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METHOD AND APPARATUS OF
ASYMMETRIC INJECTION AT THE
SUBSONIC PORTION OF A NOZZLE FLOW

RELATED PATENT APPLICATION

This patent application is related to U.S. application Ser.
No. 08/906,731, filed on Aug. 5, 1997 entitled “Method and
Apparatus of Pulsed Injection for Improved Nozzle Flow
Control,” which is incorporated herein by reference.

TECHNICAL FIELD OF THE INVENTION

This invention relates in general to the field of nozzles for
controlling a fluid flow, and more particularly, to a nozzle for
controlling a fluid flow, such as the exhaust flow exiting a jet
engine, through the throat of the nozzle by varying the
effective cross-sectional area of the throat with the injection
of a cross flow opposed to the subsonic portion of the flow
through the nozzle.

BACKGROUND OF THE INVENTION

Jet engines create thrust by directing a high energy
exhaust stream from an exhaust nozzle. Typically, a jet
engine accepts air through an inlet and compresses the air in
a compressor section. The compressed air is directed to a
combustion chamber, mixed with fuel, and burned. Energy
released from the burning fuel creates a high pressure in the
combustion chamber which forces the air through a turbine
section and into an exhaust chamber. The high pressure air
is then forced from the exhaust chamber through a nozzle,
where the air exits the engine. Typically, as the air passes
through the throat of the nozzle, it expands and accelerates
from subsonic to supersonic speeds, essentially translating
the energy of the exhaust flow from a pressure into a
velocity. The energy level of the air in the exhaust chamber
generally relates to the velocity of the air as it exits the
nozzle. The greater the velocity of a given mass flow of air
exiting an engine, the greater the thrust created by the
engine.

Military aircraft commonly augment the energy level of
the air in the exhaust chamber by using an afterburner.
Afterburners add fuel to the exhaust chamber and ignite the
fuel in the exhaust chamber, which increases the temperature
and pressure of the exhaust flow. Although the energy added
by afterburned fuel can greatly increase the thrust of the
engine, the increased energy level can also have several
adverse effects on the engine. First, increased pressure in the
exhaust chamber can slow the flow of air through the
compressor section and turbine section, causing the engine
to stall. Second, the increased temperature and pressure in
the exhaust chamber can overheat the walls of the exhaust
chamber leading to a failure, such as a burn through of a
wall, and related dangers.

To alleviate these difficulties, jet engines with afterburners
typically use variable geometry nozzles to throttle the
exhaust flow from the exhaust chamber. When afterburner is
initiated, the circumference of the nozzle’s throat is
increased to increase the cross-sectional flow area through
the throat. This increased cross-sectional area allows air to
more easily escape from the exhaust chamber, thus decreas-
ing the pressure in the exhaust chamber and, as the air
expands and leaves the exhaust chamber, also decreasing the
temperature of the air. Modern afterburning jet engines with
variable geometry nozzles can require as much as a two-fold
increase in cross-sectional throat area to maintain constant
engine flow and back pressure in response to the extra
thermal energy added by afterburning.
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Although variable geometry nozzles allow the use of
afterburner, they also have many inherent disadvantages
which penalize aircraft performance. For instance, a variable
geometry nozzle can make up a significant portion of the
weight of an engine. Such nozzles are typically made of
large, heavy metal flaps which mechanically alter nozzle
geometry by diverting exhaust flow with physical blockage,
and thus have to endure the high temperatures and pressures
associated with exhaust gases. In the iris-type nozzles typi-
cally used on afterburner-equipped engines, the actuators
used to adjust the nozzle flaps to appropriate positions in the
exhaust flow tend to be heavy, expensive and complex
because of the forces presented by the exhaust flow which
the nozzle flaps must overcome. Further, the nozzle flaps
typically constrict the exhaust flow by closing and overlap-
ping each other, which allows hot air to escape between the
flaps. These leaks cause reductions in thrust. Variable geom-
etry nozzles are also difficult to implement on exotic nozzle
aperture shapes typical of advance tactical fighter aircraft.

Attempts to reduce the disadvantages of variable geom-
etry nozzles have had limited success. The state-of-the-art
tactical aircraft is the Lockheed F-22 Raptor. The Raptor
employs a two-dimensional variable geometry nozzle that
can vector or turn the exhaust flow of the Raptor’s engine to
provide directional thrust control. Although the two-
dimensional nozzle flaps of the Raptor provide better infra-
red and radar cross section characteristics than can be
obtained from typical iris-type nozzles, even the Raptor’s
advanced system suffers from the above-mentioned disad-
vantages. For instance, air can leak along the intersection of
the two-dimensional nozzle flaps, introducing inefficiency.

Attempts to use a fixed geometry nozzle with afterburning
engines have met with only limited success due to the
difficulty of maintaining flow through the engine when an
overpressure is created by afterburner initiation. For
instance, U.S. Pat. No. 5,406,787 issued to Terrier uses an
additional compression stage to vary pressure during engine
operation and afterburning to counteract temperature varia-
tions created by the afterburner in the exhaust chamber.
However, this system requires modification to the engine
and other complexities such as a control program to monitor
and adjust pressure produced by the compression section.

Another method for using a fixed geometry nozzle with a
jet engine is to inject a secondary flow of high pressure air
across the primary flow as the primary flow passes through
the nozzle, as is explained in “Conceptual Development of
Fixed-Geometry Nozzles Using Fluidic Injection for Throat
Area Control” ATIAA-95-2603 and “A Static Investigation of
Fixed-Geometry Nozzles Using Fluidic Injection for Throat
Area Control” by J. A. Catt and D. N. Miller, AIAA-95-
2604, July 1995. The secondary flow can partially block the
exhaust exiting through the nozzle to decrease the flow
through the nozzle when needed to increase the pressure
within the exhaust chamber. When an overpressure exists in
the exhaust chamber, the cross flow can be reduced or
eliminated to increase the flow through the nozzle.

Although the injection of a secondary cross flow will
support a fixed geometry nozzle in an afterburning jet
engine, this method also introduces inefficiencies to the
engine’s operation. For instance, the amount of afterburning
may be limited due to the lower effectiveness of secondary
injection compared to the effectiveness of variable geometry
nozzles. Also, injection of air across the flow of the exhaust
tends to use a large amount of high pressure air to obtain
effective nozzle blockage. Thus, injection can introduce
inefficiency because the total momentum of the exhaust flow
is decreased by the decreased flow from the compressor
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section into the combustion section when compressed air is
bled from the compressor section for injection. This ineffi-
ciency can result in a reduced range of operations for a given
fuel supply, and reduced power for a given fuel flow.

SUMMARY OF THE INVENTION

Therefore, a need has arisen for a method and apparatus
that efficiently controls the flow through a nozzle by intro-
ducing a secondary fluidic cross flow to the flow field
through the nozzle, the cross flow providing a maximum
amount of blockage to the flow field through the nozzle with
a minimal reduction in thrust efficiency. In accordance with
the present invention, a cross flow is injected into the
subsonic portion of the flow proximate to a nozzle’s throat
and opposed to the flow through the nozzle to substantially
eliminate or reduce disadvantages and problems associated
with previously developed variable geometry and fixed
geometry nozzles.

A method and apparatus are provided for varying the
effective cross-sectional area of a nozzle’s opening by
partially blocking the nozzle with a cross flow across the
flow field through the throat of the nozzle. A primary flow
accepted through an opening of a fixed geometry nozzle is
constricted by the nozzle’s throat so that the primary flow
has a subsonic portion and a supersonic portion. An injector
incorporated in the throat provides a cross flow opposed to
the subsonic portion of the flow. The cross flow of the
injector can asymmetrically block the primary flow through
the nozzle resulting in a vectoring of the primary flow.
Alternatively, the cross flow can symmetrically block the
primary flow to throttle the primary flow.

More specifically, in one embodiment, a fixed geometry
nozzle is coupled to the exhaust chamber of a jet engine. The
nozzle has a throat leading to a divergent area, the divergent
area having a low expansion ratio. A plurality of injectors,
each of which can be formed as a slot, are incorporated
within the throat of the nozzle proximate to the exhaust
chamber of the engine and directionally opposed to the
subsonic portion of the exhaust flow through the engine.
Each injector is oriented to direct injected flow towards the
flow field of the exhaust gas through the nozzle to optimize
blockage of the nozzle opening. For instance, an injector can
inject a fluid at an upstream angle relative to the flow field,
such as an angle between zero and thirty degrees opposed to
the primary flow, which travels along a longitudinal axis
through the nozzle. Opposing injectors or slots injecting
similar cross flows can provide symmetric blockage of the
nozzle’s opening to control the primary flow through the
nozzle without changing the vector of the primary flow, thus
throttling the engine. Injection of a cross flow from a single
injector can provide an asymmetric blockage of the nozzle’s
opening to change the vector of the primary flow. An
asymmetric cross flow from opposing injectors can provide
both throttling and vectoring of the primary flow.

A source of high pressure air is provided to each injector,
either from the compression section of the engine or from
another convenient source, such as separate compressor. The
high pressure air can be injected into the flow field as a
steady stream, or in pulses by either a mechanical valve or
an acoustic vibrator, such as a piezoelectric device. The
frequency, amplitude and waveform of pulses can vary
according to the amount of blockage desired at the nozzle,
where different levels of blockage can provide predeter-
mined degrees of flow vectoring or throttling . In one
embodiment, each injector may rotate relative to the nozzle
to provide a cross flow at different angles relative to the flow
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field. In another embodiment, the injected flow can include
fuel which can be ignited to enhance blockage of the flow
field. The flow field from the engine can be vectored or
redirected by applying asymmetric injection at the nozzle,
meaning injection at different mass flow rates from each of
a plurality of injectors, injection with varied pulse
frequency, amplitude or waveform at each such injector, or
injection at different injection angles, or with different fuel
flows from each injector.

The present invention provides many technical advan-
tages over previously developed apparatus and methods for
controlling a flow through a nozzle to allow throttling of an
engine or vectoring of an engine’s thrust. Injection, when
used instead of or in combination with a variable geometry
nozzle, can reduce the weight, cost, and complexity of a
nozzle. An injection system reduces the weight of a nozzle
by eliminating or limiting the need for durable heavy
moving parts such as hinges, seals, actuators, hydraulics and
other mechanical items necessary to open and close the
typical iris type variable geometry nozzle.

Another technical advantage of the present invention is
that an aircraft equipped with an engine and fixed-geometry
nozzle using injection across a primary flow’s flow field can
be implemented to non-circular exhaust aperture shapes
typical of advanced fighter concepts. These aperture shapes,
such as elliptical or diamond shapes, allow for better blend-
ing and integration into the aircraft aft body structure than
typical iris-type nozzles.

Another technical advantage of the present invention,
particularly when a fixed geometry nozzle is used, is that
alternative materials can be used for the nozzle structure
with an eye towards thermal rather than mechanical con-
straints. For instance, ceramic materials can form a fixed
nozzle supported directly by the structure of the aircraft.
Such ceramic materials can provide a heavy duty heat
resistance nozzle structure with much improved durability
compared to conventional metal and carbon materials. The
reduced complexity of such a fixed nozzle system will
reduce the cost of operating and maintaining the aircraft and
can increase the efficiency of operating the aircraft due to the
significantly reduced weight of such a system. Further, a
nozzle incorporated with the aircraft’s structure can be
shaped to minimize drag, thus increasing the aircraft’s
efficiency and range.

Another technical advantage of the present invention is
that an asymmetric cross flow can provide vectoring of an
engine’s thrust. Thrust vectoring can allow aircraft control
of pitch and yaw at all flying speeds, and can decrease the
surface area of control surfaces, resulting in reduced aircraft
drag and weight.

Another technical advantage of the present invention is
that a fixed geometry nozzle can provide a combination of
throttling and vectoring functions. Opposing injectors can
provide throttling with nozzle blockage according to their
combined mass flow and pulsing characteristics while also
providing vectoring by varying the distribution, orientation
or fuel flow of the total secondary flow between the injec-
tors.

The injection system of the present invention offers
additional technical advantages over previously developed
injection techniques when the cross flow is pulsed. Pulsed
injection of a fluidic cross flow can provide improved
penetration into the fluidic flow compared to the penetration
provided by steady state injection. This increased penetra-
tion enhances the blockage of the nozzle opening without
increasing the time averaged mass flow of the injected cross
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flow. Thus, the effective cross sectional area of a nozzle and
it’s vector angle can be controlled with less overall fluidic
cross flow injection. This increases the efficiency of the
engine since less compressed air is needed by a pulsed cross
flow compared to a steady state cross flow, and also
decreases the size of the ducts needed to provide air to the
injectors.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present invention
and advantages thereof may be acquired by referring to the
following description taken in conjunction with the accom-
panying drawings in which like reference numbers indicate
like features and wherein:

FIG. 1 depicts an experimental apparatus for pulsed
injection nozzle flow control;

FIG. 2 depicts a side sectional view of jet engine equipped
with pulsed injection nozzle flow control;

FIG. 3 depicts a side sectional view of injectors incorpo-
rated in a nozzle;

FIG. 4 depicts a perspective sectional view of a nozzle
having slot injectors incorporated at its throat; and

FIG. § depicts a side sectional view of a nozzle providing
asymmetric injection to vector an exhaust flow.

DETAILED DESCRIPTION OF THE
INVENTION

Preferred embodiments of the present invention are illus-
trated in the figures, like numerals being used to refer to like
and corresponding parts of the various drawings.

The injection system of the present invention can use
steady state injection or pulsed injection of a cross flow to
partially block a primary flow. Referring now to FIG. 1, an
experimental apparatus for determining the effectiveness of
pulsed injection is depicted. A flow container 10 having a
rectangular shape defines a flow field 12 which contains a
fluidic flow 14. Fluidic flow 14 passes over a nozzle contour
16 and leaves flow container 10 at container exit 18. Nozzle
contour 16 cooperates with flow container 10 to form a
nozzle 20. The cross sectional area of the opening of nozzle
20 varies along the longitudinal flow axis according to the
area of the plane between the surface of nozzle contour 16
and the top wall of flow container 10 that is perpendicular to
the longitudinal axis and the general vector of fluidic flow
14. Nozzle 20 constricts fluidic flow 14 with nozzle contour
16 in only one dimension to provide an accurate means for
testing the effects of a fluidic cross flow. In other
embodiments, nozzle 20 can include any convergent nozzle,
divergent nozzle, or combination of convergent and diver-
gent nozzles which accelerate or direct a fluidic flow by
constricting the flow. Nozzle 20 has a throat 22 defined as
the point along nozzle 20 of greatest constriction, the nozzle
opening having the smallest cross sectional area at the
throat.

A fluidic cross flow is provided to the opening through
nozzle 20 by an injector 24 that is incorporated with nozzle
contour 16 proximate to throat 22. As used herein, cross flow
means any secondary flow provided to the primary flow 14.
Injector 24 receives pressurized fluid from a duct 26, and
provides the pressurized fluid into flow field 12 through a
port formed at the end of injector 24.

FIG. 1 depicts two separate controllers for pulsing the
fluid from injector 24 into nozzle 20 at throat 22. A high
speed mechanical valve 28 provides periodic modulation of
the pressure to injector 24 by rotating a ring 30 with valve
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openings 32 so that ring 30 periodically blocks flow through
duct 26 and periodically allows flow through duct 26 when
valve opening 32 corresponds to duct 26. The mechanical
valve can provide a square pulse wave form having an
amplitude that shifts from zero cross flow to full cross flow
in a short transition time. FIG. 1 also depicts an acoustic
pulse vibrator 34 associated with injector 24. Acoustic pulse
vibrator 34 can be any vibrational device that provides
modulated energy to duct 26. For instance, a piezoelectric
vibrator can provide acoustic energy, similar to the energy
produced by a stereo sound system. An acoustic vibrator can
produce a wide variety of wave forms. In other
embodiments, any effective means of modulating a flow can
be used.

Injector 24 provides a pulsed fluidic cross flow to flow
field 12, with the pulse determined by a controller, such as
mechanical valve 28 or acoustic pulse vibrator 34. The
controller associated with injector 24 can vary the pulse of
the fluidic cross flow to have a predetermined frequency,
amplitude, or wave form. For instance, mechanical valve 28
can vary the frequency of the pulse provided by injector 24
by varying the rate at which ring 30 rotates. In this example,
the pulsed fluidic cross flow produced by injector 24 modu-
lates from no flow when valve openings 32 are completely
misaligned with duct 26 to having a full flow equal to the
flow through duct 26 when valve openings 32 are com-
pletely aligned with duct 26. Mechanical valve 28 can
provide a pulsed fluidic cross flow with varying amplitudes
by either varying the pressure available in duct 26 or making
valve opening 32 smaller relative to the size of duct 26,
thereby reducing the flow to injector 24. Acoustic pulse
vibrator 34 can provide a pulsed fluidic cross flow having a
predetermined wave form by creating vibrations with a
corresponding wave form along duct 26. For instance, a
sinusoidal electrical signal provided to a piezoelectric vibra-
tor could create sinusoidal mechanical energy along duct 26
which can be transmitted to the secondary flow through duct
26.

In operation, a primary fluidic flow 14 passes through
flow container 10 towards container exit 18 along flow field
12. The fluidic flow can be any fluid, such as liquids or
gases. As fluidic flow 14 passes through throat 22 of nozzle
20, injector 24 injects an unsteady or pulsed fluidic cross
flow across flow field 12. Although FIG. 1 depicts a cross
flow that is generally perpendicular to flow field 12, the
cross flow could be injected at any angle opposed to or with
the direction of fluidic flow 14. A pulsed laser 36 provides
a laser beam to a mirror 38 which reflects the beam through
a lens 40. The refraction of the beam as it passes from lens
40 through the flow 14 allows a visual determination of the
effects of the pulsed fluidic cross flow upon flow 14.
Blockage can be determined by measuring the primary fluid
mass flow 14 upflow of the test section with a calibrated
meter.

Blockage of a primary flow through a nozzle by a cross
flow is related to the extent of penetration of the cross flow
into the primary flow. The penetration of a cross flow into a
primary flow is controlled by the cross flow momentum flux
ratio, which is related to the mass and velocity of the primary
and cross flows, and the change in velocity of the cross flow
as it pulses. The greater the mass velocity of a cross flow
exiting an injector relative to the mass velocity of a fluidic
flow passing by the injector, the greater the penetration of
the cross flow into the fluidic flow. Increased penetration of
the cross flow can provide greater blockage of the primary
flow through the nozzle, effectively decreasing the cross
sectional area of the nozzle opening at the point of penetra-
tion.















