28. Alternative engines might include agraenter section (not shown) among other
systems or features. The fan section 22 drivesalamg a bypass flow path B while the
compressor section 24 draws air in along a con f)ath C where air is compressed and
communicated to a combustor section 26. In thebestor section 26, air is mixed with fuel
and ignited to generate a high pressure exhausstgzem that expands through the turbine
section 28 where energy is extracted and utilizeddive the fan section 22 and the
compressor section 24.

[0042] Although the disclosed non-limiting embodiment a¢pia turbofan gas
turbine engine, it should be understood that thecepts described herein are not limited to
use with turbofans as the teachings may be appliesther types of turbine engines; for
example a turbine engine including a three-spoahitecture in which three spools
concentrically rotate about a common axis such #¢h#&w spool enables a low pressure
turbine to drive a fan via a gearbox, an intermiedgpool enables an intermediate pressure
turbine to drive a first compressor of the compoesgction, and a high spool enables a high
pressure turbine to drive a high pressure compregshe compressor section.

[0043] The example engine 20 generally includes a lowagpeol 30 and a high

speed spool 32 mounted for rotation about an enggné&ral longitudinal axis A relative to an



engine static structure 36 via several bearingesyst38. It should be understood that various
bearing systems 38 at various locations may alteeiga or additionally be provided.

[0044] The low speed spool 30 generally includes an ishaft 40 that connects
a fan 42 and a low pressure (or first) compressctian 44 to a low pressure (or first) turbine
section 46. The inner shaft 40 drives the fani@ugh a speed change device, such as a
geared architecture 48, to drive the fan 42 aweitspeed than the low speed spool 30. The
high-speed spool 32 includes an outer shaft 50itietconnects a high pressure (or second)
compressor section 52 and a high pressure (or detnbine section 54. The inner shaft 40
and the outer shaft 50 are concentric and rotadhg bearing systems 38 about the engine
central longitudinal axis A.

[0045] A combustor 56 is arranged between the high pressampressor 52 and
the high pressure turbine 54. In one examplehtple pressure turbine 54 includes at least
two stages to provide a double stage high pressuose 54. In another example, the high
pressure turbine 54 includes only a single stages used herein, a “high pressure”
compressor or turbine experiences a higher predbare a corresponding “low pressure”
compressor or turbine.

[0046] The example low pressure turbine 46 has a pressaticethat is greater
than about 5. The pressure ratio of the examplepmssure turbine 46 is measured prior to
an inlet of the low pressure turbine 46 as rel&tetihe pressure measured at the outlet of the
low pressure turbine 46 prior to an exhaust nozzle.

[0047] A mid-turbine frame 58 of the engine static struet®B6 is arranged
generally between the high pressure turbine 54thedow pressure turbine 46. The mid-
turbine frame 58 further supports bearing systegsn3the turbine section 28 as well as
setting airflow entering the low pressure turbie 4

[0048] The core airflow C is compressed by the low pressompressor 44 then
by the high pressure compressor 52 mixed with &rel ignited in the combustor 56 to
produce high speed exhaust gases that are thendegthrough the high pressure turbine 54
and low pressure turbine 46. The mid-turbine fr&df@ancludes vanes 60, which are in the
core airflow path and function as an inlet guidenesrdor the low pressure turbine 46.
Utilizing the vane 60 of the mid-turbine frame 58 the inlet guide vane for low pressure

turbine 46 decreases the length of the low pressulene 46 without increasing the axial
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length of the mid-turbine frame 58. Reducing améiating the number of vanes in the low
pressure turbine 46 shortens the axial lengthetuhbine section 28. Thus, the compactness
of the gas turbine engine 20 is increased andleehigower density may be achieved.

[0049] The disclosed gas turbine engine 20 in one exanla high-bypass
geared aircraft engine. In a further example gdeturbine engine 20 includes a bypass ratio
greater than about six (6), with an example embedinbeing greater than about ten (10).
The example geared architecture 48 is an epicyadjear train, such as a planetary gear
system, star gear system or other known gear systéima gear reduction ratio of greater
than about 2.3.

[0050] In one disclosed embodiment, the gas turbine er@gnimcludes a bypass
ratio greater than about ten (10:1) and the famédiar is significantly larger than an outer
diameter of the low pressure compressor 44. lulshbe understood, however, that the
above parameters are only exemplary of one embadiofea gas turbine engine including a
geared architecture and that the present disclasagplicable to other gas turbine engines.

[0051] A significant amount of thrust is provided by thgphss flow B due to the
high bypass ratio. The fan section 22 of the endlf is designed for a particular flight
condition -- typically cruise at about 0.8 Mach aimbut 35,000 feet. The flight condition of
0.8 Mach and 35,000 ft., with the engine at itst lmegise fuel consumption relative to the
thrust it produces - also known as “bucket cruidaus$t Specific Fuel Consumption
(‘TSFC")” - is the industry standard parameter olupd-mass (lbm) of fuel per hour being
burned divided by pound-force (Ibf) of thrust thegme produces at that minimum bucket
cruise point.

[0052] “Low fan pressure ratio” is the pressure ratio asrthe fan blade alone,
without a Fan Exit Guide Vane (*FEGV”) system. Tlog fan pressure ratio as disclosed
herein according to one non-limiting embodimenteiss than about 1.50. In another non-
limiting embodiment the low fan pressure ratiogsd than about 1.45.

[0053] “Low corrected fan tip speed” is the actual fangpeed in ft/sec divided
by an industry standard temperature correction (®fan °R) / 518.79%. The “Low
corrected fan tip speed”, as disclosed herein daogrto one non-limiting embodiment, is

less than about 1150 ft/second.



[0054] The example gas turbine engine includes the fathd@comprises in one
non-limiting embodiment less than about 26 fan ésadin another non-limiting embodiment,
the fan section 22 includes less than about 18blades. Moreover, in one disclosed
embodiment the low pressure turbine 46 includesmuoe than about 6 turbine stages
schematically indicated at 34. In another nontiimgi example embodiment the low pressure
turbine 46 includes about 3 or more turbine stagesatio between the number of fan blades
42 and the number of low pressure turbine stagégtiseen about 2.5 and about 8.5. The
example low pressure turbine 46 provides the dgiypower to rotate the fan section 22 and
therefore the relationship between the numberrbie stages 34 in the low pressure turbine
46 and the number of blades 42 in the fan sectibdiglose an example gas turbine engine
20 with increased power transfer efficiency.

[0055] Increased power transfer efficiency is provided supart to the increased
use of improved turbine blade materials and manufiag methods such as directionally
solidified castings, and single crystal materidlattenable increased turbine speed and a
reduced number of stages. Moreover, the exangle gressure turbine 46 includes
improved turbine disks configurations that furtierable desired durability at the higher
turbine speeds.

[0056] Referring to Figures 2 and 3, an example disclepesdd change device is
an epicyclical gearbox of a planet type, whereitipet is to the center “sun” gear 62. Planet
gears 64 (only one shown) around the sun geart@frand are spaced apart by a carrier 68
that rotates in a direction common to the sun §earA ring gear 66, which is non-rotatably
fixed to the engine static casing 36 (shown in Fagll), contains the entire gear assembly.
The fan 42 is attached to and driven by the ca@8such that the direction of rotation of the
fan 42 is the same as the direction of rotatiothefcarrier 68 that, in turn, is the same as the
direction of rotation of the input sun gear 62.

[0057] In the following figures nomenclature is utilized tlefine the relative
rotations between the various sections of the gdmsne engine 20. The fan section is shown
with a “+” sign indicating rotation in a first dicdon. Rotations relative to the fan section 22
of other features of the gas turbine engine athéuindicated by the use of either a “+” sign

or a



“” sign. The “-” sign indicates a rotation that ¢counter to that of any component indicated
with a “+” sign.

[0058] Moreover, the term fan drive turbine is utilizedindicate the turbine that
provides the driving power for rotating the blad@sof the fan section 22. Further, the term
“second turbine” is utilized to indicate the turbibefore the fan drive turbine that is not
utilized to drive the fan 42. In this disclosedample, the fan drive turbine is the low
pressure turbine 46, and the second turbine ishitjle pressure turbine 54. However, it
should be understood that other turbine sectiorfigrations that include more than the
shown high and low pressure turbines 54, 46 arkinvihe contemplation of this disclosure.
For example, a three spool engine configuration majude an intermediate turbine (not
shown) utilized to drive the fan section 22 andithin the contemplation of this disclosure.

[0059] In one disclosed example embodiment (Figure 2)fdhedrive turbine is
the low pressure turbine 46 and therefore the &tian 22 and low pressure turbine 46
rotate in a common direction as indicated by tharmon “+” sign indicating rotation of both
the fan 42 and the low pressure turbine 46. Magean this example, the high pressure
turbine 54 or second turbine rotates in a direcdiommon with the fan drive turbine 46. In
another example shown in Figure 3, the high pressubine 54 or second turbine rotates in
a direction opposite the fan drive turbine (lowgsére turbine 46) and the fan 42.

[0060] Counter rotating the low pressure compressor 44 thadlow pressure
turbine 46 relative to the high pressure compre&brand the high pressure turbine 54
provides certain efficient aerodynamic conditionghe turbine section 28 as the generated
high speed exhaust gas flow moves from the higkspire turbine 54 to the low pressure
turbine 46. The relative rotations in the compressmd turbine sections provide
approximately the desired airflow angles betweea s$ections, which improves overall
efficiency in the turbine section 28, and provideseduction in overall weight of the turbine
section 28 by reducing or eliminating airfoils or entire row of vanes.

[0061] Referring to Figures 4 and 5, another example oistl speed change
device is an epicyclical gearbox referred to asaatype gearbox, where the input is to the
center “sun” gear 62. Star gears 65 (only one sh@round the sun gear 62 rotate in a fixed
position around the sun gear and are spaced apaatdarrier 68 that is fixed to a static

casing 36 (best shown in Figure 1). A ring geatl& is free to rotate contains the entire
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gear assembly. The fan 42 is attached to and rdribyethe ring gear 66 such that the
direction of rotation of the fan 42 is opposite theection of rotation of the input sun gear 62.
Accordingly, the low pressure compressor 44 andlake pressure turbine 46 rotate in a
direction opposite rotation of the fan 42.

[0062] In one disclosed example embodiment shown in Figyrthe fan drive
turbine is the low pressure turbine 46 and theeetbe fan 42 rotates in a direction opposite
that of the low pressure turbine 46 and the lowsguee compressor 44. Moreover in this
example the high spool 32 including the high presgurbine 54 and the high pressure
compressor 52 rotate in a direction counter toféime42 and common with the low spool 30
including the low pressure compressor 44 and thelfeve turbine 46.

[0063] In another example gas turbine engine shown in rEiga the high
pressure or second turbine 54 rotates in a direcmmmon with the fan 42 and counter to
the low spool 30 including the low pressure comgpoed4 and the fan drive turbine 46.

[0064] Referring to Figure 6, the bearing assemblies tfeaforward end of the
shafts in the engine at locations 70 and 72, whedrings support rotation of the inner shaft
40 and the outer shaft 50, counter net thrust force direction parallel to the axis A that are
generated by the rearward load of low pressuranterh6é and the high pressure turbine 54,
minus the high pressure compressor 52 and the lesspre compressor 44, which also
contribute to the thrust forces acting on the @poading low spool 30 and the high spool
32.

[0065] In this example embodiment, a first forward bear@gsembly 70 is
supported on a portion of the static structure swieally shown at 36 and supports a
forward end of the inner shaft 40. The examplgt fiorward bearing assembly 70 is a thrust
bearing and controls movement of the inner shatif thereby the low spool 30 in an axial
direction. A second forward bearing assembly 72ugported by the static structure 36 to
support rotation of the high spool 32 and substfiptprevent movement along in an axial
direction of the outer shaft 50. The first forddrearing assembly 70 is mounted to support
the inner shaft 40 at a point forward of a conrec®88 of a low pressure compressor rotor
90. The second forward bearing assembly 72 is neduftrward of a connection referred to
as a hub 92 between a high pressure compressorbtand the outer shaft 50. A first aft
bearing assembly 74 supports the aft portion ofitimer shaft 40. The first aft bearing
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assembly 74 is a roller bearing and supports mtatbut does not provide resistance to
movement of the shaft 40 in the axial directionstéad, the aft bearing 74 allows the shaft
40 to expand thermally between its location andoaring 72. The example first aft bearing
assembly 74 is disposed aft of a connection hubeB@een a low pressure turbine rotor 78
and the inner shaft 40. A second aft bearing asen® supports the aft portion of the outer

shaft 50. The example second aft bearing assefftbiy a roller bearing and is supported by
a corresponding static structure 36 through the mitline frame 58 which transfers the

radial load of the shaft across the turbine flothp® ground 36. The second aft bearing
assembly 76 supports the outer shaft 50 and thdrebyigh spool 32 at a point aft of a

connection hub 84 between a high pressure turbitoe 82 and the outer shaft 50.

[0066] In this disclosed example, the first and secondidod bearing assemblies
70, 72 and the first and second aft bearing assesBl, 76 are supported to the outside of
either the corresponding compressor or turbine ection hubs 80, 88 to provide a straddle
support configuration of the corresponding inneafsd0 and outer shaft 50. The straddle
support of the inner shaft 40 and the outer sHafprovide a support and stiffness desired for
operation of the gas turbine engine 20.

[0067] Referring to Figure 7, another example shaft supmamnfiguration
includes the first and second forward bearing abtiem 70, 72 disposed to support the
forward portion of the corresponding inner shaftad@ outer shaft 50. The first aft bearing
74 is disposed aft of the connection 80 betweemdtor 78 and the inner shaft 40. The first
aft bearing 74 is a roller bearing and supportsitiner shaft 40 in a straddle configuration.
The straddle configuration can require additioeagth of the inner shaft 40 and therefore an
alternate configuration referred to as an overhoogfiguration can be utilized. In this
example the outer shaft 50 is supported by thergk@it bearing assembly 76 that is
disposed forward of the connection 84 between tgh pressure turbine rotor 82 and the
outer shaft 50. Accordingly, the connection huboB4he high pressure turbine rotor 82 to
the outer shaft 50 is overhung aft of the bearsggpmbly 76. This positioning of the second
aft bearing 76 in an overhung orientation potelytiptovides for a reduced length of the
outer shaft 50.

[0068] Moreover the positioning of the aft bearing 76 ragso eliminate the need

for other support structures such as the mid terfimame 58 as both the high pressure turbine
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54 is supported at the bearing assembly 76 antbth@ressure turbine 46 is supported by
the bearing assembly 74. Optionally the mid tuglfiame strut 58 can provide an optional
roller bearing 74A which can be added to reduceatdry modes of the inner shaft 40.

[0069] Referring to Figure 8A and 8B, another example tshadipport
configuration includes the first and second forwhehring assemblies 70, 72 disposed to
support corresponding forward portions of eachhefinner shaft 40 and the outer shaft 50.
The first aft bearing 74 provides support of thdeowshaft 40 at a location aft of the
connection 80 in a straddle mount configuration.this example, the aft portion of the outer
shaft 50 is supported by a roller bearing asserBblygupported within a space 96 defined
between an outer surface of the inner shaft 40aandner surface of the outer shaft 50.

[0070] The roller bearing assembly 86 supports the aftiggoiof the outer shaft
50 on the inner shaft 40. The use of the rollariog assembly 86 to support the outer shaft
50 eliminates the requirements for support strestuhat lead back to the static structure 36
through the mid turbine frame 58. Moreover, thameple bearing assembly 86 can provide
both a reduced shaft length, and support of therahaft 50 at a position substantially in
axial alignment with the connection hub 84 for thigh pressure turbine rotor 82 and the
outer shaft 50. As appreciated, the bearing adyeBhs positioned aft of the hub 82 and is
supported through the rearmost section of shaft Referring to Figure 9, another example
shaft support configuration includes the first aed¢ond forward bearing assemblies 70, 72
disposed to support corresponding forward portiohgach of the inner shaft 40 and the
outer shaft 50. The first aft bearing assemblys7gupported at a point along the inner shaft
40 forward of the connection 80 between the lovsguee turbine rotor 78 and the inner shaft
40.

[0071] Positioning of the first aft bearing 74 forwardtbé connection 80 can be
utilized to reduce the overall length of the engdle Moreover, positioning of the first aft
bearing assembly 74 forward of the connection 8fides for support through the mid
turbine frame 58 to the static structure 36. Famtiore, in this example the second aft
bearing assembly 76 is deployed in a straddle moontiguration aft of the connection 84
between the outer shaft 50 and the rotor 82. #Afingly, in this example, both the first and
second aft bearing assemblies 74, 76 share a comsopport structure to the static outer

structure 36. As appreciated, such a common stpgature provides for a less complex
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engine construction along with reducing the ovelatigth of the engine. Moreover, the
reduction or required support structures will reslumverall weight to provide a further
improvement in aircraft fuel burn efficiency.

[0072] Referring to Figure 10, a portion of the examplebitne section 28 is
shown and includes the low pressure turbine 46tlaadhigh pressure turbine 54 with the mid
turbine frame 58 disposed between an outlet ohitje pressure turbine and the low pressure
turbine. The mid turbine frame 58 and vane 60pmstioned to be upstream of the first
stage 98 of the low pressure turbine 46. Whiléngls vane 60 is illustrated, it should be
understood these would be plural vanes 60 spacedndierentially. The vane 60 redirects
the flow downstream of the high pressure turbine®4t approaches the first stage 98 of the
low pressure turbine 46. As can be appreciatad,desirable to improve efficiency to have
flow between the high pressure turbine 54 and elegressure turbine 46 redirected by the
vane 60 such that the flow of expanding gasesigaed as desired when entering the low
pressure turbine 46. Therefore vane 60 may betamalaairfoil with camber and turning, that
aligns the airflow as desired into the low presgurbine 46.

[0073] By incorporating a true air-turning vane 60 inte thid turbine frame 58,
rather than a streamlined strut and a stator vaneafter the strut, the overall length and
volume of the combined turbine sections 46, 5&diced because the vane 60 serves several
functions including streamlining the mid turbinarite 58, protecting any static structure and
any oil tubes servicing a bearing assembly fromosupe to heat, and turning the flow
entering the low pressure turbine 46 such thahtérs the rotating airfoil 100 at a desired
flow angle. Further, by incorporating these feasutogether, the overall assembly and
arrangement of the turbine section 28 is reducediume.

[0074] The above features achieve a more or less comyrdthé section volume
relative to the prior art including both high amvl pressure turbines 54, 46. Moreover, in
one example, the materials for forming the low poes turbine 46 can be improved to
provide for a reduced volume. Such materials majude, for example, materials with
increased thermal and mechanical capabilities toramodate potentially increased stresses
induced by operating the low pressure turbine 4éhatincreased speed. Furthermore, the
elevated speeds and increased operating tempeyaitithe entrance to the low pressure

turbine 46 enables the low pressure turbine 46aaster a greater amount of energy, more
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efficiently to drive both a larger diameter fan #2ough the geared architecture 48 and an
increase in compressor work performed by the losggure compressor 44.

[0075] Alternatively, lower priced materials can be uglizin combination with
cooling features that compensate for increased eéeatyres within the low pressure turbine
46. In three exemplary embodiments a first rotabtade 100 of the low pressure turbine 46
can be a directionally solidified casting bladesiagle crystal casting blade or a hollow,
internally cooled blade. The improved material #metmal properties of the example turbine
blade material provide for operation at increaseshperatures and speeds, that in turn
provide increased efficiencies at each stage Heakeby provide for use of a reduced number
of low pressure turbine stages. The reduced numibkaw pressure turbine stages in turn
provide for an overall turbine volume that is reeldic and that accommodates desired
increases in low pressure turbine speed.

[0076] The reduced stages and reduced volume provide wam@ogine efficiency
and aircraft fuel burn because overall weight ssle In addition, as there are fewer blade
rows, there are: fewer leakage paths at the tipgseoblades; fewer leakage paths at the inner
air seals of vanes; and reduced losses througtotbestages.

[0077] The example disclosed compact turbine section dedua power density,
which may be defined as thrust in pounds force fipdduced divided by the volume of the
entire turbine section 28. The volume of the toebsection 28 may be defined by an inlet
102 of a first turbine vane 104 in the high pressturbine 54 to the exit 106 of the last
rotating airfoil 108 in the low pressure turbine, 46id may be expressed in cubic inches.
The static thrust at the engine’s flat rated Se@eld&akeoff condition divided by a turbine
section volume is defined as power density andeatgr power density may be desirable for
reduced engine weight. The sea level take-offriéed static thrust may be defined in
pounds-force (Ibf), while the volume may be thewoé from the annular inlet 102 of the
first turbine vane 104 in the high pressure turbbi to the annular exit 106 of the
downstream end of the last airfoil 108 in the lor@gsure turbine 46. The maximum thrust
may be Sea Level Takeoff Thrust “SLTO thrust” whisltommonly defined as the flat-rated
static thrust produced by the turbofan at sea-level

[0078] The volume V of the turbine section may be besteustdod from Figure
10. As shown, the mid turbine frame 58 is dispasetiveen the high pressure turbine 54,
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and the low pressure turbine 46. The volume Mlustrated by a dashed line, and extends
from an inner periphery | to an outer periphery The inner periphery is defined by the flow
path of rotors, but also by an inner platform flpaths of vanes. The outer periphery is
defined by the stator vanes and outer air seattstres along the flowpath. The volume
extends from a most upstream end of the vane §pidlly its leading edge, and to the most
downstream edge of the last rotating airfoil 108the low pressure turbine section 46.
Typically this will be the trailing edge of the il 108.
[0079] The power density in the disclosed gas turbinerengs much higher than

in the prior art. Eight exemplary engines are shélow which incorporate turbine sections
and overall engine drive systems and architectaseset forth in this application, and can be

found in Table | as follows:

TABLE1
Thrust SLTO | Turbine section volume Thrust/turbine section
Engine (Ibf) from the Inlet volume (Ibf /ir?)
1 17,000 3,859 4.40
2 23,300 5,330 4.37
3 29,500 6,745 4.37
4 33,000 6,745 4.84
5 96,500 31,086 3.10
6 96,500 62,172 1.55
7 96,500 46,629 2.07
8 37,098 6,745 5.50

[0080] Thus, in example embodiments, the power densityldvba greater than
or equal to about 1.5 Ibf An More narrowly, the power density would be gredhan or
equal to about 2.0 Ibf fnEven more narrowly, the power density would beatgr than or
equal to about 3.0 Ibf /fn More narrowly, the power density is greater thaequal to about
4.0 Ibf /ir’. Also, in embodiments, the power density is léssitor equal to about 5.5 Ibf fin

[0081] Engines made with the disclosed architecture, amduding turbine
sections as set forth in this application, and witbdifications within the scope of this
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disclosure, thus provide very high efficient opemat and increased fuel efficiency and
lightweight relative to their thrust capability.
[0082] An exit area 112 is defined at the exit locationtfee high pressure turbine
54 and an exit area 110 is defined at the outlétdfCthe low pressure turbine 46. The gear
reduction 48 (shown in Figure 1) provides for agaof different rotational speeds of the fan
drive turbine, which in this example embodimenthie low pressure turbine 46, and the fan
42 (Figure 1). Accordingly, the low pressure tabi46, and thereby the low spool 30
including the low pressure compressor 44 may rasata very high speed. Low pressure
turbine 46 and high pressure turbine 54 operatiay be evaluated looking at a performance
guantity which is the exit area for the respectimdbine section multiplied by its respective
speed squared. This performance quantity (“PQdefned as:
[0083] Equation 1:  PQyp = (Apt X Vipt)
[0084] Equation 2. PQupt = (Anpt X Vipt)
[0085] where Ay is the area 110 of the low pressure turbine 4thatexit 106,
Vipt is the speed of the low pressure turbine sectap; is the area of the high pressure
turbine 54 at the exit 114, and wherg,\s the speed of the high pressure turbine 54.
[0086] Thus, a ratio of the performance quantity for tbe pressure turbine 46
compared to the performance quantify for the higgsgure turbine 54 is:
[0087] Equation 3: (At X Vip)/ (Anpt X Vipt) = PQur PQupt
[0088] In one turbine embodiment made according to thevallesign, the areas
of the low and high pressure turbines 46, 54 aré.%%f and 90.67 ifi respectively.
Further, the speeds of the low and high pressuteni 46, 54 are 10179 rpm and 24346
rpm, respectively. Thus, using Equations 1 anth@ e, the performance quantities for the

example low and high pressure turbines 46,54 are:

[0089] Equation 1: PQp = (Apt X Vi) = (557.9 if)(10179 rpm)® =
57805157673.9 frrpnt
[0090] Equation 2: PQut = (Anpt X Vipt) = (90.67 iR)(24346 rpm)® =

53742622009.72 frripnt
[0091] and using Equation 3 above, the ratio for the loaspure turbine section

to the high pressure turbine section is:
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[0092]  Ratio = PQyy PQy = 57805157673.9 frrpnt / 53742622009.72 frrpn
=1.075

[0093] In another embodiment, the ratio is greater thasutB.5 and in another
embodiment the ratio is greater than about 0.8.th\WiQ, PQyy ratios in the 0.5 to 1.5
range, a very efficient overall gas turbine engmechieved. More narrowly, RE PQup
ratios of above or equal to about 0.8 provideseased overall gas turbine efficiency. Even
more narrowly, P@Q, PQy: ratios above or equal to 1.0 are even more efficie
thermodynamically and from an enable a reductiowerght that improves aircraft fuel burn
efficiency. As a result of these RPQp ratios, in particular, the turbine section 28 ban
made much smaller than in the prior art, both sentiter and axial length. In addition, the
efficiency of the overall engine is greatly increds

[0094] Referring to Figure 11, portions of the low presscompressor 44 and the
low pressure turbine 46 of the low spool 30 areesddtically shown and include rotors 116
of the low pressure turbine 46 and rotors 132 efltiw pressure compressor 44. Each of the
rotors 116 includes a bore radius 122, a live dakius 124 and a bore width 126 in a
direction parallel to the axis A. The rotor 116pparts turbine blades 118 that rotate relative
to the turbine vanes 120. The low pressure comspre$4 includes rotors 132 including a
bore radius 134, a live disk radius 136 and a hwicth 138. The rotor 132 supports
compressor blades 128 that rotate relative to vaBes

[0095] The bore radius 122 is that radius between an immest surface of the
bore and the axis. The live disk radius 124 isrttkal distance from the axis of rotation A
and a portion of the rotor supporting airfoil blade The bore width 126 of the rotor in this
example is the greatest width of the rotor andispaked at a radial distance spaced apart
form the axis A determined to provide desired ptgisperformance properties.

[0096] The rotors for each of the low compressor 44 aeddiv pressure turbine
46 rotate at an increased speed compared to priolowa spool configurations. The
geometric shape including the bore radius, livé& diglius and the bore width are determined
to provide the desired rotor performance in viewtlod mechanical and thermal stresses
selected to be imposed during operation. Refetonigigure 12, with continued reference to

Figure 11, a turbine rotor 116 is shown to furtilestrate the relationship between the bore
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radius 126 and the live disk radius 124. Moreptree relationships disclosed are provided
within a known range of materials commonly utiliZed construction of each of the rotors.

[0097] Accordingly, the increased performance attributed performance are
provided by desirable combinations of the disclofeatures of the various components of
the described and disclosed gas turbine engine @mieats.

[0098] Although an example embodiment has been disclosedyorker of
ordinary skill in this art would recognize that @@n modifications would come within the
scope of this disclosure. For that reason, tHevahg claims should be studied to determine

the scope and content of this disclosure.
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CLAIMS
What is claimed is:
1. A gas turbine engine comprising:

a fan section including a plurality of fan bladesth a low fan pressure ratio of less
than about 1.45, the low fan pressure ratio medsaceoss the fan blades alone;

a bypass ratio greater than 10;

a gear train having a gear ratio greater than ab@&ut

a compressor section;

a combustor in fluid communication with the comgrssection;

a turbine section in fluid communication with thembustor and including a fan drive
turbine and a second turbine, the fan drive turlineing a fan rotor through the gear train
wherein:

the engine includes a power density greater thanb#in3 wherein power density is
defined as Sea Level Takeoff Thrust in Ibf produdddded by a volume of the turbine
section in cubic inches; and

the fan drive turbine includes at least one rotorig a live rim radius (r) and a bore
width (W), and a ratio of W/r is between 4.65 ansbb

2. The gas turbine engine as recited in claim kreim the fan drive turbine includes an
inlet, an outlet, and a fan drive turbine pressatte greater than 5, wherein the fan drive
turbine pressure ratio is a ratio of a pressuresorea prior to the inlet as related to a

pressure at the outlet prior to any exhaust nozzle.

3. The gas turbine engine as recited in claim Zrein the fan drive turbine has a first
exit area and is configured to rotate at a firgtes]) the second turbine has a second exit area
and is configured to rotate at a second speed,hnibiaster than the first speed, wherein a
first performance quantity is defined as the pradafcthe first speed squared and the first
area, a second performance quantity is definedh@gpitoduct of the second speed squared
and the second area, and a performance ratio dirghgerformance quantity to the second

performance quantity is between 0.5 and 1.5.
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4, The gas turbine engine as recited in claim 3erein the fan drive turbine has a
number of fan drive turbine stages, and a ratiovbéenh a number of the fan blades and the

number of fan drive turbine stages is between 2db8a5.

5. The gas turbine engine as recited in claim 4rein the plurality of fan blades is less
than 18 fan blades.

6. The gas turbine engine as recited in claim £rein the performance ratio is greater

than or equal to 0.8.

7. The gas turbine engine as recited in claim %rein the power density is less than or
equal to 5.5 Ibf/in3.

8. The gas turbine engine as recited in claim Zrein the power density is less than or

equal to 5.5 Ibf/in3, and the performance ratigresater than or equal to 1.0.

9. The gas turbine engine as recited in claim krein the second turbine is a two stage

turbine.

10. The gas turbine engine as recited in claim Berein the fan section has a low
corrected fan tip speed less than 1150 ft/sec, eumehe low corrected fan tip speed is an
actual fan tip speed divided by [(Tram °R) / (5183)]"0.5.

11. The gas turbine engine as recited in clainu@hér comprising a mid-turbine frame
between the fan drive turbine and the second tariime mid-turbine frame supporting at

least one bearing assembly and including at leastvane.

12. The gas turbine engine as recited in claimlegrein the at least one rotor having a
bore radius (R), and a ratio of r/R is between 208 2.30.
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13.  The gas turbine engine as recited in claimHgrain the fan drive turbine includes a
first aft rotor attached to a first shaft, the setdurbine includes a second aft rotor attached
to a second shaft, the second turbine includesaast two stages and the fan drive turbine
includes more than two stages and a first beargsgrably is disposed axially aft of a first
connection between the first aft rotor and thet ffsaft, and a second bearing assembly is
disposed axially aft of a second connection betwidensecond aft rotor and the second
shaft.

14. A gas turbine engine comprising:

a compressor section including a first compressotion and a second compressor

section; a combustor in fluid communication witle tompressor section;

a turbine section in fluid communication with thentbustor, the turbine section
including a fan drive turbine including a pluraly turbine rotors and coupled to drive the
first compressor section through a first shaft, ansecond turbine coupled to drive the
second compressor section through a second shatft;

a fan including a plurality of blades rotatable afan axis; and

a speed change system driven by the fan drivernteifioir rotating the fan about the
axis;

wherein the fan drive turbine includes a firstratior attached to the first shaft and
the second turbine includes a second aft rotoclatth to the second shaft and the second
turbine includes at least two stages and the feue durbine includes more than two stages;
and

wherein a first bearing assembly is disposed axiaft of a first connection
between the first aft rotor and the first shaftd ansecond bearing assembly is disposed

axially aft of a second connection between the s@@dt rotor and the second shaft.
15. The gas turbine engine as recited in claimwllderein the fan drive turbine has a

number of fan drive turbine stages, and a ratiovbenh a number of the fan blades and the

number of fan drive turbine stages is between 2db8a5.
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16.  The gas turbine engine as recited in claimabvrein the fan drive turbine includes at
least one rotor having a live rim radius (r), adomadius (R) and a bore width (W), and a ratio
of W/r is between 4.65 and 5.55 and a ratio ofis/Retween 2.00 and 2.30.
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