as United States

a2 Reissued Patent
Spear et al.

(10) Patent Number:
(45) Date of Reissued Patent:

USOORE45689E

US RE45,689 E
*Sep. 29, 2015

(54) SWEPT TURBOMACHINERY BLADE

(75) Inventors: David A. Spear, Manchester, CT (US);
Dennis N. Kantor, legal representative,
West Simsbury, CT (US); Bruce P.
Biederman, Meridan, CT (US); John A.
Orosa, Palm Beach Gardens, FL (US)

(73) Assignee: United Technologies Corporation,
Hartford, CT (US)

(*) Notice:  This patent is subject to a terminal dis-

claimer.
(21) Appl. No.: 12/785,222

(22) Filed: May 21, 2010

Related U.S. Patent Documents

Reissue of:

(64) Patent No.: 5,642,985
Issued: Jul. 1, 1997
Appl. No.: 08/559,965
Filed: Nov. 17, 1995

U.S. Applications:

(63) Continuation of application No. 09/874,931, filed on
Jun. 5, 2001, now Pat. No. Re. 43,710, which is a
continuation of application No. 09/343,736, filed on
Jun. 30, 1999, now Pat. No. Re. 38,040, which is an
application for the reissue of Pat. No. 5,642,985.

(51) Imt.ClL
FoID 5/14 (2006.01)
FOID 5/16 (2006.01)
(Continued)
(52) US.CL

CPC FOID 5/16 (2013.01); FOID 5/141 (2013.01);
F04D 21/00 (2013.01); F04D 29/324
(2013.01):

(Continued)

(58) Field of Classification Search

CPC ... FO1D 5/141; FO1D 5/16; F04D 21/00;
F04D 29/324; F04D 29/384; F04D 29/386;
FO5D 2250/711; FOSD 2240/302; FO5D
2220/327; FO5D 2250/70; FO5D 2250/712;
FOSD 2250/713
USPC ..ccovvreraenee 415/181, 220, 173.1, 173.5, 222,
416/238, 228, 242, 243

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

1,964,525 A 6/1934 McMahan ................... 416/242
2,154,313 A 4/1939 McMahan .................. 415/210.1
(Continued)

FOREIGN PATENT DOCUMENTS

CZ 110506 A * 4/1964 .....cccoee. 415/181
EP 0801230 A2 * 10/1977 ..o F04D 29/32
(Continued)

OTHER PUBLICATIONS

Leading edge sweep angle profiles of fan blades of Pratt & Whitney
PW305 and PW306 gas turbine engines (no date).*

(Continued)
Primary Examiner — Christopher Verdier

(57) ABSTRACT

A swept turbomachinery blade for use in a cascade of such
blades is disclosed. The blade (12) has an airfoil (22) uniquely
swept so that an endwall shock (64) of limited radial extent
and a passage shock (66) are coimncident and a working
medium (48) flowing through interblade passages (50) is
subjected to a single coincident shock rather than the indi-
vidual shocks. In one embodiment of the invention the for-
wardmost extremity of the airfoil defines an inner transition
point (40) located at an inner transition radius r,-inner. The
sweep angle of the airfoil is nondecreasing with increasing
radius from the inner transition radius to an outer transition
radius t,_,,.,» radially inward of the airfoil tip (26), and is
nonincreasing with increasing radius between the outer tran-
sition radius and the airfoil tip.

7 Claims, 7 Drawing Sheets
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1
SWEPT TURBOMACHINERY BLADE

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

This is an application for reissue of U.S. Pat. No. 5,642,
985, and is also a continuation of application Ser. No. 09/874,
931 (now U.S. Pat. No. Re. 43,710), which is a continuation of
application Ser. No. 09/343,736 (now U.S. Pat. No. Re.
38,040).

TECHNICAL FIELD

This invention relates to turbomachinery blades, and par-
ticularly to blades whose airfoils are swept to minimize the
adverse effects of supersonic flow of a working medium over
the airfoil surfaces.

BACKGROUND OF THE INVENTION

Gas turbine engines employ cascades of blades to
exchange energy with a compressible working medium gas
that flows axially through the engine. Each blade in the cas-
cade has an attachment which engages a slot in a rotatable hub
so that the blades extend radially outward from the hub. Each
blade has a radially extending airfoil, and each airfoil coop-
erates with the airfoils of the neighboring blades to define a
series of interblade flow passages through the cascade. The
radially outer boundary of the flow passages is formed by a
case which circumscribes the airfoil tips. The radially inner
boundary of the passages is formed by abutting platforms
which extend circumferentially from each blade.

During engine operation the hub, and therefore the blades
attached thereto, rotate about a longitudinally extending rota-
tional axis. The velocity of the working medium relative to the
blades increases with increasing radius. Accordingly, it is not
uncommon for the airfoil leading edges to be swept forward
or swept back to mitigate the adverse aerodynamic effects
associated with the compressibility of the working medium at
high velocities.

One disadvantage of a swept blade results from pressure
waves which extend along the span of each airfoil suction
surface and reflect off the surrounding case. Because the
airfoil is swept, both the incident waves and the reflected
waves are oblique to the case. The reflected waves interact
with the incident waves and coalesce into a planar aerody-
namic shock which extends across the interblade flow chan-
nel between neighboring airfoils. These “endwall shocks”
extend radially inward a limited distance from the case. In
addition, the compressibility of the working medium causes a
passage shock, which is unrelated to the above described
endwall shock, to extend across the passage from the leading
edge of each blade to the suction surface of the adjacent blade.
As aresult, the working medium gas flowing into the channels
encounters multiple shocks and experiences unrecoverable
losses in velocity and total pressure, both of which degrade
the engine’s efficiency. What is needed is a turbo-machinery
blade whose airfoil is swept to mitigate the effects of working
medium compressibility while also avoiding the adverse
influences of multiple shocks.
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2
DISCLOSURE OF THE INVENTION

It is therefore an object of the invention to minimize the
aerodynamic losses and efficiency degradation associated
with endwall shocks by limiting the number of shocks in each
interblade passage.

According to the invention, a blade for a blade cascade has
an airfoil which is swept over at least a portion of its span, and
the section of the airfoil radially coextensive with the endwall
shock intercepts the endwall shock extending from the neigh-
boring airfoil so that the endwall shock and the passage shock
are coincident.

In one embodiment the axially forwardmost extremity of
the airfoil’s leading edge defines an inner transition point
located at an inner transition radius radially inward of the
airfoil tip. An outer transition point is located at an outer
transition radius radially intermediate the inner transition
radius and the airfoil tip. The outer transition radius and the
tip bound a blade tip region while the inner and outer transi-
tion radii bound an intermediate region. The leading edge is
swept at a first sweep angle in the intermediate region and is
swept at a second sweep angle over at least a portion of the tip
region. The first sweep angle is generally nondecreasing with
increasing radius and the second sweep angle is generally
non-increasing with increasing radius.

The invention has the advantage of limiting the number of
shocks in each interblade passage so that engine efficiency is
maximized.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross sectional side elevation of the fan section
of a gas turbine engine showing a swept back fan blade
according to the present invention.

FIG. 2 is an enlarged view of the blade of FIG. 1 including
an alternative leading edge profile shown by dotted lines and
a prior art blade shown in phantom.

FIG. 3 is a developed view taken along the line 3-3 of FIG.
2 illustrating the tips of four blades of the present invention
along with four prior art blades shown in phantom.

FIG. 4 is a schematic perspective view of an airfoil frag-
ment illustrating the definition of sweep angle.

FIG. 5 is a developed view similar to FIG. 3 illustrating an
alternative embodiment of the invention and showing prior art
blades in phantom.

FIG. 6 is a cross sectional side elevation of the fan section
of a gas turbine engine showing a forward swept fan blade
according to the present invention and showing a prior art fan
blade in phantom.

FIG. 7 is a developed view taken along the line 7-7 of FIG.
6 illustrating the tips of four blades of the present invention
along with four prior art blades shown in phantom.

BEST MODE FOR CARRYING OUT THE
INVENTION

Referring to FIGS. 1-3, the forward end of a gas turbine
engine includes a fan section 10 having a cascade of fan
blades 12. Each blade has an attachment 14 for attaching the
blade to a disk or hub 16 which is rotatable about a longitu-
dinally extending rotational axis 18. Each blade also has a
circumferentially extending platform 20 radially outward of
the attachment. When installed in an engine, the platforms of
neighboring blades in the cascade abut each other to form the
cascade’s inner flowpath boundary. An airfoil 22 extending
radially outward from each platform has a root 24, a tip 26, a
leading edge 28, a trailing edge 30, a pressure surface 32 and
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a suction surface 34. The axially forwardmost extremity of
the leading edge defines an inner transition point 40 at an
inner transition radius r,-inner, radially inward of the tip. The
blade cascade is circumscribed by a case 42 which forms the
cascade’s outer flowpath boundary. The case includes a rub-
strip 46 which partially abrades away in the event that a
rotating blade contacts the case during engine operation. A
working medium fluid such as air 48 is pressurized as it flows
axially through interblade passages 50 between neighboring
airfoils.

The hub 16 is attached to a shaft 52. During engine opera-
tion, a turbine (not shown) rotates the shaft, and therefore the
hub and the blades, about the axis 18 in direction R. Each
blade, therefore, has a leading neighbor which precedes itand
a trailing neighbor which follows it during rotation of the
blades about the rotational axis.

The axial velocity V,, (FIG. 3) of the working medium is
substantially constant across the radius of the flowpath. How-
ever the linear velocity U of a rotating airfoil increases with
increasing radius. Accordingly, the relative velocity V, of the
working medium at the airfoil leading edge increases with
increasing radius, and at high enough rotational speeds, the
airfoil experiences supersonic working medium flow veloci-
ties in the vicinity of its tip. Supersonic flow over an airfoil,
while beneficial for maximizing the pressurization of the
working medium, has the undesirable effect of reducing fan
efficiency by introducing losses in the working medium’s
velocity and total pressure. Therefore, it is typical to sweep
the airfoil’s leading edge over at least a portion of the blade
span so that the working medium velocity component in the
chordwise direction (perpendicular to the leading edge) is
subsonic. Since the relative velocity V, increases with
increasing radius, the sweep angle typically increases with
increasing radius as well. As shown in FIG. 4, the sweep angle
O at any arbitrary radius is the acute angle between a line 54
tangent to the leading edge 28 of the airfoil 22 and a plane 56
perpendicular to the relative velocity vector V,. The sweep
angle is measured in plane 58 which contains both the relative
velocity vector and the tangent line and is perpendicular to
plane 56. In conformance with this definition sweep angles o,
and 0,, referred to hereinafter and illustrated in FIGS. 2, 3 and
6 are shown as projections of the actual sweep angle onto the
plane of the illustrations.

Sweeping the blade leading edge, while useful for mini-
mizing the adverse effects of supersonic working medium
velocity, has the undesirable side effect of creating an endwall
reflection shock. The flow of the working medium over the
blade suction surface generates pressure waves 60 (shown
only in FIG. 1) which extend along the span of the blade and
reflect off the case. The reflected waves 62 and the incident
waves 60 coalesce in the vicinity of the case to form an
endwall shock 64 across each interblade passage. The end-
wall shock extends radially inward a limited distance, d, from
the case. As best seen in the prior art (phantom) illustration of
FIG. 3, each endwall shock is also oblique to a plane 67
perpendicular to the rotational axis so that the shock extends
axially and circumferentially. In principle, an endwall shock
can extend across multiple interblade passages and affect the
working medium entering those passages. In practice, expan-
sion waves (as illustrated by the representative waves 68)
propagate axially forward from each airfoil and weaken the
endwall shock from the airfoil’s leading neighbor so that each
endwall shock usually affects only the passage where the
endwall shock originated. In addition, the supersonic charac-
ter of the flow causes passage shocks 66 to extend across the
passages. The passage shocks, which are unrelated to endwall
reflections, extend from the leading edge of each blade to the
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4

suction surface of the blade’s leading neighbor. Thus, the
working medium is subjected to the aerodynamic losses of
multiple shocks with a corresponding degradation of engine
efficiency.

The endwall shock can be eliminated by making the case
wall perpendicular to the incident expansion waves so that the
incident waves coincide with their reflections. However other
design considerations, such as constraints on the flowpath
area and limitations on the case construction, may make this
option unattractive or unavailable. In circumstances where
the endwall shock cannot be eliminated, it is desirable for the
endwall shock to coincide with the passage shock since the
aerodynamic penalty of coincident shocks is less than that of
multiple individual shocks.

According to the present invention, coincidence of the
endwall shock and the passage shock is achieved by uniquely
shaping the airfoil so that the airfoil intercepts the endwall
shock extending from the airfoil’s leading neighbor and
results in coincidence between the endwall shock and the
passage shock.

A swept back airfoil according to the present invention has
a leading edge 28, a trailing edge 30, a root 24 and a tip 26
located at a tip radius r,, . An inner transition point 40 located
atan inner transition radius r,-inner is the axially forwardmost
point on the leading edge. The leading edge of the airfoil is
swept back by a radially varying first sweep angle o, in an
intermediate region 70 of the airfoil (in FIG. 2 plane 56
appears as the line defined by the plane’s intersection with the
plane of the illustration and in FIG. 3 the tangent line 54
appears as the point where the tangent line penetrates the
plane of the Figure). The intermediate region 70 is the region
radially bounded by the inner transition radius r,-inner and the
outer transition radius r-outer. The first sweep angle, as is
customary in the art, is nondecreasing with increasing radius,
i.e. the sweep angle increases, or at least does not decrease,
with increasing radius.

The leading edge 28 of the airfoil is also swept back by a
radially varying second sweep angle 0, in a tip region 74 of
the airfoil. The tip region is radially bounded by the outer
transition radius r-outer and a tip radius r,,,. The second
sweep angle is nonincreasing (decreases, or at least does not
increase) with increasing radius. This is in sharp contrast to
the prior art airfoil 22' whose sweep angle increases with
increasing radius radially outward of the inner transition
radius.

The beneficial effect of the invention is appreciated prima-
rily by reference to FIG. 3 which compares the invention (and
the associated endwall and passage shocks) to a prior art blade
(and its associated shocks) shown in phantom. Referring first
to the prior art illustration in phantom, the endwall shock 64
originates as a result of the pressure waves 60 (FIG. 1) extend-
ing along the suction surface of each blade. Each endwall
shock is oblique to a plane 67 perpendicular to the rotational
axis, and extends across the interblade passage of origin. The
passage shock 66 also extends across the flow passage from
the leading edge of a blade to the suction surface of the blade’s
leading neighbor. The working medium entering the passages
is therefore adversely influenced by multiple shocks. By con-
trast, the nonincreasing character of the second sweep angle
of'a swept back airfoil 22 according to the invention causes a
portion of the airfoil leading edge to be far enough forward
(upstream) in the working medium flow that the section of the
airfoil radially coextensive with the endwall shock extending
from the airfoil’s leading neighbor intercepts the endwall
shock 64 (the unique sweep of the airfoil does not appreciably
affect the location or orientation of the endwall shock; the
phantom endwall shock associated with the prior art blade is
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illustrated slightly upstream of the endwall shock for the
airfoil of the invention for illustrative clarity). In addition, the
passage shock 66 (which remains attached to the airfoil lead-
ing edge and therefore is translated forward along with the
leading edge) is brought into coincidence with the endwall
shock so that the working medium does not encounter mul-
tiple shocks.

The embodiment of FIGS. 2 and 3 illustrates a blade whose
leading edge, in comparison to the leading edge of a conven-
tional blade, has been translated axially forward parallel to
the rotational axis (the corresponding translation of the trail-
ing edge is an illustrative convenience—the location of the
trailing edge is not embraced by the invention). However the
invention contemplates any blade whose airfoil intercepts the
endwall shock to bring the passage shock into coincidence
with the endwall shock. For example, FIG. 5 illustrates an
embodiment where a section of the tip region is displaced
circumferentially (relative to the prior art blade) so that the
blade intercepts the endwall shock 64 and brings it into coin-
cidence with the passage shock 66. As with the embodiment
of FIG. 3, the displaced section extends radially inward far
enough to intercept the endwall shock over its entire radial
extent and brings it into coincidence with the passage shock
66. This embodiment functions as effectively as the embodi-
ment of FIG. 3 in terms of bringing the passage shock into
coincidence with the endwall shock. However it suffers from
the disadvantage that the airfoil tip is curled in the direction of
rotation R. In the event that the blade tip contacts the rubstrip
46 during engine operation, the curled blade tip will gouge
rather than abrade the rubstrip necessitating its replacement.
Other alternative embodiments may also suffer from this or
other disadvantages.

The invention’s beneficial effects also apply to a blade
having a forward swept airfoil. Referring to FIG. 6 and 7, a
forward swept airfoil 122 according to the present invention
has a leading edge 128, a trailing edge 130, a root 124 and a
tip 126 located ata tip radius r,,,,. An inner transition point 140
located at an inner transition radius r,-inner is the axially
aftmost point on the leading edge. The leading edge of the
airfoil is swept forward by a radially varying first sweep angle
0, inan intermediate region 70 of the airfoil. The intermediate
region is radially bounded by the inner transition radius r,-
inner and the outer transition radius r,-outer. The first sweep
angle T, is nondecreasing with increasing radius, i.e. the
sweep angle increases, or at least does not decrease, with
increasing radius.

The leading edge 128 of the airfoil is also swept forward by
aradially varying second sweep angle o, in a tip region 74 of
the airfoil. The tip region is radially bounded by the outer
transition radius r-outer and the tip radius r,,. The second
sweep angle is nonincreasing (decreases, or at least does not
increase) with increasing radius. This is in sharp contrast to
the prior art airfoil 122' whose sweep angle increases with
increasing radius radially outward of the inner transition
radius.

In the forward swept embodiment of the invention, as in the
swept back embodiment, the nonincreasing sweep angle 0, in
the tip region 74 causes the endwall shock 64 to be coincident
with the passage shock 66 for reducing the aerodynamic
losses as discussed previously. This is in contrast to the prior
art blade, shown in phantom where the endwall shock and the
passage shock are distinct and therefore impose multiple
aerodynamic losses on the working medium.

In the swept back embodiment of FIG. 2, the inner transi-
tion point is the axially forwardmost point on the leading
edge. The leading edge is swept back at radii greater than the
inner transition radius. The character of the leading edge
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sweep inward of the inner transition radius is not embraced by
the invention. In the forward swept embodiment of FIG. 6, the
inner transition point is the axially aftmost point on the lead-
ing edge. The leading edge is swept forward at radii greater
than the inner transition radius. As with the swept back
embodiment, the character of the leading edge sweep inward
of'the inner transition radius is not embraced by the invention.
In both the forward swept and back swept embodiments, the
inner transition point is illustrated as being radially outward
of'the airfoil root. However the invention also comprehends a
blade whose inner transition point (axially forwardmost point
for the swept back embodiment and axially aftmost point for
the forward swept embodiment) is radially coincident with
the leading edge of the root. This is shown, for example, by
the dottedeleading edge 28" of FIG. 2.

The invention has been presented in the context of a fan
blade for a gas turbine engine, however, the invention’s appli-
cability extends to any turbomachinery airfoil wherein flow
passages between neighboring airfoils are subjected to mul-
tiple shocks.

We claim:

1. A turbomachinery blade for a turbine engine having a
cascade of blades rotatable about arotational axis so that each
blade in the cascade has a leading neighbor and a trailing
neighbor, and each blade cooperates with its neighbors to
define flow passages for a working medium gas, the blade
cascade being circumscribed by a case and under some opera-
tional conditions an endwall shock extends a limited distance
radially inward from the case and also extends axially and
circumferentially across the flow passages, and a passage
shock also extends across the flow passages, the turboma-
chinery blade including an airfoil having a leading edge, a
trailing edge, aroot, a tip and an inner transition point located
at an inner transition radius radially inward of the tip, the
blade characterized in that at least a portion of the leading
edge radially outward of the inner transition point is swept
and a section of the airfoil radially coextensive with the end-
wall shock extending from the leading neighbor intercepts the
endwall shock so that the endwall shock and the passage
shock are coincident.

2. A turbomachinery blade for a turbine engine having a
cascade of blades rotatable about arotational axis so that each
blade in the cascade has a leading neighbor and a trailing
neighbor, and each blade cooperates with its neighbors to
define flow passages for a working medium gas, the blade
cascade being circumscribed by a case and under some opera-
tional conditions an endwall shock extends a limited distance
radially inward from the case and also extends axially and
circumferentially across the flow passages and a passage
shock also extends across the flow passages, the turboma-
chinery blade including an airfoil having a leading edge, a
trailing edge, a root, a tip located at a tip radius, an inner
transition point located at an inner transition radius radially
inward of the tip, and an outer transition point at an outer
transition radius radially intermediate the inner transition
radius and the tip radius, the blade having a tip region
bounded by the outer transition radius and the tip radius, and
an intermediate region bounded by the inner transition radius
and the outer transition radius, the blade characterized in that
the leading edge is swept in the intermediate region at a first
sweep angle which is generally nondecreasing with increas-
ing radius, and the leading edge is swept over at least a portion
of the tip region at a second sweep angle which is generally
nonincreasing with increasing radius so that the section of the
airfoil radially coextensive with the endwall shock extending
from the leading neighbor intercepts the endwall shock so that
the endwall shock and the passage shock are coincident.
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3. The turbomachinery blade of claim 1 or 2 characterized
in that the inner transition radius is coincident with the root at
the leading edge of the blade.

4. A turbomachinery blade for a gas turbine engine fan,
which fan comprises a plurality of blades mounted for rota-
tion about a fan axis with neighboring blades forming pas-
sages for a working medium gas, wherein the blade com-
prises:

the blade has a configuration enabling the fan to rotate at
speeds providing supersonic flow velocities over the
blade in at least a portion of each passage causing the
formation of a shock in the gas adjacent an inner wall of
a case forming an outer boundary for the working
medium gas flowing through the passages;

the blade has a leading edge with an inner region ending at
an inward boundary of an intermediate region and a tip
region beginning at an outward boundary of the inter-
mediate region and extending to a tip end of the blade,
the inner region being swept forward and the interme-
diate region being swept rearward at a sweep angle that
does not decrease; and

the tip region is tramslated forward, which translation
includes a circumferential component, relative to a lead-
ing edge with the same sweep angle as the outward
boundary of the intermediate region, to provide a sweep
angle that causes the blade to intercept the shock.

5. A turbomachinery blade for a gas turbine engine fan,
which fan comprises a plurality of blades mounted for rota-
tion about a fan axis with adjacent blades forming passages
for a working medium gas, the blade comprising:

a leading edge with an inner region ending at an inward
boundary of an intermediate region and a tip region
beginning at an outward boundary of the intermediate
region and extending to a tip end of the blade;

wherein the inner region is swept forward and the interme-
diate region is swept rearward; and

the tip region is configured to mitigate the adverse aerody-
namic effects of the compressibility of the working
medium gas moving at supersonic speed in a passage in
the vicinity of a case surrounding the fan, which adverse
aerodynamic effects include a shock in the gas adjacent
the case;

wherein the tip region configuration is such that a portion
of the tip region is disposed to intercept the shock;
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wherein the configuration of the tip region is such that at
least a portion of the tip region has a forward sweep
angle, and the portion of the tip region having a forward
sweep angle includes an axial component, or a circum-
ferential component, or a combination thereof: and

wherein the configuration of the tip region is such that at
least a first portion of the tip region is angled upstream
of a second portion of the tip region, which second and
first portions are contiguous with one another.

6. The turbomachinery blade of claim 5, wherein the por-
tion of the tip region that is angled upstream includes an axial
upstream component, or a circumferential upstream compo-
nent, or a combination thereof.

7. A fan stage of a ducted fan gas turbine engine that is
rotatable about an axis of rotation and defines a downstream
direction along the axis of rotation, comprising:

a fan casing that defines an inner duct wall having a fan

rotor region, the inner duct wall of the fan casing at the
fan rotor region being convergent;
a hub disposed concentrically relative to the fan casing;
a fan votor that includes multiple swept fan blades, the
swept fan blades being spaced apart around the hub and
being capable of rotating at speeds providing supersonic
working medium gas velocities over the blades to cause
a shock in the gas adjacent the inner duct wall, each of
the multiple swept fan blades having:
a tip profile that corresponds to the inner duct wall of the
fan casing;
a leading edge that defines a variable sweep angle in a
direction perpendicular to the axis of rotation, the lead-
ing edge including:
an inner region adjacent the hub, the inner region defin-
ing a forward sweep angle;

an intermediate region between the inner region and the
fan casing, the intermediate vegion defining a rear-
ward sweep angle; and

an outer region between the intermediate region and the
fan casing, the outer region being translated forward
relative to a leading edge with the same sweep angle
as an outward boundary of the intermediate region to
provide a sweep angle that causes the blade to inter-
cept the shock.
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