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METHOD AND SYSTEM OF PULSED OR
UNSTEADY EJECTOR

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to the field of ejectors for
pumping a fluid flow, and more particularly to an ejector in
which the efficiency of mixing the primary high-velocity
fluid, or jet, and the secondary low-velocity fluid is
improved by pulsating the primary fluid flow into the
secondary low-velocity fluid.

BACKGROUND OF THE INVENTION

In an ejector, a primary high-velocity fluid, such as a
steam, gas, or vapor jet, is used to entrain and pump a
secondary low-velocity fluid while mixing with it. In an
ejector, the mixing of the primary high-velocity fluid and the
secondary fluid occurs in the mixing section of the diffuser
by sheer forces between the high-velocity stream and the
secondary low-velocity fluid. Ejectors have a low power
conversion efficiency due to the dissipation of energy result-
ing from friction forces between the primary high-velocity
fluid stream and the secondary low-velocity fluid.

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 temperature in
the combustion chamber. The high-pressure air passes
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, essen-
tially 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 velocities of a given
mass flow of air exiting the engine, the greater the thrust
created by the engine.

High performance aircraft commonly augment the energy
level of the air in the exhaust chamber by using an after-
burner. After-burners add fuel to the exhaust chamber and
ignite the fuel in the exhaust chamber. This increases the
temperature of the exhaust flow. Although the energy added
by after-burn fuel can greatly increase the thrust of the
engine, the reduced density of the hotter air requires a larger
nozzle effective throat area. Failure to increase the nozzle
effective area during after-burning with a typical jet engine
can cause excessive backpressure in the compressor section
and turbine section, causing the engine to stall. To alleviate
these difficulties, jet engines with after-burners typically use
variable geometry nozzles to throttle the exhaust flow from
the exhaust chamber. When an after-burn 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 maintains a reasonable pressure in
the exhaust while accommodating higher temperatures.
Modern after-burning 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 the after-burner.

Although variable geometry nozzles allow the use of an
after-burner, they also have many inherent disadvantages,
which penalize aircraft performance. For instance, a variable
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geometry nozzle can be a significant component 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 a physical blockage
and thus have to endure the high temperatures and pressures
associated with exhaust gases. In an IRIS type nozzle,
typically used on after-burner equipped engines, the actua-
tors 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 must overcome.

Further, the nozzle flaps typically constrict the exhaust
flow by closing and overlapping each other, which allows
hot air to escape between the flaps. These leaks cause
reduction in thrust. Additionally, variable geometry nozzles
are also difficult to implement on exotic nozzle aperture
shapes typical of an advanced tactical fighter aircraft.

One method of overcoming this weight restriction is the
use of a fixed geometry nozzle in a jet engine to inject a
secondary flow of high-pressure air across the primary flow
as the primary flow passes through this nozzle. The second-
ary flow can partially block the exhaust exiting the nozzle to
increase the pressure within the exhaust chamber. When an
over-pressure exists in the exhaust chamber, the secondary
flow can be reduced to increase nozzle throat area and
reduce the nozzle pressure.

Although the injection of a secondary flow will support a
fixed geometry nozzle in an after-burning jet engine, this
method also introduces inefficiencies to the operation of the
engine. Primarily, the injection of air across the flow of the
exhaust tends to use a large amount of high-pressure air to
obtain an effective nozzle blockage. Thus, injection can
introduce inefficiencies as the total momentum of the
exhaust flow is decreased by the decreased flow from the
compressor section into the combustion section if com-
pressed air is bled from the compressor section for injection.
This inefficiency can result in a reduced range of operations
for a given fuel supply and fuel flow.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to decrease
the inefficiency associated with the injection of high-
pressure compressor air into the primary exhaust flow of a
jet engine. This reduced inefficiency can result in a greater
range of operations for a given fuel supply and fuel flow by
decreasing the secondary flow from the compressor section
into the combustion section for injection into the primary
flow.

The present invention reveals a method and apparatus for
more efficiently injecting a primary fluid flow. In one
embodiment, the primary fluid flow is a pulsed or unsteady
fluid flow contained within an inner nozzle situated within a
secondary flow field. This secondary fluid flow is bounded
within the walls of the ejector shroud. The secondary and
primary fluid flows meet within a mixer section of the
ejector wherein the secondary fluid flow is entrained by the
primary fluid flow. The mixer section’s geometry is such as
to allow the combined injected and entrained fluid flow to
mix before exiting the ejector. The mixing section’s geom-
etry is determined so as to allow a pressure wave that reflects
from the open end of the secondary and moves up stream to
treach the primary exit at the beginning of a primary pulse.
The acoustic properties, frequency and amplitude, of the
pulsed primary fluid flow determine the mixing sections’
geometric properties for peak efficiency. Furthermore, the
frequency and amplitude of the primary fluid flow may be
varied in order to vary the efficiency of the injector.
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In accordance with the present invention, a high-velocity
unsteady or pulsed flow is injected into the low-velocity
fluid contained within an ejector. A further object of this
invention is to efficiently accelerate a low-velocity fluid such
as low-pressure or ambient air using high-pressure compres-
sor air to obtain fluidic blockage for control of a nozzle
throat area. The entrained mass flow increases the total mass
flow of the ejector, which is then injected into the nozzle.
The pulsed ejector increases the effective blockage created
by the injector as compared to injecting the ejector primary
directly into the nozzle. Pulsed ejectors are more efficient
than steady ejectors for both pumping and compression of a
low-velocity flow using a high-pressure flow. Conventional
ejectors use an available high-pressure source to pump a
lower pressure fluid. For example, a small jet of high-
pressure fluid is situated inside a larger shroud containing a
low-velocity fluid, where the high-velocity fluid, through
entrainment, pulls the low-velocity fluid through the ejector.
Prior solutions utilize a steady jet where the turbulence and
viscous interaction between the steady primary jet and the
lower pressure secondary fluid causes a pumping action.
Often, in aircraft, this concept of a steady-state ejector is
used to pump cooling air through the environmental control
systems of aircraft. In this ejector application, air is bled
from the engine compressor to serve as the high pressure
source for the ejector used to pump air through the envi-
ronmental control systems in order to cool avionic systems
and personnel.

A method and apparatus are provided by the present
invention for reducing the weight and volume of high-
pressure compressor air required for cooling by using pulsed
or unsteady injection of high pressure air in lieu of steady
injection in the ejector.

Mixing and compression of a primary high-velocity fluid
jet stream and an entrained secondary low-velocity fluid
stream in conventional ejectors occurs due to sheer forces
between the two fluid streams. The friction forces between
the two streams dissipate energy, resulting in low power
conversion efficiency. Accordingly, it is another goal of this
invention to provide an ejector in which the mechanisms
responsible for pumping of the secondary flow stream by the
high pressure primary fluid stream includes both entrain-
ment due to mixing of the two streams and compression of
the secondary, low-velocity fluid jet accomplished by nor-
mal pressure forces generated by the pulses in the primary
high velocity jet. An ideal compression process in which
minimal energy losses are encountered must be an unsteady,
pulsed or intermittent cyclical process.

These and other features of the present invention are
achieved for an ejector system in accordance with this
invention in which a primary high-velocity fluid jet stream
is effectively pulsed within an ejector passage. The ejector
comprises a means for injecting an unsteady or pulsed
primary high-velocity fluid jet into a shrouded secondary
fluid in a cyclical manner within the injector.

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 1 illustrates a prior art ejector;

FIG. 2 illustrates one embodiment of the present inven-
tion;

FIG. 3 provides a graphic representation of ejector effi-
ciency as a function of frequency;
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FIGS. 4A—4F further depict the propagation of pressure
waves in an ejector operating near optimal frequency;

FIG. 5 depicts an ejector of the present invention incor-
porated into an ejector and the mixing of primary high-
velocity and secondary low-velocity fluids;

FIGS. 6A and 6B depict the compounded or staged use of
ejectors provided by the present invention;

FIGS. 7A and 7B illustrate a synthetic ejector;

FIG. 8 depicts an experimental apparatus for pulsed
ejection nozzle flow control;

FIG. 9 depicts a side sectional view of jet engine equipped
with pulsed ejection nozzle flow control;

FIG. 10 depicts a side sectional view of ejectors incor-
porated in a nozzle;

FIG. 11 depicts a perspective sectional view of a nozzle
having slot ejectors incorporated at its throat; and

FIG. 12 depicts a side sectional view of a nozzle provid-
ing asymmetric ejection to vector an exhaust flow.

DETAILED DESCRIPTION OF THE
INVENTION

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

As illustrated in FIG. 1, a traditional ejector works
through the viscous interaction between the high-speed
primary 10 and low-speed secondary fluid flows 12. The
present invention is illustrated in FIG. 2, where a high-
velocity primary flow 10 is provided in an unsteady or
pulsed manner through a primary nozzle 11 contained within
shroud 13. This tends to increase the mixing between
primary fluid 10 and secondary fluid 12 with the billowing
effect 16 at the exit of primary nozzle 11, thereby increasing
the mixing efficiency as primary fluid 10 is pulsed. This
pulsing action of primary fluid 10 allows greater entrainment
between the primary fluid 10 and secondary fluid 12 and
improved mixing, thus improving the overall performance
of the injector 15. The mixing between the primary high-
speed flow 10 and the secondary low-speed flow 12 is a
viscous process that tends to be very dissipative of energy.
So, although momentum is conserved in this interaction, a
great deal of energy is lost as heat. Pulsing the primary
high-speed flow 10 reduces the dissipative effects of the
mixing between primary flow 10 and secondary flow 12.
Additionally, by pulsing primary flow 10, an acoustic wave
is generated in the downstream flow 18. This acoustic wave
comprises an elastic interaction with secondary flow 12 in
addition to a mere mixing phenomenon. This allows a more
efficient transfer of energy from primary flow 10 to second-
ary flow 12.

Computational fluid dynamic simulations (CFD) indicate
that as the pulsing frequency of primary fluid 10 is varied,
the efficiency of the ejector varies, as well. The efficiency is
measured as the mass flow rate of the secondary to the mass
flow rate of the primary. The higher the ratio, the better or
more efficient the ejector is.

FIG. 3 illustrates the ejection ratio, or efficiency, as a
function of frequency for one such injector of the present
invention. As FIG. 3 shows, even relatively small changes in
frequency produce large changes in the effectiveness or
ejection ratio. The ejection ratio is a measure of the second-
ary mass flow rate to the primary mass flow rate. This
illustrates that mixing of the primary and second flows is not
the main process observed. Rather, the ejection ratio is a
function of acoustic effects, as shown by the fact that a





















