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TITLE

wl MULTIPLE ELECTROMAGNETIC TILES
FOR BOUNDARY LAYER CONTROL

A THE 10N

-Field of the Invention

The present invention relates to multiple
electromagnetic tiles for magnetically controlling the
flow of a fluid along-a wall and, more particularly, to
magnetic control of the boundary layer on aerodynamic
bodies (such as wings, rotors and flaps) and
hydrodynamic bodies (such as submarine sails, bow-
planes, stern appendages and propellers).

D i ion ior Ar

A viscous fluid, and a body completely immersed in the
fluid, form a boundary layer at the body’s surface when
the fluid and the body move relative to each other.
That is, the layer of fluid in contact with the body is
essentially at rest, while in an area removed from the
body, the fluid is moving at its free-stream velocity.
The région between the body and that area is known as a

boundary layer.
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. y (Re = UL/v, where U is a characteristic velocity, such

as the free-stream velocity, L is a characteristic
dimension of the body, such as the length of a wing
chord or boat hull, and v is the kinematic wviscosity of
the fluid.) When the Reynolds’ number increases, the
boundary layer becomes unstable and turbulent. In some
cases, it can "separate" from the body.

Figs. 1(a) and 1(b) illustrate flow over an airfoil.
It will be appreciated that the same principles apply
whether the fluid is a liquid or a gas and regardless
of the shape of the body.

When the airfoil 10 is operating at a small angle of
attack «, as shown in Fig. 1(a), the fluid stream 12,
with a free-stream velocity U,, flows smoothly over the
upper surface 14 of the airfoil. The downward
deflection of the fluid stream by the airfoil causes an
equal and opposite upward lift force to act on the
airfoil. - |

As the angle of attack « increases, as shown in Fig.
1(b), the boundary layer may become turbulent, as
indicated by the irregular flow 17. (For purposes of
illustration, the boundary layer is depicted in Fig. 1
as much thicker than it is in actuality.) At very high
angles of attack the boundary layer may separate from
the airfoil, which then stalls. In addition to the
loss of lift caused by boundary layer separation,
eddies and turbulence 18 develop in the boundary layer.

Instability leading to boundary layer turbulence at a
body’s surface has several implications.

First, boundary layer turbulence increases viscous
drag, which may create the need for additional
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body, which in turn requires more fuel to be expended
to maintain the speed of the airplane, submarine,
propeller blade, etc., to which the airfoil is
attached. Moreover, if the flow separates completely,
additional pressure drag is created.

In addition, a turbulent boundary layer exhibits large

velocity and pressure fluctuations, which induce noise.

Noise can be a significant problem in many
environments, one example being submarine control

* surfaces and propeller screw blades. Pressure

; fluctuations associated with boundary layer separation

can cause vibration, which in turn causes fatigue,

which can be a serious problem particularly in metal

aircraft parts.

E Various approaches have been taken to stabilize
boundary layer flow and delay boundary layer
separation. One of these approaches includes
optimizing the geometfy of the airfoil to achieve a
maximum possible angle of attack. However, an optimum
Q*P. airfoil shape still only allows the airfoil to operate

at limited angles of attack.

Approaches for controlling the boundary layer along a
surface of an object have also included providing
suction or injection of air through fine slits in the
airfoil surface to supply or withdraw energy from the
boundary layer. However, in addition to the burden of
providing fine slits over the surface of the object,
such approaches require extensive tubing networks to
supply the force necessary for suction or injection.
Accordingly, this approach adds comnsiderably to the
overall weight and complexity of the object, which is
generally inconsistent with the design objectives of
most applications.
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SUMMARY OF THE INVENTION

It is an object of the present invention to control the
flow over a body for at least the following purposes:

1. Control of shear stress in the fluid in
the boundary layer to reduce shear stress in the fluid
at the wall and reduce viscous drag on the body.

2. Control of boundary layer separation to
decrease or increase the resulting form (pressure) drag
on the body, which also can be used to create forces
and moments on the beody and thereby provide directional
control.

3. Control of the characteristics of the
acoustic field in the fluid surrounding the body.

4. Control of heat transfer between the body
and the fluid. .

5. Control of turbulent fluid mixing in the
boundary layer. _

6. Control of the characteristics of the
pressure field in the fluid surrounding the body and
the resulting coupled forces.

In accordance with an aspect of the present invention,
an apparatus for controlling a boundary layer in a flow
of a fluid having a predetermined electrical
conductivity and moving relative to a surface comprises
conductivity altering means for providing an electrical
conductivity gradient in a near-wall region of the flow
proximate to the surface, a plurality of selectively
.actuatable control region tiles distributed over the
surface, each tile being bounded by magnetic field
generating means for generating in the near-wall region
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lines with a predetermined orientatlon with respect to
the direction of relative movement of the fluid and the
surface and electric current generating means for
generating in the fluid in the near-wall region of the
flow an electric current density E(x,y,z,t) traversing
the magnetic flux lines, wherein actuation of a
particular tile generates a magnetic field B and
electric current density J that create in the near-wall
region of the flow a force E(x,y,z,t) =JXB having a
component normal to the surface, and control means for
selectively actuating the tiles to create the force L
in the flow along selected tiles.

BRIEF D RIPTION OF E WIN

The various aspects of the present invention can be
best understood by reference to the detailed
description of preferred embodiments set forth below
taken with the drawings, in which:

Figs. 1(a) and 1(b) depict fluid flow around an
airfoil.

Figa. 2(a) to 2(c) depict boundary layer flow
conditions that illustrate principles utilized in the
present invention.

Fig. 3(a) is a planform view of a magnetic boundary
layer control device with a single control region that
illustrates the principles of the present invention and
Fig. 3(b) is a cross-section along line B-B of Fig.
3(a).

Fig. 4 depicts a section of the fluid flow shown in
Figs. 3(a) and 3(b).
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Fig. 6 shows a one-dimensional array of control region
tiles that illustrates one embodiment of the present

invention.

Fig. 7 shows a two-dimensional array of control region
tiles.

Fig. 8 shows a test setup used to demonstrate the
efficacy of an embodiment of the invention using a one-
dimensional array of control region tiles like that
shown in Fig. 6.

Figs. 9(a) to 9(c) show the test set-up shown in Fig. 8
and flow therein as wvisualized using a fluorescent dye.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Figs. 2 to 5 illustrate principles underlying the
present invention.

Figs. 2(a) to 2(c) illustrate generally accepted
principles regarding flow conditions in a boundary
layer.

Fig. 2 plots the velocity in a fluid at a wall (y = 0)
of a flat plate and in the region of the boundary
layer. At y = 0, the velocity u is generally
considered to be zero. The velocity increases as Yy
increases, and approaches the free-stream velocity U.,.
The velocity u in the mean-flow direction can thus be
expressed as u(y).
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where pu is the viscosity of the fluid.

In turn, the wall shear stress is related to viscous
drag as follows:

Dviscous = fwa tvdA (2)

11

where dA is an elemental area of the wall.

Equations (1) and (2) show that 7, and Dy, increase as
du/dy at the wall increases.

Fig. 2{(a) illustrates;u(y) for a laminar boundary
layer, shown as a solid line, and u(y) for a turbulent
boundary layer, shown in a dotted line, for the same
external conditions. It will be appreciated that du/dy
at the wall is lower for a laminar boundary than for a
turbulent boundary layer at the same location on the
wall. Accordingly, viscous drag can be reduced if the
flow in the boundary layer can be maintained laminar.

However, instability in the flow in the boundary layer
can cause the flow to become turbulent. An
illustration of this phenomena is shown in Figs. 2(b)
and 2(c).

Fig. 2(b) illustrates the velocity profile in an
unstable boundary layer. The velocity of the fluid
immediately adjacent the wall begins to slow down and
can evern approach zero. This is often an unstable
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he desi gn obj ect ivedoaity fluld near the wall by the higher energy
(higher wvelocity) fluid in the free-gstream. The
boundary layer thus established is generally turbulent,
as illustrated in Fig. 2(c). Accordingly, du/dy at the
wall is higher than it would have been if the
transition to turbulent flow had not occurred.

Turbulence in the boundary layer has implications
beyond the resulting increase in viscous drag. For one
thing, the turbulent flow in the boundary layer creates
noise because velocity fluctuations inherent in
turbulent flow produce pressure fluctuations that tend
to propagate into the free-stream flow.

P

The present invention can stabilize the flow in the
boundary layer and thus reduce viscous drag and noise.
The present invention can also serve the purposes
listed above, in ways described in more detail in the
course of the following discussion.

Fig. 3(a) is a planform view of a device illustrating

the present invention. A wall or flat plate 100,

simulating a wing or a control surface, is provided b
with a magnet having a North pole 101 and a South pole

102 for generating a magnetic field B with flux lines

103. The flux lines 103 enter and exit the surface 104

of the wall, thus being oriented parallel to the wall
surface 104 and normal to the free-stream fluid flow
direction x. (The coordinate system used herein is

shown in Figs. 3(a) and 3(b).)

The magnetic poles 101 and 102 shown in Fig. 3(a) are
provided by a horseshoe magnet (not shown) beneath the
plate 100 (that is, on the side opposite the surface
104), and the plate is a non-ferrous material that
allows free passage of magnetic flux.
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However, the magnetic poles can be provided by any
suitable structure. For example, the poles of cne or
more magnets can be placed flush with the surface 104
so as to form a part of the surface itself, and can
even protrude from the surface.

A voltage source 105 attached across electrodes 106 and
107 generates an electric current density 3,
represented by arrows 109, between the two electrodes.
Of course, if the plate 100 is electrically conductive,
the electrodes 106 and 107 are insulated from the
plate.

To control the boundary layer using the present
invention it is highly desirable that the fluid in the
boundary layer have a certain degree of electrical
conductivity ¢ different from the conductivity of the
rest of the fluid. In the device shown in Figs. 3(a)
and 3(b), an electrolyte 130 is added to the boundary
layer by bleeding an electrolyte from a reservoir 108
through a slit 108a into the medium to increase the
conductivity of a thin layer of the liquid adjacent to
the wall.

A direction of the current flow through the conductive
fluid is in the direction from an anode electrode 106
to a cathode electrode 107 such that the current
density can be expressed as a vector J parallel to the
mean flow direction x of the fluid medium. As depicted
in Fig. 3(b), a Lorentz force L, represented by arrows
131, resulting from the interposition of the electric
current and magnetic field, is expressed as J X E, the
vector- or cross-product of J and B acting in a control
region in a direction normal to and toward the wall
100.
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layer by counteracting regions of positive and negative
vorticity w, in accordance with the mechanism
illustrated in Fig. 4.

Fig. 4 is a view looking downstream in the flow along
the plate 100 in Figs. 3(a) and 3(b). (That is, a
cross-section of the flow in the spanwise (z)
direction.) As a result of the introduction of the
electrolyte 130, the fluid has a higher conductivity o,
in the near-wall region than the conductivity o, in
regions outside the near-wall region. As those skilled
in this art know, the "near-wall" region is that part
of the flow in the boundary layer responsible for most
of the turbulence production. In the near-wall region,
viscous forces predominate over momentum forces.

The double line 140 denotes where the gradient of the
conductivity ¢ in the y-direction is at a maximum in
the near-wall region. Optimally, the conditions under
which the electrolyte 130 is introduced into the fluid
flow are controlled so that the conductivity gradient
is at a maximum at a predetermined distance from the
wall, in accordance with principles discussed below.

In Fig. 5, the right side qualitatively illustrates the
conductivity variation in the y direction (y=0 at the
surface of plate 100) and the left side plots the
conductivity gradient for the conductivity illustrated
on the right-hand side. The double line 140 is drawn
in Fig. 4 at the distance from the wall where the
conductivity gradient is at a maximum, as shown in Fig.
5.

This distance is typically between 10 and 30 wall
units (y*), that is, 10<y*<30, although it can vary
depending on the properties of a particular fluid flow.
A "wall unit" is a dimensionless number, usually
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express distance when phenomena being measured relate

to the flow conditions along a surface. In particular,
the vertical distance from the wall of a flat plate may

be expressed as:

- u‘!
y Y
(3)
i*’ where » is the kinematic viscosity of the fluid and

u, = /T,/p. 7. being wall shear stress (see Equation 1)
and p being the density of the fluid.

Referring back to Fig. 4, turbulence in a boundary
layer is generally associated with regions of positive
and negative vorticity +w and -w. As illustrated in
Fig. 4 by the raised portion 141 of the double line,
this vorticity is believed to be one of the mechanisms
at work in the lift-up of near-wall low-momentum fluid
d*. and its replacement by higher momentum fluid from

regions further from the wall, that is, the phenomenon
explained previously in connection with Pigs. 2(a) to
2(c).

While the exact mechanism by which the present
invention prevents this lift-up of a near-wall fluid is
not completely understood, due to the as yet incomplete
understanding of the feedback mechanisms that stimulate
the creation of near-wall streamwise vorticity (+«w and
-w), Fig. 4 illustrates one of the mechanisms believed
to be-at work. Since the boundary between the low- and
high-conductivity fluid is displaced, as seen by the
raised portion 141 of the double line in Pig. 4, the
Lorentz force L, superimposed on the flow exhibits a
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At the dislocation 14l1a on the left-hand side, L, is
decreasing in the z-direction, to create Streamwise
vorticity w, in the positive direction that counteracts
the vorticity -w that caused the dislocation 14la in
the boundary layer. At the right-hand dislocation
141b, L, is increasing in the z-direction, thus creating
streamwise vorticity o, in a negative direction that
counteracts the +w at that location. The bolder vector
for L, in Fig. 4 indicates a stronger force. Thus,
gince L, (which is negative because it is directed in
the minus y-direction) becomes larger in the
z-direction for the left-hand dislocation l14la, and
smaller in the z-direction for the right-hand
dislocation 141b, it creates vorticities in the
opposite directions from -w and +w, respectively.

The gradient of L, in the z-direction creates the
counteracting vorticities because the near-wall region
conductivity ¢, is higher than the more remote
conductivity ¢,, and the higher conductivity £luid
carries more current. Accordingly, L, where there is
more such fluid, such as where the boundary layer has
been lifted up, is larger than in the adjacent areas.

Fig. 4 illustrates how the present invention is
believed to counteract flow disturbances in the
spanwise (z) direction. It is believed that the
invention counteracts disturbances in the streamwise
(x) direction in the same manner. That is, a schematic
cross-section of the flow taken in the streamwise (x)
direction instead of the spanwise (z) direction would
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maximum at the edge of the near-wall region. However,

that is not

necessary. It is believed to be sufficient

simply to have a conductivity gradient in the y-
direction in the near-wall region in order to generate
the L, gradients that create vorticity. That is, if §
is the height of the near-wall region, then there

should be a
between y =

conductivity gradient in the y-direction
0 and y = 6, with the maximum gradient

preferably being at y = §.

It will be appreciated that by reversing the polarity
of either the magnetic field or the electric current
density, the force J X B can be provided in a direction
normal to but directed away from the wall 100, which

will result

in the flow medium being pushed in a

direction away from the wall surface 104. This effect

can be used

to disturb and destabilize the boundary

layer by creating the dislocating vortices -w and +w.

In the embodiment illustrated in Fig. 3, the current

density and

the magnetic field are normal to each

other. This of course provides a maximum force JXB
for given magnetic flux density B and current density

J. However,

it will also be appreciated that the

electric current density and the magnetic field need
not be perpendicular to each other as shown in these
figures. Any arrangement which provides a current and
magnetic field traversing each other will result in a

force 3 X E.

Arrangements besides that depicted in Fig. 3 are also

possible in

accordance with the present invention. For

example, the electrodes could be arranged so that the
current flows across the mean fluid flow direction

direction.

while the magnetic flux lines are along the flow

Or the amount of current density and

THIS SHEET HAS BEEN
REPLACED




ata.ken with the drawi ngs, in which: Figs. 1(a) and 1(b) depict fl ul i
§;around an aW®8#f10032 gs. 2(a) to 2(c) depict boundary |ayer f|o&%§2H§+f’p'%%9§
{that illustrate princi ppi&2heeitas BespReplagedt he present invention. Fig. 3(a) is
‘a planformview of a naa H | ayer control device with a single
jicontrol region that ill inciﬁlé§ of the present invention and
fFig. 3(b) is a cross-section along litne B-Bof Fig. 3 (a). Fig. 4 depicts a
{'section of the fluid flqQqw s own in i , ) ) ,

a strength of the magnetic field can be varied with time

to change that force.

In one of its most general aspects, the present
invention provides for varying the magnetic field and

current density over the entire control region and with
time to provide boundary layer control effects
precisely tailored to any particular flow condition.
That is, the magnetic field can be expressed as a
function g(x,y,z,t) and the current density can be
expressed as a function E(x,y,z,t), so that the 1
resulting force L =JXB is a function E(x,y,z,t).
Accordingly, to provide the desired control of the flow
around an object it is possible to provide E(x,y,z,t)
and E(x,y,z,t) that will provide the desired flow
effects.

Although it may be possible under some circumstances to
provide functions E(x,y,z,t) and E(x,y,z,t) that will
produce the proper L, variations (see Fig. 4), a
considerably more expedient manner of producing those
variations is by providing a layer of different,
preferably higher, conductivity fluid in the near-wall
region. Accordingly, another of the general aspects of
the present invention involves the provision of such a
layer. 1In such a case, B and J need not be varied to
produce the L, variations necessary for boundary layer
control, although for given desired flow effects B and
J may still be wvaried spatially and temporally.

The present invention has numerous significant
implications. It can reduce viscous drag by
stabilizing the boundary layer and preventing
transition to turbulent flow. In addition, it can
inhibit velocity fluctuations in the near-wall region
over a wide area of a flow surface and thereby damp and
dissipate velocity fluctuations in the free-stream
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flow. This can significantly affect the acoustic field
in the fluid surrounding the body. And by stabilizing
the boundary layer and preventing transition to
turbulent flow, the present invention can reduce heat
transfer between the fluid and the body, which is of
great  potential significance in reducing the
temperatures to which space vehicles are subjected upon
re-entry into the Earth’s atmosphere.

On the other hand, providing J X B directed away from

the body can destabilize the flow in the boundary layer
!*’ and induce transition to turbulent flow. 1In that
manner, heat transfer between the f£luid and the body
‘can be enhanced, which is important in applications
such as heat exchanger design. Moreover, turbulent
boundary layer flow enhances fluid mixing, which can
have important ramifications in combustion and chemical
processing applications (where two fluids may flow
along opposite surfaces of a body to be mixed at the
body’s trailing edge).: And a turbulent boundary layer
is ordinarily less prone to separation than a laminar
boundary layer, so that inducing turbulent boundary
layer flow can delay separation.

Controlling boundary layer separation is, of course,
important because of both the form (pressure) drag and
the unstable pressure fluctuations associated with such
a flow condition. Separation greatly increases the
drag on the body due to the altered distribution of
pressure when the flow separates. Accordingly,
preventing separation reduces such drag. Separation
can also create a fluctuating pressure field in the
fluid that subjects the body to coupled forces which
can cause fatigue. Delaying separation (by inducing
turbulent boundary layer flow) or inhibiting separation
(by providing a strong J X B force toward the body) ,
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tiles. Fig, ﬁﬂgxy_}szna test setup used to denonstrate the effi cpgy/0§95206094 :'
enbodi nent vention using a one- dinensional array of control ¢

region tiles like that shown in Fig. 6. Figs. 9(a) to 9(c) show the test

set-up shown in Fig. 8 and flow therein as visualized using a fluorescent
dye. DETAI LED DESCRI PTI ON OF PREFERRED EMB NTS Figs. 2 to 5 illustrate
principles underlying the present invention. Figs. 2(a) to 2(c) illustrate

general 1y accepted BIURCLP! SRebgo8bdEa-E P AAL L8RS bhachEINIaTY

resulting fatigue.

By the same token, preventing or inducing separation
under controlled conditions can be used to create
forces and moments on the body and provide directional
control.

The present invention uses those principles to provide
efficient boundary layer control cover a wide area.

Results of experiments using a single control region
indicate that it becomes less capable of providing the
desired bounary layer control as the distance between
the electrodes, D,, and the distance between the
magnetic poles, D;, become larger. The reason lies in
the fact that the present invention seeks to control
the f£luid in the near-wall region of the flow.
Accordingly, a certain magnitude magnetic field and
electric current density is desired in that region. As
Dp and D, increase, the magnitudes of the magnetic field
and current density at the near-wall region actually
decrease for a given strength magnet and electric %d*
current. Thus, one way to increase the size of the

control region while maintaining the same degree of
flow control is simply to increase the strength of the

magnet or current or both. That approach results in an
inefficient use of the magnetic field and current
density being generated, since a only a small
percentage of each is in the near-wall region
contributing to flow control.

However, the present invention enables flow control
over a large area while efficiently using the magnetic
field and electric current density.
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Z%yer. Fi the velocity in a fluid at a wall (y = 0) 493706094
I gte andqWQ%Fﬁg%#Zgion of the boundary layer. At y = 0, the vg?ggfty uis
O@nerally considered to be zero. The velocity increases as y increases, and
agproaches the free-streamvelocity Uerr] f@e_velocity uin the nean-fl ow
dgrection can thus be expressed as u(y). -7-

The optimum distances D, and Dy for maintaining a
certain percentage of the magnetic flow and current in
the near-wall region can be calculated using Maxwell’'s
equations. If that percentage is chosen as, say, 50%,
then Maxwell'’s equations can be used to show that

D
This Sheet Has Been Replaced D, ~ B ~10. (4)

(T b

Since 6 is a small distance, the value of D, and Dy
!*’ required to maintain 50% of the magnetic field and

electric current within the near-wall region are also
very small.

That consideration illustrates the principle underlying
the present invention, namely the provision of a
plurality of separately actuatable control region
tiles. With such an arrangement, flow control over a
large area can be provided with less magnetic flux and
electric current than would be required to provide flow
control for that area using a single control region.

Fig. 6 schematically illustrates the present invention
as applied to a one-dimensional array of individual
control region tiles.

A wall or flat plate 200, simulating a wing or control
surface as in Figs. 3(a) and 3(b), is provided with a

series of magnets having North poles 201a, 201b, ...,
201g, and South poles 202a, 202b, ... 202g. These
magnets generate a magnetic field B with flux lines
203. A plurality of electrodes 206a, 206b, 206c and
2064 are spaced from each other to provide three
control tiles 260a, 260b, and 260c, disposed in Fig. 6
in a one-dimensional array in the direction of fluid
flow. To provide a layer of higher conductivity fluid
in the near-wall region, a slot 208a bleeds an
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expressed b | owm t mElerr] where [err] is the viscosity of
M'&ﬂ e}mﬂﬂl ess is related to viscous drag as
I | area.,qQf the wall. Equations (1) and

the fluid. In turn, the

follows: [err] where dA > A

(2) show that Tw, and D err] increase as du/ at the wall increases. Fig.
2(a) illustrates u(y) for a | am nar boundary | ayer, shown as a solid |ine,
jand u(y) for a t%ﬂ%ﬁé%%lyte 230 into the fluid, in a fashion similar to

that illustrated in Figs 3(a) and 3(b).

Each electrode 206 is connected to wiring 207 that
leads to a control circuit 250. The control circuit is
made from known components and is capable of

- selectively applying a potential across each electrode
vair through wiring 207. That is, the control circuit
250 can apply a potential across any pair of electrodes
206a-206b, 206b-206c or 206c-206d4 in any polarity.

Fig. 6 shows the case where electrodes 206a and 206b
are at the same potential, electrodes 206b and 206c are
at potentials that make 206b an anode electrode
relative to electrode 206c, and electrodes 206c and
206d are at the same potential. In that case, there is
an electric current J between the electrodes 206b and
206c. This electric current is represented by the
vector J and arrows 209. Accordingly, a force L=JX
B is generated in the actuated tile 260b.

When any one of the tiles 260a, 260b or 260c is
actuated, the flow along that tile is quickly
stabilized. However, when the tile is deactuated, it
may take a relatively long time for the flow to
destabilize. Accordingly, it is possible to actuate
the tiles sequentially so that each is actuated for a
relatively short length of time, while still
maintaining stable flow over all of the tiles.

The present invention also contemplates a three-
dimensional array 300 of n tiles as shown in Fig. 7.
Each tile has associated with it a pair of electrodes
and a pair of magnetic poles provided by
electromagnets. For example, the first row of tiles
360,, to 360,, has associated with it electromagnets 301,,
and 302,; the second row of tiles 360, to 360, has
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dary | ayer,

indary than for a t
| . Accordingly,
er can be naintalned | am nar. Fbmever- idstability in the flowin the

ary | ayer at the sane Iocatlon on the
be reduced if the flow in the boundary

4 y sho e, for the sane external
il bé’V@ﬁMlQ@:f?a Iﬁﬁm %plgdfmt he wall is lower for ﬁ#\r)ﬂ%}ﬁ%“

ndary | ayer can cause the flom/to becone turbulent An illustration of
s phenonena is shown in Fi 2(b) and 2(c). g 2(b) illustrates the
ocity profila@sSaciatefdsvib elsomqmmetsrh O%elarRdt JO384; t9eCf | uid

By the same token, the first column of tiles 360, to
360,, has associated with it electrodes 306,, and 306;,;
the second column of tiles 360,, to 360,, has associated
with it electrodes 306,, and 306,; etc.

By suitably addressing the electromagnets and
electrodes assoniated with the tiles, it is possible to
provide a high degree of flow control over a large
area. Of course, the electrodes and electromagnets
must be addressed in a fashion that ensures that no two
tiles in close proximity are simultaneously actuated.
Otherwise, the magnetic fields and electric currents
would not be provided in the proper direction for flow
control. For example, the adjacent electrodes in two
adjoining tiles could not be made simultaneously to
have different polarities, since current would then
flow between such electrodes rather than along the tile
surface.

A microcomputer COM can be programmed to provide an
appropriate addressing sequence depending on flow
conditions such as free stream velocity, fluid density,
angle of attack (if the array 300 is on a lifting body
such as an aircraft wing or submarine control surface),
etc.

The present invention enables flow control over a large
area, an may reduce the strength of the magnetic field
and the electric current required for the same area if
only one control region were provided for such area.
Under certain flow conditions, the flow over a tile may
destabilize very quickly after that tile is deactuated.
However, even in those circumstances, the flow
stabilization achieved by simultaneously actuating
plural, spaced-apart tiles can substantially reduce the
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THIS SHEET HAS BEEN




1 y
i medi ately adjacent the wall begins to sl ow down and can even apg{AKY3 Ej
fzero. This i!yd)?‘{ /40032n unstabl e -8- condition, which leads to teE /060941
repl acenent of the |l ow velocity fluid near the wal | by the higher energy
(higher velocity) fluid in the free-strean1_TE§%qundary | ayer thus
jestablished is generally turbulent, as illust ed in Fig. 2(c).
JAccordingly, du/dy at the wall is higher than it would have been if the

shear stress in the fluid at the wall over the entire
area covered by the array of tiles.

Example

A test rig was set up to perform a feasibility study
using the device shown in Fig. 3. The rig was tested
in a flow channel in the test setup depicted in Fig. 8.
The rig, shown in Fig. 8, consisted of a plate 609
about four meters long, having the components shown in
Fig. 3 mounted thereon. The boundary layer control
device 608 consisted of seven permanent magnets 60la to
601f. The poles of each magnet were about 18 cm.
apart, that is, the control region was 18 cm. wide in
the spanwise direction. Stainless steel (Type 304)

electrodes 606a, 606b, 606c and 606d were provided
approximately 8 cm. apart. They were approximately 1

!

cm. wide and 8 cm. long.

Anode and cathode voltage were established for each

test run. The electrode 606a was maintained at the

anode voltage and the 606d was maintained at the

cathode voltage. The electrodes 606b and 606c were
alternately switched between the anode and cathode "
voltages by a control unit (not shown in Fig. 8). The
three control region tiles were sequentially actuated

for 100 msec. each (with a duty cycle of 1/3). B, for

each tile was about 160 gauss and J, for each tile was

about 10 ma/cm’.

Various electrolytic substances were injected into the
flow medium from a slot 604. The electrolytic
substance consisted of a dilute soclution of NaOH
containing a fluorescing disodium fluorescein dye to
obtain flow visualization in a manner discussed below.
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n5|t|0n to turbulent flow had nq; é)ccurred Tur bul ence in t‘Jaer gm@ga

yer has WOrpaA100a2i of: 13 rSul ti ng i ncrease in viscous dpg
e thing, the turbul ﬂ“‘ﬁ boundary | ayer creates noi se because
locity fluctuatlons rbulent Iom1produce pressure

fuctuations that tend to propagate into 1h® free-strean1fIOML.The pr esent
fvention can stabilize the flow in the boundary | ayer and thus reduce

[5ted above, PSS teERRRDERIME i o bt o1 CPRSRRE S AN R T
| | owi ng di scugsproximately 1.5 meters wide, 0.5 meters high and six
meters long. The test £luid 605 was set to flow at 15
cm/sec. A laser was arranged to provide a thin sheet
of laser energy 610 along the boundary layer at y* =~ 20
for activating the fluorescing dye in a thin layer
along the surface of the plate to obtain visualization
of the boundary layer. A video recorder 607 was
provided for recording the results of the experiment.

In experiments performed on the test rig, a turbulent
spot was produced upstream of the magnetic boundary
layer control device 608 using a mechanical tripping
device. It was ocbserved that when the spot entered the
control region of the device, turbulence in the
boundary layer of plate 609 disappeared under the above
conditions. The flow visualization techniques also
confirmed qualitatively that reversing the flow of
current increased the turbulence in the control region.

Fig. 9 includes three actual prints of the test rig
shown in Fig. 8. Fig. 9(a) shows the plate 609 with
_ the boundary layer control device 608 in place. The
‘i' electrodes 606a are clearly visible. Fig. 9(b) is a
print the visualized flow over the plate when a
turbulent spot is produced upstream and the tiles are
not actuated. The brighter regions evidence unstable
flow at the location of the laser sheet at y* = 20.
Fig 9(c) is a print of the visualized flow over the
plate under the same conditions as in Fig. 9(b), except
that the tiles have been actuated as described above.
The bright spots have essentially disappeared,
indicating that the flow in the boundary layer has
stabilized.

It will be appreciated that magnetic boundary layer
control devices such as discuased above could be
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Fig. 3(a) is (a)\él anform view of a device illustrating the preserpcr/usg3/06094
I nventi on. 10032 f|at plate 100, sinmulating a wing or a control _
surface, is provided with a magnet having a North pole 101 and a South pole %
102 for generating a magnetic field B with flgé | ines 103. The flux |ines

103 enter and exit the surface 104 of the wal thus being oriented
parallel to the wall surface 104 and normal to the free-streamfluid flow

direction x. (The_coor, te s en1u ed herein i ( and

3(b).) The nagnet PEOY &%@? g"s‘FiSV\/HPPﬁ‘ o 5’5(’%] egsgasr—é g)"b

hor seshoe magnet éantr@hOWMblhﬁuﬁﬂiryhﬁayer, either to prevent or cause
separation, or to remove or induce instability.

The present invention provides a device that is simple

to manufacture as discrete elements and which could be
easily retrofit to craft presently in operation.
Accordingly, the magnetic boundary layer control

devices could be easily manufactured in large volume

and delivered to a site of operation of the craft upon
which it is to be installed. The devices could be "
easily fitted on the inside skin of the craft, for e
example on a submarine sail, with a minimum amount of

time and effort.

Preliminary studies indicate that the power
requirements for operational boundary layer control
devices would be extremely low. In addition, with the
breakthroughs presently taking place with
superconductivity, it may be possible to significantly
reduce the power requirements of devices incorporating
the present invention by the use of superconducting
electromagnets.

Of course, it will be appreciated that the invention
may take forms other than those specifically described,
and the scope of the invention is to be determined
solely by the following claims.

This Sheet Has g

T

1

THIS SHEET HAS BEEN
REPLACED




fe 100 (that is, on the side opposite the surface 104), and ?éﬁ)is
n-f er rY@94#8032i al that all ows free passage of magnetic fl ﬁ&ﬁjﬁz' 094

ver, the magnetic poles can be provided by any suitable structure. For
inpl e, the poles of one or nore magnets can be placed flush with the

: I?ﬁﬁelgfoﬁft ﬁ: tsﬁr;g(r:(r: a part of the sur23ce |tselfH!Ill““ﬂ]“ﬂ”‘“!l”!l‘

pr
WHAT IS CLAIMED IS:
1. An apparatus for controlling a boundary layer in a

flow of a fluid having a predetermined electrical
conductivity and moving relative to a surface, said
apparatus comprising:

conductivity altering means for providing an
electrical conductivity gradient in a near-wall region
of the flow proximate to the surface;

a plurality of selectively actuable control region
tiles distributed over the surface, each said tile
being bounded by magnetic field generating means for
generating in the near-wall region of the fluid a
magnetic field E(x,y,z,t) having flux lines with a
predetermined orientation with respect to the direction
of relative movement of the fluid and the surface and
electric current generating means for generating in the
fluid in the near-wall region an electric current
density E(x,y,z,t) traversing the magnetic flux lines,
wherein actuation of a particular tile generates a
. magnetic field B and electric current density J that
* create foi-ce f(x,y,z,t) = J X B in the near-wall region
of the flow and having a component normal to the
surface; and

control means for selectively actuating said tiles
to create the force L in the flow along selected said
tiles.

2. An apparatus according to claim 1, wherein the
electric current density J is spatially constant for an
actuated tile.
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el ectrodes. O course O is electrically conductive, the

el ectrodes 106 and 10 romthe plate. To control the

boundary | ayer using the present i nvention” i24is highly desirable that the

fluid in the boundary | ayer have a certain degree of electrical

conductivity a di fferent fromthe conduct|V|t¥ of the rest of the fluid. In
e

t he device sho n FRBsAPREXRtNR/ aRegraing cfecelani € 1 ahexeiRdeR®t o t he
boundary magnetlc field B is spatially constant for an actuated

file.

A vol t age source 105 cr el .ectrodes 106 and 107 gen
el ectric cuM® ﬂ'r cct E?EﬂiFa by arrows 109, between ?ﬁi}‘?%‘m"m.-
7 ﬂ '

4. An apparatus according to claim 1, wherein the
component of the force J X B normal to the surface is
in a direction toward the surface for stabilizing the
boundary layer.

5. An apparatus according to claim 4, wherein the
force J X B reduces the shear stress in the fluid at
the surface. *

6. An apparatus according to claim 4 , wherein the
force J X B maintains attached flow over the surface.

component of the force J X B normal to the surface of
the wall is in a direction away from the surface for
destabilizing the boundary layer.

\
7. An apparatus according to claim 1, wherein the

\

|

|

8. An apparatus according to claim 7, wherein the
force J X B induces turbulent fluid flow in the ¥
boundary layer.

S. An apparatus according to claim 7, wherein the
force J X B induces the boundary layer to separate from
the surface.

10. An apparatus according to claim 1, wherein said
magnetic field generating means and electric current
generating means generate a magnetic field having flux
lines perpendicular to the electric current.

l1. An apparatus according to claim 1, wherein the
surface comprises a lifting surface.
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eld, is eXprESSEﬂngssﬁrfd&etﬂEéa control surface.

13. An'apparatus according to claim 1, wherein the
fluid is liquid and said conductivity altering means
comprises means for bleeding an electrolyte into the
near-wall region of the flow.

14. An apparatus according to claim 1, wherein the
fluid is a gas and said conductivity altering means
includes means for increasing the concentration of ions
in the gas in the near-wall region of the flow.

15. An apparatus according to claim 1, wherein said
electric current generating means comprises at least
one pair of electrodes disposed with the flux lines of
the magnetic field between said electrodes.

16. An apparatus according to claim 1, wherein said
magnetic field generating means comprises at least one
permanent magnet.

17. An apparatus according to claim 1, wherein said
magnetic field generating means comprises at least one
electromagnet.

18. An apparatus according to claim 1, further
comprising modulating means for varying the density or
orientation of at least one of the magnetic field B or
electric current density J.

19. An apparatus according to claim 1, further
comprisgsing plural said magnetic field generating means
and plural said electric current generating means
bounding said tiles in a two-dimensional array thereof.
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vector- or cross uct in a control region ip /US93/0609. ;
di rection no™MP¥ nd t ‘“ﬂm‘ﬂ mﬂlﬂmb -10- The Lorentz force L = 4
J X B stabilizes the boundary <l ayer" by cduniyegacting regions of positive H
and negative vorticity w, in accordance wit he nmechanismillustrated in

Fig. 4. Fig. 4 is a view | ooking downstreamin the flow al ong .
AMENDED CLAIMS :

[received by the International Bureau on 22 October 1993 (22.10.93);
original claims 1,3 and 18 amended; other claims unchanged (3 pages)]

1. An apparatus for controlling a boundary layer
in a flow of a fluid having a predetermined electrical
conductivity and moving relative to a surface, said
apparatus comprising:

conductivity altering means for providing an
electrical conductivity gradient in a near-wall region
of the flow proximate to the surface;

a plurality of selectively actuable control region
tiles distributed over the surface, each said tile
being bounded by magnetic field generating means for !
generating in the near-wall region of the fluid a
magnetic field B(x,y,z,t) having flux lines with a
predetermined orientation with respect to the direction
of relative movement of the fluid and the surface and
electric current generating means for generating in the
fluid in the near-wall region an electric current
density 3(x,y,z,t) traversing the magnetic flux lines,
wherein said magnetic field generating means and said

! electric current generating means are disposed relative
to each other such that actuation of a particular tile
generates a magnetic field B and electric current
density J that create force L(x,y,z,t) = J X B in the .
near-wall region of the flow and having a component
normal to the surface; and

control means for selectively actuating said tiles
to create the force L in the flow along selected said

tiles for controlling the flow.

2. An apparatus according to claim 1, wherein the
electric current density J is spatially constant for an

actuated tile.

3. An apparatus according to claim 2, wherein the
magnetic field B is spatially constant for an actuated
tile.
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l%te 1 3(a) and 3(b). (That is, a cross-section he | ow
§ spansaogg‘ra“?bﬁl rection.) As a result of the introduction Pg'jf’"bﬁgym"
elect olyte 13 s a higher conductivity a, in the near-wal

' than Mﬂh n“ F[err] in reglqu out side the near-wall region.

Ppse Skl Issart know, the "near-wall" region is that part of
ow in the boundary Iayer responsi ble for nost of the turbul ence

i on. h f
um Tor ces. Tho- BoubkB FPRA- R8s dBRGEE erE CRELDY Ad SREa T (e

tivity [ercémponehe yfdthecfonaels Xt Banommadumoi fthe surface lS
in a direction toward the surface for stabilizing the

boundary layer.

5. An apparatus according to claim 4, wherein the
force J X B reduces the shear stress in the fluid at

the surface.
6. An apparatus according to claim 4 , wherein

the force J X B maintains attached flow over the
+ surface.

7. An apparatus according to claim 1, wherein the
component of the force J X B normal to the surface of
the wall is in a direction away from the surface for
destabilizing the boundary layer.

8. An apparatus according to claim 7, wherein the
force J X B induces turbulent fluid flow in the
boundary layer.

9. An apparatus according to claim 7, wherein the
force J X B induces the boundary layer to separate from

the surface.

10. An apparatus according to claim 1, wherein
said magnetic field generating means and electric
current generating means generate a magnetic field
having flux lines perpendicular to the electric

current.

11. An apparatus according to claim 1, wherein

the surface comprises a lifting surface.

12. An apparatus according to claim 11, wherein
said lifting surface is a control surface.
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the near-wayo 65963 Optimally, the conditions under which thepgragssoéto
130 is introduced irnto the fluid flow are controlled so that the

conductivity gradien at a predeterm ned distance fromthe
wal |, in accordance \u“l“mmllmmmm scusgeg below. In Fig. 5 the right
side qualitatively ill*ustratestthe CbndUCtIVIty variation in the vy
direction (y=0O at the surface of plate 100) and the |eft side plots the

conductivity gradi entysf or athg @@{Hg\Hédbfdlﬁ§t{&uéigfﬂlifmhﬁégginhand
side. The doubl e I|ne 140 is drawn in Fig at” the di stance fromthe wall

where the condulfevit 1¥l6r&&|éﬁﬂq¥9zﬁn41§ﬁb9rﬁﬁﬁ BEE iSHdwh 3 Heex ng

means comprises means for bleeding an electrolyte into

the near-wall region of the flow.

14. An apparatus according to claim 1, wherein
the fluid is a gas and said conductivity altering means
includes means for increasing the concentration of ions
in the gas in the near-wall region of the flow.

15. An apparatus according to claim 1, wherein
said electric current generating means comprises at

least one pair of electrodes disposed with the flux
lines of the magnetic field between said electrodes.

16. An apparatus according to claim 1, wherein
said magnetic field generating means comprises at least
one permanent magnet.

17. An apparatus according to claim 1, wherein
said magnetic field generating means comprises at least

one electromagnet.

18. An apparatus according to claim 1, further

comprising modulating means for varying at least one of
the density and orientation of at least one of the
magnetic field B and electric current density J.

19. An apparatus according to claim 1, further
comprising plural said magnetic field generating means
and plural said electric current generating means
bounding said tiles in a two-dimensional array thereof.
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fhis distance is typically between 10 and 30 wall units (y

&/ +<30 wawm&a% it can vary depending on the properties of h’%ﬁ?ﬁoggﬁar
id flow A "wall unit" is a dinensionless nunber, usually - 11 -
ressed as y+, used by those skilled in the art to express di stance when
nonmena being neasured relate to the’ 81 ow conditions al ong a surface. In
I cul ar,
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jertical distance fromthe wall
WO 94/10032
|UId and [err]

ensity of the fluid. Referring back to Fig. 4, turbulence in a
ufdary layer is generally associated/@th regions of positive and
gftive vorticity +wand -w. As illustrated in Fig. 4 by the raised

por}ion 141 of the double line, this vorticity is believed to be one of the

of a flat plate may be exp y |
(3) where v is the kinematic @@@S??@“%’f‘

bei ng wall shear stress (see Equation 1) and p being
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acenent by higher momentum fluid fromregions furt
%?Ml‘mg‘zphenorrenon expl ai ned previously in connecti Eﬁ%ﬁ#@ | gg.

Wi |l e the exact mechani sm by which the present invention

a near-wall flujd is not

conpl etel y under st ood,

duejto the as yet inconplete under st addi g of the feedback nechani sns that

sti
4 i
"~ boulj
by

he

| ate the creation of near-wall streamm se vorticity (+w and -w),
| ustrates one of the mechani sns believed to be at work. Since the
hdary between the | ow and high-conductivity fluid is displaced, as seen
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r at’sgpd porty 41 of the double line in Fig. 4, the Lorentz for .
; npose o%&f(ipggf | ow exhibits a -12- gradient in the ar egﬁm’é"“’%
at§ boundary is dislocated. At the dislocation 141a on the |eft-hand side,
L[er§] is decreasing in the z-direction, to create streamm se vorticity w.

i n.the positive direction that count ebaéBs the vorticity -w that caused the
pcation 141a in
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t he bo%%ymb er. At the right-band dislocation 141b, L[ CFI]/US§3/06 94 |
i ncreasing I n e z-direction, thus creating streamm se vorticity - a |
fnegative direction that counteracts the +w at that |ocation. The bolder
vector for Ly in Fig. 4 indrcatezﬁ?éitronger force. Thus, since Ly (which
IS negative because it is direct ith the m nus y-direction) becones |arger
in the z-direction for the left-hand dislocation 141a, and smaller in the
Jz-direction for the right-hand dislocation 141b, it creates vorticities in
{the oppositg directions from-w and +w, respectively. The gradient of Ly in

the z-direcE®on creates the
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#hi gher than't

nt er act { l,Ci ti es because the near-wall region conduct |\
Wgyﬁwgzmre renote conductivity [err], and the hi ghﬁ}%sgs%gdw

ductivity fluid carries nore current. Accordingly, Ly where there is
e such fluid, such as where the boundary |ayer has been lifted up, is
ger than in the adjacent areas. Figllﬁ Il lustrates how the present
ention is believed to counteract flow disturbances in the spanwi se (z)
It is believed that the invention counteracts disturbances in

ection.
the¢ streammi se (x) direction in the same nmanner. That is, a schematic
cr@ss-section of the flow taken in the streamm se (x)
.
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*czion“kfig?&ﬂpof t he spanwi se (z) direction would | ook nuﬁeihgﬁﬁﬁaﬂﬁuas

Is preferable that the conductivity gradie

i mum at the edge of the near-wall region. However, that is not

essary. It is believed to be sufficient sinply to have a conductivity
dient in the y- direction in the A&t - wal | region in order to generate

# Ly gradients that create vora"k vooanat 15, \f 6
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's t he t he near-wall region, then t here shoul d be AE5d60%a t Y
: radlenpég %Hﬁga-direction between y = 0 and y = 6, with tth§HX|nu§P

- gradient preferably being at y = 6. It mnll be appreciated that by
eversing the polarity of either the ﬁagnetlc field or the electric current
ensity, the force J X B can be prdvi@ed in a direction normal to but
irected away fromthe wall 100, which will result in the flow nedi um bei ng
Pushed in a direction away fromthe wall surface 104. This effect can be

' ' ' creating the
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In the enbodinment illustrated in Fig. 3, the current density’
magnefic field are nornal to each other. This of course provi
force J X B for given magnetic flux density B and current den
However, it will also be appreciated that the electric curren
the magnetic field need not be perpendicular to each other as
these figures. Any arrangenment whi-ch prow des a current and nj
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traversing each other will result in a force J X B. Arrangene
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that depicted in Fig. 3 are also possible in accordance with the present

i nvention. For TITLE

MULTIPLE ELECTROMAGNETIC TILES
FOR BOUNDARY LAYER CONTROL

BA R OF THE I NTION

Field of the Invention

The present invention relates to multiple

electromagnetic tiles for magnetically controlling the
flow of a fluid along a wall and, more particularly, to
magnetic control of the boundary layer on aerodynamic

bodies (such as wings, rotors and flaps) and

hydrodynamic bodies (such as submarine sails, bow-

planes, stern appendages and propellers).

D i n he P

A viscous fluid, and a body completely immersed in the
£luid, form a boundary layer at the body’s surface when
the £fluid and the body move relatiwve to each other.
That is, the layer of £luid in contact with the body is
essentially at rest, while in an area removed from the

body, the fluid is moving at its free-stream wvelocity.

The region between the body and that area is known as a

boundary layer.

A vm»—"’“r:" b



exanple, the electrodes could be arranged so that the currept—fj [
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the nmean fluid flow direction while the magnetic flux |ines
flow direction. O the anobunt of current density and -14
the magnetic field can be varied with tinme to change that f¢r
Its nost general aspects, the present invention provides fof
magnetic field and -2 -

5t rengt h of
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arying the

The boundary layer is laminar at low Reynolds’ numbers.
(Re = UL/v, where U is a characteristic velocity, such
as the free-stream velocity, L is a characteristic
dimension of the body, such as the length of a wing
chord or boat hull, and ¢ is the kinematic viscosity of
the fluid.)' When the Reynolds’ number increases, the

boundary layer becomes unstable and turbulent.
cases, it can "separate" from the body.

In some

Figs. 1(a) and 1(b) illustrate flow over an airfoil.
It will be appreciated that the same principles apply
whether the fluid is a liquid or a gas and regardless

of the shape of the body.

When the airfoil 10 is operating at a small angle of
attack o, as shown in Fig. 1(a), the fluid stream 12,
with a free-stream velocity U,, flows smoothly over the

upper surface 14 of the airfoil. The downward

deflection of the fluid stream by the airfoil causes an
equal and opposite upward lift force to act on the

airfoil.

As the angle of attack a increases, as shown in Fig.
1(b), the boundary layer may become turbulent, as
indicated by the irregular flow 17. (For purposes of

illustration, the boundary layer is depicted inm Fig. 1
as much thicker than it is in actuality.) At very high
angles of attack the boundary layer may separate from
the airfoil, which then stalls. In addition to the
loss of lift caused by boundary layer separation,

eddies and turbulence 18 develop in the boundary layer.

Instability leading to boundary layer turbulence at a

body’s surface has several, implications.

First, boundary layer turbulence increases viscous

drag, which may create the need for additional




current density over the entire control region and with tlnE tRmeAOM%EN¥ SHEET
boundary | ayer control effects precisely tailored to any parfifputar—tew
condition. That is, the nmagnetic field can be expressed as fu tlgﬂ
B(x,y,z,t) and the current density can be expressed as a fu tioﬁ N 1997

J(X,y,z,t), so that the resulting force L.=J x Bis a f unctfi (X, v .z t).
Accordingly, to provide the desired control “of the flow aroynd an object it
is possible to provide B(x,y,z,t) and J(Xx,y,z,t) that wll provrde—the

desired flow gligireifl AQHAD L5 HBYaPp1 PEESEE! EnEndSl £89T° oFl GRMaR! ances
body, which in turn requires more fuel to be expended

to maintain the speed of the airplane, submarine,

propeller blade, etc., to which the airfoil is

attached. Moreover, if the flow separates completely,

additional pressure drag is created.

In addition, a turbulent boundary layer exhibits large
velocity and preésure fluctuations, which induce noise.
Noise can be a significant problem'in many
environments, one example being submarine control
surfaces and propeller screw blades. Pressure
fluctuations associated with boundary layer separation
can cause vibration, which in turn causes fatigue,
which can be a serious problem particularly in metal
aircraft parts.

Various approaches have been taken to stabilize
boundary layer flow and delay boundary layer
separation. One of these approaches includes
optimizing the geometry of the airfoil to achieve a
maximum possible angle of attack. However, an optimum
airfoil shape still only allows the airfoil to operate
at limited angles of attack.

Approaches for controlling the boundary layer along a
surface of an object have also included providing -
suction or injection of air through.fine slits in the
airfoil surface to supply or withdraw energy from the
boundary layer. However, in addition to the burden of
providing fine slits over the surface of the object,
such approaches require extensive tubing networks to
supply the force necessary for suction or injection.
Accordingly, this approach adds consgiderably to the
overall weight and complexity of the object, which is
generally inconsistent with the design objectives of
most applications.



provi de functions B(x,y,z,t) and J(X,y,z,t) that will produce
variations (see Fig. 4), a considerably nore expedi ent manner
those variations is by providing a |ayer of different, prefer
conductivity fluid in the near-wall region. Accordingly, ano
general aspects of the present invention.igval ves the provisi

fol oy atag o
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of producing

DN sucir—ea

| ayer. In such a case, B and J need not be varied to produce

he Ly

vari ations necessary for boundary |ayer control, although for

gl ven desired

flow ef fects B phel privy stt|hadensvaryed aohiéaé&ythad chpahdldltyy tolrhe
present inventig {b&fﬁérngrQPStﬁéég”éyﬁégtof boundary layer control in

a very efficient, practical and easily implemented
fashion.

UMMARY OF THE T NTT.

It is an object of the present invention to control the
flow over a body for at least the following purposes:

1. Control of shear stress in the fluid in
the boundary layer to reduce shear stress in the fluid
at the wall and reduce viscous drag on the body.

2. Control of boundary layer separation to
decrease or increase the resulting form (pressure) drag
on the body, which also can be used to create forces
and moments on the body and thereby provide directional
control.

3. Control of the characteristics of the
acoustic field in the fluid surrounding the body.

4. Control of heat transfer between the body
and the fluid. '

5. Control of turbulent fluid mixing in the
boundary layer. '

_ 6. Control of the characteristics of the
pressure field in the fluid surrounding the body and
the resulting coupled forces.

In accordance with an aspect of the present invention,
an apparatus for controlling a boundary layer in a flow
of a fluid having a predetermined electrical
conductivity and moving relative to a surface comprises
conductivity altering means for providing an electrical
conductivity gradient in a near-wall region of the flow
proximate to the surface, a plurality of selectively
actuatable control region tiles distributed over the
-surface, each tile being bounded by magnetic field
generating means for generating in the near-wall region



inplications. It can reduce viscous drag by stabilizing the b dﬂﬁi&CEMﬂwﬁSHEET

and preventing transition to turbulent flow In addition, it c TN oY
velocity fluctuations in the near-wall region over a wide are g4fhﬁwm7
surface and thereby danp and di ssipate velocity fluctuations ijn fhe™ ™ ~
free-stream - 15 - flow. This can signigficantly affect th TR N oS

field in the fluid surrounding the body. And by stabilizing

of the flow a magnetic field E(x,y,z,t) having flux
lines with a predetermined orientation with respect to
the direction of relative movement of the fluid and the
surface and electric current generating means for
generating in the fluid in the near-wall region of the
flow an electric current density E(x,y,z,t) traversing
the magnetic flux lines, wherein actuation of a
particular tile generates a magnetic field B and
electric current density J that create in the near-wall
region of the flow a force E(x,y,z,t) =JXB having a
coﬁponent normal to the surface, and control means for
selectively actuating the tiles to create the force L
in the flow along selected tiles.

BRIEF DESCRIPTION E_DRAWINI

The various aspects of the present invention can be
best understood by reference to the detailed
description of preferred embodiments set forth below
taken with the drawings, in which:

Figs. 1(a) and 1(b) depict fluid flow around an
airfoil.

Figs. 2(a) to 2(c) depict boundary layer flow
conditions that illustrate principles utilized in the
present invention.

Fig. 3(a) is a planform view of a magnetic boundary
layer control device with a single control region that
illustrates the principles of the present invention and
Fig. 3(b) is a cross-section along line B-B of Fig.
3(a).

Fig. 4 depicts a section of the fluid flow shown in
Figs. 3(a) and 3(b).



t he boundary | ayer and preventing transition to turbulent flg

I nvention can reduce heat transfer between the fluid and the
-of great potential significance in reducing the tenperatures:
vehi cl es are subjected upon re-entry into the Earth's atnospl
ot her hand, providing J x B directed away_.fromthe body can {

flowin the boundary |ayer and induce trafisition to turbul en
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estabilize the
flow--lnthat

manner, heat transfer between the fluid and the body can be enhanced, which

I's i nportant
t ur bul ent

] 2PR! 52T ong sl Rk PARle eNAnaRy dgsigp. Moreover,

conductivity of the fluid flow shown in Figs. 3(a) and
3(b). )

Fig. 6 shows a one-dimensional array of control region
tiles that illustrates one embodiment of the present
invention.

Fig. 7 shows a two-dimensional array of control region
tiles.

Fig. 8 shows a test setup used to demonstrate the
efficacy of an embodiment of the invention using a one-
dimensional array of control region tiles like that
shown in Fig. 6.

Figs. 9(a) to 9(c) show the test set-up shown in Fig. 8
and flow therein as visualized using a fluorescent dye.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Figs. 2 to 5 illustrate principles underlying the
present invention.:

Figs. 2(a) to 2(c) illustrate generally accepted
principles regarding flow conditions in a boundary
layer.

Fig. .2 plots the velocity in a fluid at a wall (y = 0)
of a flat plate and in the region of the boundary
layer. At y = 0, the velocity u is generally
considered to be zero. The velocity increases as y
increases, and approaches the free-stream velocity U.,.
The velocity u in the mean-flow direction can thus be
expressed as uly).



boundary |ayer flow enhances fluid mxing, which can have inp r ERLACEMENT SHEET

ram fications in conbustion and chemical processing applicatignd (where Two
fiuids may flow al ong opposite surfaces of a body to be m xediaf t9g .hﬂ@MD§7
trailing edge). And a turbul ent boundary layer is ordinarily lfe§s prone to -

separation than a | am nar boundary layer,.sp that inducing tugbdfent
boundary | ayer flow can delay separation. Controlling boundarg |ayer

separation is, of course, inportant because of both the form(pressure)
drag and the una‘h&bh@eﬁh@%sWaﬂ.lf Igiriainigryemsasgodnathe wean Sldwv a fl ow

condition.  Sepghall el i 3 b AHRW 8y the following relation:

_ ., du (1)
t"—p'_d;wall

where g is the viscosity of the fluid.

In turn, the wall shear stress is related to viscous
drag as follows:

Dviscaus = f“lfwdA (2)

where dA is an elemental area of the wall.

Equations (1) and (2) show that 7, and D,.. increase as
du/dy at the wall increases.

Fig. 2(a) illustrates u{y) for a laminar boundary
layer, shown as a solid line, and u(y) for a turbulent
boundary layer, shown in a dotted line, for the same
external conditions. It will be appreciated that du/dy
at the wall is lower for a laminar boundary than for a
turbulent boundary layer at the same location on the
wall. Accordingly, viscous drag can be reduced if the
flow in the boundary layer can be maintained laminar.

However, instability in the flow in the boundary layer
can cause the flow to become turbulent. An
illustration of this phenomena is shown in Figs. 2(b)
and 2(c).

Fig. 2(b) illustrates the velocity profile in an
unstable boundary layer. The velocity of the fluid
immediately adjacent the wall begins to slow down and
can even approach zero. This is often an unstable



drag.on the body due to the altered distribution of pressure WBEPLAREMEND\SHEET
separates. Accordingly, preventing separation reduces such drfgfj Separation
can also create a fluctuating pressure field in the fluid tha _'.éub,j@ %mm? '
body to coupl ed forces which can cause fatigue. Delaying sepajajion ? y :

i nduci ng turbul ent boundary l|ayer flow) _of i.nhibiting separ at ] ol={sy
providing a strong J X B force toward the body), - 16 - o

condition, which leads to the replacement of the low
velocity fluid near the wall by the higher energy
(higher wvelocity) fluid in the free-stream. The
boundary layer thus established is generally turbulent,
as illustrated in Fig. 2(c). Accordingly, du/dy at the
wall is higher than it would have been if the
transition to turbulent flow had not occurred.

Turbulence in the boundary layer has implications
beyond the resulting increase in viscous drag. For one
thing, the turbulent flow in the boundary layer creates
noise because velocity fluctuations inherent in
turbulent flow produce pressure fluctuations that tend
to propagate into the free-stream flow.

The present invention can stabilize the flow in the
boundary layer -and thus reduce viscous drag and noise.
The present invention can also serve the purposes
listed above, in ways described in more detail in the
course of the following discussion.

Fig. 3(a) is a planform view of a device illustrating
the present invention. A wall or flat plate 100,
simulating a wing or a control surface, is provided
with a magnet having a North pole 101 and a South pole
102 for generating a magnetic field B with flux lines
103. The flux lines 103 enter and exit the surface 104
of the wall, thus being oriented parallel to the wall
surface 104 and normal to the free-stream fluid flow
direction x. (The coordinate system used herein is
shown in Figs. 3(a) and 3(b).)

The magnetic poles 101 and 102 shown in Fig. 3(a) are
provided by a horseshoe magnet (not shown) beneath the
plate 100 (that is, on the side opposite the surface
104), and the plate is a non-ferrous material that
allows free passage of magnetic flux.



can reduce these pressure fluctuations and the resulting fati
sane’ t oken, preventing or inducing separation under control
can be used to create forces and nonments on the body and prov
directional control. The present invention uses those princip

lcondi tj ons:
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to provide -

efficient boundary |ayer control over a wi de area. Results of] eXperinents:
using a single control region indicate that it becones |ess capahle af

provi ding the desired bounary |layer control as the distance between the
electrodes, DlgrLlvedndc bl dbataleeB3ed* s’ B8 provided by any
suitable structure. For example, the poles of one or
more magnets can be placed flush with the surface 104
so as to form a part of the surface itsgself, and can
even protrude from the surface.

A voltage source 105 attached across electrodes 106 and
107 generates an electric current density 3,
represented by arrows 109, between the two electrodes.
Of course, if the plate 100 is electrically conductive,
the electrodes 106 and 107 are insulated from the

plate.

To control the boundary layer using the present
invention it is highly desirable that the fluid in the
boundary layer have a certain degree of electrical
conductivity ¢ different from the conductivity of the
rest of the fluid. In the device shown in Figs. 3(a)
and 3(b), an electrolyte 130 is added to the boundary
layer by bleeding an electrolyte from a reservoir 108
through a slit 108a into the medium to increase the
conductivity of a thin layer of the liquid adjacent to
the wall.

A direction of the current flow through the conductive
fluid is in the direction from an anode electrode 106
to a cathode electrode 107 such that the current
density can be expressed as a vector J parallel to the
mean flow direction x of the fluid medium. As depicted
in Fig. 3(b), a Lorentz force E, represented by arrows
131, resulting from the interposition of the electric
current and magnetic field, is expressed as J x E, the
vector- or cross-product of J and B acting in a control
region in a direction normal to and toward the wall
100.




magnetic poles, Dlerr], becone |larger. The reason lies in.the fEEMJEEMENTH&EET

present invention seeks to control the fluid in the near-wall rkgluu of

flow. Accordingly, a certain nagnitude magnetic field and eIeLt
density is desired in that region. As Derr] and D err] incre
magni t udes of the nmagnetic field and currept density at the ngat=wall

LFTC

ent
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region actually decrease for a given strength magnet and el ec ric current.

Thus, one way to increase the size of the control region whil&

the same degr%&f:;éfé}w%i i':s skl § heabmeaéech@ebahhaaw of the

magnet or current or proach results in_an

layer by counteractlng regions of positive and negative
vorticity w, in accordance with the mechanism
illustrated in Fig. 4.

Fig. 4 is a view looking downstream in the flow along
the plate 100 in Figs. 3(a) and 3(b). (That is, a
cross-section of the flow in the spanwise (z)
direction.) As a result of the introduction of the
electrolyte 130, the fluid has a higher conductivity al
in the near-wall region than the conductivity o, in
regions outside the near-wall region. As those skilled
in this art know, the "near-wall®" region is that part
of the flow in the boundary layer responsible for most
of the turbulence production. In the near-wall region,
viscous forces predominate over momentum forces.

The double line 140 denotes where the gradient of the
conductivity ¢ in the y-direction is at a maximum in
the near-wall region. Optimally, the conditions under
which the electrolyte 130 is introduced into the fluid
flow are controlled so that the conductivity gradient
is at a maximum at a predetermined distance from the
wall, in accordance with principles discussed below.

In Fig. 5, the right side qualitatively illustrates the
conductivity variation in the y direction (y=0 at the
surface of plate 100) and the left side plots the
conductivity gradient for the conductivity illustrated
on the right-hand side. The double line 140 is drawn
in Fig. 4 at the distance from the wall where the
conductivity gradient is at a maximum, as shown in Fig.
S.

This distance is typically between 10 and 30 wall

units (y*), that is, 10<y*<30, although it can vary
depending on the properties of a particular fluid flow.
A "wall unit" is a dimension;ess number, usually



i nefficient use of the magnetic field and current density bei gﬂgﬂdﬁﬁﬂﬁﬂﬁ SHEE[
since a only a small percentage of each is in the near-wall r
contributing to flow control. However, the present invention
control over a large area while efficiently usi ng the nmagneti ¢ -
el ectric current density. -17- The optigum di stances Dferr} .
for maintaining a :

expressed as y*, used by those skilled in the art to
express distance when phenomena being measured relate
to the flow conditions along a surface. In particular,
the vertical distance from the wall of a flat plate may
be expressed as:

o ut
y =¥ v

(3)

where v is the kinematic viscosity of the fluid and

u, = /T./p., T. being wall shear stress (see Equation 1)

and p being the density of the fluid.

Referring back to Fig. 4, turbulence in a boundary
layer is generally associated with regions of positive
and negative vorticity +w and -w. As illustrated in
Fig. 4 by the raised portion 141 of the double line,
this vorticity is believed to be one of the mechanisms
at work in the lift-up of near-wall low-momentum fluid
and its§ replacement by higher momentum £luid from
regions further from the wall, that is, the phenomenon
explained previously in connection with Figs. 2(a) to .
2(c).

While the exact mechanism by which the present
invention prevents this lift-up of a near-wall fluid is
not completely understood, due to the as yet incomplete
understanding of the feedback mechanisms that stimulate
the creation of near-wall streamwise vorticity (+w and
-w), Fig. 4 illustrates one of the mechanisms believed
to be at work. Since the boundary between the low- and
high-conductivity fluid is displaced, as seen by the
raised portion 141 of the double line in Fig. 4, the
Lorentz force L, superimposed on the flow exhibits a



certain percentage of the magnetic flow and current in the n aIRquEM%i %‘P‘]EET
can ‘be cal cul ated using Maxwell's equations. |f that percentgdgd I's chosen

as, say, 50% then Maxwell's equations can be used to show t Hat [1zr4rjuﬁi19ws
8 is a small distance, the value of Derr] and Derr] requirdd jto marntain
50% of the magnetic field and electric 9U{?ept wi thin the nedr- )
are also very small. That consideration iTTustrates the prindiple

underlying the present inventjon, nanely the provision of a pluralTty of

separately actyaiablge CORIERE L£Gi9 where that boundary is

dislocated.

At the dislocation 141a on the left-hand side, L, is
decreasing in the z-direction, to create streamwise
vorticity «, in the positive direction that counteracts
the vorticity -w that caused the dislocation 14la in
the boundary layer. At the right-bhand dislocation
141b, L, is increasing in the z-direction, thus creating
streamwise vorticity w, in a negative direction that
counteracts the +w at that location. The bolder vector
for L, in Fig. 4 indicates a stronger force. Thus,
since L, (which is negative because it is directed in
the minus y-direction) becomes larger in the
z-direction for the left-hand dislocation 14la, and
smaller in the z-direction for the right-hand
dislocation 141b, it creates vorticities in the
opposite directions from -w and +w, respectively.

The gradient of L, in the z-direction creates the
counteracting vorticities because the near-wall region
conductivity ¢, is higher than the more remote
conductivity o¢,, and the higher conductivity fluid
carries more current. Accordingly, L, where there is
more such fluid, such as where the boundary layer has
been lifted up, is larger than in the adjacent areas.

Fig. 4 illustrates how the present invention is
believed to counteract flow disturbances in the
spanwise (z) direction. It is believed that the
invention counteracts disturbances in the streamwise
(x) direction in the same manner. That is, a schematic
cross-gsection of the flow taken in the streamwise (x)
direction instead of the spanwise (z) direction would
look much the same as Fig. 4.



tiles. Wth such an arrangenent, flow control over a large are
provided with | ess magnetic flux and electric current than wou
required to provide flow control for that area using a single

region. Fig. 6 schematically illustrates the present invention
to a one-di nensional array of individual_ trol region tiles..
flat plate 200, simulating a wing or control surface as in Fig
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3(b), is provided with a series of magnets having North pol es
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magnetic field B wth flux I nes

maximum at the edge of the near-wall region. However,
that is not necessary. It is believed to be sufficient
simply to have a conductivity gradient in the y-
direction in the near-wall region in order to generate
the L, gradients that create vorticity. That is, if &
is the height of the near-wall region, then there
should be a conductivity gradient in the y-direction
between v = 0 and y = §, with the maximum gradient

preferably being at y = §.

It will be appreciated that by reversing the polarity
of either the magnetic field or the electric current
density, the force J X B can be provided in a direction
normal to but directed away from the wall 100, which
will result in the flow medium being pushed in a

direction away from the wall surface 104. This

effect

can be used to disturb and destabilize the boundary
layer by creating the dislocating vortices -« and +w.

In the embodiment illustrated in Fig. 3, the current
density and the magnetic field are normal to each

other. This of course provides a maximum force

JXB

for given magnetic flux density B and current density

J. However, it will also be appreciated that the

electric current density and the magnetic field

need

not be perpendicular to each other as shown in these

figures. Any arrangement which provides a current and

magnetic field traversing each other will result in a

force 3 X E.

Arrangements besides that depicted in Fig. 3 are also

possible in accordance with the present invention. For
example, the electrodes could be arranged so that the
current flows across the mean fluid flow direction

while the magnetic flux lines are along the flow

direction. Or the amount of current density and



203. A plurality of electrodes 206a, 206b, 206c and 206d are sp CEBPLAGEMENT SHEET
each other to provide three control tiles 260a, 260b, and 260c,|
Fig. 6 in a one-dinensional array in the direction of fluid fl
provi de a | ayer of higher conductivity fluid in the near-wall

sl ot 208a bl eeds an -18- electrolyte 239 into the fluid, infja
simlar to that illustrated in Figs 3(a) and 3(b). '

strength of the magnetic field can be varied with time
to change that force.

In one of its most general aspects, the present
invention provides for varying the magnetic field and
current density over the entire control region and with
time to provide boundary layer control effects
precisely tailored to any particular flow condition.
That is, the ﬁagnetic field can be expressed as a
function E(x,y,z,t) and the current density can be
expressed as a function E(x,y,z,t), so that the
resulting force _E = J X B is a function f(x,y,z,t).
Accordingly, to provide the desired control of the flow
around an object it is possible to provide E(x,y,z,t)
and E(x,y,z,t) that will provide the desired flow
effects.

Although it may be possible under some circumstances to
provide functions E(x,y,z,t) and E(x,y,z,t) that will
produce the proper L, variations (see Fig. 4), a
considerably more expedient manner of producing those
variations is by providing a layer of different,
preferably higher, conductivity fluid in the near-wall
region. Accordingly, another of the general aspects'of
the present invention involves the provision of such a
layer. In such a case, B and J need not be varied to
produce the L, variations necessary for boundary layer
control, although for given desired flow effects B and
J may still be varied spatially and temporally.

The present invention has numerous significant
implications. It can reduce viscous drag by
stabilizing the boundary layer and preventing
transition to turbulent flow. In addition, it can
inhibit wvelocity fluctuations in the near-wall region
over a wide area of a flow surface and thereby damp and
dissipate velocity fluctuations in the free-stream
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circuit 250. The control circuit is made from known conponent.siapnd is .
capabl e of selectively applying a potential across each el ect:rpde R3f JUN 1997
through wiring 207. That is, the control circuit 250 can apply|aj.potential
across any pair of electrodes 206a-206b, £§6b-206c or 206c-206f Hrramy—
polarity. Fig. 6 shows the case where el ectrodes 206a and 206b}j are at the
sanme potential, electrodes 206b and 206c are at potentials that nmake 206b

an anode el ectfiasie. r eftais V€ah s bttt i calec PP6affantd eheckrodssiz20Ededdd 206d

are at the S‘firri‘:"n R;q{eenéli.\?:{d slxglr g\%dfg&ethé hﬁé&yi.s And by stabilizing
the boundary layer and preventing transition to
turbulent flow, the present invention can reduce heat
transfer between the fluid and the body, which is of
great potential significance in reducing the
temperatures to which space vehicles are subjected upon
re-entry into the Earth’s atmosphere.

On the other hand, providing J X B directed away from
the body can destabilize the flow in the boundary layer
and induce transition to turbulent flow. In that
manner, heat transfer between the fluid and the body
can be enhanced, which is important in applications
such as heat exchanger design. Moreover, turbulent
boundary layer flow enhances fluid mixing, which can
have important ramifications in combustion and chemical
processing applications (where two fluids may flow
along opposite surfaces of a body to be mixed at the
body’s trailing edge). And a turbulent boundary layer
is ordinarily less prone to separation than a laminar
boundary layer, so that inducing turbulent boundary
layer flow can delay separation.

Controlling boundary layer separation is, of course,
important because of both the form (pressure) drag and
the unstable pressure fluctuations associated with such
a flow condition. Separation greatly increases the
drag on the body due to the altered distribution of
pressure when the flow separates. Accordingly,
preventing separation reduces such drag. Separation
can also create a fluctuating pressure field in the
fluid that subjects the body to coupled forces which
can cause fatigque. Delaying separation (by inducing
turbulent boundary layer flow) or inhibiting separation
(by providing a strong J X B force toward the body) ,



an electric current J between the el ectrodes 206b and 206¢c. {r5y '
current is represented by the vector J and arrows 209. Acc mibﬁwg\w EHEET
force L =J XBis generated in the actuated tile 260b. We ny one of the
tiles 260a, 260b or 260c is actuated, the flow along that ti I § 400UNKD97
stabilized. However, when the tile is deagtuated, it may ta relatively
long tinme for the flow to destabilize. Ac 5rding|y, It Is pgssiblre to
actuate the tiles sequentially so that each is actuated for relatively

short length ofahi BRauMll kel Prel¥ue At il s Ay oygr all of the
tiles. resulting fatigue.

By the same token, preventing or inducing separation
under controlled conditions can be used to create
forces and moments on the body and provide directional
control.

The present invention uses those principles to provide
efficient boundary layer control over a wide area.

Results of experiments using a single control region
indicate that it becomes less capable of providing the
desired bounary layer control as the distance between
the electrodes, D,, and the distance between the
magnetic poles, Dy, become larger. The reason lies in
the fact that the present invention seeks to control
the fluid in the near-wall region of the flow.
Accordingly, a certain magnitude magnetic field and
electric current density is desired in that region. As
D; and D, increase, the magnitudes'of the magnetic field
and current density at the near-wall region actually
decrease for a given strength magnet and electric
current. Thus, one way to increase the size of the
control region while maintaining the same degree of
flow control is simply to increase the strength of the
magnet or current or both. That approach results in an
inefficient use of the magnetic field and current
density being generated, since a only a small
percentage of each is in the near-wall region
contributing to flow control.

However, the present invention enables flow control
over a large area while efficiently using the magnetic
field and electric current density.
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tiles as shown in Fig. 7. Each tile has associated with it a paifr—of—. _
el ectrodes and a pair of nagnetic poles provided by el ectromagngts, ,F
exanple, the first row of tiles 360[err], to 360[err], has asgo ia1%dﬂwg%97
It electromagnets 301[err], and 302[err]l; 1zhe second row of tifl g
to 360[err], has -19- associated with it electromagnets 3032 and 3022;
et c.

The optimum distances D, and D; for maintaining a
certain percentage of the magnetic flow and current in -
the near-wall region can be calculated using Maxwell’s
equations. If that percentage is chosen as, say, 50%,
then Maxwell'’s equations can be used to show that

D D
- - % - 1o. (4)

Since 6 is a small distance, the value of D, and Dg
required to maintain 50% of the magnetic field and
electric current within the near-wall region are also
very small.

That consideration illustrates the principle underlying
the present invention, namely the provision of a
plurality of separately actuatable control region
tiles. With such an arrangement, flow control over a
large area can be provided with less magnetic flux and
electric current than would be required to provide flow
control for that area using a single control region.

Fig. 6 schematically illustrates the present invention
as applied to a one-dimensional array of individual
control region tiles.

A wall or flat plate 200, simulating a wing or control
surface as in Figs. 3(a) and 3(b), is provided with a
series of magmets having North poles 201a, 201b, ...,
201g, and South poles 202a, 202b, ... 202g. These
magnets generate a magnetic field B with flux lines
203. A plurality of electrodes 206a, 206b, 206c and
206d are spaced from each other to provide three
control tiles 260a, 260b, and 260c, disposed in Fig. 6
in a one-dimensional array in the direction of fluid
flow. To provide a layer of higher conductivity fluid
in the near-wall region, a slot 208a bleeds an



By the sane token, the first colum of tiles 360[err], to 360f
associated with it electrodes 306[err] and 306[err]; the second
tiles 360[err] to 360[err] has associated with it el ectrodes 3
306[err]; etc. By suitably addressing the el ectronmagnets and ¢
associated wth the tiles, it is possiblejgo-provide a high de
control over a large area. O course, the el ectrodes and electronagne;s

must be addressed in a fashion that ensures that no two til es T —Ttost
proximty are ﬂé&dﬁ@nﬂwﬂyo aghtet ede Elbddyi e, at fasiwigretsimifliast do and

el ectric curreqls wop ¢ 00l ke PRO¥iGgi8) ! BaPQRSY. direction for flow

Each electrode 206 is connected to wiring 207 that
leads to a control circuit 250. The control circuit is
made from known components and is capable of
selectively applying a potential across each electrode
pair through wiring 207. Thaﬁ.is, the control circuit
250 can apply a potential across any pair of electrodes
206a-206b, 206b-206c or 206c-206d in any polarity.

Fig. 6 shows the case where electrodes 2062 and 206éb
are at the same potential, electrodes 206b and 206c are
at potentials that make 206b an anode electrode
relative to electrode 206c, and electrodes 206c and
206d are at the same potential. In that case, there is
an electric currenﬁ J between the electrodes 206b and
206c. This electric current is represented by the
vector J and arrows 209. Accordingly, a force L=JX
B is generated in the actuated tile 260b.

When any one of the tiles 260a, 260b or 260c is
actuated, the flow aiong that tile is quickly
stabilized. However, when the tile is deactuated, it
may take a relatively long time for the flow to
destabilize. Accordingly, it is possible to actuate
the tiles sequentially so that each is actuated for a
relatively short length of time, while still
maintaining stable flow over all of the tiles.

The present invention also contemplates a three-
dimensional array 300 of n tiles as shown in Fig. 7.
Each tile has associated with it a pair of electrodes
and a pair of magnetic poles provided'by
electromagnets. For example, the first row of tiles
360,, to 360,, has associated with it electromagnets 301,,
and 302,; the second row of tiles 360, to 360, has



control. For exanple, the adjacent electrodes in two adjoining
not be made sinultaneously to have different polarities, since
vwul d then fl ow between such el ectrodes rather than along the
A m croconputer COM can be programred to provide an appropri at

_gm\ge@w SHEET

ile surface.
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sequence dependi ng on flow conditions such,as free streamvelog¢ity, fluid

density, angle of attack (if the array 300°Ts on a lifting body SGCh as an
aircraft wing or submarine control surface), etc. The present invention —

enabl es flow copddQtiN&d WitR'J€ electromagnets 301, and 302,; etc.

By the same token, the first column of tiles 360, to
360, has associated with it electrodes 306, and 306;
the second column of tiles 360, to 360, has associated
with it electrodes 306,, and 3065; etc.

By suitably addressing the electromagnets and
electrodes associated with the tiles, it is possible to
provide a high degree of flow control over a large
area. Of course, the electrodes and electromagnets
must be addressed in a fashion that ensures that no two
tiles in close proximity are simultaneocusly actuated.
Otherwise, the magnetic fields and electric currents
would not be provided in the proper direction for flow
control. For example, the adjacent electrodes in two
adjoining tiles could not be made simultaneously to
have different polarities, since current would then
flow between such electrodes rather than along the tile
surface.

A microcomputer COM can be programmed to provide an
appropriate addressing sequence depending on flow
conditions such as free- stream velocity, fluid density,
angle of attack {(if the array 300 is on a lifting body
such as an aircraft wing or submarine control surface),
etc.

The present invention enables flow control over a large
area, an may reduce the strength of the magnetic field
and the electric current required for the same area if
only one control region were provided for such area.
Under certain flow conditions, the flow over a tile may
destabilize wvery quickly after that tile is deactuated.
However, even in those circumstances, the flow
stabilization achieved by simultaneously actuating
Plural, spaced-apart tiles can substantially reduce the
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current

required for the sanme area if only one control region re provided
for such area. Under certain flow conditions, the flow over a [tifl e{#4a3UN 1997
destabilize very quickly after that tile is deactuated. However,l even in
t hose circunstances, the flow stabilizatiomgachi eved by si nul tfaneousty
actuating plural, spaced-apart tiles can substantially reduce {the - 20-

ghear stress in the fluid at the wall over the entire
area covered by the array of tiles.

Example

A test rig was set up to perform a feasibility study
using the device shown in Fig. 3. The rig was tested
in a flow channel in the test setup depicted in Fig. 8.
The rig, shown in Fig. 8, consisted of a'plate 609
about four meters long, having the components shown in
Fig. 3 mounted thereon. The boundary layer control
device 608 consisted of seven permanent magnets 60la to
601f. The poles of each magnet were about 18 cm.
apart, that is, the control region was 18 cm. wide in
the spanwise direction. Stainless steel (Type 304)
electrodes 606a, 606b, 606c and 6064 were provided
approximately 8 cm. apart. They were approximately'l
cm. wide and 8 cm. long. '

Anode and cathode voltage were established for each
test run. The electrode 606a was maintained at the
anode voltage and the 606d was maintained at the
cathode voltage. The électrodes 606b and 606c were
alternately switched between the anode and cathode
voltages by a control unit (not shown in Fig. 8). The
three control region tiles were sequentially actuated
for 100 msec. each (with a duty cycle of 1/3). B, for
each tile was about 160 gauss and J, for each tile was
about 10 ma/cm’.

Various electrolytic substances were injected into the
flow medium from a slot 604. The electrolytic |
subgtance consisted of a dilute solution of NaOH
containing a fluorescing disodium fluorescein dye to
obtain flow visualization in a manner discussed below.
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in the test setup depicted in Fig. 8. The rig, show+ n 4 JUN 1997
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channel
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approximately 1.5 meters wide, 0.5 meters high and six
meters long. The test fluid 605 was set to flow at 15
cm/sec. A laser was arranged to provide a thin sheet
of laser energy 610 along the boundary layer at y* ~ 20
for activating the fluorescing dye in a thin layer
along the surface of the plate to obtain visualization
of the boundary layer. A video recorder 607 was
provided for recording the results of the expefiment.

In experiments performed on the test rig, a turbulent
spot was produced upstream of the magnetic boundary
layer control device 608 using a mechanical tripping
device. It was observed that when the spot entered the
control region of the device, turbulence in the
boundary layer of plate 609 disappeared under the above
conditions. The flow visualization techniques also
confirmed qualitatively that reversing the flow of
current increased the turbulence in the control region.

Fig. 9 includes three actual prints of the test rig
shown in Fig. 8. Fig. 9(a) shows the plate 609 with
the boundary layer control device 608 in place. The
electrodes 606a are clearly visible. Fig. 9(b) is a
print the visualized flow over the plate when a
turbulent spot is produced upstream and the tiles are
not actuated. The brighter regions evidence unstable
flow at the location of the laser sheet at vyt ~ 20.

Fig 9(c) is a print of the visualized flow over the

plate under the same conditions as in Fig. 9(b), except
that the tiles have been actuated as described above.
The bright spots have essentially disappeared,
indicating that the flow in the boundary layer has
stabilized.

It will be appreciated that magnetic boundary layer
control devices such as discussed above could be



the spanwi se direction. Stainless steel (Type 304) el ectrodes| REFAACEGENT, SHEET
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‘control the boundary layer, either to prevent or cause

separation, or to remove or induce instability.

The present invention provides a device that is simple
to manufacture as discrete elements and which could be
easily retrofit to craft presently in operation.
Accordingly, the magnetic boundary layer control
devices could be easily manufactured in large volume
and delivered to a site of operation of the craft upon
which it is to be installed. The devices could be
easily fitted on the inside skin of the craft, for
example on a submarine sail, with a minimum amount of

time and effort.

Preliminary studies indicate that the power
requirements'for operational boundary layer control
devices would be extremely low. In addition, with the
breakthroughs presently taking place with
superconductivity, it may be possible to significantly
reduce the power requirements of devices incorporating
the present invention by the use of superconducting
electromagnets.

Of course, it will be appreciated that the invention
may take forms other than those specifically described,
and the scope of the invention is to be determined
solely by the following claims.



each tile was about 160 gauss and J[err] for each tile was abo@tﬁqucEMEMrSHEEr

ma/ cni er+}—Various el ectrol yti c substances were injected into]t rlUW
nmediumfro Eumummmﬂl el ectrol ytic substance consi sted of utUe

sol ution c}“‘ﬂl a fluorescing disodium fluorescein|dye { JUN 1997
obtain flow visudiZati®on*in a manner disgyssed bel ow. -21- |The_test

tank shown in Fig. 8 consisted of a tank

WHAT LATMED I

1. An apparatus for controlling a boundary layer in a
flow of a fluid having a predetermined electrical
conductivity and moving relative to a surface, said
apparatus comprising:

conductivity alterlng means for providing an
electrical conduct1v1ty gradient in a near-wall region
of the flow proximate to the surface;

a plurality of selectively actuable control region
tiles distributed over the surface, each said tile
being bounded by magnetic field generating means for
generating in the near-wall region of the fluid a
magnetic field E(x,y,z,t) having flux lines with a
predetermined orientation with respect to the direction
of relative movement of the fluid and the surface and
electric current generating means for generating in the
fluid in the near-wall region an electric current
density E(x,y,z,t) traversing the magnetic £lux lines,
wherein actuation of a particular tile generates a
magnetic field B and electric current density J that
create force E(x,y,z,t) = J X B in the near-wall region
of the flow and having a component normal to the
surface; and

control means for selectively actuating said tiles
to create the force L in the flow aloﬁg gselected said
tiles.

2. An apparatus according to claim 1, wherein the
electric current density J is spatially constant for an
actuated tile.

This Sheet Has Been Replaced

THIS SHEET HAS BEEN
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4. An apparatus according to claim 1, wherein the
component of the force J X B normal to the surface is
in a direction toward the surface for stabilizing the

boundary layer.

5. An apparatus according to claim 4, wherein the
force J X B reduces the shear stress in the fluid at

the surface.

6. An apparatus according to claim 4 , wherein the
force J X B maintains attached flow over the surface.

7. An apparatus according to claim 1, wherein the
component of the force J X B normal to the surface of

the wall is in a direction away from the surface for

destabilizing the boundary layer.

8. An apparatus according to claim 7, wherein the
force J X B induces turbulent fluid flow in the

boundary layer.

S. An apparatus according to claim 7, wherein the
force J X B induces the boundary layer to separate from

the surface.

10. An apparatus according to claim 1, wherein said
magnetic field generating means and electric current
generating means generate a magnetic field having flux

lines perpendicular to the electric current.

11. An apparatus according to claim 1, wherein the

surface comprises a lifting surface.

This Sheet Has Eeen Replaced .
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brighter regi opsreyhgdenaerueat a3l & control surface.

13. An apparatus according to claim 1, wherein the

fluid is liquid and said conductivity altering means
comprises means for bleeding an electrolyte into the
near-wall region of the flow.

14. An apparatus according to claim 1, wherein the
fluid is a gas and said conductivity altering means
includes means for increasing the concentration of ions
in the gas in the near-wall region of the flow.

15. An apparatus according to claim 1, wherein said
electric current generating means comprises at least
one pair of electrodes disposed with the flux lines of
the magnetic field between said electrodes.

16. An apparatus according to claim 1, wherein said
magnetic field generating means comprises at least one
permanent magnet.

17. An apparatus according to claim 1, wherein said
magnetic field generating means comprises at least one
electromagnet.

18. An apparatus according to claim 1, further
comprising modulating means for varying the density or
orientation of at least one of the magnetic field B or
electric current density 3._

19. An apparatus according to claim 1, further
comprising plural said magnetic field generating means
and plural said electric current generating means
bounding said tiles in a two-dimensional array thereof.

This Sheet Has Been Replaced
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bright spots have essentially disappeared, indicating that the;flowin the:-
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MULTIPLE ELECTROMAGNETIC TILES FOR
BOUNDARY LAYER CONTROL

AB OF DI E

The boundary layer of a fluid travelling in a mean-flow
direction relative to a surface of a wall of a body is
controlled by generating in the fluid a magnetic field
B having flux lines parallel to the surface of the wall
and an electric current density J traversing the
magnetic f£flux lines in the fluid to form a control
region. An electrolyte or other conductivity-enhancing
material is introduced into the flow to provide a
conductivity gradient in the fluid flow in the near-
wall region. The magnetic field B and the electric
current density J create in the control region a force
JXB having a component normal to the surface of the
wall that because of the conductivity gradient in the
£fluid flow near the surface can stabilize or '
destabilize flow in the boundary layer. A plurality of
such control regions are arranged in an array of
control tiles that can be individually actuated to
reduce the power required to provide boundary layer
control over a given area.

FIGURE 6.
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gradient in a near-wall region of the flow proximte to the } @%A@gMENTSHEET'

plurality of selectively actuable control region tiles distr b ted over the
surface, each said tile being bounded by magnetic field gen gﬁggﬁnfwy i
for generating in the near-wall region of the fluid a magnet: c fle ;

B(x,y,z,t) having flux lines with a,/redeterm ned orientatio
to the direction of relative novement of the fluid and the shrface and

H
i

electric current generating nmeans for generating in the fluidin tne
near-wal |l region an electric current
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density J(x,y,z,t) traversing the magnetic flux lines, wherein said

magnetic field generating neans and said electric current gemehgﬁMmg R SHEET
p.'a.r..t..J.'.v:x.tMa.r_..._.'.....1

are disposed relative to each other such that actuation of a
tile generates a magnetic field B and electric current densi
=J X Bin the near-wall
to the sur
actuating said tiles to create the force L in the flow al ong
tiles for controlling the flow 2. An apparatus according to

create force L(Xx,
havi ng a conponen

wherein the
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electric current density J is spatially constant for an actuated tile. 3.

An apparatus according to claim2, wherein the nmagnetic fielfl ggp

spatially constant for an actuated tile. REPLACENMENT SHEET = .%CEMENTAP?HEET
apparatus according to claim1, wherein the conponent of the[fprce J x B
normal to the surface is 14 JUN 997
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in é direction toward the surface for stabilizing the boundar .

apparatus according to claim4, wherein the force J X B redu e RERIASEMENE rSHEET

stress in the fluid at the surface. 6. An apparatus accordi

gtoctrarmra,

wherein the force J x B maintains attached fl ow over the suriage. Z lﬁ? 7
apparatus according to claim1, wherein the conponent of thelf rc“a J’ é”
normal to the surface of the wall isyin a direction away fro surf-ace-—

for destabilizing the boundary kayas
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8. An apparatus according to claim7, wherein the force Y Iﬁ;ﬂ - P
turbulent fluid flowin the boundary layer. 9. An apparatys g ﬁ@ﬁ@&r
‘claim7, wherein the force J x B induces the boundary |ayer] tljo separate - |
fromthe surface. 10. An apparatus according to claim1, qrefd JINA997
magnetic field generating nmeans and el ectric current generdtiing neans
generate a magnetic field having flux I8 nes perpendicul ar tfo The efrectrte
current. 11. An apparatus according to claim1l, wherein
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‘the surface conprises a‘lifting surface. 12. An apparat us a:C@ERliAOEME’N)T SHEET

Z|alnl11F_MDEL8Ln—Sa+d—+TfTThg surface is a control surface =25
n appar at aim1l, wherein the fluid is |iqi
conduct | Vi til mﬁwmﬂﬁ“n conprises neans for bl eeding anje eiﬁj&i@&7

nto the neas
1, wher ei n

v

- 23 -

régi &n bf the flow 14. An apparatus accPrilng to claim

WHAT IS CLAIMED [S:

1. An apparatus for controlling a boundary layer
in a flow of a fluid having a predetermined electrical
conductivity and moving relative to a surface, said
apparatus comprising:

conductivity altering means for prov1d1nq an
electrical conductivity gradient in a near-wall region
of the flow proximate to the surface;

a plurality of selectively actuable control region
tiles distributed over the surface, each said tile
being bounded by magnetic field generating means for
generating in the near-wall region of the fluid a
magnetic field B(x,v,z,t) having flux lines with a
predetermined orientation with respect to the direction
of relative movement of the fluid and the surface and
electric current generating means for generating in the
fluid in the near-wall region an electric current
density E(X,y,z,t)‘traversing the megnetic flux lines,
wherein said magnetic field generating means and said
electric current generating means are disposed relative
to each other such that actuation of a partlcular tile
qenerates a magnetic field B and electric current
density J that create force L(x,y,z,t) =J X B in the

near-wall region of the flow and paving a component

normal to the surface; and
control means for selectively actuating said tiles

to create the force L in the flow along selected said

tiles for controlling the flow.

2. An apparatus according to claim 1, wherein the
electric current density J is spatially constant for an

actuated tile.

3. An apparatus according to claim 2, wherein the
magnetic field B is spatially constant for an -actuated

tile.



the fluid |s a gas and sald conduct|V|ty altering nmeans inc

PPA - SHEET

I ncreasin lons in the gas in the near

the fl ow. accordlng to claim1, wherein said electric
current geﬂ m mrrprl ses at |east one pair of el dctjir o@4sAUGSHFEC
with the f I Nes™o é magnetic field between said el edtrlodes. 16. An
appar at us accordlng to claiml1, wherein sp d magnetic field generarrg

means conprises at |east one permanent magnet. 17. . An appadratus_accordi ng

to claim1, wherein said magnetic field generating neans conprises at |east
4. An apparatus according to claim 1, wherein the

component of the force J X B normal to the surface is
in a direction toward the surface for stabilizing the

boundary layer.

S. An apparatus according to claim 4, wherein the
force J X B reduces the shear stress in the fluid at

the surface.

6. An apparatus according to claim 4 ,
the force_3 X B maintains attached flow over

surface.

wherein
the

7. An apparatus according to claim i, wherein the
component of the force J X B normal to the surface of
the wall is in a direction away from the surface for

destabilizing the boundary layer.

8. An apparatus according to claim 7, wherein the
force J X B induces turbulent fluid flow in the

boundary layer.

9. An‘:apparatus according to claim 7, wherein the
fprce,? X B induces the boundary layer to separate from

the surface.

. 10. An apparatus according to claim 1,

wherein

said magnetic field generating means and electric

‘ current generating means generate a magnetic

field

having flux lines perpendicular to the electric

current.

11. An apparatus according to claim 1,
the surface comprises a lifting surface.

12. An apparatus according to claim 11,

said lifting surface is a control surface.

wherein

wherein




18 An apparatus according to claim1, further

one ‘el ectromagnet. : :
conpri sing nodul ating neans for varying at | east one of the[dgpsin EET
orientatignmgL_aL_LeasL—4nu%~ef the magnetic field B and e|e(t§FélﬂQﬁN$§§fSH

ri sing plural

density J: ccording to claim1, further cd
' I'I E} nE gﬂllag rreans and plural said electrilc |cup4chiG 1997

sai d magnet
gener ati ng neans I n a two-di nensional arjrdy thereof.

*13. An apparatus according to claim 1, wherein
the fluid is liquid and said conductivity altering
means comprises means for bleeding an electrolyte into

the near-wall region of the flow.

14. An apparatus according to claim 1, wherein
the fluid is a gas and said conductivity altering means
includes means for increasing the concentration of ions
in the'qas in the near-wall region of the flow.

15. An apparatus according to claim 1, wherein
said electric current generating means comprises at
least one pair of electrodes disposed with the flux
lines of the magnetic field between said electrodes.

16. An apparatus according to claim 1, wherein
said magnetic field generating means comprises at least

one permanent .magnet.

. 17. An apparatus according to claim 1, wherein
said magnetic field generatirng means comprises at least

one electromagnet.

_ 18. An apparatus according to claim 1, further
' comprising modulating means for varying at least one of
the density and orientation of at least one of the

_magnetic field B and electric current density J.

19. An apparatus according to claim 1, further
comprising plural said magnetic field generating means
and plural said electric current generating means
bounding said tiles in a two-dimensional array thereof.



