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(57) ABSTRACT

A scramjet engine includes first and second flow path
forming members and first and second fuel injection
devices. A flow path formed between the first and second
flow path forming members includes a turbulence forming
region where compressed air is introduced and a combustion
region located downstream thereof. The second flow path
forming member is formed with a protrusion in the turbu-
lence formation region. The first fuel injection device is
configured to inject fuel into the compressed air via a first
fuel nozzle. The second flow path forming member is
formed with a cavity located in the combustion region. The
second fuel injection device is configured to inject fuel into
the compressed air via a second fuel nozzle. The cavity is
provided with an inclined surface connected to a bottom
surface. An inclination of the inclined surface is adjusted so
that a shock wave is generated in the combustion region.
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SCRAMIJET ENGINE AND FLYING OBJECT

TECHNICAL FIELD

[0001] The present invention relates to a scramjet engine
and a flying object.

BACKGROUND ART

[0002] A scramjet engine is considered as a propulsion
device for a flying object that flies at supersonic speed. A
scramjet engine is configured to obtain a thrust by: taking in
and compressing with ram pressure supersonic air to gen-
erate compressed air; injecting fuel into the relevant com-
pressed air to burn the fuel; and exhausting combustion gas
of high temperature and high pressure generated by the
burning.

[0003] In order to obtain enough propulsion of a scramjet
engine, it is desired to improve combustion efficiency of the
injected fuel.

[0004] It should be noted that Japanese Patent Publication
No. 2012-202226 discloses a scramjet engine with a variable
fuel injection direction. This publication discloses a tech-
nology of injecting fuel from a ramp provided to a wall
surface into airflow and a technology of injecting fuel from
upstream of a cavity into airflow.

[0005] In addition, Japanese Patent Publication No. 2004-
84516 discloses a technology of providing a protrusion
object with acute angle facing the rear on an engine inner
wall and directing a recirculation flow from the rear to the
rear by this protrusion object.

CITATION LIST

[0006] Patent Literature
[Patent Literature 1] Japanese Patent Publication No.
2012-202226 A

[Patent Literature 2] Japanese Patent Publication No.
2004-84516 A

SUMMARY OF INVENTION

[0007] An objective of the present invention is to improve
combustion efficiency of a scramjet engine. Other objectives
and new features of the present invention will be understood
by skilled persons in the art from following descriptions.

[0008] From a point of view of the present invention, a
scramjet engine is provided with a first flow path forming
member, a second flow path forming member provided in
opposite to the first flow path forming member, a first fuel
injection device and a second fuel injection device. A flow
path is formed between the first flow path forming member
and the second flow path forming member. The flow path
includes a turbulence formation region where a compressed
air is introduced from upstream and a combustion region
that is located downstream of the turbulence formation
region and where a combustion using the compressed air is
carried out. The second flow path forming member is formed
with a protrusion located in the turbulence formation region
and protruding toward the first flow path forming member.
The first fuel injection device is configured to inject fuel into
the compressed air via a first fuel nozzle provided to the
protrusion. The second flow path forming member is formed
with a cavity located in the combustion region. The second
fuel injection device is configured to inject fuel into the
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compressed air via a second fuel nozzle provided to the
cavity. The cavity is provided with a bottom surface and an
inclined surface connected to a downstream side end of the
bottom surface. An inclination of the inclined surface of the
cavity is adjusted so that a shock wave is generated in the
combustion region.

[0009] In an embodiment, the flow path may be further
provided with an upstream region configured to introduce
the compressed air to the turbulence forming region. In this
case, an adjustment is carried out so that an angle between
the inclined surface of the cavity and a first surface that is a
surface of a part of the second flow path forming member
facing the upstream region is less than or equal to 45
degrees.

[0010] It is preferable that the angle between the inclined
surface of the cavity and the first surface of the second flow
path forming member is larger than or equal to 20 degrees.
[0011] In an embodiment, the second fuel injection device
injects fuel from a location downstream of a discontinuity
surface generated by a generation of the shock wave to a
location upstream of the relevant discontinuity surface so
that the fuel crosses the discontinuity surface.

[0012] In an embodiment, the second flow path forming
member is provided with a second surface located down-
stream of the protrusion of the turbulence forming region
and a distance between the second surface and the first flow
path forming member is larger than a distance between the
first surface and the first flow path forming member.
[0013] In an embodiment, a top end of a front wall of the
cavity is connected to the second surface and an upstream
side end of the bottom surface of the cavity is connected to
a bottom end of the front wall.

[0014] In an embodiment, the scramjet engine is further
provided with a third fuel injection device configured to
inject fuel to the second flow path forming member via a
third fuel nozzle provided to the first flow path forming
member at a location downstream to the cavity.

[0015] The above described scramjet engine may be pro-
vided to a flying object and used.

[0016] According to the present invention, a combustion
efficiency of a scramjet engine can be improved.

BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG. 1 is a perspective view showing a configura-
tion of a flying object according to an embodiment.

[0018] FIG. 2 is a schematic diagram showing a configu-
ration of a scramjet engine according to an embodiment.
[0019] FIG. 3 is a cross sectional view showing a con-
figuration of a combustor according to an embodiment.
[0020] FIG. 4 is a perspective view showing a configura-
tion of a combustor shown in FIG. 3.

[0021] FIG. 5 is a cross sectional view showing an opera-
tion of a combustor according to an embodiment.

DESCRIPTION OF EMBODIMENTS

[0022] FIG. 1 is a perspective view showing a configura-
tion of a flying object 100 according to an embodiment. A
fuselage 1 of the flying object 100 is provided with a cowl
2 and various members and equipments constituting a
scramjet engine 3 are provided to the fuselage 1 and the cowl
2.

[0023] As shown in FIG. 2, the scramjet engine 3 is
schematically provided with an inlet section 4, a combustor
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5 and a nozzle section 6. The inlet section 4 take in
supersonic air from a front opening 4a, compresses the air
that is taken in and generates compressed air. The combustor
5 receives the compressed air from the inlet section 4,
combusts fuel by use of the relevant compressed air and
generates combustion gas. The nozzle section 6 exhausts the
combustion gas generated in the combustor 5 from a rear
opening 6a. Propulsion of the flying object 100 can be
obtained by exhausting combustion gas from the rear open-
ing 6a.

[0024] FIG. 3 is a cross sectional view showing a con-
figuration of a combustor 5. It should be noted that in the
following description an XYZ Cartesian coordinate system
will be introduced and directions may be expressed by use
of the relevant XYZ Cartesian coordinate system.

[0025] The combustor 5 is provided with fuel injection
devices 11, 12 provided to the cowl 2 and a fuel injection
device 13 provided to the fuselage 1, and is configured to
inject fuel by the fuel injection devices 11, 12, 13 into the
compressed air received from the inlet section 4 and com-
bust the fuel.

[0026] In the present embodiment, a space between the
fuselage 1 and the cowl 2 is used as a flow path 20 of the
combustor 5. That is, the fuselage 1 and the cowl 2 are used
as flow path forming members that form the flow path 20.
The flow path 20 of the combustor 5 includes an upstream
region 21, a turbulence forming region 22, a combustion
region and a downstream region 24.

[0027] The upstream region 21 is formed between a sur-
face 1a of the fuselage 1 and a surface 24 (a first surface) of
the cowl 2 and introduces the compressed air generated in
the inlet section 4 to the turbulence forming region 22. In the
present embodiment, the surface 2q is located at the upper-
most stream of the combustor 5 and regulates a direction of
a flow of the compressed air and the combustion gas in the
whole combustor 5. In the present embodiment, the direction
of the flow of the compressed air and the combustion gas in
the whole combustor 5 is +X direction and the surface 1a of
the fuselage 1 and the surface 2a of the cowl 2 are parallel
to XZ plane. A height of the flow path in the upstream region
21, that is, a distance between the surface 1a of the fuselage
1 and the surface 2a of the cowl 2, is H;.

[0028] The turbulence forming region 22 is located down-
stream of the upstream region 21. A protrusion 14 protruding
toward the surface 1a of the fuselage 1 is formed in a part
of the cowl 2 facing the turbulence forming region 22. As
shown in FIG. 4, a plurality of protrusions 14 are arranged
along a direction of crossing the flow path 20, that is, in Y
axis direction. The protrusions 14 form turbulence in down-
stream thereof. As described below, the turbulence formed
downstream of the protrusions 14 contributes to improve-
ment of combustion efficiency.

[0029] Fuel nozzles 11a are formed in protrusions 14 and
the fuel injection device 11 injects fuel from the fuel nozzles
11a to downstream of the protrusions 14. As a result, the fuel
is injected into a turbulence generated by the protrusions 14.
[0030] By referring again to FIG. 3, the surface 26 (second
surface) of the cowl 2 is connected to a downstream side end
of the protrusion 14. In the present embodiment, the surface
25 is in parallel with XZ plane. A height of the flow path 20
at the surface 26 of the cowl 2, that is, a distance between
the surface 1a of the fuselage 1 and the surface 26 of the
cowl 2, is H,. The height H, of the flow path at the surface
2b located downstream of the protrusions 14 is higher than
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the height H, of the flow path 20 at the surface 2a located
upstream of the protrusions 14. As shown in FIG. 4, the
surface 2a located upstream of the protrusions 14 and the
surface 26 located downstream of the protrusions 14 are
connected by surfaces 2¢ of the cowl 2 formed between
adjacent protrusions 14.

[0031] As shown in FIG. 3, the combustion region 23 is
located downstream of the turbulence forming region 22 and
in the combustion region 23 an air-fuel mixture that is
formed is ignited and the air-fuel mixture is combusted. It
should be noted that the combustion region 23 means a
region where the combustion is mainly carried out but does
not mean that combustion does not occur in any other
region. For example, combustion may occur in a part of the
downstream region 24 too.

[0032] A cavity 15 is formed in a part of the cowl 2 facing
the combustion region 23 for flame holding. The cavity 15
is formed to be recessed from the surface 25 located down-
stream of the protrusions 14 and has a front wall 15a, a
bottom surface 156 and an inclined surface 15¢. In the
present embodiment, a top end of the front wall 154 is
located adjacent to the turbulence forming region 22 and is
connected to a downstream side end of the surface 25. In the
present embodiment, the front wall 154 is perpendicular to
the surface 25 (that is, parallel to YZ plane). The bottom
surface 155 is connected to a bottom end of the front wall
15a. In the present embodiment, the bottom surface 156 of
the cavity 15 is parallel to the surface 2a of the cowl 2 facing
the upstream region 21 (that is, parallel to XZ plane).
[0033] The inclined surface 15¢ of the cavity 15 is con-
nected to a downstream side end of the bottom surface 155.
The inclined surface 15¢ of the cavity 15 is inclined so that
an angle between the inclined surface 15¢ and the surface 2a
is angle 0, (that is, an angle between the inclined surface 15¢
and XZ plane is angle 0, ). The angle 0, may be called cavity
ramp angle. In the present embodiment, since the bottom
surface 156 of the cavity 15 is parallel to the surface 24, as
a result, the inclined surface 15¢ is inclined so that an angle
between the inclined surface 15¢ and the bottom surface 154
is angle 0,.

[0034] Fuel nozzles 12a are formed at inclined surfaces
15¢ of the cavity 15 and the fuel injection devices 12 inject
fuel from fuel nozzles 12a to inside the cavity 15. Further-
more, an ignition device 16 that ignites fuel injected to the
cavity 15 is provided at the bottom surface 155 of the cavity
15.

[0035] The downstream region 24 is located downstream
of the combustion region 23. The downstream region 24
feeds the combustion gas generated by combustion in the
combustor 5 into the nozzle section 6.

[0036] A fuel nozzle 13a is provided at a part of the
surface 1a of the fuselage 1 facing the downstream region 24
and the fuel injection device 13 injects fuel from the fuel
nozzle 13a to the downstream region 24. The fuel injection
device 13 is provided in order to block a flow of the
combustion gas by injecting fuel in the downstream region
24 and thereby promoting combustion.

[0037] In the downstream region 24, in at least apart
thereof, a cross-sectional area of the flow path 20 may
increase toward the downstream. Such configuration con-
tributes to flow the combustion gas downstream along the
cowl 2 smoothly in the downstream region 24. The scramjet
engine 3 according to the present embodiment becomes
unable to take in air when the flow of the combustion gas is
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excessively blocked by injection of fuel by the fuel injection
device 13 because an upstream pressure becomes exces-
sively high. By increasing the cross-sectional area of the
flow path 20 in the downstream region 24 toward the
downstream, a space can be kept in order to flow the
combustion gas downstream along the cowl 2 and smoothly
exhaust the combustion gas.

[0038] Specifically, in the present embodiment, an open-
ing angle is set to the cowl 2 in the downstream region 24.
That is, the surface 2d of the cowl 2 facing the downstream
region 24 is inclined so that a distance between the surface
1a of the fuselage 1 and the surface 2d of the cowl 2 increase
toward downstream. In FIG. 3, an angle between the surface
la of the fuselage 1 and the surface 2d of the cowl is shown
by a symbol 6,. As a result, the cross-sectional area of the
flow path 20 increases toward downstream and this is
effective for smoothly exhausting combustion gas. In the
present embodiment, the angle 6, may be set larger than or
equal to 2 degrees and less than or equal to 4 degrees.

[0039] FIG. 5 is a diagram showing an operation of the
combustor 5 according to the present embodiment.

[0040] In the combustor 5 according to the present
embodiment, the inclination of the inclined surface 15¢ of
the cavity 15 is adjusted so that a shock wave is generate in
the combustion region 23, and as a result a combustion
efficiency is improved. Herein, it should be noted that a
generation of a shock wave means that a pressure disconti-
nuity surface 30 is generated. In the present embodiment, the
discontinuity surface 30 is oblique to the flow of combustion
gas, that is, an oblique shock wave is generated.

[0041] The cavity 15 is a structure configured to form a
circulation flow inside by slowing a flow of an air-fuel
mixture and realize flame holding by igniting this circulation
flow. From such a point of view, it is common to set a
relatively large value to the cavity ramp angle, that is, the
angle 0, between the inclined surface 15¢ and the surface 2a
of'the cowl 2, in order to slow enough the flow of the air-fuel
mixture.

[0042] The inventor discovered that when an inclination of
the inclined surface 15¢ of the cavity 15 is gentle, that is,
when the angle 6, between the inclined surface 15¢ and the
surface 2a of the cowl 2 is smaller, an action of slowing a
flow inside the cavity 15 is weaker, rather the combustion is
promoted by generation of a shock wave. When a shock
wave is generated in the combustion region 23, a pressure
discontinuity surface 30 is formed in the combustion region
23. In a vicinity region in upstream side of the discontinuity
surface 30, pressure and temperature increase and by car-
rying out combustion in such a region, combustion effi-
ciency can be effectively improved.

[0043] The inventor confirmed by simulation that setting
ofthe angle 0, between the inclined surface 15¢ of the cavity
15 and the surface 2a of the cowl 2 to be less than or equal
to 45 degrees is suitable for generation of shock wave.
Furthermore, the inventor confirmed by combustion experi-
ment that combustion efficiency can be improved of
approximatively 30% by adjusting inclination of the inclined
surface 15¢ so as to generate shock wave. It should be noted
that the reason why inclination of the inclined surface 15¢ is
expressed relative to the surface 2a of the cowl 2 is because
the surface 2a of the cowl 2 determines the direction of flow
of the compressed air and the combustion gas in whole the
combustor 5.
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[0044] On the other hand, when an inclination of the
inclined surface 15¢ of the cavity 15 is excessively gentle,
function of slowing the flow is lost. From such a point of
view, it is preferable that the angle 0, between the inclined
surface 15¢ of the cavity 15 and the surface 2a of the cowl
2 is larger than or equal to 20 degrees.

[0045] In the following, details of operation of combustor
5 according to the present embodiment will be described.
[0046] The compressed air generated by the inlet section
4 flows into the upstream region 21 and further is introduced
to the turbulence forming region 22.

[0047] When the compressed air is introduced in the
turbulence forming region 22, turbulence is generated down-
stream of the protrusions 14 by row of protrusions 14 formed
in the turbulence forming region 22. Furthermore, fuel is
injected from the fuel nozzles 11a provided to the protru-
sions 14 to the turbulence generated downstream of the
protrusions 14, and as a result, the air-fuel mixture is
generated. Injecting fuel into turbulence is effective for
efficiently generating air-fuel mixture.

[0048] The structure of the turbulence forming region 22
of the combustor 5 according to the present embodiment
further improves efficiency of forming air-fuel mixture. In
the present embodiment, the height H, of the flow path 20 at
the surface 26 located downstream of the protrusions 14 is
higher than the height H, of the flow path 20 at the surface
2a located upstream of the protrusions 14, and the pressure
at a part that faces the surface 26 of the turbulence forming
region 22 becomes lower than in the upstream region 21. In
addition, as shown in FIG. 4, the surface 2a located
upstream of the protrusions 14 and the surface 26 located
downstream of the protrusions 14 are connected by the
surfaces 2¢ of the cowl 2 formed between adjacent protru-
sions 14, and a flow of compressed air is formed between
adjacent protrusions 14 and along the surfaces 2c¢. As a
result, forming of turbulence is promoted and air-fuel mix-
ture in that fuel and compressed air are mixed is efficiently
generated.

[0049] The air-fuel mixture generated in the turbulence
forming region 22 is introduced to the combustion region 23.
A part of the air-fuel mixture is decelerated by the cavity 15
and as a result a circulation flow 15d is formed in the cavity
15. By injecting fuel by the fuel injection device 12 from the
fuel nozzle 12a to the circulation flow 154 and further by
igniting the circulation flow 154 by the ignition device 16,
flame is hold in the cavity 15.

[0050] Furthermore, the air-fuel mixture introduced to the
combustion region 23 is ignited by the flame hold in the
cavity 15, the air-fuel mixture burns and the combustion gas
is generated.

[0051] As described above, shock wave is generated in the
combustion region 23 because of a gentle formation of the
inclined surface 15¢ of the cavity 15, and as a result a
pressure discontinuity surface 30 is formed in the combus-
tion region 23. In a vicinity region upstream of the discon-
tinuity surface 30, high combustion efficiency is obtained
because pressure and temperature increase.

[0052] The discontinuity surface 30 reaches inside the
cavity 15, and the fuel injection device 12 injects fuel from
a location downstream of the discontinuity surface 30 to a
location upstream of the discontinuity surface 30 so that the
fuel crosses the discontinuity surface 30. This is effective to
promote mixing of circulation flow 154 generated inside the
cavity 15 and the fuel and to improve combustion efficiency.
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[0053] The combustion gas generated in the combustion
region 23 is introduced to the downstream region 24. In the
downstream region 24, the flow of the combustion gas flown
from the combustion region 23 is blocked by the fuel
injection of the fuel injection device 13 and a speed of the
combustion gas is decreased. As a result, combustion of
unburned fuel included in the combustion gas can be pro-
moted. The combustion gas is introduced from the down-
stream region 24 to the nozzle section 6 and exhausted from
the nozzle section 6. As a result, propulsion to propel the
flying object 100 can be obtained.
[0054] As described above, the scramjet engine 3 accord-
ing to the present embodiment can improve combustion
efficiency of combustion gas by generating shock wave in
the combustion region 23.
[0055] Although embodiments of the present invention are
described in detail in the above, the present invention is not
limited to the above embodiments. A person skilled in the art
would understand that the present invention may be carried
out with various modifications.
[0056] For example, although in the above described
embodiment it is described that the fuel injection device 13
is provided to the fuselage 1 and the fuel injection devices
11, 12, the protrusions 14, the cavity 15 and the ignition
device 16 are on the cowl 2, the present invention is not
limited to this. The components that are described in the
above described embodiment to be provided to the cowl 2
may be provided to the fuselage 1 and the components that
are described to be provided to the fuselage 1 may be
provided to the cowl 2.
[0057] In addition, if enough combustion efficiency can be
obtained, the fuel injection device 13 that injects fuel into
the downstream region 24 may be omitted.
[0058] It should be noted that this application claims
priority based on Japanese patent application No. 2018-
022332 filed on Feb. 9, 2018 and all disclosure thereof is
herein incorporated by reference.
1. A scramjet engine comprising:
a first flow path forming member;
a second flow path forming member provided in opposite
to the first flow path forming member;
a first fuel injection device; and
a second fuel injection device,
wherein a flow path is formed between the first flow path
forming member and the second flow path forming
member,
wherein the flow path includes:
a turbulence formation region where a compressed air
is introduced from upstream; and
a combustion region that is located downstream of the
turbulence formation region and where a combustion
using the compressed air is carried out,
wherein the second flow path forming member is formed
with a protrusion located in the turbulence formation
region and protruding toward the first flow path form-
ing member,
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wherein the first fuel injection device is configured to
inject fuel into the compressed air via a first fuel nozzle
provided to the protrusion,
wherein the second flow path forming member is formed
with a cavity located in the combustion region,

wherein the second fuel injection device is configured to
inject fuel into the compressed air via a second fuel
nozzle provided to the cavity,

wherein the cavity comprises:

a bottom surface; and
an inclined surface connected to a downstream side end
of the bottom surface, and

wherein an inclination of the inclined surface of the cavity

is adjusted so that a shock wave is generated in the
combustion region.

2. The scramjet engine according to claim 1,

wherein the flow path further comprises an upstream

region configured to introduce the compressed air to the
turbulence forming region, and

wherein an angle between the inclined surface of the

cavity and a first surface that is a surface of a part of the
second flow path forming member that faces the
upstream region is less than or equal to 45 degrees.

3. The scramjet engine according to claim 2, wherein the
angle between the inclined surface of the cavity and the first
surface of the second flow path forming member is larger
than or equal to 20 degrees.

4. The scramjet engine according to claim 1, wherein the
second fuel injection device is further configured to inject
fuel from a location downstream of a discontinuity surface
generated by a generation of the shock wave to a location
upstream of the discontinuity surface so that the fuel crosses
the discontinuity surface.

5. The scramjet engine according to claim 2,

wherein the second flow path forming member comprises

a second surface located downstream of the protrusion
of the turbulence forming region, and

wherein a distance between the second surface and the

first flow path forming member is larger than a distance
between the first surface and the first flow path forming
member.

6. The scramjet engine according to claim 5,

wherein a top end of a front wall of the cavity is connected

to the second surface, and

wherein an upstream side end of the bottom surface of the

cavity is connected to a bottom end of the front wall.

7. The scramjet engine according to claim 1, further
comprising a third fuel injection device configured to inject
fuel to the second flow path forming member via a third fuel
nozzle provided to the first flow path forming member at a
location downstream to the cavity.

8. A flying object comprising the scramjet engine accord-
ing to claim 1.



