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(57) Abrégé/Abstract:

[Object] To provide a transonic airfoil capable of reducing pressure drag more than before, a wing having such an airfoil, and an
aircraft including such a wing.

[Solving Means] An airfoil (11) has a shape in which a pressure coefficient Cp of a static pressure in a chord direction of a leading
edge (12) of the airfoil (11) is -0.04 or less at z/c=0.015 (where z represents a coordinate in a direction perpendicular to an airflow
direction within a plane that forms an airfoil, with a leading edge being as a reference (an upper wing surface direction is positive,
and a lower wing surface direction is negative), and c¢ represents a chord length). Thus, a pressure distribution has a sharp rise,
which can decrease pressure drag.
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Abstract
[Abstract]
[Object] To provide a transonic airfoil capable of reducing
pressure drag more than before, a wing having such an airfoil,
and an aircraft including such a wing.
[Solving Means] An airfoil (11) has a shape in which a
pressure coefficient Cp of a static pressure in a chord
direction of a leading edge (12) of the airfoil (11) 1is -0.04
or less at z/c=0.015 (where z represents a coordinate in a
direction perpendicular to an airflow direction within a plane
that forms an airfoil, with a leading edge being as a reference
(an upper wing surface direction is positive, and a lower wing
surface direction is negative), and c represents a chord
length). Thus, a pressure distribution has a sharp rise, which

can decrease pressure drag.
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Description

Title of Invention: TRANSONIC AIRFOIL, WING, AND AIRCRAFT

Technical Field

[0001] The present invention relates to a transonic
airfoil of a main wing of, for example, a transonic airliner,
a wing having the airfoil, and an aircraft including the wing
as a main wing.

Background Art

[0002] The drag that acts on an aircraft can be classified
into two of pressure drag and friction drag.

[0003] Of those, the pressure drag is force that pulls an
object backward by separating air around the object, creating
vortexes backwards, and reducing the pressure. The pressure
drag is one kind of profile drag that varies depending on
only the shape of an object.

In a transonic airliner, approximately 80% of the
pressure drag occurs by a main wing, and thus a reduction in
pressure drag of the main wing plays a significant role in
reduction of the whole drag of the airliner.

[0004] The main wing of transonic airliners that is
currently operated has an sweptback angle to delay the
influence of compressibleness of the air generated on the

wings, that is, the damage caused by a shock wave.
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Furthermore, transonic airfoils such as a peaky airfoil, a
rear-loading airfoil, and a supercritical airfoil, in which a
cross—-sectional shape of a wing, i.e., an airfoil, has a flat
upper wing surface and 1is configured to suppress
acceleration, are employed to devise generation of a gentle
shock wave.
[0005] The peaky airfoil, which is a representative
transonic airfoil, is a transonic airfoil but causes no shock
wave. Meanwhile, the supercritical airfoil causes a shock
wave, but the shock wave is very weak (see Non-Patent
Literatures 1 to 8 and Patent Literatures 1 to 4).
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Consumption"”, JAXA-RR-13-007, 2013

Disclosure of Invention

Technical Problem

[0008] However, to improve sustainability of environment
and resources in air transport, which is predicted to
continue expanding, it is necessary to further reduce
aerodynamic drag.

[0009] For one means of such reduction, the inventors of
the present invention are examining the technology in which
the technology of designing a natural laminar flow wing for
reducing friction drag is applied to a concept design of a
transonic aircraft (see Patent Literature 5 and the like). 1In
the process of the examination, the inventors of the present
invention have discovered an airfoil that significantly
reduces pressure drag (Non-Patent Literature 7).

[0010] Thus, it is an object of the present invention to
provide a transonic airfoil capable of reducing pressure drag
more than before, a wing having such an airfoil, and an
aircraft including such a wing.

Solution to Problem

[0011] The following facts have been known: thrust occurs
if the leading edge of a wing is twisted down; and a
curvature distribution that forms an airfoil has high

sensitivity with respect to a pressure distribution.
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[0012] However, the shape of the leading edge of the

airfoil, and its change in the chord direction, which are
points for reducing the pressure drag of the transonic
airfoil, are not clarified. The inventors of the present
invention solved the above problems.

[0013] In other words, a transonic airfoil according to one
embodiment of the present invention has a shape in which a
pressure coefficient Cp of a static pressure in a chord
direction of a leading edge is -0.04 or less at z/c¢c=0.015,
where z represents a coordinate in a direction perpendicular
to an airflow direction within a plane that forms an airfoil,
with the leading edge being as a reference (an upper wing
surface direction is positive, and a lower wing surface
direction is negative), and c¢ represents a chord length.

The transonic airfoil may further have a shape in which
the pressure coefficient Cp of the static pressure in the
chord direction of the leading edge is -0.07 or less at
z/c=0.035.

[0014] In the transonic airfoil according to one embodiment
of the present invention, X has a local maximal value of 70 or
more in an upwardly convex curve in a range of -0.08<s/c<0.08,
Ks is 2.2 or more in a range from s/c=-0.1 to s/¢=0.02, and x
is 0.3 or less in a range from s/c¢c=0.3 to s/c=0.6, where s
represents a surface length along a surface of the airfoil,
with the leading edge being as a reference (the upper wing
surface direction is positive, and the lower wing surface
direction is negative), X represents a curvature that is made
dimensionless by a reciprocal of the chord length, and Ks

represents an integral value of the curvature k.
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[0015] Furthermore, in the transonic airfoil, kx may be less
than 0.3 at s/c¢=0.5, and the x being less than 0.3 may
increase to be 0.45 or more at s/c=0.8.

Furthermore, in the transonic airfoil, x may have a local
maximal value of 1 or more in an upwardly convex curve in a
range from s/c=0.9 or more to a position of a trailing edge.
[00106] In the transonic airfoil, x may monotonically
decrease in a range from a stagnation point to a crest
position of a lower wing surface, and Ks may be 0.1 or more in
a range from s/c=-0.1 to s/c=-0.2.

[0017] Furthermore, in the transonic airfoil, x may have a
mean value of 0.45 or less in a range from s/c=-0.52 to s/c=-
0.34, and x may be 0.4 or less at s/c=-0.52.

Furthermore, in the transonic airfoil, a distribution of

K may monotonically increase to 1 or more in a range from

s/c=-0.9 or less to a position of a trailing edge.

According to an embodiment of the invention, there is
provided a transonic airfoil, having

a shape in which a pressure coefficient Cp of a static
pressure in a chord direction of a leading edge is -0.04 or
less at z/c=0.015,

K has a local maximal value of 70 or more in an upwardly
convex curve in a range of -0.08<s/c<0.08,

K: 1s 2.2 or more in a range from s/c=-0.1 to s/c=0.02,
and

K is 0.3 or less in a range from s/c=0.3 to s/c=0.6,
where

z represents a coordinate in a direction perpendicular to

an airflow direction within a plane that forms an airfoil,
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with the leading edge being as a reference wherein when the z
is positive, the direction is toward an upper surface of a
wing, and when the z is negative, the direction is toward a
lower surface of the wing,

c represents a chord length,

s represents a surface length along a surface of the
airfoil, with the leading edge being as a reference wherein
when the s is positive, the direction is toward an upper
surface of a wing, and when the s is negative, the direction
is toward a lower surface of the wing,

K represents a curvature that is made dimensionless by a
reciprocal of the chord length, and

Ks represents an integral value of the curvature k.

A wing according to one embodiment of the present
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invention has the transonic airfoil described above.
Additionally, an aircraft according to one embodiment of the
present invention includes a main wing having the transonic
airfoil described above.

Advantageous Effects of Invention

[0018] According to the present invention, it is possible
to reduce pressure drag more than before.

Brief Description of Drawings

[0019] [Fig. 1] Fig. 1 is a schematic perspective view of
an aircraft according to one embodiment of the present
invention.

[Fig. 2] Fig. 2 is a diagram showing a dimensionless airfoil
of a main wing shown in Fig. 1.

[Fig. 3} Fig. 3 1s a graph (part 1) showing a pressure
distribution of a static pressure in a chord direction of
airfoils according to one embodiment and airfoils illustrated
as reference examples.

[Fig. 4] Fig. 4 is a graph of the pressure distribution of
an airfoil in a first mode, which is extracted from Fig. 3.
[Fig. 5] Fig. 5 is a graph (part 2) showing the pressure
distribution of the static pressure in the chord direction of
the airfoils according to one embodiment and the airfoils
illustrated as reference examples.

[Fig. 6] Fig. 6 is a graph (part 1) showing a relationship
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between s/c and x of the airfoils according to one embodiment
and the airfoils illustrated as reference examples.

[Fig. 71 Fig. 7 is a graph (part 1) showing a relationship
between s/c and K; of the airfoils according to one embodiment
and the airfoils illustrated as reference examples.

[Fig. 8] Fig. 8 1is a graph (part 2) showing a relationship
between s/c and x of the airfoils 11 according to one
embodiment and the airfoils illustrated as reference
examples.

[Fig. 91 Fig. 9 is a graph (part 3) showing a relationship
between s/c and x of the airfoils according to one embodiment
and the airfoils illustrated as reference examples.

[Fig. 10] Fig. 10 is a graph (part 4) showing a relationship
between s/c and x of the airfoils according to one embodiment
and the airfoils illustrated as reference examples.

[Fig. 11] Fig. 11 is a graph (part 2) showing a relationship
between s/c and Ks of the airfoils according to one embodiment
and the airfoils illustrated as reference examples.

[Fig. 12] Fig. 12 is a graph (part 5) showing a relationship
between s/c and x of the airfoils according to one embodiment
and the airfoils illustrated as reference examples.

[Fig. 13] Fig. 13 is a graph (part 6) showing a relationship
between s/c and x of the airfoils according to one embodiment

and the airfoils illustrated as reference examples.
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[Fig. 14] Fig. 14 is a graph showing dimensionless airfoils
11 according to one embodiment and dimensionless airfoils
illustrated as reference examples.

[Fig. 15] Fig. 15 is a graph showing the vicinity of the
leading edge of the Fig. 14 in an enlarged manner.

[Fig. 16A] Fig. 16A is a graph showing a relationship
between Cp and x/c of the airfoils 11 according to one
embodiment.

[Fig. 16B] Fig. 16B is a graph showing the vicinity of
the leading edge of Fig. 16A in an enlarged manner.

[Fig. 17] Fig. 17 is a graph showing a relationship between
x/c and Cp of the airfoil in the first mode according to one
embodiment.

[Fig. 18] Fig. 18 is a graph showing a relationship between
x/c and z/c of the airfoil in the first mode according to one
embodiment.

[Fig. 19] Fig. 19 is a graph showing a relationship between
z/c and Cp of the airfoil in the first mode according to one
embodiment.

[Fig. 20] Fig. 20 is a graph showing a relationship between
z/c and x of the airfoil in the first mode according to one
embodiment.

[Fig. 21] Fig. 21 is a graph showing a relationship between

an angle from the center 6 and Kg of the airfoil in the first
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mode according to one embodiment.

[Fig. 22] Fig. 22 is a graph showing a relationship between
the angle from the center 6 and Cp of the airfoil in the
first mode according to one embodiment.

[Fig. 23] Fig. 23 is a graph showing a relationship between
the angle from the center 6 and x of the airfoil in the first
mode according to one embodiment.

[Fig. 24] Fig. 24 is a graph showing a relationship between
x/c and Cp of an airfoil in a second mode according to one
embodiment.

[Fig. 25] Fig. 25 is a graph showing a relationship between
x/c and z/c of the airfoil in the second mode according to
one embodiment.

[Fig. 26] Fig. 26 is a graph showing a relationship between
z/c and Cp of the airfoil in the second mode according to one
embodiment.

[Fig. 27] Fig. 27 is a graph showing a relationship between
z/c and x of the airfoil in the second mode according to one
embodiment.

[Fig. 28] Fig. 28 is a graph showing a relationship between
an angle from the center © and Ks of the airfoil in the second
mode according to one embodiment.

[Fig. 29] Fig. 29 is a graph showing a relationship between

the angle from the center 8 and Cp of the airfoil in the
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second mode according to one embodiment.

[Fig. 30] Fig. 30 is a graph showing a relationship between
the angle from the center 6 and x of the airfoil in the
second mode according to one embodiment.

[Fig. 31] Fig. 31 is a graph showing a relationship between
x/c and Cp of an airfoil in a third mode according to one
embodiment.

[Fig. 32] Fig. 32 is a graph showing a relationship between
x/c and z/c of the airfoil in the third mode according to one
embodiment.

[Fig. 33] Fig. 33 is a graph showing a relationship between
z/c and Cp of the airfoil in the third mode according to one
embodiment.

[Fig. 34] Fig. 34 is a graph showing a relationship between
z/c and kx of the airfoil in the third mode according to one
embodiment.

[Fig. 35] Fig. 35 is a graph showing a relationship between
an angle from the center 6 and Ke¢ of the airfoil in the third
mode according to one embodiment.

[Fig. 36] Fig. 36 is a graph showing a relationship between
the angle from the center 8 and Cp of the airfoil in the
third mode according to one embodiment.

[Fig. 37] Fig. 37 is a graph showing a relationship between

the angle from the center 8 and x of the airfoil in the third
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mode according to one embodiment.

[Fig. 38] Fig. 38 is a graph showing a relationship between
x/c and Cp of an RAE 2822 airfoil.

[Fig. 39] Fig. 39 is a graph showing a relationship between
x/c and z/c of the RAE 2822 airfoil.

[Fig. 40] Fig. 40 is a graph showing a relationship between
z/c and Cp of the RAE 2822 airfoil.

[Fig. 41] Fig. 41 is a graph showing a relationship between
z/c and kx of the RAE 2822 airfoil.

[Fig. 42] Fig. 42 is a graph showing a relationship between
an angle from the center 6 and K¢ of the RAE 2822 airfoil.
[Fig. 43] Fig. 43 is a graph showing a relationship between
the angle from the center 6 and Cp of the RAE 2822 airfoil.
[Fig. 44] Fig. 44 is a graph showing a relationship between
the angle from the center 6 and x of the RAE 2822 airfoil.
[Fig. 45] Fig. 45 is a graph showing a relationship between
x/c and Cp of a CRM airfoil.

[Fig. 46] Fig. 46 is a graph showing a relationship between
x/c and z/c of the CRM airfoil.

[Fig. 47] Fig. 47 is a graph showing a relationship between
z/c and Cp of the CRM airfoil.

[Fig. 48] Fig. 48 is a graph showing a relationship between
z/c and kx of the CRM airfoil.

[Fig. 49] Fig. 49 is a graph showing a relationship between
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an angle from the center 6 and Kg¢ of the CRM airfoil.
[Fig. 50] Fig. 50 is a graph showing a relationship between
the angle from the center 6 and Cp of the CRM airfoil.
[Fig. 51} Fig. 51 is a graph showing a relationship between
the angle from the center 6 and x of the CRM airfoil.
[Fig. 52] Fig. 52 is a graph showing a relationship between
x/c and Cp of a Baseline airfoil.
[Fig. 53] Fig. 53 is a graph showing a relationship between
x/c and z/c of the Baseline airfoil.
[Fig. 54] Fig. 54 is a graph showing a relationship between
z/c and Cp of the Baseline airfoil.
[Fig. 55] Fig. 55 is a graph showing a relationship between
z/c and kx of the Baseline airfoil.
[Fig. 56] Fig. 56 is a graph showing a relationship between
an angle from the center 6 and Ke¢ of the Baseline airfoil.
[Fig. 57] Fig. 57 is a graph showing a relationship between
the angle from the center 6 and Cp of the Baseline airfoil.
[Fig. 58] Fig. 58 is a graph showing a relationship between
the angle from the center 6 and x of the Baseline airfoil.
Mode (s) for Carrying Out the Invention
[0020] Hereinafter, an embodiment of the present invention
will be described with reference to the drawings.

Fig. 1 is a schematic perspective view of an aircraft

according to one embodiment of the present invention.
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An aircraft 1 includes a main wing 10, an empennage 3,
and the like provided to a fuselage 2.

The main wing 10 has a transonic airfoil according to
the present invention.

[0021] Fig. 2 is a diagram showing a dimensionless airfoil
of the main wing 10.

A reference numeral 11 represents a two-dimensional
airfoil (airfoil) of the main wing 10. The two-dimensional
airfoil 11 includes two-dimensional elements in a chord
direction, which are arranged in a wingspan direction to
configure three-dimensional elements (three-dimensiocnal wing)
attached to mainly generate 1ift in the aircraft 1.

A reference numeral 12 represents a leading edge, and a
reference numeral 13 represents a trailing edge. The leading
edge 12 and the trailing edge 13 are two-dimensional elements
at positions having a minimum value and a maximum value of
the coordinate in the chord direction.

In the diagram, the upper side from a line segment 14
connecting the leading edge 12 and the trailing edge 13 is
the upper surface of the main wing 10, and the lower side
from the line segment 14 is the lower surface of the main
wing 10.

[0022] A reference symbol X represents a coordinate in an

airflow direction with the leading edge 12 being as a
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reference, a reference symbol y represents a coordinate in

the wingspan direction orthogonal to the airfoil 11, and a
reference symbol z represents a coordinate in a direction
perpendicular to x within the plane that forms the airfoil 11,
with the leading edge 12 being as a reference.

A reference symbol ¢ represents a chord length, that is,
a maximum length between any two points on the airfoil 11.

In the diagram, the unit of each of the x-axis and the
z-axis is x/c and z/c, respectively, which are dimensionless.
[0023] A reference symbol 6 represents an angle defined by
a line 15, which connects the center of the airfoil 11
(x/c=0.5, z/c=0) and any point on the airfoil 11, and a line
satisfying z/c=0 (X-axis). The upper surface side is assumed
as positive, and the lower surface side i1s assumed as
negative.

A reference symbol s represents a surface length along
the surface of the airfoil 11 with the leading edge 12 being
as a reference. The upper surface side is assumed as positive,
and the lower surface side is assumed as negative.

[0024] A reference numeral 16 represents a stagnation
point, a reference numeral 17 represents an upper surface
crest, and a reference numeral 18 represents a lower surface
crest. The stagnation point 16 is a position, at which the

velocity of the fluid is zero, on the surface of the two-
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dimensional element into the airflow. The stagnation point 16
is located near the leading edge 12 in an actual flow with
viscosity. The crest means a position at which the =z
coordinate is maximum or minimum on the airfoil 11. The
maximum position is referred to as an upper surface crest,
and the minimum position is referred to as a lower surface
crest.

A reference numeral 19 represents a mid-chord. The mid-
chord 19 is a middle region between the leading edge 12 and
the trailing edge 13 of the two-dimensional airfoil 11.

[0025] Additionally, a reference numeral 21 represents
lift, a reference numeral 22 represents drag, and a reference
numeral 23 represents thrust. The 1lift 21 is the force in the
airflow direction and the perpendicular direction that acts
by movement of the two-dimensional element in the air. The
drag 22 is the force in the airflow direction that acts by
movement of the two-dimensional element in the air. The
thrust 23 is the force in the direction opposite to the
airflow direction that acts by movement of the two-
dimensional element in the air. Note that pressure drag is,
in the drag 22, drag generated by the pressure of the surface
of the two-dimensional element, and pressure thrust is, in
the thrust 23, thrust generated by the pressure of the

surface of the two-dimensional element.

Date Regue/Date Received 2020-06-11



CA 03085552 2020-06-11

17

In this specification, a reference symbol kK represents a
curvature that is made dimensionless by the reciprocal of the
chord length ¢, and a reference symbol K is an integral value
of the curvature k. Here, K¢ and K; are as follows.

5 [0026] [Math. 1]

‘ 1]
Kg = fglowh: -dé
where B6;,,=—5deg.
[0027] [Math. 2]
s/c
K, = f%w/cic-d(s/c)
where si16,/C=-0.1.
[0028] Fig. 3 is a graph (part 1) showing a pressure
10 distribution of a static pressure in the chord direction of
the airfoils 11 according to this embodiment and airfoils as
reference examples.
In Fig. 3, a thick solid line A indicates a pressure
distribution of an airfoil 11 in a first mode according to
15 this embodiment, a medium solid line B indicates a pressure
distribution of an airfoil 11 in a second mode according to
this embodiment, a thin solid line C indicates a pressure
distribution of an airfoil 11 in a third mode according to
this embodiment. Additionally, a dotted line D indicates a

20 pressure distribution of an RAE 2822 airfoil (see Non-Patent
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Literature 3), a chain line E indicates a pressure
distribution of a CRM airfoil (see Non-Patent Literature 3),
and a chain double-dashed line F indicates a pressure
distribution of a Baseline airfoil (see Non-Patent Literature
9) .

[0029] Note that, also in the graphs to be shown below,
the thick solid line A indicates data regarding the airfoil
11 in the first mode according to this embodiment, the medium
solid line B indicates data regarding the airfoil 11 in the
second mode according to this embodiment, the thin solid line
C indicates data regarding the airfoil 11 in the third mode
according to this embodiment, the dotted line D indicates
data regarding the RAE 2822 airfoil, the chain line E
indicates data regarding the CRM airfoil, and the chain
double-dashed line F indicates data regarding the Baseline
airfoil.

The airfoils 11 in the first to third modes according to
this embodiment have a shape in which a pressure coefficient
Cp of a static pressure in the chord direction of the leading
edge 12 is -0.04 or less at z/c=0.015.

[0030] With this shape, the airfoils 11 in the first to
third modes according to this embodiment have a sharp rise of
the pressure distribution as compared with the airfoils

illustrated as reference examples, and can thus decrease the
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pressure drag. Decreasing the pressure drag leads to
decreasing the drag 22 and increasing the thrust 23.

[0031] Note that the airfoils 11 in the first to third
modes according to this embodiment favorably have a shape in
which the pressure coefficient Cp of the static pressure in
the chord direction of the leading edge 12 is -1 or more at
z/c=0.015. This is because an extremely low Cp is highly
likely to generate a large adverse pressure gradient in the
downstream, cause boundary layer separation, and thus
increase the pressure drag.

[0032] Additionally, Fig. 4 is a graph of the pressure
distribution of the airfoil 11 in the first mode, which is
extracted from Fig. 3. As a hatched region (inverted region)
denoted by a reference symbol S becomes larger, the thrust
increases. As seen from Fig. 4, the airfoils 11 in the first
to third modes according to this embodiment have a larger
area of the inverted region than those of the airfoils
illustrated as reference examples. This results from the
shape in which the pressure coefficient Cp of the static
pressure in the chord direction of the leading edge 12 is -
0.04 or less at z/c=0.015. Therefore, the airfoils 11 in the
first to third modes according to this embodiment have an
increased thrust also by an increase of the inverted region,

as compared with the airfoils illustrated as reference
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examples.

[0033] According to the knowledge of the inventors of the
present invention, it has been found that the area of the
inverted region of the airfoil 11 according to this
embodiment increases by approximately 38% to 138% as compared
with the related art, and thus the thrust corresponding
thereto increases.

[0034] Fig. 5 is a graph (part 2) showing the pressure
distribution of the static pressure in the chord direction of
the airfoils 11 according to this embodiment and airfoils as
reference examples.

The airfoils 11 in the first to third modes according to
this embodiment further have a shape in which the pressure
coefficient Cp of the static pressure in the chord direction
of the leading edge 12 is -0.07 or less at z/c=0.035,

Thus, the airfoils 11 in the first to third modes
according to this embodiment have a further expanded inverted
region, and the effect of increasing the thrust can be
enhanced.

[0035] Note that the airfoils 11 in the first to third

modes according to this embodiment favorably have a shape in
which the pressure coefficient Cp of the static pressure in
the chord direction of the leading edge 12 is -1 or more at

z/c=0.035. This is because an extremely low Cp is highly
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likely to generate a large adverse pressure gradient in the
downstream, cause boundary layer separation, and thus
increase the pressure drag.

[0036] As described above, the airfoil 11 according to
this embodiment is characterized by having a sharp rise of
the pressure distribution. The modes in shape of the airfoil
11 for such a purpose will be described below.

[0037] Fig. 6 is a graph (part 1) showing a relationship
between s/c and x of the airfoils 11 according to this
embodiment and the airfoils illustrated as reference examples.
Fig. 7 is a graph (part 1) showing a relationship between s/c
and Kg; of the airfoils 11 according to this embodiment and the
airfoils illustrated as reference examples. Fig. 8 is a graph
(part 2) showing a relationship between s/c and kx of the
airfoils 11 according to this embodiment and the airfoils
illustrated as reference examples.

[0038] The airfoils 11 according to this embodiment have a
shape in which, as shown in Fig. 6, kX has a local maximal
value of 70 or more in an upwardly convex curve in the range
of -0.08<s/c<0.08, and as shown in Fig. 7, K; is 2.2 or more
in the range from s/c=-0.1 to s/c¢=0.02. Such a shape can
sharply decrease the pressure and can increase the thrust.
[0039] Note that, in the airfoils 11 according to this

embodiment, x favorably has a local maximal value of 250 or
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less in the range of -0.08<s/c<0.08. Additionally, K is
favorably 5 or less in the range from s/c=-0.1 to s/c=0.02.
This is because an extremely sharp shape of the leading edge
is highly likely to cause a stall if the angle of attack of
the airframe is changed.

[0040] Additionally, the airfoils 11 according to this
embodiment have a shape in which kx is 0.3 or less in the
range from s/c=0.3 to s/c=0.6, which is near a position where
a shock wave 1is generated, as shown in Fig. 8. Thus, the
pressure lowered with the shape shown in Figs. 6 and 7 is
kept low also at that position (from s/c=0.3 to s/c=0.6), and
thus the thrust further increases.

Note that, in the airfoils 11 according to this
embodiment, x is favorably 0.05 or more in the range from
s/c=0.3 to s/c=0.6. This is because a flat shape or a
recessed shape with a negative curvature in this region is
highly likely to cause the boundary layer separation and thus
increase the pressure drag.

[0041] The airfoils 11 according to this embodiment have
the shape described above and can set the pressure
coefficient Cp of the static pressure in the chord direction
of the leading edge 12 to be -0.04 or less at z/c=0.015 and
further set the pressure coefficient Cp of the static

pressure in the chord direction of the leading edge 12 to be
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-0.07 or less at z/c=0.035. This can reduce the pressure drag
and also enlarge the inverted region, and thus increase the
thrust.

[0042] Fig. 9 is a graph (part 3) showing a relationship
between s/c and x of the airfoils 11 according to this
embodiment and the airfoils illustrated as reference examples.

The airfoils 11 according to this embodiment have a
shape in which, as shown in Fig. 9, x being near the position
of the upper surface crest 17 is less than 0.3 at s/c=0.5,
and kx, which is less than 0.3, increases to be 0.45 or more
at s/c=0.8. Positions of s/c=0.5 and s/c=0.8 are around the
pesition at which a shock wave occurs.

With such a shape, the pressure in the rear of the
position of the upper surface crest 17 rises, and the thrust
further increases.

Note that x is favorably 0.05 or more at s/c=0.5. This
is because a flat shape or a recessed shape with a negative
curvature in this region is highly likely to cause the
boundary layer separation and thus increase the pressure drag.
Additionally, it is favorable that kx increases to 100 or less
at s/c=0.8. This is because an excessively large curvature is
highly likely to generate a large adverse pressure gradient
in the downstream, cause the boundary layer separation, and

thus increase the pressure drag.
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[0043] Fig. 10 is a graph (part 4) showing a relationship
between s/c and x of the airfoils 11 according to this
embodiment and the airfoils illustrated as reference examples.

The airfoils 11 according to this embodiment have a
shape in which, as shown in Fig. 10, x has a local maximal
value of 1 or more in an upwardly convex curve in the range
from s/c=0.9 or more to the position of the trailing edge.

With this shape, the pressure, which is kept low from
s/c=0.3 to s/c=0.6, increases by the shock wave and then
further increases at that position (position of local maximal
value), and thus the drag decreases.

Note that x favorably has a local maximal value of 100
or less. This is because an extremely large curvature at the
trailing edge is highly likely to generate a large adverse
pressure gradient in the downstream, cause the boundary layer
separation, and thus increase the pressure drag.

[0044] Fig. 11 is a graph (part 2) showing a relationship
between s/c and K of the airfoils 11 according to this
embodiment and the airfoils illustrated as reference examples.

The airfoils 11 according to this embodiment have a
shape in which, as shown in Fig. 11, x monotonically
decreases in the range from the stagnation point 16 to the
crest position 18 of the lower wing surface, and K, which is

the integral value of the curvature, is 0.1 or more in the
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range from s/c=-0.1 to s/c=-0.2.

Thus, the pressure sharply decreases, and thus the
thrust increases.

Note that Ky, which is the integral value of the
curvature, is favorably 5 or less in the range from s/c=-0.1
to s/c=-0.2. This is because an extremely sharp shape of the
leading edge is highly likely to cause a stall if the angle
of attack of the airframe is changed.

[0045] Fig. 12 is a graph (part 5) showing a relationship
between s/c and x of the airfoils 11 according to this
embodiment and the airfoils illustrated as reference examples.

The airfoils 11 according to this embodiment have a
shape in which, as shown in Fig. 12, kx has a mean value of
0.45 or less in the range from s/c=-0.52 to s/c=-0.34 near
the crest position 18 of the lower wing surface, and x is 0.4
or less at s/c=-0.52.

[004¢6] Thus, the pressure lowered with the shape shown in
Fig. 11 is kept low in that position (from s/c=-0.52 to s/c=-
0.34), and thus the thrust further increases.

[0047] Note that x favorably has a mean value of 0.2 or
more in the range from s/c=-0.52 to s/c=-0.34. This is
because a flat shape or a recessed shape with a negative
curvature in this region is highly likely to cause the

boundary layer separation and thus increase the pressure drag.
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[0048] Fig. 13 is a graph (part 6) showing a relationship
between s/c and x of the airfoils 11 according to this
embodiment and the airfoils illustrated as reference examples.

The airfoils 11 according to this embodiment have a
shape in which, as shown in Fig. 13, the distribution of «
monotonically increases to 1 or more in the range from s/c=-
0.9 or less to the position of the trailing edge 13.

Thus, the pressure rises, and the drag decreases.

[0049] Fig. 14 is a graph showing the dimensionless
airfoils 11 of this embodiment and dimensionless airfoils
used as reference examples. Fig. 15 is a graph showing the
vicinity of the leading edge of the Fig. 14 in an enlarged
manner.

The airfoils 11 according to the embodiment described
above can reduce the pressure drag of a transonic wing having
the airfoil 11 by approximately 10% of the whole aerodynamic
drag of the transonic aircraft. This corresponds to
approximately ten times the friction drag reduced by
achieving a natural laminar flow.

Note that the airfoils 11 according to the embodiment
described above have a shape in which the pressure
coefficient Cp of the static pressure in the chord direction
of the leading edge 12 is -0.04 or less at z/c=0.015. This is

expressed using the relationship between Cp and x/c, which
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corresponds to the fact that Cp takes a negative value at
x/c=0.0045, as shown in Fig. 16B. Note that Fig. 16B is a
graph showing the relationship between Cp and x/c of the
airfoils 11 shown in Fig. 16A in the vicinity of the leading
edge in an enlarged manner.

[0050] Figs. 17 to 23 show a relationship between x/c and
Cp, a relationship between x/c and z/c, a relationship
between z/c and Cp, a relationship between z/c and kx, a
relationship between the angle from the center 6 and Ks, a
relationship between the angle from the center © and Cp, and
a relationship between the angle from the center 6 and x,
respectively, of the airfoil 11 in the first mode according
to the this embodiment.

[0051] Figs. 24 to 30 show a relationship between x/c and
Cp, a relationship between x/c and z/c, a relationship
between z/c and Cp, a relationship between z/c and kx, a
relationship between the angle from the center 6 and Ks, a
relationship between the angle from the center © and Cp, and
a relationship between the angle from the center 6 and x,
respectively, of the airfoil 11 in the second mode according
to the this embodiment.

[0052] Figs. 31 to 37 show a relationship between x/c and
Cp, a relationship between x/c and z/c, a relationship

between z/c and Cp, a relationship between z/c and kx, a
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relationship between the angle from the center 6 and Ke, a
relationship between the angle from the center 6 and Cp, and
a relationship between the angle from the center 6 and K,
respectively, of the airfoil 11 in the third mode according
to the this embodiment.

[0053] Figs. 38 to 44 show a relationship between x/c and
Cp, a relationship between x/c and z/c, a relationship
between z/c and Cp, a relationship between z/c and k, a
relationship between the angle from the center 6 and Ke, a
relationship between the angle from the center 6 and Cp, and
a relationship between the angle from the center 6 and K,
respectively, of the RAE 2822 airfoil.

[0054] Figs. 45 to 51 show a relationship between x/c and
Cp, a relationship between x/c and z/c, a relationship
between z/c and Cp, a relationship between z/c and kx, a
relationship between the angle from the center 6 and Kq, a
relationship between the angle from the center 6 and Cp, and
a relationship between the angle from the center 6 and Kk,
respectively, of the CRM airfoil.

[0055] Figs. 52 to 58 show a relationship between x/c and
Cp, a relationship between x/c and z/c, a relationship
between z/c and Cp, a relationship between z/c and kx, a
relationship between the angle from the center 6 and Ke, a

relationship between the angle from the center 6 and Cp, and
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a relationship between the angle from the center 6 and x,
respectively, of the Baseline airfoil.

[0056] The present invention is not limited to the
embodiment described above and can be variously modified or
applied without departing from its technical idea to
implement the present invention, the implementation range of
which also belongs to the technical range of the present
invention.

Reference Signs List

[0057]

1 aircraft
10 main wing
11 airfoil

12 leading edge

13 trailing edge
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The embodiments of the invention in which an exclusive

property or privilege is claimed are defined as follows:

[1] A transonic airfoil, having

a shape in which a pressure coefficient Cp of a static
pressure in a chord direction of a leading edge is -0.04 or
less at z/c=0.015,

kK has a local maximal value of 70 or more in an upwardly
convex curve in a range of -0.08<s/c<0.08,

K: 1s 2.2 or more in a range from s/c=-0.1 to s/c=0.02,
and

K 1s 0.3 or less in a range from s/c¢=0.3 to s/c=0.6,
where

z represents a coordinate in a direction perpendicular to
an airflow direction within a plane that forms an airfoil,
with the leading edge being as a reference wherein when the =z
is positive, the direction is toward an upper surface of a
wing, and when the z is negative, the direction is toward a
lower surface of the wing,

c represents a chord length,

s represents a surface length along a surface of the
alrfoil, with the leading edge being as a reference wherein
when the s is positive, the direction is toward an upper
surface of a wing, and when the s is negative, the direction
is toward a lower surface of the wing,

K represents a curvature that is made dimensionless by a
reciprocal of the chord length, and

Ks represents an integral value of the curvature k.

[2] The transonic airfoil according to claim 1, wherein
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the transonic airfoil has the shape in which the pressure
coefficient Cp of the static pressure in the chord direction

of the leading edge is -0.07 or less at z/c=0.035.

[3] The transonic airfoil according to claim 1 or 2, wherein
the ¥ is less than 0.3 at s/c=0.5, and the x being less

than 0.3 increases to be 0.45 or more at s/c=0.8.

[4] The transonic airfoil according to any one of claims 1 to
3, wherein

the kx has a local maximal value of 1 or more in an
upwardly convex curve in a range from s/c=0.9 or more to a

position of a trailing edge.

[5] The transonic airfoil according to any one of claims 1 to
4, wherein

the kx monotonically decreases in a range from a
stagnation point to a crest position of a lower wing surface,
and

the Ks is 0.1 or more in a range from s/c=-0.1 to s/c=-

[6] The transonic airfoil according to any one of claims 1 to
5, wherein

the k¥ has a mean value of 0.45 or less in a range from
s/c=-0.52 to s/c=-0.34, and

the ¥ is 0.4 or less at s/c=-0.52.

[7] The transonic airfoil according to any one of claims 1 to

3, wherein
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a distribution of the x monotonically increases to 1 or
more in a range from s/c=-0.9 or less to a position of a

trailing edge.

[8] A wing having the transonic airfoil as defined in any one

of claims 1 to 7.

[9] An aircraft comprising the wing as defined in claim 8 as a

main wing.
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