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hydrodynamic fluid flow over a surface. More specifically,
the present invention provides a system and method to
control aerodynamic or hydrodynamic fluid flow behavior of
a ducted fluid flow using very-small-scale effectors. The
system and method for actively manipulating and control-
ling fluid flow over a surface includes the placement of
arrays of very-small-scale effectors on ducted surfaces
bounding the ducted fluid flow. These very-small-scale
effectors are actively manipulated to control the flow behav-
ior of the ducted fluid flow and prevent flow separation
within the primary fluid flow.

19 Claims, 7 Drawing Sheets
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SYSTEM AND METHOD FOR ACTIVELY
MANIPULATING AND CONTROLLING
FLUID FLOW OVER A SURFACE

RELATED APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 09/354,866, filed Jul. 16, 1999 entitled: “Sys-
tem and Method for Manipulating and Controlling Fluid
Flow Over A Surface,” and is incorporated herein by refer-
ence in its entirety.

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to manipulating fluid flow
over a surface. More specifically, this invention relates to
actively manipulating fluid flow over an aerodynamic or
hydrodynamic surface. The fluid flow over the surface is
manipulated with small-scale actuators at the surface,
wherein these small-scale actuators may be actively con-
trolled by an associated control system to modify and
achieve a desired fluid flow behavior over the surface.

BACKGROUND OF THE INVENTION

One of the most commonly used methods to control local
boundary layer separation within ducted systems is the
placement of vortex generators upstream of the layer sepa-
ration. Vortex generators are small wing like sections
mounted on the inside surface of the ducted fluid flow and
inclined at an angle to the fluid flow to generate a shed
vortex. The height chosen for the best interaction between
the boundary layer and the vortex generator is usually the
boundary layer thickness. The principle of boundary layer
control by vortex generation relies on induced mixing
between the primary fluid flow and the secondary fluid flow.
The mixing is promoted by vortices trailing longitudinally
near the edge of the boundary layer. Fluid particles with high
momentum in the stream direction are swept along helical
paths toward the duct surface to mix with and, to some
extent replace low momentum boundary layer flow. This is
a continuous process that provides a source to counter the
natural growth of the boundary layer creating adverse pres-
sure gradients and low energy secondary flow accumulation.

The use of vortex generators in curved ducts to reduce
distortion and improve total pressure recovery has been
applied routinely. Many investigations have been made in
which small-geometry surface configurations effect turbu-
lent flow at the boundary layers. Particular attention has
been paid to the provision of so-called riblet surfaces in
which an array of small longitudinal rib-like elements
known as riblets extend over the turbulent boundary layer
region of a surface in the direction of fluid flow over the
surface, to reduce momentum transport or drag. Experimen-
tal results indicate that net surface drag reductions of up to
about 7% can be achieved. However, these structure used to
induce vortices are fixed and provide no mechanism to
manipulate the vortex generation needed to improve a
dynamic flow condition.

As computers increasingly leaved fixed locations and are
used in direct physical applications, new opportunities are
perceived for applying these powerful computational
devices to solve real world problems in real time. To exploit
these opportunities, systems are needed which can sense and
act. Micro-fabricated Electro-Mechanical Systems (MEMS)
are perfectly suited to exploit and solve these real world
problems.

MEMS offer the integration of micro-machined mechani-
cal devices and microelectronics. Mechanical components in

10

15

20

25

30

35

40

45

50

55

60

65

2

MEMS, like transistors in microelectronics, have dimen-
sions that are measured in microns. These electro-
mechanical devices may include discrete effectors and sen-
sors. More than anything else, MEMS is a fabrication
approach that conveys the advantages of miniaturization,
multiple components and microelectronics to the design and
construction of integrated electro-mechanical systems.

To utilize an individual MEMS device to control or
manipulate microscopic conditions can be useful.

However, it would be desirable to achieve macroscopic
effects by manipulating microscopic conditions. These
microscopic effects can be achieved by MEMS passively or
by actively manipulating these devices. Furthermore, in a
system utilizing active manipulation, it may be desirable to
utilize a sophisticated control system in conjunction with a
large array of MEMS devices to control and manipulate such
macroscopic effects.

SUMMARY OF THE INVENTION

The present invention provides a system and method for
actively manipulating and controlling fluid flow over a
surface that substantially eliminates or reduces disadvan-
tages and problems associated with previously developed
systems and methods used of fluid flow control.

More specifically, the present invention provides a system
for a method to control flow behavior of a ducted fluid flow
using small scale actuators. The system and method for
actively manipulating and controlling fluid flow over a
surface includes the placement of arrays of small-scale
actuators on ducted surfaces bounding the ducted fluid flow.
These small scale actuators are actively manipulated to
control the flow behavior of the ducted fluid flow.

In a second embodiment, these very-small-scale effectors
are actively manipulated to control the flow behavior of the
fluid flow and prevent natural flow separation within the
primary fluid flow.

An additional embodiment of the present invention
includes the use of MEMS devices as the very-small-scale
effectors. In this case the very-small-scale effectors are
smaller than a duct boundary layer thickness of a ducted
fluid flow. Furthermore these very-small-scale effectors may
be dimensioned at an order of one-tenth of the boundary
layer thickness.

A third embodiment of the present invention further
senses the flow conditions within in the primary and sec-
ondary fluid flow, with a flow sensor system. This relieves
computational burdens imposed by prior art systems which
failed to sense actual conditions and relied on computation-
ally intensive mathematical models to determine the fluid
flow conditions. Further, this eliminates the inaccuracies
associated with such mathematical models and provides real
time actual feedback. A control system is employed to
actively direct the array of very-small-scale effectors in
response to the sensed flow conditions to produce a desired
fluid flow within the ducted fluid flow.

Manipulating boundary layer conditions for a ducted fluid
flow expands the possible geometries available for ducting
systems used to contain such a fluid flow. This is highly
desirable where exotic geometries are required. One
example of such use may be in a low-observable tactical
aircraft. However, the present invention need not be limited
to tactical aircraft as low-observable technology has many
applications as known to those skilled in the art.

Manipulating ducted fluid flow can result in reduced
fatigue and cyclical stress effects on downstream compo-
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nents located within the fluid flow, such as an aircraft engine
or turbine, as the adverse pressure gradients within the duct
can be minimized or eliminated. Included in the present
invention is the possibility of using effectors that are actively
controlled either as pulsating effectors that are either on or
off (non-pulsating) or are actively controlled through a
system that uses small sensors (like MEMS) to control the
effectors.

The operational performance of components, such as an
aircraft engine or turbine, located within the ducted fluid
flow can be enhanced by actively monitoring and controlling
the fluid flow behavior to prevent operational failures such
as engine stalling induced by fluid flow through the engine.

The present invention provides an important technical
advantage by allowing a dynamic primary fluid flow to be
manipulated by an array of very-small-scale effectors to
achieve a greater pressure recovery of the primary fluid flow.

The use of vortex generators in curved ducts to reduce
distortion and improve total pressure recovery has been
applied routinely. Recent investigations have shown that a
“global” approach to the application of convention size
vortex generators or vertex generator jets works better than
the older approach which was specifically aimed at the
prevention of boundary layer flow separation. The present
invention applies to the use of very-small-scale devices
(effectors) to accomplish this “global” approach to flow
control. The present invention provides another technical
advantage by preventing or limiting natural flow separation
within a ducted fluid flow. This is achieved by manipulating
an array of very-small-scale effectors according to condi-
tions sensed within the fluid flow to achieve a macroscopic
effect. Individually, these very-small-scale effectors induce
vortex generation at the boundary layer. These vortices
induce mixing between the primary fluid flow and the
secondary fluid flow. The mixing is promoted by vortices
trailing longitudinally near the edge of the boundary layer.
Fluid particles with high momentum in the stream direction
are swept along helical paths toward the duct surface to mix
with and, to some extent replace low momentum boundary
layer flow. By manipulating the vortex generation across an
array of very-small-scale effectors, a macro-scale source to
counter the natural growth of the boundary layer, thereby
eliminating adverse pressure gradients and low energy sec-
ondary flow accumulation within the primary fluid flow. In
an additional embodiment, since the induction of these
vortices can be actively controlled, it is possible for the
present invention to respond to changing conditions effect-
ing the dynamic fluid flow.

Moreover, the present invention provides yet another
technical advantage by allowing a greater flexibility in the
design of a ducting system to be associated with the primary
fluid flow. This flexibility allows both inlet and exhaust
ducting to take exotic or serpentine shapes as is often
required by other engineering design constraints, such as
those imposed in the design of a low-observable tactical
aircraft.

Yet another technical advantage provided by the present
invention, when applied to a low-observable design flex-
ibility in providing ducting systems optimized to minimize
radar reflections, disperse exhaust signatures, and provide
adequate airflow to the components located within the
ducted fluid flow of a low-observable tactical aircraft.

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 1A illustrates conceptually a passive embodiment of
the present invention;

FIG. 1B illustrates conceptually an active embodiment of
the present invention;

FIG. 2A depicts a fludic effector;

FIG. 2B depicts a pulsing effector;

FIG. 2C depicts a synthetic jet effector;

FIG. 2D depicts a microbubble effector;

FIG. 3A illustrates flow conditions within a serpentine
duct without the present invention;

FIG. 3B illustrates secondary flow characteristics within
a serpentine duct not using the present invention;

FIG. 3C is a cross section depicting pressure gradients
within a serpentine duct without the use of the present
invention;

FIG. 4A illustrates flow conditions within a serpentine
duct with the present invention

FIG. 4B illustrates secondary flow characteristics within
a serpentine duct using the present invention;

FIG. 4C is a cross section depicting pressure gradients
within a serpentine duct with the use of the present inven-
tion;

FIG. 5A depicts a MEMS hear sensor;

FIG. 5B depicts a MEMS pressure sensor;

FIG. 5C depicts a MEMS velocity sensor;

FIG. 6 depicts an embodiment of the present invention
similar to FIG. 1, wherein flow sensors are incorporated on
the surface over which the flow takes place;

FIG. 7 depicts a low-observable duct;

FIG. 8A depicts natural flow separation within a serpen-
tine duct; and

FIG. 8B depicts reduced flow separation when the present
invention is employed within a serpentine duct.

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 various drawings.

The present invention provides a system and method for
manipulating aerodynamic or hydrodynamic fluid flow over
a surface that substantially eliminates or reduces disadvan-
tages and problems associated with previously developed
systems and methods used of fluid flow control.

More specifically, the present invention provides a system
and method to prevent or minimize the natural boundary
layer separation of an aerodynamic or hydrodynamic fluid
flow through the use of very-small-scale effectors. The
system and method for preventing or minimizing this bound-
ary layer separation within a fluid floe over a surface
includes the placement of arrays of very-small-scale effec-
tors on ducted surfaces bounding ducted fluid flow. These
very-small-scale effectors manipulate the flow behavior of
the ducted fluid flow and prevent flow separation within the
primary fluid flow.

The present invention enables new and improved designs
of low-observable tactical aircraft. Low-observable in part
takes into consideration such as detection by radar and the
radar cross section associated with a low-observable aircraft.

One method to detect aircraft involves the use of radar.
However, not all objects or aircraft reflect the same amount


















